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PREFACE 

The study of the passage of charged particles through matter was under way at 
the beginning of this century and was advanced particularly by Lenard, Bragg and 
Rutherford. It turned out to be a most effective tool for exploring the structure of 
matter. By 1913, Bohr's theory of the slowing down of charged particles had given 
a quantitative account of the essential features of the process, on the basis of 
Rutherford's model. Quantum mechanics later confirmed most details of Bohr's 
analysis and developed them further, particularly owing to Bethe's efforts. 

After this initial burst of progress. the desire to acquire greater mastery of 
the details of the penetration process and to calculate the parameters of the main 
formulas from first principles have continued to attract attention. This attention 
stems. in part, from the subsidiary but ever-present role of particle penetration in 
most experiments of nuclear and high-energy physics as well as in radiation chemistry, 
radiation biology. and certain aspects of solid-state physics. Experiments in th~se 
fields require accurate reference data on particle penetration, and, conversely. they 
feed back new informatjon on the penetration process itself. A recent example of this 
feed-back is the discovery of difference in the penetration of particles of opposite 
charge.1 The continued attention given to the process also derives from the intrinsic 
interest of the effect of the passage of particles upon atoms and atomic aggregates, 
and of the cumulative effect that the many collisions have upon the particles them
selves. The study of these complex processes in increasing depth and detail consti
tutes a never-ending task. 

The National Research Council Committee on Nuclear Science has long main
tained a Subcommittee on the Penetration of Charged Particles in Matter. This Sub
committee. which is responsible for following, and stimulating, progress in this 
field, has operated slowly. at times through informal discussions among its members 
and then through the organization of an international conference organized at Gatlin
burg. Tenn •• in 1958.2 More recently the Subcommittee has stimulated the prepara
tion of a series of "state of the art" reports. which are presented in this volume. 

A review of the subject of particle penetration has revealed that development 
in this fiela has been much more rapid that this writer. at least. had anticipated. 
Part of the activity has resulted from the very decision to undertake the review of 
this process. Many new lines of advance have opened up in the last two years-as 
this volume should convey-and they have not yet been brought to even momentary 
conclusions. For this reason. no .serious attempt was made to give these reports 
even a mildly uniform or editorially integrated character. The scope of the present 

·operation is limited severely by the extreme scarcity of persons who are prepared 
to devote to the subject of particle penetration a major portion of their activity for 
several years. Since only a small minority of the Subcommittee is so prepared, it 
was deemed unrealistic to expect its members to provide a sustained effort for a 

lsee p. 23 of Appendix A. and Phys. Rev. Letters. 11, 26 (1963). 

2The Conference proceedings are available as NAS-NRC Publication 752, Nuclear 
Science Series Report 29 (1960). 
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time sufficient to bring currently open questions to a conclusion and to integrate their 
several contributions adequately. 

The Subcommittee met at Cornell University in June 1963 to review the mate
rial prepared by its members and to arrange for the publication of this volume. 
Actually, much of the material presented here has been developed, or at least re
worked deeply, as a result of the Cornell meeting. Therefore, neither the whole 
Subcommittee nor its Chairman, as an editor, has had adequate opportunity to examine 
the reports in their final form. Here again, expeditiousness suggested that the re
ports be circulated as they stand under the responsibility of their individual authors. 

Part of the Subcommittee's effort has consisted in the preparation o£ two survey 
articles that have been published in the Annual Review of Nuclear Science (vol. 13). 
These articles, which serve as background to several of the present reports, are re
printed here (as Appendixes A and B) with the permission of the publishers of the 
Annual Review of Nuclear Science. 

The subjects of the reports reflect to some extent the interests of the individual 
authors rather than a preconceived organization plan. Thei.r arrangement in the vol
ume begins with a study by J. Lindhard (based on the Thomas-Fermi model) of the 
role of similarity considerations in establishing over-all quantitative features of the 
stopping-power process. This approach also yields basic elements of a theory of the 
ion-atom collisions prevalent at low ion velocities. Both of the next two reports, 
by H. Bichsel and by J. E. Turner, deal with the experimental verification of stopping
power theory and with the determination of parameters of this theory from experi
mental results. These reports are complementary inasmuch as Bichsel's focuses on 
details of the analysis and significance of experimental data, whereas Turner's focuses 
on the broader aspects of the relationship between experiment and theory and on the 
role of various experiments in providing key items of information. Report No. 4, by 
U. Fano and J. E. Turner, amplifies the treatment of shell corrections in Appendix A. 
Report No. 5, by M. J. Berger and s. M. Seltzer, analyzes the effects of scattering 
and of energy loss fluctuations on the penetration of protons and the resulting diffi
culties in the interpretation of experiments. 

The initial group of reports of general character is followed by five reports 
that provide specific data on the penetration of charged particles, including extensive 
tabulations and graphs. This second group of reports constitutes the core of the 
volume for most of its intended users. The user who requires accuracy of the order 
of 10 percent may generally draw information directly from the tables. However, 
maximum utilization of the available accuracy, which generally approaches 1 percent, 
requires an adequate understanding of relevant circumstances; reference to the 
accompanying text is recommended for this purpose. 

In Report No. 11, S. K. Allison contributes new experimental methods and 
results. His report describes a technique for observing the slowing down of neutral 
atoms and of ions while their charge state remains unchanged, and it presents re
sults of such observations in hydrogen gas. The volume terminates with an outline 
that lists currently unsolved problems. 

At its Cornell meeting, the Subcommittee agreed to recommend the following 
definitions and nomenclature for related concepts of particle range and of mean 
excitation energy: 

"Range" of a particle should indicate its "mean (rectified) path
length" from its relevant point of departure to the point where it comes 
to rest; that is, where further displacement is not detectable. 
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The term "c. s. d. a. range" is introduced to indicate the quantity 

Eo -J 0 (dE/ds) 1dE, which represents the range in the continuous slowing 

down approximation (see Appendix A, pp. 16 and 45). 

"Projected range 11 should indicate the mean depth of penetration 
into a material; that is, the mean projection of a particle's path on its 
direction of incidence on the material. 

"Mean excitation energy" should indicate the quantity I of stopping
power theory defined in terms of absorption frequencies En/hand 
oscillator strengths fn by I= expi;nfnlnEn· 3 

"Adjusted mean excitation energy," Iadj., should indicate the 
quantity related to I but determined from experimental values of the 
stopping power under the assumption that shell corrections vanish in 
the high-energy limit (see Report No. 6). 

v 

Thanks are given to the various authors of this volume for their special efforts 
to supply contributions on a tight schedule. Subcommittee members who have not 
contributed reports have supported the preparation of this volume with information, 
data, and valuable advice; among these, particular thanks are due Dr. R. L. 
Platzman of the Argonne National Laboratory. Dr. J. E. Turner of the Oak Ridge 
National Laboratory has devoted special efforts to the whole undertaking. Dr. L . 
Slack, of the staff of the National Academy of Sciences-National Research Council, 
has effectively undertaken the task of arranging for the publication of the volume. 

The Subcommittee membership currently consists of s. K. Allison, Walter 
Barl;tas, Martin J. Berger, H. A. Bethe, Hans Bichsel, U. Fano, R. L. Gluckstern, 
William P. Jesse, Jens Lindhard, L. C. Northcliffe, Robert L. Platzman, R. H. 
Ritchie, R. M. Sternheimer, and James E. Turner. 

U. Fano, 
Subcommittee Chairman 

Washington, D. c., January 1964 

31n this formula (as in Appendix A, pp. 14, 17, and 19) the fn are normalized so that 
I;nfn = 1; an adjustment is required for the more common normalization I;nfn = Z. 
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1. THOMAS-FERMI APPROACH AND SIMILARITY 
IN ATOMIC COLUSIONS 

J ens Lindhard 1 

Abstract 

This paper concerns the significance of similarity in atomic 
collisions and stopping problems. Similarity properties are primarily 
connected with dynamic Thomas-Fermi treatments. The discussion 
deals mainly with the basic physical picture, but not with details as 
regards measurements and applications. Deviations from similarity 
are treated, as well as possibilities of improving our incomplete 
description of collision processes. 

Collisions between ions and atoms are analyzed roughly, and 
are divided into two major groups. One group relates to the quanta! 
perturbation case, where the phenomena may be described in terms 
of properties of the medium only. This case is discussed in some 
detail. Significant properties are, for example, dipole spectra of 
atomic systems, behavior of stopping at lower velocities, and appli
cability of free electron gas picture in atomic dynamics. 

The second group of collisions relates to ions of relatively low 
velocity, where collisions between ions and atoms may become nearly 
elastic, the energy loss being largely kinetic energy of recoil atoms. 
For such collisions, classical mechanics may be used; similarity 
properties are based on this circumstance. and become different from 
those of the first group. Inelastic effects are also of importance and 
may be roughly estimated, as discussed briefly. 

1. Introduction 

1 

In the theory of slowing-down of charged particles it has often turned out that 
approximate results came out rather easily; yet, it could be exceedingly difficult to 
obtain high accuracy. With one or two exceptions, attempts at precise calculations 
in any specified case were hardly promising. Alternatively, it can be useful to 
establish a simple comprehensive theoretical description. 

It is clear, moreover, that, unlike chemical reactions, atomic collision 
processes are quite violent disturbances of atoms, so that effects due to shell struc
ture, chemical properties, etc •• should normally be of minor importance. Thus, 
it is indicated that Thomas-Fermi methods can be desirable in a study of ion-atom 

1Institute of Physics, University of Aarhus, Aarhus, Denmark. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


2 

collisions. In a well-known paper by F. Bloch (3), the Thomas-Fermi approach to 
atomic dynamics was studied for the first time. 

This paper is mainly an attempt to present the case for the Thomas-Fermi 
approach. The Thomas -Fermi approach, as used in the static atomic model (Ref. 
27), is based on self-consistent potentials and on local connection between density and 
zero-point energy of a degenerate electron gas. However, its most important conse
quence is similarity in properties of atoms, all atoms being contained in one case. 
The similarity is lost in more detailed descriptions, as in the Thomas-Fermi-Dirac 
model or even the Hartree model. In comprehensive treatments of atomic phenomena 
the property of similarity is the most important feature of the model. When mention
ing the Thomas-Fermi approach, I therefore primarily mean an attempt to explore 
similarity features as far as possible. rather than the actual approximation procedure 
itself. In this sense, the Lenz-Jensen treatment may be superior to the normal 
Thomas -Fermi treatment ·because it retains similarity and better describes the outer 
parts of atoms. 

One advantage of a similarity description is that it gives a standard with which 
to compare experiments. It is important, of course, that this standard, considered 
as a first approximation, is fairly accurate. It is also desirable that corrections for 
individual deviations from similarity may be made when necessary (e. g. , corrections 
due to atomic shell structure). In fact, an approximation is well-defined only if 
deviations from it can be accounted for. The description asked for is thus of the 
type of similarity methods in other branches of physics. e. g. • the van der Waals' 
equation of state. 

In the following discussion, collisions and stopping are treated for all kinds of 
ions and at any velocity. It can hardly be expected that general similarity holds for 
all such cases. Some type of simplification of the basic quantal treatment should be 
permissible in order that similarity might apply. In point of fact, it turns out that, 
for many purposes, stoppilig problems may be crudely divided into two simple cases. 
One case is where quantal perturbation methods are applicable; the other is where 
classical mechanics may be used. In both of these cases the resulting simplifications 
turn out to permit similarity, though not of the same kind. 

Connected to the Thomas-Fermi model is one feature that should be emphasized 
here-the use of statistical methods. The system of electrons is compared to a gas 
of free electrons, in some respect even with neglect of the variation in space of the 
gas density. I believe that this gas picture is useful also when one goes beyond the 
simple static Thomas-Fermi model. It makes possible calculations of numerous 
collision effects in cases where other methods fail. The electron gas and its gener
alization. the dielectric approach, is referred to repeatedly in the following discussion. 

After a preliminary analysis of basic approximations in Section 2, the discus
sion is divided into two parts. The first part is the perturbation approximation treated 
in Section 3, and the second part concerns quasi-elastic collisions. discussed in Sec
tion 4. In both cases, similarity properties and statistical methods are of importance. 
Apart frpm similarity, there are several other questions at issue, in particular the 
single-particle and dielectric approaches. These questions are connected to the 
perturbation case in Section 3, where the accuracy attained is fairly high. 

The entire discussion is meant partly as an account of results obtained and 
partly as a program or framework for further research. I do not attempt to analyze 
or discuss experimental results, but treat only their influence on the main ideas of 
the present aspects of atomic collisions. 
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Reference is made several times to the survey article by N. Bohr (1). whose 
terminology is followed here to a large extent. The reader is also referred to the 
other papers in this volume. in particular to the review by Fano relating to the 
perturbation approximation in Section 3, and the experimental review by Northcliffe, 
relating to Section 4. 

2. Criteria for Basic Approximations 

Instead of studying only the basic ion-atom collisions. it has been customary to 
pay special attention to more indirect effects. such as the average energy loss per 
em by a swift ion. or its range. In the present treatment of atomic collisions. I shall 
not discuss finer details of each collision. We need mainly such averages over cross 
sections as are important in slowing-down. One important example is the stopping 
cross section. S = J Tda. where T is the energy loss and da the differential cross 
section. 

There may be said to be two distinctly different mechanisms of slowing-down 
for nonrelativistic particles-one being electronic stopping, i.e .• energy loss spent 
as excitation or ejection of atomic electrons. and the other nuclear stopping. by which 
is meant the transfer of energy to translatory: motion of an atom as a whole. The 
former is an inelastic process. and the latter an elastic collision. As discussed 
below, a closer scrutiny shows that this separation between two types of collisions is 
usually a fairly good approximation. though not always a very accurate one. 

There are essentially three important parameters in slowing-down. the velocity 
v of the particle and the atomic numbers z1 of the particle and Z2 of substance. The 
masses M1 and M2 are normally less significant parameters. M1 usually enters in 
a trivial way. and M2 is often unimportant. Moreover. the masses are not independent 
of the atomic numbers. If we study details of collision processes. further parameters 
may enter. as. for example, the classical impact parameter or the exchange of mo
mentum in a collision. 

At high particle-velocities the energy loss is nearly exclusively electronic 
stopping. and nuclear collisions are exceedingly rare. For the classification into 
high and low velocities, we take as a starting point the simple analysis given by 
N. Bohr (1). When a swift particle of velocity v and charge q1 collides with another 
one at rest and with charge q2• quantum mechanical perturbation methods may be used 
if (according to Bohr) 

2q1q2 
x=--yw---<1. 

whereas a classical treatment would be proper when x> 1. 

(2.1) 

For the many-particle collision problems occurring in penetration phenomena. 
where. for example, two atomic nuclei and a number of electrons are involved, the 
application of Equation 2.1 is not always immediately clear. One useful supplement 
to Equation 2.1 is the result that the ion ~tarts carrying electrons to an appreciable 
extent when its velocity becomes v<v0zf 3, where vo = e2 /f1. Its average charge q1 
will then actually be of order of (cf. Ref. 1) 

(2. 2) 
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in not-,oo-close collisions. Z1 is the atomic number of the incoming particle, and 
v1 ..... zl3 is an effective quantum number of electrons carried by the ion. This cor
responds to the circumstance that the majority of the electrons attached to the ion 
have orbital velocities '""Vl = vozf/3. Already used here are Thomas-Fermi estimates 
of effective quantum numbers and orbital velocities of electrons. though only in a 
qualitative way. 

Let us consider a collision between the ion and an electron at rest. It is ap
parent from Equation 2. 2 that if the ion velocity exceeds 

v?, 2~1 vo • (2. 3a) 

the charge becomes q1 ~z1 e, and the inequality (Eq. 2.1) is seen to be fulfilled, so 
that quantal perturbation methods are valid. Then, ~uantities such as cross sections, 
average stopping, etc .• are nearly proportional to z 1 • the square of the charge 
number of the particle. 

Perturbation methods hold more widely than is suggested by Condition 2. 3a. 
The atomic electrons are not at rest. as supposed in Condition 2. 3a, but have orbital 
velocities vj between v0 and z 2 v0 ; for the majority of the electrons Vj is of order of 

v2 = v0z~/3. If now. for a collision with an atomic electron 

(2. 3b) 

perturbation methods may be used for any ion velocity. v. since the relative velocity 
in the collision remains large. independently of v. It may be noted that Conditions 
2. 3a and 2. 3b are the outcome of a single inequality involving an average relative 
velocity of ion and electron, i.e .• (v2 + vf)l/2 ~ 2Zl vo. 

Quantities such as total stopping are obtained by summing over all electrons. 
For such purposes. Condition 2. 3a is a more important restriction than Condition 
2. 3b. Indeed, at low ion velocities the atomic electrons no longer contribute nearly 
equally to energy loss; each loosely bound electron contributes much more than a 
strongly bound one. Therefore, the important Vj elements in Condition 2. 3b are 
small. and cannot be expected to change drastically the Condition 2. 3a. 

As mentioned above, another characteristic velocity is v1 = v0 • zf13• When 
v is small compared to v1• the balance charge of the ion, given by Equation 2. 2, is 
small, and we are concerned with nearly neutral systems colliding with each other. 
If v is les@ than v1• the electronic stopping must increase with v, since, e. g .• in 
the Bethe stopping formulaS is proportional to (qf /v2) times an increasing function 
of v. On the other hand, if vis large compared to v1• the ion carries relatively few 
electrons and q1 is fairly constant, so that tQ.e electronic stopping decreases with in
creasing v. Maximum in stopping therefore occurs in the neighborhood of v1. 

In any case v1 gives a separation between high and low velocities, and is for 
several purposes a more important criterion than Condition 2. 3a or Condition 2. 3b. 
We therefore consider separately a low-velocity region 

0 <v<v = v z2/3 
1 0 1 

(2. 4) 

As we shall see, this velocity region is also the one in which quasi-elastic ion-atom 
collisions of nearly classical type become important, and where electronic excitation 
is simple but is not always tractable by quantal perturbation methods. 
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If one of the above three inequalities (Conditions 2. 3a and 2. 3b and in Eq. 2. 4) 
holds, special simplifications appear. The fulfillment of either of the conditions 
permits perturbation methods, as, in either, a perturbation treatment can be of 
interest for all velocities v. However, since Equation 2. 4 indicates the velocities 
v<v0 may always require special approximations, we need investigate perturbation 
for v>vo at least, i.e., protons with energies larger than 25 kev. If, as an auxiliary, 
we study stopping by electron gases, or by one of the electrons bound in an atom, it 
is proper to consider all velocities, i.e .• also v<v0• 

3. Perturbation Approximation 

One result in the preceding section is that the perturbation approximation, at 
any velocity of the penetrating particle, is an important st~d!rd and must be investi
gated. In this approximation, stopping is proportional to z 1 e , the square of the 
charge of the particle. The great simplification contained in the perturbl.tion approxi· 
mation is that we are concerned with properties of the medium only, and, in fact, 
linear properties. The number of significant parameters is reduced from three to 
two, v and z2. 

We apply, of course, the perturbation approximation primarily in the case of a 
proton. Many authors have expressed misgivings about the simple theory of stopping 
for protons with energies of several hundred kev or less, because of capture and loss 
effects. Such misgivings are contrary to the spirit of the Thomas-Fermi description. 
I return to the justification of the perturbation approximation for protons, with such 
questions in view. Other questions of proton stopping are treated in the accompanying 
article by Fano (2). In the remainder of this section the penetratin& particle may be 
imagined to be a proton, if any specification is desirable. 

High Velocities (x» 1) 

When separating now into several velocity regions, we measure the particle 
velocity in terms of critical velocities b~longing to the medium. Since electronic 
orbital velocities in atoms are ""'V2 = z~13vo. we might at first demand that v is large 
compared to v2, corresponding to the high-velocity region, but a better measure of 
velocities is given in Equation 3. 4. Relativistic corrections will not be included, al
though most of these are quite simple (cf., e. g., Ref. 2). The omission is made for 
simplicity, and also because the corrections are small except in extreme relativistic 
~ases. The customary stopping cross section per atom may be written as 

(3.1) 

where L is a function of two variables in the perturbation approximation; we write 

L = L(v, z 2). In the region of high velocities, the dimensionless quantity Lis 
asymptotically connected to an average excitation potential I, as shown by Bethe (19), 

2mv2 
L = log -I - I z2 log I = 1; fo· log fiWo· 

. l l 
(3. 2) 

l 

where foi are the dipole oscillator strengths of the transition frequencies "bi for the 
atomic system. 
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The Thomas-Fermi demand in this case is simple. In fact, the unit of time of 
the Thomas-Fermi atom is proportional to z21, and since an energy in a perturbation 
treatment behaves as Planck's constant times a frequency, the energy I in Equation 
3. 2 must be given by Bloch's relation (3, 7), 

(3. 3) 

where Io is a constant. This result gives a good approximation to experimental re
sults for proton stopping, a sensible empirical estimate of Io being -10 ev. Thus, 
while Equation 3. 3 is a good approximation for high z 2 values, vis. Z2~15, consid
erable deviations remain in several substances. Some of these deviations clearly 
are due to shell effects, but others are systematic, with the ratio I/Z2 on the average 
increasing with decreasing z 2 and attaining values above 15 ev in the lightest substances. 

Interme~iate Velocities (x > 1) 

Before entering into these questions, we may consider the straightforward 
Thomas-Fermi extension of Bloch's relations to somewhat lower, though still fairly 
high, velocities. The logarithm in Equation 3. 2, as well as the stopping cross sec
tion(Eq. 3.1), are according to Equation 3.3, functions of the variable x = v2/v02z 2• 
Here x1/2 may be said to be the reduced velocity of a Thomas-Fermi similarity treat
ment. At lower velocities, where the contributions to L are no longer of logarithmic 
type, we may still tentatively introduce a standard similarity corresponding to x 
(Ref. 7), 

v2 
L = L(x) , x = 2 , 

vo z2 
(3. 4) 

and can then discuss which kinds of deviations may occur. The achievement of 
similarity is that the two variables in Equation 3.1 are reduced to one variable in 
Equation 3. 4. 

One application of Equation 3. 4 consists in semi-empirical comparisons. By 
means of Equation 3. 1, and measurements of the stopping cross section Se , empirical 
values of L may be obtained. A plot of such values of L against x for measurements 
in any substance is a convenient Thomas-Fermi comparison of the results. This 
method of comparison may be expected to be sensible, at least at such relatively 
large velocities where xis considerably larger than 1. 

I return to deviations from Bloch's relation (Eq. 3. 3). They afford an oppor
tunity to discuss what is meant by a Thomas-Fermi treatment of atoms. The system
atic increase of the ratio I/Z2 with decreasing Z2 has given rise to several sugges
tions. On various grounds (e. g., Refs. 5, 6, 18) it has been suggested that the scaling 
unit of the frequency spectrum is not proportional to z 2 but that it increases more 
slowly with Z2· In this connection, reference has been made to the variation of energy 
with z 2 in a Thomas-Fermi-Dirac model. It appears to me that these surmises are 
not very promising. 

What one needs is an approximate physical picture, primarily as regards the 
dipole oscillator strength distribution for atoms and molecules. The following picture 
is perhaps adequate. Complete validity of the Thomas-Fermi model means that the 
density of oscillator strength is always g(w/Z2wR), where WR is the Rydberg frequency. 
Deviations from this density must occur in all atoms and molecules. One type of 
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deviation should appear at frequencies of order of Z~wR; i.e .• K-shell binding 

energies. In most cases this deviation is hardly important because little oscillator 
strength remains at such high frequencies. In the intermediate region, too, where 

w-Z2"'R• deviations from the Thomas-Fermi spectrum must occur, connected to 
inner electron shells; but these deviations also should be of less direct importance 
than those at the lowest frequencies. In fact, the density of oscillator strength in
creases for decreasing w, but there must be some kind of gap in the spectrum up to 
a frequency of order of wR; i.e .• for (w/Z2wR>-Z21. This clear-cut departure from 
Thomas-Fermi scaling of the spectrum is the more predominant the lower the atomic 
number. Since the gap implies a shift (in the low-frequency region) of oscillator 
strength density towards higher w-values, as compared to the Thomas-Fermi spec
trum, it follows directly that !-values must increase above Bloch's result for de
creasing atomic number. 2 As to chemical bindings, polarization in solids or phase 
changes, the resulting effects on oscillator strength distribution should be confined 
to quite low transition frequencies. 

If the simple picture presented here is a fair approximation to distribution of 
dipole oscillator strength, several important conclusions may be drawn from it. A 
few conclusions of this type are discussed below. However, simplifications other 
than those mentioned above will be made in order to arrive at some of the results. 

The first conclusion is that curves of experimental L against x will, at high 
values of x, be a set of rather closely lying and nearly parallel lines; separation be
tween curves is caused primarily by deviations from Bloch's relation (Eq. 3. 3). 
Although the curves do not vary exactly as const. + log x in the upper region, the 
deviations from the logarithmic curve should remain comparatively small. In the 
present formulation they are given by a Thomas-Fermi equivalent of K-, L-, M-, ... 
shell corrections. 

Next, we are interested in continuing the curve farther down, to velocities 
where x $ 1. The corrections to (Eq. 3. 2) may be said to be of two kinds. First, 
Lis a sum of logarithmic terms corresponding to various transition frequencies; 
none of these terms can be negative. This implies a cut-off, at least when the 
arguments inside logarithms become less than 1, and therefore a positive correction 
to L. Second, when 2mv2 is large compared to the transition energy fiw, there is a 
downward correction, of the kind mentioned above. This may be called the asymptotic 
correction. 

We are thus confronted with three theoretical problems: Computations of!
values, estimation of individual asymptotic corrections, and estimation of cut-off 
corrections. Computation of !-values should be the simplest of these problems, yet 
it is not readily solved because of the fact that direct theoretical computations have 
not been made, except in atomic hydrogen and helium. For this reason alone, the 
Bloch relation (Eq. 3. 3) is useful. The difficulties in estimating I is one of the 

2The gap may be thought of as rather constant, and less dependent on atomic shells 
than would appear from purely energetic considerations. Thus, in inert gases the 
energy gap is large. In other gases the gap is small, but the dipole oscillator 
strengths are pushed upwards in frequency. (The upward shift of the oscillator 
strength is due to a polarization effect within the electron cloud; see p. 9). There
fore, the net result for the total oscillator strength distribution is about the same 
in these two cases. 
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reasons why the original attempts at estimating the more involved inner shell 
corrections may not give accurate results. 

As I see it, previous estimates of !-values and corrections to Equation 3. 2 
were hampered mainly by disregard both of polarization effects within an atom as a 
whole and of important corrections due to the less strongly bound electrons. Both of 
these effects are included, to a considerable extent, in a Thomas-Fermi scheme and 
may be estimated in various approximations within this scheme (e. g., the simple 
compressible liquid of Bloch). Particularly concerning the question of polarization, 
there have been differences of opinion in recent literature (cf. e. g., Ref. 12). I 
return to polarization and correction effects below. 

Low Velocities (x< 1) 

Let us consider the third type of quantities, the cut-off correction which appears 
at low x-values. It is often maintained that for stopping in this region (i.e., protons 
with energy below several hundred kev) systematics no longer prevail, particularly 
because of capture ard loss of electrons, and the associated energy transfers to elec
trons and screening of the field around the proton. Since I argue the case for the 
Thomas-Fermi description, let me discuss here the opposite point of view (Ref. 8) 
where, e. g., screening effects are due to the medium only. It seems important to 
check the degree of accuracy of the Thomas-Fermi perturbation treatment at low 
velocities. If such treatment applies here with any accuracy at all, it should be more 
accurate and better understood at high velocities. 

For an approximate treatment at low velocities, two of the previous assumptions 
are needed-one is the cut-off corresponding to L having no negative contributions, 
and the other is that deviations from Thomas-Fermi spectrum g(w/Z2wR) occur only 
below a certain frequency~ ~R, in a manner characteristic of the atom in question. 
At low velocities, high frequencies in the atom contribute little to stopping, because 
of the cut-off effect. The increase in stopping (Eq. 3.1), therefore, is essentially of 
Thomas-Fermi type, i.e., common to all atoms. In the L-curves there still remains 
the effect giving deviations of the !-value from Bloch's relation. The spreading of 
L-curves at low x-values should roughly be like that at high x-values in an absolute 
measure, and therefore larger in a relative measure. Note that L-curves may 
possibly cross each other, due to effects of successive inner atomic shells. 

Maximum in stopping cross section, Smax• for protons occurs at widely differ
ent energies, Emax• of order of 100 kev. The above considerations were utilized 
tentatively, in order to derive from measured values of Smax and Xmax the correlated 
!-value of the substance in question. This appears to give !-values in fair accord with 
those found at high velocities. Furthermore, check of an approximate statistical 
model of oscillator strength is obtained (Ref. 8). 

The question may be asked why it should be at all possible to look apart from 
electron capture, loss, and screening; i.e., why the proton may be treated in the 
perturbation approximation. In this connection the simplest case that can be studied 
theoretically with considerable accuracy is that of a proton of arbitrary velocity in 
an electron gas of comparatively high density. In this case the question of capture, 
loss, ard screening is solved automatically. Stopping is closely proportional to the 
proton charge squared, and screening is nearly independent of the charge. In a dilute 
electron gas with low kinetic energies of electrons, stopping effects are no longer 
proportional to zf at low velocities, but statistical methods of the Thomas-Fermi 

type are still applicable. 
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In a substance with Z2 > 1, the greater part of the atom corresponds to an 
electron gas of comparatively high density, but a certain fraction corresponds to a 
gas of relatively low density. To a large extent, stopping of protons by atoms is 
therefore within the perturbation approximation; but at quite low velocities (v<v0). 
where loosely bound electrons give large stopping contributions, the approximation 
fails. In any case, the stopping effect remains little influenced by differences in 
capture and loss phenomena. 

For a-particles the situation is. of course, different, since screening effects 
occur at considerably higher velocities. Directly, a-particles are of little use in the 
analysis of linear properties of matter. Instead, a-particles and the heavier ions 
mentioned in Section 4 may (e. g .• by Thomas-Fermi scaling) serve to estimate 
deviations from stopping being proportional to zf in the case of protons (cf. also Eq. 
4. 12). In this connection, the highly interesting problem of stopping of negative 
heavy particles at low velocities should be mentioned. As to intermediate velocities 
(v-20vo) it has been suggested by Barkas et al. (24) that there is a large difference 
between ranges for negative and positive baryons. 

Comparison with Electron Gas 

A useful example seems to be the stopping of charged particles in a free electron 
gas, where relatively high accuracy is possible and important theoretical features are 
illustrated. The linear dynamic properties of the electron gas are contained in the 
dielectric constants €1(k, w) and €tr(k, w), which depend on wave number and frequency 
of the field. In the first approximation the dynamics is equivalent to a dynamic self
consistent perturbation treatment. A most conspicuous feature in such stopping 
phenomena is the polarization effect. From the results for the free electron gas it 
appears that polarization within an atom also is important (Ref. 7). The influence of 
polarization on the levels of the static model may be disregarded in first approxima
tion, but the dipole oscillator strengths of the various transitions are strongly affected. 
The effect is most pronounced in an electron gas where all of the dipole oscillator 
strength is pushed upwards and collected in the plasma frequency, w0 = (4'1'n e2/m)1/2. 
This effect of polarization should remain appreciable in atomic systems. 

In the absence of more precise calculations, a qualitative estimate of atomic 
oscillator strength distribution in atomic systems has fleen made by merely assuming 
a local modified plasma frequency. x w0 • where x-21 . This assumption gives easy 
estimates for both Thomas-Fermi and Hartree density distributions, and seems useful 
for exploratory purposes at least (cf. Refs. 7. 8, 2). 

Other interesting results obtainable in an electron gas are summation rules as 
expressed by the dielectric constant. Besides the familiar Bethe sum rule for gener
alized oscillator strengths may be mentioned the equipartition rule, according to 
which the stopping contribution from close collisions and from resonance collisions 
are exactly equal (Ref. 16). This result implies that, for an electron gas, e. g., the 
asymptotic corrections to Equation 3. 2 are contributed equally from close collisions 
and resonance collisions, so that only one of the two need be calculated. It turns out 
that also in atoms the asymptotic shell corrections obey the equipartition rule, as far 
as present computations go (cf. Refs. 2, 25, 26). Moreover, the electron gas picture 
leads to asymptotic corrections in fair agreement with more direct calculations on 
atoms. It therefore seems feasible, within a Thomas-Fermi description, to compute 
the velocity-dependent corrections to the Bethe-Bloch formula (Eq. 3. 2). 
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4. Quasi-Elastic Collisions 

In the perturbation case. the stopping cross section depends on two parameters. 
v and z 2• but it depends on only one parameter if similarity applies. The present 
case of low velocities is considerably more complicated. Not only is stopping initially 
a function of at least three parameters (i.e., v, z 1 and z 2>. but there are two differ
ent stopping mechanisms. electronic and nuclear stopping. with the latter, moreover. 
leading to sizable fiuctuation effects. 

Both experimentally and theoretically there is a vast number of cases to be 
investigated. The field is much less explored than is that of stopping of protons. and 
the relative accuracy is less by perhaps an order of magnitude. Two major groups 
of problems arise. One group concerns stopping and range problems, i.e., the fate 
of the particle; the other group concerns radiation damage in the medium. i.e. the 
fate of the substance. In the latter group of problems the competition between elec
tronic and nuclear stopping is particularly important. From these brief comments 
it would appear that similarity considerations, if applicable, can be of great value. 

The perturbation case corresponds to high velocities. In the following is treated 
velocities v less than the critical velocity v1 (cf. Eq. 2. 4). The electronic stopping 
decreases when velocity is diminished, as mentioned in Section 2. The direct quasi
elastic collisions between the ion and atoms, giving rise to atomic recoils, then become 
of increasing significance in the energy loss of the ion. and they dominate completely 
at quite low velocities (1). When treating the case v<v1 -still from a Thomas-Fermi 
similarity point of view-I therefore consider primarily the recoil of atoms. which 
so far has been disregarded. Since velocities are comparatively low, the ions are 
nearly neutral. i.e •• Z1/Z1 « 1; as an extreme case it should be noted that nearly 
neutral might correspond to. e. g .• z1-15. for heavy ions. The simplest starting
point for quasi-elastic collisions is that of very low velocities (v«v0). The phenom
ena occurring here may be described as a neutralized heavy ion moving slowly past 
an atom in a classical orbit determined by the repulsive force. This collision is not 
completely elastic. and, in an approximately continuous way, energy is transferred 
to atomic and ionic electrons. 

I shall now attempt to indicate. in a tentative and simple way. how similarity 
may be applicable in quasi-elastic collisions. The first question is a computation of 
static ion-atom interactions on the basis of the Thomas-Fermi treatment of a cloud 
of electrons belonging to two nuclei. Z1 and z 2 • at a distance R. The potential energy 
must behave as z 1z 2e2/R times a function of two variables, depending on R. z 1 and 
z 2 , e. g .• the two variables R/a and (Z1/z2>. 

u = zlz2e2 . u • (4.1) 
R 

where u = u(R/a. z 1 /Z2), and a= ao · 0. 8853(zf/3 + z~/3)-1/2, In a comprehensive 

description where similarity is used. it would be preferable to be able to express u 
as a function of one variable only. In fact. Bohr (1) made an assumption of this kind 
by putting u = exp { -R · 0. 8853/a). Estimates of actual potentials for various values 
of (Z1/Z2) have been made by Firsov (15) and many others. It is apparent that, within 
a fair approximation, one may assume u to be a function of one variable only, but the 
exponential function in the Bohr potential decreases much too rapidly at large dis
tances. The other natural choice. 

u = tp 0(R/a) , (4.2) 
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with cp 0 being the Fermi function (Ref. 27) belonging to the Thomas-Fermi atom, 
turns out to be a good approximation. 

So far, there is similarity in ion-atom interactions, the unit of length being a. 
Then, Equation 4.1 implies that the unit of energy is z 1 z 2e2/ a. With this in mind, 
consider the possibility of similarity in ion-atom collisions. Let the atom be at rest 
in the laboratory system, whereas the ion has the energy E. In the center-of-gravity 
system the energy is E M2/(M1 + M2), and when this is measured in reduced units a 
dimensionless parameter 

zlz2e2 (Ml+M2) 
(4. 3) 

is obtained. Similarly, the impact parameter p is p/ a in reduced units. Since the 
reduced mass is M0 = M1 M2 /(M1 + M2), we also have a unit of velocity, w, given by 

(4. 4) 

By means of reduced energy, €, reduced length, ( = R/a, and reduced time, 1' = t w/a, 
one is able to solve all scattering problems by solving one case, for arbitrary € and 
(. Thus 

da = tr a2 f( f: , sin2 ! ) dO • 
2 

(4. 5) 

This description may be carried a little further. Consider possible generaliza
tions of the static force. The velocity-dependent forces are due to irreversible 
excitation of the electron clouds of the colliding systems. Let v(R) be the rela
tive velocity of the heavy centers at the distance of separation R. The excita
tions depend on a competition between v(R) and the electron velocities -v0z2/3, 
i.e., on the dimensionless variable v(R)/v0z2/3, The force is then expected 
to be of type of 

- Z1 Z2e2 ·~R v(R) ) 
K- 2 k-, 2/3 

R a v 0z 
(4. 6) 

Here, the function tends to 1 for R/a ... o. Consider scattering when Equation 
4. 6 applies. Similarity bet,.een two collisions demands also that the new 
collision variable v(R)/v0z 213 is the same in the two collisions. The demand 
would appear to be in contradiction to Equation 4. 4. Only if X = (w /v0z2/3) is 
a constant, similarity can be obtained in the present case too. This holds 
quite well, because for the stable isotopes A1 ::- 2Z1 , A2 ::- 2z2 , and for most 
values of z 1 and z 2 the constancy of X is remarkable. One clear exception 
occurs when either the atom or the ion is a proton, because X then increases 
by a factor of 21/2. Still, since the dependence on the last variable in Equation 
4. 6 is not a strong one, and since in most collisions deflection angles 9 are 
small, fixed values of f: and pI a may be expected to imply corresponding 
collisions, so that Equation 4. 5 remains valid. 

Even though the result (Eq. 4. 5) is not particularly complicated, it is not easily 
applicable to direct comparisons. It is possible to compute (from Eq. 4. 5) averages 
of powers of sin 9/2, ~d, although this is useful, one may obtain instead an important 
simplification already in the differential cross section (Eq. 4. 5). Consider, e. g., 
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the Rutherford scattering where f(f. sin2 f>dO= Cdt/t2. so that f becomes a function 

of one parameter only. viz. 

t = f2 sin2 f . (4. 7) 

In classical perturbation treatments too. where 9« 1. dcr will for any potential be a 
function of only €292/4-t. multiplied by wa2. For screened Coulomb fields. but not 
generally for all types of interaction. the extrapolation where f2e2/4 from the per
turbation results is replaced by t turns out to be quite accurate (Ref. 9). and compre
hensive approximation procedures may be developed along these lines. In place of 
Equation 4. 5 we now get a much simpler result. conveniently written as 

(4. 8) 

The function f(y) is shown in Figure 1 as computed from the potential (Eq. 4.1 and 
Eq. 4. 2). using the extrapolated perturbation treatment. For Rutherford scattering 
f(y) = 1/(2y). 

In analogy to Equation 4. s. the formula (Eq. 4. 8) may embrace both the elastic 
case (Eq. 4. 2) and the quasi-elastic case (Eq. 4. 6). the latter when constancy of X 
is fulfilled. We are normally concerned with an incoming ion of energy E colliding 
with a free atom at rest. In this case. elastic collisions correspond to (T /T m> = 
sin2 9/2. where Tm = yE = E · 4M1 M2 /(M1 +M2)2 is the maximum energy transfer. 
It may be noted that a useful simplification for exploratory.pui'P.oses is a power law 
scattering. where f(y) in Equation 4. 8 is proportional to tl/2 -lls. corresponding 
approximately to interaction potentials proportional to R-s. 

For many purposes all inelastic effects (Refs. 10.11) from distant and not-so
distant collisions may be summarily considered as a continuous slowing-down. given 
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Figure 1. Universal differential scattering cross section for elastic 
nuclear collisions (Eq. 3. 8) based on a Thomas-Fermi type potential. 
At high values of t1/2 this cross section joins smoothly with the 
Rutherford scattering cross section. 
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by the electronic stopping cross section (Eq. 4.12). Besides electronic stopping 
should then be considered separately elastic collisions as described by Equation 4. 8 
and as shown in Figure 1 . 

The above theoretical picture has similarity features that are contained in 
corresponding collisions and also in the universal cross section (Eq. 4. 8). Many of 
its details may be checked. Theoretically, the present scattering method applied to 
exponentially screened fields is in good agreement with accurate calculations by 
Everhart, Stone, and Carbone (22). Experimentally, and as regards inelastic effects, 
the studies of quasi-elastic collisions by Fedorenko (17) and by Everhart, et al. (23), 
are in fair agreement with the present scattering method. 

Ranges and Stopping Cross Sections 

The similarity property of cross sections has interesting consequences. In the 
case of the elastic collisions described by Equation 4. 8, the stopping cross section 
becomes 

Sn = J doT = 11'a2yE J~ dy f(y) • (4.9) 

Therefore, the dimensionless quantity 

M1 
p = RNM2 411'a2 ( )2 , 

M1+M2 
( 4. 1 0) 

where R is distance along path, is the reduced path length as long as elastic collisions 
dominate. From Equations 4. 9 and 4.10 is obtained a reduced stopping cross section, 

s=S· N· (M1 +M2)/(Z1Z 24,e2 aM1), 

wherE' the part due to nuclear collisions, sn = sn( f), is a function of f only (cf. Fig. 
2). Thus, the three variables in the stopping cross section have been reduced to one, 
and it becomes possible to make simple comparisons between theory and experiments 
on slowing-down and ranges (Ref. 10). By means of the cross section (Eq. 4. 8), 
range quantities other than the mean path range may be studied, as well as fluctuations 
in range. It should be mentioned that, also Equation 4. 5, without the simplification 
(Eq. 4. 8), implies that sn becomes a function of f only, as in Equation 4. 9. 

If electronic stopping is proportional to velocity (cf. Eq. 4.12), it will be of 
type of 

s = k • (1/2 e • (4.11) 

where k is independent of velocity but may depend on z1 and z2 • Therefore, Equation 
4.11 contains one variable besides f, It so happens that in many cases k has approxi
mately the same value, -0.15 (cf. Fig. 2). On the basis of Equations 4. 8 and 4.11, 
a comprehensive description of stopping has been attempted (Ref. 10) in the velocity 
region v<v1 given by Equation 2. 4, or (< f 1 -103. With recent measurements, com
parison may be made both for low f -values, f < 1, where nuclear stopping dominates, 
and for high f -values, €» 1, where Equation 4.11 or 4.12 may be studied. Further 
application of Equations 4. 8 and 4. 11 has been made in the studies of the division of 
energy between electrons and recoil atoms, which is important in damage effects by 
particle radiations (Ref. 11). 
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Figure 2. Theoretical nuclear stopping cross sections in 
p - f variables. The abscissa is (1/2: i.e .• proportional 
to v. The fulldrawn curve is sn< f), computed from 
Figure 1. The dot-and-dash line is se fork= 0.15. 

A rough estimate of electronic stopping at low velocities, where Equation 2. 4 
applies, is given in References 7 and 9. It appears that adiabatic arguments, sug
gesting vanishing electronic stopping by atoms for v < v0 (Refs. 1, 21). are hardly 
applicable. In fact, comparisons either with motions through gases and liquids, or 
with electron scattering by screened Coulomb fields, indicate that electronic stopping 
is proportional to ion velocity, and that supposed differences between freely moving 
metallic electrons and more strongly bound ones should not exist. This is clearly 
indicated in the quasi-elastic collisions, where the motion may be quite slow, but 
the electron clouds are forced through each other, and the kinetic energy is ample 
for the production of electron excitations. 

The calculation of electronic stopping is complicated by the occurrence of 
excitation in close collisions as well as in distant ones, and by the circumstance that 
loosely bound electrons contribute relatively more to the stopping than do the strongly 
bound ones. Semiclassical Thomas-Fermi reasoning would lead to a stopping behav
ing as z5/3 times a function of v/v0z2/3. More accurate studies of stopping for ions 
of low velocity in free electron gases have been made (Refs. 1 3, 16). They may be 
used in estimating the contributions from electrons of different binding for various 
values of z1 and z2. In this way a simplified comprehensive formula of Thomas
Fermi type was obtained (Ref. 9), 

(4.12) 

where (e~z~16 • The formula seems to be in fair accordance with observations (Ref. 
29). Of course, there are fluctuations about the average smooth dependence on 
atomic number, and these are due to shell effects of the ion (cf. Ref. 28). It may 
be noted that, e. g •• for protons, Equation 4. 12 is not proportional to Z~, and thus 
does not correspond to the perturbation case. 
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2. A CRITICAL REVIEW OF EXPERIMENTAL 
STOPPING POWER AND RANGE DATA 

H. Bichsell 

Abstract 

Of the many experimental data available, a few have been 
selected as being especially comprehensive or accurate for an evalua
tion in terms of the Be the theory. The choice has been restricted to 
data pertaining to the penetration of hydrogen and helium ions. The 
discrepancies found in the experimental data discourage reliance on 
a single data point for the determination of the parameters necessary 
for the theory (e. g., the !-value) and also make it appear highly de
sirable to encourage further intensive experimental study of the 
charged particle interaction. 

A short discussion is given of the theory, including some com
ments about the shell corrections. This discussion is followed by 
detailed discussion of several experiments and a detailed treatment 
of aluminum and copper data. 

1. Introduction 

17 

It is the purpose of this paper to extract from the vast amount of information 
available in the field of stopping power and range data some of the most reliable 
experiments and to determine whether it is possible to give a consistent evaluation 
of these measurements in terms of the complete Bethe theory. 

In some instances it is possible to intercompare experimental data directly 
(see "Comparison with Range Data" in Section 4; Section 5; and "Stopping Power at 
High Energies" in Section 6), but mostly it is necessary to extract a set of parame
ters occurring in the theory a-value, shell corrections) and to compare the sets 
obtained in different experiments. -

No low velocity data are considered because charge exchange effects become 
important (roughly below 0. 5 Mev for protons, below 2 Mev for alphas). 

In this report I have tried to treat the data in such a way as to obtain a quantity 
which is approximately constant (see, for example, "Preliminary Analysis" in Section 
4). Obviously, the quantity ~expl ~th as a function of particle energy would be ap
proximately unity ((exp represents an experimental stopping-power result, (th the 
stopping power compufed from the Bethe theory). If this ratio is not constant, de
viations can be caused by (a) accidental errors in the measurements. (b) systematic 
errors in the measurements, and (c) systematic errors of the theory. 

1Physics Department, University of Southern California, Los Angeles. 
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In general, no attempt was made to discuss the error evaluation given by an 
author (for example, no thought has been given to the claims for the accuracy of a 
given foil thickness determination; it will be remembered that considerable discrep
ancies occurred for commercial and evaporated gold foils), but it will be quite easy 
to see whether the quoted accuracy is in agreement with the actual facts. 

For charged particles (charge z, velocity S = v/c) with negligible charge
exchange effects, the complete theoretical expression will be found in Reference 1. 
For the analysis of experimental data, the stopping power ( in an element (Z, A) can 
conveniently be written in the form (Ref. 2) 

( =- dE/pdx =(z2Z/A) • K~)[f~)-1ni-(l;Ci/Z)] 

K(S) = 4w e4 N0/mc2~2 

f~) = 1n [2mc2~2/(1-~2)] -~2 

(1) 

where I is the average excitation energy of the stopping atoms, and Ci represents the 
shell corrections. In this report, the shell corrections are computed as nonvanishing 
for~- 1, so that the I-values obtained are the "optical I. " In Reference 2 the Ci are 
assumed to vanish for ~- 1. This expression is valid for protons of energies above 
0. 5 Mev and below about 1000 Mev. Density corrections are neglected. In this paper, 
I is defined as constant (see first part of Section 2 for a different approach). 

If an experimental test of the theory is desired, the follow:ing points have to be 
considered: (a) the velocity dependences K~) and f(8) will have to be tested; (b) ex
perimental and theoretical values of I will have to be compared; (c) the importance 
of the shell corrections will have to be investigated; and (d) the correctness of the 
factor z2Z/A will have to be established. Each point is considered in turn: 

(a) Both K~) and f(~) are well-defined and well-known functions of the 
velocity. Until a complete theory of the shell corrections is developed, 
it is sensible to include deviations of K~) and f(~) from their mathemati
cal form as part of the shell corrections. 

(b) Very few theoretical I-values are known (H, He, etc., Ref. 26), and the 
agreement between theory and experiment is within the estimated errors, 
which are at least 5 percent. For most other elements it will be neces
sary to use experimentally determined I-values. These values will be 
strongly influenced by the magnitudes of the shell corrections, especially 
at low energies. General theoretical guidelines for the dependence of I 
on Z are available (Bloch theory, I = kZ, or Jensen theory, see Sec. 3 of 
Ref. 1), but experimental data are necessary to find the constants of these 
expressions. 

(c) Only K- and L-shell corrections have been computed theoretically. Un
fortunately, owing to departures of the atomic field from the Coulomb law. 
these corrections are most unreliable for the light elements, where they 
could be tested most accurately. The work for aluminum (Ref. 3 and 
Sec. 7 of this report) seems to indicate that the theory is essentially 
correct. For the heavier elements (Z > 20), the higher shell corrections 
become quite important at moderate energies ( 1 to 2 0 Mev for protons), 
amounting to several percent in the stopping power. No theory is availa
ble at present and it has to be understood that a whole function of the 
velocity is thus not known. 
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(d) The ratio Z I A represents the number of electrons in the material per 
unit chemical atomic weight and thus is not subject to appreciable error. 

The charge state represented by z of the incident particle is discussed in the 
papers by Northcliffe and Allison (see Reports 8 and 11 and Appendix B). The pres
ent paper is mainly concerned with protons above 0. 5 Mev, and discussion for 
charge-state effects is therefore unnecessary. 

2. General Comments on Shell Corrections 

The shell-correction term in Equation 1 can be merged with 1n I by introducing 
a single energy-dependent parameter I' defined by: 

(2) 

Instead of having as an unknown function the shell corrections, we will have the un
known function I' (fj). An approach of this type, being investigated by G. F. Williamson 
at the University of Washington, is presented in References 5 and 14. 

The fundamental hope would be that I' (fj) can be represented by a reasonably 
simple function of {J and z. It would appear, though, that difficulties will be ex
perienced by any theory that will not take into account the systematic trends in the 
behavior of electron shells for different atoms. The change in such quantities as 
the ionization potential of individual shells shows a different Z dependence for each 
shell; and, while the exact correlation between the magnitude of shell corrections 
and the ionization potentials of electron shells may not be clear, it appears unlikely 
that the shell corrections will show a simple behavior if the ionization potentials 
do not. 

To this author it appears to be more desirable to introduce shell corrections 
explicitly. As mentioned above, this is possible for the inner two shells with the 
theory developed by Walske (Ref. 4). For the outer shells, no theory is available, 
and a first approach would be to measure the stopping power for many elements over 
a large range of velocities and extract the shell corrections as the difference between 
experimental and theoretical values without higher shell corrections. This has been 
done for copper (Ref. 5 ). At present there are not enough experimental data availa
ble to allow this approach to be carried out very dependably for the heavier elements 
(Ag, Au). 

In a second approach, also used in Reference 5, it is assumed that the higher 
shell corrections have approximately the same velocity dependence as the L-shell 
correction. 2 While this may be expected to be reasonably successful for the velocity 
range where Ci is positive, it may be a fairly bad approximation for smaller veloci
ties. An additional difficulty appears, in that presumably it will be necessary to 
introduce a separate correction for each subshell, so that up to ten C1 may be neces
sary. Since for each Ci two parameters will be required for the scaling, this ap
proach could lose significance just as well as the first approach. It appears possible 
to reduce the number of parameters used through the arguments presented in 
Reference 5. 

2It has lately come to my attention that a similar scaling procedure has been used 
(upon Bethe's suggestion) by Hirschfelder and Magee (Phys. Rev. 73, 207, 1948), 
using BK. -
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On the whole, the situation is very unsatisfactory. New measurements are a 
very definite necessity, and further semitheoretical speculation with present data 
seems to be rather hopeless. For any satisfactory discussion of stopping power to 
an accuracy of 1 percent or better, the shell corrections are absolutely essential, 
and at present it appears that they will have to be approached from the experimental 
side, especially for the low energies. 

The theoretical approach presented in Report No. 4 of this publication eventually 
may provide theoretical guidance. 

3. Treatment of Experimental Data 

Classification 

It will be reasonable to classify experimental measurements according to the 
following parameters: (a) atomic number of stopping material, (b) energy of incident 
particle, (c) charge of incident particle, and (d) type of measurement (range, stop
ping power, fractional energy loss in thick absorbers, with various ways of deter
mining left-over energy). While measurements are available for many combinations 
of these parameters, very few data overlap within the possible range of the parame
ters in such a way as to allow consistency checks. 

The analysis is made difficult by the range of quoted experimental errors (from 
0. 1 to 10 percent), and by the fact that (as will be shown) errors have not been esti
mated accurately by many authors. Both underestimates and overestimates of 
errors occur. 

A practice convenient for an over-all representation of data is the use of 
logarithmic plots, but this practice is quite unsuitable for a careful analysis of data 
because it will tend to cover up discrepancies rather than to point them out. 

Reduction of Original Data 

Experimental data usually cover a certain range of one or two of the experi
mental parameters mentioned above. For example, the measurements by MacKenzie 
and his collaborators at University of California, Los Angeles (U. C. L.A. ), measure 
the stopping power for many different elements, but for fixed particle charge and 
energy. Nielsen, on the other hand, measures the energy dependence of (for six 
different elements and two different particles. 

As a preliminary st~p of analysis, the raw data of certain sets of experiments 
have been reduced so as to eliminate the influence of physical factors that are either 
constant in the whole set or theoretically well known; for example, Equation 4 (in 
Sec. 4) replaces measured stopping-power values (exp with values X of a more 
nearly energy- independent variable. 

Adjustment of Parameters and Errors of Fitting 

Equation 1 contains the parameter I and other parameters that help specify the 
dependence of the shell corrections Ci upon the properties of the incident particle 
and the stopping material. The following sections make repeated reference to analy
sis of experimental data directed simultaneously to the determination of these 
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parameters and to estimating the accuracy of this determination and, more generally, 
the over-all agreement of the theory with the experimental results. To this end the 
following procedure was generally employed. 

. Call TJM, the result of a certain measurement, of stopping power or range, and 
T~ the corresponding theoretical expression which is a function of I and of other 
parameters. Some of these parameters, like the particle velocity /Ji• are regarded 
as known with sufficient accuracy, the others are still undetermined. Construct, for 
a set of n such results, the expression 

( 
(i) {i)) 

= n T exp - T th 2 . 
s ; (i) 

1 Texp 

(3) 

The expression implies that.one attributes to each experimental result a statistical 
weight proportional to 1/TJi~ 2. 

For the given set of experimental results T ~~P , S is a known mathematical 
function of I and of the other parameters ). 1, ). 2, . . . to be adjusted. This function 
is then calculated by a computer program which locates the parameter values that 
yield a minimum 

(3a) 

The set of parameter values a, >. 1 , •.. ) obtained by solving this equation is adopted 
as the "best fit" solution extracted from the given set of experimental data. 

An estimate of the errors of these values -due to the occurrence of accidental 
experimental errors only-is obtained as follows: The error AI of I is obtained by 
finding on the computer the value I + AI such that 

S(I+AI,).1,).2,··· )=Smin(1+1/n), (3b) 

where n is the number of experimental measurements in the set. If n> 10, the factor 
for Smin is chosen to be 1.1 0. In Equation 3b the best-fit value of the other parame
ters >-1• ... (if any) is utilized. The errors A>.1 •... are obtained by the same pro
cedure. This procedure implies several approximations wh.ich are fairly realistic in 
the present application. The chief assumption is that the T~ depend on I and on each 
of the other parameters (if any) through separate additive terms, which are independ
ent of the index i, i. e. , which are constant for the whole set of measurements under 
consideration. This assumption is clearly valid for I if the quantities T have been 
suitably reduced in advance, and in particttlar if they are values of the variable X 
defined by Equation 4 (in Sec. 4). Another assumption is that the number of experi
ments in the set, n, is sufficiently large to be properly entered in Equation 3b instead 
of n-Il where 1-' is the number of parameters I, ).1, >.2 , ... fitted by Equation 3a. 

4. Evaluation of Nielsen's Data 

Preliminary Analysis 

Nielsen's measurements of stopping power of protons and deuterons in beryl
lium, aluminum, nickel, copper, silver, and gold cover the energy range from about 
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1 Mev to about 4. 5 Mev (Ref. 6). This energy range is not sufficient to give infor
mation about I and the shell corrections separately. but valuable information can 
nevertheless be obtained. 

Under the circumstances, it is appropriate to compute the quantity 

X= f(IJ)- (A/Z) • ((exp/K~)). (4) 

A typical plot of X versus particle energy is given for silver in Figure 1. The values 
for deuterons are plotted together with the proton data. It is immediately obvious that 
X is not a constant (in fact, X is just the energy dependent ln I' of Williamson's repre
sentation and a measurement of the quantity ln I+ '};Ci/Z of Eq. 1). The order of mag
nitude of the accidental errors in the measurement is indicated by the scatter of the 
points about a smooth curve. Of course, any systematic errors in the measurement 
could not be discerned in this representation. (However, errors in the energy deter
mination or other systematic errors might be responsible for the dip of the two deu
teron values at about 4. 4 Mev, indicated by the dotted line; but similar deviations do 
not appear for the other elements. Here it is obvious why it would be valuable to 
have independent overlapping data.) 

To obtain an index of the accidental errors of the data, a "theoretical" value 
of ( was obtained from 

(4a) 

where X represents me value of X for the smooth curve fitted visually to the points. 
The fractional root mean square deviation of (was then computed and found to be 
0. 8 percent in the case of silver. For nickel, the result was 1. 4 percent, and for 
aluminum, 0. 7 percent. It thus appears that the statistical uncertainties in these 
measurements are somewhat smaller than estimated by Nielsen (1 to 3 percent). 

I 
X 

A ProtoM 

0 DluteroM 

Figure 1. Nielsen's low-energy stopping-power data for silver. The 
quantity X is defined in Equation 4. The smooth curve is fitted 
visually. 
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It must be pointed out once more that no systematic errors are included in the 
above numbers; also, it has been assumed that equal weight can be given to each point. 

Comparison with Range Data 

Experimental range data for particle energies and materials comparable to 
those in Nielsen's experiment have been obtained at Rice Institute (Ref. 7). The 
absolute experimental accuracy was estimated by the authors to be about 0. 5 per
cent (including estimates of systematic errors), while internal consistency observa
tions indicate accidental errors of about 0. 2 percent for aluminum, less than 0. 5 
percent for nickel, and about 0. 1 percent for silver. The experimental ranges were 
corrected for multiple scattering. Since range differences AR are compared with the 
integrated reciprocal stopping-power values (the theoretical c. s. d. a. range), 

Ep 
AR = R(Ep)- R(2 Mev)= j 1/ (dE , (5) 

2Mev 

where ( represents the smoothed Nielsen data, several of the difficulties of range 
measurements thus are eliminated or reduced (e. g. , correction for final energy of 
proton, exact magnitude of multiple-scattering correction for the end of the range, 
asymmetry of distribution function). 

In Table 1, the fractional differences between experimental range differences 
and the integrated stopping-power values are given. While the agreement for the two 
types of measurements is good for aluminum and nickel, the differences for silver 
are larger than the experimental errors. 

TABLE 1 

Comparison of Experimental Range Differences with Computed 
Differences Obtained from Nielsen's Stopping-Power Data 

Ep 
Mev Al 

2 0 
3 -0. 1% 
4 -0.4% 
5 -o. 3% 

Use of Higher Shell Corrections 

Ni 

0 
o. 2% 
o. 1% 
0.5% 

Ag 

0 
1. 35% 
1. 47% 
1. 7% 

Normalization 

In an earlier paper (Ref. 5), it has been speculated that it should be possible 
to approximate the exact higher shell corrections by scaling the L-shell correction 
of Walske (Ref. 4). For nickel, for example, which has only a few electrons in the 
M -shell, an approximation with onq one additional function should give satisfactory 
results. For gold, on the other hand, it may be necessary to use three or more 
functions, one or two for theM-shell, one or two for theN-shell, etc. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


24 

In a plot of shell corrections versus the squared velocity ~2 of the incident 
particle, let us call the scaling factor for the abscissa V, the one for the ordinate A 
(this corresponds to the factors 1/ A1, B3, etc. , in Reference 5, but is not identical 
with them). A computer program has been written which computes the quantity S 
defined in Equation 3 as a function of V, A, and the I-value. The smallest value pf 
S for the Nielsen data is found, and the corresponding theoretical table is produced. 

The result for nickel is the following: I = 307. 5 ev; V = 6. 0; and A = 1. 2. This 
is in close agreement with the evaluation presented in Reference 5 for copper. It is 
noteworthy that the k = I/Z = 11. 0 ev value obtained in this way is rather close to the 
value k = 11. 2 ev obtained at high energies for copper (where the infiuence of theM
shell correction is quite small). 

A similar evaluation for silver, using only one scaled L-shell correction 
(rather than 3 or 4 as was done in Ref. 5) gives I= 447. 5 ev, V= 5. 6, A= 3. 0. It 
would appear that this approach is not too suitable for silver; in particular, the 1-
value is quite different from the high-energy value (presumably around 470 ev). In 
addition, the decrease in the 1-value could be partly overcome by an increase in A. 
Anyway, the whole procedure has limited significance for silver because the experi
mental data only cover a small velocity range, and no separate fitting for theM-shell 
and N -shell has been carried out. 

The two evaluations based on visual fitting of X and on scaling of shell correc
tions are compared in Table 2. It is seen that the agreement between the two ap
proaches is excellent. Extrapolation of the values of X beyond the measured energy 
range would be inaccurate; e. g. , notice the disagreements at 1 Mev and 5 Mev in 
Table 2. This also points out that any experimental approach to the determination 
of higher shell corrections requires very extensive measurements. On the other 
hand, the method using shell corrections would be expected to extrapolate quite well 

TABLE 2 

Comparison of Stopping Power (in Mev/g cm-2) Computed from 
Bethe Theory, Using a Two-Parameter Function for CM (or CL for 
Aluminum) with the Smoothed Experimental Function (X) of Figure 1. 

Al Ni Ag 
00 (CL) (X) (CM) (X) (CM) 

Ee Mev Mev Mev Mev Mev Mev 
1 172.4 171. 9 126.8 127.5 93.7 93.3 
1. 5 133.3 132.4 100.8 100. 6 74.8 74.9 
2 109. 9 109.5 84. 6 84.8 64.0 64. 1 
2. 5 94.2 94.0 73.5 73.7 56.4 56.6 
3 82.8 82.7 65.4 65.7 50.7 50.9 
3. 5 74.2 74. 1 59.3 59.5 46.4 46.3 
4 67.4 67.3 54.4 54.4 42.9 42.6 
4.5 62. 0 61.8 50.5 50.3 40.0 39.6 
5 57.4 57.2 47.4 46.8 37.5 37.0 
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5. Evaluation of MacKenzie's Data 

Three sets of measurements are available from MacKenzie's work (Ref. 8): 
for proton energies of about 12, 20, and 29 Mev. The stopping-power ratio Se = ~I ~Al 
is given for many elements. The computed quantity 

(6) 

should be almost a constant (it corresponds to the logarithm of the Bloch constant k, 
added to the shell corrections r,Ci/Z of each element). 

The intercomparison between elements at different energies could be affected 
by errors in the assumed 1-value and shell corrections for aluminum. The possible 
influence of these numbers can be seen in the following tabulation: 

12. 0 
19.8 
28.7 

f {fj) 
10. 153 
10. 641 
11. 000 

0.068 
0.046 
o. 033 

4. 991 
5.501 
5. 873 

The shell corrections for aluminum amount to only about 1 percent, and any inaccuracy 
will therefore not influence the intercomparision very much. 

In Figure 2 the results are plotted, and, for comparison, the experiment by 
Bakker and Segr~ (9) is included. The scatter of the Burkig and MacKenzie data ap
proximates the error estimates of these authors and is far lower than that of the 
other authors. 

One could, of course, regard the fluctuations in the figure as the expression 
of true fluctuations in atomic properties. This would seem an extreme point of view, 
but at present there is inadequate evidence to dismiss it altogether. 

• Nollofto, 29 Mev (USC) A Teoedale. 12 Mev 
a lalllllr. MO Mev (UCRL) 0 Burlllt. 20 Mev 

Ll 

A • 
A A • • • 0 • :s y 0 

0 
0 

A 

0 

a a 
a a 

2.210 
10 40 to 

z 

Figure 2. Evaluation of the relative stopping power for elements of 
atomic number Z. Plotted is the quantity Y defined in Equation 6. 
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A systematic dependence of Yon Z seems to exist for the light elements, since 
e Y increases from about 10 to about 12. 2 as Z increases from 20 to 27. 

The results do not resolve any dependence of the shell corrections on energy 
between 10 and 30 Mev. For silver, the total shell corrections used in Reference 5 
are 0. 20, 0. 15, and 0. 13 for 12, 20, and 29 Mev, respectively. If k = 10.0 ev were 
used, the "experimental" shell corrections Ce for silver would be 

Ce = Y - ln 10 = Y - 2. 303 , 

giving the result 0. 162, 0. 137, and 0. 194 for the three energies. Since the quoted 
experimental error amounts to an error of about ±0. 015 in Y, the agreement is 
satisfactory only for the 20-Mev measurement. 

The values of Y at 300 Mev lie very decidedly below those obtained at lower 
energies, indicating a considerable reduction in the shell corrections with increasing 
energy. The shell correction for silver at 300 Mev is smaller than at the lower 
energies by a factor of 5 or 10. The spread between the points for silver and tin 
would indicate an accuracy of about ±1/2 percent in the measurements of Se at 300 
Mev. 

6. Copper 

Stopping Power at High Energies 

In keeping with the general idea of this paper, to present data in a way which 
points up their inherent inconsistency, with minimum reference to theory, the 
stopping-power measurements for protons in copper at high energies (above 100 
Mev) are given in Figure 3. The measured ratio of stopping power for copper and 
aluminum is plotted (Refs. 14-16) as a function of proton energy. It is unfortunate 
that the discrepancies amount to several times the quoted errors. For comparison, 
the corresponding ratio for theoretical values is given as a solid line. For aluminum. 
an I-value of 163 ev is chosen; for copper, I = 326 ev. 

It should be pointed out that Reference 14 gives absolute values of stopping 
power for copper, and the !-values presented there (at 650 Mev, I = 300 ± 12 ev for 
Cu, and I = 136 ± 8 ev for Al) are therefore absolute. 

Further comments are given in the conclusion of this section. 

It has been noticed (in Ref. 16) that there is a discrepancy between the "total 
range" m~asurements and the "difference" measurements of this experiment. Con
sult Table 5 of Reference 16, where the theoretical value of the ratio of stopping 
powers (using the I-value found from the range measurement) is about 1 percent 
smaller than the experimental value. 

Ranges 

Since quite a few range measurements are available, including several absolute 
values, it may be appropriate to use for this problem the approach using the full 
Bethe theory. It is assumed that the aluminum range curve is correct, and relative 
total range measurements (Refs. 16,17) are converted into absolute ranges. It 
should be pointed out that in Reference 17 a discrepancy exists in the table entry of 
75. 8 mg cm-2 for copper and 65. 8 mg cm-2 for aluminum (the same numbers appear 
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Figure 3. Relative stopping power for high-energy protons in copper and 
aluminum. The theoretical values are computed with I= 163 for Alumi
num and I= 326 ev for copper. 
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in the Russian original). This value will be disregarded for the present purposes. 
Not considering any other results, the I-value and the two parameters for theM-shell 
correction are allowed considerable leeway for the computation of S. The minimum 
appears for I= 326 ev with an uncertainty of about ±3 ev, with 1/V = 7 :t 1, A= 1. 3 :t 
0. 4. For these parameters, Smin = 5. 46 x 10-4, which gives an average standard 
error of :tO. 6 percent for the individual measurements. The comparison of experi
mental and theoretical best-fit data is given in Table 3. It will be noticed that the 
over-all accuracy is influenced considerably by the measurements at 150 and 200 
Mev. 

The measurements by Bloembergen (Ref. 18) corrected for multiple scatter
ing-using the same scaling factors for CM as above-give a best fit for I= 349 :t 5 ev 
(accidental error only!). The average error for each measurement is :tO. 7 percent. 
A systematic deviation seems to exist: the eight measurements between 76 and 102 
Mev are all larger than the theoretical values (by""' 0. 4 percent on the average); the 
seven measurements from 44 to 73 Mev and from 108 to 114 Mev are smaller than 
theoretical values for I= 349 ev. This is a rather marginal effect, of course. 

If the data are compared with a theoretical curve with I= 330 ev, the experimen
tal ranges are on the average larger than the theoretical ones by 1. 2 percent. 

This deviation lies somewhat outside of the quoted experimental error. 

These data are very insensitive to the choice of V and A. 
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2 
3 
4 
5 
6 
7 

10 
18 

148. 6 
190. 1 
279. 9 
340 
473.3 
658 
663 
750 

TABLE 3 

Comparison of Experimental and Theoretical 
Proton Ranges in Copper (I = 326 ev) 

0.0164 
0.0308 
0.0486 
0.0698 
0.0937 
0. 1207 
0.2200 
o. 5995 

23.8 
36. 4 
68. 6 
93.4 

157. 9 
258.3 
263. 0 
313. 66 

0.03084 
0.04873 
0.06987 
0. 0941 
0. 1213 
0.2201 
o. 5985 

23.53 
35. 78 
68.22 
93. 61 

157. 9 
259. 7 
262. 6 
314.3 

Rth-Rexp 

Rexp 
(0/o) 

o. 1 
0.3 
o. 1 
o. 4 
0. 5 
o. 0 

-0.2 
-1. 1 
-1. 7 
-0. 6 

o. 2 
0 
o. 6 

-0. 1 
o. 2 

Low-Energy Stopping Power 

For the measuremepts between 0. 5 and 4. 5 Mev (Refs. 20, 6) and at 12, 20, 
and 29 Mev, a least-squares fit has been made. The minimumS appears for I= 
320 :i: 2 ev, 1/V = 7. 0 :i: 0. 7, A= 1. 3 :i: 0. 1. It is to be expected that A (the ampli
tude of theM-shell correction) will be determined quite accurately; on the other 
hand, the dependence on V is rather insensitive. 

Here, Smin = 6. 7 x 10-4, a= 0. 5 percent. A secondary minimum appears at 
I= 310, 1/V,.., 6. 1, A,.., 1. 5. Here, S = 10. 6 x 1o-4. 

For the 31 stopping-power values (raw data) of Nielsen (6), the smallest S is 
obtained for I= 310 ev, 1/V = 6. 0, A= 1. 5, and S = 4. 46 x 1o-3 for an average error 
per measurement a = 2:1. 2 percent, with no systematic deviations apparent. For 
1/V = 7. 0, A= 1. 3, and I= 320 ev, a valueS= 4. 85 x 10-3 is obtained; thus, the fit 
is almost as good. 

Conclusion 

StoP,ping-power results below 30 Mev and ranges at all energies (with exception 
of those of Ref. 18) give 1-values separated by approximately the arithmetic sum of 
their accidental errors. 

On the whole, the situation is rather unsatisfactory. The Dubna report (Ref. 14) 
does not describe well enough the method used for one to judge its merits. If the 
errors quoted are taken at face value, the discrepancy between the Dubna and the 
Berkeley measurements is considerable. 
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It appears that an !-value of 326 ev will be most satisfactory at this moment. 
This approximately splits the difference between the high-energy stopping-power data. 
It is not satisfactory for the stopping power from 0. 5 to 4. 5 Mev (systematically off 
by about 0. 8 percent), but it works out all right for the stopping power at 20 and 29 
Mev (:t:O. 4 percent), and for most of the ranges discussed. 

7. Aluminum 

Range Measurements 

Above a proton energy of 1. 4 Mev, the experimental information about stopping 
power and ranges for aluminum is fairly satisfactory. The range measurements be
tween 3 and 18 Mev are quite accurate (Ref. 3) and allow the determination of the!
value with reasonable accuracy. The values below 3 Mev have not been used for the 
present calculation; their inaccuracy may be slightly larger, and the uncertainty in 
the L-shell correction would increase the uncertainty in I. 

The least-squares fit gives I = 163. 2 ev with a statistical error of ±0. 7 ev. The 
average accidental error of each measurement amounts to 0. 2 percent. This is in 
close agreement with the result of Reference 3. The ranges are given in Table 4. 

The range data by Bloembergen and Van Heerden (18) would yield Smin for I= 
166 ev, with an accidental error of about ±3 ev. The average error a per data point 
is about 0. 86 percent. For I= 163 ev, a= 0. 91 percent, the results are given in 
Table 5. 

The alpha particle measurements in aluminum at Yale (Ref. 13) give an error 
of about :t:O. 8 percent for each data point and agree with the computed curve for I = 
163 ev to within 0. 3 percent on the average, but noS analysis has been made so far. 

The difference between the computed value corresponding to Table 4 and the 
single range measurement at U. C. L.A. (Ref. 19) amounts to 0. 7 percent and is at 
least twice the sum of quoted errors. The measurements of currents of this work 
could conceivably cause some error, otherwise the discrepancy is unexplained. 

The measurement by Simmons (23) is about 0. 5 :t: 0. 5 percent lower than the 
entry in the present table. No check has been made for the underlying assumptions 
in Reference 23. 

TABLE 4 

Proton Ranges in Aluminum for 3 to 18 Mev, I = 163. 2 ev 

Ep 

Mev 
3.062 
4.023 
5.038 
5.504 
6. 150 

11. 820 
14. 971 
17.836 

Rexp 
(g cm- 2) 
0.02296 
0. 03590 
0.05254 
0.06076 
o. 0733 
0.22712 
0.34376 
0.46844 

• 02289 
• 03590 
• 05236 
. 06081 
. 07345 
. 22704 
. 34350 
. 46756 

A 
(%) 

-0.3 

-0.3 
+0. 1 
+0.2 
-o. 03 
-o. 08 
-0. 19 
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TABLE 5 

Proton Ranges in Aluminum (Bloembergen Data), I= 163 ev 

Ep 
Mev 

34. 96 
37. 16 
39. 66 
42.57 
44.86 
47. 67 
52. 08 
52.33 
56. 68 
56. 96 
61.79 
62. 10 
65.78 
66. 10 
72. 94 
73. 05 
75.70 
75.84 

Rexp 
(g cm-2) 

1. 547 
1.757 
1. 928 
2. 198 
2. 402 
2. 634 
3. 189 
3. 188 
3. 687 
3. 784 
4. 258 
4.280 
4. 756 
4. 786 
5. 773 
5. 714 
6. 141 
6.078 

1.543 
1.720 
1. 931 
2. 191 
2. 405 
2. 680 
3. 137 
3. 164 
3. 647 
3. 679 
4. 252 
4.290 
4.753 
4.794 
5.709 
5. 724 
6. 098 
6. 118 

A 
(o/o) 

-o. 3 
-2. 1 
0.2 

-0. 3 
o. 1 
1. 7 

-1. 6 
-o. 8 
-1. 1 
-0.7 
-o. 1 

o. 2 
-o. 1 

o. 2 
-1. 1 

o. 2 
-o. 7 

o. 7 

The range at 340 Mev measured in Berkeley (Ref. 15) is smaller by about 1. 15 
percent than the computed value for I= 163 ev. Unpublished estimates of diffraction 
(or shadow) scattering indicate that this effect has reduced the experimental range by 
approximately 0. 5 :t: 0. 25 percent. If this correction were applied, the difference 
(0. 65 percent) would be only slightly larger than the experimental error (0. 5 percent 
or maybe somewhat more). Further accurate, absolute measurements at high ener
gies evidently would be desirable. 

The very smalll-value for aluminum obtained at Dubna (Ref. 14) is related to 
the small !-value for copper, and it appears preferable to neglect this result at this 
time. 

Stopping-Power Measurements 

The measurement of absolute stopping power for protons of 17. 8 Mev at 
U. C. L.A. (Ref. 21) gives an !-value of 163 ev, with a fairly small error (unpublished 
evaluation by H. Bichsel). The measurements for the other elements of this refer
ence seem to be unreliable. 

The only other set of measurements with fairly good accuracy is found in 
Reference 6, for protons between 1. 4 and 4. 5 Mev. While the table for aluminum 
presented in Allison's summary article (Ref. 24) agrees with the data of Reference 
6 to within about ±2 percent, the situation at lower energies is described aptly by 
Whaling (Ref. 20, p. 197): "The experimental values are in poor agreement and do 
not fix the position of the curve. " Whaling also omits a set of data lying 15 percent 
below his adopted curve. This makes a comparison with Bethe's theory difficult. 
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The Shell Corrections 

WhUe Walske's K-shell corrections presumably are reliable, his L-shell cor
rections are not valid for Z < 30, and thus would not apply for aluminum. An attempt 
has nevertheless been made to scale the L-shell correction given by Walske for Z = 30 
to the use for aluminum. It is expected that the maximum for CL occurs for a proton 
energy between 0. 25 and 0. 5 Mev. Since there are essentially two sets of data for 
this energy range (Refs. 22, 24), differing by about 20 percent, it is quite impossible 
to determine CL experimentally. For the measurements above 1. 4 Mev, any change 
in the energy-scaling parameter for CL can be compensated by a corresponding change 
in the scale of magnitude of Cv A satisfactory fit to the Nielsen data can be obtained 
by using an unchanged energy scale for CL• i. e. , by setting Z = 13 in the computation 
of 'lL (the Walske parameter) and reducing CL by 30 percent. This fit is shown in 
Table 6. 

TABLE 6 

Nielsen's Stopping-Power Data for Aluminum. I= 163 ev, 
Stopping Power in Mev g-1 cm2 

1. 487 
1. 596 
1. 610 
1. 689 
1. 697 
1. 913 
1. 922 
1. 990 
2. 032 
2. 052 
2. 161 
2.173 
2. 473 
2. 495 
2.524 
3. 017 
3.024 
3.043 
3.547 
3.574 
3. 587 
4. 142 
4. 150 
4. 175 
4. 187 
4. 188 
4.436 
4.508 

134.2 
127. 9 
127.3 
123.3 
122.8 
112.5 
112. 9 
110.9 
108.2 
107.8 
103.2 
103.2 

95. 1 
95.8 
93.0 
82.6 
82. 1 
82.3 
73. 8 
72. 9 
72.3 
66.2 
65.7 
66. 0 
64.4 
65.4 
63. 0 
61. 6 

Cth 
134.0 
128. 1 
127.3 
123.3 
122. 9 
113.2 
112. 9 
110. 3 
108.7 
108.0 
104.2 
103.8 

94. 96 
94.38 
93. 62 
82.56 
82.42 
82.05 
73. 52 
73. 13 
72. 93 
65.70 
65.60 
65.32 
65. 18 
65. 17 
62.48 
61. 74 

-o. 2 
o. 1 
o. 0 
o. 0 
0. 1 
o. 7 
o. 0 

-o. 6 
o. 5 
o. 2 
1. 0 
o. 6 

-o. 1 
-1. 5 

o. 7 
-o. 1 

o. 4 
-o. 3 
-o. 4 

o. 3 
o. 9 

-o. 8 
-o. 1 
-1.0 

1. 2 
-o. 4 
-o. 8 

o. 2 
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Conclusion 

While the !-value for aluminum would appear to be reasonably close to 163 ev 
at the moment, it is by no means certain that it will not change again. Three ap
proaches are possible to obtain a more definite result: 

(a) Measure stopping power or range differences at fairly large energies 
(protons between 100 and 1000 Mev) with an absolute accuracy of about 
0. 1 percent, and for many different energies. 

(b) Measure the stopping power below 1. 4 Mev absolutely with an accuracy 
of 1 percent or better, or measure relative stopping power below 2. 5 
Mev with the same accuracy. 

(c) Measure range differences (or stopping power) with very high accuracy 
at intermediate energies. 

8. Measurements with Tritons below 3 Mev 

Range-difference measurements with tritons of energy 2. 736 Mev, using thin 
foils to reduce the particle energy and detecting the reduced energy with a silicon 
detector, have been made at Oak Ridge (Ref. 25). For nitrogen, air, aluminum, 
argon, and nickel, the results of a least-squares analysis, according to Equation 3, 
are presented in Table 7. The average accidental error a= JSin of each of n data 
points is given. A secoad analysis using the best values I' for 1 obtained in other 
measurements (Sees. 7, 9) has been made. The error a' obtained is much larger, 
and it would appear that considerable systematic errors are present (possible sources 
of systematic errors might be surface effects on the aluminum foil, details of self
absorption in the source foil, etc. ). The present analysis was made with the points 
of Figure 3 of Reference 25. 3 Measurements for energies below 1. 4 Mev were not 
evaluated because of charge-state effects, but they might supply useful information 
in this connection. 

TABLE 7 

Least-Squares Fits for Triton Measurements. 
I' is the Best Value for 1 Found in Other Measurements. 

Element l(ev) a(o/o) I' (ev) a'<~> 
N2 90 :1:0.36 78 :1:2.3 
Air 94 :1:0.4 84 :1:2.0 
AI 155 :1:0.2 163 :1:0.9 
Ar 212 :1:0.3 184 :1:3.5 
Ni 310 :1:0.4 307.5 :1:1.0 
Kr 380 :1:0.3 360 -:1:1 

3I ·am grateful to Dr. Bishop for supplying me with the raw data of Figure 3 of his 
paper. 
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9. Measurements in Gases 

Measurements with Natural Alpha Particles 

The experimental data used for this evaluation are shown in Tables 8 and 9. 
While the range measurements are fairly old (Ref. 10), the energy determinations 
are recent (Ref. 11). In an analysis of both alpha and proton data it was found that 
a small L-shell correction has to be introduced (Ref. 12). One can write approxi
mately CL = 2. 5 x 10-4t{J2 for nitrogen, oxygen, and air. For the K-shell, the full 
value given by Walske has been used. For nitrogen and oxygen, the comparison of 
experimental and theoretical data for the best fit is given in Table 8. It is seen that 
the accidental errors are very small for nitrogen, while they are slightly larger for 
oxygen. The experimental accuracy is quoted to be around 0. 1 percent. 

TABLE 8 

Ranges in mg em -2 of Alpha Particles in Nitrogen and Oxygen 

Ea N2 0 
Mev Rth 

1\!E 
Rth 

Rexp a=76. 8 ev) o/o a=99) o/o 
5. 305 4. 58 4.580 4. 90 4. 900 
6.062 5. 64 5. 636 -0.07 6. 05 6. 033 -o. 28 
7.687 8.23 8. 232 +0.03 8. 83 8.812 -0.20 
8.785 10.23 10. 231 +0.01 10. 92 10.948 +0.26 

The associated errors from statistics for the I-value for nitrogen and oxygen 
are :±0. 2 ev and :±1. 2 ev, respectively. It will be noticed that the theoretical ranges 
were normalized at Ea = 5. 305 Mev, so charge-state effects should have very little 
infiuence. There is a discrepancy between the k-values at z ratios) for nitrogen and 
oxygen: 11. 0 ev and 12. 4 ev. It is not clear whether this is a true difference or 
whether it is due to systematic errors. 

For air, a total of 17 experimental range values are available. The best fit is 
obtained for I = 84. 0 ev with a = 1. 35 x 10-3, and the estimated statistical error for 
I is about ±0. 25 ev. The data used are given in Table 9. 

The value for Z used in the calculation for air is 7. 22, according to Bethe's 
suggestion, and the atomic mass A = 14. 485. It should be pointed out that the com
bination of theoretical stopping power obtained here for nitrogen, oxygen, and argon 
is larger by about 0. 5 percent than the stopping power for air. No obvious explanation 
comes to mind. 

Measurements at Yale 

Differential range measurements with accelerated helium ions of energies up 
to about 44 Mev were made by Martin and Northcliffe (13). For nitrogen, the best 
I-value was 77. 7 ev, with an error of about :±0. 5 ev. This is in good agreement with 
the data for natural alphas. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


34 

TABLE 9 

Ranges of Natural Alpha Particles in Air 

Ea Rexp Rth a=84. 0 ev) 
Mev (em) (em) % 

5. 305 3.842 3.842 
5.482 4. 051 4.042 -o. 23 
5. 996 4.657 4.646 -o. 23 
6.062 4.730 4. 727 -o. 06 
6.278 4.984 4.995 +0. 22 
6.278 5.004 4.995 -o. 1a 

6. 622 5.429 5.435 +0.10 
6. 775 5. 638 5. 636 -o. 04 
6. 818 5. 692 5. 693 +0.01 
7.384 6. 457 6.468 +0. 17 
7. 687 6. 907 6. 902 -0.08 
8.277 7. 792 7. 781 -o. 14 

8. 785 . 8.570 8.574 +0. 05 
9. 065 9.040 9.027 -o. 14 
9.492 9.724 9. 737 +0. 13 

10.506 11.51 11. 517 +0. 06 
10. 543 11.58 11.584 +0.04 

For argon, the best fit was obtained for I = 183 ev :1: 2 ev, using both ~ and 
Cv This compares well with the natural alphas, where I= 185 ev, using the Walske 
theoretical values of Cv 

Stopping-Power Measurements for Protons 

Except for one measurement (Ref. 27) at about 4. 5 Mev, all data are obtained 
for energies below 1 Mev. Also, the errors given by the authors are usually quite 
large, so that the following determination of I-values, etc., is not very reliable. 
While the 1-value for argon for the alpha particles was about 184 ev, the best fit for 
the protons appears at 205 ev, and for the triton data from Oak Ridge a value some
what above 210 ev is required (see Section 8). 

For protons in nitrogen, the best fit is obtained for I = 92 ev, which is substan
tially higher than the value for alphas. 

It thus appears that there is a fairly large inconsistency between measurements 
for protons and alpha particles, and the usual conclusion is reached-more measure
ments will have to be made, if definite information is desired. 

10. Conclusion 

Of all the experimental data that have come to my attention, only those dis
cussed in the preceding sections have been analyzed completely. The remaining data 
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have been examined sufficiently to indicate the absence of major disagreements (other 
than those discussed in this report) and to indicate little prospect of obtaining a better 
determination of I and of the shell corrections. 

While it appears on the whole that the Bethe theory describes the stopping phe
nomena satisfactorily, it must also be understood that only for aluminum is it possible 
to give information with an accuracy of about one-half of 1 percent. For all other 
elements the accuracy is not much better than 5 percent except in some isolated 
regions. Uncertainties are encountered both for the !-values and for the shell 
corrections. 

To obtain stopping power and range energy information with an accuracy of 1 
percent or better, it will be necessary to obtain accurate measurements over an ex
tended energy region for several different elements. It is hoped that neighboring 
elements will show !-values and shell corrections which vary smoothly with Z (or at 
least the observed electron excitation potentials). This is by no means certain; for 
example, the ratio of stopping power of copper and nickel below 1 Mev changes con
siderably. For the light elements (Z < 36) it should be possible to obtain a fairly 
good understanding of the behavior of the stopping power once the !-values are 
determined well. The scaling procedure used to obtain M-shell corrections seems 
to work satisfactorily, even though it would be desirable to have a more reliable 
check for krypton (see Fig. 5 of Ref. 5 ). It is not even clear whether any reliable 
information is available about the 1-value of krypton. It appears undesirable to 
determine the 1-value of a material based on one measurement at a single energy. 
Also, the discrepancy between the !-values obtained for some gases for protons 
(stopping power with only fair accuracy) and alphas (ranges with good accuracy) is 
rather discouraging. 

For the heavier elements, it will be necessary to obtain extensive, accurate 
information for a better understanding of the shell corrections. I believe that for 
gold (or another element with Z > 70) it will be necessary to make measurements 
over an energy range of 1 to 30 Mev (the Nielsen measurements cover some of this); 
and for the medium-weight elements (Z- 50), measurements from 1 to 15 Mev will 
be necessary. For these elements it would also be desirable to have absolute meas
urements at many energies wiUl protons between 50 and 200 Mev in order to be able 
to determine the 1-values. The hope is that the higher shell corrections in this energy 
region could be represented by 

p 

~ Ci=KcffJ2, 
i=M 

so that only two parameters would have to be determined (the 1-value and K ). c 

There are so many free parameters in the theory that many measurements are 
required to determine all of them reliably. This is, of course, the reason why our 
present knowledge is rather unsatisfactory. 
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12. Appendix 

The parameters determined in this report are influenced by the values of the 
fundamental atomic constants. It may be of interest to note that the famous value 
I = 80. 5 ev for air apparently was computed withe = 4. 77 • 10-10 esu, so that the 
present-day value of 84 ev shows a change mainly for this reason. For the computer 
program used for the evaluations of this report, the following values of basic con
stants were used (mainly from Cohen et al., Rev. Mod. Phys. 27, 363, 1955): 

Electron radius e4fm2c4 = r~ = 7. 94030 • 10-26 cm2 
Avogadro's number No = 6. 02486 · 1o23 g/mole 
Electron mass m 0 = 0. 510976 Mev 
Proton mass M = 938.213 Mev 
Deuteron mass 1875. 496 Mev 
Triton mass 2808. 7 Mev 
Alpha mass 3727. 147 Mev 

The following is a list of the atomic weights used: 

Element z A --
Beryllium 4 9. 013 
Nitrogen 7 14.008 
Air 7. 22 14.485 
Oxygen 8 16.000 
Aluminum 13 26.98 
Argon 18 39.944 
Nickel 28 58. 71 
Copper 29 63.54 
Silver 47 107.880 
Gold 79 197. 0 
Lead 82 207. 21 
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3. ON THE EXPERIMENTAL VERIFICATION AND DETERMINATION 
OF PARAMETERS OF STOPPING-POWER THEORY 

J. E. Turrier1 

Abstract 

Stopping power and range measurements are reviewed from the 
standpoint of general verification of stopping-power theory and the deter
mination of the parameters of the theory. Certain experiments stand 
out in this respect in providing coverage of a wide range of chemical 
elements and/or incident particle energies. Experiments are analyzed 
on the basis of information they furnish, particularly with respect to 
mean excitation energies, I, and shell corrections. The value I= 
163±1 ev for aluminum appears to be well established in the literature, 
and is taken as an anchor point in the analysis of data. In general, 
high-energy experiments (e. g., with protons of several hundred Mev) 
furnish direct information about mean e'xcitation energies. Experiments 
at lower energies provide information on the variation of shell correc
tions with incident particle energy and with atomic number. The infor
mation provided collectively by the experiments discussed is displayed 
in summary form. 

1. General Considerations 

39 

Understanding of the passage of charged par'ticles through matter is based on 
the theory presented in Appendix A of this volume. The theory can be tested experi
mentally, in principle, by direct measurement of the rate of energy loss and range 
that it predicts in specific cases. In practice, however, only a relatively small 
number of physical systems are amenable to exact or nearly exact theoretical treat
ment in terms of universal constants, even within the bounds of the theory itself, 
and practical considerations limit the number of materials with which experimental 
work is feasible. As a consequence of this situation, whereas the theory as a whole 
rests on a firm experimental basis, verification of details and determination of the 
parameters of the theory are by no means exhaustive. 

It is the purpose of this report to review in a general way the over-all picture 
with respect to the experimental information now available on stopping power. More 
detailed analyses of data for various stopping materials, with respect to energy and 
charge of incident particle and the kinds of measurements available, are given in the 
reports of Bichsel (Report No. 2) and Northcliffe (Report No. 8, and Appendix B) in 
this vdlume. The present report complements that of Bichsel in regarding the data 
from the general point of view of verification of the theory and determination of 
parameters. The important questions of consistency of the data and best numerical 
values available are treated in Bichsel's report. For other detailed reviews the 
reader is referred to References 10 and 17. 

1oak Ridge National Laboratory, Oak Ridge, Tenn. 

j 
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In the literature experimental values are reported for stopping power, range, 
and/or mean excitation energies. For a given stopping material these quantities are 
related by theory, so that values reported for one quantity can generally be expressed 
alternatively in terms of values for the others. 2 In cases in which mean excitation 
energies, I, are reported, it should be noted that the quantity I defined by Equation 
34 of Appendix A is not determined directly by measurement. 3 Where an experi
mental value of I is reported, the value has been inferred from measurements of 
stopping power and/or range. In order to obtain I from these measurements one has 
to evaluate all quantities, except I, that appear in Equation 38 of Appendix A. The 
main uncertainty in doing this usually lies in the evaluation of the shell-correction 
term, C/Z. The significance of this evaluation is discussed more fully with respect 
to specific experiments in the following pages. 

2. Data for the Chemical Elements 

For the lighest elements, theory and experiment are in agreemer.t. The data 
reported in Table 1 of Appendix A show that, to within experimental uncertainties 
(which are of the order of 5-10 percent), calculated and observed mean excitation 
energies for hydrogen, helium, lithium, and beryllium4 are the same. Calculations 
of mean excitation energies for more complex stopping materials are in progress at 
the present time (Ref. 13). 

Measurements are available for most light elements in pure form or in com
pounds. The mean exci£ation energies for the light elements depend upon the state 
of chemical combination of the atom. 5 It is notable that, except for the work of 
Thompson (16), systematic stopping-power measurements, at least at high energies, 
do not appear to have been made on light atoms in various states of chemical binding. 
Thompson reported proton stopping-power measurements made with hydrogen, carbon, 
nitrogen, oxygen, and chlorine in compounds. With the exception of chlorine, the 
mean excitation energies reported for these elements showed a wide variation (for 
example, over 20 percent in the case of nitrogen), which was attributed to different 
chemical binding of the atom in different molecules. Presumably for chlorine and 
heavier elements chemical binding effects are negligible. Thompson's measurements 
are now over a decade old and could be profitably repeated and extended. 

Extensive stopping-power measurements have been carried out with aluminum. 
Probably the most reliable value of the mean excitation energy for an element with 
an atomic number greater than 10 is that for aluminum. Shell corrections for that 
element are not large, and their contribution to stopping power can be estimated with 
sufficient clccuracy. The value I = 163±1 ev for aluminum is well established through 

2The reader is cautioned, however; that there is nonuniformity in the literature with 
respect to both terminology and the handling of the theory itself. For example, some 
authors treat the mean excitation energy, I, as an energy-dependent parameter of 
the theory rather than as the constant defined by Equation 34 in Appendix A. 

3see Report No. 6 of this volume for a more detailed discussion of this point. 
41n the case of Be, however, reported !-values range from 56 ev (Ref. 11) to 64 ev 
(Ref. 7). 

5see Report No. 6. 
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many measurements appearing in the literature (Ref. 4). Support of this value also 
comes from the bulk of the .evidence summarized in Reference 10, showing that the 
average of the absolute measurements cited there yields I= 163 ev. 6 

Next to aluminum, the most extensively investigated heavier element is copper, 
but at present there is uncertainty about the exact value of the mean excitation energy 
of this element. The two most important recent experiments with copper are those 
of Barkas and von Friesen (2) and of Zrelov and Stoletov (18). These investigators 
report, respectively, the values I = 323 ev and I= 305 ev. In a plot of the ratio of 
mean excitation energy and atomic number as a function of the latter, 7 these experi
mental values are seen to lie on either side of the line describing the general trend 
of the elements. This suggests that the actual value for copper is probably close to 
the average of 323 and 305, i.e., close to 314 ev. 

Less extensive data exist for many other elements throughout the periodic table . 
Stopping-power measurements have been made for a number of elements relative to 
aluminum and copper. Much of the data is summarized and evaluated in the reviews 
already cited (Refs. 5,10,12,17) . 

3. Data for Other Materials 

Stopping-power measurements have been made with a large number of com
pounds and mixtures. The most extensively studied substances other than pure ele
ments are air and emulsion. The National Bureau of Standards Handbook 79 (Ref. 10) 
adopts a value of 85 ev for the mean excitation energy for air, which is in essential 
agreement with Brolley and Ribe's proton stopping-power measurements (Ref. 6) and 
with the result I= 84 ev of Bichsel's analysis of alpha particle range data (Ref. 5) . 
The value 84-85 ev is also compatible with an estimation (Ref. 10) based on the 
weighted average of Thompson's !-values for nitrogen and oxygen. However, this 
value does not appear to be in good agreement with othe.r proton data. As discussed 
in Report No. 2, the !-values for nitrogen and argon determined from available proton 
measurements at energies below that of the Brolley-Ribe experiment are some 10 
percent larger than the !-values obtained from the alpha particle data. These dis
crepancies are unexplained at the present time. 

From range measurements with protons, Barkas and von Friesen (2) reported 
the experimental value 328 ev for the mean excitation energy of photographic emulsion. 
From the chemical composition given for the emulsion used, and from the !-values 
of the individual elements, one would expect on the basis of the Bragg rule that the 
mean excitation energy for emulsion would be very close to 300 ev. This discrepancy 
is also unexplained at the present time. 

4. Key Experiments 

From the wealth of information available, certain experiments play a key 
role from the standpoint of the verification of stopping-power theory itself and the 

GLow values for Al (I= 136±8 ev) and for Cu (300±12 ev) were reported from high
energy measurements at Dubna. Bichsel has analyzed these results in comparison 
with independent experiments in Report No. 2 of this volume. His analysis suggests 
that the Dubna values not be accepted at face value without further evaluation of the 
experimental method. 

7 See Figure 1 in Report No. 6 of this volume. 
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determination of parameters of the theory. Estimates of shell corrections over a 
wide range of energies for a number of elements are shown in Figure 6 of Appendix 
A. From these curves and the error bars shown (corresponding to 1 percent uncer
tainty in the stopping power) one sees that shell corrections are not very significant 
for the light elements at high energies, but that this is not the case for heavy ele
ments. For example, with protons in aluminum, Figure 6 in Appendix A shows that, 
above about 15 Mev, shell corrections contribute less than 1 percent to stopping 
power. For protons in lead, on the other hand, the corresponding energy is about 
320 Mev. In the following pages, experiments will be considered on the basis of the 
knowledge they provide about stopping power and, more particularly, on the basis 
of the information they provide specifically about I and about shell corrections. 

Thompson (16) measured the stopping power for protons with a mean energy of 
270 Mev in hydrogen, carbon, nitrogen, oxygen, and chlorine relative to copper. 
With reference to what has just been said, the shell corrections for these elements 
for 270 Mev protons have a negligible effect on stopping power, so that Thompson's 
measurements represent a direct determination of I. In making relative stopping
power measurements, part of a standard absorber, say copper, is replaced by a 
thickness of the substance under investigation that gives the same amount of slowing 
down in a giveri incident particle energy range as the removed copper. From Equa
tion 38 in Appendix A, with negligible shell corrections and density effect, one can 
express the stopping power per electron, (, of a substance in the form 

f = - -1 - (dE) = f(v) ( F(v) - lni} 
NZ ds ' 

where f and Fare the known functions of the incident particle speed v given by Equa
tion 38 in Appendix A. Measurement of the thickness of a substance equivalent to a 
given thickness of copper at a given incident particle speed yields directly the ratio 
of the stopping power per electron in the material relative to that in copper at the 
given speed. Using the subscripts 1 and 0 to denote, respectively, the material under 
investigation and the copper or other standard absorber. one can write for this ratio 

(1 F(v) - lnll 
-=-----
(0 F(v) - lnlo 

Determining f1 / fo experiment~lly thus provides a value of I1 in terms of the mean 
excitation energy Io of the standard substance. 

Probably the most significant result of Thompson's work, as already noted, is 
the recognition of the variation in values of I found for a given element in different 
chemical compounds. Some absolute values of I and ranges of variation reported by 
Thompson are shown in Figure 1 of Report No. 6. The values shown there have been 
adjusted from Thompson's data to give a mean excitation energy for copper of 314 ev. 
rather than the value Io = 279 ev used by Thompson for this element. 

The light elements have also been studied systematically by Brolley and Ribe 
(6). In these experiments protons and deuterons of a single low velocity were used, 
and stopping powers of a number of elements and compounds and of air were obtained. 
Specifically, Brolley and Ribe measured the stopping powers of hydrogen, air, and 
and krypton for 4. 43 Mev protons (averaged between 5. 0 Mev and 3. 8 Mev). With 
8. 86 Mev deuterons they also measured the stopping power of a number of gases (H2• 
He, N2• 02• Ne, Ar. Kr, Xe. CH4 and C02) relative to that of air. Several of the 
Brolley-Ribe I-values are shown in Figure 1 of Report No. 6. Taken collectively, 
the data show consistent trends from substance to substance and represent a base 
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point for systematic studies of stopping power among the light elements. Since there 
is no variation in the incident particle energies in the Brolley-Ribe measurements, 
they do not give any information on the variation of shell corrections, C/Z, with 
particle energy. However, with the knowledge of I obtained from high-energy meas
urements, such as those of Thompson (16) and of Bakker and Segre (1), the Brolley
Ribe data do show the absolute contribution of shell corrections to the stopping power 
at 1 proton energy for the light elements. This is discussed below in connection with 
other data relevant to shell corrections. 

Bakker and Segre (1) measured stopping powers relative to copper fqr protons 
with a mean energy of 300 Mev in a number of elements spread throughout the periodic 
system (H, Li, Be, C, Al, Fe, Cu, Ag, Sn, W, Pb, and U). Some of their data, re
normalized to give the value I= 163 ev for aluminum, discussed above, are also shown 
in Figure 1 of Report No. 6. Figure 6 of Appendix A indicates that for tungsten, lead, 
and uranium the shell corrections for 300 Mev protons amount to 1 percent or more 
of the stopping power. Therefore, the Bakker and Segre experiments furnish direct 
determinations of the mean excitation energies I for the lighter elements in the series 
(through Sn). For the heavier elements, tungsten, lead, and uranium, the Bakker
Segre data can be used directly to obtain the adjusted mean excitation energy, Iadj• 
under the approximation that the residual part of C/Z for protons at an energy of 
300 Mev is negligible. (Report No. 6.) 

Since the measurements of Bakker and Segre encompass the entire periodic 
system, they also furnish a rather complete picture of the adjusted mean excitation 
energies, Iadj• as a function of atomic number z. In the experimental arrangement 
of Bakker ana Segre a copper absorber was used as a standard to bring incident pro
tons to rest. The incident proton energy was about 340 Mev, and approximately 
94 gm/cm2 of copper absorber was needed to stop the protons. In the experiments, 
approximately the first 30 gm/cm2 of the copper absorber was replaced by the mate
rial being investigated, through which the incident protons then slowed down from 
340 Mev to about 265 Mev. Since most of the range is covered while the proton energy 
is still high, and since the materials being investigated were substituted in the first 
portion of the proton range, the ratio of 1-values from the Bakker-Segre experiments 
should not depend much on the actual absolute range determinations ·made in copper. 8 
The dependence of Iadj on Z as demonstrated by the Bakker-Segr~ data is evident from 
Figure 1 in Report No. 6. 

Another set of measurements made with elements spread throughout a wide 
portion of the periodic table is that of Zrelov and Stoletov (18). Range measurements 
were made with 660 Mev protons in copper, and stopping-power measurements rela
tive to copper were carried out for hydrogen, beryllium, carbon, iron, cadmium, 
and tungsten. These measurements, like those of Bakker and Segr~. give direct 
information on Iadj' 

The same is true of the measurements of Barkas and von Friesen (2) with 750 
Mev protons. These authors measured the stopping powers of aluminum, lead, and 
uranium and photographic emulsion relative to copper in the energy ranges 750-600 
Mev, 600-450 Mev, and 450-300 Mev. 9 They also made range determinations in the 

8 As shown in Figure 2 of Report No. 2, the scatter of the Bakker-Segre data tends 
to indicate that the error estimated by the authors may be too small. 

9 Questions of the internal consistency of the data in different energy ranges are 
discussed by Bichsel (5). 
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substances mentioned, and thereby determined the mean excitation energies for 
copper, lead, uranium and emulsion, assuming the value I= 163 ev for aluminum. 
Some of the results are shown in Figure 1 of Report No. 6. As already mentioned, 
there is a discrepancy between the value of I thus determined for emulsion and the 
value that one expects from the given chemical composition of the emulsion. 

In the experiments discussed until now-with the exception of the measurements 
of Brolley and Ribe at one value of energy-shell corrections have not played a major 
role in the interpretation of results. We next consider experimental information 
available for protons at lower energies in materials of medium and high Z, where 
shell corrections are large. Several extensive series of measurements have been 
made. At fixed values of proton energy there are, in addition to the Brolley and 
Ribe data (Ref. 6) for the light elements, the measurements of Sachs and Richardson 
(15) and of Burkig and MacKenzie (7) that include heavier elements. Sachs and 
Richardson made absolute measurements of the stopping power for 17. 8 Mev protons 
(with energy losses in the range -.15 Mev to -2 Mev for foils of various thicknesses) 
in aluminum, nickel, copper, rhodium, silver, cadmium, tin, tantalum, tungsten, 
and gold. Burkig and MacKenzie measured the stopping power of 23 elements (from 
Be through Th) relative to aluminum for 19. 8 Mev protons. The three sets of meas
urements (Refs. 6,15, 7) provide stopping-power measurements at proton energies 
of 4. 45 Mev, 18 Mev, and 19. 8 Mev. 

Bichsel, Mozley, and Aron (3) made range measurements of 6 to 18 Mev pro
tons in beryllium, aluminum, copper, silver, and gold. Since the theoretical expres
sion for stopping power, Equation 38 of Appendix A, is not valid down to arbitrarily 
small energies, one usually expresses the range of a proton of energy E in the form 

Here Eo is a value of energy large enough to satisfy the conditions under which the 
theory is applicable. Ro<Eo) is an experimentally determined value of the range at 
Eo, and plays the role of a constant of integration. The range expressed by the above 
equation is the c. s. d. a. (continuous slowing down approximation) range as defined in 
connection with Equation 39 of Appendix A. 

If one wishes to study the quantity 1ni + C/Z from range measurements, then 
the above expression for R(E) implies that a minimum of two range measurements 
(one at E 0 and one at E>E0) are required in order that the constant of integration 

R0(E0) can be evaluated. In practice, a series of range measurements is made in an 
energy interval, as in the Bichsel, Mozley, and Aron work. With I as an adjustable 
parameter and with estimated values of C/Z as a function of energy, range-energy 
relations are calculated and normalized to give the observed range Ro<Eo) at one 
energy. The particular range-energy relation that best fits all of the observed ranges 
in the experiment is selected, and this determines I. This procedure for determining 
I is depei\dent on knowing C/Z as a function of energy. 

Alternatively, one can handle the data in the following way to extract informa
tion on shell corrections. The range-energy curves can be differentiated to obtain 
the stopping power as a function of energy. One can then calculate the quantity 
L(v, Z) (defined by Equation 53a in Appendix A) as a function of energy and write 

~ + 1ni = ln2mv2 - L(v, Z) . 
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One obtains in this way an experimental curve for C/Z + lnl as a function of energy. 
Since I is independent of energy, this curve shows the variation of C/Z as a function 
of energy and also gives the absolute value of C/Z to the extent that I is known, e. g., 
from high-energy data. Thus the low-energy experiments for a range of energies 
give directly the variation of C/Z with energy. 

Other experiments at low energies have been conducted by Nielsen (11) and by 
Rybakov (14). Nielsen measured stopping power for protons and deuterons in the 
energy range from 1. 5 Mev to 4. 5 Mev in beryllium, aluminum, nickel, copper, 
silver, and gold. Rybakov measured proton ranges at several energies between 1 
and 7. 3 Mev in aluminum, iron, copper, molybdenum, cadmium, tin, tantalum, and 
lead. These two sets of data show the variation of C/Z with bombarding particle 
energy and also the variation of C/Z with Z at fixed energy. 

The most recent stopping-power measurements are those of Nakano, MacKenzie, 
and Bichsel (9). In these experiments the stopping power for protons of average 
energy 28. 7 Mev (over an energy loss interval of -2 Mev) was measured relative to 
aluminum in beryllium, titanium, vanadium, cobalt, nickel, copper, silver, tantalum, 
tungsten, iridium, and gold. The data show relative stopping powers as a function of 
Z and furnish an additional set of stopping-power values for a number of elements at 
one proton energy. 

The data cited ab~ve have been tabulated in Figure 1 with respect to atomic 
number, energy, and energy-interval represented by the measurements. Experiments 
at a single energy are indicated by the smaller rectangles, and the other studies by 
the larger rectangles . The dashed line represents the approximate locus of points 
at which the total shell correction contributes about 1 percent to stopping power for 
various atomic numbers. The location of this line has been estimated directly from 
the curves in Figure 6 of Appendix A. Taken collectively, the datn represent meas
urements for a large number of the chemical elements, some measurements being 
available in three decades of incident particle energy. From Figure 6 in Appendix A, 
it can be seen that, except for the lightest elements, the measurements tabulated in 
Figure 1 give data for many elements over ranges of energy in which shell corrections 
vary from their maximum values to close to their limiting values at {J = 1. From 
these data our understanding of stopping power is verified in large measure. This 
understanding takes the form of knowledge of (1) the actual numerical values of the 
parameters of the theory and (2) the variation of these parameters with incident 
particle energy and with atomic number. 
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4. CONTRIBUTIONS TO THE THEORY 
OF SHELL CORRECTIONS 

U. Fanol and J. E. Turner2 

Abstract 

Sum rules pertaining to the inelastic form factor Fn(.9,) are calcu
lated and applied to the evaluation of shell corrections to the stopping
power formula, to order 1/v4 in the velocity of the incident particle. 
Details are given pertaining to the evaluation of the shell corrections 
in the paper reproduced as Appendix A to this volume. Comments are 
presented regarding the possible generality of a Lindhard-Winther 
equipartition rule. 

1. Introduction 

49 

This report complements the treatment of shell corrections given in Section 4 
of the article reproduced as Appendix A of this volume. The following topics are 
developed further: (a) the low-Q approximation is improved by working out the ex
pansion into powers of 1/v2 in greater detail and calculating explicitly the contribu
tion of electron correlations to the coefficient K1; (b) the high-Q approximation is 
improved by obtaining the relevant expansion into powers of 1/v2 (this expansion is 
shown to coincide with the low-Q expansion to order (1/v2) 2, except for possible 
electron correlation effects that have not been calculated, and the result confirms a 
surmise introduced in Appendix A); (c) some comments are made on the possible 
generality of an equipartition sum rule developed recently by Lindhard and 
Winther (1);3 (d) the numerical evaluation of the shell corrections in the high-energy 
limit, which have been utilized in Appendix A and in Report No. 6, are described in 
some detail. None of these four topics has been developed as far as one would wish 
but it seems desirable to present the matters as they stand. 

2. Sum Rules over Inelastic Form Factors 

Equations 56 and 57 of Appendix A 4 reduce the calculation of the low-Q contri
bution to the stopping power, to order (1/v2)2, to the calculation of the sums 

for r = 1, 3, and 5. Here, as in Appendix A, the l;n extends over all excited and 

1National Bureau of Standards, Washington, D. C. 
20ak Ridge National Laboratory, Oak Ridge, Tenn. 

(1) 

3we are greatly indebted to Prof. Lindhard for early communication of his results. 
4Henceforth in this paper the numbers for equations, references, and figures, pre-
ceded by the letter A refer to equations, references, and figures in Appendix A. 
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ionized stationary states of a material, and En is the energy level of each of these 
states measured from the energy of the ground state 0. Moreover, according to 
Equation A17, Fn(g> is the matrix element 

z 
Fn (g)= z-1/2(n \1;jAj (g) I 0). (2) 

with 

Aj (g) = exp (ig • !j /fl. ) (3) 

where !j indicates the position of the j-th electron, and a limiting process for Z =CD, 
in the sense of Equation A41, is implied where relevant. Averaging of Equation 1 
over the direction of g is also implied, in keeping with the assumed isotropy of the 
ground state of the material. 

The expression I Fn(g)j2 in Equation 1 represents the probability of eventual 
excitation of a system to its n-th state as a result of the momentary absorption of the 
momentum g by one of its particles. Therefore, Sr represents the r-th moment of 
the absorbed energy averaged over the probability distribution I Fn<g>l2. The quan
tities Sr are of importance in a variety of problems and therefore deserve some 
general study. An effort in this direction has been undertaken in the past by Placzek 
in connection with neutron scattering (Ref. A95 ). A nonrelativistic approximation 
will be used, as in the relevant part of Appendix A. The odd moments of the energy 
distribution, represented by odd values of r in Equation 1, exhibit simple features 
which will be emphasized here. This section deals with the calculation of the Sr. 
The application to the calculation of the low-Q contribution to the stopping power will 
be described in the next section. 

The calculation of the Sr is straightforward in principle but meets a practical 
difficulty in the occurrence of a large number of terms, except for r = 1 or 2. Most 
of these terms can be shown to vanish, but a considerable advantage accrues from 
arranging the calculation so as to minimize the number of separate terms to be con
sidered and to facilitate the identification of the terms that vanish. These considera
tions guided the selection of the procedure adopted here, which makes use of a 
moment generating function G. The same procedure serves also for the calculation 
of the high-Q contribution in Section 4. 

The quantity (Eq. 1) has the alternative form 

= ~ cd: t G(x,g) t 1 ~ x=O 

From the definitions of Equations 2 and 3 and the definition of En, we have 

xE 
G(x,9_) = 7;nl;i,jz-1<oiA1*<g>ln>e n<niAj(g_)jO) 

(4) 

= z- 1,;1,j,;n (OjAi*<g>ln><nlexHAj(g)e-xHio> , (5) 
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where H indicates the Hamiltonian of the material 

Pj2 ZNe2 1 i#j e2 
=7;j2m-I;j,Nir·-RNI+2I;i,j lr--r.J • 

-J -1 -J 

(6) 

Herem is the electron mass, Ej = m!.j is the momentum of the j-th electron, 
U(l.~r R~l> its potential energy due to the attraction by a nucleus at !N• and 
V(\!i- !jl) the potential energy of two electrons due to their repulsion. The com
pleteness of the set of states n, as represented by the closure rule I;nl n) (nj = 1 can 
now be utilized to yield 

(7) 

Thus we have to evaluate the mean value of a somewhat complex operator for the 
ground state of the material, without explicit reference to its excited states. 

The operator can be simplified by utilizing the commutation rule, which follows 
from Equations 6 and 3: 

1 
[H,Aj(g)] = i [g • !~j (g)+ Aj (g)g · !j] 

(8) 
= Aj (g)(Q + g • !j ) , 

where Q = q2/2m. From Equation 8 there follows in turn 

(9) 

so that 

(10) 

The factors e:x:p(xH) and e:x:p(-xH) do not quite cancel out because H does not commute 
with !J• but Feynman•s operator calculus (Ref. 2) shows that one can write 

e:x:p [ x(H + Q + g • !j)] e:x:p(-xH) = e:x:p J: [ Q + g • !j(x' )] dx' , (11) 

where 

(x - xH -xH- [ f .! [ ( jJ] 2 Vj )-e vje -v.+ H,v. x+ 2 H, H,v. x + •••••• 
- - -J - -

The notation utilized in Equation 11 implies that in any product of operators 
!.j(x'), !j(x"), •.. these o~rators are ordered from left to right in the order of 
increasing values of x', x '~ • • • • • Equation 10 now becomes 

(12) 

G(x,g) = z-~ i,j (Oj Ai(g)* Aj(g) e:x:p { J0x [ Q+g • !j(x')]dx' }I O) , (13) 
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and one can proceed to expand the exponential into powers of x, so that the coefficient 
of each term will represent one of the Sr, according to Equation 5. 5 

The exponential operator (Eq. 11) is in fact defined by its expansion 

exp ~x [ Q +g · !j(x1 )] dx1 = 1 + J0x dx' [ Q+ g · !j(x')] + 
I 

+ J0xdx' J~ dx"[Q+g·_yj(x'')][Q+g·yj(x')] + ••.•• 
(14) 

Substitution of the definition (Eq. 12) of Vj(x) into Equation 14 enables one to carry 
out the multiple integrations over x', x''"'. .• so that Equation 14 takes the form 

exp J~ [ Q+ 9. '!j (x')] dx' = ~r :! H/r) (g)xr • (14a) 

Further substitution into Equation 13 and comparison with Equation 5 yields then 

(15) 

We are left at this point with the tasks of calculating the ~(r) <s,> explicitly for r = 1, 

3, and 5, and then of calculating the mean values (0 I Ai * AjHj(r) I 0) • 

To express the Hj (r) conveniently, we introduce for an arbitrary operator 0 
the notation 

0' = [H,O] = -ifldO/dt . (16) 

We obtain, then, from Equations 12, 14, and 14a 

H.(O) 
J 

H.(2) 
J 

H.(3) 
J 

Hj(4) 

= 1, H.U): Q+n•v. 
J .... -J 

= lJ • v ~ + (Q+ lJ • v . ) 2 
.:.1. -J ..... -J 

= g·yj' + [g·yj' (Q+g·yj)+2(Q+g·yj)g_·yjJ +(Q+_g·yj)3 , 

Ill S( 1)2 Ill ) 3l ) II = g·yj + S'!j +g•!.j ,Q+g·yj + ,Q+9_'!j ~·yj 

+g. yj (Q +g. !j )2 + 2(Q + 9.. !j~· yj (Q +g. !j) + 3(Q + 9.. !j)2 «i• '4 + (Q +g. !j)4 

= n·v~111 +a•v~" (Q+n•v-)+4(Q+ n•v.)a·v~" +<ln•v!' n•V·1 +6n·v! n•v·" .... -J ..... -J .:l -J .:l -J ..... -J ·.::~ -J .:l -J .:l -J .... -J 

+ 9. ·y{ (Q +g. !j)2 + 3(Q +g. !j}g. yj' (Q + 9.. !j)+ 6(Q +g. !j)2 g. yj' 

+ 3(g. !{ )2 (Q +g. !j)+ 4<i·yJ (Q +g. !j)g. yj + S(Q +g. !jH9.. !j' )2+g. !j' (Q +g. !/3 

+ 2(Q +g. !j)g. yj (Q +g. !j)2+ 3(Q+ g. !j>2 «i· yJ (Q+ g. !j)+ 4(Q+ g. !j)3 g ·:!j 

+ (Q+ g. !j>5 . (17) 

5Jt might be of great advantage to express Equation 13 as an exponential function of 
matrix elements rather than as the matrix element of an exponential operator; 
i. e. , to delay the expansion into powers of x until the mean value over the ground 
state has been taken. 
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Calculation of S1 

To calculate the mean values of the quantities Ai*AjHj(r) in Equation 15, begin
ning with r = 1, we start by symmetrizing them. From the commutation rule (Eq. 8) 
and from the fact that Ai and !.j commute for i 7- j it follows that 

• ( ) 1 • • ) Ai (g) Aj g)(Q + g · !j = Q 6 ij + 2 (g · !jAi Aj + Ai Aj g · !j . (18) 

The operator A: Aj = exp[ -ig · (!i- !j)/ flJ is not Hermitian but can be expanded into a 
power series of Hermitian time-even operators [g · (!i- !j)Jn. Therefore, the second 
term on the right in Equation 18 can be expanded into a series of symmetric terms, 

a•v ·[a·(r. -r·)]n+ [a•(r·-r ·)]na•vJ· , 
.:1 -J .:1 -1 -J .:1 -1 -l .:1 -

(19) 

each of which is Hermitian and time-odd and has, therefore, mean value zero, pro
vided only that the ground state is stationary and isotropic. This term drops out, 
then, and we obtain the well-known result (Eq. A27) 

Calculation of S3 

The last term of Hj (3) in Equation 17 is found (by repeated application of 
Equation 18) to contribute 

(20) 

(21) 

As noted above, we must still average over the direction of g. This averaging yields 

so that 

2 1 2 2 
((a • v ·) ) A = - q v. 
~ -l 'i 3 J 

(22) 

(23) 

To evaluate the contribution of the first two terms of a}3) a symmetrization procedure 
is required. Considering that :!j' commutes with both Ai * and Aj, we have 

A* [ II I I iAj S"!j +g·!(Q+g·!j)+2(Q+g·!j>.9.·!j] 

1 cA*A II "A*A> 1 [A* 11 ] = 2 i jS"!j +g·!j i j + 2 i Aj•S"!j (24) 

+ j [g. !j AtAj(Q +g. !j) + AtAj(Q +g. !j)g. !j'] + ~~·Aj[g. !j•S. !j] I 

where [B,C] = BC-CB. 

The first term on the right in Equation 24 reduces to Hermitian time-odd operators 
so that its contribution vanishes. Application of Equation 18 to the third term on the 
right of Equation 24 splits it into a term 3Qg · !j 6ij• which vanishes upon averaging 
over the direction of g, and another term which: reduces again to Hermitian time-odd 
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terms and thus yields no contribution. The second term on the right in Equation 24 
can be transformed as follows 

= ~ [AtAj,[H,g·yj']] 

= -j [[~*Aj,H],g • yj] 

1 * ] = p2[ Ai Aj(2Q + 9.. !j -9.. !iL 9.. !.j I 

=-i~*Aj[(g•yj-g·yi),g·yjJ • 

(25) 

Of the two terms on the right in Equation 25, the first one cancels the last term of 
Equation 24, so that the second one alone is left to contribute to the mean value of 
Equation 24. This mean value is, then, 

(26) 

To calculate [g • !i•.9 · y{J explicitly, set !j = (fi/im)~j, where '9 indicates the 
gradient operator, and apply Equations 16 and 6. This gives 

112 2 { .t; j } = m2 (g·~j) [:&NU<I!j-RNI>+,;t V(l!.j -!:_ti>J6ij-V<I!.j-!:il><1-6ij), 

takmg' into account that o • 'fl . o • 'fl . U = 0 for i ' j and that 'f/.1. V( I r 3. - r 1.1) = 
• -1A -J - - -

-v.v<l!r!il>. Upon introduction of the Coulomb form of the potentials, as given in 
Eq~ation 6, Equation 2 7 becomes 

1 4tr li2e2 { .t ~ 
[~·.!i·c.t·!j']=aq2 m2 [:&NzN6(!j-_!N)-:&.t 6(!.j-!..t)]6ij 

3[q•(r·-r.)J2-q2 lr · -r·l 2 } 
- ~ -1 -J -1 (1 Jt ) 

lr·-rl· l5 -uij' • 
-J -

(28) 

Notice that the contribution of the first brace on the right in Equation 28 is independent 
of the direction of q, and that of the second brace depends on the Legendre polynominal 
P2 of the angle between q and another vector; the separation into two such terms holds 
for any central potential'law. 

Upon multiplication of [s · !i•<r v~] by At A·, to calculate Equation 26, the 
factor AtAj reduces to unity when mu-ltiplied by 6lij or by 6(!j-.!'i)• that is, by each 
term on the right in Equation 28 except the last one. The next-to-last term of 
Equation 28 vanishes when averaged over the direction of 9.· The second and third 
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terms on the right in Equation 28 cancel later, upon summation over i and j. Thus, 
one finds the average value 

z-l,;i, j~ < <ol At (g_)Aj(g_)[g_· .!i• 9. • .!/J I o>> q 

The averaging process over the direction of~ in the last term of Equation 29 is 
equivalent to the calculation of the coefficient of P2 (cos6) in the Legendre expansion 
of e:x:p(izcos6); one can write 

! S" sin6d6 e:x:p(izcos6) 3(zcose)2 -z2 • - 125 g2 (z) , 
2 0 5 z 

where 

reduces to unity at z = 0. Application of Equation 3 0 reduces Equation 2 9 to 

z- 1,;i,j i ((OjAtAj [51·~· 51· !.j '] jo)) ~ 

= Q 4:::•2 l:NZN<ol&<.!y RNll o) + Q2 y\ ~: (ol 11:;~ .!:tl g2(q 1!:,1~ .!i I ) lo ) 

(30) 

(30a) 

(31) 

where z-l,;j has been suppressed in consideration that all electrons are identical. 

Finally, S3 is obtained by cpmbining Equations 23 and 31 in accordance with 
Equations 15 and 17. The index j can now be dropped, with the understanding that 

I 
all quantities refer to an average electron under consideration, and that ,;i excludes 
this electron from the sum over i. We also indicate the mean values over the ground 
state by( >o instead of (O! •• Io>. Thus, one finds 

(32) 
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Calculation of Ss 

This calculation should proceed by analogy with the calculation of Sa, but it 
involves a larger number of terms, some of which are more complicated than those 
treated above. We have calculated only a selection of terms that appear most im
portant for our immediate application. In the first place, the application of Section 
a requires only terms of s5 which are proportional to Qa. Secondly, the effect of 
electron-electron correlations on Ss will be disregarded as negligibly small; notice 
that the corresponding effect on Sa will be seen in Section a to be even smaller than 
had been anticipated in Appendix A. To disregard electron-electron correlationst ~ne 
cancels not only all terms of Equation 15 with i ;. j but also all contributions to Hj 5 
which arise explicitly from the interaction potential V( l.!:j-.!i I). 

Because Ai*Aj reduces to unity, irrespective of q, fori= j, we can drop all 
terms of Hj(5) in Equation 17 of other than third degree in Q, that is, with factors 
Qaq bwith a+b/2 ;.a. The residual terms, arising from the last five terms of H}S>, 
are 

(aa) 

The first term on the right in Equation aa is Hermitian and time-odd; hence its con
tribution vanishes. The contribution of the second term is proportional to the first 
term on the right in Equation 29 when electron-electron correlations are disregarded. 
The third term reduces, upon averaging over the direction of g, to Q34m2vj4, 

Thus, one finds, with the notation of Equation a2, 

a. Shell Corrections for Low-Q Collisions 

The treatment of shell corrections on page as of Appendix A separates these 
corrections into two contributions, called c 1 and c 2• These contributions correspond 
respectively, though somewhat loosely, to collisions with low momentum and energy 
transfer and to collisions with high momentum and energy transfer. Equation A56 
expresses c1 as 

where 

E 2r 
n 

vis the velocity of the incident particle, and the ~~1 ) is limited to states with 
E < 2 n-mv • 

(a5) 

(a6) 
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However, it is understood, according to Walske's original analysis (Ref. A134), 
that this restriction to ~n may be removed if it is simultaneously agreed to discard 
terms of Equation 35 with r > 2. Therefore we take 

12 r [( :Q t ~nEn2r fn(Q)] • 
(2mv ) Q=O 

c1 1 2 1 
---~ Z 2 r=1 r!r 

According to the definitions (Eq. 36 and Eq. 1), the ~nEn2r fn(Q) in Equation 37 
is just S2r+1/Q, so that 

(37) 

(38) 

The operator indicated by the brackets of Equation 38 selects the terms of degree 
r+1 in the expansion of s2r+1 into powers of Q. For r=1, a full expression of s3 is 
given by Equation 32. For r=2. the relevant term of the expansion of s5 is given by 
Equation 34, except for effects of electron-electron correlations. Substitution of 
these formulas into Equation 3 8 yields 

c1 ..... .!. l2m(v2>o +-!s ~i/ (e2/l!- !.il >o 
z 2 2 2 mv 

+ 4m2 (v4)0 + (40trfl2e2/3m) ~NZN (6(!,- Sn»o l 
2(2mv2)2 ~ 

(39) 

(Notice that the factor g2 in the last term of Equation 32 reduces to unity in the present 
application~ ) 

This result coincides with Equations A58, A58a, and A58b with the understand
ing that the "correlation terms." which are merely indicated in Equation A58a, are 
explicitly represented by (2/15)~j (e2fl!.- !.il )0 in Equation 39, and those indicated 

in Equation A58b are still missing in Equation 39. The term (4/15)~'(e2 /l!.- !'I )0 is 
clearly much smaller than 2m(v2)0 as expected; its influence will be calculated below. 

For the purpose of evaluating the mean values of the properties of atomic 
electrons in Equation 39, let us introduce the symbols. 

p.2 
T = ~· .!:.1... 

J 2m 
= 

= 

= 

= 

kinetic energy of all electrons in the system. 

nuclear attraction energy of all electrons in 
the system. 

mutual repulsion energy of all electrons in 
the system. 

density at R of all electrons in the system 
expressed in electrons per cubic Bohr 
radius a. 
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Equation 3 9 can now be written 

The virial theorem 

= 

= 

total binding energy of all electrons in the 
system. 

(Rydberg) binding energy of electron in 
H atom. 

1 
<T>o = -2 «u>o + <v>o> = B 

(40) 

(41) 

can be utilized to express (T)o and (V)o in terms of Band (U) 0, which are more 
easily evaluated. Thereby, Equation 40 becomes 

13B- (U)o (T2)0 + (10tr/3)Ry2ENZNp(RN) c 1 ,.... 2 + _ _.;;.._. ___ ~""K"""=--...:.:..-..=.:-. 
15mv (mv2)2 

(42) 

Values of B, obtained in various ways, are tabulated (Ref. A52, p. 183) for a 
number of atoms throughout the periodic system. The "empirical" data in this table 
are approximated rather closely by 

B .... z2.4 Ry emp 

The Thomas-Fermi model, in its basic form, yields, instead, 

BTF,.... 1. 54 z 713 Ry • 

(43) 

(43a) 

The value of (U)0 is calculated, for a single atom, by integrating the product of 
-ze2/r and of the electron density p(r) over the whole atomic volume. A calcula
tion by J. W. Cooper for aluminum, argon, silver, and copper, utilizing a Hartree
Fock p yields values fitted by 

(U)O HF,.... -2. 4 z2. 4 Ry • 

The Thomas-Fermi model yields, instead, 

(U)o TF,.... -3.32 z 7/ 3 Ry 

(44) 

(44a) 

Notice that, according to these results, 13B- (U)0 differs by <3 percent from the 
corresponding "no correlation" expression 15B. As noted in Appendix A, page 36, 
successive shells of an atom contributed comparable amounts to B and (U)0 • 

On the other hand, the quantities (T2)0 and p(RN) in the second term of Equa
tion 42 depend primarily on the contribution of K-shell electrons. For the H atom 
(T2) amounts to 5 Ry2. For the hydrogenic approximation of a single K electron, 
the contribution increases in proportion to z 4; when screening is considered, the 
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contribution increases in proportion to (Z-0. 3)4. Thus, the whole K-shell contributes 

(T2)0K- 10(Z-O. 3)4 Ry2 • (45) 

With regard to the electron density at the nucleus of a single atom (RN = 0), the 
screened hydrogenic approximation yields for- the K-shell contribution 

[p( 0) ]K =! (Z-0. 3)3 • 
fl 

(46) 

Hartree data for argon agree with this value very well, and they show that outer shells 
contribute an additional 10 percent, approximately. Assuming that the outer electron 
contribution to be added to Equation 45 is also of the same order, it is suggested that 
calculation of the second term of Equation 42 utilizing Equations 45 and 46 with a 10-
percent allowance for other shells will be correct to within a few percent. 

4. Expansion of the High-Q Contribution into Powers of 1/v2 

In this section we replace the treatment of Section 2. 7 of Appendix A by a more
accurate though nonrelativistic procedure. This procedure is designed to calculate 
the contribution to stopping power from the region (Q,En)""Qmax• including correc
tions whose need is pointed out at the beginning of Section 4 of Appendix A but which 
have been taken into account previously only for atomic H (Ref. A134) and for an 
electron gas (Ref. 1). 

We start then from the nonrelativistic approximation (Eq. A16a) to the inelastic 
cross section and replace the expression (Eq. A37) of the high-Q contribution to the 
stopping power by 

(47) 

In this formula the integration over Q has been extended to its actual limit Q = m, and 
the step function has been introduced in the integrand to specify that the integration 
over Q and sum over n extend only over combinations of these variables that fulfill the 
condition of Equation A18. (The step function St(x) equals 1 for positive x, and 0 for 
negative r. since Q=q2/2m, St(qv-En) vanishes when Equation A18 is violated.) The 
upper limit ~ax to the integral in Equation A37 served to fulfill Equation A18 ap
proximately. The lower limit to the integral, ~· is the same as in Equation A37. 

We utilize here the integral representation 

St(x) = 21 i J i~+( dy eyx 
fl -lm+( y 

(48) 

and wish to calculate the expression 

~nEn I Fn(g) 12 St(qv-En) 1 J ier>+( dy eYqV ~ e -yEn E I F (n) 12 
= 2fli -im+f y n n n:.~. 

__ 1_ Jim+( eyqv d 
- dy -Y (-dy)G(-y,n) 2fli -im+( :.I. 

(49) 
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to be entered in Equation 4 7. The function G in this formula is the same as defined 
by Equations 4 and 5 in Section 2. 

In section 2, the expansion of G(x,g,) into powers of x has been relevant. How
ever, this expansion is seen (for example, from Eq. 13 and Eq. 14) to involve simul
taneously an expansion into powers of q and Q. These quantities are large in the 
high-Q range, with which we are concerned. Therefore, a modified expansion should 
be sought which is appropriate to our problem. 

,.X Notice that the operator on the right side of Equation 13 contains a factor 
expJ 0 Qdx' = exp(Qx), which is actually a number rather than an operator and can be 
factored out of the mean vahle operation. Since, in our range of interest, Q is of the 
order of qv » g, •yj (vis the incident particle's velocity and vj an atomic electron 
velocity), the factor exp(Qx) contains that part of the dependence of G on x which is 
not suitably expanded into powers of x. Accordingly we define, with analogy to 
Equations 13, 14a, 15, and 4, 

(50) 

where each of the operators a.(r) is to be obtained from the corresponding a(r) in 
Equation 17 by deleting the teflms that contain Q explicitly. It will be verified later 
that the expansion utilized here reduces eventually to an expansion into powers of 
v/v· 

We substitute now in Equation 49 

Q 1 -G(-y n) = e-y ~ - (-y)r S 
':A rr! r 

and, more specifically, 

= e-yQ Q ~ [ (-yQ)r + (-yQ)r-1] Sr 
r r! (r-1)! Qr 

Since Q > Q2 > 0, we can replace y as an independent variable by 

w =yQ • 

We shall also set, where suitable, 

2mv 
u=--

q 

(51) 

(52) 

(53) 

(54) 
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Equation 49 yields, then, 

(55) 

= _1_ si'"*f dw ew<u-1) ~ [ (-w)r + (-w)r-1 ] s r 
2tri -i<»~ w r r! (r-1)! Qr 

The integration over w reduces now to application of Equation 48 and of the 
related formula 

1 Ji<»+f ew(u-1) r (d) r ( d )r-1 
- dw w = du St(u-1) = du 
2tTi - i'"*f w 

6(u-1) = 6(r- 1>(u-1), (56) 

with the result 

(57) 

= St(u-1) lso + s1) +[I: _1(-1)r 6(r-1)(u-1) +I: -2 (-1)r-1 6(r-2)(u-1)] Sr • 
\ Q r- r! r- (r-1)! Qr 

Substitution into Equation 47, taking into account Equation 54 and, in particular, 
dQ/Q = -2du/u, yields now 

J 111 2trz2e4 {- 2mv2 2mv2 ~-
I:nEndan St(qv-En) = 2 Z S0.tn Q + J 2 S1 

Q2 mv 2 ~ Q 

-{(z:r=l :! (!.)"-\ z;r=2 {r~\)! (d~) r-
2
) ~:~l=l~ · (58) 

We proceed now to the evaluation of the coefficients sr (defined EY Equation 50), 
taking into account that they appear in Equation 58 in the combination Sr/Qr and that 
q = 2mv and Q = 2mv2 at u = 1. For simplicity, we disregard here again the effects 
of electron-electron correlation, as we did in the evaluation of s 5 in Section 2. In 
the present instance correlation effects should be particularly small because the large 
value of q caus_e~ ~he pr~ucts*At(g)Aj(g) = e:xp[ig • <E.r!i)/11] to oscillate very rapidly. 
We set, then, 1- J, that 1s, AiAj = 1, so that 

(59) 

and agree to disregard all effects of electron-electron interaction. 

Terms of Hj(r)(g) of_order s in q will yield, upon division by~ and setting 
q = 2mv, contributions to Sr/Qr of order 2r-s in 1/v. We are interested here in 
calculating to order 1/v4 and shall accordingly consider only terms of order s ~ 2r-4. 
We obtain, then, from Equation 17, 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


62 

H·(O) = 1 H(l) = g·v. H (2) = g•v.' + (g•v·)2 
J • j -J , j -J -J , 

H.(3) =! (n•v·' g·v·+_g·v ·g·v ·') +! [g•v.,g•v.'] + (g•v.)3 + O(q2r-S) , (60) 
J 2 ;:a. -J -J -J -J 2 -J -J -J 

HJ·(4) = (g · v .>4 + O(q2r-S) , H.(r) = 0(~2r-S) for r 0!: 5 • 
-J J 

The process of averaging over the direction of g, discussed in Section 2, cancels the 
contributions !!_f Hj(l), of the q • yj term of Hj(2), and of the (g • !j)3 term of H/3). The 
first term of Hj(3) has mean value zero becau'!! it is Hermitian and time-odd (see 
Sec. 2). The mean _!alue of the remainder of ~(3) is given by Equation 29, with i = j; 
the mean values of Hj(2) and Hj(4) are elementary. After averaging over the direction 
of g we obtain, in the notation of Equation 32, 

50 = 1 , s1 = o , s2 /Q2 =im <v2>01Q 

S3/Q3 = (4trfl2e2/3mQ2) l;NZN (6(.!:-RN))O , ~4 /Q4 =4m2 (v4)o/5~ • 
(61) 

Upon substitution of Equation 61 in Equation 58, the residual operations over u 
are straightforward and yield our final result, in the notation of Equation 40 

This formula should be compared with the complete stopping-power formula (Eq. A38) 
and with the expression (Eq. 40) of the low-Q contribution to the shell correction C. 
The comparison shows that the square bracket represents a high-Q contribution to the 
shell correction which is identical with the low-Q contribution to order 1/v4 , to within 
the correlation term (1/15) (V >o whose counterpart in Equation 62 has not been 
evaluated. The approximate equality of the high- and low-Q contributions which has 
thus been established confirms the surmise made on page 3 7 of Appendix A. 

However, the treatment developed in this section for the high-Q contributions 
does not follow exactly the same line as that presented on pages 31 and 35 of Appendix 
A, which underlies the low-Q calculation of Section 3. It is likely, but has not been 
demonstrated, that the two treatments are in fact consistent and their results com
parable to the stated order of accuracy. A new unified treatment of the low- and high
Q contributions to shell corrections would be desirable. Such a treatment might 
perhaps start from Equation 47 with its lower integration limit set at Q = 0, and then 
utilize Equation 49 with alternative expansions of G(x, g) appropriate to different 
ranges of Q. 

5. Comments on Equipartition Sum Rules 

A curious aspect of stopping-power theory-which is still ill-understood and 
somewhat ill-defined but has attracted renewed attention in recent months-appears 
from the following remarks: 

(a) In Bohr's initial theory of the energy loss (Ref. A25, and pp. 4, 8 of 
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Appendix A) • where collisions are classified according to the impact 
parameter b, values of b larger and smaller than the atomic radius 
contributes equal aggregate amounts to the stopping power. 

(b) In Bethe's theory the equivalent statement is that the leading term 
ln[(2mv2)2/I2] in the center braces of Equation A38 arises in equal 

portions from J.QI dQ/Q and J,Qma:x dQ/Q . 
min I 

(c) The energy-loss contribution of transverse excitations. which arises 

63 

only from values of Q and En near the limit Q = Q.min (see Appendix A, 
fig. 2 on p. 10), stems in equal amounts from low-Q and high-Q collisions 
as noted in Section 2. 8 of Appendix A. The intermediate range of Q does 
not contribute an appreciable amount of transverse excitations because 
energy and momentum cannot be conserved in this range at Q ,.., ~in (see 
Appendix A, Sec. 2. 4). However, the density effect appears to destroy 
the equality of low-Q and high-Q contributions because it reduces only 
the probability of low-Q transverse collisions. 

(d) The stopping-power's variation, as a function of the incident particle's 
velocity, arises from the factor 1/v2 in Equation A38 and from the factor 
in the braces. The latter variation stems from the shift of the line 
Q = Qmin• which limits the values of Q and En consistent with energy 
conservation. Since this line intersects the dotted area of Figure A2 in 
two separate regions, of low Q and high Q, two separate contributions 
to the variations of stopping power can be distinguished here rather 
clearly. As noted above (in Sec. 4), these two contributions are equal, 
at least .to within electron correlation effects that have not been analyzed 
completely and to order (1/v2)2. 

(e) Lindhard and Winther (1) have recently studied in detail the stopping power 
of an electron gas. In this model, the region of Q and En consistent with 
momentum conservation has a sharp limit on the low-Q side, in contrast 
to the general case shown in Figure A2 where the dotted area fades out. 
This limit crosses the energy conservation limit Q =Qmin at two exactly 
defined points, and thus distinguishes low-Q and high-Q contributions 
sharply, provided only that the particle velocity is sufficiently high. The 
two contributions to the variations of stopping power are shown to be 
exactly equal, irrespective of any expansion into powers of 1/v 2. 

The preceding remarks and special results might have a common origin in a 
single general equipartition theorem. It would, of course, be of interest, particularly 
for the shell-correction problem, to establish such a theorem. The theorem should 
define a line in the (Q,En) plane of FigureA2, or in an equivalent representation, such 
that the two regions of the plane on either side of the line contribute equally to the 
stopping power. Insofar as there exists an "empty crescent" in the map of Figure 
A2-that is, insofar as there is an intermediate range of values of Q for which momen
tum conservation restricts the possible values of En more stringently than energy 
conservation-it is sufficient to state that the desired line crosses the line Q = Qmin 
somewhere within the empty crescent. Items (d) and (e) above involve such a state
ment. However, one should like to define the line more precisely and independently 
of the existence of an approximately empty crescent. 

The following remark, which originates from Reference 1, is also of interest. 
Energy conservation requires the projection of the momentum transfer g along the 
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direction of the incident particle to equal En/v. With reference to the angle ¢ 
between g and this direction (see Fig. Al). the condition is 

En= qv cos¢ . (63) 

The line Q = Qmin in Figure A2, which sets the energy conservation limit to the 
integration over En and Q. represents Equation 63 for ¢ = 0 and a given v. but a _ 
whole family of nonintersecting lines can be considered in the (Q.En) or equivalent 
representations. which correspond to alternative values of the parameter vcos¢. 
For a given v. the points on one such line correspond to momentum transfers g with 
a constant obliquity t/> and with different magnitudes q. Any of these lines that inter
sects the empty crescent contains two separate classes of points. with large q 
(i.e .• large Q) and small q. The high-q collisions yield (for¢< 45°) ejected electrons 
which are faster than the incident particle. On the contrary. the low-q collisions yield 
excitations with properties nearly independent of q and, therefore, with very small 
group velocity. much lower than the velocity v of the incident particle. Thus a 
criterion might be sought for classifying high-q and low-q excitations depending on 
whether their group velocity is higher than v. An equipartition theorem could then 
perhaps state that for each direction of g equal amounts of energy are spent in pro
ducing excitations that propagate ahead of the incident particle and in excitations 
that trail it. 

However. the concept of excitation velocity does not appear to have been estab
lished in general. In the electron gas model of Reference 1, the final state of each 
excitation process. and ~herefore its energy En• is identified by the momentum trans
fer g_ and by the statement that either it is a state of collective excitation or that it re
moves an electron of given momentum from the initial ground state. This special 
circumstance permits the definition of the group velocity 3En/oq, in that it specifies 
which characteristics of the excitation are kept constant in the operation 3/3q. The 
same circumstance plays an important role in the proof of the equipartition theorem 
for the electron gas. so that the proof does not apply immediately in its absence. 

The following energy-momentum relationship for the excitations of a material, 
which relates to the basic sum rule 

(64) 

equivalent to Equation 2 0. might conceivably lead to a suitable definition of excitation 
velocity. Consider for each value of Q an excitation energy E such that 

E <E n 
~n fn (Q) = g • 

Equation 65 defines a set of curves 

O<g<l. (65) 

(66) 

in the (En• Q) or in the (q.E.n) representation. The slope of the curve that passes 
through a given point (q.EnJ• 

(dEn) = _ 
dq constant g 

(67) 
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defines a velocity pertaining to ail excitation with the given values of En and q. For 
high-Q collisions all the curves of Equation 66 lie in a narrow bundle along the line 
En= Q of Figure A2, and the value of Equation 67 coincides with the velocity of the 
ejected electron. For low-Q collisions, the curves of Equation 66 tend to become 
vertical in the representation of F~re A2, and horizontal in a (q,En) plot, so that 
the value of Equation 67 vanishes. Through each point, (q,E.n) or (En,Q), one can 
draw one line of the family of curves for Equation 66 and one line of the family of 
curves for Equation 63 with the appropriate value of v cos,P. One might then classify 
a collision with given (q, En) as a low-q or high-q collision depending on whether the 
velocity (Eq. 6 7) is lower or higher than v cos,P. Each line of Equation 63, En = qv cos !I>, 
should have a point at which it is tangent to one of the lines of Equation 66; this point 
might conceivably be significant for equipa:rtition. 

6. Discussion of Numerical Values 

The relationship of the foregoing theoretical developments to the employment 
of actual numerical values for shell corrections elsewhere in these reports (notably 
in Reports 2, 6, 7 and in Appendix A) is next considered. Although the shell correc
tions may be based on different points of departure for different purposes, the numeri
cal values arrived at are in essential agreement throughout these reports within the 
ranges of applicability stated by the authors. 

Estimates of the high-energy limiting values of the total shell corrections based 
on the expressions deveJoped in this report are given in Table 1, where relevant quan
tities from Section 3 are evaluated for the determination of C 1 by means of Equation 
42, including correlation terms to order 1/v2• A 10-percent addition to the K-shell 
contribution to the coefficient 1/v4 was also made. From the result of Section 4, the 
total atomic shell correction C due to both the high-Q and low-Q contributions was 
taken simply to be C,.... 2C 1. The resulting numerical values for C/Z at fJ = 1 are 
given in the last column of Table 1. It was found that the final values of C/Z were 
essentially the same, whether the Hartree-Fock or the Thomas-Fermi model estima
tions from Section 3 were employed for the coefficient of 1/v2. The values of C/Z 
from Table 1 are just the high-energy limiting values of the proton shell-correction 
curves constructed as described in Section 4. 5 of Appendix A and shown in Figure AS. 
As discussed in Appendix A, these curves were drawn to represent smoothed stopping
power results obtained by Bichsel. (These results were based on a scaling procedure 
for representing shell corrections akin to that described in Report No. 2 except that 
C vanished for fJ = 1 and Iadj was used in it instead of I. The values in Table 1 are 
also the ones utilized in Report No. 6). Therefore, this report, Appendix A, and 
Report No. 6 employ a unified treatment of shell corrections to be used in conjunction 
with the mean excitation energy I. Report No. 2 is also consistent with these reports, 
whereas Bichsel's earlier work utilized a different procedure, as noted above. 

With respect to the numerical consistency of the shell corrections in the above
mentioned reports and in Report No. 7, the following is the situation. For computa
tional purposes, the formula shown as Equation 16 in Report No. 7 was used to obtain 
shell corrections for the tables presented there. The velocity parameter was re
stricted to values 11 > 0. 13 when this formula was applied. This corresponds to a 
proton energy> 8 Mev. The authors of Report No. 7 state that checks were made, 

6Figure A2 fails to show that the~ edge of the shaded area bends downward on 
the left side of the graph since En never vanishes for quantum systems. In the low
energy discrete portion of the excitation spectrum, the shaded area breaks into a 
number of near-vertical strips corresponding to discrete levels. 
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TABLE 1 

Estimated Shell Corrections for fJ = 1 

Bemp -{U)OHF -{U)OTF {T2)- 1: 1FZ[p(O)]K (~) fJ=l OK 
(Ry) (Ry) (Ry) (Ry2) (Ry2) 

Element Z (Eg. 42) (Eg. 44) (Eg,. 44a) (Eg. 45) (Eg. 46) 
Be 4 27.8 66.7 84.6 1. 85x103 1.35x1o3 • 000 

Al 13 4. 72x1o2 1. 13x1o3 1. 32x1o3 2.59x1o5 1. 78x1o5 • 002 

Ar 18 1. 01x103 2.42x1o3 2. 82x1o3 9. 85x1o5 6. 67x1o5 • 003 

Cu 29 3.20x103 7. 68x1o3 8.50x103 6. 81x106 4.56x106 • 007 
Ag 47 1. 01x1o4 2.42x1o4 2.63x1o4 4.77x107 3.20x107 • 014 

Pb 82 3. 88x1o4 9. 31x1o4 9.60x1o4 4.52x1o8 2.98x1o8 • 039 

u 92 5.20x1o4 1.25x105 1. 29x105 7.16x108 4. 74x1o8 • 051 

and that good numerical agreement was found between their results and results 
obtained by Bichsel using the scaling procedure described in Report No. 2. In 
Report No. 7, the shell corrections are regarded as becoming vanishingly small in 
the high-energy limit, fJ = 1. As discussed in Report No. 6, it is threfore appro
priate to use the adjusted mean excitation energy, Iadj• with these shell corrections. 

~ t;;;'.,>J3 
I 
1 

I 

Figure 1. Comparison of shell corrections. The solid 
curves are taken from Figure A6 and the dashed curves 
were calculated from Equation 16 in Report No. 7 of the 
present volume. 
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Based on these considerations. then. a final appraisal of the consistency of 
numerical shell corrections used in the various reports of this volume can be made 
by comparing numerical values obtained from Equation 16 in Report No. 7 with the 
curves in Figure AS. This has been done. and the results are shown in Figure 1 for 
aluminum. silver. and lead. The solid curves were taken directly from Figure A6 
and the dashed lines show the corresponding curves as calculated from the formula 
in Report No. 7. For each element the range of x corresponding to 11 > 0. 13 is 
indicated. It is seen that the two sets of curves agree numerically to well within 
1 percent of the total stopping power (the amount indicated by the error bars) in 
the regions 11 > 0. 13. except in the case of lead when 11 gets close to the limiting 
value 0. 13. There. the diScrepancy is of the order of 1 percent where it is largest. 
Except perhaps for details of structure of this kind. the various shell-correction 
estimations in the reports in this volume should make very little numerical difference 
in stopping-power and range calculations. 
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5. MULTIPLE-SCATTERING CORRECTIONS FOR 
PROTON RANGE MEASUREMENTS! 

Martin J. Berger2 and Stephen M. Seltzer2 

Abstract 

Three approximate methods are described that may be used to 
calculate differential and integral distributions of projected range, 
median ranges, and curves of ionization versus depth (Bragg curves) 
for protons traversing thick absorbers. One of the methods is based 
on the application of a multiple-scattering detour distribution ob
tained by Yang; the second method is due to Bichsel and Uehling; and 
the third makes use of random sampling. Two types of statistical 
fluctuations are taken into account: energy loss straggling in col
lisions with atomic electrons, and the 11wiggliness" of the track 
(detours) due to multiple Coulomb scattering by atoms. All three 
methods were used to extract the values of the proton c. s. d. a. 
range, r, and of the mean excitation energy, lad·· of the medium 
from Bragg curves in lead and copper measured l;y Mather and Segre 
and by Zrelov and Stoletov. They give results for rand Iadj that are 
in good agreement with each other, but do not account entirely for 
shape of the measured Bragg curves. 

1. Introduction 

69 

The analysis of proton range measurements requires corrections which take 
into account energy loss straggling as well as deviations of the proton tracks from a 
straight-line path due to multiple Coulomb scattering. These corrections, although 
relatively small, are significant if one wants to extract accurate values of the mean 
excitation energy of the medium from range measurements. 

The purpose of this report is to discuss and compare a few methods of correc
tion that have been proposed, including those of Mather and Segre (1) and of Bichsel 
and Uehling (2), the application of a multiple-scattering detour distribution of Yang (3), 
and Monte Carlo calculations of Barkas and von Friesen (4) and of Berger (5). The 
theoretical background for the topics treated here is discussed by U. Fano in Appendix 
A of this volume under the headings "Energy Straggling" and "Multiple Scattering 
Effects on Penetration. 11 

Range measurements have been made in a variety of experimental arrangements; 
here we shall consider only the schematic, and somewhat oversimplified, situation 
sketched in Figure 1. A beam of monoenergetic particles of energy To is incident 

1 Supported by the National Aeronautics and Space Administration under contrac:t R-80 
with the National Bureau of Standards. 

2National Bureau of Standards, Washington, D. C. 
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INCIDENT 

I'IIOTDN 

IUM 

4-- -- -- -- I - --- -- ---. 

Figure 1. Assumed source-target-detector 
configuration for range measurements. 

perpendicularly, in the z-direction, on a slab of thickness z. In a ''poor geometry" 
experiment, the slab is unbounded in the x- andy-directions. In "good geometry" it 
is laterally bounded, which reduces the magnitude of the multiple-scattering correc
tions but complicates their evaluation. A proton detector is placed immediately 
behind the slab and is assumed to be characterized by a response R(T, 9) to individual 
protons emerging from the exit face of the slab with energy T am obliquity e. 

Let J( z, T, 9) sin9d9dT represent the probability that a proton is transmitted 
through the slab and emerges through the exit face with an energy between T and T+dT 
and with an obliquity between 9 and 9+d9. The reading of the detector as a function 
of slab thickness, to be denoted by Q(z), is given by 

T 0 tr/2 
Q(z) = Q0 J 0 dT J 0 sin9d9J(z, T, 9)R(T, 9) , (1) 

where Q0 is a normalization constant which depends on the source strength and, at 
sufficiently high energies, also on the possible loss of protons from the beam due to 
nuclear interactions. For convenience, it will be assumed that Q(z) is normalized 
so that its maximum value is unity, and Q0 will be omitted from subsequent equations. 

We shall have occasion to consider two types of detectors with the following 
response functions: 

(a) Proton counter (e. g., a Faraday cup) that measures the current of protons 
across the exit face of the target slab. The resjonse of such a device is 
independent of the proton energy and direction, so that 

R(T, 9) = 1 . (2) 

The corresponding detector reading, to be denoted as Qxa(z), is called the 
integral distribution of projected range because it is proportional to the 
number of protons that penetrate to a depth greater than z. 

31n an actual experimental situation there may be a limitation on the proton energies 
and obliquities which the detector will accept; this complication is disregarded in 
our schematization. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


71 

(b) Ionization chamber. The response of such an instrument is proportional 
to the stopping power of the gas in the chamber and to the pathlength in the 
chamber which is, in turn, inversely proportional to cos8. 4 

Thus, 

R(T, 8) = - ~ [:~ (T)] gas co~8 (3) 

The corresponding detector reading, to be denoted as QBR(z), is usually 
called a curve of ionization versus depth or Bragg ionization curve. 

2. Statement of the Problem 

Let us suppose, for a moment, that the protons travel in a straight line within 
the target and that their energy loss at each point on their track is equal to the mean 
loss corresponding to their instantaneous energy. In this case, the integral distribu
tion of projected range would be a step function, 

where 
To 

r=J 0 

z>r 

dT 
_ .!_dE (T) 

pdx 

(4) 

(5) 

is the mean range in the continuous-slowing-down approximation (the c. s . d. a. range 
defined in the preface to this volume). From the location of the step of an experimental 
integral range curve one could immediately deduce the c. s.d. a. range and, from the 
latter, the mean excitation energy of the medium. Because of energy loss fluctuations 
and multiple-scattering detours, some protons will travel farther, others less far, 
than the c. s. d. a. range, so that the integral range distribution does not have the 
shape of an abrupt step but is rounded off. To extract from an experimental range 
distribution the value of the c. s. d. a. range one must therefore establish a parametric 
relation of some kind between the shape of QIR(z) and the value of r, taking into ac
count the proton energy and the characteristics of the medium. 5 For example, one 
may calculate, as a function of r, the median projected range, 6 i.e., the target 
thickness Zl/2 such that QIR(zl/2) = 0. 5 (50 percent transmission). Analogous criteria 
have been developed relating the c. s. d. a. range to the shape of Bragg ionization 
curves, which will be discussed in Section 7. 

The evaluation of QIR(z) or QBR(z) requires the calculation of the transmitted 
proton current J(z, T, 8). This is a difficult problem of transport theory which so far 

4 Again, this is true only for a limited range of exit obliquities. 

5It is also possible to relate the s_hape of QIR(z) directly to the value of the mean 
excitation energy, avoiding the use of the c. s. d. a. range as auxiliary variable. 

6The concept of the median projected range is useful only when the loss of protons 
from the beam due to nuclear interactions is insignificant. 
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has been solved only in various approximations. An exact solution is difficult to 
obtain for several reasons. The problem involves at least three independent variables 
(position, direction, energy), none of which can be suppressed; the underlying single
scattering cross sections have very strong peaks corresponding to the small deflec
tions or energy losses; one must calculate penetration to very great depths, under 
conditions where the use of simplified cross sections or other approximations have 
serious consequences. 

Approximate solutions can be obtained through the use of results for restricted 
problems combined in a suitable manner. The combination can be done either ana
lytically, or numerically by random sampling. In the analytical approach, energy 
loss fluctuations are taken into account indirectly through the use of a probability 
distribution for pathlengths which relates the actual pathlength to the c. s. d. a. range. 
This distribution is then folded into a conditional probability distribution which de
scribes multiple-scattering detours (shortening of the projected range) for a particle 
with given pathlength. The multiple -scattering detours can be readily calculated only 
in the continuous-slowing-down approximation, and the use of the convolution implies 
that the small correlation between energy loss (or pathlength) fluctuations and multiple-
scattering detours is not taken into account. · 

In the Monte Carlo approach a random-walk model is employed in which each 
step of the walk takes into account the effects of many successive single-scattering 
events. The transition probabilities for the random walk are derived from the appro
priate transport-theoretic results (pathlength distribution, multiple deflections). The 
grouping of single-scattering events into steps of an artificial random walk is made 
necessary by their enormous number, which makes direct analog computation too 
expensive. The grouping introduces a certain systematic error which is superimposed 
on the statistical error. The Monte Carlo calculation is more laborious and gives 
less insight into the problem than analytical approximations, but is capable, with 
sufficient effort, of giving more accurate results. Moreover, the Monte Carlo method 
is the only one now available which can be used to treat laterally bounded targets for 
which the sideways escape of protons is important. 

3. Outline of Analytical Approximation Scheme 

We may assume as known, and shall describe below in more detail, the following 
probability distributions: 7 

G(s)ds = probability that a proton with initial energy T 0 will have traveled 
a pathlength between s and s+ds when it has been slowed down to 
a stop. G(s) is determined by energy-loss fluctuations. 

F(z;e)dz =conditional probability that a proton with initial energy To and 
pathlength s will come to re·st at a depth between z and z+dz. 
F(z;s) is· determined by detours resulting from multiple Coulomb 
scattering. In principle, the detours depend on the detailed his
tory of the proton. In practice, one is limited to computing them 
in the continuous-slowing-down approximation. 

7These distributions pertain to protons slowing down in an unbounded homogeneous 
medium. The multiple-scattering angular deflections are usually small enough so 
that one can disregard the probability that the proton direction will be completely 
reversed. Therefore, one need not distinguish between a slab of finite thickness 
and an unbounded medium. 
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The convolution of these two distributions yields the probability 

H(z)dz = J; G(s)F(z;s)dsdz (6) 

that a proton with initial energy T 0 will come to rest at a depth between z and z+dz. 
The integral distribution of projected range is then given by 

JCO I I 
Q]:R(z) = z H(z )dz . (7) 

This equation states that the proton current through the exit face of a slab of thickness 
z is proportional to the fraction of the protons which, in an unbounded medium, would 
have come to a stop at depths z 1 > z. This relation holds only if the protons move in 
the direction of increasing z along their entire track, never suffering a reversal of 
direction. 

The Bragg ionization curve can similarly be expressed as 

QBR(z) = J: H(z 1 )R* (z 1 , z)dz 1 • (8) 

For a proton that eventually comes to a stop at a depth z 1 >z, we do not know the 
energy and direction that it had when crossing the exit plane at z. As will be shown 
below, it is possible to make an estimate of these quantities adequate for the analysis 
of Bragg ionization curves. We shall denote the response function based on such an 
estimate as R* (z 1 , z). 

4. Pathlength Distribution 

The pathlength distribution is approximately Gaussian, 

(9) 

with a mean r equal to the c. s. d. a. range defined by Equation 5 and a variance 

Z, A and pare the atomic number, atomic weight, and density of the medium, {Jc is 
the proton velocity, and m/M the ratio of the electron mass to the proton mass; rand 
a are in units of g cm-2, - ~~(T) in Mev/g cm-2 (see alsop. 42 of Appendix A of 

this volume). K is a correction factor taking into account the binding of the atomic 
electrons and is important only at low energies. The most comprehensive evaluation 
of t:1 has been made by Sternheimer (6), who tabulated the so-called percentage range 
straggling 

p = 100!!. r 
(11) 
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for beryllium, carbon, aluminum, copper, lead, and air (assuming mean excitation 
energies8 Iadj = 64, 78, 166, 371, 1071, and 94 ev, respectively) at energies between 
2 and 105 Mev. At constant energy, pis almost independent of Z, showing only a very 
small increase from beryllium to lead, and can be considered a function of logladj 
only. Table 1 gives p-values taken directly from Sternheimer for beryllium and 

TABLE 1 

Percentage Range-straggling Parameter p for Protons 
(according to Sternheimer) 

T Be c Al Cu Sn Pb 
Iadj = Iadj = ladj = Iadj = ladj = Iadj = 

(Mev) 64ev 78ev 163ev 314ev 516ev 826ev 

1000 0.879 0.886 0.921 0.956 0.988 1. 025 
800 0.897 0.904 0.943 0.980 1. 015 1.055 
600 0.924 0.932 0.974 1. 016 1.055 1.099 
500 0.942 0.952 o. 996 1.039 1.080 1.129 
400 0.966 o. 976 1.023 1. 071 1.116 1.167 
350 0.980 0.991 1.040 1. 089 1.136 1.190 
300 0.997 1.009 1.060 1.111 1.161 1. 218 
250 1.017 1.029 1.084 1.139 1.191 1. 251 
200 1. 041 1.054 1.112 1.172 1.229 1. 293 
160 1.065 1. 078 1.140 1.205 1. 267 1. 334 
140 1.078 1. 093 1.157 1.225 1.288 1. 358 
120 1.094 1.109 1.178 1.250 1. 316 1. 388 
100 1 .• 112 1.128 1. 201 1.278 1.347 1.420 

80 1.135 1.152 1. 231 1. 315 1. 389 1.463 
70 1.149 1.166 1. 249 1.338 1. 415 1. 492 
60 1.165 1.183 1. 271 1.364 1.445 1.527 
50 1.183 1. 203 1. 297 1. 397 1.483 1. 570 
40 1.206 1.230 1.330 1.437 1. 531 1.623 
30 1.238 1.263 1.377 1. 493 1. 592 1. 689 
25 1. 259 1. 285 1.408 1.529 1.630 1. 728 
20 1. 286 1. 315 1.450 1.575 1. 677 1. 774 
15 1.322 1. 357 1. 507 1.634 1. 731 1. 819 
10 1. 382 1.424 1. 597 1. 717 1. 815 1. 923 

8 1. 419 1. 466" 1.649 1. 751 1.845 1. 977 
6 1. 469 1. 526 1. 720 1. 842 1. 949 2. 087, 
4 1.550 1. 631 1. 814 1. 984 2.123 2.257 
2 1. 704 1. 867 1.968 2.219 2.436 2. 602 

81n accordance with the definition adopted by the Subcommittee (see preface and 
Paper No. 6 of this volume), we shall use the symbol Iadj in place of the customary 
I to indicate the mean excitation energy derived from experimental data on the as
sumption that shell corrections vanish in the high-energy limit. 
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aluminum. and p-values for copper. tin. and lead. ad~usted to 314. 516 and 826 ev. 
respectively. by interpolation with respect to logladj• Table 2 gives selected values 
of the correction factor K used by Sternheimer. 

TABLE 2 

Binding-effect Correction Factor K in Formula for a2 
(according to Sternheimer) 

T Be Al Pb 
(Mev) 

1 1. 37 
2 1. 24 1. 33 
5 1.12 1. 27 1. 31 

10 1. 07 1.19 1.22 
50 1. 02 1.06 1.19 

100 1. 04 1.16 
200 1.11 

A more accurate pathlength distribution derived by Lewis (7) is expressed as 
the product of a Gaussian times a correction factor L (s~r). The latter is evaluated 

as an Edgeworth series consisting of Hermite polynomials Hn(S~r) accompanied by 

coefficients which depend on the cumulants (certain combination of moments) of the 
pathlength distribution. The Lewis distribution is no longer symmetric; the most 
probable value of the pathlength is longer than the mean value. Lewis also found that 
the mean pathlength is slightly shorter than the c. s. d. a. range. The range. the dif
ference being negligibly small for protons. however; for example. it amounts to only 
0. 02 percent for 340-Mev protons in lead. 

The distribution of pathlengths which protons travel as their energy falls from 
T 0 to T f #- 0 may also be of interest. In the Gaussian approximation. one must use a 
mean value r(T0• Tf) = r(T0)-r(Tf) and a variance a2<T0• Tf) = a2<T0)-a2(Tf). The 

cumulants which enter into the Lewis correction factor can similarly be obtained by 
taking the difference of the cumulants evaluated for energies T 0 and T f. 

Table 3 shows L (s~r) for lead. To= 340 Mev and various final energies Tf 

between 339 Mev and 1 Mev. It can be seen that only for very small (T0-Tf)-differ
ences is there a significant departure from a Gaussian distribution. Table 4 shows 
L (s~r) for To= 340 Mev and Tf = 339 Mev. as function of the atomic number of 

the medium. 

9It would have been desirable to recompute p. using a more recent stopping-power 
table (Paper No. 7 of this volume). Because of the deadline for this publication. 
we were unable to do this and to adjust the remaining calculations in this paper 
accordingly. 
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TABLE 3 

Lewis Correction Factor L(!.:.!.) for Pathlength Distribution in Lead, a 
as Function of the Final Energy Tf• for an Initial Energy T 0 = 340 Mev 

s-r T (Mev) -a 339 338 336 332 324 308 276 1 

-1.0 0.75 0.83 0.88 0.91 0.93 0.95 0.97 0.98 
-0.8 0.76 0.83 0.88 0.91 0.94 0.95 0.97 0.98 
-0.6 0.78 0.84 o. 89 0.92 0. 94 o. 96 0.97 0.98 
- 0.4 0.80 0.86 0.91 0.94 0.96 o. 97 0.98 0.99 
-0.2 0.84 0.90 0.94 0.96 o. 97 0.98 0.99 0.99 
0 . 0 0.89 0.95 0.97 0.99 0.99 1. 00 1.00 1. 00 
0.2 0.98 1. 01 1. 02 1. 02 1.02 1. 01 1. 01 1. 01 
0.4 1.10 1. 09 1. 07 1.05 1. 04 1. 03 1. 02 1. 01 
0.6 1. 25 1.17 1. 12 1.08 1. 06 1. 04 1.03 1.02 
0.8 1. 40 1. 25 1.16 1.10 1. 07 1. 05 1.03 1.02 
1.0 1. 52 1.31 1.19 1.13 1. 08 1. 06 1. 04 1.02 

TABLE 4 

Lewis Correction Factor L(S-r) for Pathlength Distribution for 
a 

Different Media. To= 340 Mev, Tf = 339 Mev 

c AI Cu Ag Pb 
s-r ladj = ladj = ladj = ladj = ladj = -a 78.4ev 163ev 314ev 487ev 826ev 

-1.0 0.59 0.64 0.68 o. 71 0.75 
-0.8 0.62 0.66 0.70 0.73 0.76 
-0.6 0.66 0.70 0.73 0.75 0.78 
-0.4 o. 71 0.74 0.76 0.78 0.80 
-0.2 0.77 o. 79 0.81 0.82 0.84 
o.o 0.86 0.87 0.88 0.89 o. 89 
0.2 0.99 0.99 0.99 0.98 o. 98 
0.4 1.19 1.16 1.14 1.12 1.10 
0.6 1. 42 1.37 1. 32 1. 29 1.25 
0.8 1. 67 1. 58 1. 51 1.46 1. 40 
1.0 1.85 1. 75 1. 66 1. 60 1. 52 

5. Multiple Scattering Detours 

Theory of Yang 

Yang (3) has given a prescription for calculating the joint distribution of the 
depth of penetration z and of the multiple-scattering deflection 9 for a charged 
particle that has traveled a pathlength s. He explicitly evaluated the distribution of 
z for two cases: integrating over all possible values of 9, and for 9 = 0°. The first 
of these distributions will be used here. 
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Yang's derivation is based on an approximate form of the transport equation 
which makes use of the small-angle approximation and leads to a Gaussian distribution 
of multiple-scattering deflections instead of the more exact Moliere distribution when 
all other variables are integrated out. The energy loss of the particle along its track 
is disregarded. At first sight, these restrictive assumptions would seem to preclude 
the use of Yang's distribution in the present problem. However. Monte Carlo calcu
lations for protons. which will be described below. indicate that the applicability of 
the Yang distribution can be greatly extended, at least approximately, by the following 
adjustment: the one parameter that occurs in the distribution (the average difference 
( s-z) between pathlength and depth of penetration) is to be calculated with the use of 
rigorous transport theory. without resort to the small-angle approximation. and with 
inclusion of energy loss according to the continuous -slowing-down approximation. 
The Yang distribution is expressed in terms of the scaled variable 

and has the form 

F(z;s)dz = Y(v)dv 

s-z 
v=2 ~ 

\S-Z/ 

l2,-112v-3/2 [exp( -1/v)-3 exp( -9/v)] 
Y(v) = 

! exp( _,2v /16) 
4 

The percentage detour factor 

0 = 100 (s-z) 
s 

.v~2 

v > 2 • 

(12) 

(13) 

(14) 

is shown in Figure 2 for beryllium, aluminum, copper, and lead as function of the 
initial proton energy T 0 . These results are obtained by the transport calculation 
outlined in Section 8, which uses as input the Rutherford single-scattering cross 

8.---------r-------------,-------------~ 

10 100 1000 
T,Mev 

Figure 2. Ratio of percentage detour parameter, D. to the atomic 
number of the medium. 
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section modified for screening according to the prescription of Moliere. The calcula
tion is expected to be quite accurate at high energies, but there is some doubt whether 
the screening corrections are adequate for protons with energies as low as a few Mev. 

Barkas (Paper No. 7 of this volume) has measured percentage detour factors 
in photographic emulsion and has then derived corresponding factors for other mate
rials, assuming that the quantity (1-n)(Xo/s)D is independent of the material (Xo = 
radiation length, n a parameter that is close to 0. 63 for all substances except those 
of lowest atomic number). Table 5 shows that Barkas' scaling procedure yields 
values of D, at energies between 1 and 8 Mev, which are somewhat lower than the 
calculated values, the discrepancies being greatest for low-Z materials. 

TABLE 5 

Comparison of Percentage Detour Factors D Obtained by Calculation 
and by the Scaling of Experimental Emulsion Data 

T Pb Sn Cu Al 
(Mev) Exp. Cal. Exp. Cal. Exp. Cal. Exp. Cal. 

1 7.2 7.6 3.9 4.6 2.0 2.5 0.7 0.9 
2 5.9 6.2 3.1 3. 6 1.6 1.9 0.6 0.7 
3 5.2 5.4 2.7 3.1 1.4 1.6 0.5 0.6 
4 4.7 5.0 2.5 2.8 1.3 1.5 0.5 0.6 
5 4.4 4.6 2.3 2.6 1.2 1.4 0.4 0.5 
6 4.2 4.4 2.2 2.5 1.1 1.3 0.4 0.5 
7 4.0 4.2 2.1 2.3 1.0 1.2 0.4 0.5 
8 3.8 4.0 2.0 2.3 1.0 1.2 0.4 0.5 

Theory of Bichsel and Uehling 

Bichsel and Uehling (2) based their considerations on the use of the angular 
multiple-scattering distributions of Moliere (8), 

fM(9,B)9d9=8d9(2exp(-92) + f(1)fB + f(2)fB2 + ••• } , (15) 

where 
9 = 6/xc./B 

and where e is the deflection angle.10 Bichsel and Uehling start by assuming 
"smoothed-out" trajectories, along which the scaled Moliere scattering angle 9 is 
constant. The difference between pathlength and depth of penetration, in the small
angle approximation, is then expressed as 

(16) 

10The functions f(l) and f(2) have been tabulated by Moliere (8), Bethe (9), and 
Scott (10). The prescription of Moliere for evaluating x c and B, with energy loss 
accounted for in the continuous-slowing-down approximation, is summarized in 
Section 8. 
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For a smoothed-out trajectory. s-z is then proportional to e2. the proportionality 
constant being 

A -1 rs 2 ' BU- '2' Jo X c Bds . (17) 

With this assumption. the distribution of s -z can be immediately derived from the 
Moliere distribution. and is found to be 

with v = 2 s-z 
ABu 

(18) 

Bichsel and Uehling attempted to account for the difference between actual 
proton paths and smoothed-out paths by a 11wiggliness correction" based on the use 
of results in the paper of Yang. They estimate that s-z should, on the average. be 
increased by an additional amount fs ABu due to the wiggliness of the track. '~:hey 
then suggest that when folding the distribution F into the pathlength distribution G. 
this correction can be taken into account by using an F as calculated for a smoothed
out path but2chan~ng the mean of G from r tor- h ABU and its variance from 

a 2 to a2 + (15 ABu)2 . This procedure is expected to be reasonably accurate because 

the required percentage change in mean and variance is usually rather small. Bichsel 
(private communication) suggested that even when the distribution F is of interest 
rather than its convolution with G, the same procedure can still be followed, the fold
ing in this case being done with a Gaussian with mean r -/s ABU and variance 

(2 )2 . 
15 ABU • The peak of the distnbution then occurs no longer at z = s but. more 

correctly, at a value of z slightly smaller than s (see Fig. 5). 

Monte Carlo Detour Calculations 

Barkas and von Friesen (4) made range measurements on 750-Mev protons. 
using a thin target rod with a 1 " x 1 " cross section in order to minimize the required 
multiple-scattering corrections. and carried out parallel Monte Carlo calculations. 
The protons were assumed to be incident along the axis of the rod. The entire track
length was divided into 102 intervals of gradually decreasing size, and the angular 
and lateral multiple-scattering deflections in each successive -interval were sampled 
from a bivariate Gaussian distribution (Ref. 11). In this manner. tracks were followed 
until the proton escaped from the rod. The following information was extracted from 
the sampled tracks: (a) the escape of protons through the lateral surfaces of the rod, 
as a function of the depth of penetration; (b) the detour distribution for protons that 
passed through the entire length of the rod and emerged with an obliquity 9~45° with 
respect to the rod axis. 

Berger (5) calculated detour distributions for 338. 5-Mev protons in lead and 
copper targets assumed laterally unbounded. The proton track-length (assumed equal 
to the c. s. d . a. range) was divided into 30 intervals, and the multiple-scattering de
flection in each interval was sampled from the Moliere distribution. The displace
ment in the z-direction in a section of path of length As is given by Az = uxA( + 
uyA'I'J + uzAC. where ~ is the direction of motion at the beginning of the section, and 
where A(, A'I'J, and AC are the displacements expressed in a Cartesian coordinate 
system whose C-axis coincides with~· In Berger's calculation. since ux and lly are 
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usually much smaller than uz. the lateral multiple-scattering deflections were dis
regarded (A~= A.,= 0) and AC was calculated in three different approximations. In 

Model 1 the ratio~ was set equal to unity, in Model 2 equal to (1-cosw)/2, and in 
As 

Model 3 equal to 1-cosw. Models 1 and 3 would seem to bracket the correct value, 
and Model 2 may come closest to representing the actual situation. The model error 
could be reduced by a subdivision of the proton track into more intervals or by an ap
plication of the Yang detour distribution within each interval. The effect of disregard
ing the lateral multiple-scattering deflections, A~ and ATJ. should be examined more 
carefully. 

Comparisons 

In Figure 3, detour distributions for 338. 5-Mev protons in lead and copper are 
shown as determined (a) with the use of the Yang distribution and the percentage 
detour factor D, and (b) by the Monte Carlo method. Both calculations pertain to 

1 

0.6 

0.5 

0.4 Pb-338.5 Mev 

r 
IOOF 

0.3 

0.2 

0.1 

4 5 6 7 8 
100 r;z 

Figure 3(a). Lead (Iadj = 826 ev) 
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Figure 3(b). Copper (ladj = 314 ev) 
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2.2 2.4 2.6 2.8 3.0 

Figure 3(a) and (b). Detour distribution for protons slowed down from 338. 5 Mev to 
2 Mev. Solid curve obtained with the Yang distribution and the detour parameter 
D. Histograms are based on 5000 Monte Carlo histories (Models 1, 2, and 3 as 
indicated; arrowheads indicate statistical error). 

protons slowed down to an energy of 2 Mev in a slab that is laterally unbounded. The 
agreement between the two methods is fairly good. However, the Monte Carlo dis
tribution has a higher peak, corresponding to small detours, and a lower tail. The 
origin of this discrepancy is not entirely clear to us. The application of the Yang 
distribution, derived originally in a one-velocity, small-angle, diffusion-type approxi
mation, is obviously an oversimplification in the present instance. Not only is there 
a drastic energy change from 338.5 to 2 Mev, but the associated angular multiple
scattering deflections, as shown in Figure 4, are not very small. Also, the Monte 
Carlo results, based on 5000 histories, are subject to considerable statistical fluctua
tions, particularly in the tail of the distributions corresponding to large detours. 
However, neither statistical errors nor systematic errors due to the uncertainty as 
to the Monte Carlo model that should be used seem to us large enough to account for 
the discrepancy with respect to the Yang distribution. 

Figure 5 compares the Yang detour distribution for 338. 5-Mev proton in lead 
with the corresponding result of the theory of Bichsel and Uehling. There is fairly 
good agreement provided the "wiggliness correction" is applied to the distribution 
for smoothed-out tracks. 
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8, degrHI 

Figure 4. Angular distribution of protons slowed down from 
338.5 Mev to 2 Mev in lead or copper, based on 5000 
Monte Carlo histories. 9 is the obliquity with respect to 
the initial direction of motion. 
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Figure 5. Comparison of the Yang and Bichsel-Uehling detour distributions for pro
tons slowed down in lead from 338.5 to 2 Mev. The dotted curve is the Bichsel
Uehling result without the "wiggliness correction. " 

Figure 6 shows the Monte Carlo results of Barkas and von Friesen for 750-Mev 
protons in lead and copper rods. For comparison, corresponding detour distributions 
for laterally unbounded targets are also shown (based on the Yang distribution). The 
ratio of the areas under the distributions for good and poor geometry represents the 
loss of protons through side-walls of the rod. 

From the available evidence, we would conclude that the various calculational 
techniques provide reasonable approximations for the detour distribution. In Sec
tion 7 it will further be shown that the degree of approximation is adequate for the 
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(A) 

Figure 6(a). Lead 

Figure 6(b). Copper 

Figure 6. Detour distributions for 750-Mev protons. The histograms represent the 
Monte Carlo results of Barkas and von Friesen for an absorber rod with a 1" x 1" 
cross section. The curves were calculated according to Yang for a laterally 
unbounded absorber: (A) with a detour factor corresponding to the approximation 
of Barkas and von Friesen, and (B) with a detour factor according to the prescrip
tion in Section 8 (Eqs. 40-44). 
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determination of mean excitation energies from range measurements. If exact 
detour distributions are considered to be of interest by themselves, further work is 
required. 11 

6. Differential and Integral Range Distributions 

In this section it will be convenient to use instead of z the scaled variable 

x= z-r 
(1 

and the corresponding distribution of projected range, 

h(x)dx = H(z)dz . 

(19) 

(20) 

By folding the pathlength distribution (Eq. 9) into the Yang detour distribution (Eq. 13), 
one finds that 

hy(x) = Jk s; exp [-<~t + x)2 /2] Y(v)dv (21) 

with 
t = (s-z) = D • (22) 

(1 p 

The distribution h (x) thus depends only on a single parameter t, which expresses 
the relative importance of multiple-scattering detours and pathlength straggling. In 
first approximation, tis proportional to the atomic number Z of the medium. In 
Figure 7, the ratio t/Z is plotted versus energy for beryllium, aluminum, copper, 
and lead. 

hy(x) =: s; exp [-<~ + x)2 /2] v-3/2 [exp( -1/v)- 3 exp( -9/v)] dv 

where: 

b2-4ac [ b ] 
+ ~ e- a 1 - ~ <-;ra> 

a= t2 /8 

b"'" ( t2 + tx + n2/8) /4 
c ,. ( t + x)2/2 + .,2/8 

~ (u) = j s; e-Y2dy (error integral) 

The integral distribution of projected range, 

(23) 

(24) 

11A manuscript by L. V. Spencer (private communication) lays out the general 
framework for an accurate analytical calculation. See earlier work by Spencer 
and Coyne (12). 
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3.0 

T,Mw 

I ESTIMATED 
UNCERTAINTY 

Figure 7. Ratio of characteristic parameter, t, of projected range 
distribution to the atomic number of medium. 

has been obtained through numerical integration and is presented in Table 6 for a 
set oft-values sufficient to describe protons with energies between 1 and 1000 Mev 
in all substances. 

In some experiments, the median projected range is measured; i.e., the 
target thickness zl/2 such that 50 percent of the incident protons are transmitted. 

Let xl/2 be the corresponding scaled median thickness. Then 

Z1/2 = r + u x1/2 , (25) 

and 

(26) 

Thus, the percent deviation of the median range from the c. s. d. a. range is equal to 
the percentage detour factor D multiplied by an additional correction factor c- Xi/2} 

Values of x1/2 and ( x~/2) as functions of t are given in Table 7. 

The use of the Bichsel-Uehling detour distribution results in a differential 
range distribution 

hsu(x) = q,. s; exp [- ( ~ + x)2J2] fM (A· B) dv • (27) 

with fM given by Equation 15. In this case there are two parameters which charac
terize the distribution: the variable B of the Moliere theory, and the ratio 

t =ABU -,-. (28) 
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:g 
-6.0 
-5.0 
-4.0 
-3.0 
-2.5 
-2.0 
-1.5 
-1.0 
-0.5 
o.o 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

TABLE 6 

Integral Distribution of Projected Range, QIR(x) 

o.o 0.5 1.0 1.5 2.0 2.5 

1.0000 1.0000 .9983 .9872 • 9620 .9255 
1.0000 .9999 .9943 .9708 .9295 • 8780 
1.0000 .9987 .9804 • 9335 . 8694 • 8003 

.9987 .9873 . 9341 • 8498 . 7593 • 6743 

. 9938 .9654 . 8826 • 7773 • 6761 . 5872 

.9773 .9167 . 7995 • 6773 . 5714 . 4839 
• 9332 • 8254 • 6789 • 5504 • 4489 • 3697 
• 8413 • 6842 .5264 • 4071 • 3202 .2560 
• 6915 • 5060 • 3627 • 2672 • 2025 .1569 
• 5000 • 3245 . 2165 .1520 .1109 • 0833 
• 3085 .1762 .1097 .0734 . 0516 .0376 
.1587 • 0795 • 0463 . 0296 • 0201 . 0142 
• 0668 . 0294 • 0161 . 0098 .0064 .0044 
• 0228 • 0088 • 0045 .0027 . 0017 • 0011 
• 0062 • 0021 . 0010 .0006 .0004 • 0002 
• 0014 • 0004 .0002 • 0001 . 0001 • 0000 

TABLE 7 

Scaled Median Range x112 and Correction Factor (x1/2)for 
t 

Computing Percentage Deviation of Median from c. s. d. a. Range 

t x1/2 xl/2 /t 

o.o o.o -1.0 
0.1 -0.09988 -0.9988 
0.15 -0.1495 -0.9965 
0.2 -0.1987 -0.9936 
0.3 -0.2959 -0.9862 
0.4 -0.3910 -0.9774 
0.5 -0.4839 -0.9677 
0.6 -0.5747 -0.9578 
0.8 -0.7504 -0.9380 
1.0 -0.9194 -0.9194 
1.2 -1.083 -0.9025 
1.5 -1. 321 -0.8803 
2.0 -1. 702 -0.8511 
2.5 -2.074 -0.8295 
3.0 -2.440 -0.8135 

87 

3.0 

. 8825 

. 8227 

. 7326 

. 5984 
• 5112 
• 4121 
• 3075 
. 2074 
.1238 
.0639 
. 0281 
• 0103 
• 0031 
.0008 
. 0002 
. 0000 
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(If the "wiggliness correction" is applied, a must be replaced by Co2 +( 125 ~Bu>2 J 1 12 ). 

The integral range distribution obtained from Equation 27 by numerical integration 
has been tabulated (Ref. 2) forB= 10 and ( = 1/t = 0. 0, 0. 69, 1. 20, 2. 0, and 4. 0. 
The percentage deviation of the median projected range from the c. s. d. a. range has 
been presented by Bichsel (13) for gold, silver, nickel, and aluminum in the form of 
graphs covering energies between 1 and 1000 Mev. 

7. Analysis of Bragg Ionization Curves 

We now turn to the evaluation of the Bragg ionization curve, 

J.CI> I * I I QBR(z) = z-r h(x ) R (x , x) dx , (29) 

a-
obtained with an ionization chamber. As pointed out in Section 1, the value of Q is 
proportional to a constant factor which represents the fraction of the protons that 
have not been scattered out of the beam by large angular deflections due to nuclear 
interactions. This reduction factor need not be known for the determination of the 
c. s. d. a. range or mean excitation energy. It is sufficient to know the shape of the 
Bragg curve; that is, the relative variations of Q, near the end of the range. The 
evaluation of Equation 29 requires a choice of a differential range distribution and 
an estimate of the detector response. 

Procedure of Mather and Segre 

The procedure adopted by Mather and Segre in the analysis of their data was 
particularly simple and turn~ out to be quite adequate for the determination of the 
mean excitation energy. Only in regard to predicting the shape of the Bragg curve 
is it inferior to the other more elaborate procedures discussed below. Mather and 
Segre assumed, in effect, that the detour distribution is given as a delta function, 

F(z;s) = 6 (z-s + ~s> , (30) 

where ~Sis the shortening of the projected range compared to the pathlength due 

to multiple-scattering detours. For AMs they derived the simple approximation12 

AMs = r s:Oo (Z =atomic number) . 

The corresponding differential range distribution is 

with t = ~sla. 

Mather and Segre further assumed that the response of their argon-filled 
ionization chamber could be represented with sufficient accuracy by 

(31) 

(32) 

12This result is somewhat smaller than the detour predicted by Equations 40-44 of 
Section 8. Concerning the nature of the Mather-Segre approximation, see also 
page 47 of Appendix A of this volume. 
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R*(z 1 , z) = const · (z 1 -z)-0. 46 . 

The resulting Bragg curve, normalized to unit peak height, is shown in Table 8. 

TABLE 8 

Bragg Ionization Curve Computed According 
to the Prescription of Mather and Segre 

z-(r-~MS) QBR 
a 

-4.0 0.552 
-3.5 0.592 
-3.0 0.647 
-2.5 o. 721 
-2.0 0.817 
-1.5 o. 923 
-1.0 0.995 
-0.5 o. 970 
0.0 o. 819 
0.5 0.578 
1.0 0.333 
1.5 0.155 
2.0 0.057 
2.5 0.017 
3.0 0.004 

Estimate of the Detector Response 

89 

(33) 

When evaluating Equation 29 with the use of the differential range distributions 
hy(x) and h BU(x), we have made a crude estimate of R* (z 1 , z), corresponding 
essentially to that of Mather and Segre, as well as a more elaborate estimate, ac
cording to the following procedure: 

Crude Estimate: 

a. Assume that the residual c. s. d. a. range of the proton, upon leaving 
the target, is equal to rz = z 1 -z. 

b. Determine the corresponding proton energy T( r z) by interpolation in 
a range-energy table. 

c. Determine - ~ ~ (T) in argon by interpolation in a stopping-power 
table. 

d. Let R*(z 1 ,z) =- ~¥x(T) 

More Elaborate Estimate: 

1. Carry out steps, a, b, and c as in the crude estimate. 
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2. Estimate the proton direction at the time of emergence from the 
target, using a mean obliquity cosine (cos 8 I T 0 ~ T ) calculated 
according to Equations 40-44 of Section 8. 

3. Make an improved estimate of the residual range, rz = (z'-z)/(cose). 

4. With this improved value of rz• repeat steps 1 and 2 and obtain 

new values of T, (cos 8) and - 1 ~ (T) • 
pax 

5. Make an improved response estimate R*(z',z) = -l~(T)/(cos8). 
If the change in R* is sufficiently small (less than, Psa~, 0. 5 per
cent), the calculation is finished; if it is not, iterate the procedure 
until convergence is achieved. 

The difference between Bragg curves calculated with the crude estimate and with the 
more elaborate estimate of the detector response serves to indicate the error inherent 
in such estimates. 

Monte Carlo Calculation of Bragg Ionization Curves 

A very simple elaboration is needed of the procedures indicated in Section 5 
(under "Monte Carlo Detour Calculations"). Instead of pre-selecting for each proton 
track a set of pathlength intervals, one divides the energy history of the proton into 
intervals and samples the pathlength in each interval. Once this is done, the re
mainder of the calculation of trajectories proceeds as in the calculation of path 
detours. There is no difficulty in estimating the detector response because the 
energy and direction of the proton are known at all times. 

In a calculation of this type by Berger (5), the energy region between 338.5 and 
2 Mev was divided into 30 intervals of gradually decreasing size, and the pathlength 
in each interval was sampled from a Gaussian distribution with mean r(T ') - r(T ") 
and variance o(T') - a(T"), T' and T" being the energies at the beginning and the 
end of the interval. This was an approximation. However, the departure of the 
actual distribution from a Gaussian, as predicted by the Lewis theory, amounts only 
to a few percent (see, e. g., Table 3). Moreover, the Bragg curve needs to be 
evaluated only for large z, so that the cumulative pathlength of the protons is long 
enough for the Gaussian approximation to be very close. 

Determination of the Range and Mean Excitation Energy 

The required analysis is as follows: 

0 1. a. Assume a value for the mean excitation energy, say Iadj• 

b. Determine the corresponding values of the c. s. d. a. range and 
pathlength straggling parameters, ro and C70· 

c. Evaluate the parameter t with the use of the chosen multiple
scattering theory. 

d. Compute the theoretical Bragg curve QBR(z), either analytically 
or by a Monte Carlo calculation, and normalize it so that its 
peak value is unity. 
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e. Find the ordinate P of the theoretical curve corresponding to 
a depth equal to the assumed c. s. d. a. range r 0• 

2. a. Normalize the experimental Bragg curve so that its peak value 
is unity. 

b. Determine the depth on the experimental curve for which the 
ordinate has the value P. This depth is an estimate of the 
experimental c. s. d. a. range r. 

c. With the use of a range-energy table, determine the corre
sponding experimental value of the mean excitation energy, Iadf 

3. In principle, it is necessary to repeat the entire procedure with a 
new theoretical Bragg curve corresponding to Iadf However, the 
value of P is very insensitive to the value of the mean excitation 
energy, so that with any reasonably close initial value I~j no new 
calculation is required. 

91 

The analysis according to Mather and Segre is simpler, requiring only the 
determination (from the normalized experimental Bragg curve) of the absorber thick
ness at which the ordinate has fallen to a value to 82 percent of the peak value. As 
can be seen from Table 8, this thickness provides an estimate of the experimental 
c. s. d. a. range minus the projected range shortening, r - AMs· 

Table 9 compares values of the mean excitation energy derived by various 
methods13 from ionization curves in lead and copper measured by Mather and Segre 
(1)14 and by Zrelov and Stoletov (14). The following points emerge: (1) There ap
pears to be no significant difference between the Iadrvalues derived by the different 
methods. The differences in Iadj from one run of an experiment to another are 
greater than those due to the use of different methods of analysis. (2) The values of 
Iadj for lead in Table 9 are systematically lower than those deduced by the experi
menters in their original publications. This is due to the use of a new range-energy 
table based on improved estimates of shell corrections (Report No. 7 of this volume). 

Shape of the Bragg Ionization Curve near the End of the Range 

Mather and Segre pointed out that their experimental Bragg curves agreed with 
the curves predicted by their simple analysis only in the region beyond the peak but 
not in the region preceding it (see Fig. 9a). They thought that nuclear interactions 
were the most likely cause for this discrepancy. Later Bichsel (15) examined this 
question and pointed out that on the basis of his multiple-scattering corrections, and 
assuming plausible values for the relevant parameters, he could account very well 
for the shape of the Mather-Segre curve for 340-Mev protons in lead without having 
to invoke the effect of nuclear interactions. We have once more looked at this ques
tion and have reached the conclusion that there are aspects to it which are not fully 
explained. 

13The values in Table 9 were obtained with "elaborate" estimates of the detector re
sponse. However, the use of "crude" estimates would have changed the Iadrvalues 
by at most one or two units in the third significant figure. 

14we are indebted to Dr. R. Mather for placing at our disposal detailed experimental 
data not given explicitly in his paper. 
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TABLE 9 

C. s. d. a. Ranges and Corresponding Mean Excitation Energies Obtained 
by the Methods Indicated in Section 7 (p. 88). The Experimental Value 
of r is that Absorber Thickness to the Right of the Maximum at which the 
Normalized Bragg Curve has Fallen to a Value P. Values of ladj in 
Parentheses are Those Deduced by the Experimenters in their Original 
Publications with the Use of Older Range-energy Tables 

r lad . 
Source of data Method of anallsis p (g/cm2) (evi 

Mather and Segre: 
Pb - 338. 5 Mev Yang 0.320 123.12 756 

Bichse 1-Uehling 0.385 122.85 747 
Monte Carlo #1 0.320 123.12 756 
Monte Carlo #2 0.290 123. 25 760 
Monte Carlo #3 0 . 252 123.42 766 
Mather and Se gre 0.82 122.76 744(793) 

Pb - 339. 7 Mev Yang 0.320 124.61 782 
Mather and Segre 0 . 82 124.37 774(829) 

Cu - 337.9 Mev Yang 0.543 92.05 314 
Mather and Segre 0 . 82 91.84 309(312) 

Cu - 338. 5 Mev Yang 0.543 92.04 308 
Monte Carlo #1 0.535 92.03 308 
Monte Carlo #2 0.517 92.07 308 
Monte Carlo #3 o. 497 92.11 309 
Mather and Segre 0.82 91.77 302(304) 

Cu - 339. 7 Mev Yang 0.543 92.98 317 
Mather and Segre 0.82 92.69 31 0(313) 

Zrelov and Stoletov: 
Cu- 658 Mev Yang o. 551 258.54 317 

Monte Carlo #1 0.558 258.49 317 
Monte Carlo #2 0.530 258.70 319 
Monte Carlo #3 0.512 258 . 83 320 
Mather and Segre 0.82 257.6 309(305) 

To begin with, we compare (in Figs . 8a-8c), the Bragg curves resulting from 
use of the Yang distribution, the Bichsel-Uehling theory, and Monte Carlo calculations 
(based on lad · = 826 ev for lead and 314 ev for copper). At 338.5 Mev and 658.0 Mev 
for copper, there is good agreement. At 338. 5 Mev in lead, there are noticeable 
differences; in particular, the Monte Carlo results in the regi~m preceding the peak 
are somewhat lower than the other two curves . 

In making comparisons with experiment in regard to curve shape, we have 
from the start eliminated possible discrepancies due to a different value of the 
c. s. d. a. range. For each method, we recalculated the theoretical curves with 
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Figure 8. Theoretical Bragg ionization curves near the end of the proton 
range, derived with the use of the Yang distribution (Y), from the 
Bichsel-Uehling theory (B-U), and by the Monte Carlo method (MC). 
(a) 338. 5-Mev protons in lead Uadj = 826 ev): solid curve, Y; dotted 
curve, B-U; points, MC (Model 2). (b) 338. 5-Mev protons in copper 
(Iadj = 314 ev): solid curve, Y; points, MC (Model 2). 
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Figure S(c) 

Figure 8. Theoretical Bragg ionization curves near the end 
of the proton range, derived with the use of the Yang 
distribution (Y), from the Bichsel-Uehling theory (B-U), 
and by the Monte Carlo method (MC). (c) 658-Mev 
protons in copper Uadj = 314 ev): solid curve, Y: 
points, MC (Model 2). 

exactly those values of r and ladj which had been obtained from the analysis of the 
experimental data described in Section 7 (under ''Determination of the Range and 
Mean Excitation Energy") and summarized in Table 9. The subsequent comparison 
(Fig. 9a) with the lead data of Mather and Segre indicates that there is good agree
ment with the Yang and Bichsel-Uehling curves everywhere, and that to the left of 
the peak the Monte Carlo curve still lies a little below the experimental curve. For 
copper (Figs. 9b and 9c), the situation is worse. All three theoretical predictions, 
to the left of the peak, are below the Mather-Segre points at 338. 5 Mev and the 
Zrelov-Stoletov points at 658 Mev, for which the discrepancies are much greater. 

There are at least two ways of accounting for the discrepancies between the 
predicted and observed curve shapes: 

(1) By subtracting the calculated from the experimental Bragg curves, one 
obtains residual curves that have themselves the shape of t~rminal 
sections of Bragg curves for protons with energies lower than the nominal 
source energy. This suggests the possibility that the incident proton 
beam in the Mather-Segre and Zrelov-Stoletov experiments m~ have 
had a more complicated structure than expected. Some plausibility is 
given to this suggestion by the finding of Barkas and von Friesen that the 
nominal 750-Mev proton beam in their experiment contained an admixture 
of protons with a 10-percent lower mean range. 

(2) The second possible explanation is the shortening of the projected range 
by nuclear interactions involving small defiections and energy losses. 
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Figure 9. . Comparison of theoretical and experimental Bragg ionization 
curves near the end of the proton range. (a) Comparison with the 
experimental data of Mather and Segr~ for 338. 5-Mev protons in 
lead: Y, Yang, Iadj = 756 ev, t = 1. 66; B-U, Bichsel-Uehling, 
ladj = 747 ev; M-S, Mather-Seg~ (theoretical), Iadj = 744 ev; 
MC", Monte Carlo, Model 2, Iadj =- 760 ev. (b) Comparison with 
the experimental data of Mather and Seg~ for i38. 5-Mev protons 
in copper: Y, Yang, Iadj = 308 ev, t = 0. 60; Y , Yang, Iadj = 308 ev, 
t* = 1. 2: MC, Monte Carlo, Model 2, Iadj = 308 ev; dotted curve, 
difference between Yang curves with t* = 1.. 2 and t = 0. 60. 
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Figure 9. Comparison of theoretical and experimental Bragg 
ionization curves near the end of the proton range. (c) 
Comparison with the experimental data of Zrelov and 
Stoletov for 658-Mev protons in copper: Y, Yang, Iadj = 
317 ev, t = 0. 61; Y*, Yang, Iadj = 317 ev, t* = 2. 5; 
MC, Monte Carlo, Model 2, Iadj = 319 ev; dotted curve, 
difference between Yang curves with t* = 2. 5 and t = 0. 61. 

We have found that, when the Yanj distribution is used, the replacement 
of the parameter t by a quantity t > t is sufficient to produce theoretical 
Bragg curves in copper that are in very close agreement with experi
ment. The corresponding shortening of the mean projected range, 
(t* -t)a, is equal to 0. 6 g em -2 at 338. 5 Mev and to 4. 9 g em -2 at 658 
Mev. No attempt as yet has been made to account for such effects on 
the basis of nuclear theory. To judge from the available data on nuclear 
energy levels the probability of small nuclear excitations would be much 
greater for copper than for lead, which is consistent with the observed 
multiple-scattering effects. 

a. Appendix 

Evaluation of the Bichsel-Uehling Detour Parameter 

The quantity ABu, defined by Equation 17, must be evaluated according to the 
theory of Moliere, taking into account energy loss in the continuous slowing-down 
approximation. For convenient reference we list here the final form of the equations 
after insertion of numerical values for the various constants. The various symbols 
have the following meaning: T =kinetic energy in units of the rest mass; {Jc =proton 
velocity; Z, A= atomic number and weight of the medium. 
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Xlc2 = 1. 783 X 10-7 zA2 [ T+1 J 2 
T(T+2) 

2 _11 z2/3 [ ( z } 2 J 
Xa = 2. 017 X 10 'T(T+2) 1.13 + 3. 76 137/J 

To 2 dT 1 
2=J I (TI) 

Xc T Xc -!.~(TI) 
pax 

- T I 

log X' 2 = 0/x 2> S oxi2<TI> log X 2 dT 
a c T c a _!. dE (T 1) 

p dx 

eB = Xc2 

B 1.167 X a2 

To 1 

Asu=iJo Xc2(TI)B(TI) 1:: I (g/cm2). 
--- (T ) 
pdx 

Transport-Theoretical Evaluation of the Detour Factor 

The percentage detour factor is given by 

0 T dT 1 

o = ~ S 0 ll- <cos e 1 T ~ T I> l 
r 0 -1 dE (T 1) ' 

~rx 
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(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

where (cosel T0~T) is the mean obliquity cosine of a proton which started out in the 
z -direction with energy T 0 and has been slowed down to energy T. It has been shown 
by Lewis (16) and Spencer (1 7) that 

f To 1 } (cos9IT0~T) = exp - JT C(T 1 ) 1 dT , 
__ dE (TI) 
pdx 

(41) 

where 

C(T) = 21rNJ~ sin 9 d9 o( 9, T) (l-cos9) , (42) 

and where N is the number of atoms per unit volume and o<e, T) the single-scattering 
cross section for a proton of energy T. 

Following Spencer, we have used for o(9, T) the Rutherford cross section 
modified to take into account screening. Then 
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Na(B.T) =ix~2 1 
(1-cose + x~2)2 

(43) 

where x' 2 and x 2 are defined by Equations 34 and 35. When this cross section is c a 
substituted into Equation 42, the result is 

C(T) =1 x'2 2 c \log (1 + ~) - 1 2l. 
~ Xa 1 + 4- ~ 
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6. VALUES OF I AND Iadj SUGGESTED BY THE SUBCOMMITTEE 

J. E. Turnerl 

Abstract 

Values of I/Z and Iadj/Z are suggested for the chemical elements 
in the form of graphs representing these quantities as functions of z. 

99 

The quantity I, the mean excitation energy, that enters the theoretical expres
sion for stopping power is a well-defined parameter of the theory. The definition of 
I for a material is given by Equation 34 in Appendix A: ln1 = "« fnlnEn• 2 From its 

definition, I depends only upon the ground- and excited -state wave functions of a 
stopping material, and hence is a property of that material, independent of the energy 
and other characteristics of an incident particle. The determination of I from its 
definition for a given material presents serious difficulties, since the oscillator 
strengths fn are generally not well known in the range of the most important excita
tion energies En· Theoretical values of I have been calculated only for the elements 
through beryllium, although calculations for more complicated systems are in prog
ress at the present time ( R. L. Platzman, private communication). For a general 
discussion of I and matters related to its determination the reader is referred to 
Section 3 of Appendix A. 

In practice, I is determined empirically from stopping power and/or range 
measurements. To do this one has to evaluate all of the terms in Equation 38 of 
Appendix A except I, which is thereby determined. Except at very high energies 
(e. g., ..... 1 Gev for protons), the density effect term ~ is either negligible or else it 
can be estimated with relatively good accuracy. Therefore, if the incident particle 
energy and stopping power have been determined in an experiment, then the quantity 
ln1 + C/Z can be evaluated to within the experimental uncertainties of the experiment. 
To determine I itself, an estimate must be made of C/Z, and this introduces further 
uncertainties unless this quantity is small. In addition, since only the logarithm of I 
enters the theory directly, a small uncertainty in stopping power introduces a rela
tively large uncertainty in I. As a result of these circumstances, precise values of 
I for most of the chemical elements cannot be given at the present time. 

In many applications one needs the value of I for a material through which 
charged particles pass. Accordingly, the Subcommittee considered it desirable to 
recommend a ''best" set of I values for the chemical elements, insofar as the present 
uncertainties just described would allow. Such a set is presented in summary form 
in Figure 1, which has been constructed on the basis of numerous discussions and 
recommendations from individual Subcommittee members. Because of the present 
state of the art, such a figure is necessarily tentative and uncertain in many respects. 
1t should lie made clear that compromises have been made in a number of places in 
the figure in order to try to make it refiect as accurately as possible the general 
consensus of the Subcommittee. 

1oak Ridge National Laboratory, Oak Ridge, Tenn. 
2 For the meaning of fn and En see pp. 17 and 19 of Appendix A. 
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Figure 1. Values of I/Z and ladj/Z in electron-volts for various atomic numbers z. 
showing selected experimental points. For Z ~ 13 (Al) it is suggested that the 
smooth curves be used to obtain 1/Z and lad·/Z. For Z < 13 one can use experi
mental values where given or use the dashe~ curve to estimate 1/Z. The region 
of low Z is populated with scattered experimental points, presumably reflecting 
the dependence of 1/Z on the state of chemical combination of an element, as well 
as experimental uncertainties. The values of 1/Z in this figure can be used with 
the shell-correction curves of Figure 6 in Appendix A of this volume. 

The value I= 163 ev for aluminum is probably reliable to within ±1 ev, 3 and 
this value was made an anchor point of the figure. For elements heavier than alumi
num, it was felt that present knowledge warrants drawing the solid curve in the figure 
for I/Z as a function of z. The extent of uncertainties introduced by doing this is 
indicated by the scatter of the selected data shown for Z > 13. For the elements 
lighter than aluminum, experiment shows a variation in the value of I found for a given 
element. depending on the chemical state of the element in a stopping material. 4 To 
represent the situation for the light elements. the dashed curve was drawn to indicate 
only a very general trend for elements below aluminum. The reported variation of 
I/Z due to different chemical binding is shown for carbon, nitrogen. and oxygen. 
Some experimental values of I/Z for other light elements are also shown. 

3see Reports No. 2 and No. 3 in this volume. 

4see Section 3 in Appendix A; also. Report No. 3 in this volume. 
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In addition to the mean excitation energy, I, values of a related quantity called 
the adjusted mean excitation energy, lad ·· are also shown in the figure. 5 This quantity 
is determined from experimental measu~ements under the assumption that shell cor
rections vanish when the speed of the incident particle approaches the speed of light 
(fJ -o1). Since, as mentioned above, stopping-power measurements determine directly 
lni + C/Z, it follows that the relationship between Iadj and I is given by 

lnladj = lni + ( ~ ) fJ=1 (1) 

or 
Iadj = lexp(C/Z),8=1 , (2) 

where (C/Z)fJ=1 is the high-energy limit of the shell-correction term. 6 In the litera
ture, high-energy measurements are frequently analyzed with the assumption that 
C/Z ... 0 as fJ ... 1, in which case the quantity here called ladj is given. 

Although I and Iadj differ conceptually, the difference in their numerical values 
is of little practical importance except for the heaviest elements. Table 1 summarizes 
the actual extent of differences. The numbers in the table were calculated from 
Equation 1, utilizing for C/Z the first two terms of the series expansion in powers of 
1/fJ2 developed and evaluated as described in Section 6 of Report No. 4, and the value 
of ladj as determined from the figure. Since the shell-correction curves in Figure 6 
of Appendix A are adjus,ted to give this high-energy limit, it is appropriate to use 
these curves with the value of I from the graph shown here. 

TABLE 1 

Values of Iadj• I, and AI ~ Iadj - I, in electron volts, 
for several elements 

Element z Iadj (C/Z)§=1 I AI 

Be 4 60 . 000 60 0 
Al 13 163 • 002 163 0 
Ar 18 210 • 003 210 0 
Cu 29 314 • 007 312 2 
A.g 47 487 • 014 480 7 
Pb 82 827 • 039 796 31 
u 92 922 . 051 877 45 

Particular thanks are due Dr. R. M. Sternheimer for making available to the 
Subcommittee the results of many of his own analyses and for providing valuable 
suggestions during the development of the final form of the figure. 

5Bee preface of this volume for the background of the terminology concerning I and 
Iadj used in these reports. 

6see Section 6 of Paper No. 4. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


7. TABLES OF ENERGY LOSSES AND RANGES OF 
HEAVY CHARGED PARTICLES 

Walter H. Barkasl and Martin J. Berger2 

Abstract 

Two-variable proton stopping-power and range tables are given as 
functions of the particle energy T and of the mean excitation energy Iadj 
of the medium, for 160 values ofT between 1 and 5000 Mev, and !or 36 
values of Iadj" These tables can be applied to any medium with specified 
mean excitation energy. By simple scaling, they can also be applied to 
other heavy particles with mass and charge different from that of the 
proton. The tabulated values below 8 Mev are based on experimental 
stopping-power and range data as summarized by a 9-parameter least
squares range formula. Above 8 Mev they are based on the Bethe 
stopping-power th~ory, except for the shell corrections which are cal
culated by an empirical formula in the variables T and Iadj derived from 
the analysis of experimental data. The two-variable tables do not in
clude the density effect correction which begins to be appreciable when 
the kinetic energy of the particle is approximately equal to the rest mass. 
Stopping-power and range tables which include the density effect correc
tion are given for protons, kaons, pions, and muons, for 36 elements 
and compounds. 

1. Introduction 

103 

In this paper we tabulate stopping powers and particle ranges. Making use of 
the available empirical data we first express the electronic stopping power as a univer
sal function of two variables, particle energy and mean excitation energy. With these 
variables we are able to systematize the calculation of ranges in all materials. The 
work is further generalized so as to apply to all charged particles. 

When the particle velocity exceeds about 0. 87c, the density of the stopping 
material becomes an additional parameter affecting the stopping power, so that the 
two-variable tables then apply only for stopping materials at low densities. More
over, the ranges in this energy interval may greatly exceed the geometrical free 
path for nuclear interaction, and become largely meaningless except for muons. 
For selected materialS, stopping-power and range tables are given which take the 
density effect into account. Some of the tables were prepared not only for protons 
but also for various kinds of mesons for which the density effect, at a given kinetic 
energy, is more important. If a need should arise for data pertaining to materials 
not included here, our computer program (IBM 7094) is available to prepare other 
tables similar to those in the present report. 

1Lawrence Radiation Laboratory, University of California, Berkeley. 
2National Bureau of Standards, Washington, D. C. ; work supported by National 
Aeronautics and Space Administration under Contract R-80. 
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The tables throughout most of the energy range are reliable to about 1 percent. 
In the few- Mev region, however, the stopping power becomes increasingly sensitive 
to the assumed mean excitation energy and there is also a lack of reliable theory, at 
least for the heavy elements. 

The very low velocity region (fj < 0. 05) is not a part of this report but is treated 
in the review articles of Allison and Warshaw (1), Whaling (2), and Northcliffe (3). 

2. Assumptions from Theory 

We assume that the mean energy loss per unit pathlength c. of a particle heavy 
compared with an electron and of unit positive charge, can be calculated from the 
expression 

(1) 

When the moving particle is a positive point-charge of magnitude, ze, its 

average rate of energy loss, -(~!), is assumed to be equal to z2 c., T. being its 

kinetic energy and ds an element of path. In Equation 1, r = e 2 /(mc2) em, and n is 
the number of electrons per cm2 per unit of path (expresse«A usually in em or in 
g/cm2). We also express pathlengths in units of electrons/cm2. 

The particle velocity in units of the velocity of light is symbolized by /J, and 

'1 5 {31 (1- {32)112 . The quantity 

(2) 

is the maximum energy that can be transferred to a stationary unbound electron by 
the moving particle when the electron-to-particle mass ratio is r. For particles 
heavier than electrons this expression for Wmax is approximated by 2mc2'72· In 
fact, when the particle momentum is so great that this approximation fails, the 
moving particle also probably cannot be treated as a point-charge. An electro
magnetic form-factor for the particle then also ought to be introduced (Ref. 4). 

The mean excitation energy, I, is an atomic parameter, namely the logarith
mic average over the excitation energies weighted by the oscillator strengths (Ref. 5). 
With few exceptions, the oscillator strengths are not known with sufficient accuracy 
to calculate 1-values, and they must be determined by stopping-power or range 
measurements. 

The shell-correctionS term, ~ , is required when the velocities of atomic 
electrons are not small compared w1th the particle velocity. It has in the past been 
assumed to vanish in the limit '1- <r>. Stopping-power experiments at high energies 
have been used to determine I, the only remaining parameter. Recently Fano (5) has 

3we are somewhat unsystematic in this paper and use the expressions "shell cor
rection" and "tight- binding correction" to denote the same concept. In Ref. 5, the 
expression "inner shell correction" is used. 
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studied shell corrections in more detail in the high energy limit, and has pointed out 

that ~ has a finite but small value when '11 ... CD, It is therefore convenient to introduce 
adjusted quantities Iadj and Cadj such that 

lni + 2 Cadj 
Z • 1n ladj + Z 

(3) 

and to require that Cadj ... 0 as the particle velocity approached that of light. Then 
in a large energy-interval where the particle velocity is well above that of the most 
tightly bound electron, Cadj may be neglected. At lower velocities Cadj is the opera
tionally defined quantity replacing C while Iadj replaces I so as to mainfain Equation 
1 exact. 

In Equation 1 the density-correction term of Sternheimer (6) is, as usual, 
symbolized by 6. It is assumed that for a mixture of elements with mean excitation 
energies I1, I2, ... , Ik the effective mean excitation energy I is given by 

(4) 

where ai is the fraction of the electron population belonging to the !_th element. This 
equ~tion is based on additivity of stopping effects-a rule that is reliable for physical 
mixtures but accurate to no better than a few percent for compounds. The mean ex
citation energy of a compound is best found from measurements made on it. Averages 
similar to Equation 4 can be made for the shell corrections and for the density effect. 

Attempts to describe the stopping power of matter at low velocities have been 
made by Bohr (7), Lindhard and Scharff (8), and others; however, the accuracy re
quired for energy determination from range measurements has not been achieved by 
pure theory, and this remains the most challenging problem of current stopping
power theory. The work of Walske (9) on C, in which he extends the usefulness of 
Equation 1 to lower velocities by estimating the effect of the K and L electronic shells, 
is deemed to be most useful in a practical sense. Because at low particle velocities 
the shell corrections become large, and for heavy elements relativistic effects and 
higher shell corrections not included in Walske's calculations are present, it is 
probably unwise to depend on them at low velocities. We use empirical data in this 
region, demanding, however, that such data be smooth with respect to both particle 
energy and mean excitation energy. The fundamental assumption of smoothness in 
ladj is discussed below. At high velocities we use the asymptotic form of Walske's 
corrections. 

The energy loss of heavy particles by radiation and the energy transmitted in 
collisions-elastic and inelastic-to nuclei is omitted from consideration. Neglect 
of energy loss in elastic collisions with nuclei is generally justified except for parti
cles penetrating a stopping material of low atomic number (Ref. 7). Inelastic colli
sions are excluded in our definition of range (see Sec. 3). 

3. Definition of Range 

Although the "range" as a loose concept of the distance a particle goes in being 
brought to rest is rather generally understood, its precise definition requires some 
care, and it cannot be made with complete satisfaction. 
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On the one hand, the range of a heavy particle is only well-defined when it is 
determined solely by energy loss to electrons, because this loss is never very large 
in a single collision. In the measurement of the range, then, particles that have 
suffered catastrophic energy losses to nuclei must be excluded, and secondary parti
cles that are products of such nuclear interactions also must be eliminated. Practi
cally, the effects of nuclear interactions can be largely avoided in "good geometry" 
experiments, although some remaining corrections may need to be applied. On the 
other hand, a theoretical estimate of the distance that a charged particle of energy 
To goes in coming to rest is most simply carried out by the integration 

Ro = Io/dT)-1 dT • (5) 
0 \ds 

Here (-~;). found from Equation 1, is the mean energy loss to electrons per unit 

pathlength. The particle is brought to rest, however, by a series of electron colli
sions, each of finite energy transfer. When a detailed analysis of this process is 
made, Equation 5 is found to underestimate the range. The average pathlength R of 
the particle is given by R = Ro (1 + £). At low energies, £ ~ 2r/B. Here B is the 
bracketed quantity in Equation 1 evaluated at T = T 0, and r is the mass ratio defined 
above (Refs. 10, 11). The correction is most important for the lightest particles, but 
seldom exceeds 0. 001. The stochastic nature of the process leads to a dispersion of 
the energy losses experienced in traversing an absorber, and is the cause of "range 
straggling." R0, then, is not the range but rather a quantity, differing but little from 
it, which we shall call the c. s. d. a. (continuous slowing down approximation) range. 
The tables of this report are based on this definition, but we also define the range, 
R(To) of a particle with initial energy T 0, as the average length of the paths of many 
such particles which are brought to rest without experiencing nuclear interactions. 

Often a median range, Rm, has been defined as the thickness of material 
through which one-half of the incident monoenergetic charged particles are trans
mitted. We do not adopt this range definition for the following reasons: 

(a) Our range R is the one more closely related to the quantity R0 calculated 
from stopping theory. 

(b) This median range depends not only on interactions with electrons but 
also on multiple-scattering detours due to nuclear interactions, both 
elastic and inelastic. These multiple-scattering effects are sensitive 
to the arrangement of source and detector, and the correction is peculiar 
to that geometry. 

(c) The median range is defined with respect to a transmission curve. At 
high energies, however, the range becomes greater than the mean free 
path for nuclear interaction, and the median range then measures a 
nuclear attenuation distance. 

When the path of the particle in the stopping material is not visible, the effects 
of scattering and nuclear interactions require difficult corrections. In such visual 
instruments as bubble and cloud chambers, as well as in emulsion, the whole parti
cle path is seen. Such visual ranges are distinctly better than the nonvisual ones. 
In emulsion, for example, the range-straggling curve is obtained without scattering 
error, and formulas for scattering effects can be checked experimentally. The gas 
of the cloud chamber can bring to rest only quite slow particles, however, while low 
energies cannot be measured in a bubble chamber because the bubble size then may 
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be comparable to the range. An uncertainty regarding the liquid density may also exist 
under the thermodynamic conditions of bubble-track formation .. Nevertheless, bubble
chamber ranges are potentially of great value; in this report range and stopping-power 
data for bubble-chamber liquids are given in Printout Table IV. 4 

4. Scaling of the Range 

It is convenient to separate the range-energy problem into two parts: (a) Given 
four of the five quantities-energy, mass, charge, range, and mean excitation energy
find the fifth; and (b) for a specified material, calculate the mean excitation energy from 
the material's physical and chemical state. It was found possible to carry out part (a) 
provided certain approximations were made. Part (b) is not treated here, but it is the 
subject of accompanying reports. 

Ranges most frequently are tabulated for protons, but when both range and energy 
are normalized by the appropriate mass ratio, the range-energy relation is the same 
for all heavy singly-charged positive particles provided that the weak mass-dependence 
of the energy-loss rate is neglected. We find the ranges of muons, pions, kaons, and 
hyperons in this way. Ranges of heavy hydrogen nuclei, multiply-charged nuclei, and 
hypernuclei can also be considered within the scope of this report. Many range-energy 
relationships, therefore, correspond to each stopping material. We encompass them 
all by writing, for each particle range, R(J:U, its relation to the ideal proton range: 

R~) • ~ [).($) + Bz($)] · 
z 

(6) 

(An "ideal" proton is a particle of protonic mass and charge which does not capture 
electrons or interact strongly with nuclei. ) In Equation 6, M and z are the particle 
mass and charge in units or the proton. The quantity ).{$) is the range of the ideal 
proton as a function of its velocity$. The term Bz is added to evaluate the range 
extension caused by the capture of electrons by a positive particle of charge ze. The 
expression ). + B1 is the range of a real proton. Practically, it is hardly distinguish
able from).. 

If the particle charge is negative, and the velocity is not very high, there is 
evidence (Ref. 12) that its energy-loss rate is lower than that of a positive particle. 
While more study of this effect will be necessary for its full evaluation, its influence 
can be included formally in Equation 6 by introducing a range extension B _1. 

We evaluate Bz for multiply-charged ions as follows (Refs. 13,4): 

(7) 

where zll!e is the charge effective for energy loss of an ion of atomic number z. Stated 
otherwise, z*2 is equal to ~!1.. where~ is the rate of energy loss of the ion and c. is 
the rate of energy loss of an ideal proton at the same velocity. There is considerable 

4m this paper, text tables bear Arabic numerals and the printout tables bear Roman 
numerals. 
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evidence (Ref. 14) that in high-density materials, and at not too low velocities, z* is 
almost independent of the material. We take an approximate result from the emulsion 
measurements (Ref. 4) 

(8) 

together with a simple low-velocity proton range-energy relation, 

10/3 
A Rj (11. 1 + 1. 34 Iadl/8) ~ g/cm2 • (9) 

From these formulas we obtain an estimate of the range extension in a material of 
mean excitation energy Iadj• atomic weight A, and atomic number Z. It is found to 
be proportional to {J: 

(10) 

This rather crude formula approximates the range extension for fJ < 2z/137. For 
fJ > 2z/137 the ion is completely stripped of electrons and the range extension becomes 
an additive constant of !hagnitude: 

B_1 (asymptotic) in emulsion is at least 35x1o-4 A g/cm2 (Ref. 12). 
z 

More experimental study of the range extension, Bz• especially for heavy
element absorbers and for very heavy ions would be desirable, of course. The above 
formulas are based largely on emulsion data for a few ions of light elements. When 
the ion is of high atomic number, a finite pathlength may be traversed before the ion 
attains an equilibrium charge. Then Bz and R will depend also on the initial charge
state of the ion. 

An estimate of the reliability of Equation 6 could reasonably be demanded. 
Experimentally the mass dependence has been tested for muons, pions, kaons, protons, 
~+ hyperor\lJ, deuterons, and tritons, as well as hydrogen-3 and hydrogen-4 hyper
fragments (Refs. 13-21). The mass dependence of Equation 6 at nonrelativistic ve
locities appears to be reliable to about one part in 1000, but it is not thought to be 
exact. According to Equation 2, particle mass enters when the electron mass is not 
strictly negligible compared with it. Especially for mesons, a small effect of the 
electron/particle mass ratio, r, remains. Effects of the particle/nucleus mass ratio 
also exist. Checks that have been made used emulsion as the stopping material and did 
not adequately test the form of Equation 6 for a stopping material of such light atoms 
as hydrogen. Here a mass -dependent contribution to the stopping is expected (Ref. 4). 

Although electron ranges are not a part of this paper (they are treated separately 
in Paper No. 10), it is of interest to observe that emulsion ranges of electrons with 
tens and hundreds of kev energy seem to be found as well from Equation 6 as from 
formulas specifically developed for electrons, but the large scattering, straggling, 
and radiation energy-loss of electrons reduces the usefulness of electron range data. 
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In view of the tests cited. the dependence at moderate energies of the range on 
neglected particle structure-characteristics (form factors) also cannot be more than 
a few tenths of a percent. 

The influences mentioned are all small. so that we shall assume that the pur
pose of our work will have been served when the range ~ of an ideal proton as a 
function of particle velocity. {J. is known. For other positive particles. the quantity 
M/z2 is given in Table 1. 

TABLE 1 

The Quantity M/z2 for Particles of One and Two Units of Charge 

Particle z M/z2 

e+ +1 0.00054463 

,.,+ +1 0. 11261 

.,+ +1 0. 14878 

K+ +1 0.5264 

p +1 1.0000 

E+ +1 1. 2677 

d +1 1. 99901 

t +1 2. 99372 

He3 +2 o. 74829 

He4 +2 0.99315 

He6 +2 1. 4935 

AH3 +1 3. 1877 

AH4 +1 4. 1802 

AHe4 +2 1. 0449 

AHe5 +2 1. 2896 

AHe7 +2 1. 7899 

5. Sources and Use of Experimental Data 

In order to prepare this report. it was needed to know quite well the mean ex
citation energy and low-energy ranges for only certain key elements. For these. 
empirical data were available. but more and better information would have been very 
useful. The final tables. however. are insensitive to errors in the estimated mean 
excitation energies except at low energies. 

The available compilation of information includes the following items. Early 
measurements were reviewed in the report titled. "Index and Annotated Bibliography 
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of Range and Stopping Cross-Section Data" by Brown and Jarmie (22). This work 
contains a comprehensive bibliography of early measurements. The low-energy 
region was thoroughly reviewed most recently by Whaling (2). The previous review 
by Allison and Warshaw (1), however, remains valuable for stopping-power informa
tion. Heavy ion data are reviewed by Northcliffe (3) and by Allison (23) as part of the 
current work. The National Bureau of Standards Handbook No. 79 contains useful 
information, and many references. R. M. Sternheimer's (24) review of energy-loss 
formulas, !-values, and ionization-loss experiments is relevant to all these problems. 
Bethe and Ashkin's (25) and Uehling's (26, 27) works and the accompanying article 
(Appendix A) by Fano summarize the useful theory. The older work of Bohr (7) as 
well as the work of Lindhard and Scharff (8) and of Brandt (28) contribute to the theory 
but these works are not immediately useful for accurate range calculations. 

For the present report we have referred to the following experimental data: (a) 
measurements quoted in the review articles cited above; (b) the range measurements 
by Zrelov and Stoletov (30); (c) corrected relative range measurements by Rybakov 
(31); (d) energy loss and range measurements made in emulsion, aluminum, copper, 
lead, and uranium by Barkas, et al. (32-34); and (e) the measurements by MacKenzie 
and his collaborators (35) and those by Nielsen (36). Important aid in this task was 
obtained from the measurements and extensive calculations of Bichsel (37), based in 
part on his own work and on the theoretical work of Walske (9). Earlier, Sternheimer 
(38, 39) calculated proton ranges in several elements and also gave an interpolation 
prescription based on the smoothness as a function of Z of the electronic stopping 
cross section. 

For particle velocities comparable to or higher than that of the K electrons of 
the stopping material, Cadj is small and may be estimated from theory. The mean 
excitation energy can be determined then by measuring c. and solving Equation 1 for 
ladj· With it one is able to make limited extrapolations and to interpolate energy-loss 
rates by means of the theory. At lower velocities more reliance must be placed on 
the correction for tight binding, and the resulting value of Iadj is less reliable. The 
difficulty is aggravated as the atomic number rises because the shell corrections 
become larger. 

In the intermediate -velocity region, one observes deviations from Equation 1 
if Cadj is set equal to zero. The theory here can act as a guide; one demands that 
the deviation be a smooth function of velocity (Ref. 34). Since the calculations of 
Cadj are inadequate for heavy elements, at the lower energies only empirical data 
seem reliable. Improved efficiency is believed to have been attained in the utiliza
tion of such measurements in the present paper. The observations, of course, 
are the anchor points of the theoretical calculations. It has been usual to demand 
that the measurements define a smooth range -energy curve for a given stopping 
material. Now it is further assumed that, with certain reservations, the range 
measured in electrons per cm2 is also a smooth function of mean excitation energy 
for each proton energy. An effort has been made to fit, with theoretical interpolation, 
a smooth surface to the two-parameter range data. The requirement of smoothness 
in both parameters is a powerful means for resolving inconsistencies in empirical 
data. 

In order rationally to employ smoothness of energy-loss rate with ladj• the basis 
for and limitations of such a postulate must be discussed. First, one notes that when 
the ranges (in electrons per cm2) for a series of similar elements at a given energy 
are graphed as a function of Z, they define a smooth curve. Thus, for example, the 
ranges at 8 Mev given by Whaling (2) for the noble gases behave in this way. A series 
of metals . (Be, Al, Cu, Ag, Au, Pb, and U) is found to define a smooth locus somewhat 
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below that of the noble gases. The effective mean excitation energy of typical metals 
is perhaps 6 percent less than one would predict from their atomic numbers on using 
the noble gas curve. On correctly choosing Iadrvalues and replotting the data as a 
function of Iadj• one finds that the curves almost coincide. Were Cadj• which depends 
on z. strictly a function of Iadj• the curves would coincide. Conceptually the shell 
corrections could be extended to the valence and conduction electrons. Then it is 
maintained that Cadj would be closely a function only of Iadj and fl· 

Thompson (29) first detected apparent differences in stopping powers that de
pend on molecular binding in a series of selected materials. There is known to be a 
dependence of the mean excitation energy on the average electron density in the stop
ping material, as predicted by Lindhard and Scharff (8). If the electron density in a 
series of elements were not to increase smoothly with increasing atomic number. one 
could not expect a smooth variation of stopping power per electron with Z. Burkig 
and MacKenzie (35) observed deviations from a smooth dependence on atomic number 
of electronic stopping power in a systematic study of many elements. The elements 
calcium, titanium, vanadium, and thorium, as well as the noble gases appear to be 
anomalous. 

Chemical binding effects are limited primarily to light elements and low parti
cle energies. The valence electrons in these cases constitute a large fraction of all 
those participating in the stopping. In the light elements. tight-binding corrections 
are small, so that the stopping behavior of a compound of such elements is almost 
entirely determined by the mean excitation energy even if, for a given element, it 
varies from compound to compound. 

When ladj is determined by the high-velocity stopping behavior of the material, 
the rates of energy loss calculated from Equation 1 for high velocities are exact by 
definition. In order to express c. everywhere as a function of Iadj and '7• Cad. must 
remain P.xpressible as a function of them, even at low velocities where Cadj ~ecomes 
more than a mere correction. As indicated above, such an expression of Cadj is only 
approximate. Nevertheless. when the correct mean excitation energy for an element 
is used, the error introduced on expressing the shell correction as a function of Iadj 
and 11 is, at worst, that arisjng from the use of a shell correction that is more ap
propriate for a neighboring element-an error of second order. 

For a composite material the use of the same value of Iadj in the shell-correction 
formula as that derived from the high-velocity energy-loss rate also is justified only 
as an approximation. Such materials as animal tissue or hydrocarbons are chiefly 
composed of light elements for which the shell corrections are small in any case. 
The most extreme example of practical importance is nuclear research emulsion, 
which consists of crystals of heavy elements embedded in a light-element matrix. 
The range curve here corresponds well to no single mean excitation energy at all 
velocities (Ref. 4). A simpler way to treat this case is to note that the range, R, in 
an n-component material is found with good accuracy from the formula (Ref. 4) 

1.: 
R 

(12) 

Here Ri is the calculated range in the ith component and. if the ranges are expressed 
in g I cm2, fi is the fraction by weight of that constituent of the stopping material. 
This formula, while not rigorously derivable, is very accurate, and integration is 
avoided. 
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At low velocities our data are entirely empirical, but have been subjected to a 
systematic smoothing. The requirement that the stopping power be a function of both 
variables, ladj and 17• tends to make every point on the range or stopping-power sur
face depend on all the data used to construct the surface. The smoothing procedure 
made use of the experimental values of the stopping power as well as of the range. 

Shell corrections for media of low atomic number, at energies below 8 Mev, 
were estimated using the nomogram of Fano's article (Fig. 6 of Appendix A), which, 
in turn, is based on the analysis of the available experimental data. These estimates 
were adjusted to be consistent with our shell corrections (Eq. 16) at 8 Mev. The 
magnitude of these shell corrections is small, so that even our necessarily rather 
rough estimates are adequate. Inserting the shell corrections into the stopping-power 
formula, ranges were then calculated numerically for hydrogen, beryllium, and 
aluminum, assuming the ranges at 1 Mev to be those given in Whaling's (2) compila
tion of experimental data. The calculated ranges agree well with those of Whaling at 
2, 3, .. 8 Mev, and the latter were used in the subsequent analysis. The range data 
of Rybakov (31) for iron, copper, tin, and lead, smoothed in energy and corrected 
for multiple scattering as described in Section 7, were used to obtain, by interpolation, 
range values at 1, 2, .. 8 Mev. 

The entire body of range data for energies 1~ T' ~ 9 Mev was summarized by the 
formula 

2 2 

log~ = log ~ + L L amn (log IadjF (logr ~ • 
n=O m=O 

(13) 

the coefficients 9.znn being obtained by a least-squares analysis (~ in g em -2). To 
provide a smooth transition to energies above 8 Mev, the input data were enlarged to 
include not only the Whaling and Rybakov ranges but also ranges at 9 Mev. The latter 
were derived from an incremental range calculation based on stopping-power theory. 
Table 2 gives the input data for the least-squares analysis. The assignment of Iadr 
values to particular elements agrees with the recommendations of the subcommittee 
(Paper No. 6). Table 3 contains the least-squares coefficients, and Table 4 the 
percentage deviations between the fitted and input ranges. The root-mean square 
error of the fit is 2 percent. 

TABLE 2 

Ranges (mg I em 2), Multiplied by Z, That Were Used as Input 
A 

Data to Produce the Least-Squares Formula (Eq. 13) 

Proton H2 Be AI Fe Cu Sn Pb 
Energy lad{ lad{ ladj= lad{ lad{ lad{ lad{ 

Mev 19 ev 60 ev 163 ev 285 ev 314 ev 516 ev 826 ev 
1 0.830 1. 290 1. 870 2.700 2. 793 3.791 4. 749 
2 2.840 3. 920 5.400 6.843 7. 166 8. 846 12.27 
3 5.900 7.780 10.46 13.27 13.83 16.43 22.36 
4 9. 930 12. 79 16. 80 20. 95 21. 91 26. 12 34.43 
5 14.90 18.90 24.60 29. 79 31.95 37.49 48.28 
6 20. 77 25.70 33. 73 40.50 43.36 50.55 63.32 
7 27.53 33.79 44.09 52. 14 55.68 65.29 79. 94 
8 35. 16 42.88 55.41 66. 11 69.37 81. 30 98. 14 
9 43.38 53. 14 67.99 80.57 84.23 98.55 118.4 
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TABLE 3 

Coefficients 9.mn in Equation 13 

0 1 
-7. 5265 X 10-1 2.5398 

7. 3736 X 10-2 -3. 1200 X 10- 1 

4. 0556 X 10-2 1. 8664 X 10-2 

TABLE 4 

2 
-2.4598 x 1o-1 

1, 1548 X 10- 1 

-9. 9661 x 1o-3 
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Percentage Deviation of Ranges Computed with Equation 13 
from the Input Ranges in Table 2 

H2 Be Al Fe Cu Sn Pb 
ladj= ladj= ladj= lad·= Ia~= lad·= lad·= 
19 ev 60 ev 163 ev 28~ev 31 ev 51:r ev 82:r ev 

o. 2 -2.5 5. 1 -3.3 -1. 5 -4.3 1. 4 
1. 2 -1.6 2.4 3. 1 3.0 6. 7 -0.5 
o. 9 -2. 0 o. 5 -1. 1 -1. 1 4.5 -2.5 
o. 7 -2. 1 o. 4 -1. 0 -1.5 2.2 -2. 9 
0.4 -2. 0 -0.2 0.3 -2. 9 1. 3 -2. 7 
0.2 -0.3 -0.4 o. 1 -3. 1 o. 8 -1. 4 

-0. 1 0. 1 -0.2 1. 1 -2. 0 o. 5 o. 3 
-0. 3 o. 5 o. 6 0.5 -1. 1 o. 8 o. 7 
o. 1 o. 6 1. 2 1. 3 o. 0 1. 5 1. 0 

From Equation 13 one can derive, by differentiation, a stopping-power formula, 

d'T=!{t 
dA A n=1 

2 

~ 
m=O 

(14) 

As a final check, the stopping-power values computed according to Equation 14 
were compared with the compilation of experimental values by Bichsel (37). As shown 
in Table 5, the agreement is generally close, although occasional discrepancies up to 
4 percent occur. This is not incompatible with the experime!'ltal errors. 

6. The Tight-Binding Corrections 

The quantity C in Equation 1 is the sum of corrections for each electron shell 
of the atom. Thus 

The variations of CK and CL with velocity and atomic number have been calculated 
(Ref. 9). Each is large and negative at very low velocities, but, as the velocity 
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Proton 
Energy 

(Mev) 
1 
2 
3 
4 
5 
6 

Proton 
Energy 

(Mev) 

1 
2 
3 
4 
5 
6 

TABLE 5 

Proton Stopping Power (Mev/g cm-2). L. SQ., Derived from the 
Least-Squares Formula (Eq. 14). B, Experimental 

Values Compiled by Bichsel (37) 

H2, Iadj= 19 ev Be, Iadj = 60 ev Al, Iadj = 163 ev 

L.SQ. B L.SQ. B L.SQ. B 
669 676 2235 220 170 173 
385 393 1385 137 112 110.7 
278 282 102 101 85.9 83.2 
220 222 81.5 81 68.7 67.6 
183 184 67.9 67 57.8 57.3 
158 158 58.3 58 49.9 50.0 

Cu, Iadj=314 ev Sn, Iadj = 516 ev Pb, Iadj=826 ev 

L.SQ. B L.SQ. B L.SQ. B 

121 121 87.5 89 63.6 63 
82.9 80 61.8 61 46.3 44.5 
64.2 62 48. 7 48 37.2 36.5 
52.7 51 40.6 40 31.5 31.8 
44.8 44 34.9 35 27.4 27. 9 
39. 1 39 30. 7 31 24.3 25.0 

increases, the sign of every C changes. Each passes through a maximum and subse
quently falls. Each Cadj should approach zero as ,-2 for large '7· At reasonably high 
velocities, the velocity dependence for each element is expressible in the same form 
as Walske's asymptotic expressions: 

cadj l't1 ; + ~ + -i + ••••• , , , (15) 

Cadj also varies rapidly with Iadj· At a particular value of '7• the form A(1J)I~j + 
B(f7)1idj is capable of fitting the data to its present accuracy. 

Bichsel (37) has extended the work of Walske semi-empirically. He makes 
allowance for the numbers and binding energies of electrons in each subshell of the 
atom. The form of Cad· for each higher shell was assumed to be obtainable by scaling 
the correction that Wals=ke calculated for the L shell. When applied to all the shells of 
such heavy elements as lead and uranium, the corrections were successful in predict
ing the measured ranges and energy losses at both high and low velocities. At the 
same time, each Iadj remained constant at a value close to that found by Barkas and 
von Friesen. Bichsel's procedure is completely numerical, however, and must be 
carried out in detail for each stopping material. 

We have thought it better to express Cadj analytically. As mentioned above, it 
was also considered wiser not to attempt to carry the calculations down to very low 
velocities. For '7 < 0. 13 it was necessary only to smooth the empirical ranges (ex
pressed in electrons per square centimeter) as functions of Iadj and of '7 separately. 
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Then, by trial, the data were expressed in a semi-empirical formula. Above 11 = O. 13, 
the shell-correction term was assumed to have the dependence on 11 and ladj given 
above. The available information then was used to determine the coefficients in the 
formula (which is not valid for 11 < 0. 13) 

Cadj(l,f1) = (0. 422377,-2 + 0. 0304043f1-4 - o. 00038106f1-6) 10-6 l~dj 

+ (3. 858019 11-2 - 0. 1667989 11 -4 + 0. 00157955 11-6)1o-9 I~j 
(16) 

These coefficients doubtless can be improved, and the functional form can be refined 
as more reliable data become available. A great advantage of such an expression is 
that it provides an analytic energy-loss formula for all materials applicable over a 
wide range of velocities. It also summarizes the bulk of what is known about the 
energy losses of fast particles in matter. Expression 16 is consistent, within the 
limits of experimental error, with the shell corrections used by other authors in this 
volume (see Fig. 1 in Paper No. 4). 

The shell correction enters the stopping-power formula not as Cadj but as 
Cadjlz •. To establish the necessary relation between Iadj and Z, we have used the 
express1ons 

ladj/Z = 12 + 7/Z ev , Iadj < 163 ev (17a) 

Iadjlz = 9. 76 + 58. az -1. 19 ev , Iadj ~ 163 ev (17b) 

The assumed straight-line relationship for small values of Iadj is an oversimplifica
tion that is permissible because the shell corrections are quite small. The relation 
(Eq. 17b), due to Sternheimer (private communication), yields mean excitation ener
gies of 163 ev, 314 ev and 826 ev for aluminum, copper, and lead, respectively, and 
has been recommended by the subcommittee as "best smooth curve" (see Paper No. 
6 of this volume). 

7. Multiple-Scattering Corrections 

The definition of the range given in Section 3 of this paper prescribes in effect 
how it~ measurement is to be carried out. The experimental technique must be such 
as to insure that the true rectified pathlength has been determined, and that nuclear 
interactions do not influence the results of the measurement. Difficult problems in 
the interpretation of incorrectly performed measurements may arise in separating 
the effects of energy loss to electrons, nuclear influences, and the effects of scatter
ing on the range and on the range -straggling. One may attempt to correct the meas
urements if the geometry of the experimental arrangement is known. This topic is 
treated more extensively in Paper No. 5 in this volume. 

Here we discuss a simple correction procedure that often may be satisfactory. 
It is noted first that scattering corrections can be measured in emulsion because the 
whole particle trajectory can be seen. Any desired range-distribution function can be 
obtained by measurements on randomly sampled tracks. In addition, we know-from 
Rossi (42), for example-that in any material the increment of the mean-square angle 
of multiple scattering, multiplied by the radiation length and divided by the increment 
in pathlength, has the same magnitude, approximately (21. 2/p{J)2, for a singly
charged particle of momentum p and velocity {J. In this expression p{J is measured 
in Mev/c. To apply this rule, of course, account must be taken of the fact that pfj 
falls as the particle loses energy. 
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Suppose the particle starts parallel to the x-a.xis from an origin of rectangular 
coordinates x, y, and z in the stopping material. Then if 8 is the instantaneous angle 
between the x-a.xis and the particle direction and ds is an element of its path we define 

s 
Sp = J0 ds cos 8 , (18) 

where S is the distance traversed by the particle in being brought to rest at a depth of 
penetration, Sp. We call the average value of Sp the projected range, R1r The ex
pectation value of S is the range, R; S is a random variable of variance a2(R). 

For making the multiple -scattering correction, suppose the quantity to be 
evaluated is AR = R - Rp· It is 

R 1 JR AR = J ( 1 - cos 8) ds ::::s -2 (82) ds . 
0 0 

(19) 

The fractional correction, AR/R, therefore, is one-half of the mean-square scattering 
angle. 

The scattering in emulsion is well known empirically. We note that one can 
compensate for the use of the small-angle approximation by measuring AR on tracks 
in emulsion. and thus one can replace the number 21. 2 Mev I c by an empirically 
determined quantity, k. Then 

d ( 82) .. _!_ ( zk )2 
ds x0 p/3 

(20) 

where x0 is the radiation length in the stopping material. Measurements (Ref. 4) 
made on tracks of protons and muons indicate. moreover, that the best value to use 
fork is about 19. 7 Mev/ c. if the radiation length is taken to be 2. 91 em. This evalu
ation should be studied more exhaustively. but for the present purpose of making a 
small correction. such an estimate nevertheless may be accurate enough. To carry 
out the calculation of (82). we first write p/3 as a function of distance s along the 
average trajectory. In the low-energy region this is 

P/3 = aM1-n z2n (R-s~ • 

where. to good approximation, a is a constant determined by Iadj• and n is close to 
0. 63 for all materials except those of lowest atomic number (for which the correction 
is small). Now. from Equations 16 and 15 we find that the expression {1-n)X0AR/R2 
at a given energy is independent of the material. Since n varies very little. 
(Xo/R)(AR/R) also will not vary much from one material to another. 

The statistical variable Sp has a skewed distribution. especially in stopping 
materials of high atomic number. Its expectation value or mean. Rp• is smaller than 
the median range Rm defined in Section 3. Some experimenters. notably Rybakov (31), 
whose data we use, compared median ranges in various metals with the median range 
in aluminum. The correction. which is evaluated by Berger (41) is somewhat less 
than AR. In Table 6 we list the percentage corrections we applied to Rybakov's 
ranges. 
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TABLE 6 

Percent Range Corrections for Scattering, 
100(R-Rm) 

R 

Proton 
Energy 
(Mev) Emulsion Al Fe Cu Cd Sn Pb 

1 2.07 o. 72 1.55 1. 80 3. 18 3.36 5.96 
2 1. 67 o. 59 1. 26 1. 48 2.65 2. 76 4.92 
3 1. 47 o. 52 1. 10 1.32 2.32 2.43 4.34 
4 1. 34 o. 47 1. 01 1. 18 2. 12 2.22 3.98 
5 1.24 0.43 o. 93 1. 10 2.00 2.07 3. 73 
6 1. 18 o. 41 o. 88 1. 03 1. 88 1. 96 3.54 
7 1. 11 o. 39 o. 85 o. 99 1. 79 1. 87 3.37 
8 1. 07 o. 37 o. 81 o, 94 1. 72 1. 79 3.23 

8. The Two-Variable Stopping Power and Range Tables5 

Method of Presentation 

The proton stopping power (Mev/g cm-2) divided by Z/A and the proton range 
(g cm-2) multiplied by Z/A are given as functions of the proton kinetic energy T(Mev) 
and the mean excitation energy ladj (ev) in Printout Tables I and II. The advantages 
of this method of presentation are as follows: 

(1) Through elimination of the factors Z/A, i.e .• throu,;h the use of electrons 
per cm2 as unit of distance. the main dependence of stopping power and 
range on the nature of the medium has been removed. The residual de
pendence is in. the mean excitation energy; only interpolation in ladj is 
necessary for application to any particular substance. 

(2) A close grid in Iadj is provided, so that linear interpolation is adequate. 
This makes it easy to estimate the range or stopping-power uncertainty 
caused by a known uncertainty in ladj• or vice versa. 

(3) The tables will retain their validity and usefulness even when, as seems 
probable, the preferred ladj-values for various materials will undergo 
changes in the future. 

(4) The uniform method of presentation permits easy detection of measure
ment errors, or of anomalies that may have significance. 

(5) Because of the scaling properties of stopping power and range for parti
cles with different mass and charge, even a single measurement of range 
or stopping power in a material of unknown stopping behavior can be used 
to obtain range-energy curves for all types of particles. 

Method of Computation 

For proton kinetic energies below 7. 9 Mev. the stopping power was evaluated 
with the use of the empirical formula (Eq. 14). Above 8. 1 Mev it was evaluated 

5Without the density-effect correction. 
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theoretically according to Equation 1, with shell corrections given by Equations 16 
and 17 and with the density effect disregarded. Between 7. 9 and 8. 1 Mev. the arith
metic average of the results of the two procedures was used. 

The calculation of the c. s. d. a. range was made from the integral 

JT dt 
~(T) = ~1 + - • 

"1 a. 
(21) 

Here ~ 1 is an empirical range given by Equation 13 and corresponding to kinetic 
energyT 1 = 1 Mev. The upper limitT = 938.213 [(1-(J2)-1/2 -1] Mev is the proton 
kinetic energy corresponding to velocity (J = f'J/(1 + f'J2)1/2. 

Units 

The units of stopping power in Printout Table I are Mev per 6. 0249 x 1023 
(Avogadro's number6) of electrons cm-2. The units of range in PrintoYt Table II are 
6. 0249 x 1o23 electrons em -2. For any particular material. the stopping power is 
readily converted to Mev/g cm-2 through multiplication by Z/A, and the range to 
gcm-2 through multiplication by A/Z. To obtain the range in em. one must further 
divide by the density ping cm-3. The quantity A/Z is given in Table 7 for various 
materials. To apply Printout Tables I and II for a particle of mass M and charge z 
in units of the proton. the energies in the left-most column must be multiplied by M. 
and the ranges (after adding Bz if necessary) by M/z2. This factor is given in Table 1. 

Significant Figures 

The stopping power and range are given to five figures. whereas the physical 
input data and method of calculation are such that, at most, three figures are signifi
cant. The other two figures are included to allow differencing of the tabulated data. 
Such differencing is required when one is interpolating with respect to Iadj· It may 
also be required for the computation of partial ranges between two given energies. 

Sample computations. which are summarized in Table a. indicate that with 
linear interpolation in Iadj or T one can achieve at least three -figure accuracy. 

Application to Particular Materials 

The ~boice of the value of the mean excitation energy Iadj is at the reader's dis
cretion. Some suggested Iadrvalues are listed in Table 7. They are not definitive but 
are based on the present. tentative consensus of the subcommittee (see Report No. 6 
of this volume). For Z 0!:: 13 they are based on the semiempirical formula (Eq. 17b). 

For compounds and mixtures. provided one assumes that the contribution of vari
ous constituents is additive (Bragg's rule), one must replace Z/A by an average value 

(22) 

6'fhe use of this value for Avogadro's number implies that atomic weights must be 
expressed according to the old mass scale in which the atomic weight of o16 is ex
actly 16. rather than according to the new scale in which the atomic weight of C 12 
is exactly 12. 
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TABLE 7 

A/Z and an Estimate of Iadj for Some Elemental Absorbers 

Element Iadj(ev) A/Z 

1H 19 1.0080 

4Be 60 2.2533 

13Al 163 2. 07fi4 

26Fe 285 2.1481 

28Ni 304 2.0961 

29Cu 314 2.1910 

47Ag 487 2. 2953 

5oSn 516 2.3740 

74w 748 2.4854 

78Pt 787 2. 5029 

79Au 797 2.4937 

82Pb 826 2. 5270 

83Bi 835 2.5181 

92U 923 2.5877 

where Zi/Ai corresponds to the i'th constituent with partial density Pi (~Pi= p>. The 
1 

corresponding average value of the mean excitation energy is, according to Equation 4, 

(z)-1 1 z. 
log ( ladj) = A p f Ali Pi log Iadj i • (23) 

It should be recalled that one must expect departures from additivity due to 
chemical binding effects. particularly for media of low average atomic number. It 
is therefore preferable, if possible. to use a value of (Iadj) derived directly, by 
experiment or calculation. for the substance in question. 

The use of Printout Tables I and II for mixtures and compounds introduces a 
small error in regard to shell corrections. In effect. one first selects a value of 
(ladj) and then. by implication. uses an average atomic number (Z) given by 
Equation 17. whereas the correct method of averaging is 

- = z - ~ _!. p· ....! • <c) ( )-1 1 z · c · 
Z A p i Ai 1 Ai 

(24) 

The error is largest for substances in which both high-Z and low-Z components are 
present. For example. for photographic emulsion. the maximum error in the proton 
stopping power occurs at...., 20 Mev (0. 6 percent too high) and the maximum error in 
the range at...., 30 Mev (0. 5 percent too low). 
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Medium 

Cu 

Pb 

Iadj (ev) 

60 
300 
800 

TABLE Sa 

Accuracy of Interpolation in Printout Tables I and II. 
Linear Interpolation with Respect to Mean Excitation Energy Iadj: 
(H2 0, from 60 and 70 to 65. 1 ev; Cu, from 300 and 320 to 314 ev; 

Pb, from 800 and 850 to 826 ev). 

Sto;eping Power, Mev/g cm-2 Range, S cm-2 
(Mev) Inter;eolated Direct Inter;eolated Direct 

10 46. 812 46.796 o. 11827 o. 11830 
100 7.4245 7.4215 7.5664 7.5687 

1000 2.2452 2.2445 320. 36 320. 44 

10 27.317 27.315 2. 1819 2.1820 
100 4.8845 4.8839 11. 771 11. 772 

1000 1. 5573 1. 5572 468.40 468.41 

10 17. 501 17.497 o. 35605 o. 35607 
100 3.5318 3.5315 16. 821 16. 821 

1000 1. 1956 1. 1955 618.98 618.99 

TABLE 8b 

Accuracy of Interpolation in Printout Tables I and II. 
Linear Interpolation with Respect to Proton Energy T', 

from 320 and 330 to 324 Mev. 

Stopping Power (Mev/g cm-2) 
X A 

Interyoiated 

6.2364 
5. 1276 
4.4354 

z 
Direct 

6.2356 
5. 1270 
4.4349 

Range (g em -2) 
z 

X-
A 

Interpolited 

31.574 
38.996 
45.954 

Direct 

31.571 
38.993 
45.950 

A;e;eroximation Formula 

The stopping power is available in terms of a formula (Eqs. 1, 16, and 17). It 
is convenient also to have an analytical representation for the range which precludes 
the necessity of always having to rely on a large table of numbers. We have not made 
an exhaustive search for an optimum formula, but have found it convenient to repre
sent the proton range between 7 Mev and 1200 Mev by the following expression: 

A 3 3 
log~= log Z +I: I: cr mn (log Iadj~ (log T' )Il , 

n=O m=O 
(25) 

where ~ is measured in g em -2. The coefficients in this expression, given in Table 9 
were obtained through a least-squares adjustment based on 600 range values (at 30 
energies and 20 values of ladj). The root mean square percentage deviation between 
the input data and fitted values at these 600 points is 0. 6 percent. The worst error 
occurs forT'= 7 Mev, and ladj = 15 ev, and it amounts to 2. 8 percent, but in most 
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TABLE 9 

Coefficients aum in Equation 25 

~ 0 1 2 3 

0 -8. 0155 1. 8371 4. 5233 x 10-2 -5. 9898 x 1o-3 
1 3. 6916 X 10-1 -1. 4520 x 1o-2 -9. 5873 X 10-4 -5. 2315 X 10-4 
2 -1. 4307 x 10-2 -3. 0142 X 10-2 7. 1303 x to-3 -3. 3802 x 1o-4 
3 3. 4718 x 1o-3 2. 3603 x 1o-3 -6. 8538 X 10-4 3. 9405 x to-5 

regions of the table the error is much smaller than 1 percent. It is interesting to note 
that if one differentiates Equation 25 to obtain an analytical expression for the stopping 
power analogous to Equation 14. the resulting root mean square percentage error is 
still only 1. 3 percent. 

The 12,960 numbers contained in Printout Tables I and II have also been com
pressed into a deck of 648 binary IBM-cards. copies of which can be made available 
to interested parties. 

9. Density Effect 

The density effect, i.e •• the reduction of the ionization loss due to the polariza
tion of the medium, has been systematically evaluated by Sternheimer (6) for many 
elements and compounds. and we shall use his results. Sternheimer expresses the 
density effect correction 6 (which enters into Equation 1 for the stopping power) as a 
function of the particle velocity with the use of the semi-empirical formula 

6(7J) = ) :og '12 + 6o + 61 (Xl- X)62 

llog 712 + 60 

(26) 

where X= (log toe) log 71 = 0. 43429 log 71· 

The quantities 6o. 61, 62. Xo and Xt depend on the characteristics of the medium. 7 
Sternheimer made, at different times (1952, 1956), two evaluations of these parameters 
for various media, using di,fferent values of the mean excitation energy I. Neither of 

7In Sternheimer's notation, 6o, 61 and 62 are called C, a, and m. The parameter 
60 is given by 6o = -2 log (I/hvp) - 1 where &lp = c(nr0/ff)l/2 is the plasma fre-
quency of the medium. In addition to his published values, Sternheimer has com
municated additional parameter values for Cu and Pb to U. Fano (letter, May 2, 1962) 
which we have also used; these values are: 

Cu 
Pb 

I 

323 ev 
826 ev 

6o 
-4.43 
-6.21 

61 
o. 109 
0.355 

62 
3.39 
2.64 

Xo 
o. 2 
o. 4 

XI 
3. 0 
3. 0 
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his two 1-values coincides in general to the ladj-value adopted in the present work. 
Following his suggestion, we have made the appropriate adjustment through logarith
mic interpolation. Let 6(1) and 6(2) denote the density effect corrections for a given 
medium and energy. evaluated with mean excitation energies 11 and 12. The desireci 
value. corresponding to mean excitation energy Iadj is obtained as 

6 = a 6 (1 > + (1 - a)6 <2 > , 
(27) 

with 

Sternheimer's density-effect parameters for gases pertain to normal pressure. 
To obtain 6 for any other pressure, one must insert into Equation 26 the argument 
11vP instead of '7• where P is the pressure in atmospheres. 

The percentage reductions of the stopping power and increases of the range 
caused by the density effect are indicated in Table 10 for protons, kaons, pions, and 
muons in beryllium, copper. and lead. 

10. Stopping Powers and Ranges for Protons and 
Mesons in Selected Materials 

Printout Tables ma-d contain stopping powers and ranges for protons. kaons. 
pions, and muons in 27 substances. Density-effect corrections are included. The 
assumed values of ladj are in agreement with the recommendations of the Subcom
mittee (see Report No. 6 in this volume). For mixtures and compounds, an average 
value of ladj was computed according to Equation 23, and shell corrections were 
averaged according to Equation 24. Meson stopping powers were obtained by scaling 
proton stopping powers. Meson ranges were obtained by numerical integration. using 
a base point at 1 Mev calculated by scaling the corresponding proton range. The 
accuracy of the computed· stopping powers and ranges is expected to be of the order 
of 1 percent. Five significant figures are given in Printout Table min order to 
facilitate interpoli.tion. 

There are a number of substances of interest for which the density-effect cor
rection has not yet been evaluated. In the absence of such a correction, the universal 
Printout Tables I and II are adequate. Nevertheless. we have thought it useful to 
present (in Printout Table IV) proton stopping powers and ranges of nine substances 
of complicated composition. at energies up to 1000 Mev. With this limitation, the 
lack of density-effect correction will introduce only a very small error. as indicated 
in Table 10. 
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TABLE lOa 

Percent Reduction of Stopping Power Due to Density Effect 

Energy Protons Kaons Pions Muons 
(Mev) Be Cu Pb Be Cu Pb Be Cu Pb Be Cu Pb 
5000 6.2 4. 1 1. 5 9.4 6. 6 3. 2 16. 6 12. 6 7. 9 18.2 14. 1 9. 1 
4000 5.2 3. 4 1. 1 8.2 5. 7 2.6 15.3 11.5 6. 9 16. 9 12. 9 8. 1 
3200 4.2 2. 7 o. 7 7. 1 4.8 2. 0 14.0 10.4 6. 0 15. 6 11.8 7. 2 
2400 3.2 2. 0 o. 4 5. 7 3.8 1. 4 12.4 9. 0 5. 0 14.0 10. 3 6. 0 
1600 1. 9 1. 1 o. 2 4.0 2.6 o. 7 10. 1 7. 2 3. 6 11.6 8.4 4.5 
1000 o. 8 o. 5 2.4 1. 5 o. 3 7. 6 5.2 2. 3 9. 1 6.3 3. 0 

800 o. 5 o. 3 1. 8 1. 0 o. 1 6. 5 4. 4 1. 7 7. 9 5. 4 2.4 
600 o. 2 o. 1 1. 1 0. 7 5.2 3.4 1. 1 6.5 4.4 1. 7 
500 o. 7 o. 5 4.4 2.9 o. 8 5.6 3. 7 1. 3 
400 o. 4 o. 2 3. 6 2.2 o. 5 4. 7 3. 0 o. 9 
300 o. 1 o. 1 2.6 1. 6 o. 3 3.5 2. 2 o. 5 
200 1. 5 o. 9 2.2 1. 3 o. 2 
150 o. 8 o. 5 1. 4 o. 8 
100 o. 3 o. 2 o. 6 o. 4 
80 o. 1 o. 1 o. 3 o. 2 
60 o. 1 o. 1 

TABLE lOb 

Percent Increase of Range Due to Density Effect 

Energy Protons Kaons Pions Muons 
(Mev) Be Cu Pb Be Cu Pb Be Cu Pb Be Cu Pb 
5000 3. 3 2. 1 o. 6 5.5 3. 7 1. 4 11. 1 8. 1 4.4 12.5 9.2 5.3 
4000 2. 7 1. 7 o. 4 4. 7 3. 1 1. 1 10.0 7. 2 3. 8 11.4 8. 3 4.6 
3200 2. 1 1. 3 o. 2 3. 9 2.5 o. 8 9. 0 6.3 3. 2 10.3 7. 4 3.9 
2400 1. 5 o. 9 o. 1 3. 0 1. 9 o. 5 7. 7 5.3 2. 5 8. 9 6. 3 3. 1 
1600 o. 8 o. 5 2. 0 1. 2 o. 2 6. 0 4. 0 1. 7 7. 1 4. 9 2.2 
1000 o. 3 o. 2 1. 0 o. 6 4.2 2. 8 o. 9 5.2 3.5 1. 3 

800 q~ 1 o. 1 o. 7 o. 4 3.5 2.3 o. 7 4.4 2.9 1. 0 
600 o. 4 o. 2 2. 7 1. 7 o. 4 3.5 2.2 o. 6 
500 o. 2 o. 1 2.2 1. 4 o. 3 3. 0 1. 9 0.5 
400 o. 1 1. 7 1. 0 o. 2 2.4 1. 5 0. 3 
300 1. 2 o. 7 o. 1 1. 7 1. 0 o. 2 
200 o. 6 o. 3 o. 9 0.6 
150 o. 3 o. 2 o. 5 o. 3 
100 o. 1 o. 1 o. 2 o. 1 

80 o. 1 o. 1 

• 
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PRINTOUT TABLE I 

TWO-VARIABLE STOPPING -POWER TABLE 

Calculated stopping power, c., as a function of the pro
ton kinetic energy 1" and the mean excitation energy 
Iadj• (Because of typographical limitations, ladj is 
ind1cated as I in the table headings. The units of lactj 
are ev.) The entries, when multiplied by Z/A, give 
the stopping power in units of Mev/g cm-2. Powers 
of ten are indicated by the symbol E; thus 1. 2345E 02 
means 1. 2345 x 1o2. Since energy/mass is a function 
only of the velocity, the column labeled energy is also 
to be interpreted as the particle kinetic energy divided 
by the mass in.units of the proton mass. More fig
ures are tabulated than are significant in order to 
facilitate interpolation. 
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STOPPING POWER 

ENERGY 
NEV I• u.o I• 17.5 I• 20.0 I• 30.0 I• 40.0 I• 50.0 I• 60.0 I• 70.0 I• 10.0 

1o0 7.0418[ 02 6.8506[ 02 6.6719[ 02 6o0975[ 02 5o668Sf 02 5.JZ85E 02 5.048JE 02 4ollUE 02 4o6064E 02 
2.0 3o9916[ 02 3.9ZUE 02 3.8540£ 02 3o6179E 02 3.4254£ 02 3o2649f 02 3.1279£ 02 3.0088E 02 2o9039f 02 
3.0 2.8701£ 02 2.8~56[ 02 2. 7827[ 02 2o6295[ 02 2.5028£ 02 2o)96Zf OZ 2oJ045f 02 2.2245£ 02 2ol5J7E 02 
4.0 2o2742E 02 2.23UE 02 2.2040£ 02 2.0U9E 02 1o 9861£ 02 1.9044£ 02 1o8344f 02 1o 71J5E 02 loll96E 02 
5.0 1o8999[ 02 1o86J5E 02 1.une oz lo 7))9£ 02 1o6519f 02 1o584lf 02 1o5261f 02 1o47UE 02 lo4U4E 02 
6.0 1o64\lf 02 1.610)£ 02 1o5UOE 02 1.4886£ 02 1o4164f 02 1ol579f 02 1o3087E 02 1.2664£ 02 1oZl9JE 02 
7.0 1o4505[ 02 1.4204£ 02 1oJ9J4[ 02 1o3064E 02 1ol410E 02 1ol887f 02 lo145)[ 02 1ol082[ 02 lo0J!9f 02 
e.o 1oZ929f 02 1o26J9[ 02 1oZJ85! 02 1oU98f 02 1.1029£ 02 lo0582f 02 1.0Zl5E 02 9.9029£ 01 t.6JZU 01 
9.0 1o1604E 02 1.U5JE 02 1.1U4E 02 1o0468f 02 9o9918f 01 9o6204E 01 9oll5JE 01 9.0560£ 01 I.IJ02E 01 

10.0 1o0614[ 02 1.0)17£ 02 lo0191E 02 9.5902E 01 9.16UE 01 e.82JZE 01 e.S526E 01 8.ll9Jf 01 loll62E 01 

u.o 9o0951E 01 8o9058E 01 e.74UE 01 1.2404[ 01 7.8829[ 01 7.604U 01 7.375SE 01 7.uue 01 7o01UE 01 
14.0 7o9116E 01 7o8189E 01 7.6717E 01 7o2474[ 01 6o9407f 01 6. 7017E 01 6.5057£ 01 6.JJ92E 01 6o1944E 01 
16.0 7ol279f 01 6.9852£ 01 6o861Jf 01 6o4841f 01 6.2UJE 01 6.0060£ 01 5.1344£ 01 5.68871! 01 5o5620£ 01 
u.o 6o4515[ 01 6oJZ42E 01 6.21)1[ 01 5oi71JE 01 5.6384£ 01 5o4521f 01 So2994f 01 5.1691E 01 5.onu 01 
20o0 5o9014[ 01 5. 7866E 01 5.6870[ 01 5.3UJE 01 5.1679[ 01 5.ooooe 01 4o862Jf 01 4oT4S6E 01 4o6441E 01 
22.0 5.4449[ 01 5o3402E 01 5.2494[ 01 4o97)0f 01 4.7764£ 01 4.6234£ 01 4.4980£ 01 4.J9UE 01 4o2994E 01 
24.0 5.0596[ 01 4.96)JE 01 4o8791E 01 4.6258£ 01 4.445\E 01 4ol046E 01 4ol895E 01 4.09\tE 01 4o0071E 01 
26.0 4o7291E 01 4o6406f 01 4o56J4E 01 4oJ28JE 01 4.16\IE 01 4oOlllE 01 Jo9246E 01 3oiJ43E 01 l. 7559E 01 
ze.o 4.4441[ 01 4.36\lE 01 4.289\E 01 4.0702[ 01 lo9146f 01 lo7936E 01 3.6945£ 01 3o6105E 01 J.UJ6E 01 
30.0 4o1942E 01 4oli65E 01 4o049lf 01 lo8442E 01 J.6986E 01 3.5154£ 01 Jo4926E 01 ).4141E 01 J. J459E 01 

32.0 )o97l5E 01 )o9005E 01 3.une 01 3o6445E 01 J.5076E 01 ).4012E 01 ,. )14\E 01 J.240JE 01 lol762E 01 
l4o0 ,. nne 01 lo708JE 01 3.6485£ 01 l.466TE 01 lo3J75E 01 lo2l7lE 01 ).1549[ 01 lo085JE 01 ).0241£ 01 
l6o0 3.60l5E 01 3o536lf 01 ).4796[ 01 )o3074E 01 J.U50E 01 3.0899£ 01 J.Ol21E 01 2.9462£ 01 2.8889£ 01 
)8.0 J.44l2E 01 J.31l1E 01 3. )27)[ 01 3o16J7E 01 lo0474E 01 2.9511£ 01 2.en2e 01 2.ezose 01 2o7662E 01 
40.0 )o2997E 01 J.2405E 01 Jo189JE 01 lo0Jl4E 01 2o9227E 01 Zoll66E 01 z. 766ZE 01 2. 7066£ 01 Zo6548E 01 
4Zo0 Jo1691E 01 J.1U6E 01 ).06)6[ 01 2o9147f 01 2.8090[ 01 z. Jl68E 01 2o6595f 01 2.6026£ 01 2 o 5'1l2E 01 
44.0 ).0497[ 01 2o9956E 01 2o9487E 01 2o8062E 01 2.7o49E 01 2o626ZE 01 2.5619£ 01 2o5074E 01 2.4601£ 01 
46.0 2.9400[ 01 2.8881E 01 2o84Jlf 01 2. 7064£ 01 2.609lE 01 2.5)]1£ 01 2.472\E 01 2.4191£ 01 2.nue 01 
48.0 2oll90E 01 2.7891E 01 2. 7459E 01 Zo6145E 01 2o521lE 01 2o4486E 01 2o)89)E 01 2.))91£ 01 2. 29'5'5£ 01 
5o.o 2.7456[ 01 2.6976£ 01 2.6559[ 01 2o5294E 01 2.une 01 2. )697£ 01 2.lU6E 01 2.264U D1 2.222)[ 01 

55.0 2o54D2f D1 2.496ZE 01 2o451lf D1 Z.l4ZZE 01 2.2599[ D1 2o1960E 01 2o1438E 01 2.ottu 01 2.ouu 01 
60.0 2ol6JJE 01 2.JZ66E 01 2.291u 01 2o1844E 01 2.1085£ 01 2.0495E 01 2.uD12e 01 1o96Q4E 01 1o9249f 01 
65.0 2oll96f D1 2olll8f 01 2.1490[ 01 2.04961: 01 1.9789£ 01 1o9241E 01 1o879Zf 01 1o841JE 01 1.808)£ 01 
70.0 2.0919[ 01 2.0565E 01 2.D259E 01 1o9Jl9E 01 1o8668f D1 1.8U5f 01 1.7U6f 01 1.U8lE 01 1. 70UE 01 
75.0 1o98D4E 01 1o9472f 01 1o9184E 01 1o8J09[ 01 1. 7688[ 01 1o Jl06E 01 1o6812E 01 1.6478( 01 1o6189f 01 
eo.o 1o8822E 01 1o850IE 01 1.82)6£ 01 1o7410E 01 1o6824E 01 1o6)61f 01 1o S996f 01 1o5681E 01 1o540U 01 
85.o 1. 7949E 01 1oJ652E 01 1o 7J94£ 01 1o66llf 01 1.6055[ 01 1o5624C 01 1o5ZUE 01 1o49UE 01 1o4714f 01 
90.0 1oll69[ 01 1o6887[ 01 1o6641E 01 1o51197[ 01 1oSl68E 01 1o4957E 01 1o4622f 01 1o4338f 01 1.4092£ 01 
95.0 1o6461f 01 1o6191[ 01 1o5964f 01 1o525JE 01 1.4749£ 01 1o4l57f 01 1o4037E 01 1.)766£ 01 1. )SUE U1 

100.0 1o!SII))f 01 1.55TSE 01 1o5J5lf 01 1o4671E 01 1o4\19f 01 1. 3114£ 01 1o3508E 01 1. 3249[ 01 1o 3024~ 01 

1D5.0 1o5257E 01 1o5D09f 01 1o4794E 01 1o4142E 01 1ol6T9E 01 1.u2oe 01 1.3026£ 01 1o2771f 01 1o256Zf 01 
uo.o lo4UDE 01 lo449lf 01 1o4ZISE 01 1o3659E 01 1oJZl4E 01 1oll61( 01 1o2516E 01 1o2347E 01 1o2140f 01 
1u.o 1o4247f 01 1.40\IE 01 1o lll9E 01 1.JZUE 01 lol78JE 01 1o2454C 01 1o2182t 01 lol952f 01 1.\75)£ 01 
uo.o 1o38D)f 01 loJ582E 01 lo 3)90£ D1 1oli07E 01 1.2394£ 01 1o207)t 01 1.1110[ 01 1o1511E 01 1·U96E 01 
U5o0 1.U9JE 01 1oJlT9[ 01 1.299JE 01 1o24JOE 01 1o20Jl[ 01 1ol720f 01 1.1467( 01 1o1252f 01 1.1066[ 01 
uo.o 1oJOUE 01 1.ZI06E 01 1o26Z6f 01 1o208\E 01 1o1694E 01 1oll94f 01 1oll48E 01 1.U941E 01 1o076lf 01 
1n.o 1.2660£ 01 1o246DE 01 1ol215E 01 1ol751E 01 1ollllf D1 1o1090f 01 1o0852f 01 1.0651[ 01 1o0477E 01 
140.0 1o2JJ2f 01 1oll37E 01 1o1961E 01 1o1455E D1 1o1090E 01 1oOe08f 01 1.0S77E 01 1.0)8\E 01 1oOU2E 01 
145.0 1.2ozse 01 1.&U6E 01 lo16fl[ 01 loll HE 01 1o08l9E 01 1.05441: 01 1.0)19£ Dl 1oOlZ9E 01 9o964SE 00 
15DoD 1oiJJif 01 1ol554E 01 1olJ94[ 01 1o0909E 01 1.0564[ 01 1o0297E 01 1o0071f Ol 9.an2e oo 9oU29E 00 

ns.o 1o1469E 01 1ol29DE 01 1o1U4E 01 1o0661E Ol 1oOlZSE 01 1o0065E 01 9oll511( OD 9.671 7E 00 '· 5156f oc 
160.0 1.UIJE 01 1.1041E 01 1o0819E 01 1o04Zif 01 1o010lf 01 9oi461E 00 9.6J91E 00 9.unc 00 9olllJE oc 
165o0 1o0979E 01 1o0108E 01 lo0659E D1 1o0209E 01 9.88951: 00 9.6415f 00 9o4l89t 00 9o2674f 00 9o1119E ou 
17D.O 1oOT54E 01 1.0511E 01 1o044Zf 01 1.ooou 01 9o6902E 00 9.4479£ 00 9.2499t 00 9.01124E 00 1.9)7)f 00 
175.0 &.0542£ 01 1o0J79E 01 1o0237E 01 9ol07lf 00 9.50\IE 00 9.2650£ 00 9.0714£ OD e.9076E 00 e. 7657E 00 
1eo.o 1.0l42E 01 loOlllf 01 lo004)[ 01 9o622JE 00 9ol236E 00 9.09\IE 00 e.9024E 00 e. 742U 00 8o60Ut 00 
us.o 1.0U2E 01 9.9952£ DO 9oi595E 00 9o447lE OD 9ol547f. 00 8.9277£ 00 e.742ZE 00 a.snu 00 lo449)f Oil 
190.0 9.9716£ 00 9o811lf 00 9.6851£ 00 9o281lf 00 8.9944£ OD e. n2oc 00 lo'i90Zf 00 8.4164£ 00 e. JOJlE 00 
195.0 9o8004f 00 9o6498E DO 9.5194£ OD 9oUl2E DO lo84ZU 00 lo6240E 00 8.4457E 00 1.29491: 00 lo1642E 00 
zoo.o 9.6375[ 00 9.4197E DO 9.3611f 00 8.9nu oo 8.6972E 00 1.48J2E 00 •• l082l 00 lol60)E 00 I.OJ21f 00 

uo.o 9.))44£ 00 9ol919E 00 9o0615E 00 lo69)6E 00 8o4Z75E 00 8.22\lE 00 8.0524£ 00 7o9097E 00 '· 7160[ oc 
220.0 9.0514[ 00 1.9206£ 00 a.aoue 00 lo4J89f 00 eol817E 00 7.9822£ 00 7.819\f 00 7.6112£ 00 7o56l7f ou 
230.0 1.1059£ OD lo6725E 00 •• 5569£ 00 lo2059E 00 7o9'569E 00 7.7636[ 00 7.6057£ 00 7.4 721E 00 7.)564£ o~; 

240o0 lo574U 00 lo4446E 00 8.uzse 00 7.9920[ 00 7. 7504£ DO 7.5629E 00 7.4097[ 00 7.2eOlE 00 7ol678E oc 
zso.o lo)605E 00 a.uue 00 a.u5ee OD 7. 7949E 00 7o560U 00 7.)779f 00 7.Z291t 00 7 .10Jlf 00 6.9940E 0(1 
260.D lo16J2[ 00 1.0401[ OD 7.9341£ 00 T.6Uit 00 7.)84)( 00 7.2D7oe DO 7o062lf 00 6.9J96f 00 6ol334f 00 
270.0 7.9804[ 00 7ol6llE DO 7.J!SJ8t 00 7o4440E 00 7.2213( DO 7.D485E 00 ~>.tone DO 6o7879E 00 6o6145E 00 
210oD 7oiiD6E 00 To6942E OD 7.59UE 00 7.287\E 00 7.0698[ 00 6o90UE 00 6. 7615E 00 6o6470f 00 6.5460E 01. 
290.0 7.6524E 00 7.5li7E 00 7.4402[ 00 7.14t0E 00 6o9288E 00 6. 764\E 00 6.62951: 00 6o5157f 00 6.41 '" 00 
)OO.D 7o5047E 00 7.)9]5[ 00 7o2972f 00 To0047E 00 6o 7971E 00 6o6)60E 00 6o!>044f 00 6.39UE 00 6o2967( 00 

llOoO 7.l666E DO 7.2577E 00 7ol634E 00 6o8J7lf 00 6o67JIE 00 6.5162( 00 6.)814[ 00 6o2J84E 00 6ol840E 00 
)20.0 1.une Do ToU04E DO 7.0310[ 00 6.7574£ 00 6.55UE 00 6.40)9£ 00 6o2776E 00 6.&709[ 00 6o0714E 00 
))O.O 7.ll55E 00 7.0&09£ 00 6.9ZDJE OD 6o645lE DO 6.4498E 00 6.29e4( 00 6o1746E 00 6.0699E 00 5o9792f 00 
)40.0 7.00lZE 00 6o8985E 00 6.1095£ 00 6.5394£ 00 6.3478E 00 6.1991£ 00 6.U776E 00 5o97 .. 8t 00 5.1851[ 00 
350oD 6.19)4£ 00 6. 7925E 00 6.7052£ 00 6o4399E 00 6o2S16[ 00 6ol056f DO 5.9162E 00 5.885)£ 00 5.7979E 00 
)60.0 6.7917[ 00 6.6926£ DO 6o6067E 00 6o3459E OD 6o1609E 00 6.0173( 00 5.9oooe 00 5.110081: 00 5o 7l48E oc. 
JTO.O 6.6956£ 00 6o598lf 00 6o5U6E 00 6.257\E 00 6o075lf 00 5.9JJ9E 00 S.ll85E 00 s. 7209£ 00 S.6)64E 00 
)IO.D 6.6046£ 00 6o5087E 00 6.4255£ 00 6ol7llE OD 5o99)9f DO 5.1549£ 00 5.7414£ 00 5o645)£ 00 5.562U 00 
)90.0 6.5184£ 00 6o42J9f 00 6. 3420£ 00 1>.09)4£ 00 5o9l70E DO 5.7101£ 00 5.661JE 00 5o'5U7E 00 5o4918[ 00 
400.0 6o4l67E 00 6.34l5E 00 6o2629E 00 6.0179£ 00 5o844DE 00 5.709\f 00 5.5919E 00 5.'5057£ 00 '5o4250E 01) 
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STOPPING POWER 

ENER5Y 
NEY I• 15.0 I• 20.0 I• JO.O I• 40.0 I• 50.0 I• 60.0 I• TO.O I• ao.o 

410.0 6.J590E 00 6o267ZE 00 6.1876£ 00 5o9461E 00 5oT14TE 00 5.6417~ 00 5.5Jl1E 00 5o4412E 00 5.J616E 00 
420.0 6.2851E 00 6ol946E 00 6o1161E 00 5·1178£ 00 5.TOIIE 00 5o5776E 00 5.4T04E 00 5.J798E 00 5o301JE 00 
430.0 6o2141E 00 6·1254£ 00 6o0410t 00 5.1129£ 00 5o6460E 00 5oS166E 00 5.4101£ 00 5oJZ14E 00 5.24J9E 00 
440.0 6o1478E 00 6o0596E 00 5.98Jlt 00 5.TS10E 00 5.5162£ 00 5.4584( 00 5o3S.OE 00 5.2657£ 00 5.1892£ 00 
450.0 6.0839£ 00 5.9968E 00 5.9212£ 00 5.6919E 00 5o5292E 00 5o40JOE 00 5.2991i 00 5.2126£ 00 5.1JT1E 00 
460.0 6.0229E 00 5o9l61E 00 5.8622£ 00 5o6J56£ 00 5.4741E 00 5ol501E 00 5.2481£ 00 5.1619£ 00 5.087JE OC 
470.0 5.96~6E 00 5oi795E 00 5o8057E 00 5.5817£ 00 5.~221£ 00 5o2995C 00 5.198TE 00 5.11J5E 00 5.0J9TE 00 
480.0 5o9089E 00 5.824TE 00 5.7517£ 00 5.5J02E 00 5.3730£ 00 5.2511£ 00 5o1515E 00 5.0672£ 00 4.9942£ 00 
490.0 5.8555£ 00 5.7722£ 00 5o7001E 00 5.~809E 00 5o3255E 00 5.20~It 00 5o106lE 00 5.0229£ 00 4o950TE 00 
500.0 5o80~4E 00 5.72ZOE 00 5.6506£ 00 S.4JJ8E 00 5.2799£ 00 5.160SE 00 5.U6JOE 00 4.9805E 00 4.9091E 00 

510o0 
520.0 
530.0 
5~0.0 
550.0 
560.0 
570.0 
580.0 
590.0 
600.0 

5oT555E 00 
5.T085E 00 
5.66)4£ 00 
5.6201£ 00 
5o5785E 00 
5.5315E 00 
5.5000£ 00 
5.4629E 00 
5.4272£ 00 
5.)921£ 00 

610.0 5.3596£ 00 
620.0 5.3276£ 00 
630.0 S.2961E 00 
640.0 5.2670[ 00 
650.0 5.2382£ 00 
660.0 5o2103E 00 
670.0 5.1834£ 00 
680.0 5.1574£ 00 
690.0 5.132)[ 00 
fOOoO 5ol0f9f 00 

5.67)9£ 00 
5.627TE 00 
5.5814£ 00 
5.5~01£ 00 
5.4999£ 00 
5.~606£ 00 
5.~227E 00 
5.)86)[ 00 
5.1512£ 00 
5.317~£ 00 

5.6032E 00 
5.55TTE oo 
5.5140E oo 
5.~T21E 00 
5.4J11E 00 
5ol931E 00 
5.3558£ 00 
5.J199E oo 
5.285~[ 00 
5.2521£ 00 

5.3815E 00 
5.3451£ 00 
5.3035£ oo 
5o26J5E 00 
5.2251E 00 
5.1882E 00 
5.1526E 00 
5.118~E 00 
5.CI55( 00 
5.0537£ 00 

5.2162£ 00 5.1110£ 00 5.0215E 00 4.9399£ 00 ~.8691E 00 
5ol943E 00 5.0TTJE 00 4o981TE 00 4.9009£ 00 ~.8JOIE 00 
5.1541£ 00 5.0JI2E 00 4.9~35E 00 ~.1635E 00 4.7941£ 00 
5.1155£ 00 5.0007£ 00 4o9069E 00 4oi2T5E 00 ~.T518E 00 
5.0714£ 00 ~.96~6E 00 ~.8716£ 00 4.T9JOE 00 ~.7249£ 00 
5.0~27£ 00 ~.9300£ 00 ~.IJTIE 00 4oT598E 00 ~.692JE 00 
5.ooa.e oo ~.a966t oo 4.ao52E oo 4.7279£ oo 4.66tOE oo 
~.9fS4E 00 ~.16~5£ 00 4.7739£ 00 4o6972E 00 ~.6JQIE 00 
4.9~36E 00 ~.1336[ 00 ~.7~37£ 00 ~.6676[ 00 ~.6011£ OU 
~.91lOE 00 ~.8031£ 00 ~.T1~6E 00 ~.6391£ 00 4.5711£ 00 

5.28~1E 00 5.2200£ 00 5o0231E 00 4olll4E 00 ~.7751E 00 4.6866£ 00 ~.6117E 00 ~.5468£ 00 
5.2534£ oo s.ta90E 00 ~.9936E oo 4.1550£ 00 4.7474£ oo 4o6595t oo 4.5152E oo 4.520IE oo 
5.2ZlOE 00 5.1591E 00 ~.9651£ 00 4oiZ75E 00 ~.T20TE 00 ~.6)l~E 00 4.5597E 00 ~.4957£ 00 
5ol9JfE 00 5.1303£ 00 4.9376£ 00 ~.1009E 00 4o6949E 00 ~.60IJE 00 4o53SOE 00 4.4715£ 00 
5.1654£ 00 5olOZ4E 00 4.9111£ 00 4.7753£ 00 ~.6700£ 00 4.S840E 00 4o5ll2E 00 4.4482£ 00 
5ollllE 00 5.0755£ 00 4.885~£ 00 ~.7506£ 00 ~.6460£ 00 ~.5605£ 00 ~.~812£ 00 ~.~256£ 00 
5.1116E 00 5.0495£ 00 ~.8606£ 00 4oTZ6TE 00 ~.622TE 00 4.5371£ 00 ~.4660£ 00 4.~011£ 00 
5.0861£ 00 5.02~3[ 00 ~.8367E 00 ~.T035E 00 ~.6002E 00 ~.5159£ 00 ~.4445£ 00 4.JI2TE 00 
5.061~£ 00 5oOOOOE 00 ~.8115£ 00 4.6812£ 00 4.5TI5E 00 ~.~9~6£ 00 ~.4237£ 00 ~.362lE 00 
5.037~t 00 4.976~£ 00 4.7910E 00 ~.6595E 00 ~.5575£ 00 4o4T41E 00 4.~036£ 00 4o3426E 00 

710.0 5.08~lE 00 5.0141£ 00 ~.9536E 00 4.T693E 00 ~.6316£ 00 4.5371£ 00 4.45~JE 00 ~.JI42E 00 4.3235£ 00 
720.0 5.0615E 00 ~.9918£ 00 ~.9115£ 00 4.7~13£ 00 4.6113£ 00 4o51T4E 00 4.~350£ 00 ~.365~£ 00 4.3050£ 00 
730.0 5o0394E 00 ~.9701£ 00 ~.9101£ 00 ~.7279£ 00 ~.5916£ 00 ~.4984£ 00 ~.4164£ 00 ~.3472£ 00 ~.2871£ 00 
1~0.0 5.0179£ 00 4.9~90£ 00 ~.8894E 00 ~.TOI2E 00 4o5f96E 00 4o4T99E 00 ~.398~£ 00 ~.3295E 00 4.2698£ 00 
750.0 ~.9971£ 00 4.9216£ 00 ~.1693£ 00 4o6891E 00 ~.5612£ 00 ~.4620£ 00 ~.3809£ 00 ~.J124E 00 4.2530£ 00 
760.0 ~.9TTOE 00 ~.9018£ 00 ~.8498£ 00 ~.6705£ 00 4.5~llC 00 ~.4446£ 00 4.3640£ 00 4.2958£ 00 4o2361E 00 
110.0 ~.9574£ 00 ~.8896£ 00 ~.1309£ 00 ~.6525£ 00 4.5260[ 00 4.4278£ 00 4o3476E 00 4.2791£ 00 ~.2210£ 00 
780.0 4.9385£ 00 ~.lflOE 00 ~.1126E 00 4.6351£ 00 ~.5092E 00 ~.~liSE 00 ~.3317£ 00 4.2642£ 00 4.2057£ 00 
790.0 4.9201£ 00 ~.8529£ 00 ~.79~8£ 00 4o6li2E 00 4.~929£ 00 ~.J9S6f 00 ~.3162£ 00 4.2~91£ 00 4o1909E 00 
100.0 4.9022£ 00 4.8JS.E 00 ~.fTT5E 00 ~.6017£ 00 ~.4110£ 00 4oli0JE 00 ~.3012£ 00 ~.2344£ 00 ~.1765£ 00 

110.0 4.88~9E 00 4oi11~E 00 •• 7607£ 00 4.58SIE 00 ••• 617£ 00 •• l6S4E 00 4o286TE 00 4o2202E 00 4ol625E 00 
120.0 4.8680£ 00 4.1018£ 00 4oT445E 00 4.5703£ 00 4.4467[ 00 4.3509£ 00 4o2T26E 00 4o2064E 00 4.1490£ 00 
830.0 4oi516E 00 4.78SfE 00 4oT216t 00 4.5S53E 00 4.432JE 00 4oll68f 00 4.2589£ 00 4o1929E 00 4o1JSIE 00 
140.0 4oll57E 00 4.7701£ 00 4.71llE 00 4.5407£ 00 4.4112£ 00 4.l2J2E 00 4.2456£ 00 4.1799£ 00 4o12J1E 00 
850.0 4.820JE 00 4.7549£ 00 4o691JE 00 4.5265£ 00 4.~045£ 00 ~.3099E 00 4o2l26E 00 4ol6TJE 00 4o110TE 00 
160.0 4.8053£ 00 4.7402£ 00 4.68JIE 00 4oS127E 00 4.3912£ 00 4.2970£ 00 4o2201E 00 4.1550£ 00 4.0916£ 00 
870o0 4.T906E 00 4.7258£ 00 ~.6697£ 00 4.~993£ 00 4.3713£ 00 4o2845E 00 4.2079£ 00 4o14J1£ 00 4.0169£ 00 
180.0 4.7764£ 00 4.7119£ 00 4.6560£ 00 4.4862£ 00 4.3658£ 00 4.2723£ 00 4o1960E 00 4.1314E 00 4.0155£ 00 
890.0 4.7626£ 00 ~.6913£ 00 ~.6426E 00 4o4f36E 00 4.J5l6E 00 4.2605£ 00 4.1145£ 00 4.1202£ 00 4o0645E 00 
900.0 4oT492E 00 4.6851E 00 4o6297E 00 4.4612£ 00 4o)41TE 00 4.2490£ 00 4o1f32E 00 4ol092E 00 4o05JTE 00 

910.0 4oT361E 00 ~.6T23E 00 4.6170£ 00 4o4492E 00 4.3J02E 00 4.2371£ 00 4o162JE 00 4o0915E 00 4.0433£ 00 
920.0 4.723lE 00 4.6598E 00 ~.6047E 00 4o4lf5E 00 4.3119£ 00 ~.2269£ 00 4o151TE 00 4.0112£ 00 4o0ll1E 00 
930.0 4.7109£ 00 4.6476£ 00 4.5921£ 00 4.4262£ 00 4.3010£ 00 4.2163£ 00 4o14l4E 00 4.0T11E 00 4.02J2E 00 
940.0 4.6919£ 00 4o6l51E 00 4.5111£ 00 4.4151£ 00 4.2974£ 00 4o2060E 00 4o1314E 00 4.0613£ 00 4o01l6E 00 
950.0 4o6871E 00 4.6242£ 00 4.5697£ 00 4o4044E 00 4.2870£ 00 4o1960E 00 4ol216E 00 4o0517E 00 4o0042E 00 
960.0 4.6756[ 00 4.6110£ 00 ~.5587£ 00 4oJ9)9E 00 4.2769£ 00 4.1862£ 00 4oll21E 00 4.0494£ 00 3.9951£ OC 
970.0 4.6645E 00 4o6020E 00 4oS.T9E 00 4.JilTE 00 4.2671£ 00 4.1767£ 00 ••1021E 00 4o0404t 00 J.9863E 00 
910o0 4.6536£ 00 4.5914£ 00 4.S3T4E 00 4.JTJTE 00 4.2576£ 00 4ol6T4E 00 4o0931l 00 ~.OJ16E 00 lo9776E 00 
990.0 4o64JOE 00 4.5810£ 00 4o5272E 00 4o3640E 00 4o2412E 00 4.1SI4E 00 4.0850£ 00 4.02lOE 00 ).9692E 00 

1000.0 4.6J2TE 00 4o5709E 00 4o5lTlE 00 4o3546E 00 4.2392£ 00 4.1496£ 00 4.0765£ 00 4o0146E 00 3.9610E 00 

1100.0 4o5426E 00 4.4125E 00 4.4305£ 00 4.2724£ 00 4.160JE 00 4o07lJE 00 4o0022E 00 3.9421£ 00 3o8901E 00 
1200.0 4.4720£ 00 4.4134E 00 •• 3626£ 00 4o201JE 00 ~.0919t 00 ~.0140£ 00 3.9446£ 00 3oi859E 00 3.8351£ 00 
1100.0 4o4162E 00 4.3511£ 00 4ol090E 00 4.1579£ 00 4.0~0TE 00 3.967SE 00 3oi996E 00 1.1421£ 00 loT924E 00 
1400.0 4.3719£ 00 4o3155E 00 4o2666E 00 4olli1E 00 4.0121£ 00 3.9l11E 00 3oi643E 00 3.1079£ 00 3.7590£ 00 
1500•0 4.3J66E 00 4.2810£ 00 4o2329E 00 4.0867£ 00 3.9129£ 00 lo9025E 00 loll67E 00 ).TillE 00 3.7330E 00 
1600.0 4o3084E 00 4o25l6E 00 4.2061£ 00 4.0611£ 00 lo9S94E 00 loiiOOE 00 lollS2E 00 lo760JE 00 J.f121E 00 
1100.0 ~.2613£ 00 4.214TE 00 4ol612E 00 4.0271£ 00 J.9269t 00 l.849lE 00 lofl51t 00 J.Tl22E 00 lo6857E 00 
2000.0 4.2431E 00 4.1911£ 00 4.1454£ 00 4.006TE 00 3.9013£ 00 l.ll20E 00 lo7696E 00 3.7169£ 00 lo6712E 00 
2200.0 4.2301E 00 4.1TI1E 00 4ol3JOE 00 J.9962E 00 3.1992£ 00 3oi239E 00 Jo7624t 00 3oTl04E 00 3o6654E 00 
2400.0 4.2239£ 00 4ol725E 00 ~.1279£ 00 J.99ZTE 00 lo896TE 00 loi22JE 00 lo7615E 00 lo7101E 00 3.66S5E 00 

2600.0 4o22J1E 00 4o1722E 00 ~.1211E 00 J.9941E 00 3.8990£ 00 loi25JE 00 3.T651E 00 J.7141E 00 3.6700E 00 
2100.0 4o2264E 00 4.1758£ 00 4.1320£ 00 3.9991£ 00 3.9041£ 00 loi316E 00 J.TTI9E 00 3.T213E 00 ).&776£ OU 
3000.0 4.2325E 00 4oli23E 00 ~.1318£ 00 4.0068£ 00 3.9111£ 00 3.8404£ 00 3.7810£ 00 J.7301E 00 3o687JE 00 
lZOO.O 4.2401£ 00 ~.1909£ 00 4o1476E 00 4.0163£ 00 J.92l2E 00 loi509E 00 3.7919E 00 3.7419£ 00 lo6917E 00 
3400.0 4o2507E 00 4.2010£ 00 •• 1510£ 00 4.0273£ 00 3.9346£ 00 loi62TE 00 3o8039E 00 J.754JE 00 3.7112£ 00 
3600.0 4.2611£ 00 4.2121£ 00 4.1695£ 00 4oi393E 00 3.9470E 00 loi754E 00 3oll69t 00 ).T674t 00 lof246E 00 
JIOOoO 4.2TlTE 00 4.2244£ 00 4.1118E 00 4.0521£ 00 3.9601£ 00 3.8811E 00 3o8l05E 00 3.7812£ 00 3.7385£ 00 
4000.0 4o2863E 00 4.2JT2E 00 4o1946E 00 4o06S4E 00 l.973TE 00 3.9026£ 00 loi445E 00 J.79S4E 00 3.7528E 00 
4500.0 4o3195E 00 4.2707£ 00 4.2214£ 00 4o1000E 00 ~.0090£ 00 3.9)8)£ 00 3.8106£ 00 J.IJ11E 00 3.7895£ 00 
•ooo.o 4ol5JTE oo · 4.3051£ 00 4.26)0£ 00 4.1353£ 00 4.0447£ 00 lo9T44E 00 J.9169E 00 Joi614E 00 J.826JE 00 
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STOPPING POWEll 

EN!RC'f 
liE¥ •• to.o I• 100.0 I• uo.o I• 140.0 I• 160.0 I• 110.0 I• 200.0 I• 220.0 1• 240.0 

1.0 4.4266E 02 4.2670E 02 J.9939E 02 3.7672£ 02 3.57UE 02 3.4074E 02 3.2609E 02 3.UOif 02 3.0140E 02 
2.0 2.1102£ 02 2.7251E 02 2.5790E 02 2.4541E 02 2.3475E 02 2.zsne 02 2.11o1e 02 2.otne 02 2.0276E 02 
3.0 2.0902£ 02 2.oneE 02 1o9326E 02 1.14ne oz 1. 7734E oz 1.7014E 02 1.6505E 02 1.5914E OZ 1oUUE 02 
•• o 1.6?14£ 02 1o6271f 02 1.5511E 02 1o417lf 02 loU10E 02 1.3816£ 02 1.3376£ 02 t.neoe o2 1.2621E 02 
5·0 1.394)£ 02 1.3591E 02 1.2919E 02 1.2459E 02 l.200IE 02 1o16l3f 02 1.U60E 02 t.0943E 02 1.0655E 02 
6.0 1o1964E 02 1.1661E 02 1.ll54E 02 l.0720E 02 1.11J45E 02 1.00161: oz 9. 72l1E 01 9.4607£ 01 9.2224£ 01 
7.0 1o04l3f 02 t.OZliE 02 •· nsse 01 •·•one 01 t.OUOE 01 1.1024E 01 1.5534E Ol e.nooe 01 l.t277E Ol 
a.o 9.39l1E 01 9.l79lE Ol loi016E 01 1.4956£ 01 1.2246E Ol 7.9187£ 01 7.7715E 01 7.5186E 01 7.4156E 01 
9.0 e.notE 01 e.uou 01 e.UlOE 01 7.1700E Ol 7.U61E 01 7.HHE Ol 7.2527E Ol J.0872E 01 6.9354E 01 

10.0 7.9363£ 01 7.7745£ 01 7.4929E 01 7.2'21E 01 7.0432E Ol 6.8610E 01 6.6974E 01 6.S415E Ol 6.4117E 01 

u.o 6.1625! 01 6.7UOE 01 6.4931E 01 6.294lE Ol 6.ll91E 01 5.9679£ 01 5.U14E 01 5.7070E Ol 5.5927E 01 
14.0 6.0662£ 01 S.95UE 01 5.7506E 01 5.5791E Ol 5.4J06E 01 5.J003E Ol S.1U2E Ol 5.0764£ 01 4.9712£ 01 
16.0 S.4499E 01 5.)492£ 01 5.1740£ 01 5.0246E 01 •• 19UE 01 •• 7102E 01 4.6776t 01 4.5140E 01 4.4910E 01 
111.0 4.9575E 01 4.8610E 01 4.7122E 01 4.5196E 01 4.4631£ 01 4.J62)E 01 4.2710£ 01 4.1178E 01 4olll3E 01 
20.0 •• ssuE 01 •• nnE 01 •.nnE 01 4.2l42E 01 4.llOOE 01 4.01116£ 01 3•9l63E 01 3.1614£ Ol J.7925E 01 
zz.o •• 2l77E 01 4.1444£ 01 4o0169E 01 3.90UE Ol 3.8U6E 01 3o7304E Ol 3.6556E 01 Jo5874E 01 J.S247E Ol 
4!4.0 Jo9l21f 01 J.I641E 01 3.7479! 01 3.641)£ Ol Jo5614E 01 3.4851E 01 3.4l64E 01 J.U39E 01 J.2964E 01 
26.0 J.6866E 01 3.6244E Ol 3.5l6JE 01 3.42UE 01 3.3441E Ol s.nne 01 3.2lOlE 01 J.152JE 01 J.0991E 01 
28.0 3.47)1E 01 3.4152£ 01 3. 3147! 01 3.2292£ 01 J.1546E 01 3.0190£ 01 3o0300E 01 2.9763E 01 2.9269E 01 
)0.0 3.2856E 01 3.2)15£ 01 J.U75E 01 3.0576E 01 2.9179E 01 2•9266E 01 2.1714E 01 2.uue 01 2. 775U 01 

32.0 3.U95E 01 3.0617E 01 2.9104E 01 2o9054E 01 2oi400E 01 2. 7124£ 01 2.non 01 2.6U5E 01 2.6402£ 01 
)4.0 2.9714£ 01 2.9U5E 01 2.1402E 01 2o7695E 01 2.7071! 01 2o6536E 01 2.6041E 01 2o5604E 01 2.nue 01 
36.0 z.nnE 01 2.7930E 01 2. 7l42E 01 2.64UE 01 2.51tof 01 2o5J76f 01 2.4915£ 01 2.449"E 01 2.uo•e 01 
n.o 2. lllllE 01 2.6751E 01 2.600JE 01 2.!1361E 01 2.u1se 01 2.une 01 2.3119E 01 2oJ491E 01 2.JU5E 01 
40.0 2.609lE 01 z.5610E 01 2.4969£ 01 2.4364E 01 2o3U7E 01 2.nne 01 2.2956E 01 2.2571e 01 2o2l29E 01 
42.0 Z.!I095E 01 2.4704£ 01 Zo4024E 01 2.3447£ 01 2.294!1E 01 2.nou 01 2.2104£ 01 2.nue 01 2.1•1oe 01 
••• o 2.41UE 01 2.3109E 01 2.Jl51E Ol 2.2606E 01 2.2U6E 01 2.nou 01 2.U22E 01 2.0976£ Ol 2.06!11E Ol 
46.0 2.))44£ 01 2.298SE 01 2.2J6U 01 2.1enE 01 2oU72£ Ol 2.0966E 01 2.o•ou 01 2.o21oe 01 1.9965£ 01 
••• o 2.2570E 01 2.u2se 01 Zol626E 01 2ollliE 01 2.067!1E 01 2.021!1E 01 t.993!1E 01 1.9617£ 01 1o9325E 01 
50.0 2.115)£ 01 2.1SZU 01 2.0945E 01 2.0456E 01 2oOOJOE 01 ••• .,!IE 01 1.9311E 01 1.90UE 01 1.873lE 01 

55.0 2.0212£ 01 1.99611£ 01 1.94411! 01 1oii9ME 01 1oi60H 01 1ol262£ 01 1o7954E 01 1.7674£ 01 1.7U7E 01 
60.0 1.1937E 01 t.8656E 01 1oll70E Ol 1.7751E 01 lo7J991i 01 1.7012£ 01 lo6791f 01 l.6540E 01 1o6J04E 01 
65.0 1.7192£ Ol 1. 753ZE 01 1.70IIOE 01 t.6697E 01 1o63ME 01 1o6070E 01 1o5106E 01 1o'SS6Jf 01 1.5347£ 01 
70.0 1.611011: 01 1.6551E 01 1.6U5E 01 1.!1777E 01 1.54661 01 1o!I191E 01 1.494!1E Ol 1.47UE 01 1.4516E 01 
75.0 lo59UE 01 1.5704£ 01 1.SJOIE 01 1.497lE 01 1o4679E 01 lo4421E 01 1o4l90E 01 lo3910f 01 t.3717E 01 
8o.o 1.S167E 01 1.49!11E 01 l•4576E Ol 1.US9E 01 1.3911£ 01 1oJ140E 01 1.3522E 01 a.n2u 01 l·Jl42E 01 
'"·0 a.•use 01 1.4280E 01 a.Jt26E 01 1.J625E 01 1.JJ64E 01 I.JlUE 01 1.Z9ZJE 01 1o27l9E 01 1.2567£ 01 
90.0 1.J814E 01 a.J680E 01 1. ))UE 01 1.~0!17E 01 1.2101£ 01 1•2!119! 01 1.2393E 01 1.2ZUE 01 1.20!11E 01 
95.0 1. JJ24E 01 1oU39E 01 1.28l1E 01 1.2544E 01 1.2307! 01 1.2099! 01 1o19llE 01 1ol741E 01 1.1!186E 01 

100.0 1o28Z6E 01 1.2648E 01 1o2)41E 01 1.208oe 01 1.U!IJE 01 1ol6!14E 01 1.147'SE 01 1.UUE 01 1oll64f 01 

105.0 1.U12E 01 1.UOZE 01 1.1907E 01 1.16!17E 01 1o1440E 01 1.1241£ 01 1.1017E 01 1.09ZlE 01 1o0779E 01 
uo.o 1.1957E 01 lol194f 01 1.1510E 01 1.UJOE 01 1o1062E 01 lo0171f 01 1.onu 01 lo056JE 01 1.0426£ 01 
us.o 1o157ff 01 1o1419E 01 1oll46f 01 1.09UE 01 1.0714E 01 1.05JTE Ol 1oOJ71f 01 1.02J4E 01 1.010lE 01 
uo.o 1.ll26E 01 1.1074£ 01 l.OillE 01 1.0588£ 01 lo0394f 01 1o02UE 01 1o0070E 01 9.UUE 00 9.8042E 00 
ll'S.O 1.0902E 01 1.0755[ 01 1.0S01E 01 1.o2ese o1 l.0091t 01 9.9JZ9E 00 9.18SOE 00 9.6!108E 00 9.5211£ 00 
uo.o 1.0602E 01 1o0460E 01 1.o2ue 01 1.000!IE 01 9.82)4£ 00 9.66J6E 00 9.5ZOSE 00 9.3907E 00 9o27l9E 00 
uos.o 1.0UJE 01 1.0185£ 01 9.94!19£ 00 9.7U6E 00 9.5681E 00 •·•nze oo 9o2744f 00 9.H87E 00 9.0JJ6E 00 
140.0 1.0062E 01 9.9285£ 00 9.6967E 00 9.500JE 00 9ollOOE 00 9.l197E 00 9.04501: 00 1.9229E 00 1.8U2E oo 
14S.O 9.8192£ 00 9.6891E 00 9.46)8£ 00 9o2730E 00 9.1074£ 00 8.96UE 00 8.non oo 8.?119£ oo 11.60J4E 00 
uo.o 9.591SE 00 9.4649E 00 9.24571: 00 9.0600E 00 8.89119£ 00 e. 7568E 00 8.629!1E 00 e.s1 .. 1E 00 1•40116£ 00 

155.0 9.3118£ 00 9.254SE 00 9o0410E 00 8.86ou 00 8.70l2E 00 a.5641E 00 1.4401£ 00 e.J21!1E 00 8.2257E 00 
160.0 9.1770£ 00 9.0567E 00 a ... ase 00 8.67ZZE 00 1. 5192E 00 8.n•ze 00 1.2634£ 00 1.uue 00 II.OSJ6E 00 
165.0 8.9177E 00 8.no•e 00 lo667lE 00 1.4951£ 00 lol4'SIE 00 8.zt4lE 00 1.0961£ 00 7.9892E 00 7.11914£ 00 
170.0 e.8092E 00 8·••••e 00 llo4960E 00 8.U79E 00 I.U21E 00 8.0'SJ4E 00 7.9382E 00 7.UJ8E 00 7.7J83E 00 
175.0 8.6404£ 00 8.52114£ 00 8oJJ42E 00 8o1699E 00 I.021JE 00 7.90l6E 00 7o7889E 00 7.6869E 00 7.5935£ 00 
110.0 1.4807£ 00 8.ntoe 00 8.18UE oo 8.0203f 00 7.ee08E 00 1. 7S71E 00 7.6476E 00 7.54711: 00 7.4564E 00 
185.0 8.3293E 00 I.U19E 00 I•OJ!I9E 00 7.8185£ 00 7.7419E 00 7.6214£ 00 7.5U'SE 00 7.4U7E 00 7.)26)£ 00 
190.0 e.1156E 00 I.OIOlE 00 7.891lf 00 7.7H8E 00 7.6100E 00 7.49l9E 00 7ol862E 00 7.29041: 00 7.2021E 00 
195.0 1.0419£ 00 7.9457E 00 7.7670E 00 7.61SIE 00 7.4146f 00 7.J618t 00 7.2652£ 00 7.11UE 00 1.onu 00 
200.0 7.9U9E 00 7.817fE 00 7.642lE 00 7.49J9E 00 7.J652E 00 7o2516E 00 7.1499£ 00 7o0578E 00 6.97J6E 00 

210.0 To6769E 00 7.519Jf 00 7.4102E 00 7.2670£ 00 7.1429f 00 1 .onu 00 6.93S4E 00 6.11466E 00 6. 765JE 00 
220.0 7.4562E 00 7.l619f 00 7.198'SE 00 7.06011: 00 6.9402E 00 6.U44E 00 6.ll96E 00 6.65l8E 00 6.5754£ 00 
uo.o 7.25HE 00 7.1629£ 00 7.0046£ 00 6o8107E 00 6.7546E 00 6.6SZlE 00 6.5604£ 00 6.417JE 00 6.4014£ 00 
240.0 7.0688E 00 6.9801E 00 6. 8266£ 00 6.6967E 00 6.5140E 00 6.4847£ 00 6.)957f 00 6.)151£ 00 6.2 .. 14£ 00 
250.0 6.8978£ 00 6.8116£ 00 6.6625E 00 6.5J62E 00 6.4268E 00 6.JJOZE 00 6.2USE 00 6.1655£ 00 6.0940E 00 
260.0 6.1l9lE 00 6.65!19£ 00 6. 5107£ 00 6.3819E 00 6.21114£ 00 6.1815£ 00 6.1034£ 00 6.02121: 00 S.9576E 00 
.no.o 6o5932E 00 6o5ll!lf 00 6. HOOE 00 6.2504E 00 6.1 .. 66E 00 6.05SU 00 5.97J1t 00 5.8919E 00 s.uue 00 
28o.o 6.4570E 00 6.377)£ 00 6.2J93f 00 6.122n oo 6.021lE 00 5.9JZOE 00 5.8520£ 00 5.7f96E 00 5. JUSE 00 
290.0 6.))01( 00 6o2SZZE 00 6.1174£ 00 6.00)4£ 00 5.9045E 00 S.llnE 00 s. 7l92E 00 5.661!1£ 00 'So60)9E 00 
)00.0 6.2116£ 00 6.1354£ 00 6.00l6E 00 'So8921E 00 5. 7954E 00 'J.710lE 00 S.UlU 00 S.S647E 00 S.S01SE 011 

)10.0 6.1007£ 00 6o0262f 00 5.197ZE 00 5.7110£ 00 5.69)4£ 00 5.6099E 00 S.SJ'SlE 00 5.4675E 00 5.4057E 00 
)20.0 5.996&£ 00 'J.92l1E 00 '· 791)£ 00 5.6904E 00 'J.5977E 00 5.5159£ 00 s.4427E oo 5.l764E 00 5.une oo 
uo.o 'Sol99lf 00 'S.IZJSE 00 5. 7036E 00 5.5917E 00 5.5018E 00 '5.4276E 00 5.3551£ 00 5.290IIE 00 '5.2)14£ 00 
)40.0 5.8one oo s.7HOE 00 S.615JE 00 'So5124f 00 s.unt oo 5.J445E 00 5.2140£ 00 5.2102E 00 5.1S19E 00 
no.o s. 7201E 00 5.6517£ 00 5.5322E 00 5.431lE 00 'S.l435f 00 S.2661E 00 s.19lOE oo 5.uue oo s.o771E oo 
360.0 '5.6)90£ 00 s.snze oo S.45HE 00 5. 354)£ 00 5.2682£ 00 s.1tht oo 'S.UUE 00 5.0627E 00 5.0064£ 00 
no.o 5.5611£ 00 5.4951E 00 s. 3795E 00 S.2811E 00 5.1971£ 00 S.UHE 00 s.onse oo 4.9949E 00 4.9J96E 00 
)10.0 5.48117£ 00 '5.Ul0E 00 "· 309JE 00 s.2uze oo 'S.l298L 00 5.0562£ 00 •• 9904£ 00 4.9301E 00 •• 8764£ 00 
)90.0 5.4195£ 00 s.n•ee oo 5.24UE 00 5.1481E 00 S.0660E 00 4.9936E 00 4.9288£ 00 4.8101E 00 4.8165E 00 
400.0 'So )5)8£ 00 5.2900E 00 5.1797E 00 5.0164E 00 os.oosse oo •• 9)41£ 00 4o870JE 00 4.8124£ 00 4. 7596£ 00 
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STO,IMG 1'0111!11 

INEII'Y 
IIEY I• to.o ... 100.0 I• 120.0 I• 140.0 I• 160.0 I• UO.O I• 200.0 1• 220.0 I• 240.0 

410.0 '5.2914£ 00 '5.221'51 00 '5.U91e 00 '5.0211E 00 4.9410E 00 •.nne oo 4oll4le 00 •· nne oo 4o70'56e 00 
•zo.o '!S.ZJZOe 00 '!S.llOOe 00 '5.0621E 00 4.9TZOe 00 4.193JE 00 4.1Z40E 00 4.76191 00 4.l0'5lt 00 4o6'5UE 00 
430.0 '5.US5E 00 '5.11441 00 5.ooese oo 4.9U9E 00 4.14UE 00 4.7129E 00 4o7ll6E 00 4.6'561E 00 4o60ME 00 
440.0 '5ol2l1e 00 '5.06UE 00 4o9561E 00 4.1614E 00 4.l911E 00 4.7Z4ZE 00 4.66J1E 00 4.6019E 00 4o'5'519E 00 
450.0 5.o1o.e oo '5.0101E 00 •·•one oo 4.8ZOZE 00 4.744'5e 00 4.67nE 00 4o6UOC 00 4.'56S9E 00 4.514'5£ 00 
460.0 '5o0Zl4E 00 4.96Z'5E 00 4.16041 00 4.n4ZE 00 4.6994E 00 4o6JJ4E 00 4.5144E 00 4.SZ09E 00 4o41Z1E 00 
470.0 4.9146E 00 4.916)£ 00 4.11ne oo •-nou oo 4.6'56JE 00 4.5911E 00 •.nzn oo 4.4799E 00 · 4.4J16E 00 
410.0 4.9Z91E 00 4.11ZZE 00 •• nnE oo 4.6112£ 00 4.61S1E 00 4.SS06E 00 4.49Z9E 00 4.4406E 00 4ol9Z9E 00 
490.0 4oii10E 00 4oiJOOE 00 4.U14E 00 4.6479E 00 4.S7S6E 00 4.5UIE 00 4o4S41E 00 4o40JU 00 4.JtS9E 00 
'500.0 4.1460E 00 4.1196E OV 4.69ZOE 00 4o6094E 00 4.SJ79E 00 4o4141( 00 4o411JE 00 4.J611E 00 4oJZ04t 00 

'510.0 4.1061E 00 4.1'509E 00 4o654JE 00 4.5lUE 00 4.5011E 00 4.439ZE 00 4.JIUE 00 4.UZ1t 00 4.ZI6'5e 00 
'!SZO.O 4o1690E 00 4.11JIE 00 4.6li1E 00 4.5JTZE 00 4.4670E 00 4o40'5ZE 00 4.)491E 00 4.Z99lE 00 4oZ'539E 00 
'5)0.0 4oUZ9E 00 4.611lE 00 4.'5134E 00 4o'50JZE 00 4.UJ1E 00 •• nzse 00 4.Jl76E 00 4.Z610E 00 4.ZZZ1E 00 
540.0 4o691ZE 00 4.6U9E 00 4.5500E 00 4.4706E 00 4.40liE 00 4.J411E 00 4.li61E 00 4.2376E 00 4ol921E 00 
sso.o 4o6641E 00 4.6UU 00 4o'51IOE 00 4o439JE 00 4ol1llE 00 4.Jl09E 00 4oZ51lE 00 4.ZOI4E 00 4ol6)9f 00 
'560.0 4o6)21E 00 4.519'5E 00 4o411ZE 00 4.4092£ 00 4o3U6E 00 4.ZIZOE 00 4•ZZI6E 00 4o110JE 00 4.U6ZE 00 
510.0 4o60l9E 00 4.549lE 00 4o4516E 00 4.310JE 00 4.31JZE 00 4oZ54lE 00 4.ZOUE 00 4.UU£ 00 4ol096E 00 
no.o 4.51ZZE 00 4.'5191E 00 4o4Z9lE 00 4.nzu oo 4.ZIS9E 00 4oZZ7lE 00 4.l141E 00 4.UUE 00 4.11140E 00 
'590.0 4.'5431E 00 4.4911( 00 4.40UE 00 4.3Z56E 00 4.2'591£ 00 4oZOUE 00 4o1494E 00 4.10ZJE 00 4oOS9JE 00 
600.0 4.516U 00 4.4646E 00 4.)15)£ 00 4.Z991E 00 4.Z344E 00 4.1166E 00 4.tz'50E 00 4o011JE 00 4.03S6E 00 

610.0 4o4196E 00 4.4314E 00 4o3491E 00 4.Z749E 00 4oZlOOE 00 4.UZTE 00 4.1014£ 00 4.0'5SlE 00 4.0U1E 00 
620.0 4o4640E 00 4.4UZI! 00 4oJZSJE 00 4oZ509E 00 4oli6'5E 00 4olZ96E 00 4.0117£ 00 4.03Z1E 00 ).9906E 00 
630.0 4.4394E 00 4.JII9E 00 4o3016E 00 4.ZZ11E 00 4o16JIE 00 4.101JE 00 4.0561E 00 4oOll1E 00 3.9694£ 00 
640o0 4.4155E 00 4o3655E 00 4.Z711E 00 4.ZOME 00 4.1419E 00 •• oes1t 00 4.0351E 00 3.990JE 00 J.9419t 00 
6'50.0 4.39261! 00 4.34ZIE 00 4.Z'561E 00 4oli)9E 00 4.UOIE 00 4o06'51E 00 4.01'5)£ 00 ).9702£ 00 ).9291E 00 
660.0 4.3103E 00 4.JZ09E 00 4.znu oo 4o16Jlf 00 4o1004E 00 4o0451E 00 Jo99S6E 00 J.9SOIE 00 3.9100E 00 
670.0 4o)419E 00 4.Z991E 00 4.Zl41E 00 4.l430E 00 4.0101E 00 4.02'51£ 00 3.9766E 00 J.9321E 00 loi915E 00 
610o0 4.JZIZE 00 4.ll94E 00 4o1949E 00 4.U35E 00 4.06l6E 00 4o0071E 00 J.9512i 00 J.9140E 00 3oiU7E 00 
690.0 4.JOilE 00 4.Z596E 00 4.11'57£ 00 4o1041E 00 4o04JZE 00 3.9190E 00 J.9405E 00 J.I965E 00 J.l564f 00 
700.0 4.ZIITE 00 4.240'5E 00 4oU7lE 00 4.0166E 00 4.02ME 00 ).91l'5E 00 3.9UJE 00 3.1796f 00 3.1391E 00 

no.o 4.2699E 00 4.2220E 00 4.U91E 00 4.06901! 00 4.0012£ 00 3o9546E 00 3.9061E 00 ).1633£ 00 3o1Zl6E 00 
720.0 4.2'5liE 00 4.2041£ 00 4olZUE 00 4o05ZOE 00 3o99l6E 00 3o93UE 00 3oi906E 00 3.1414£ 00 J.IOIOE 00 
uo.o 4.ZHZE 00 4.U61E 00 4o1041E 00 4.0l'55t 00 J.91S4E 00 3o9ZZ4E 00 J.IJSOE 00 loi321E 00 3o19Z9E 00 
740.0 4o2l1Zf 00 •.nooe oo 4.011'51! 00 4.0196E 00 3.9S91E 00 3.9011E 00 3.1600E 00 J.llUE 00 J. nne 00 
uo.o 4o2006E 00 4.U31E 00 •• onu oo 4o0041E 00 3.9441£ 00 3oi92JE 00 3.14ME 00 J.I029E 00 J. 764Zf 00 
760.0 4.1141! 00 4.UIOE 00 4.0'574£ 00 ).9192£ 00 J.9)00E 00 J.I719E 00 ).1312f 00 l.li90E 00 J. nose 00 
110.0 4.1692£ 00 4.UZIE 00 4o04Z5E 00 3.914lE 00 3.9t'51e 00 ).1640[ 00 3oll76E 00 J.77S6E 00 J.UJZE 00 
110.0 4oU4U 00 4.10IOE 00 4.021lE 00 J.9606E 00 J.90Z1E 00 loi50'5E 00 J.IOUE 00 J. 76ZSC 00 J.nue oc 
790·0 4.U96E 00 4.0936E 00 4o014Zf 00 J.9470E 00 J.IIITE 00 3.1374E 00 J.79l4f 00 3.7491E 00 3. 7ll9e 00 
100.0 4.U'54E 00 4.0191£ 00 4.0006E 00 lo9))1E 00 J.I151E 00 J.IZ41E 00 3.ni9E 00 lo73l6E 00 J.699IE 00 

no.o 4o1ll1E 00 4.066ZE 00 3.911'5£ 00 3.9Z09E 00 ).16l3E 00 J.IUU 00 J.7669E 00 J. 7251E 00 J.6110E 00 
120.0 4.0914£ 00 4.0'5llE 00 S.9741E 00 lo901'5E 00 J.ISUE 00 3.1004E 00 J.nste oo 3.1l41f 00 3.6167£ 00 
uo.o 4.0I'JSE 00 4o0404E 00 3o96Z4E 00 3.1964E 00 J.U93e 00 3olii1E 00 3~7U1E 00 s.70Z9E 00 J.66S6E 00 
140.0 4oOlZ9E 00 4.0210£ 00 3ofl04E 00 loii41E 00 J.IZTIE 00 J.7716E 00 3. nne oo 3.69ZOE 00 3o6M9E 00 
150.0 4.0607£ 00 4.0t60E 00 J.9311E 00 3.1133E 00 3oll61E 00 3.766lE 00 J.TZZOE 00 J.61U£ 00 ).6445£ 00 
160.0 4.0419£ 00 4.0044£ 00 3.9Zl4E 00 3oi6UE 00 3.80'51£ 00 3.756\E 00 J.JUSo! 00 3o67Uf 00 3.6J4SE 00 
110.0 4.03141! 00 ).9931£ 00 3.9l64E 00 3.15151: 00 J.795JE 00 J. 74'51E 00 J.7014E 00 3·66UE 00 3o6Z41E 00 
180.0 4.0Z6ZE 00 J.91ZlE 00 J.90S1E 00 J.l4llE 00 3. 71'51£ 00 J. nsee oo ).6916f 00 3.6'516E 00 3.6lSlE 00 
190.0 4.0U3E 00 lo91l4E 00 J.I9'53E 00 3.1310E 00 ).71UE 00 J.7Z61E 00 3o61Zlf 00 ).642)£ 00 J.60S9E 00 
900.0 4.0041E 00 3.9610E 00 l. II'!SZE 00 J.IZllE 00 ).76'56£ 00 J.ll66E 00 3.UZIE 00 J.6))l( 00 J.S969E 00 

910.0 ).9945£ 00 ).9509£ 00 3.11541! 00 J.lll'!SE 00 3.156ZE 00 l.7074E 00 3.66)1£ 00 3o6ZUE 00 J.518ZE 00 
920.0 3.9145£ 00 3.9411£ 00 3.16SIE 00 3.10221! 00 ).741lE 00 ).6915t 00 3.65SOE 00 3.6157£ 00 ).5798£ 00 
930.0 3.9741E 00 ).931'5E 00 l.I566E 00 ).79)2£ 00 s.nne oo ).6199£ 00 J.6465E 00 J.601JE 00 3.57tSE 00 
940.0 ).96'54£ 00 ).9Z2ZE 00 S.Ml'!SE 00 lo1144E 00 ).72911: 00 ).6114£ 00 ).6)13£ 00 lo599ZE 00 l.S635E ou 
950.0 3.956ZE 00 J.9l3U 00 J.UIIE 00 J.7751E 00 3.12UE 00 3.67JZE 00 3.6JOZE 00 J.StUE 00 J.SS57E 00 
960.0 3.9472£ 00 ).9044E 00 J.IJOZE 00 ).76751! 00 3o7UZt 00 3.6653£ 00 3.6224E 00 3.51l6E 00 3.541ZE 00 
970.0 J.9315E 00 3.1951£ 00 3.1zt9E 00 J.7'594E 00 3.70SlE 00 ).651SE 00 J.6141E 00 J.5761E 00 J.S-.OIE 00 
910.0 3.9lOlE 00 ).1175£00 ).llllf 00 J.7st'5E 00 3.6976£ 00 J.6SOOE 00 ).6074£ 00 lo5619E 00 3.5))7£ 00 
990.0 Jo9ZliE 00 3.1794£ 00 ).1060£ 00 ).7439£ 00 ).690lf 00 3.64Z6E 00 J.600Z.E 00 loS6liE 00 J.5Z67E 00 

1000.0 lo9UIE 00 J.lll'!SE 00 3.191lE 00 3.7lME 00 ).61ZIE 00 ).6)'5'5£ 00 3.S9JZE 00 J.SM9f: 00 3.5l99E 011 

uoo.o S.I441E 00 J.IOllE 00 l.nzoe oo J.67liE 00 J.6191E 00 3.'5731E 00 J.UZTE 00 lo49'5'5E 00 3o46l6E 00 
uoo.o 3ol90JE 00 3.noze oo 3.6101£ 00 3.62ZZE 00 3.51UE 00 l.526SE 00 J.4164E 00 J.4SOlE 00 3.U69E 00 
uoo.o 3.7415E 00 J.709ZE 00 3.6412£ 00 ).51l1E 00 ).S)40t 00 J.4900E 00 ).4'501f 00 J.41SZE 00 loliZJE 00 
1400.0 J.ll'59E 00 J.61UE 00 3.6105E 00 J.SMOE 00 3.SOSlf 00 J.4620E 00 3.4234£ 00 3.JII4E 00 J.3S6SE 00 
1 '500.0 J.690'5E 00 Jo65Z'5E 00 loSI67E 00 J.'5lllE 00 J.4130E 00 J.440SE 00 ).402'5£ 00 3o36UE 00 J.U61E 00 
1600.0 3.67091! 00 ).6))4£ 00 J.561SE 00 J.5U6E 00 lo4661E 00 3.4242£ 00 ).)1671: 00 J.JSZTE 00 J.JZ11E 00 
1100.0 ).6447E 00 3.6010E 00 J.MUE 00 lo4909E 00 Jo4444f: 00 3.4034E 00 3.)661f 00 l. ))J'!Sf 00 3.)0)2£ 00 
zooo.o ).6309E 00 3.'5949E 00 J.5JZSE 00 ).4797t 00 3.4341£ 00 3.J931E 00 3.lSl1E 00 J.lZSlE 00 J.295JE 00 
uoo.o lo6Z56E 00 )o'590lE 00 3.52161 00 ).476'5£ 00 3.4315£ 00 J.3911E 00 3ol'56ZE 00 3.3240£ 00 J.Z947E 00 
2400.0 J.6Z6JE 00 3.'59UE 00 ).'530Jt 00 3.41191 00 3.4l4JE 00 J.l9SOE 00 3.lS99E 00 J.UilE 00 J.ZHOt 00 

2600.0 ).6)11£ 00 J.5963E 00 ). 5)60£ 00 lo415lE 00 lo44lOE 00 3.-.ozoe 00 J.l612E 00 3.U51E 00 3.3069£ 00 
zeoo.o ).6li9E 00 )o60.4E 00 loM46E 00 3o494lf 00 3.4S03E 00 lo4ll JE 00 3ol771E 00 )o)459E 00 ).3l7Jf 00 
3000.0 3.6490E 00 ).6l41E 00 3.5S5lE 00 J.'50SlE 00 3.Ul6E 00 J.4Zl2E 00 ).3119£ 00 3. )Slit 00 3.3295E 00 
JZOO.O 3o6606E 00 lo6Z64E 00 3.'5674£ 00 J.Sl75E 00 )o474Zf 00 ).4361£ 00 3o40l9E 00 3.31llf 00 3.3429£ 00 
)400.0 s.6nu 00 lo6J9JE 00 l. 5106£ 00 ).5J09E 00 3.4171E 00 3.4499£ 00 J.U59E 00 J.JISZE 00 l.351ZE 00 
)600.0 J.6161E 00 Jo65JOE 00 3.594'5£ 00 3.MSOE 00 J.SOZ1E 00 3.464)£ 00 J.UOSE 00 3ol999E 00 3.HZOE 00 
)100.0 J.loo9E 00 J.6612fi 00 J.6019E 00 l.5'596E 00 ).'>169£ 00 l.419Zt 00 3.445'5£ 00 ).41S1E 00 3.li7ZE 00 
4000.0 3.1l'5JE 00 3.6117E 00 l.6U6E 00 s.nue oo 3·Sll9E 00 3.4944£ 00 3.4601£ 00 3o4l04E 00 J.40Z7E 00 
4'500.0 3. 752ZE 00 3.7UIE 00 J.66llE 00 ).6tz)f 00 3.5700E 00 J.5327E 00 3.4994£ 00 3o469ZE 00 ).4416[ ou 
5000.0 3.71921 00 l• 7'560E 00 ).6916£ 00 3.6SOOE 00 ).60791! 00 ).5101£ 00 3.5J76E 00 ).S016E 00 3o4IOZE 00 
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STO,ING POIIEit 

ENERGY 
IIEV I• 260.0 I• 2ao.o I• JOO.O I• 320.0 I• 340.0 I• 110.0 I• 4ZO.O I• 460.0 I• 500.0 

1.0 2.9016E 02 z.eu5e 02 2.1246E 02 2o607E 02 2.5611E oz 2.4:S46E OZ 2.31l'ZE OZ 2.ZU4E 02 z.uou 02 
2.0 1o9660l' 02 1.9096E 02 1.157SE 02 1o8094E 02 1.7646E 02 1.6UIE OZ 1o6lZ5E OZ lo5489E OZ l.4918E 02 
3.0 1.5011E 02 1.4615E OZ 1o4ll9E oz lol979E oz 1.366JE oz 1.J091E OZ 1.2514E OZ loZIJlE OZ 1.17Z2E OZ 
4.0 1.Z292E 02 1.1990E OZ I.UUE 02 lo1452£ 02 1.lZUE OZ 1.071ZE OZ 1.0384E 02 1o00J6E OZ 9.7UZE 01 
s.o 1.039ZE OZ 1.0UOE OZ 9o9270E 01 9.7195E 01 9.5260E 01 9.17UE 01 1.86J4E 01 •. ,..u 01 a.uzze oa 
6.0 9.0047E 01 ••• 047E 01 a.6t99E 01 e ... ne 01 1.2184E 01 7.9911E 01 7oJ407E 01 7.510lE 01 7.J016E 01 
7.0 7.94-llE 01 7.77J6E 01 7.617ZE 01 7.47ZOE 01 7.JJ61E 01 7.09UE 01 6.17JIE 01 6.6790E 01 6.SOJOE 01 
e.o 7.2561E 01 7.ll02f 01 6.9740E 01 6o8469E 01 6.1279! 01 6.5105E 01 6.J160E 01 6.1404E 01 5.t806E 01 
9.0 6.7950E 01 6.6645E 01 6o5425E 01 6.4281E 01 6ol202 01 6.l2UE 01 5.94Z1E 01 5 0 7197E 01 5.UoJE 01 

10.0 6.285lE 01 6.1676E 01 6.0576E 01 5.9541E 01 5.1570 01 5.6176E 01 5o5154E 01 5.J675E 01 S.ZJ16E 01 

u.o 5.4170E 01 'J.lii5E 01 5.296ZE 01 5.Z09SE 01 5.1216E 01 4.976ZE 01 4.UI7E 01 4.71Z7E 01 4.596ZE 01 
14.0 .... nl' 01 4.1025E 01 4.72UE 01 ..... u 01 4.5175E 01 4.446SE 01 4.JZ70E 01 4.Zl70E 01 4.U49E 01 
16.0 4.4lllE 01 4o34)9f 01 4.2742E 01 4.ZOISE 01 4.146ZE 01 4.0JOIE 01 )o925JE 01 J.IZ79E 01 J.7J7ZE 01 
u.o 4.040lE 01 J.9741E 01 J.9lZOE 01 J.I5J4E 01 J.7980E 01 3.6949E 01 J.6007E 01 J.5uu 01 J.UUE 01 
zo.o J.1215E 01 3.6689E 01 J.6l29E 01 3o5601E 01 3.510IE 01 J.411ZE 01 l.JJZIE 01 J.25l2E 01 J.l796E 01 
zz.o :S.4666E 01 J.UZJE 01 ,_ J614E 01 J.JUJE 01 J.Z671E 01 J.IUZE 01 J.l057E 01 loOJJ9E 01 2.9667E 01 
24.0 ).2UOE 01 :S.l9JJE 01 lol466E 01 J.l025E 01 ).0601E 01 Z.9UZE 01 2o9121E 01 2oi461E 01 z.7145E 01 
26.0 J.0499E 01 J.OOJ9E 01 2.9601E 01 z.920U 01 Z.lll6E 01 2.eo99E 01 2.7442E 01 2.6U4E 01 2o6264E 01 
2e.o 2.aaue 01 2.nau 01 2. J98U 01 Z.7606E 01 2. 7248E 01 2.65UE 01 z.stne 01 z.540ae 01 Z.4179E 01 
30.0 z.nzu 01 2.69ZSE 01 z.65stE 01 2.6191E 01 2.U64E 01 Z.52UE 01 Z.467U 01 Z.4147E Ol 2.3654E 01 

Jl.O Z.600lE 01 z.56ne 01 2.SZ16E ot 2.494SE 01 Z.463ZE 01 2.40SOE 01 z.une 01 z.JOZJE Ol z.zuu 01 
34.0 2.uue 01 2.4465E 01 Z.4U5E 01 z.liZJE 01 Z.JS21E 01 2;.2980E 01 z.2nte 01 z.zo1u 01 2.UIOE 01 
36.0 Z.J751E 01 Z.l411E 01 2.llo6E 01 2.zaue 01 z.25llE 01 Z.ZOISE 01 2.154ZE 01 Z.UOJE 01 z.o69JE 01 
31.0 2.Z116E 01 2.Z470E 01 2.znu 01 z.U94E 01 2.16JOE 01 Z.U40E 01 2.069U 01 Z.OZ166 01 1.9818E 01 
40.0 2.1t06E 01 2.1606E 01 z.U24E 01 2.1oste 01 2.oeoee 01 2.oJ42E 01 1.9916E 01 1.9!521E 01 1.9UJE 01 
42.0 2.uoze 01 Zo0816E 01 2.os.n 01 z.o2tse o1 z.oone 01 1.9611E 01 1o9Z05E 01 t.euoe 01 1.8479E 01 
44.0 2.U64E 01 2.0090E 01 lo98J4t 01 1.9592E 01 1.9l64E 01 t.8940E 01 1.855ZE 01 loll94E 01 1. 7159E Ol 
46.0 1e9684E 01 1.9421E 01 1.9176E 01 1.8944E 01 1.17ZSE 01 l.UZOE 01 1.7949E 01 1.7606E 01 1. 7217E 01 
41.0 t.9054E 01 1.180JE 01 1.1567E 01 t.U45E 01 a.ause 01 1.1746E 01 1.7390E 01 1.706ZE 01 1.6'1S6E 01 
so.o t.IUIE 01 t.IZZ9E 01 t.eooze oa t.1789E 01 1.7587E 01 1.121JE 01 lo6171E 01 1.6556E 01 1.626ZE Ot 

55.0 1. n8oe 01 1.6959E 01 1.675ZE 01 1.6557E 01 t.nne 01 •·•one 01 1.572ZE 01 1.5use 01 1.5161E 01 
60.0 1.60ISE 01 t.SIIZE 01 1.5691E 01 1.551ZE 01 t.534:SE 01 l.SO:SOE 01 1.4744E 01 1.4UIE 01 1.42)6E 01 
65.0 1.5145E 01 lo49'56E 01 1.4179E 01 lo46UE 01 1.44571: 01 1.4166E 01 1ol90ZE 01 1.:S651E 01 r.JUZE 01 
70.0 lo4JZ7E 01 1.41'51E 01 l.J916E 01 lolUIE 01 t.l61se 01 lol415E 01 1oJ168E 01 1.294ZE 01 t.21JIE 01 
n.o t.l610E 01 1.3444E 01 t.J290E 01 lollUE 01 t.3008E 01 1.215u oa l.ZSZlE 01 l.ZJUE 01 1.2uu 01 
8o.o 1.2915E 01 1.2119E 01 t.Z67JE 01 t.2537E 01 t.Z407E 01 1e21691E 01 1.1952E 01 1.1752E 01 1.1567£ 01 
a5.o 1.2409E 01 t.2261E 01 t.ZlZJE 01 lei994E 01 t.117ZE 01 lo16461E 01 1.1441E 01 1ol25ZE 01 1.1011E 01 
90.0 t.l901E 01 1.1761E 01 t.1UOE 01 1.U07E 01 t.U91E 01 1oll77E 01 1.0912E 01 t.OIOJE 01 t.06liE 01 
n.o 1.1442E 01 t.U09E 01 1.U84E 01 t.I067E 01 t.0957E 01 1.07'53E 01 1.0561E 01 t.Ol91E 01 t.OZ40E 01 

100.0 1.1026E Ol 1.0899E Ol I.0780E 01 1.0661E 01 t.0562E 01 1.0361£ 01 t.OI91E 01 t.0029E 01 9.87UE 00 

105.0 l.0647E 01 t.OSZSE 01 l.OUIE 01 t.Ol04E 01 1.0203£ 01 I.0016E Ol 9.841JE 00 9o69ZlE 00 9.S484E 00 
uo.o t.OJOOE 01 1.01UE 01 l.001JE 01 9.9704E 00 9.enu 00 9.6946£ 00 9.5llll: 00 t.nne 00 9.24'51E 00 
115.0 9.9111[ 00 9.16UE 00 9.76Z9E 00 9.6640E 00 9.5707E 00 9.)917E 00 9.Z427E 00 9.0996[ 00 e.967lE oo 
uo.o 9.6170E 00 9.511ZE 00 9.4766E 00 9.JIIZE 00 9.2914[ 00 9.1ZUE 00 a.nosu oo a.en6E 00 e.nou oo 
us.o 9.4149[ 00 9.3091E 00 9.2117E 00 9.1196E 00 9.0J28E 00 lo87ZIE 00 8.1Z78E 00 1.5949E 00 1.41ZOE 00 
uo.o 9e16Z4E 00 9.0607E 00 8.9651E 00 a.n67E 00 e.19zae 00 a.6lllE 00 8.4979E oo 8.l694E 00 a.2sou oo 
U5.0 a.9274E oo 1.1219E 00 a.U70E oo a.6S01E 00 1.5694E 00 1.4196E 00 8.2ane oo l.t'595E 00 a.0446E oo 
140.0 1.70UE 00 1.6t21E 00 8.5ZJ5E 00 8.4l91E 00 a. l610E 00 a.Zt51E 00 a.oa.oe oo 7.9635E 00 7.1522E 00 
145.0 a.5one oo 8.uou 00 8.32liE 00 1.24Z5E 00 1.1660[ 00 a.o249E oo 7.197tE 00 7. 7101E 00 7.6721E 00 
uo.o I.JtUE 00 e.221oE 00 I.U67E 00 a.0517E 00 7.98)Zf 00 7.1460E 00 7.12UE 00 7.6011E 00 7.50JZE 00 

155.0 I.U09E 00 8.ouoe 00 7.9609E 00 7.8840E 00 7.ause 00 7.61IOE 00 7.5'511E 00 7.4465E 00 7.3444E 00 
160·0 7.96t2E 00 7.8755E 00 7.7956E 00 7.7206E 00 7.6500E 00 7.'5199E oo 7.4021E 00 7.2944E 00 7.1949E 00 
165.0 7.80UE 00 7.1171E 00 T.6l97E 00 7.5665E 00 7.4976E 00 7.H07E 00 7.2559E 00 7. t509E 00 7.0'J39E 00 
uo.o 7.650)£ 00 7.5616E 00 7.49Z5E 00 7.<UIOE 00 7.3'SliE 00 7.2299E 00 7 .• 1t11E 00 7.0t5lE 00 6o9Z07E 00 
ns.o 7.507'JE 00 7.4Z17E 00 7.35lZE 00 7.ZIJ4E 00 7.Zt17E 00 7.0967E 00 6.9172E 00 6.1170E 00 6.79471E 00 
aeo.o 1.nzze oo 7.29<UE 00 7.22UE 00 T. Ullt 00 7.0181E 00 6.9704E 00 6.1634£ 00 6.7655E 00 6.6152E 00 
115.0 7.2440E 00 7.1675E 00 7.096JE 00 7.0294E 00 6.9665E 00 6.1'501E 00 6.7459E 00 6.6502E 00 6.5619E 00 
190.0 7.UZIE 00 7.047JE 00 6.9174E 00 6.91ZOE 00 6.8'504£ 00 6.1369E 00 6.6JUE 00 6.5406E 00 6o4'54lE 00 
195.0 7.006JE 00 6.9329E 00 6.8645[ 00 •• aoou 00 6.7l99E 00 6.6217E 00 6.528ZE 00 6.une 00 6.l517E 00 
200.0 6.1960E 00 6.1l40E 00 6.7'569E 00 6.69J9E 00 6.6l47E 00 6o5257E oo 6.427lE 00 6.3HOE 00 6.2540E 00 

210.0 6.6905E 00 6.6ZIIE 00 6e'5564E 00 6.4951E 00 6.4:SI1E 00 6.lll1E 00 6.2J87E 00 6.1520E 00 6o07ZIE 00 
zzo.o 6.50JIE 00 6.4l61E 00 6.l1l6E 00 6.JI50E 00 6.2599E 00 6. t514E 00 6.0667[ 00 5.9UOE 00 5.9059E 00 
2JO.O 6olJ14E 00 6.2665E 00 6.2060E 00 6.l49JE 00 6.0960E 00 '5.9971E 00 '5.9092[ 00 s.azaze 00 5.75J6E 00 
240.0 6.1736E 00 6.1107E 00 6.0520E 00 5.9970E 00 '5.945JE 00 5.UOZE 00 5.764ZE 00 5.68'>8E 00 5.6U5E 00 
zso.o 6.028lE 00 5.9669E 00 5.9100E 00 5.1'J66E 00 5.8064E 00 5.n•oe 00 5.6J05E 00 5.5544E 00 5o4842E 00 
260.0 5.19l5E 00 '5.U40E 00 5. 1786E 00 5.7Z67E 00 5.6171E 00 '5.5880E 00 5.5061E 00 5.4)28£ 00 '5.l646E 00 
210.0 5.7616E 00 '·non 00 5.6567E 00 '5.6061E 00 '5.5516E 00 '5.47liE 00 '5.)921E 00 5.)200[ 00 5.2536E 00 
2eo.o 5.6525E 00 5.5961E 00 '5. 54l4E 00 5.49UE 00 5.4417E 00 5.)624[ 00 5.2UJf 00 'S.Zl50E 00 '5.l'J04E 00 
290.0 5.s•ue 00 5.4892E 00 5e4l71E 00 5.3896E 00 '5.l44JE 00 '5.2610( 00 5.U'51E 00 5.tt7ZE 00 5o0541E 00 
300.0 5.443JE 00 5.31941' 00 5. lJ9tE 00 5.29zoe 00 5.ZH7E 00 'S.I66lE 00 5.09l8E 00 s.o2'51E 00 4.9641E 00 

110.0 5.3487E 00 5.2959E 00 5.2uae oo 5e2007E 00 5.15nE 00 'J.0171E 00 5.00511E 00 4.940ZE 00 4.1799E 00 
:uo.o 5.2600E 00 '5.20IJE 00 'Jei601E 00 '5.1150E 00 5.0726E 00 4.994'5E 00 4.9241E 00 4.8599E 00 4.1009E oo 
no.o 5.1761E 00 5.tZ60E oo 5.0718E 00 5.0l45E 00 4.9929E 00 4.91641: 00 4.8474[ 00 4. 7145E 00 4. 7266E 00 
340.0 5.09UE oo 5.041'5E 00 5.002ZIE 00 4.9'581E 00 4.9UOE 00 4.8U9F oo 4.77'52E 00 4.71JSE 00 4.6567E 00 
350.0 5.0244E 00 4.9755E 00 4.9JOOE 00 4.1874E 00 4.841JE 00 4.17]6[ 00 •• 701ZE 00 4.6466E 00 4.5909[ 00 
)60.0 4.9546E 00 4.9066E 00 4.8619[ 00 •• a2ooe 00 4.7806E 00 4.7012[ 00 •• 6U9E 00 4.58)4£ 00 4.'5211E oo 
170.0 4.1117E 00 •.ause oo •• 7975[ 00 4. 7'56JE 00 4.1l76E 00 4.6464E 00 4.!11ZZE 00 4.5Zl1E 00 4.4699E 00 
no.o 4.826JE 00 4.1798E 00 4.1J65E 00 4.6960E 00 4.6579E 00 •• 58791E 00 4.5247E 00 4.4671E 00 4o414ZE 00 
390.0 4o7611E 00 4. 72141' 00 4.6781E 00 4e6)19E 00 4.6014E 00 4.'JJZ4E 00 4.470ZIE 00 •·•use oo 4.3614E 00 
400.0 4.1110E 00 4.6660[ 00 4.6240E 00 4.'5147E 00 4.'5417E 00 4.4791E 00 4.4li'5E 00 4.3627E 00 4.3U4E 00 
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STOPPING PChiEII 

ENEIISY 
IIEV I• 260.0 •• 280.0 I• 300.0 I• UO.O I• 340.0 I• 310.0 I• 420.0 I• 460.0 I• ~oo.o 

410.0 4o6571f 00 4.6UJE 00 •• natE oo 4oJ33Zf 00 4.4967E 00 4o4291E 00 4.3694E 00 4.3l44E 00 4.26JIE 00 
420.0 4.6070E 00 4o561ZE oo 4o5Z24E 00 4o4842E 00 4.441U 00 4oJIUE 00 4.JZ2'Pt 00 4ol6UE oo 4.Zl86E 00 
410.0 4o5518E 00 4.5.156E 00 4.41JJE 00 4o4176E 00 4o4021E 00 4oU70E 00 4o2711JE 00 4.2241E 00 4ol756f 00 
440.0 4o51ZIE 00 4o4702E 00 4o4J04E 00 4oJ9UE 00 4oJ512f 00 4o29J9E 00 4o2J59E 00 4oliJIE 00 4oU46E 00 
450o0 4o4690E 00 4o4269E 00 4.)176E O(J 4oJ501E 00 4oU6JE 00 4.2521E 00 4.19 .. E 00 4.14J4E 00 4o0955E 00 
460.0 4.4Z721E 00 4.)155E 00 4oJ46'PE 00 4.1104E 00 4.276JE 00 4o2U6E 00 4.UJOE 00 4ol055E 00 4o051ZE 00 
470.0 4o1172E 00 4.1461E 00 4oJO'P7E 00 4o27llf 00 4oZJI1E 00 4o1761E 00 4.UOZE 00 4.0691E 00 4o02Z~E 00 
410.0 4.1490E 00 4.JOIJE 00 4.2104E 00 4.ZJ49E 00 4o2016E 00 4ol401E 00 4o0150E 00 4.0J47E 00 J.tlne 00 
490.0 4.1U5E 00 4oZ'P22E 00 4o2J41E 00 4ol996f 00 4.1666E 00 4ol060E 00 4o05l1E 00 4.00l6E 00 J.9559E 00 
soo.o 4.2715E 00 4oZ376E 00 4o2005E 00 4ol65H 00 4oUJ2E 00 4o01JZE 00 4.0t9tE 00 1o9699f 00 1.9247E 00 

510.0 4.24J9E DO 4oZ045E 00 4ol611E 00 4.UJ4E 00 4olOllE oo 4o04l1E 00 Jo911U 00 1.9J95E 00 Joi941E DO 
szo.o 4.UliE 00 4.l121E 00 4olJ64E 00 4ol024E 00 4o0704E 00 4o0ll6E 00 J.9516E 00 1.9t04E 00 Joi661E 00 
5Jo.o 4oli09E 00 4.14UE 00 4ol06JE 00 4o01Z6E 00 4o0409E 00 J.91Z7E 00 J.9JOZE 00 1.1125E 00 J.IJI6E 00 
540o0 4.l5UE 00 4.1U1E 00 4.0714E 00 4.0440E 00 4oOlZ6E 00 J.9550E 00 Jo90JOE 00 1.1551E 00 J.I122E 00 
550.0 4olZZ9E 00 4o0150E 00 4o0496E 00 4.0t65E 00 Jo91ME 00 J.92UE 00 1oi16U 00 1oi299E 00 J.1169E 00 
560.0 4.0956E 00 4.0510E 00 4o0Z29f 00 J.9901E 00 J.ft9JE 00 1.9021E 00 Jol5l7E 00 J.IOSZE 00 1. 7626E 00 
ono.o 4.069JE 00 4.0UOE 00 1.991JE 00 1o9641E 00 Jo9M2E 00 1oi111E 00 J.I275E 00 J.11l4E 00 1.1J9lE 00 
5ao.o 4o0440E 00 4.001lE 00 J.9126E 00 J.9404E 00 Jo9lOlE 00 Joi544E 00 J.I04ZE 00 J.1516E 00 1.1l66E 00 
590.0 4o0l91E 00 lo9UOE 00 ).9419E 00 1.9169E 00 J.I ... E 00 J.IJ16E 00 1o11l9f 00 Jo1J66E 00 Jo6950E 00 
600.0 3.996JE 00 1o9599E 00 Jo9260E 00 1.194JE 00 1.16441 00 J.I097E 00 1o760JE 00 1.1l54E 00 3o614lE 00 

610.0 1o91J7E 00 1.9376! 00 J.90J9E 00 1.1125E 00 J.l42ft 00 1.1115E 00 1o1J95E 00 J.6950E 00 1.6540E 00 
620.0 1.9519E 00 Jo9l6lE 00 1.1127E 00 1.1!Sl5E 00 1.uzu: oo J.161lE 00 1o7195E 00 1.6151E 00 1.6J47E 00 
610.0 1.9J10E 00 Joi954E 00 1oi6ZZE 00 1.1JUE 00 J.I020E 00 J.7415E 00 Jo700ZE 00 J.656JE 00 1o6l60E DO 
640.0 1.9t01E 00 Joi1ME 00 1.1425! 00 J.lll1E 00 J.11Z1E 00 J.1Z95E 00 J.61t6E 00 J.6JIOE 00 Jo59IOE 00 
650o0 3.19UE 00 Jol56lE 00 J.I2J4E 00 J.1921E 00 J.164lE 00 J.7lUE 00 J.66J1E 00 J.6Z04E 00 J.5106E 00 
660.0 3.11ZJE 00 J.nne 00 J.I050E 00 3.1146E 00 3o746lE 00 J.69J6E 00 J.6464E 00 J.60J4E 00 J.56J9E 00 
670.0 J.l54lE DO J.I195E 00 J.1112E 00 J.1570E 00 J.7281E 00 J.6766E 00 J.6Z96E 00 Jo5169E 00 3o5471E 00 
610.0 J.IJ65E 00 1.eozte oo J. 770lE 00 J.140lE 00 J.1119E 00 J.660tE 00 J.6USE 00 J.51lOE 00 1o5JZU 00 
690.0 1.1l95E 00 3.115lE 00 1.15J5E 00 J.72J1E 00 J.6956E 00 3o644ZE 00 J.5979E 00 J.55~7E 00 J.5170E 00 
700.0 J.IOJlE 00 1o1691E 00 1.n14E DO 1.1D11E 00 Jo6199E 00 J.6ZIIE 00 J.5121E 00 Jo5409E 00 J.5024E DO 

no.o J.1172E 00 J.1514E 00 Jo7219E 00 J.6925E 00 1.664IE 00 1.6140E 00 3.5612E 00 J.5265E 00 J.41UE 00 
720.0 J. 7111E 00 1o1JI2E 00 1.1069E 00 3.6716E 00 J.6501E 00 J.5996E 00 3.554U 00 J.5U6E 00 Jo4146E 00 
no.o J.7569E 00 J.12J5E 00 J.6924E 00 J.66UE 00 )o6359E 00 J.5151E 00 3o5404E 00 3o4992f 00 3.46l4E 00 
740.0 Jo1425E 00 J.7092E 00 )o611JE 00 Jo6494E 00 1.62Z2f 00 J.5722E 00 Jo527ZE 00 J.4162E 00 J.4411E 00 
750.0 J.1215E 00 J.6955E 00 3.6647E 00 J.6J'I9E 00 J.6011E 00 J.5592E 00 J.5t44E 00 Jo41J7E 00 1.4J63E 00 
760.0 J. 71JOE 00 1o6121E 00 J.651JE 00 1.6229E 00 J.5960E DO J.5465E 00 1.5020E 00 Jo46UE 00 1.424JE 00 
770.0 1o70l9E 00 Jo669ZE 00 1.6JIIE 00 J.6lOJE 00 1.51)5E 00 1.5J43E 00 1o4900E 00 1o4491E 00 Jo4lZ1E 00 
710.0 1.6192E 00 "1o6561E 00 )o6264E 00 Jo5910E 00 1.5114E 00 J.52Z5E 00 Jo4114E 00 1.4111E 00 Jo40l5E 00 
790.0 J.6169E 00 1o6445f 00 1.6l44E 00 Jo5162E 00 1.5597E 00 1.5l10E 00 J.461ZE 00 J.UUE 00 1.J907E 00 
8oo.o 1.6650E 00 1.6JZIE 00 J.6021E 00 1.5141E 00 J.541JE 00 Jo4999f 00 1o4561E 00 lo4166E 00 J.3101E 00 

810.0 1.6514E 00 1o6Zl4E 00 J.59UE 00 1.5616E 00 1.511JE 00 1.4191E 00 1o4451E 00 J.406ZE 00 :SoJ699E 00 
8Zo.o 1.64Z2E 00 1o610JE 00 J.SI06E 00 1.5521E 00 J.5Z66E 00 1.4116E 00 1o4J54E 00 J.J961E 00 1oJ600E 00 
810.0 J.6JUE 00 ).5996E 00 J~5100E 00 1o5421E 00 :So516JE 00 1o4615E 00 1.4Z55E 00 1o116JE 00 1oi504E 00 
840.0 1.6201E 00 1o5192E 00 1o5591E 00 )o5J21E 00 1.506ZE 00 J.4517E 00 1.4l51E 00 JoJ169E 00 1.J411E 00 
850.0 3o6l05E 00 1.5190E 00 1o5497E 00 )o52ZJE 00 1.496!SE 00 J.4491E 00 Jo4065E 00 J.J61fE 00 J.JJZlE 00 
860.0 1.6006E 00 1o569ZE 00 J.5400E 00 1.!St21E 00 3.4110E 00 J.4J99E 00 1.19J4E 00 lo15IIE 00 J.JZJJE 00 
810.0 3.5909E 00 1.5591! 00 1.5J06E 00 J.SOJ4E 00 1o4111E 00 J.4J09E 00 1.1116E 00 1.J501E 00 Jo1141E 00 
8to.o 1.51l6E 00 J.5505E 00 1.5zt5E DO 1.4944E 00 J.4619E 00 1.422ZE DO J.JIOlE 00 3o34l1E 00 1.)066E 00 
890.0 J.5125E 00 J.5415E 00 J.5U6E 00 J.4156E 00 J.46D1E 00 J.4U1E DO :s.nue oo J.JJJ6E 00 1.2916E 00 
900.0 J.5616E 00 1.5JZIE 00 1o!S040E 00 1.4111! 00 )o4519E 00 Jo4055E 00 lo1611E 00 J.JZ51E 00 1.Z901E 00 

910.0 1.5!550E 00 Jo524JE 00 1o4951E 00 J.4619E 00 1o4431E 00 J.J975E 00 J.J559E 00 1oJliOE 00 1.28UE 00 
920.0 )o!S467E 00 1o5l61E 00 1o4115E 00 1.4609E 00 J.4J51E 00 1.1191E 00 1.J4UE 00 1.Jl06E 00 1o2160E 00 
910.0 J.J)I6E 00 3.50ilE OD 1.4196E 00 1.45JlE 00 1o4211f DO J.312ZE 00 1.J409E 00 1.10UE 00 J.Z619E 00 
940.0 J.SJ01E 00 1.500JE 00 J.4120E DO 3.44!55E 00 1o4Z06E 00 1.J149E 00 J.JJJ1E 00 1.296JE 00 1.Z619E 00 
950.0 1.5ZJOE 00 )o4921E 00 1o4645E 00 J.4JilE 00 1.4UJE 00 1.3671E 00 1.U61E 00 1o2195E 00 1.Z55ZE 00 
960.0 1o51!56E 00 1.4154E 00 1o451JE 00 1.4J10E 00 Jo4062E 00 1.J609E 00 J.1200E 00 1.2121E 00 J.2411E 00 
910.0 1.501JE 00 1.41121: DO J.4502E DO J.4240E 00 1.J994E 00 3.154ZE 00 J.JU4E 00 J.2164E 00 1.Z424E 00 
910.0 1.50UE 00 J.41UE 00 J.44JU 00 J.4112E 00 1.J921E 00 J.J416E 00 J.J01DE 00 1o2101E 00 1.ZJ62E 00 
MO.O 1.4944E OD )o4646E 00 Jo4J61E 00 J.4101E 00 1.3162E 00 J.14UE 00 1.3001E 00 1o2640E 00 J.ZJOJE 00 

aooo.o 1o4111E 00 1o4!SIDE 00 Jo410ZE 00 1.404JE 00 1.J199E 00 J.USlE 00 1.Z941E 00 1.Z51U 00 J.ZZ45E 00 

1100.0 1o4101E 00 J.4014E 00 1.1144£ 00 1.349ZE OD 1.12!15E 00 1.2120£ 00 1.2429E 00 1o201JE 00 J.t146E 00 
1200.0 1.JI64E 00 J.JSIZE 00 1o3119E 00 1.10111: 00 J.214ZE 00 J.Z411E 00 1.ZOJ6E 00 1.1611E 00 1.U69E 00 
1 soo.o 1.15Z9E 00 J.JZSZE 00 J.2994E 00 J.ZJ!I4E DO J.2521E DO 1.2l12E 00 J.UJIE DO J.U91E 00 J.l015E 00 
1•oo.o 1.1212E 00 1.1DODE 00 1.Z141E 00 1.2!111E 00 1oZZIIE 00 J.l810E 00 J.151JE 00 J.1119E 00 1.0172E 00 
1500.0 J.J011E DO 1.ZI10E 00 1o2561E 00 J.ZJZIE 00 J.2109E 00 J.l101E 00 1.1J45E DO 1.1016E 00 J.OJ15E 00 
1600.0 1.Z9JJE 00 1.2669E 00 J.242JE 00 1.2191E 00 1.1911E 00 J.l510E 00 J.UZJE 00 lo0899E 00 )o0601E 00 
1800.0 J.Z?SJE 00 1o2495E 00 1.Z254E 00 1.2DJOE 00 )ollliE 00 1.14JlE 00 J.1012E 00 J.0764E 00 3o041JE 00 
2000.0 1.26191: 00 J.zuse 00 1.2li9E 00 1.1961E 00 1ol161E 00 J.UIOE 00 lolOJ'PE 00 J.0125E 00 1.0439E 00 
2200.0 1.2676E 00 1.2426E OD J.Z191E 00 1.1975E 00 1.111lE 00 J.U95E 00 1ol051E 00 l.0150E 00 J.0468E 00 
2•oo.o 1o212JE 00 1o2416E 00 J.Z246E 00 3.2010E 00 1.1121E 00 1ol457E 00 1.lU2E 00 1.0119£ DO 1.05401: 00 

2600.0 1.ZI05E 00 1.Z560E 00 J.ZJJZE 00 1.21liE 00 Jol911E 00 J.l!ISOE 00 J.1Z19E 00 J.0911E 00 J.0642E 00 
2800.o lo2911E 00 1.Z661E 00 J.Z441E 00 1.ZZ10E 00 1.ZOJlE 00 Jol666E 00 1.lJJIE 00 J.1019E 00 3.0165E 00 
sooo.o 1.10141: 00 1o219JE 00 J.Z561E 00 1.2J51E 00 1.2160E 00 1.1J91E 00 1.14JlE 00 )oll75E 00 J.090JE 00 
S200.0 Jo1UOE 00 1.29JOE 00 J.Z106E 00 J.2491E 00 J.ZJOlE 00 J.1940E 00 )ol6l6E 00 1.U21E 00 1.1051E 00 
s•oo.o 1.JJ14E 00 1.1015E 00 1.ZI52E 00 1.Z644E 00 Jo2449E 00 J.Z090E 00 1.1161E 00 1.1414E 00 J.lZOSE 00 
S600o0 J.J46JE 00 1.JZZ5E 00 J.J004E 00 1.219?E 00 1.2602E 00 1.2Z45E DO J.t9ZU 00 J.l6JlE 00 J.U64E 00 
seoo.o 1.3616E 00 1oJJ19E 00 1.1l59E 00 1.2952E 00 3.Z151E 00 3.240JE 00 J.ZOUE 00 Jol J91E 00 3.l!IZ5E 00 
•ooo.o 1oJ11ZE 00 1.J516E 00 1.1116E 00 1.JllOE 00 J.29l1E 00 1oZ562E 00 1.224JE 00 Jol95JE 00 J.l617E 00 
.500.0 1.416JE 00 1.1921£ 00 1.31lOE 00 1o1505E 00 1.331JE 00 1.2961E 00 3.2644E 00 J.2J56E 00 3.209ZE 00 
5000.0 1.4549E 00 :So4Jl6E 00 1.4099E 00 J.119!SE 00 J.J104E 00 J.11!14E 00 1.JOJIE 00 1.Z7!11E 00 J.2419E 00 
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STOPPING POWEll 

ENEII'Y 
NEY I• !1!10.0 I• 600.0 I• 6!10.0 I• Too.o I• no.o I• 100.0 •• 1!10.0 I• 900.0 I• 9!10.0 

1.0 2.onu 02 t.926!1E 02 1.M49E 02 1.TTUE 02 1oT04!1E 02 lo6U6E 02 lo!IITTE 02 t.!I162E 02 lo411!1E 02 
2.0 1o42T9E 02 1.nou oz 1o119H 02 1oZT29E 02 1oU04E 02 1o19l!IE 02 1.1!1!16£ 02 1.UUE 02 lo0914E 02 
1.0 1oU6JE 02 1oOI!IZE 02 1o04llE 02 1.0144£ 02 9.U!11E 01 9o!l!ll!IE 01 9o2192E 01 9o04!11E 01 loll9lE 01 
4o0 9.36111! 01 9oO!Il9E 01 a.T6!1ZE 01 •• !1041£ 01 1.2641£ 01 lo0444E 01 7oi40!1E 01 7o6!109E 01 7.4741E 01 
!1.0 •• 0414£ 01 1 .191!1£ 01 7o!I62TE 01 T o1!123E 01 7.1!193£ 01 6.9814£ 01 6.11661! 01 6o66UE 01 6.!1201E 01 
6.0 7.0669E 01 6.1!160£ 01 6o66!IOE 01 6o4901E 01 6oU10E 01 6.UJ!IE 01 6.0468E 01 !1.9196£ 01 !loiOOIE 01 
7.0 6oJ041£ 01 6ol26TE 01 !1.96!1!11! 01 !loiUJE 01 !lo6UJE 01 !lo!I!IITE 01 !lo44JZE 01 !I.:U!ITE 01 !I.U!IZE 01 
a.o !1.7994£ 01 !1.61!11£ 01 !loU69E 01 !lol!IOIE 01 !1.22!11£ 01 !loll06£ 01 !lo0042E 01 4.90!16£ 01 4ol14lE 01 
t.o !1.460lE 01 !loJO!I4E 01 !1.1642£ 01 !lo0J49E 01 4o9160E 01 4.1066£ 01 4.70!11£ 01 4.6UTE 01 4.!1269£ 01 

10.0 !I.OT62E 01 ••• 34!1£ 01 •• 8046£ 01 •·••••e 01 4.!174JE 01 4.47UE 01 4o1766E 01 4o2111E 01 4o20!18E 01 

u.o 4o4619E 01 4oUI4E 01 4.2231£ 01 4ollT1E 01 4.0lTlE 01 J.tU1E 01 JoiJ44E 01 3.T!IO!IE 01 Jo6TlOE 01 
14.0 lo996H 01 , .... 7E 01 1.7142£ 01 J.61TTE 01 '· !196!1E 01 J.!I099E 01 J.42TJE 01 ).)412E 01 Jo21UE 01 
16.0 Jo6Jl7E 01 l.!IJUE 01 lo4409E 01 3.1!11!1£ 01 J.210JE 01 J.1901E 01 J.ll4!1E 01 l.0409E 01 2o9697E 01 
u.o loUTlE 01 3.2411£ 01 3.1646£ 01 J.OI!IZE 01 J.009JE 01 2.tJ6!1E 01 2oi66JE 01 z.T9UE 01 2olll2E 01 
20o0 3o09J!IE 01 3oOU9E 01 2.9J67E 01 2oi642E 01 2.7941£ 01 loT21lE 01 2o66J!IE 01 2o6001E 01 2o!IJ97E 01 
22.0 2.euze 01 2.114!1£ 01 2.7441E 01 2o6784E 01 2o6147E 01 2.!1!11JE 01 2.4931£ 01 2.4360£ 01 2.JTt!IE 01 
24.0 2.7UJE 01 2.6446£ 01 2.!110!1£ 01 2o!I194E 01 2.4607£ 01 2.4041£ 01 2.)492£ 01 2.29!1TE 01 2.24J!IE 01 
26.0 2o!l!l91f 01 2.4972£ 01 2.4JIOE 01 2.tll4E 01 2ol2TZE 01 2.2141£ 01 2·2U9E 01 2olT44E 01 2.U60E 01 
2e.o 2o4260E 01 2o3679E 01 2o3U9E 01 2.2604£ 01 2.uoOE 01 2o1614E 01 2.1141£ 01 2.o611E 01 2oOUOE 01 
Jo.o 2oJOTTE 01 2.2!11!1£ 01 2.2o2ze 01 2.une 01 2o106JE 01 2.0609£ 01 2.01611 01 1o97)9£ 01 lo9Jl9E 01 

u.o 2.2020£ 01 2.l!IUE 01 2.1013£ 01 2.on!lt 01 2.on!11 01 1.9TllE 01 1o92991 01 1oii9TE 01 1oi!I04E 01 
34.0 2.1012£ 01 2.0!19!1E 01 2.0144£ 01 1o9T14f 01 1o9301E 01 1oi902E 01 1ol!ll6E 01 1.1U9E 01 lo 7TT1t: 01 
16.0 2o02l4E 01 1.976!1£ 01 1o9J40E 01 1oltJ4E 01 1.1!14!1f 01 1ollTOE 01 1o7106E 01 1o74!12E 01 1. 710!1£ 01 
n.o 1o94J!IE 01 1o9010E 01 1.16011! 01 1oll2!1E 01 t. fi!IIE 01 1ol!IOJE 01 1ol160E 01 t.612!1E 01 1.6491E 01 
40.0 1oll2JE 01 1.11201! 01 1.7919£ 01 1o7!1T6E 01 1. 7221£ 01 1o6193E 01 lo6!161E 01 1o62!1lE 01 1o!I942E 01 
42.0 loi070E 01 1.T617E 01 1. TJZ!IE 01 1o6910E 01 1.66!10£ 01 1oU1lE 01 1o602JE 01 lo!ITUE 01 1.!14JOE 01 
44.0 1ol469f 01 loTl04E 01 1o6T!I9E 01 1o64JlE 01 1o6ll6E 01 t.!IIUE 01 1oS!I20E 01 1o!IU!IE 01 1.495TE 01 
46.0 1.6914£ 01 1.6!16!1£ 01 lo6U!IE 01 1o!I922E 01 1o!I622E 01 1.!1UJE 01 t.!IO!I4E 01 1.4712£ 01 t.une 01 
••• o 1·6191£ 01 1.606!11! 01 1.!17491! 01 1.!14!101! 01 1.Sl63E 01 t.4UIE 01 1o462lE 01 lo4J62£ 01 1.uote 01 
!IOoO 1o!I920E 01 1.!1!199£ 01 1o!I297E 01 1.!1010£ 01 1.4TJ6E 01 1o4472E 01 1.42lTE 01 lo3969£ 01 1.lTZTE 01 

!1!1.0 1o41!1JE 01 1.4!166£ 01 1o4292E 01 1o40lJf 01 1oJTI!IE 01 1.3!146£ 01 1.J3l6E 01 1.3093£ 01 1.2116£ 01 
60.0 1oJ9!1lE 01 1oJ61!1E 01 1.1434£ 01 1.31971 01 1o29Tlf 01 1.2T!I4E 01 1o2!144E 01 1oU41E 01 1o2l44E 01 
6!1o0 1oJl69f 01 1o292Jf 01 1o269JE 01 h24l4E 01 1o2266E 01 lo2067E 01 1oll7!1f 01 1o1619E 01 1o1!IOIE 01 
70.0 1o2416E 01 1o22!11E 01 1o204!1E 01 1o1142E 01 1ol6!10E 01 1o146!1E 01 1ol21TE 01 1olll6E 01 1o0949E 01 
7!1.0 1o1U!IE 01 1.161Jf 01 1o14TJE 01 1.12141! 01 1ollO!IE 01 1.093JE 01 1o0761E 01 1.0609£ 01 1o04!14E 01 
10.0 loU!IlE 01 1oll!IZE 01 1.096!1£ 01 1.0TUE 01 1.0620£ 01 1o0460E 01 1o030!1E 01 1o01!1lE 01 1o00UE 01 
l!loO 1.011!11 01 1o0617E 01 1.0!1lOE 01 1o0144E 01 1oOU6E 01 1oOOJ!IE 01 9.1902£ 00 9. 7!106£ 00 9.61'4£ 00 
to.o 1o0446E 01 1o0261f 01 1o010U 01 9o943TE 00 9o794!1E 00 9o6!12lE 00 9o!ll!I6E 00 9.JI40E 00 9.2!167£ 00 
9!1.0 1oOO!IIE 01 9.UIJE 00 9.7101£ 00 9.!11101! 00 9.4397£ 00 9o3041E 00 9oll!I6E 00 9.11!112£ 00 lotllOE 00 

1oo.o 9o704!1E 00 9.!1434£ 00 9oJ927E 00 9ol!I09E 00 9oll6!1E 00 lo9814E 00 loi6!1TE 00 I• 74llE 00 8.6)37£ 00 

10!1.0 9.1121£ 00 9o2212E 00 9o0144E 00 lo9490E 00 ••• 209£ 00 •• 69111! 00 8.!1120£ 00 lo469TE 00 lo36U[ 00 
no.o 9oOI6!1E 00 l.tJ90E 00 ••• 014£ 00 1.6719£ 00 •• !1494£ 00 ··4121£ 00 lo32UE 00 8.2140E 00 loll01E 00 
11!1.0 lollUE 00 lo6TZIE 00 lo!I407E 00 lo4166E 00 8.2992£ 00 loU7!1E 00 loiii07E 00 7.9TUE 00 7.1193£ 00 
uo.o •• !16101! 00 8.4261£ 00 lo2999E 00 lo1106£ 00 lo0671E 00 7.9606£ 00 7ol!lllE 00 To7!191E 00 To66!1lf 00 
U!I.O I.U01E 00 lo1919E 00 1.0766£ 00 7.96UE 00 loi!I32E 00 Y.7!101E 00 7.6!116£ 00 7o!l!l71£ 00 7.4662£ 00 
110.0 a.nsn oo ?.9170£ 00 7oi690E 00 ToT!IIZE 00 7o6!136£ 00 T.S!142E 00 7.4!193£ 00 7oJ6ME 00 7.2109£ 00 
U!I.O To9UOE 00 1. TI96E 00 7o67!1!1E 00 7 • !161!1E 00 To4674E 00 To3Tl!IE 00 7.2799E 00 7ol92JE 00 7o1079E 00 
140.0 7.7231£ 00 7o60!1lf 00 7 ... 94TE 00 7.1911£ 00 T.Z914E 00 7.2006£ 00 7.1UZE 00 7.0ZT!IE 00 6o9460E 00 
14!1.0 7 • !14l!IE 00 7.412!1£ 00 7.12!14£ 00 7o2l!IOE 00 7o1304E 00 7.040!1£ 00 6o9!149E 00 6·11lOE 00 6.7942£ 00 
l!IO.o To31UE 00 7oll04E 00 7.166!1E 00 7.0691£ 00 6o9TYJE 00 6oi90ZE 00 6oiOTZE 00 6.72TIE 00 6.6!116£ 00 

1!1!1.0 7o226TE 00 7ollllE 00 7o0l71E 00 6o9l2SE 00 •• une 00 6.74UE 00 6o66IZE 00 6.!19UE 00 6o!ll7)E 00 
160.0 7.0IOJE 00 6.9T4TE 00 6.1TME 00 6.7844£ 00 6.6976£ 00 6.61!14£ 00 6.!1112£ 00 6o4624E 00 6ol906E 00 
l6!1o0 6.t42JE 00 6.139JE 00 6o74J6E 00 6.6!1401! 00 6.S69!1E 00 6.4196£ 00 6o4U!IE 00 6.3407£ 00 6o2709E 00 
uo.o 6.1lliE 00 6olll4f 00 6o6UOE 00 6.!1307£ 00 6.4414£ 00 6o3TO!IE 00 6o2964E 00 6o22!16E 00 6.une oo 
11!1.0 6o6IIJE 00 6.!190JE 00 •·•ttze oo 6.4140£ 00 6.UJIE 00 6.2STIE 00 6.U!I6E 00 6oll66E 00 6o0!104E 00 
110.0 6.!1TUE 00 6o4T!I!IE 00 6.316!1£ 00 6.10UE 00 6.2250£ 00 6.1!109£ 00 6.0104£ 00 •• oute oo !1.9416£ 00 
11!1o0 6o4602E 00 6.366!1£ 00 6o2796E 00 6.1911£ 00 6o121TE 00 6o0493E 00 !1.910!1£ 00 !lo9141E 00 5ol!l19t: 00 
tto.o 6.3!146E 00 6.2630£ 00 6o1179E 00 6.0914£ 00 6o023!1E 00 !lo9!121E 00 !loii!I!IE 00 !1.12UE 00 !1. T!I91E 00 
1t!lo0 6ol!I4U 00 6o1644E 00 6.0112£ 00 6.oone oo s.930U oo !1.160IE 00 !lol9!10E 00 !1.7UJE 00 !lo6l22£ 00 
200.0 6ol!II!IE 00 6o0706E 00 !1.91901 00 !lo9l27E 00 s.euoe oo !I.Tl32E 00 !I.TOUE 00 !lo6474E 00 !lo!III6E 00 

210.0 !1.9101£ 00 !1.19!1!1£ 00 !1.1170£ 00 !1.7437E 00 !lo6741E 00 !lo609TE 00 !lo!I479E 00 !1.4190£ 00 !1.4U6E 00 
zzo.o !1.8l72E 00 !1. 73!16E 00 !1.6!199£ 00 !1.!1193£ 00 !1.!1229£ 00 !lo4602E 00 !1.4007£ 00 !1.1441£ 00 !1.2191£ 00 
no.o !1.6671£ 00 !lo!ll90f 00 !1.!11!19£ 00 !1.4477£ 00 !I.JIJ6E 00 !1.32)1£ 00 !1.26!17£ 00 !loUllE 00 !I.UIIE 00 
240.0 !1.!13041:: 00 !lo4!141E 00 !l.lUSE 00 !l.nne oo !1.2S!I3E 00 !lo1961E 00 !1.14141! 00 s.oeeu oo !I.OJilE 00 
2!10.0 !1.4036£ 00 !lo3296E 00 !1.2610E 00 !lo1970E 00 !lol369E 00 !1.0102£ 00 !lo026!1E 00 4.91!14£ 00 4.926!1£ 00 
260.0 !1.2161£ 00 !I.ZlUE 00 !lo14TTE 00 !I.OI!I!IE 00 !1.0272£ 00 4.9722£ 00 4.9201E 00 4.170!1£ 00 4oi2J2E 00 
no.o !l.lTT4E 00 !1.10T4E 00 !1.042!1E 00 4o912lE 00 4o92!1"E 00 4.1T20E 00 •• IZllE 00 4oT732E 00 4. 7272E 00 
210.0 !I.Q76lE 00 !I.0079E 00 4.944TE 00 4.11!11E 00 4.1306£ 00 4. TTI6E 00 4ol294E 00 4.68l!IE 00 4o61TIE 00 
290.0 4o91l6E 00 4.9150E 00 4.1!114£ 00 4oT960E 00 4. 74Z.ZE 00 4o691!1E 00 4.643!1£ 00 4o!I979E 00 4.!1!144£ 00 
soo.o 4oi93JE 00 4oi2UE 00 4.7612£ 00 4.7U1E 00 4.6!196£ 00 4.6101£ 00 4o!I6UE 00 4o!IUIE 00 4o476JE 00 

no.o 4oll06E 00 4. 74TlE 00 4.6111£ 00 4.633!1E 00 4o!II22E 00 4.!1339E 00 4o4111f 00 4o4447E 00 4o4032E 00 
szo.o 4olJJlE 00 4o6T09E 00 4o6l3Jf 00 4o!I!I91E 00 4o!I096f 00 4.4621£ 00 4o4l76E 00 ... 37!11£ 00 4.JJ46E 00 
no.o 4.6602£ 00 4.!199JE 00 4o!l429£ OQ 4.4904£ 00 4o44UE 00 4.JtSOE 00 4.J!IUE 00 4.J091E 00 4.2TOlE OCi 
340.0 4.!19l6E 00 4o!llUE 00 4o4766E 00 4.42!12£ 00 4.lTTOE 00 4.JJ17E 00 •• 2111£ 00 4o241l£ 00 4.2093£ 00 
3!10.0 4.!1269£ 00 4o4613E 00 4.4141£ 00 4.3636£ 00 4o3164E 00 4o2Tl9E 00 4ol299E 00 4.1900t 00 4.1!120£ 00 
160.0 4.46!19£ 00 4o40UE 00 4.)!1!11£ 00 4.30!1!1£ 00 4o2!19lf 00 4o2l!I!IE 00 4ol74Jl: 00 4.13!11£ 00 4o09TIE Oo 
no.o 4.4011£ 00 4oJ!I1!1f 00 4.2992£ 00 4.2!106E 00 4.20!10£ 00 4o1622E 00 4.Ull£ 00 4.0132E 00 4.0466£ 00 
uo.o 4.3!13!1£ 00 4o29TIE 00 4.24ME 00 4o1916E 00 4.l!IJIE 00 4.lll7E 00 4.0ll9E 00 4o0341E 00 3.9911£ 00 
390.0 4.3017£ 00 4.l469E 00 4o196JE 00 4o149JE 00 4.10!12£ 00 4.06JIE 00 4.0246£ 00 lo917!1E 00 )o9!122E 00 
400.0 4.2!126£ 00 4.1916£ 00 4o1411£ OQ 4o102!1E 00 4o0'59lE 00 ... ouu 00 J.9T91E 00 lo94SJE 00 ).901!1£ 00 
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STOPPINCO POIIEII 

EIIEIIGY 
MEV I• no.o I• 600.0 I• 650.0 I• 100.0 I• 150.0 I• 100.0 I• 150.0 •• 900.0 •• 950.0 

410.0 4.2059£ 00 4ol521E 00 4o10J1E 00 4o0510E 00 4.0153£ 00 lo9152E 00 J.9J12E 00 Jo90UE 00 loe611E 00 
uo.o 4o1615E 00 4.1091£ 00 4.0601£ 00 4oOU1E 00 J.91J1E 00 3.9l41E 00 Joi961E 00 J.I6UE 00 J.I216E 00 
4)0.0 4.1192£ 00 4o0616f 00 4.0199£ 00 J.9155E 00 J.9J40E 00 J.I.,OE 00 J.I512E 00 loi2JJE 00 3o1901E 00 
440.0 4o0190f 00 4.0210E 00 J.9109E 00 J.9nu 00 3.1963£ 00 3.1511£ 00 3oUl5E 00 3o111lE 00 3.154JE 00 
450.0 4.0406£ 00 3.9903E 00 J.94JIE 00 lo9006£ 00 )oi60ZE 00 3oi2UE 00 )o1165E 00 J.1525E 00 3o1202E 00 
460.0 4.00)9£ 00 3.9542£ 00 3.9014£ 00 3oi657E 00 3oiUIE 00 3.1114£ 00 J.15JOE 00 3.1195£ 00 3o6116f 00 
410.0 3.9619E 00 3.9198£ 00 J.I145E 00 3.U24E 00 ).19)0£ 00 So1560E 00 lo121U 00 Jo6IIOE 00 J.6565E 00 
480.0 3.9355£ 00 J.II10E 00 J.MUE 00 J.I005E 00 J.1616E 00 3.1251£ 00 lo6906E 00 J.6519E 00 Jo6261E 00 
490.0 3.9035£ 00 Joi555E 00 s.1uu oo J.1700E 00 ).1Jl6E 00 3.6954E 00 lo66UE 00 Jo6290E 00 3.59UE 00 
500.0 J.1n1e oo 3.1254£ 00 J.1116E 00 3.7409£ 00 3. lOUE 00 J.661lE 00 3o6JJ4E 00 3o6015E 00 s.nue. oo 

510.0 3.1435£ 00 3o1965E 00 3.15UE 00 3.lU9E 00 3.6153£ 00 3.6J99E 00 3.6066E 00 lo5150E 00 3o5450E 00 
520.0 ).115)£ 00 J.1619E 00 3o1260E 00 ).6161E 00 3o6419E 00 3o6U9E 00 )o5109E 00 Jo5491E 00 Jo5200E 00 
uo.o Jo7114E 00 3o1423E 00 J.6999E 00 3o6604f 00 Jo6U6E 00 3.5190E 00 Jo556JE 00 3.5254£ 00 3o4960E 00 
540.0 3.1625£ 00 3o1l69£ 00 3.6741£ 00 3.6351£ 00 J.599JE 00 3.5650£ 00 3.5321£ 00 Jo50UE 00 J.41JOE 00 
550.0 JoU76£ 00 3.6924£ 00 Jo6501E 00 Jo6Ul£ 00 3.5159£ 00 3.5420£ 00 3.nooE oo 3.4191£ 00 ).4509£ 00 
560.0 3.7U1E 00 Jo6619f 00 3.6217£ 00 3.519)£ 00 3.55)5£ 00 3.5199£ 00 ).4112£ 00 3.4512£ 00 3.4291! 00 
510.0 3.6901E 00 3o6466E 00 3.6054£ 00 3o56l4£ 00 3.5)20£ 00 3.4916£ 00 J.4612E 00 3.4315£ 00 3.4093£ 00 
510.0 3.6616£ 00 3o6246f 00 3.5141E 00 3o5464E 00 3.51UE 00 3.4112E 00 lo441lE 00 3o4l16f 00 3.3196£ 00 
590.0 3.641)£ 00 3.60)1£ 00 3.5635E 00 3.5262£ 00 3o49UE 00 3.4516E 00 3o421TE 00 3.3915£ 00 3.3101£ 00 
600.0 3o6269E 00 Jo5136E 00 J.54nE 00 3.5067E 00 3o4121E 00 ).4396£ 00 3o4090E 00 3o3IOIE 00 3o3526E 00 

610.0 J.601lE 00 3.5662£ 00 J.5241E 00 3.4119E 00 3.4536£ 00 3.Ul4E 00 3oJ9lOE 00 3o36UE 00 3.JJ51E 00 
620.0 3.5111£ 00 3.5456£ 00 J.5063E 00 J.4691E 00 3.U51E 00 3.40JIE 00 J.nne oo J.JUU 00 3.3182£ 00 
6Jo.o ).5691£ 00 3o5216E 00 3o4116£ 00 J.4524E 00 ).4116£ 00 3oJI69E 00 ).3570£ 00 3.J211E 00 J.3019E 00 
660.0 ).55UE 00 J.5102E 00 J.4lUE 00 lo4356E 00 3.4021£ 00 J.J106E 00 J.3410E 00 J.JU9E 00 3.216)£ 00 
650.0 3.5351£ 00 3.49)5£ 00 ).4551£ 00 3.4194£ 00 3.31611! 00 3.J549E 00 J.J254E 00 )o2916£ 00 3.2111£ 00 
660.0 :t.u1n oo J.411JE 00 ).4)92£ 00 lo40JIE 00 s.non oo J.U91£ 00 J.Jl05£ 00 J.2121E 00 3.2566E 00 
670.0 J.5021E 00 ).4611£ 00 3.4UIE 00 J.Jien oo ).)551£ 00 ).3250£ 00 3o2960E 00 3.2616£ 00 Jo2425E 00 
610.0 3.4115E 00 Jo4466E 00 3.4090£ 00 3olf4l£ 00 J.3415E 00 J.Jl09E 00 3.2120£ 00 J.2541E 00 ).21!19£ 00 
690.0 lo4126E 00 lo4J21E 00 3.3941£ 00 3.3600£ 00 3oJ216E 00 ).2912£ 00 3.2616£ 00 )o2415E 00 J.2l51E 00 
700.0 3.451)£ 00 J.4110E 00 J.JI09E 00 J.J464£ 00 3.)142£ 00 3.2140£ 00 J.une oo J.UI6E 00 J.20J1E 00 

710.0 3o4445E 00 3.4044£ 00 J.J615E 00 J.UUE 00 3.30UE 00 lo21UE 00 3.2430£ 00 3o2l62E 00 3.1909£ 00 
720.0 J.UUE 00 3ol913E 00 J.J546E 00 J.:U05E 00 3o2181E 00 3.2519£ 00 J.UOIE 00 lo2042E 00 J.l190E 00 
no.o J.4U2E 00 J.J1e6E 00 J.MUE 00 J.JOI2E 00 3.2166£ 00 3o2410E 00 3o2l90f 00 3.1926E 00 J.t616E 00 
740.0 3.6056£ 00 3.J66JE 00 J.JJOOE 00 lo296JE 00 Jo2649f 00 3.2)54£ 00 3o201TE 00 J.lll4E 00 J.1565E 00 
T'JO.O 3ol9l5E 00 3.3544£ 00 J.3UJE 00 J.U41£ 00 ).25)6£ 00 3o2242£ 00 3.1966£ 00 3.U06E 00 lol451f 00 
760.0 3.JIUE 00 Jo)428E 00 3oJOlOE 00 J.2131E 00 J.2426E 00 J.2134E 00 J.U60E 00 J.l601E 00 J.U54E 00 
no.o ).)104£ 00 J.nne oo J.2960E 00 J.2629E 00 J.ZJ20E 00 lo20JOE 00 J.U51E 00 Jo1499E 00 J.UME 00 
710.0 J.J594E 00 J.J209E 00 J.2154E 00 ).2524£ 00 3.zzne oo J.1929E 00 lol651E 00 3.1400E 00 3ol151E 00 
?90.0 )o3411E 00 3.)104£ 00 J.2151E 00 3o24ZJE 00 J.une oo J.1UlE 00 3.1560E 00 J.U05E 00 J.106JE 00 
aoo.o J.JJI4E 00 3.JOOJE 00 J.2651E 00 J.ZJ25£ 00 3.2021£ 00 J.11J6E 00 Jol461E 00 J.uue oo ).0912£ 00 

110.0 J.J214E 00 J.2905E 00 J.2555E 00 J.2UOE 00 ).1921£ 00 l.1644E 00 3.1316£ 00 J.1U4E 00 3.0114£ 00 
azo.o J.JlllE 00 3.2109£ 00 J.2461E 00 3.2UIE 00 J.une oo 3.1554£ 00 loUIIE 00 J.1QJ1E 00 J.0191E 00 
aJO.o 3.J09JE 00 J.21l1E 00 J.nne oo J.2049E 00 3.1149£ 00 3.1461£ 00 J.UOJE 00 ).095)£ 00 Jo01l6E 00 
160.0 J.J002E 00 J.2621E 00 loUISE 00 3ol963f 00 3.1664£ 00 3oUI4E 00 J.U2lE 00 3.0112E 00 J.06J6E 00 
850.0 )o291JE 00 J.2541E 00 3.2l91E 00 3oli19E 00 3.1512£ 00 J.UOJE 00 3.1041E 00 3.019)£ 00 3.0551E 00 
860.0 J.zazae oo 3.2451£ 00 lo2ll5E 00 3ol191E 00 J.l502E 00 3ol224E 00 3o096Jf 00 3o01l1E 00 Jo041JE 00 
8To.o 3.2144£ 00 3.2315£ 00 3.20J4E 00 3.1119£ 00 3.1424£ 00 J.ll41E 00 Jo0811E 00 3.0662£ 00 3.0409£ 00 
810.0 3.2664£ 00 3.2296£ 00 ).1951E 00 3ol642f 00 J.U49E 00 3.1014£ 00 J.OilSE 00 J.051lE 00 J.0))9E 00 
890.0 J.2515E 00 3.Ul9E 00 3.1111£ 00 J.lS61E 00 3.1216£ 00 3.1002E 00 3.0144£ 00 3.0501£ 00 J.onoe oo 
900.0 3o2509f 00 3.2144£ 00 3oliOIE 00 3.1496£ 00 3.1205£ 00 3.09UE 00 3o0676E 00 Jo04lJE 00 J.020JE 00 

910.0 J.Z435E 00 J.zone oo J.tnn oo Jol426f 00 J.ll31E 00 3.0165£ 00 Jo0609f 00 ).0368E 00 J.0139E 00 
920.0 ).2J64E 00 3.200lE 00 3.1661E 00 J.U51E 00 3.1010£ 00 3.0199£ 00 3.0545E 00 3.1304£ 00 3o0016E 00 
930.0 Jo2294E 00 3.19UE 00 lol60lf 00 Jol29JE 00 ).1005E 00 3o0136E 00 ).0412£ 00 3o0242E 00 J.OOUE 00 
940.0 lo2226f 00 3.1161E 00 lo15J6£ 00 3.1229£ 00 3.0942£ 00 J.0614E 00 J.042U 00 J.OlUE 00 2.9956£ 00 
9'JO.o J.2161E 00 3.180JE 00 3o14TJE 00 )oll61f 00 ).OlliE 00 3.0614£ 00 J.OJ62E 00 3.0124£ 00 2.9199£ 00 
960.0 Jo2091E 00 3.l140E 00 lol4llf 00 J.UOlE 00 3.0822£ 00 3o05S6E 00 3oOJ05E 00 3.0061E 00 2.984JE 00 
9?0.0 Jo20J5f 00 3ol619E 00 J.U52E 00 J.l048E 00 J.0165E 00 ).0499£ 00 3o0249E 00 s.ooue oo 2o9190E 00 
910·0 Jol915E 00 J.l620E 00 ).1294£ 00 J.0991E 00 3.0l09E 00 J.0444E 00 3o0195E 00 2.9960E 00 2.91311: 00 
990.0 Jol916f 00 3.1563£ 00 3.1231£ 00 3o09J6E 00 ).0655E 00 ).0391E 00 3o01UE 00 2.9909£ 00 2.9616£ 00 

aooo.o loli59E 00 lo1501E 00 J.llUE 00 ).OIIJE 00 3.060U 00 J.OJJ9E 00 J.0092E 00 2.9151E 00 2.9631E 00 

aaoo.o 3.uue oo J.103lE 00 J.0116E 00 3.0424£ 00 ).0152£ 00 Zo9191E 00 2.9657£ 00 2.9431£ 00 2.92l6E 00 
azoo.o JolOOSE 00 ).0612£ 00 3.0J65E 00 3oOOIOE 00 2.9115£ 00 2.9561£ 00 z.nne oo 2.9ll)f 00 2.1904E 00 
asoo.o 3.0121£ 00 3.0402£ 00 3.0102£ 00 2.9824£ 00 2.9564E 00 z.nue oo 2.9092£ 00 2.aane oo 2oi6TZE 00 
1400.0 ).0522£ 00 J.OZOZE 00 2.9901£ 00 2o96UE 00 2.9J19E 00 2.9140£ 00 2.1916E 00 z.nou oo 2.1504£ 00 
a5oo.o J.OJ10E 00 J.oone oo 2.9164£ 00 z.9495E oo 2.9245£ 00 2o9010E 00 2oi719E 00 2.1511E 00 z.u1u oo 
1600.0 3.0261E 00 2.9950£ 00 2.9664£ 00 z.9J9te oo 2o9l5lf 00 2oi920E 00 z.nou oo 2.1491£ 00 2.UOJE 00 
aeoo.o 3.0141£ 00 2.98)1£ 00 2.9551£ 00 2.9291£ 00 2.9056£ 00 2oiiJOE 00 2oi611E 00 2.1411£ 00 2oi227E 00 
zooo.o J.01UE 00 2.9814£ 00 2.9539£ 00 2.9214£ 00 2o904TE 00 z.aaue oo 2ol616f 00 z.8uoe oo z.une oo 
zzoo.o 3.0146£ 00 2.9151£ 00 2.9510E 00 2.9UOE 00 2.9096£ 00 z.aane oo 2.1612£ 00 2oi411E 00 2.1294£ 00 
Z400.o 3.ouu oo 2o99JlE 00 2.9663! 00 2o9415E 00 2.9114£ 00 2oi961E 00 2oi165E 00 2.151JE 00 2.U9U 00 

Z600.0 J.0321E 00 J.OOJ9E 00 2.9174£ 00 2o9521E 00 Z.92"E 00 2o9015E 00 2.1114£ 00 2.1694£ 00 2oi515E 00 
zeoo.o ).0452£ 00 3.0161£ 00 2o9904E 00 2.9660E 00 2.9UJE 00 2o922lf 00 2o90ZlE 00 z.aane oo 2.1655£ 00 
sooo.o ).0592£ 00 ).0301E 00 3o0041E 00 2.9105£ 00 2.9580E 00 2.9369£ 00 2o9l11E 00 2.1914£ 00 2.1101E 00 
szoo.o 3.0142£ 00 J.0459E 00 J.0200E 00 2.9959£ 00 2.91J5E 00 2.9526£ 00 2.9329£ 00 2o91UE 00 2ol961f 00 
:t4oo.o 3.0191E 00 3.0611E 00 J.onee oo J.Oll9E 00 2.9196£ 00 2.9611E 00 2.9492£ 00 2.9301£ 00 Zo9UZE 00 
:1600.0 lol051E 00 3o0111E 00 J.0521E 00 ).0282£ 00 ).0061£ 00 2.915)£ 00 2.9651E 00 2.9414£ 00 2o9JOOE 00 
seoo.o 3.uzoe oo ).0941£ 00 3o0615£ 00 3o0441E 00 3.0221£ 00 3o0020E 00 2.9126E 00 Z.9642E 00 2.9469£ 00 
4000.0 J.lJIJE 00 3.1105£ 00 ).0150£ 00 3.06UE 00 ).039JE 00 J.Oli1E 00 2.99941: 00 2.9111E 00 2o96JIE 00 
4500.0 3ol190E 00 J.1514E 00 3.1260£ 00 J.l026E 00 3.oeon oo Jo0602E 00 3.0410£ 00 ).0229£ 00 Jo0051E 00 
5000.0 3.2111£ 00 3ol914E 00 lol66lf 00 3.1421E 00 3.12lOE 00 J.l001E 00 J.Oil5E 00 J.0635E 00 3.0464£ 00 
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PRINTOUT TABLE II 

TWO-VARIABLE RANGE TABLE 

~alculated range, X, as a function of the proton kinetic 
energy T and the mean excitation energy lad·· (Be
cause of typographical limitations, Iadj is in~icated as 
I in the table headings. The units of ladj are ev.) The 
entries, when multiplied by A/Z, give the range in 
units of g em -2. Powers of ten are indicated by the 
symbol E; thus 1. 2345E-02 means 1. 2345 x 10-2. 
Since energy/mass is a function only of the velocity, 
the column labeled energy is also to be interpreted 
as the particle kinetic energy divided by the mass in 
units of the proton mass. The range is then given by 
Equation 6. More figures are tabulated than are sig
nificant in order to facilitate interpolation and differenc
ing. Example of use: Suppose it is required to find the 
energy of a He3 beam which has a range of 300 gm/cm2 
in iron (ladj = 285 ev). On dividing by A/Z (=2. 1481), 
from Table 9, this range is 139.66 (Z/A)g/cm2• Then, 
using Equation 6, we find X+ B2 = 186.64 (Z/A)g/cm2• 
Now B2 is found from Equation 11 to be only 0. 0003 in 
these units so that X= 186.64 (Z/A)g/ cm2. From 
Table 8 we find T = 915 Mev. Then using Print.out 
Table I, T = M T = 4. (0. 74829)915 = 2738 Mev. 
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EHEII'Y 
IIEV I• 15.0 

1.0 
2.0 
3.o 
4.0 
5.0 
6.0 
T.o 
8.0 
9.0 

10.0 

1z.o 
14.0 
16.0 
18.0 
zo.o 
22.0 
24.0 
Z6o0 
28.0 
)0.0 

n.o 
34.0 
)6.0 
31.0 
.a.o 
42.0 
44.0 
u.o 
48.0 
50.0 

55.0 
60.0 
65.0 
70.0 
15.0 
80.o 
es.o 
90.0 
95.0 

1oo.o 

7.7449£•04 
2.7486E-G3 
5.1500E-G3 
9.6951E-G3 
1.4529!·02 
2.ouoe-o2 
Z.6706E-G2 
3.3995E·02 
4.2198!-02 
5.1211E-G2 

T.l642E-G2 
9.5172E-G2 
1.2174£-01 
1.5121E-G1 
1.nne-o1 
2.190JE-G1 
2.nue-o1 
2o9808E-G1 
lo41TJE•D1 
J.II07E-G1 

4.JTOIE·D1 
4.881JE·01 
5.4291E-G1 
5.9911E-G1 
6.591JE-GI 
7.2100E-Gl 
T.8534E·01 
8.5Zl5E•01 
9.2U9E·Ol 
9.9JOU•01 

1.1125E 00 
1o3866f 00 
1.6049E 00 
1.8JTOE 00 
2.0828£ 00 
2.J419E 00 
2.6HOE DO 
2.8989E DO 
3.1964E DO 
3.5061E 00 

I• 17.5 

lolliOE-04 
2.une-o1 
5.1115E·OJ 
9oii60E•OJ 
1.4800E·02 
2.onse-o2 
2.nue-o2 
J.4664E·02 
4.30491!•02 
5.2261!•02 

T.JU2E•02 
9o7l56E·02 
lo242TE•01 
1.54401!·01 
1.1750E·OI 
2.2nu-o1 
2.62J9E•01 
J.0409E•01 
3.4857E-01 
J.9579E·01 

4.451JE·01 
•• 9U3E-01 
5.S3SIIE•01 
6.1144!-01 
6.TU8E-01 
T.3417E·01 
II.OOUE-01 
8.61l9E·OI 
9 • JIIITE·O 1 
1.01UE 00 

I• 20.0 

lo4,JE•04 
2.90J6E·OJ 
6.0035E·OJ 
1.001JE-02 
1.5066£•02 
2.09501!·02 
2. 7100E·02 
3.5J02E·02 
4.li55E·02 
5.une-o2 

T.45UE·02 
9.11914!-02 
1.2659E-01 
1.5726E·Ol 
1.9094!-01 
2.2nee-o1 
2.6TUE-01 
3.09'14!·01 
).5471!-01 
4.0278E-01 

4.51'14!-01 
5.oToZE-01 
5.6317!-01 
6.2196!-01 
6.8UIIE•01 
7.4UTE-01 
8.lJ93E-01 
8.nou-o1 
9.546U·Ol 
1.0217E 00 

1.2041E 00 1.2245E 00 
lo4123E 00 lo4l54E 00 
1o6)43E 00 1.66011! 00 
1.8705E 00 1.9006! 00 
2.12o5e oo 2.1543£ oo 
2.3840! 00 2.42111! 00 
2.6607E 00 2.1026£ 00 
2.9504E 00 2.9966E 00 
).2528E 00 3.3034£ 00 
3.5677! 00 3.6229E 00 

105.0 3.8Z79E 00 l.8941f 00 
110.0 4.1615E 00 4.2339£ 00 
115.0 4.5067E DO 4.5141£ 00 
120.0 4.86l3E 00 4.9412E 00 
lZ'I.O 5.ZJ11E 00 S.3Z10E 00 
110.0 5.6099E 00 5.7059E 00 
135.0 5.9995£ 00 6.1018E 00 
140.0 6.3997£ 00 6.5085E 00 
145.0 6oi103E 00 6o9257E 00 
150.0 7.2l12E 00 7.J5J3E 00 

J.9548E 00 
4.29811£ 00 
4.6541E 00 
5.0224£ 00 
s.4015E oo 
s.7919E oo 
6.19)4! 00 
6.6058E 00 
7.02891! 00 
7.4625E 00 

155.0 7.6622E 00 
160.0 lolOJOE 00 
165.0 8.55l6E 00 
170.0 t.OlliiE 00 
175.0 9.41J5E 00 
180.0 9.9623E 00 
185.0 l.0450E 01 
190.0 1.0947E 01 
195.0 1.1453E 01 
200o0 lol968E 01 

210.0 
220.0 
2)0.0 
240.0 
250.0 
260.0 
270.0 
280.0 
290.0 
300.0 

)10.0 
)20.0 
JlO.O 
)40.0 
JSO.O 
)(>0.0 
370.0 
)10.0 
)90.0 
400.0 

1.JOZZE 01 
1.4110E 01 
lo5ZJOE 01 
1.611lE 01 
1.156ZE 01 
1.1117)£ 01 
2.ooue ot 
Z.l279E 01 
2.251ZE 01 
2.JII92E 01 

2.snn 01 
2.6607E 01 
2.8000( 01 
2.9417( 01 
).0157£ 01 
3.2JUE 01 
J.JIIOlE 01 
J.5J05E 01 
3.6829E 01 
1.nne oa 

T.7911E 00 
8.2J90E 00 
8.69611E 00 
9.l642E 00 
9.64UE 00 
l.OUIIE 01 
l.06ZJE 01 
l.lUIIE 01 
1o164ZE 01 
1.2l64E 01 

1.JZJ5E 01 
1o4l40E 01 
lo54171E 01 
1o6646E 01 
t.7845E 01 
1o90741E 01 
2.0lJ2E 01 
2.l6111E 01 
2.z93tE 01 
2.U1lE 01 

Zo56J61E 01 
2.7026E 01 
2.8441E 01 
2.9179E 01 
J.U40E 01 
3.2823£ 01 
).4328£ 01 
l.SU4E 01 
3.7400E 01 
J.8961E 01 

l.9065E 00 
I.J606E 00 
1.8248E 00 
9.2917£ 00 
9.7824! 00 
l.0276E 01 
1.0178E 01 
l.ll90E 01 
l.l810E 01 
l.ZJ40E 01 

l.l426E 01 
1.4545E 01 
1.5698E 01 
1.f>8112E 01 
1. 8098£ 01 
1.9)4)E 01 
2.0611E 01 
2.l921E 01 
2.1zs2E 01 
2.4609£ 01 

2.5992E 01 
2. 7401£ 01 
2.8nu 01 
l.0290E 01 
). 1170( 01 
). )21)( 01 
3.4197E Dl 
3.634JE 01 
l.7910E 01 
3.9491£ 01 

IANCOE 

I• 30.0 

t.f>18JE•04 
lol804E•03 
6.U86E-G3 
1.0172E-G2 
1.6051£•02 
2.nou-o2 
2o9488E•02 
3.761U-G2 
4.67UE·02 
s.non-o2 

7.9278E·02 
l.OS22E-01 
1.J444E•Ol 
l.U89E-Gl 
2.0248E-G1 
2.4116£-01 
2.8219E·Ol 
lo2762E-G1 
3.1530E·01 
4.25811:·01 

4.79l4E-G1 
5.JS62E-Gl 
5.9471E•Ol 
6.5655E·01 
7.ZlUE•01 
7.11841E·01 
8.5835E·01 
9.3094E•Ol 
l.006lE 00 
1.08)9£ 00 

1o2195E 00 
t.5107E 00 
1.7472E 00 
1.9985! 00 
2.2645E 00 
2.5446£ 00 
2.nen oo 
lol465E 00 
3.46711E 00 
3.8020£ 00 

I• 40.0 

l.OUIIE·Ol 
J.4257E·03 
6.1112£-GJ 
1.1405E-G2 
l.6950E-02 
2.3508£-02 
J.1068E·02 
J.9624E·02 
4.9170E·02 
5.96lJE-G2 

e.uue-02 
1o1034E•01 
1.4085£-Gl 
1.7468E·Ol 
2.1117E·Ol 
2.5206E·Ol 
2o9550E-Gl 
3.4203E•01 
J.9l61E·01 
4.4420E·Ol 

4.9915£-01 
S.!II22E·Ol 
6.1958£-01 
6.naoe-ot 
7.50UE·01 
8.2065E·01 
8o9l2ZE•01 
9.6852£-01 
1.046SE 00 
t.UTZE 00 

I• 50.0 

l.1694E·03 
J.6491E-G3 
7.27lOE-oJ 
l.l9nE-o2 
1.7768E·02 
2.4607E-02 
3.2495E-o2 
4.1430E-G2 
5.135ZE-G2 
6.U15E-G2 

8.610JE-02 
loi471E·OI 
1.4636£•01 
1.8U6E-Gl 
2.l971E·01 
2o6ll4E•01 
l.0620E-G1 
3·5425E-G1 
4.0542E·01 
4.5967E·01 

5.l697E·01 
5. 7126E·01 
6o4052E-Ol 
7.0671E-G1 
T.1578E·01 
8.417U-01 
9.2246!·01 
loOOOOE 00 
a.o8oJE oo 
1.16341E 00 

1ol40lE 00 t.3127E 00 
1.569SE 00 t.6186E 00 
1.8145£ 00 1.8705£ 00 
2.0747£ oo 2.1112E oo 
2.JSOOE 00 2.42l2E 00 
2.6400E 00 2.7193E 00 
2.9443£ 00 3.0320£ 00 
3.262TE 00 3.3592£ 00 
J.5949E 00 lolOOSE 00 
l.9407E 00 4.0556£ 00 

4o1492E 00 4.2996£ 00 4.424JE 00 
4.5091E 00 4.6l16E 00 4.8063E 00 
4.81113E 00 5.0563E 00 5.2013E 00 
5.2657£ 00 5.4536E 00 5.6092E 00 
5.U20E 00 5.86l1E 00 6.0296£ 00 
6.0701E 00 6.2847E 00 6.4623E 00 
6.4897E 00 6.7182E 00 6.9072E 00 
6o9206E 00 7.163JE 00 7.36J9E 00 
T.J626E 00 7.6198£ 00 7.132JE 00 
7.1156E 00 8.0875E 00 11.3123£ 00 

I• 60.0 

1.2575E·Ol 
3.U6JE-GJ 
7.6210E-Gl 
1.252SE·02 
1.nue-o2 
Z.5622E·02 
3o3808E-G2 
4.JOI2E-G2 
5olll5E-G2 
6.U50E-o2 

11.9nu-o2 
l.l875E-Gl 
1.5l27E·01 
loii721E·Ol 
2.2672E-G1 
2.6953£-Gl 
J.l56JE·Ol 
3.f>499E·01 
4o1154E•01 
4. 7U4E•01 

5.3205!·01 
5.9l92E-G1 
6.5112E-Gl 
lo2671E·Ol 
7.9155E-G1 
lo7UOE-G1 
9.4794£-Gl 
1.0274£ 00 
1o1091E 00 
1o1941E 00 

1.4196E 00 
1o66llE 00 
1.9191£ 00 
2.l9JZE oo 
2.41129E oo 
2.7179E oo 
J.1079E 00 
Jo4426E 00 
3. 7917£ 00 
4.1549E 00 

4.5Jl9E 00 
4.9225! 00 
5.3264E 00 
5o74UE 00 
6.l1JOE 00 
6.6153E 00 
7.0699! 00 
7.5367£ 00 
lloOUJE 00 
8.5057£ 00 

8.279JE 00 
1. lSJSE 00 
9.2JI2E 00 
9. 7JJOE 00 
1.0238E 01 
1.0751E 01 
1.l277E 01 
1. UllE 01 
1.2354E 01 
1.2907E 01 

•• ~66JE 00 
9.0560E 00 
9.5§6lE 00 
1.0067E 01 
l.OSIIE 01 
1.lll9E 01 
1ol66l£ 01 
1.22UE 01 
1.2172E Ol 
1.UUE 01 

8.1035£ 00 9o0075E 00 
9.3058E 00 9o5206E 00 
9.8190E 00 t.0045E 01 
1.0343E 01 t.OSIOE 01 
l.08l7E 01 1.1126E 01 
l.14Z2E 01 1.1612£ 01 
l.l977E 01 1.2249£ 01 
1.2542E 01 1.2826£ 01 
1.3117E 01 1.3413E 01 
1.J702E 01 1.4010E 01 

1.4040E 01 
1.5207E 01 
1.6409E 01 
1.764U 01 
lo89llf 01 
2.0210E 01 
2.15JIE 01 
2.219f>E 01 
2.428ZE 01 
2.5697£ 01 

2o7131E 01 
2.a605E 01 
3.0097E 01 
J.1614E 01 
l. 3155E 01 
3.4719E 01 
3.6306E 01 
3. 79l6E 01 
3.9'546£ 01 
~.ll911E 01 

1.4Sl1E 01 1.4899£ 01 
1.5Tl5E 01 1.6134E 01 
lo69'15E 01 1.7405£ 01 
1.8229E 01 l.8710E 01 
1.9SJ5E 01 2.0049E 01 
2.0174E 01 2.1420E 01 
2.2243£ 01 2.2124E 01 
2.J643E 01 2.4257£ 01 
2.5072E 01 2.S721E 01 
2.6529E 01 2.7214£ 01 

2.80l4E 01 2oii7J5E 01 
2.9526£ 01 J.021JE 01 
1.1061£ 01 3.1858f 01 
J.2626E 01 l.J451E 01 
).4214E 01 3.5014£ 01 
).5825E 01 3.6734E 01 
l.7460E 01 J.8407E 01 
3.9117E 01 4.0104E Ol 
4.0797£ 01 4.1823E 01 
4.2497£ 01 4.J564E 01 

lo52llE 01 
1.6493E 01 
1. f190E 01 
1.912)£ 01 
2.0419E 01 
2.U89E 01 
2.JJZ1E 01 
2.47841! 01 
2.62711£ 01 
2. 71101E 01 

2o9l52E 01 
3.0932E 01 
J.25JIIE 01 
3.4110£ 01 
). 'JUliE 01 
J. 7511E 01 
3.9218E 01 
4o0948E 01 
4.2701E 01 
4o4417E 01 

I• 70.0 

t.J400E·OJ 
4.05QIE·Ol 
7.96l8E·Ol 
1.3032!•02 
1o92l1E·02 
2.6571E·02 
3o5031E-02 
4o4614E•02 
5.5166£-02 
6.6699£-02 

9.2655E·02 
1.2236E·01 
1.5512£•01 
1.9265E-G1 
2.non-o1 
2.7692E-Gl 
J.2411E·Ol 
3.746f>E•01 
4.2144£-01 
-..nue-01 

5.4558E·Ol 
6.0816E·01 
6.7522E·01 
7.4462E·01 
lol70ZE-G1 
8.9240E·01 
9.7010E·01 
1.0519E 00 
l.U60E 00 
1.2229E 00 

1.4524£ 00 
1.6991E 00 
1.9624E 00 
2.2421E 00 
2.5J16E 00 
2.8418£ 00 
3.1752E 00 
J.5166E 00 
lo87Z6E 00 
4.2429E 00 

4.6273£ 00 
5.0254E 00 
5.431lE 00 
5o8620E 00 
6.2999£ 00 
6.7506E 00 
7.2ll9E 00 
7o6194E 00 
8.l171E 00 
8.6766£ 00 

9.1811E 00 
•• 7l05E 00 
1.0244E 01 
1.0719E 01 
1.ll45E 01 
1.1912£ 01 
1o2419E 01 
1. 3017E 01 
1. J675E 01 
l.U82E 01 

1.5521E 01 
1.68l0E 01 
l.8U1E 01 
1.94117£ 01 
2.0877E 01 
2.2JOZE 01 
2. J159E 01 
2.'5241E 01 
2.6168E 01 
2.Ul7E 01 

2.9196E 01 
l.ISOJE 01 
3.3U1f 01 
3.4197£ 01 
3.(>484£ 01 
J.ll95E 01 
).99llE 01 
4.1691E 01 
4.l474E 01 
4.5279£ 01 
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I• eo.o 

lo4180E•03 
4oZl5ZE•Ol 
lo2121E·0) 
1.l5UE•02 
lo9909E·02 
2o7465E•02 
3.6l19E•02 
4.6049E·02 
5o61l6E•02 
6.1101E•02 

9.szne-o2 
lo257lE·Ol 
1.5984!·01 
1.9760E·01 
2. l891E·Ol 
2.8l70E·01 
J.Jl92E·01 
J.U5lE·01 
4.3141E·01 
4•9656E·Ol 

5.57941!-01 
6.22~9E·Ol 
6.90l7E·01 
7.609JE·Ol 
I.J416E·01 
9oll59E•01 
9.9141E·Ol 
1.0742£ 00 
1.1599£ 00 
1.2484! 00 

1.412ZE 00 
1. 7))4( 00 
2.00l6E 00 
.Z.216JE 00 
2.5812E 00 
2.90l9E 00 
J.2l61E 00 
3o51J4E 00 
3.9456E 00 
... J224E 00 

•• 71llf 00 
5.llllE 00 
5.SJ70E 00 
5o9691E 00 
6.4144£ 00 
6.8126£ 00 
7. 3436£ 00 
7.821lE 00 
8.3221E 00 
8.U06E 00 

9.J502E 00 
9.8814! 00 
l.0424E 01 
1.0971E 01 
l.U4JE 01 
1.2119£ 01 
1.2105£ 01 
1. lJ02E 01 
t.J909E 01 
1.4527E 01 

1. 5192f 01 
l.T095E 01 
1.14J6E 01 
1.9814E 01 
2.l226E 01 
2.267lE 01 
2.415)£ 01 
2.56f>5E 01 
2. 7ZOIE 01 
2.111lE 01 

lo03114E 01 
J.2015E 01 
J.J674E 01 
).5)59£ 01 
J. 707lE 01 
J. 8109E 01 
4.0571E 01 
4.2351E 01 
4.416f>E 01 
4.5999E 01 
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ENERGY 
MEV I• 15.0 

~to.o J.99J6E ot 
~2o.o ~.t5taE ot 
4JO.o 4olll1E 01 
~o.o 4.~7J6E ot 
450.0 4.6)7\E 01 
460.0 ~.102)E 01 
470o0 4o9692E 01 
410.0 5.1J76E 01 
~9o.o 5.J076E ot 
500.0 5.~792E 01 

I• 11.5 

~.055)£ Ot 
~.2UIE 01 
4oS712E 01 
~.5UJE 01 
4. 7012E 01 
4.1751E 01 
5.045\E 01 
5.2t60E 01 
5.JI14E 01 
5.5624E 01 

I• 20.0 

~.uon 01 
4o2729E 01 
~.UlJE 01 
~.60J5E 01 
~. 71l6E Ot 
~.94UE 01 
5.tun 01 
5.2151E 01 
5.~u ot 
5o6J66E 01 

510.0 5.6522E 01 5.7J79E 01 5.11~! 01 
520.0 5.1267! 01 5.91~9! 01 5.99)6E 01 
5JO.O 6.0025E 01 6.09J)E Ol 6.t742E 01 
~o.o 6ol791E 01 6.27JlE 01 6.)56JE 01 
550.0 6oJ514E 01 6.~5~JE 01 6o5J97E 01 
560.0 6.5JIJE 01 6.6J6~E 01 6.7244£ 01 
570.0 6.7195E 01 6.1205E 01 6o9l05E 01 
510.0 6.9019£ 01 7.0055£ 01 7.0979£ 01 
590.0 7.0156E 01 7.1911! 01 7.2164£ 01 
600.0 7.2704£ 01 7.J79J! 01 7.~762E Ot 

6l0o0 7o4564E 01 
620.0 7.64)6£ 01 
6JO.O 7.1J11E 01 
640.o e.o212E 01 
650.o e.2115E ot 
660.0 I.~OJOE 01 
670.0 1.5954£ 01 
610.0 1.7111! 01 
690.0 lo9IJ2E 01 
700.0 9.1715£ 01 

710.0 
720.0 
no.o 
7~0.0 
no.o 
760.0 
no.o 
710.0 
790.0 
eoo.o 

110.0 
uo.o 
IJO.O 
140.0 
150.0 
160o0 
170.0 
eao.o 
190.0 
900.0 

910.0 
920.0 
tso.o 
940.0 
950.0 
960.0 
970.0 
910.0 
990.0 

1000.0 

uoo.o 
uoo.o 
uoo.o 
1400.0 
1500.0 
1600.0 
uoo.o 
2000.0 
2200.0 
2400.0 

2600.0 
uoo.o 
Jooo.o 
uoo.o 
J400.o 
J600.0 
JIOO.o 
~ooo.o 
4SOO.o 
5000.0 

t.J1UE 01 
t.snee o1 
9.7699£ 01 
9.9617E 01 
t.Ot61! 02 
1.0)69£ 02 
1.onoe 02 
1.onu 02 
t.0975E 02 
lell19! 01 

t.UIJE 02 
t.t511! 02 
t.l794E 02 
t.2001E 02 
t.2ZOIE 02 
t.2415E 02 
1.2624! 02 
t.21JJE 02 
t.J04)E 02 
t.J25JE 02 

t.J464E 02 
t. )675£ 02 
t.JIIlE 02 
1.4100! 02 
t.UUE 02 
1.4526£ 02 
1.U60E 02 
t.~955E 02 
1o5l70E 02 
t.!IJ16E 02 

t.7567E 02 
t.9116E 02 
2.2one 02 
2.UlJE 02 
2.6610£ 02 
2.1924£ 02 
J.J519E 02 
Joi290E 02 
4.JOllE 02 
4.71UE 02 

5.2479£ 02 
5.12UE 02 
6.1942£ 02 
6.666)! 02 
7.U74E 02 
7.607JE 02 
1.0759! 02 
1.54JU 02 
9.70UE 02 
1.0151£ OJ 

7.5679E 01 7.6672£ 01 
7.7577£ 01 7.1594£ 01 
7.9416£ 01 1.0527£ Ot 
l.t606E 01 lo2470E Ol 
a.JJJ7! ot •·~25E ot 
1.5271£ ot e.6J90E ot 
1.7229! 01 I.IJ65E 01 
1.9191£ 01 t.OJ51E 01 
t.tt62E 01 9.2J46E 01 
9.Jt~2E 01 9.4J51E 01 

t.5U2E 01 
9.7UlE 01 
9.9UIE 01 
t.OtUE 02 
1.0JtiE 02 
t.052lE 02 
t.0725E 02 
I.OtJOE 02 
t.tU6E 02 
t.U"2E 02 

t.l550E 02 
t.nne 02 
t.t966E 02 
t.2t75E 02 
t.2J15E 02 
t.2596E 02 
1o2107E 02 
t.J019E 02 
1.JU2E 01 
t.J~5E 02 

t.J659E 02 
1.JilJE 02 
t.4011E 02 
t.UOJE 02 
1.4519£ 02 
1.47J6E 02 
1.495JE 02 
t.5170E 02 
t.5JIIE 02 
t.5607E 02 

1.7117E 02 
2.0066E 02 
2.ZJ46E 02 
2.465JE 02 
2.6910£ 02 
2.9J2JE 02 
J.4049E 02 
J.IIOIE 02 
4.)519£ 02 
4oiJ19E 02 

5.J17JE 02 
5.7965£ 02 
6.2751E 02 
6. 7521E 02 
7.2295£ 02 
7.7050! 02 
1.1791£ 02 
t.65tiE 02 
9.1272E 02 
t.099H OJ 

9.6J65E 01 
9.1JIIE 01 
1.0042! 02 
1.0246E 02 
•• ~51£ 02 
t.0657E 02 
t.OI6JE 02 
1.t01lE 02 
t.1279E 02 
t.t411E 02 

t.l691E 02 
t.1901E 02 
t.2lt9E 02 
t.2UtE 02 
t.25~E 02 
t.2757E 02 
t.2971E 02 
1oJli5E 02 
1.l400E 02 
1.J616E 02 

1.JU2E 02 
1.6049E 02 
lo4266E 02 
1.~ME 02 
1.~70JE 02 
t.492ZE 02 
t.!!UUE 02 
t.5J62E 02 
1o5512E 02 
1.5104E 02 

1.1040E 02 
2.0Jl5E 02 
2.2622E 02 
2.4955E 02 
2.7JOIE 02 
2.9671£ 02 
J.~57E 02 
).9269E 02 
4.4t02E 02 
~.1945£ 02 

5oll90E 02 
5.1UJE 02 
6.M69E 02 
6.1297E 02 
7.JtUE 02 
7.7916E 02 
lo2706E 02 
1.7U2E 02 
9.9J5U 02 
loUUE OJ 

RANGE 

I• JO.O 

4o2169E 01 
4.4561£ 01 
4.6272£ 01 
4.1002E 01 
~.97~9E 01 
5.uue 01 
5.J291E 01 
5.5091£ 01 
5.6914£ Ol 
5.1747E 01 

6.0595£ 01 
6o2451E 01 
6.4JJ7E 01 
6.6229£ 01 
6oiU6E 01 
7.0057E 01 
7.1991£ 01 
7.J9JIE 01 
7.5191E 01 
7.717U 01 

7.9156£ 01 
1.115JE 01 
e.JI61E 01 
1.5111£ 01 
a.nue 01 
1.995JE 01 
9.2005£ 01 
•• ~067E 01 
9.6140£ 01 
9ei222E 01 

1.00J1E 02 
1o02UE 02 
1.0UJE 02 
1.0665£ 02 
1o0171E 02 
1o109lE 02 
1.U06E 02 
1.152\E 02 
1.11J7E 02 
1.1954E 01 

1.2nu 02 
1.2390£ 02 
1.2609E 02 
1.2129E 02 
1.)050! 02 
1.J271E 02 
t.J49JE 01 
1.J7l6E OZ 
1.J9J9E 02 
loU6JE 02 

1.4JI7E 02 
1.46UE OZ 
1o41JIE OZ 
1.50641! 02 
1.529lE 02 
1o55UE OZ 
1.nue 02 
1.5974E 02 
1.620JE oz 
1.64JJE OZ 

1.175ZE 02 
2.1u1E 02 
z.nou oz 
Z.59t9E 02 
z.une oz 
J.OIUE 02 
J.5159E 02 
4.01J9E 02 
4.51JIE 02 
5.0746E 02 

5.515U 02 
6.0759E 02 
6.5755£ 02 
7.0741£ 02 
7.57141! 02 
1.067JE 02 
1.56l6E OZ 
9.05~£ 02 
t.0219E OJ 
lol49JE OJ 

I• 50.0 I• 60.0 

4.~2191! 01 
~.59601! 01 
~.1722E 01 
4.9!50)£ 01 
5.U02E 01 
5.JUOE 01 
5.~955£ 01 
5.610IE 01 
5.1677E 01 
6o056JE 01 

4.5J26E 01 4.627JE 01 
~.7t09E 01 ~.I091E 01 
~.19121! 01 ~.9929E 01 
s.o7J4E 01 s.I717E 01 
5.2575£ 01 5.J664E 01 
5.~4J5E 01 5.5561£ 01 
5.6Jl4E 01 5o7475E Ol 
,.azotE ot 5.96011! 01 
6o0122E 01 6.tJ57E 01 
6.2052£ 01 6.JJ24E 01 

6.2465£ 01 
6.UI2E 01 
6.6Jl5E 01 
6.126)1! 01 
7.0225£ 01 
7.2201E 01 
7.4t91E 01 
7.6194£ 01 
7.1210E 01 
1.02J9E 01 

6ol991E 01 
6.5959£ 01 
6. 79J6E 01 
6.9929E 01 
7.l9J6E 01 
7.J957E 01 
7.599JE 01 
7.1042E 01 
1.o1ou 01 
1.2119E 01 

1.2211E 01 1.~267E 01 
1.4J)5E 01 lo6J67E 01 
1.6400E 01 1.1410E 01 
1.1471£ 01 9.06~£ 01 
9.0566£ 01 9.2740E Ot 
9.2666E 01 9o4117E 01 
9.~776£ 01 9.70~~E 01 
9.6197E 01 9.921JE 01 
9.9021£ 01 1.01J9E 02 
1.0t17E 02 1.0J51E 02 

1oOJJZE 02 
1.0~1E 02 
1.0765E 02 
1.091JE 02 
1.UOZE 02 
1o142lE 02 
1.1642£ 02 
1.U6JE OZ 
1.2016E 02 
1.2J09E 02 

1.25JZE 02 
t.Z157E 02 
1.2912£ 02 
1.JZOIE 02 
1.)4)5£ 02 
1.J662E 02 
1.JI90E 02 
1.~tt9E 02 
t.U41E 02 
t.~571E 02 

1.U09E 02 
1.5~01: 02 
t.527ZE 02 
t.550U OZ 
1.nne 02 
1.5971£ 02 
t.6205E 02 
1o6440E 02 
t.6675E 02 
1.6910£ 02 

lo9292E 02 
2.nne 02 
2.~noe 02 
2.6650£ 02 
1.9l52E 02 
J.t671E 02 
J.61~E OZ 
~.ti51E 02 
4o6975E 02 
5.2106£ 02 

5.7UIE 02 
6o2J64E 02 
6.7~11£ 02 
7.2515E 02 
1. 7676£ 02 
e.2nu oz 
a.lltOE 02 
9.2151E OZ 
1.05JIE OJ 
l.l110E OJ 

1.0571E 02 
1.0199£ 02 
1o102lf 02 
t.U44E 02 
t.1467E 02 
lol692E 02 
1.l911E 02 
t.ztUE 02 
t.nne 02 
1.2591E 02 

1.2127E OZ 
t.J057E 02 
t.JZilE 02 
1.J5UE 02 
t.J7~9E OZ 
t.J912E 02 
1.~21~E 02 
t.~49E OZ 
t.461JE 02 
1o49UE 02 

1.5154£ 02 
t.5J90E 02 
1o'J627E 02 
lo516U 02 
1.6102£ 02 
1.6)4\E 02 
lo65IOE 02 
t.6120E 02 
1.7060E 02 
1.1JOU 02 

t.97JU 02 
2.2201E 02 
2.4714£ 02 
2.72~7E 02 
2.9100£ 02 
J.2J70E OZ 
J.l~lE 02 
~.2156E 02 
~.7912E 02 
5.J214E 02 

5.14~4£ 02 
6.)669E 02 
6.111JE 02 
7.4014£ 02 
7.9269E 02 
1.4U9E 02 
1.9591E 02 
•• ~125£ 02 
1o07~1E OJ 
1.20UE OJ 

•• non ot 
6.1J07E 01 
6.9J22E 01 
7elJ52f Ol 
7.JJ91E 01 
7.5~51E 01 
7.75J2E 01 
7.9620E 01 
1.nue 01 
I.JIJ6E 01 

a.s96JE 01 
1.uon 01 
9.0255£ 01 
9.2420£ 01 
9.~595£ 01 
9.611JE 01 
t.I9UE 01 
lo0ll9E 02 
1.oJ4u 02 
1.0564E 02 

loOliiE 02 
1.10lJE OZ 
1.1ZJ9E 02 
t.1466E 02 
1.1694£ 02 
t.t9Z2E 02 
1.U52E 02 
1.2JI2E 02 
t.2614E 02 
1.21461! 02 

1.3079£ 02 
t.UUE 02 
1.)~7£ 02 
t.J712E 02 
1.~0tiE 02 
1.425U 02 
1.4492£ 02 
1.47JOE 02 
t.4961E 02 
t.5201E OZ 

t.5~1E 02 
1.5611£ 02 
t.59Z9E 02 
1.6l11E 02 
1.641)£ 02 
t.6656E 02 
1.69001: 02 
t.ll~E 02 
l.JJIIE 02 
t.76JJE 02 

2.0llOE 02 
2.26211: 02 
2.5111£ 02 
2.n~E 02 
J.OJ52E 02 
J.29ME 02 
J.IZJOE 02 
4.J526E 02 
4.11J7E 02 
5.41~E 02 

S.9469E 02 
6.4717E 02 
7.007JE 02 
7.5J55E 02 
e.062lE 02 
1.5170£ 02 
9.ttOlE OZ 
9.6JUE 02 
1.0926E OJ 
1.2201E 03 

I• 10.0 

4.7106E 01 
4.1955f 01 
5.0IZ4E 01 
5.21UE 01 
5.4622E 01 
5.6~9E 01 
5.1~96£ 01 
6.0UOE 01 
6.2~3E 01 
6.4~2E 01 

6.6451E 01 
6.1~9lE 01 
7.05J9E 01 
7.260JE 01 
7.46121! 01 
lo61f!IE 01 
7.111JE 01 
1.1005! 01 
I.Jl~1E 01 
1.5290E 01 

1.7U2E 01 
.... ne ot 
9.1114£ 01 
9.40UE Ol 
9.6224E 01 
9.1~6E 01 
lo0061E 02 
t.0292E 02 
1.0511£ 02 
1.07~5E 02 

1.0972E 02 
t.U01E 02 
1.1UOE 02 
1ol661E 02 
1o119Zf 02 
t.2U5E 02 
1.2J'JIE 02 
l.Z592E 02 
t.21127E 02 
t.J06JE 02 

1oJ299E 02 
t.J5J6E 02 
1.)775£ 02 
t.40UE OZ 
t.U5JE 02 
1.~~UE 02 
1.41J4E 02 
t.~976E 02 
1.52UE OZ 
1.5462£ 02 

1.5705E 02 
1o5950E 02 
1.6194£ 02 
1.6~60E 02 
1.6616£ 02 
1.69JJE 02 
1o1liOE 02 
1.7UIE 02 
t.7676E 02 
1.792!1E 02 

2.0U9E 02 
2.2995£ 02 
2.5514E 02 
2.1199e 02 
J.OIJ4E 02 
J.J~IlE 02 
J.II27E 02 
~.Uti£ 02 
4.9515£ 02 
5.~916£ 02 

6.0J64E 02 
6.5744£ oz 
l.llUE 02 
7.646SE 02 
l.liOlE 02 
a. 7l19E OZ 
9.2~11E 02 
9o7691E OZ 
1.101lf OJ 
t.2310E OJ 

l• 1o.o 

4. 715JE 01 
4o9729E 01 
5.t625E 01 
S.J~2E 01 
5.5n9E Ot 
5.7U5E 01 
5.94tOE 01 
6.1604£ 01 
6.J~t5E 01 
•• ~JE 01 

6.7U9E 01 
6.9551E 01 
7ol629E 01 
7.J1ZJE 01 
7.51)1£ 01 
7.19nE Ot 
lo0094E 01 
1.2246£ 01 
1.~4l2E 01 
1.659ZE 01 

1.1715E 01 
9.0"1E 01 
9.JZ09E 01 
9.54J9E 01 
9.7612£ 01 
9.99J5E 01 
1.0220E 02 
1.0~IE 02 
1.0676£ 02 
lo0906E 02 

1.lt)7E 02 
t.1J69E 02 
1.1602£ 02 
1.UJ5E 02 
1.2070£ OZ 
1.2J05E oz 
1.2~ZE 02 
1.zn9E 02 
1.J011E 02 
t.une 02 

1.J~96E 02 
1.J7J7E 02 
t.J971E 02 
lo4Z21E 02 
1.~46)£ 02 
1.4701£ 02 
t.4951E 02 
1.5l96E 02 
1.5~2E 02 
1.5619£ oz 

lo59J6E 02 
t.6liJE 02 
t.6UlE 02 
1.6610E 02 
1o69JOE 02 
1.11101: 02 
1.7UOE OZ 
t.7611E OZ 
1.19UE 02 
1.1li5E 02 

2.0U4E 02 
2.n2u 02 
2o5946f 02 
2ei595E 02 
J.U65E 02 
).J952E 02 
S.9360E 02 
4.4791E 02 
5.ontE 02 
5o5701E 02 

6oll6ZE 02 
6.6606£ 02 
7.20JIE 02 
7. 745JE 02 
I.ZI5ZE 02 
e.ezue 02 
9.J591E OZ 
9.19)0£ 02 
1.1219£ OJ 
1.25UE OJ 
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RANGE 

INE1t5Y 
IIEV I• 90.0 I• 100.0 I• UO.O I• 140.0 I• 160.0 I• 110.0 I• 200.0 I• 220.0 I• 240.0 

1.0 1o49UE-OJ 1.5636£-0J 1o6911E-03 1oiU9E•03 1.9461£-GJ 2o06U£•03 2.1U9E-OJ 2.2116£-03 2.3161£-03 
2.0 4o4l11E-G3 4.51'99£-0) 4.1999£-GJ S.2010E-G3 5.4369£-GS 5.1605£-03 6.02)6£-03 6.2171£-GS 6.S243E-OJ 
s.o 1.5159£-GS e.ense-o3 9o4293E•03 9.9410£•03 1.0440E-G2 1.0910E-G2 1.U6lE-02 1.1197£•02 1.2211£•02 
4o0 1.3911E-G2 1o4410£•02 1.5240£-02 1.6011£•02 1.6755E-G2 1o145TE-G2 1.euoe-oz 1.1719£-02 1.9405£·02 
5.0 2.0549E-G2 2oll6lE•02 2oUUE•02 2.U94E•02 2.44llE-o2 2.neu-o2 Z.6309E•02 Z.7ZOOE•02 Z.I060E-OZ 
6.0 2.u1.e-o2 2o9U5E-G2 3.0650£-02 Jo201lE-GZ 3.3410£-02 3.4679E•OZ 3.519U-G2 3.10'55£•02 3.1114£•02 
7.o 3. l261E-G2 3oiJOJE-GZ 4.0247£-02 4o205U-G2 4oS74TE•02 4.5J51E-G2 4.6119£•02 4.1342E-G2 4.9141£-02 
e.o 4.740.e-o2 4.169lE•OZ 5.1099£-02 5.nzu-o2 5.5415E-G2 s. nne-oz 5.9256£-GZ 6.1045£·02 6.2160£-02 
9.0 5oi411E-02 6.0015E-OZ 6.2161£-02 6.5504£-02 6.1910E•02 1oOZIIE•02 7.2490[·02 7.4593£-02 7.66llE•OZ 

10.0 1.o5nE-o2 1.2365£-02 l.5611E-OZ loi75JE-G2 1.1611E-02 e.uon-oz e.61s1E-02 ••• 215£-02 •.1621£-oz 

u.o 9.1l66E-GZ 1.0010E·01 1o0444E·01 1o0144E-01 1.UUE-01 1.1565£-01 1.1194£-01 1.U09£-G1 1.2511£•01 
14.0 1o2IUE•01 1.S111E-01 1oll24E•01 1o4Z26E•01 1o4693E•01 1oSUIE•01 1.5540£-01 1o59SU-01 1.6309£·01 
16.0 1.6361E-G1 1o612IE-G1 1.1391£-01 1oi009E-G1 1.151'9E•01 1o9101E-G1 1.9601£-G1 2.0015£-01 2.0542£-01 
11.0 2.0220E-G1 z.ouu-o1 2.1452E-G1 z.2114e-o1 2.ZI63E-G1 z.3493E-G1 2.4011£•01 Ze4655E•01 Ze5191E-01 
zo.o 2.4433E-G1 2.494JE-G1 Ze5IIJE•01 2.6141£-01 2.15ne-o1 2.1274E-G1 2.1970£-01 2.963U•01 3.0Z61E-01 
22.0 2e9001E-G1 2o959l£•01 3e0610E•01 3o16UE•01 3·2S93E•01 3.3444E-G1 3e4241f-G1 3.5011E-01 3. 51'43£•01 
24.0 3.S915E-Gl 3.4592E-G1 3.5139£-01 Se69UE-Gl 1.1ozu-o1 '·•••n-ot 3.9910£-01 4.0711£-01 4.1614£•01 
26.0 J.9111E-G1 3.99S9E-G1 4oU5lE•01 4.26J5E-G1 4.SI22E•01 4.4919£-G1 4.5953£·01 4.69J5E-G1 4.7115£-01 
u.o 4.4164E-G1 4.5621E-01 4.1212£-01 4.1653E•01 4e991JE•01 5.uue-o1 S.ZS69E·Ol 5.3461£-01 5.4519£-01 
30.0 5.0611£-Gl 5el650E-01 5.3411£•01 S.S020E-01 5.6500E-o1 s.JI67E-o1 5.9UZE-G1 6.037SE•01 6.1540£-01 

u.o 5.69STE-G1 5oi004E-G1 5.9960£-01 6.UUE-G1 6.3369£•01 6.4111£-01 6.6291£-01 6.1644£•01 6.1931£-01 
)4.0 6e3501E-G1 6.461JE•01 6.6136£-01 6.1116£-01 l.OSIJE-01 l.2241E-G1 7.3199£•01 l.S217E·Ol 7.6611£•01 
36.0 J.OJ91E-G1 ?.1615£-01 l.4042E•01 ?.6115£•01 l.IU9E-G1 J.99S1E-G1 l.l65ZE-G1 1.3l66£-G1 1.4105£-01 
31.0 l.1599E-G1 1.9004£-01 1.1512£-01 •• 3195£•01 1.60UE-G1 I.IOOU-01 1.9152£-01 9.1606E-G1 9.3271£-01 
40.0 e.5uu-o1 .... )6E-G1 1.94UE•01 9.1941E-G1 9.4251£-G1 9.6392E-G1 9.U95E-Ol 1.0029£ 00 1.0210£ 00 
42.0 9.2930E-G1 9.4511£-01 9.1591£-01 1.0031£ 00 1e02ll£ 00 t.OSllE 00 1.0721£ 00 1.09)2£ 00 1ell2TE 00 
64.0 1o0105E 00 1.0213E 00 1.0601£ 00 1.0900£ 00 1.ll69E 00 1.1411£ 00 1.1649£ 00 l.li69E 00 1.2071£ 00 
46.0 1o094l£ 00 1e1UIE 00 1.1416£ 00 1.1100£ 00 1.2019£ 00 1.Z354£ 00 1.Z60)E 00 1.ZI39E 00 1.JOUE 00 
41.0 1ellliE 00 1.20U£ 00 1.2396£ 00 1.2132£ 00 1.3040£ 00 1.))24£ 00 1.3590£ 00 1.SI4ZE 00 1.40IZE 00 
so.o 1.2119£ 00 1.Z9S7E 00 1eJU6£ 00 1.3694£ 00 1.40UE 00 1.43l6E 00 1.4610t 00 1.4111£ 00 1.51))£ 00 

55.0 1e5091E 00 1.5nu oo 1.5116£ 00 1.6UJE 00 1.6616£ 00 1.6961£ 00 t. l291E 00 1.l601E 00 1. ?904£ 00 
60.0 1.1650£ 00 1el944E 00 1ei41IE 00 1.1951£ 00 1.9391£ 00 1.9100£ 00 2.0UIE 00 2.05)4£ 00 2.0IUE 00 
••• o 2.0J16E 00 2.0110£ 00 2o1311E 00 2.1163£ 00 z.U6U 00 2.ZIZOE 00 2.3241£ 00 Z.36UE 00 2.40J5E 00 
10.0 z.U69E oo 2.3646£ 00 Ze4U1E 00 2.4945£ 00 z.ss06E oo 2.60UE 00 2.6503E 00 2.69S1E 00 2.7317£ 00 
15.0 2.63UE 00 2.61491! 00 2.1514E 00 z.uooe oo 2.11Z6E 00 2.9401£ 00 z.99UE oo S.044U 00 ).09UE 00 
eo.o Zo9545E 00 3.00UE 00 3.0163£ 00 3e16Z4E 00 3.Ul1E 00 J.2955E 00 3.3549£ 00 ).4101£ 00 3.4639£ 00 
••• o 3.Z919E 00 3.3436E 00 3.U7JE 00 3.5ZUE 00 3.5916£ 00 3.6671£ 00 3.7J3U 00 J.l941E 00 s.enoe oo 
90.0 Jo664lE 00 3el014E 00 3.1043£ 00 3oi96U 00 3.9199£ 00 4.0561£ 00 4.UI4E 00 4.1957£ 00 4.2~94£ 00 
95.0 4.0U5E 00 4.0145£ 00 4.11611! 00 4o21lOE 00 4.JJUE 00 4.4620£ 00 4.5400£ 00 4.6U3E 00 4.61ZTE 00 

100.0 4.395lE 00 4.4624E 00 4.51441! 00 4.69))£ 00 4.19UE 00 4.1132£ 00 4.9671E 00 s.o413E oo s.uzse oo 

105.0 4.1921£ 00 4.1650£ 00 4.9969£ 00 5.ll41E 00 s.u11e 00 s.nooe oo 5.4114£ 00 5.4972£ 00 5.51'14£ 00 
uo.o s.zonE oo 5.2119£ 00 5.4Z41E 00 5.5510£ 00 s.6664E 00 s.Jl21E oo s.nou oo S.96ZIE 00 6.0501£ 00 
115.0 5.62UE 00 SellZIE 00 5.1656£ 00 6.0019£ 00 •.usn 00 6.ZJ92E 00 6·.3441£ 00 6.4431£ 00 6.5374£ 00 
120.0 6.06lOE 00 6.1515£ 00 6o32UE 00 6e4611E 00 6.5996£ 00 6ef2llf 00 6eUJ9E 00 6e9391E 00 l.OS91E 00 
us.o 6.5190£ 00 6.6151£ 00 6.1905£ 00 6.946JE 00 l.OillE 00 7.une oo ?.nne oo 7.4506£ 00 .,.55721: oo 
1JO.O 6.9142£ 00 loOIUE 00 l.2134E 00 lo439JE 00 ?.5191£ 00 1.1211£ 00 ?.ISSIE 00 ?.9159£ 00 1.0193£ 00 
U5.0 lo46UE 00 1.5111£ 00 '· 1696£ 00 l.9451E 00 1.10!16£ 00 e.U20E 00 leJIIOE 00 1.5154£ 00 1.6lSJE 00 
140.0 1e9521E 00 1.0690£ 00 I.UIIE 00 1.46!J5E 00 •• 6349£ 00 •• .,900£ 00 1.9340£ 00 9o0619E 00 9.1962E 00 
145.0 lo4559E 00 1.5111£ 00 1·10011! 00 e.99en oo •.nne oo 9.3413£ 00 9.4935£ 00 9.6S60E 00 •• non oo 
150.0 1.91UE 00 9.1010£ 00 9.JJ54E 00 9.5431£ 00 9. lJZIE 00 9.9051£ 00 1.0066£ 01 1.0ll1E 01 1.0351£ 01 

155.0 9e4914E 00 9.635JE 00 9eUUE 00 1.0102£ 01 1.0Jt'l£ 01 1.0413£ 01 1.06!JU 01 1.0110£ 01 1.0960£ 01 
160.0 1.00S7E 01 1.0111E 01 1.0441E 01 1.0612£ 01 1.0112£ 01 1.1013£ 01 1.U51E 01 1.1411£ 01 1.U74E 01 
165.0 1.0!JIIE 01 1.0139E 01 1e10UE 01 1. U55E 01 1.14l!JE 01 1.1616£ 01 1.1162£ 01 1.Z037E 01 1.2ZOlE 01 
110.0 1.ll!JOE 01 1.U09E 01 1.1!J9!JE 01 1.1150£ 01 1.2010£ 01 1eZ29lE 01 1.2416£ 01 1o2669E 01 1.ZI41E 01 
ns.o 1ollUI! 01 1elii9E 01 1.ZU9E 01 1o2456E 01 1.2691£ 01 1.2911E 01 1.3122£ 01 1.JJUE 01 1. S49JE 01 
110.0 1e230lE 01 1.241lE 01 1.2195E 01 1. 301JE 01 1.3326E 01 1.3556£ 01 1e3770E 01 1.3910£ 01 1.4151£ 01 
.... o 1el902£ 01 1eJOI4E 01 1e34l2E 01 1. nou 01 1.3966£ 01 1.4206£ 01 1e44JOE 01 1.4631£ 01 1.4U'lE 01 
190.0 1o3501E 01 1eJ69lE 01 1.4039E 01 1.434JE 01 1.4611E 01 1.4161£ 01 t.SlOU 01 1.nue 01 1.!J5ZJE 01 
19!J.O 1.4U4E 01 1.4JUE 01 1.4611£ 01 1.4994£ 01 1.!JZIOE 01 1.554lE 01 1.nue 01 1.6010£ 01 1.6ZUE 01 
200.0 1.4150£ 01 1e4956E 01 l.SJUE 01 1e56!J6E 01 1.!J95J£ 01 1.6225£ 01 1.6411£ 01 1.6TUE 01 1.69)4£ 01 

uo.o 1.60UE 01 1o6255f 01 t.6656E 01 1.lOUE 01 1. 7))2£ 01 1.1626£ 01 1. 7191£ 01 1.8151£ 01 1.1390£ 01 
220.0 1. lJ!J!JE 01 1.1594£ 01 leiOUE 01 1.1401£ 01 1.115JE 01 1.9061£ 01 1.U60E 01 1.96JJE 01 1.9190£ 01 
230.0 1.1115£ 01 1.1912E 01 1.9434E 01 1.914JE 01 2.02UE 01 2.0552£ 01 2.0165£ 01 2.ll'llE 01 2.14UE 01 
240.0 2.01121! 01 2.0316£ 01 2eOIIOE 01 2.U11E 01 2.nue 01 2.2074£ 01 2.2409£ 01 Z.ZJZ1E 01 2.3014[ 01 
250.0 2.1544E 01 Zo1131E 01 2.2363£ 01 2.2130£ 01 2.32SlE 01 2.36J5E 01 2.3991£ 01 2.4SZJE 01 Z.4636f 01 
260.0 2.3011E 01 2elJ22E 01 2.311lE 01 2.4371£ 01 Z.41UE 01 2.5233£ 01 2.56UE 01 Z.S964E 01 Z.6Z9'lE 01 
210.0 2.4!JUE 01 2.4141£ 01 2.MJ5E 01 2.5960£ 01 2.6434E 01 2.6167£ 01 2.7261£ 01 z. 7641£ 01 2.7992£ 01 
zeo.o 2.6064£ 01 2.639)£ 01 2.1021£ 01 2. JSTJE 01 2.1011£ 01 z.es36E 01 2.1959£ 01 Z.9354E 01 2.9125£ 01 
Z90.0 2ol601E 01 2.191lE 01 2.1640£ 01 2.9U6E 01 2.97!J6E 01 3eOU9E 01 3.0615£ 01 3.1101£ 01 3.1492£ 01 
300.0 2.9ZOJE 01 2.95921! 01 3.0290£ 01 3o0901E 01 3e146!Jf 01 3e1914E 01 3.2444£ 01 3.2112£ 01 3.3294£ 01 

310.0 J.OIZIE 01 3o1l36E 01 s.191lE 01 3.26ZOE 01 3.3206£ 01 3.3141£ 01 3.4235£ 01 1.4695£ 01 3.51ZTE 01 
uo.o 3eZ41lE 01 lo2910E 01 1e3611E 01 3e436JE Ol 3.4911E 01 lo5539E 01 3o60!JJE Ol )o6540E 01 3.699)£ 01 
uo.o 3.4162E 01 ,.4612£ 01 1.5420£ 01 1·6U5E 01 3.6719£ 01 3eU66E 01 ).7909£ 01 ).1415£ 01 3.1119£ 01 
340.0 s.!JinE 01 3.6342E 01 3.lU7E 01 S. 1935£ 01 3.1609E 01 3.92UE 01 S.9l91E 01 4.0UOE 01 4.0il6E 01 
350.0 Jol606E 01 3.1091£ 01 3.1912E 01 3.916JE 01 4.0461£ 01 4.UOIE 01 4.t?OlE 01 4.U!UE 01 4.ZlllE 01 
)60.0 3.9S6TE 01 3.9110£ 01 4.0102£ 01 4.1611£ 01 4.nsu 01 4.SOUE 01 4.3639£ 01 4.4ll5E Ol 4.4155£ 01 
JJO.O 4eUSJE 01 4o1611E 01 4.2649£ 01 4.3491£ 01 4.4263£ 01 4.4960£ 01 4.5604£ 01 4.6203£ 01 4.6766£ 01 
310.0 4.29UE 01 4.J520E 01 4.4520£ 01 4.5404£ 01 4.6199£ 01 4.69UE 01 4. 7!J95E 01 4.1211£ 01 4.8103£ 01 
390.0 4.4?96£ 01 4.5316£ 01 4.6415£ 01 4.1314£ 01 4.U6lE 01 4.19UE Ol 4.96llE 01 S.OZS9E 01 '!1.0167£ 01 
400.0 4.66SJE 01 4.72551! 01 4.1335£ 01 4.9211£ 01 !J.0147E 01 5.0930£ 01 5.1652£ 01 s.nne 01 5.2956£ 01 
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RAitGE 

EltEIIGY 
IIEV I• 90.0 I• 100.0 I• 120.0 I• 140.0 I• 160.0 I• 110.0 1• 200.0 I• zzo.o I• 2•o.o 

•1o.o 4.15JZE 01 4.9156E 01 5.0276£ 01 5.U66E 01 5.2157E 01 5o2961E 01 5.l711f 01 5 ... 415£ 01 5.5069£ 01 
420.0 5.0U2E 01 5.10IOE 01 5.ZZ41E 01 5.J266E 01 5.4119E 01 5.50JOE 01 5.5106E 01 5o65ZIE 01 5. 7206£ 01 
"JO.O 5.znu 01 5.J02U 01 5 ... 2l7E 01 5.5211£ 01 5.6244£ 01 •• 7114£ 01 5. 7917E 01 5.1665£ 01 5o9J66E 01 
440.0 5.4Z97E 01 5.4990E 01 5.62JU 01 5. 7Jl2E 01 5.U20E 01 5.9220£ 01 6.005lE 01 6oOIZ4E 01 6.1541£ 01 
uo.o 5.6259E 01 5.6976£ 01 5.126lE 01 5.9J96E 01 6.0417E 01 6.U41E 01 6.2Z06E 01 6.)004£ 01 6ol75JE 01 
"60.0 •• 1241£ 01 •• 1911£ 01 6.0J09E 01 6.1 .. 11£ 01 6.Z5J5E 01 6.J496E 01 6o4lllE 01 6.5206£ 01 6.5971£ 01 
"70.0 6.0Z4ZE 01 6ol006E 01 6.ZJ76E oa 6.J5UE 01 6.467JE 01 6.5664E 01 6.6571E 01 6.7UIE 01 6oll24E 01 
"10.0 6.ZZ61E 01 6ol049E 01 6.446ZE 01 6.5709£ 01 6.61JOE 01 6.715ZE Oa 6.1794£ 01 6.9670£ 01 7o0491E 01 
... o.o 6.4Z99E 01 6.5lllE 01 6.6567£ 01 6.7151E 01 6.9006E 01 7.0059E Ol 7.1029£ 01 7.19J2E 01 7.Z777E 01 
500.0 6.6J5JE 01 6. 7190£ 01 6oi619E 01 7.00UE 01 7olZOl£ 01 l'.zzne 01 l'.JZUE 01 7.4212£ 01 1'o501ZE 01 

510.0 6.1U5E 01 6.9216£ 01 1'.0129£ 01 1'.Zl90E 01 1'.)414£ 01 1'.45ZIE 01 7.5555£ 01 7.65llE 01 1'.1'406E 01 
520.0 7.0514E 01 1'oU99E 01 1'.2916E 01 l'.UUE 01 1'.5644£ 01 l'o61'90E 01 1'.1'a..6E 01 l'.IIIIZIE 01 1'.91'UE 01 
530.0 7 .26l9E 01 1'.JS29E 01 1'.5160E 01 7.6591E 01 7.7191E 01 1'.9061£ 01 loOUJE 01 1.uue oa I.UOl'E 01 
540.0 1'.41'<lOE 01 1'.561'4£ 01 1'.1'S49E 01 1'.1127E 01 1.0154£ 01 1.uue 01 1.2 .. 71E 01 1.nau oa lo4414E 01 
no.o 1'.611'6£ 01 l'o1'135E 01 1'.9555£ Ol 8.101'1E 01 11.24J4E 01 I.J61'5E 01 1.uatE 01 1.5aaze oa 1.611'1E 01 
560o0 1'.90Z1'E 01 e.ooue 01 1.11'1'6£ 01 1.nJ2E oa 11.47)0£ 01 lo600)E 01 11.1'176£ 01 I.IZ66E 01 8.9211'E 01 
51'0.0 lloll9JE 01 1.220JE 01 8.401ZE 01 1.5601'E 01 e. 1o•ae 01 11.1346£ 01 11.95411£ 01 9o0666E 01 9.l1'UE 01 
510.0 1.nne 01 1.44011£ 01 llo626lE 01 1.7191'E 01 1.9J66E 01 9.01'04£ 01 9.1U6E 01 9.JOilE 01 9 ... 154E 01 
590.0 I. 5561'E 01 1.66UE 01 1.a.ne 01 9.o2oze 01 9ol1'01'E 01 9.J077E 01 9.UJ9E 01 9o55UE 01 9.6610E 01 
600.0 1.nne 01 1.1161E 01 9.0106E 01 9.2521E 01 9.4062£ 01 9.5ol6U 01 9.6756E 01 9. 7957f 01 9o9011E 01 

610.0 1.9995E 01 9.1107E 01 9.J091E 01 9.U5JE 01 9.64JOE 01 9. 716'SE 01 9.9117£ 01 a.ooue 02 l.OU7E 02 
620.0 9.22Z9E 01 9.JJ67E 01 9.5404£ 01 9. 7199E 01 9.aaue 01 1.0021E 02 1. 016JE 02 lo0219E 02 lo0406E 02 
uo.o 9 ... 476£ 01 9.5639£ 01 9. 77ZZE 01 9.9551E 01 1.0121E 02 1.o2nE 02 1.0409E 02 1o0531'E 02 lo0651E 02 
640.0 9.67l4E 01 9.1'92JE 01 a.ooou 02 1.019)£ 02 l.OJ6ZE 02 1o0515E 02 lo0656E 02 1.0711'E 02 lo0910E 02 
650.0 9.9005E 01 1.oo2ze 02 l.0240E OZ l.O .. llE 02 1.0604£ 02 1.0760£ 02 lo0905E 02 1.10J9E 02 1oll64E 02 
660.0 1.0U9E 02 a.onn 02 l.041'5E 02 1.0671£ 02 l.OI47E 02 1.1001'£ 02 l.ll54E 02 a.une 02 lo14l9E 02 
61'0o0 l.OJ51E 02 l.O .. UE 02 1.07UE 02 l.09UE 02 1.1091£ 02 1olZ55E 02 1ol405E 02 lol545E 02 lol61'6E 02 
610.0 1.0519£ 02 1.01'11£ 02 l.0950E 02 l.ll54E oz 1.une 02 a.1504E 02 lo1651'E 02 a.UOOE 02 lol9JJE 02 
690.0 1.oazoe 02 1.095ZE 02 lolli9E 02 a. U97E 02 1.ua..e 02 1.1754£ 02 1ol910E 02 1.20!16E 02 l.Zl92E 02 
700.0 1.105JE 02 1.1UIE 02 1o1U9E 02 1o16UE 02 l.liiJ2E 02 1.2005E 02 l.Zl65E 02 1.231JE 02 1.245ZE 02 

no.o 1ol2111'E OZ 1.1424£ 02 1. 161'0E 02 a.UI6E 02 a.20111E 02 1.2257E 02 lo24ZOE 02 a.nne 02 lo27UE 02 
720.0 lol5Zlf 02 lol661E 02 lol9UE 02 a.2u2e 02 a.2J31E 02 1o25llE 02 lo2671'E 02 1.2131E 02 1.2975E 02 
l'JO.O 1.an7E 02 lo1900E 02 1.2155E 02 1.211oe 02 l.Z512E 02 1.21'65E 02 1.29J4E 02 1oJ09lE 02 lolUIE OZ 
1'40.0 1.1994£ 02 1.21)9£ 02 1.2)99£ 02 lo2621E 02 1.2n•e 02 1.3021E 02 l.J19JE 02 l.l35JE 02 lol502E 02 
no.o loZ2JlE 02 1.2J79E 02 1o2644E 02 1.21171'E 02 l.JOII7E 02 1.JZ77E 02 1.3U2E 02 lol6UE 02 lol767E 02 
760.0 1.2470£ 02 1.2620E 02 1.2190E 02 loll21E 02 1.33"1E 02 lol5J5E 02 l.J7UE 02 1.311'9E 02 1.4034E 02 
1'1'0.0 1.2709E 02 1.216ZE 02 1. UJ7E 02 l.U79E 02 l.J596E 02 1.nne 02 a. J974E 02 lo414JE 02 1 ... J01E 02 
no.o 1.29•9e 02 a. non 02 1. nne 02 loff>ll£ 02 a. 3851£ 02 a ... 052E 02 a.•un 02 l ..... OIE 02 lo4569E 02 
1'90.0 t.J191E 02 lo3349E 02 lol634E 02 1.JII4E 02 lo410IE 02 l.UUE 02 .... 500£ 02 lo461'5E 02 lo4131E 02 
1oo.o 1.)4))£ 02 l.J5?4E 02 1.31UE 02 l.4U7E 02 1.4366£ 02 •·••ne 02 1.4764£ 02 1."9"2E 02 lo5107E 02 

110.0 1.)61'5£ 02 1.3140E 02 l ... l))E 02 lo .. J92E 02 a.u2u 02 lo4135E 02 1.5029E 02 lo5ZlOE 02 1.5J1'1E 02 
120.0 1.J919E 02 1 ... 016£ 02 a ... sue 02 l.UUE 02 a.uue 02 lo5091E oz 1.5295£ 02 lo5471E 02 1.5650E 02 
no.o 1 ... 16JE oz l.UUE 02 l.UJl'E 02 1.4904£ 02 1.51 .. )£ 02 1.536lE 02 l.S562E oz lo57UE 02 lo59ZZE 02 
140.0 1 ... 40IIE 02 1o45111E 02 .... 11119£ oz 1.5161E 02 lo5404E 02 1.5626£ oz 1.5129E 02 1.6019£ oz lo6195E 02 
no.o 1.4654£ 02 l.UlOE 02 1. 51UE 02 lo5419E 02 1.5666E 02 lo51191E 02 lo6091E 02 lo6290E oz 1.6469E 02 
160.0 1 ... 90aE 02 1.501'9E 02 lo5J97E 02 1.561'1'E 02 1.59211E 02 1.6157E 02 1.6361'E 02 l.656ZE 02 lo61'44E 02 
11'0.0 lo51411E 02 1.5J29E 02 1.565ZE 02 a.59)6E 02 1.6191£ 02 1.6olUE 02 l.6U1'E 02 1.61J5E 02 lo7020E 02 
110.0 1.5J96E 02 1.5UOE 02 lo5901E 02 1.6196E 02 1.6 .. 55E oz 1.6691E 02 1o6901'E 02 l.l'lOIIE 02 lol'Z96E 02 
190.0 1.56ol5E 02 1.51llE 02 1.6164£ 02 lo6451'E 02 l.6720E 02 1.6959E 02 lo7171E OZ a.nue 02 1. 7573E 02 
900.0 1.5194£ 02 1.60UE 02 1.6421E 02 1o67UE oz 1.69115£ 02 1. 72Zl'E 02 1o7UOE 02 lo1'651'E 02 1.7151E 02 

910.0 1.61"4£ 02 1.6336E oz 1.661'9E 02 1.691lE 02 •• 7Z5lE 02 1. 7491'E 02 1. 77UE 02 1.1'9UE 02 loi129E 02 
920.0 1.6395E 02 1.6590E 02 1.69)7£ 02 1.1ZUE 02 a. nan 02 1o1'1'61'E 02 1. 7996E 02 1.11209£ 02 l.I .. OIIf 02 
9)0.0 1.6646E 02 1.6144E 02 1.7196E 02 1.1'507£ 02 1o1'1'115E 02 1.110JIE 02 1.1270E 02 loiU6E 02 1.116111£ 02 
9 .. 0.0 1.61191E 02 1. 7091E 02 a. 7456E 02 lo 771'0E 02 1.1052E 02 l.IIJ09E 02 a.a54SE 02 loii1'63E 02 loi961E 02 
950.0 a.l'UlE 02 1.7l54E 02 1.1'1'16£ 02 loiiOJ5f 02 l.UZlE 02 l.UilE 02 lollllOE 02 l.90UE 02 lo92"9E 02 
960.0 a. no•e 02 1. 7609E 02 1. 1'971'E OZ 1.uooe 02 1.U90E 02 a.11ne oz 1.9096E 02 lo93ZOE 02 1.95)0E 02 
970.0 1. 7657E 02 a. 7166E 02 1.euu oz l.ll566f 02 1.1160E 02 1.9U6E 02 a.9J7ZE 02 1o9600E 02 1.91UE 02 
910.0 1.79UE 02 l.llllE 02 a.uooe 02 l.IIUZE 02 1.9UOE 02 1.9400E 02 lo9649E OZ lo9110E 02 2.o09u 02 
990.0 l.ll66E OZ 1.u1oe oz l.I1'6JE 02 1.9099E 02 lo9400E 02 1.9674£ oa 1.9926E 02 2o0160E 02 Zo031'11E 02 

1000.0 a.eu2e 02 loii6JIE 02 1. 9026E 02 lo9J66E 02 1.96'1'ZE 02 1.9949E OZ 2.0204£ 02 z.o .... ae 02 2.066ZE 02 

1100.0 2.1001E 02 2.12 .. 5E 02 2.16UE 02 2o2067E 02 2.z•ue 02 2.212U 02 2oJOUE 02 2.3279E 02 2.uzee 02 
1200.0 2.Ju1e 02 2.JI94E 02 2.ueu 02 2.41110E 02 2.5194£ 02 2.554ZE 02 2.51162E 02 2.6U9E 02 2o6431'E 02 
uoo.o 2.621'5E 02 Z.651'6E 02 2.1uu o2 2.1'516£ 02 2.aoo9E 02 2.nne 02 2.nue 02 2.9073E 02 2.9J79f 02 
a400.0 2.1955E 02 2.neu 02 2.911'ZE 02 ).0319E 02 3.0151£ oz 3.121'lE 02 J.a656E 02 3o20UE 02 J.UUE 02 
uoo.o 3-,l655f 02 J.ZOUE 02 3.26!11E 02 J.)lllf 02 3.l7UE 02 3.U69E 02 J.UIIl'E 02 ).4914£ 02 J.une 02 
1600.0 l.4373E oz J.47511E 02 J. S..UE 02 J.6051E 02 )o659ZE 02 3.70UE 02 3.1'5J3E OZ Jo1'950E 02 J.IIJ39E 02 
1100.0 J.91 .. 2E 02 4.02114E 02 4.10UE 02 4ol764f 02 4.UIIZE 02 4.294JE 02 4.3451E 02 4.39J4E 02 4.431'9E 02 
2000.0 4.534ZE 02 4o51139E 02 4.61'l6f 02 ... 1'50JE 02 4.1199E 02 4.11129E 02 4.9401E 02 ..... ue 02 5.0443E 02 
2200.0 5.Q155E 02 5ol407E 02 5.239ZE 02 5.3254£ oz 5.4026E 02 5 ... 1'Z5E Ol 5.5366E 02 5.5960E 02 5.65UE 02 
Z"OO.O 5.631'1E 02 5.691'11E 02 5.8059E 02 5.9006E 02 5o9152E 02 6.0619E 02 6.U2Jf 02 6.191'4£ 02 6.UIIOE 02 

2600.0 6.une 02 6.Z54lE 02 6. 31'20E 02 6.4noe 02 6.561'lE 02 6.6505E 02 6. 7269E 02 6o1'917f 02 6.16)6£ 02 
21oo.o 6.1'JI6f 02 6.1099£ 02 6.9369E 02 1'.041ZE 02 1'.a476E 02 7.U76E 02 l'o3Z01E 02 1'.J964E 02 1'o4675E 02 
)000.0 1'.211'4E 02 1'.3640E OZ 1'.5004£ oz 1'.6191E 02 1'.1'263E OZ l'.IZZIE 02 1'.91UE 02 1'.9931E 02 11.0693E 02 
3200.0 1'.11J41'E 02 7.9164£ 02 11.0620f 02 e.une 02 11.3030E 02 8.4060E 02 lo50QJE OZ 1.5175E 02 1.6611E 02 
J400.0 11.3101£ 02 lloU69E 02 lo6Za6E 02 1.1'569E 02 11.111'1'6£ 02 8.91169E 02 9.011'0E 02 9ol1'96E 02 9.2651f 02 
)600.0 1·9236E 02 9.0U5E 02 9.11'91E 02 9.3222E 02 9.44911£ 02 9.5654£ 02 9o61'l3E 02 9.1'69lE 02 9.1602E 02 
)100.0 9.U50E 02 9.5619£ 02 9. 7344E 02 9.11152£ 02 l.0020E OJ 1.01UE 03 lo02SJE OJ 1.0U6E 03 loOU2E 03 
•ooo.o l.OOOU OJ l.Ol06E 03 1. 02111'E 03 a.o••6E OJ 1.0511'f 0) 1.01'15£ 0) 1oOIIJZf OJ 1o0940E OJ lolO..lE 0) 
"500.0 l.U .. 4E Ol 1.1457E OJ loa660E OJ loliiJ7E Ol loa995f 0) 1.2lliiE OJ l.ZZ69E 03 1.U90E OJ lo250ZE 03 
5000.0 a.2670E OJ 1.21'95E OJ 1.J019E OJ l.JZ14E 0) lo33IIIE OJ a.nue o3 1.3690E OJ 1.3112JE OJ loJ947E 0) 
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UIIGE 

ENEIIGY 
IIEV I• 260.!) I• 2ao.o I• JOO.O I• no.o I• MO.O I• :sao.o I• 420.0 I• 460.0 I• 500.0 

1.0 2o41llf-oJ 2.senE-o:s 2o6141E-O:S 2o179lE-GJ 2.nuE-o:s J.05JIE-GJ :s.UteE-oJ Jo4001E-GJ :s.unE-o:s 
2.0 6.7640£-oJ 6o9976E-OJ 7.2251£-0J 7.449ZE-oJ 7.661lE-GJ lo0942E-GJ a.5o6u-os e.9071E-o:s 9o297JE-OJ 
s.o lo26ZIE-02 loJ026E-02 1.J415E-02 1.J795E-G2 1.4167£-02 1.u9oe-o2 1.5511£-02 1.6265£-02 1.692JE-02 
4.0 2.ooue-oz 2.060JE-02 2.1179£-02 2.1740£-02 2.uat£-o2 2o3J54E-G2 2.4JIOE-G2 2.5J72E-02 2.6JJ5E-02 
5.0 2.uue-o2 2.9700£-02 J.0416E-02 J.U52f-02 Jo1999£-G2 J.J447E-G2 , ... uae-o2 Jo611lE-02 3.7411£-02 
6.0 :s.t256E-o2 4.0JOSE-02 •.uue-02 4.nue-o2 4.J211E-G2 4.5149E-G2 4o69J9E-02 .... 664£-02 5.onu-o2 
1.0 5.uou-o2 5.2415£-02 5.J611E-02 5o4925E-G2 5.6129E-o2 5.1451E-o2 6.067JE-02 6.2101£-02 6.4169£-0Z 
a.o 6.44UE-02 6.6009E-o2 6.7555£-02 6o9056E-G2 l.05UE-02 7oU24E-G2 7.6007E-G2 7.1510E-G2 a.1one-o2 
9.0 1.nsse-o2 a.oun-o2 a.22ne-oz 8.4019£-02 1.5nae-o2 a.9049E-o2 t.uue-o2 9.5uoe-o2 9.1176£-02 

10.0 9.JIUE-02 9.6045£-02 t.auu-02 lo0020E-G1 1o02l9E-G1 lo060JE-o1 lo0969E-ol 1.U22E-G1 1.166ZE-G1 

12.0 1oU02E-G1 1.JOIJE-01 loJJ56E-01 1.J6ZOE-Ol 1.JI71E-01 loU75E-Gl 1o415lE-G1 1.5JOIE-G1 1o5750E-G1 
14.0 1o6672f-G1 1o70UE-ol 1o7J6ZE-Ol 1.7692£-01 1ol0l4E-o1 1.16JSE-o& lo92JOE-o1 1o910JE-G1 2o0351E-Ol 
16.0 2o0912f-G1 2o1401E-01 2o1120E-01 2.zz2u-ot z.26UE-ot 2.U66E-ol 2.4090E-o1 2o47IIE-Ol 2.5465£-01 
u.o 2.nnE-o1 2.6227E-G1 2.6717£-01 2o719JE-o1 2.7651E-o1 2.1554E-o1 2.9416£-Gl s.0241E-01 3.1056£-01 
zo.o J.OI79E-o1 J.l410E-01 J.204ZE-01 J.2591E-G1 J.J140E-G1 :s.uaae-o1 J.5195E-o1 Jo6169E-o1 J.7ll6E-o1 
zz.o )o6447E-G1 J.7U6E-o1 :s.nue-o1 J.I426E-Ol J.9050E-01 4.0256E-o1 ... 1417£-ol 4.2540E-G1 4oJ6JZE-o1 
24.0 4o2416E-o1 4.JU9E-01 4oJ9J9E-01 4o466IE-01 4.5J11E-G1 4.675lfi-G1 4.107U-o1 4o9J50E-01 5.059SE-G1 
26.0 4.1771E-G1 4.9650E-G1 5.0495£-01 5.U16E-Gl 5.2ll6fi-G1 5.J662E-01 5.5150£-Gl 5.6591£-01 5.7995£-01 
21.o 5.5529£-01 5.uo:se-o& 5.7447E-01 5oiJ6JE-01 5.9257£-01 6.0914fi-G1 6o2645E-o1 6.4254E-G1 6.5UZE-01 
so.o 6o2660E-G1 6.J741E-o1 6.47an-o& 6.5104E-G1 6.6794£-o& 6.1707E-G1 7o0541f-Gl 7.ZJJZE-G1 7.4070£-ol 

sz.o l.Ol66E-G1 1.nne-o1 7.2510£-01 7.J6JOE-01 7.4l20E-o1 7.6121£-01 7.1154£-Gl a.o111E-o1 e.2noE-01 
J4.0 T.I042e-G1 7.9J4TE-01 lo0610E-Ol e.une-01 a.JOJIE-01 ••5UIE-o1 loU56E-G1 a.tTOU-o1 9ol797£-0l 
MoO lo62UE-o1 a.no5E-o1 a.toeZ£-01 9.04taE-o1 9o1T19E-G1 9o42J2E-G1 9.664TE-01 9.1915£-Gl 1.0126£ 00 
JI.O •·•aaze-o& 9.6426£-01 9.'1920£-01 9.9J'IOE-G1 1.00'IIE 00 loOUOE 00 &.0612£ 00 1.0166£. 00 1.UUE 00 
40.0 loOJI4£ 00 1.05511! 00 1.onu oo &.0169£ 00. lo1021E 00 loUISE 00 lo1S91E 00 loll'llf 00 1.2lJIE 00 
42.0 l.U14E 00 1.1494£ 00 1o1661E 00 1.UJ6£ 00 1.2000E 00 1oU17E 00 1.26UE 00 1.29UE 00 1oJ201E 00 
..... o l.ZU9E 00 t.24TZE 00 1.2659£ 00 1.ZIJ9£ 00 1.JOUE 00 1.U,E 00 loJ610£ 00 1.J995fi 00 1.4J02E 00 
.... o 1oJ2Tifi 00 l.J415E 00 1.J614fi 00 1.JITIE 00 1.4066£ 00 lo4429E 00 lo4'TT6E 00 1.5UJE 00 1.5440£ 00 
.... o l.Ullfi 00 &.45Jl£ 00 1.4'144£ 00 1o49Slf 00 lo515U 00 &.55JIE 00 '·""* 00 

1.6267E 00 l.6616E 00 
so.o &.snn oo 1.5612£ 00 1.51)9£ 00 lo6051E 00 1o62Jlfi 00 1.6612E 00 lo70T6E 00 loT45Tfi 00 lo TIZlE 00 

55.0 lolll6£ 00 &.1451£ 00 1.1720£ 00 1.19T4E 00 l.9UOE 00 1.9695£ 00 2.0149£ 00 2.o5ne oo 2.1014£ 00 
60.0 z.U96E 00 2.150TE 00 2.uou oo 2.2096£ 00 z.2nn 00 2.2911£ 00 2.sun oo 2.)9)4£ 00 2.4411£ 00 
65.0 2.4402E 00 2.4'15)! 00 2.5091£ 00 2o5419E 00 2o5'1J6E 00 2o6J46E 00 2o69JOE 00 2.'1491£ 00 2.aoJ6E oo 
70.0 2.7191£ 00 2.1191£ 00 2.enu oo 2.e9nE oo 2.929)£ 00 2.9975£ 00 )o062'1E 00 Jo1254E 00 Joli62E 00 
75.0 :s.uao£ oo J.lltaE 00 t.2240E 00 t.2647E 00 J.J042E 00 J.J'I99E 00 J.452ZE 00 J.SZ17E 00 J.saat£ oo 
eo.o Jo5144fi 00 J.5621E 00 J.6094E 00 )o654JE 00 ).69'19£ 00 J.li14E 00 J.I610E 00 J.9J'I5E 00 4.0ll5E 00 
e5.o J.9016E 00 J.96liE 00 4oOU9E 00 4.0622£ 00 4ollOOE 00 4o20l6E 00 4.2111£ 00 4.Jl24E 00 4.une oo 
90.0 4oJ202E 00 ... nan oo 4.4J4lE 00 4.4110E 00 4o5401E 00 4o6J99E 00 4oTJ49E 00 4.126lE 00 4.9141£ 00 
95.0 4.741TE 00 4olll9E 00 4.1726£ 00 4.9JUE 00 4o91liE 00 5.o962E oo 5ol992E 00 5.2979£ 00 5.:stne oo 

100.0 5.1940£ 00 5.2624£ 00 5.J21lE 00 5oJ9l4£ 00 5.4527£ 00 5.5691£ 00 5.61UE 00 5o 7177E 00 5.1905£ 00 

105.0 5.65561! 00 5ol29JE 00 5.aoou oo 5.8614£ 00 5.9344£ 00 6.0606E 00 6o110JE 00 6o2ftOE 00 6.4054£ 00 
110.0 6.UJ1E 00 6.2124£ 00 6.2815£ 00 6oJ6liE 00 6o4J27E 00 6.56111! 00 6.6965£ 00 6.1194£ 00 6o9J17E 00 
115.0 6.626JE 00 6.71UE 00 6.T9UE 00 6.1lUE 00 6o94T1E 00 'lo0920E 00 7.229JE 00 'loJ605E 00 7.41691! 00 
azo.o 'loU49E 00 7.2257£ 00 7.JU7E 00 7.)9651! 00 T.4'1T4E 00 'lo6Jl9£ 00 7.TTIJE 00 '1.9112£ 00 •• 0527£ 00 
125.0 7.65151! 00 7.75521! 00 '1.14'19£ 00 '1.9J'IlE 00 a.oznE oo a.ta'I7E oo e.:suu oo 1.4920E 00 a.6J49E oo 
1so.o lo1969E 00 1.29971! 00 •• , .. u 00 1.4929£ 00 1.5144£ 00 8.'1519£ 00 a.t240E oo 9o0116E 00 9o2JJOE 00 
1~5.o 1.7499£ 00 loi5IIE 00 1.96321! 00 9.06)61! 00 9.1605£ 00 9oJ452E 00 9.S200E 00 t.6161E oo ~.14611! 00 
140.0 9.Jl10E 00 9.4JUE 00 9.5421£ 00 9o64IIE 00 9. '15UE 00 9o9465E 00 1.ouu 01 1.0JOTE 01 lo04'f6E 01 
145.0 9.19111! 00 1o0020E 01 1.0U6E 01 1.02411! 01 1.0J56E 01 1.0562E 01 1.0751£ 01 1.0942£ 01 1o1UOE 01 
150.0 1o049JE 01 1.0621£ 01 1.0T44E 01 1o0162E 01 1.on6E 01 lol19JE 01 1oU97E 01 1.1592£ 01 1ol7'19E 01 

1,5.0 1oll01E 01 1.12J6E Ol t.U65E 01 1.14891! 01 &.16091! 01 1.11J'IE 01 lo2052E 01 1.2nn 01 1o245JE 01 
160.0 1.nue 01 1.1164£ 01 1.2000£ 01 1.2UOE 01 1.22561! 01 1.2495£ 01 1.2120E 01 1.2935£ 01 1.Jl4lE 01 
165.0 I.U51E 01 1.2506E 01 1oZ641E 01 1.2'114£ 01 1o2916E 01 1.Jl6lE 01 1.J40JE 01 l.J62TE 01 loJIUE 01 
170.0 1.J004E Ol l.J160E 01 &.not£ 01 t.JUZE 01 1.)590£ 01 1oJI51E 01 ... 4099£ 01 1o4JJJE 01 l.USIE Ol 
175.0 1.)6641! 01 1.JI2'1E 01 t.Jtne 01 1.41JZE 01 1.4276£ 01 1o4550E 01 1.4101£ Ol 1o505JE 01 lo52IIE Ol 
tao.o lo4JJ6E 01 1.4506£ 01 1.4669£ 01 1.4125£ 01 lo49'15E Ol 1.5261£ 01 1.55JOE Ol 1.5115£ 01 1.60JOE 01 
185.0 1.5021£ 01 1o5191E 01 1.536'1£ 01 lo55JOE 01 lo5616E 01 1.5914£ 01 1o6265E Ol 1.65J1E 01 lo6TI6E 01 
190.0 1.5111E 01 lo5901E 01 1o6011E 01 1o6241E 01 lo64lOE 01 1.6TZOE Ol 1.7012£ 01 1.7219£ 01 1. '1554£ 01 
195.0 &.6425E 01 1o661lE 01 1.6800£ 01 lo69llE 01 1.'1146£ 01 lo7461E 01 1. '1'112£ 01 1.1060E Ol 1.anu 01 
200.0 1.T144E 01 lo'f344E 01 1.75)5£ 01 1. llliE 01 1.'1194£ 01 1oi229E 01 1.1544£ Ol 1.114JE 01 1.9UIE 01 

210.0 1.1611£ 01 1.anu 01 1.to:sn 01 1.9ZJ4E Ol &.9424£ 01 1o9114E 01 2.oun o1 2o0445E 01 2.0751E Ol 
220.0 2.0UJE 01 2.0)64£ 01 2.0515£ 01 2.0'196£ 01 2.1000E 01 2.UI6E 01 2.1'149£ 01 2.209JE 01 2.l421E 01 
2JO.O 2.1692£ 01 2.19)9£ 01 2.21'15£ 01 2.2401£ 01 2.2619£ 01 2.J03ZE 01 2.:s41u 01 2.nne 01 2.4UTE 01 
240.0 2.JZ91E 01 2.J5SSE 01 2.saon ol 2.4041E 01 Zo42IOE 01 2.4TZOE 01 2.SUJE 01 2.nnE 01 2o519TE 01 
250.0 2.49)1! 01 2.5211£ 01 Zo54'19E Ol 2.5n6E 01 2.5912E 01 2.6450£ 01 2.6119E 01 2.nou 01 z.TTOOE 01 
260.0 2.66091! 01 2o6906E 01 2.Tl90E 01 2.746JE 01 2. '1'124£ 01 2.122oE 01 2.1615£ 01 2o9125E 01 Zo9MJE Ol 
270.0 2.1324£ 01 2.16J9E 01 2.1940£ 01 2.9ZZIE 01 2.9504£ 01 J.OOZIE 01 J.OSZOE 01 s.o9UE 01 J.142TE 01 
2ao.o J.OO'I5E 01 J.0401E 01 J.O'I26E 01 3o10JOE 01 J.U22E 01 J.11'15E 01 :s.nne 01 J.ZIME Ol s.usoE 01 
290.0 J.U62E 01 J.ZZUE 01 Jo254TE 01 3.2161£ 01 J.UTSE 01 J.JT51E 01 J.4J04E 01 Jo4120E 01 s.ntoe 01 
soo.o :s.J612E 01 ).4051£ 01 Jo440JE 01 J.4'140E 01 J.5064E 01 Jo56l6E Ol J.6250E 01 Jo6T92E 01 :s. non 01 

sto.o J.SSJ6E 01 J.59UE 01 So629JE 01 J.6646E 01 ).6916£ 01 J.7629E 01 :s.az:SOE 01 J.I199E 01 )o9JJ9E Ol 
JZO.O J.'I421E Ol J. TillE 01 S.lll5E 01 J.I516E 01 ).1941£ 01 J.96UE 01 4.02451! 01 4.0140£ 01 4.1405£ 01 
JJo.o JotJJIE Ol ).9'16)1! 01 4.01611! 01 4o0556E 01 4.0929£ 01 4o1UJE Ol 4.2292£ 01 4.29141! 01 4.J504E 01 
340.0 4.1214£ 01 4.1'129£ Ol 4o2l5JE 01 4.25SIE 01 4.Z94TE 01 4oJ612E 01 4.4J'IOE 01 4.5019£ 01 4.56)6£ 01 
sso.o 4.3260£ 01 4.)124£ 01 4o4166E 01 4.4519£ 01 4.4999£ 01 4.5'162£ 01 4o6410E 01 4. '1156£ 01 4o7199E 01 
S60.o 4.5Z6SE 01 4o5141E Ol 4.6209! 01 4.66501! 01 4.'1012£ 01 ... '1112£ 01 4.1619E 01 4o9JUE Ol 4.999ZE 01 
S70o0 4.7291£ 01 4.TIOOE 01 •.azaoe 01 4.1731£ 01 •·•nu 01 5.0010£ Ol 5.0TilE Ol 5o15ZOE Ol 5.UUE 01 
sao.o 4.9n5E 01 4.9119£ 01 5.0J11E 01 5.oasu 01 5.U1ZE 01 5.21'16£ 01 5.Z9aJE 01 s.n••e 01 5o4466E 01 
S90.0 5.1440£ 01 5.1914£ 01 5.2502£ 01 5.299'1£ 01 5.:s•ne 01 5o4J69E Ol 5.52071! 01 5.5991£ 01 5o6145E 01 
400.0 5.U51E 01 5.4115£ 01 5.4652£ 01 5.5165£ 01 5.5651E 01 5o6SIIE 01 5o T457E 01 5.Ul6E 01 5.905U 01 
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u .. u 

lllllt&Y 
NIV I• 260.0 I• zao.o I• JOO.O I• JJO.O I• MO.O I• teo.o I• 420.0 I• 460.0 I• 500.0 

410.0 5.5616€ 01 5o6270E 01 5.61211 01 5.7JIJ9E 01 5.716tE 01 5.anu 01 5o97UE 01 6oCK8lE oa •• uME 01 
420.0 

5. """' 
01 5.auOE 01 5.9026£ 01 5.9SllE 01 6.01051 01 6.UOJE 01 6.20J4E 01 •• 29111 01 •• nue 01 

4JO.o 6.00271 01 6.065H 01 6.U49E 01 6.18191 01 6.U.SE 01 6.JJ9lE 01 6oU60E oa 6oSZME 01 ••• 12!1 01 
....o.o 6oiU1E 01 6.2879£ 01 6.J495E 01 6o40ME 01 6.46411! 01 6.5nu 01 6.67091! 01 6o76411 oa 6.11Jll 01 
450.0 6.44181 01 6.51271! 01 6oSl6JE 01 6.6JlU 01 6.69541 01 6.10541! 01 6.9081£ 01 7o004JI 01 7o0962E 01 
460.0 6o67061 01 6olJ96E 01 6.80ne 01 ...... ., 01 6.92821 01 7.04171 01 7ol4f6f 01 1ol'"" oa 7.MaH 01 
'"o.o 6o89761 01 6.9687£ 01 7oOJ641! 01 7.10111! 01 7.16JU Ol 1.zeou 01 7.J89ZE 01 7.49181 01 7.S1901! 01 
480.0 7oU6SI 01 7.1HIE 01 7o2696E 01 7oiJ6ZI 01 7o4001E 01 7o'l206E 01 7.U291 01 1. lJI6E 01 7.1116€ 01 
490.0 7.JST41 01 To4JZ91 01 To504TE 01 7.SlSJI 01 To6J9ll! 01 7.76111! 01 7.87811 01 7o98TSI 01 •• 0904£ 01 
soo.o 7oi90ZE 01 To66l9E 01 7oT419E 01 7o81Z41! 01 7.11011! 01 1.00761 01 lolZ66E 01 a.nau 01 ....... u 01 

no.o '1.82!101! 01 7o9049E 01 7.98091 Ol lo05J4E 01 t.UJOE 01 1.25411! 01 a.nME 01 8.4911£ 01 ···- 01 
szo.o 8.061!11! 01 lo14J6f 01 loiZlll! 01 8.296JI! 01 a.J6'1'11!· 01 a.50UE 01 1.6210£ 01 lo7461E 01 .. .,.,.,, 01 
1)0.0 

··'"" 01 
a.M41E 01 8.4644£ 01 a.M09E 01 lo614Jf 01 a.JS26f 01 ..... 6£ 01 t.oo2n 01 9olllJE 01 

Mo.o •• , .. , 01 8.61 ... £ Ol 8.7087£ 01 a.l874E 01 lo8616E 01 9.00461 01 9.U69E 01 9.2612£ 01 t.JlllE 01 
550.0 a.71161 01 8.87041! 01 

'·'"" 01 
t.OJI!If 01 9oll2lE 01 9oZSUE 01 9.J940E 01 9.52141 01 9.6419£ 01 

560.0 9o0249E 01 9oll60f 01 9.2026£ 01 9.Z85JI! 01 ..... Sf 01 9.5117£ 01 9.6528£ 01 9ol8ME 01 9.9068£ 01 
SJo.o 9o2M9f 01 9.J6JZI 01 9oU20E 01 9.516'1£ 01 9o6ll8E 01 9.lTOIE 01 9o9lJZE 01 1o004lE 02 loOllJf 02 
180.0 9o5164E 01 9.6UOE 01 9.70291 01 

'·""' 01 
9oll28E 01 lo0029E 02 1.01l5E 02 loOJUE 02 lo044ZE 02 

!190.0 9o76441 01 9oi6UE 01 9o9S'l4E 01 1o0044E 02 lo01Z9f 02 1.0290£ 02 t.OU9E 02 lo0Sl91! OZ 1o07UE 02 
600.0 1.0014£ 02 t.ouu oz 1.0209£ 02 loOJOOE 02 loOJilE 02 loO!ISU 02 l.0704E 02 lo084JE 02 1o091JE 02 

610.0 lo026Sf 02 1.03671 02 1.046SE 02 1.0158£ oz t.o"n 02 loOIUE 02 lo09lU 02 lolllTE 02 1.12561 02 
620.0 1.0SllE 02 1.0622£ 02 t.ouu 02 1oOillE 02 lo0908E 02 lol079E 02 lolU9f 02 loUitE 02 lol!IIOE 02 
6JO.O 1.0TllE 02 l.0878E 02 1o098H 02 1o10'1lE 02 loll70E 02 1olMSE 02 lol!IOIE 02 ..... u 02 loli06E 02 
MOoO 1ol026E 02 1ollJSE 02 l.U40f 02 1oUJ9E 02 lol4J4E 02 lo16UE 02 lolll9E 02 lo19J6E 02 1.20IJE 02 
650.0 1o1282f 02 t.U94E 02 l.lSOOE 02 1ol60U 02 1o1699£ 02 ..... u 02 lo20UE 02 loUllE 02 1oU6ZE 02 
660.0 lo1540E 02 lol6ME 02 lolf6JE 02 loli66E 02 lol96Sf 02 1.u5u 02 t.UUE 02 1o24HE 02 t.2MZE OZ 
670.0 1olT99E 02 1ol9Uf 02 1o2026E 02 1.2uu 02 loUUI! 01 lo241JE 02 1.26001 02 loZl66f OZ lo29Uf OZ 
610.0 lo20!19E 02 1o21llf 02 1o229lE 02 loU98E 02 1.2502£ 02 lo2696E 02 loZil6E 02 1o3046f 02 loJZ06E 02 
690.0 loUIOE 02 lo2441E 02 1oZSS'IE 02 lo2666f 02 lo2TlZE 02 lo29lOE 02 1. ll'l4E 02 t.UZ61 02 loMitE OZ 
700.0 loiSIZE 02 1oll06E 02 lo2824E 02 1.29J61 02 lo304JE 01 loJZ44f 02 l.J4UE 02 1oJ608E 02 l.J'Il•" oz 

710o0 1o28461 02 1o29l2f 02 loJ092E oz loJ2061 02 loUISE 02 1.n2u o1 1o3TUE 02 1oJ891E 02 lo406H 02 
no.o 1o3llll! 02 1oJU9f 02 loJ36lf 02 1.Mlll 02 1o3!JHE 02 1.Jl981 oz loS99JE 02 1o4lTH 02 lo4J41£ OZ 
no.o 1oU761! 02 1.s50n 02 1.J6SlE 02 &oSl50E 02 1.316)£ 02 1o4076E 02 1.une 02 1o446lf 02 1.46J61 oz 
740.0 1oJ64JE 02 lo3'1l6E 02 1.3903£ 02 1o40Uf 02 1o4lMI 02 1o4JS6E 02 loU58E 02 lo474JE OZ lo492SE OZ 
'150.0 lol9l1f OZ lo40461! 02 1o4llSI 02 1o4198E 02 1.44151 01 lo46J6E 02 ....... u oz 1o50J4E 02 l.SZl6E 02 
'160.0 1o4ll91! 02 1.Ul'JE 02 

'·""" 02 
lo45lJE 02 ao469JE 02 lo4918E 02 lo5UlE 02 t.nne 01 1.5507£ OZ 

no.o 1.4449£ 02 1o4119f 02 lo4lUE 02 1.4850£ 02 lo49llE 02 l.SZOOE 01 1oMUI 02 1o56UE 02 1o5800E 02 
no.o 1o4liOE 01 ...... u 02 a.4Hif 02 1.5un 02 1.sz5u 02 1o'l41JI! 02 l.llOOf 02 lol901f OZ 1o609JE OZ 
790.0 1o4H11! 02 1o5U6f 01 lo5Zl4E 02 1.54061! oz 1.n:ne 02 1oll68E 02 l.StHE 02 lo61941! 02 a.6HIE oz 
aoo.o 1.12641 02 lo54UE 01 t.5ssu 01 1.56111 02 loUUf 02 lo60UE 01 lo62llE 02 

'·""' 02 
...... 02 

810.0 1.1SJTf 02 a.5687E 02 1.58291 02 1.59611 01 lo609H 02 1o6U9f 02 lo6!1661 02 lo6ll9f 02 
···- oz azo.o a.IIUI 02 loS96JE 02 1o6108E 02 1o6246E 02 l.UliE 02 lo6616E 02 l~ISJE 01 l.707JE 02 a.fl'llf 02 

no.o 1.60161! 02 1.61411 02 1.6JHf 02 lo6S21E 02 ..... u 02 a.69l4E oz 
•• """ 02 a.7J68f 02 a.li7H 02 

140.0 1o6J621 02 a.6S19f 02 a .... ae oz lo68llf 02 lo6947E 02 lol20JE 02 lo744U 02 •• ., .... , 02 lolll4f 02 
no.o .... ,If 02 ao6'198f 02 1o69SOE 02 1.70941 02 lo'IUZE 02 ao74921 02 lo llME 02 ao?960f 02 loiUJE 02 
160.0 ao69161! 02 a.'IO'III! OZ lo'IUU 02 a • .,.,., 02 1ol519E 02 a. ntH oz loiOUE 02 1.8158£ 02 l.M74E 02 
870.0 loll941 02 

'·'"" 02 
lolSlSI 02 1· l66JE 02 lo7806E 02 ao8074f 02 loiJUf 02 a.ns.E 02 lol'lfSf 02 

810.0 lo74'1JE 02 l.7MH 02 lo'll98E 02 lo7949E 02 lol094f 02 l.IJ66E 02 lol6ll£ 02 a.ause 02 lo90'1'11! 02 
890.0 lo'll5U 02 a. nu1 02 loiOIZE 02 lo8ZJ6f 02 1.1112£ 01 1.a611E 02 lo89l4f 02 1.91141 02 ••• ,.. 02 
900.0 t.aone 01 lo82041 02 1.8J68E 02 t.ISUE 02 a.I672E 02 a.IHZE 02 1.91111 02 lo94ME 02 1.9614£02 

910.0 1.nu1 02 ....... 1 02 .... ,, 02 t.aaue oz 1oi962E 02 1.9246£ oz lo9S09E 02 lo9'156E 02 lo99HI 02 
920.0 1.85951 02 lol'llZE 02 lo89401! 02 1.9100£ oz lo9ZSJE 02 lo9MOE 02 t.taon 02 2.oon1 02 2o029JE 02 
9JO.O a.aane 02 lo90Sll 02 1.92211 02 lo9J89E 02 lo9M4f 02 lo9816E 02 2.ot06E 02 2.utoe 02 2.oHM 02 
940.0 lo9l60E 02 l.9J42f 02 1.91141! 01 lo96l9f OZ lo98J6E 01 2oOUZE 02 1.04061 02 2.o .. u 02 2o090SE 02 
HOoO •• """" 02 1.9621£ 02 lo980JE 02 loH69E 02 Zo0U9E 02 2.0428£ 02 2oOJ06f 02 2.09661 02 2oUllE 02 
960.0 lo9lZII 02 1.99151 oz 2o009ZE 02 lo0161E 01 2.04UE oz 2.o1zse 02 z.toon 02 2.unE oz 2.Ut9E 02 
970.0 2.001JE oz 2.0202£ 02 2o018lf 02 2.onu 02 2o0ll6E 02 2olOUE 02 2.1JOte o2 2.1n6E oz 2.aazn 02 
980.0 2.0298£ 02 2.04901! 02 2.06'111! 01 z.oa4SE 02 2ol010E 02 2.UUE 02 z.t6lU 02 2.uau 02 2.UJ6E 02 
990.0 2.osau 02 z.onu 02 lo096ZE 02 2.1uae 01 2.UOSE 02 2.n2u 02 2ol9lJE 02 2.uan 02 2o244SE 02 

1000.0 2o08701! 02 2.106lE oz 2olUJE 02 2.t4JlE 01 2.t60lf 02 2ol9ZOf 02 ZoUl'IE 02 2o2494E 02 2.2nn 02 

uoo.o 2.J16ZE 02 2.J9ME 02 1.41941! 02 2o4394E 02 2.45851! 01 2.49441 02 2.SZTlE 02 2.5!188£ 02 2o5HZ£ 02 
uoo.o 2o669TI 02 2.6943£ oz 2.1nn 02 2.n99E 02 2ol6UE 02 2.aoaoe 02 2.nao1 02 2oll26E 02 2.9051£ 02 
uoo.o 2o9666f 02 2o99J'IE 02 J.Ol9JE 02 a.04JaE 02 J.06l2E 02 JollllE 02 JoUlll! 02 Jolltlf 02 J.US41! 02 
1400.0 J.2660f 02 J.29S61! 02 J.JU6E 02 a.:ssoJE 02 J.J'I58E 02 J.4ZJ6E 02 J.4680f 02 lo5094E 02 J.541JE 02 
ttoo.o lol6llf 02 J.5H!IE 02 J.6199E 02 .. ., .. , 01 J.68ME 02 s.nau 02 Jo716ZE 02 J.UtOE 02 a.ante 02 
1600.0 lo870SE 02 J.9050f 02 Jo9lllf 02 ...... , 02 Jo99UE 02 4o0Mif 01 4olOS91! 02 4ol540E 02 4olHJE 02 
uoo.o 4o4l9lf 02 4oll90E 02 4.5564£ oz 4ol9l9E 02 •·•zsn 02 4.6891£ 02 4o748U 02 4o8029E 02 

"·'""'' 02 2000.0 5.otue 02 5.U5H 02 5.tnu 02 5.2noe o1 5.ZS50E 02 5oJ26JI! 02 5oJ9ZZE 02 5o4U6E 02 5o5UIE 02 
uoo.o 5.70JIE 02 1.'1!1221 02 5ol916f 02 5.MnE 02 5.814'11! 02 5.96JSE 02 6.01641 02 6ol044E 02 6.16811! 02 
2400.0 6oJl491! 02 6.16161! 02 ........ , 02 6.46'1'11 02 6o5U'IE 01 6.•oooe 02 6o6l98E 02 6o7'l41E 02 6.1218£ 02 

2600.0 6.9ZS4E 02 ••• .,ll! 02 1.oaau 02 7.09111 02 'l.l4UE 02 lo2M9E 02 7.J21SE 02 7.40UE 02 7.4'1761 02 
zaoo.o 7.!11411! 02 7o'lt69E OZ .,_., ... , oz 7oll29f 02 1. 7668£ oz 7oi6'1Jf 01 7o9609f 02 a.ouJE 02 8o1290E 02 
JOOO.O 8.140'11! 01 a.zoaoe 02 a.nne 02 a.nue 02 •• ,.99£ 01 •• 4980£ 02 loStliE 02 .... on 01 a.1nn 02 
3200.0 8.74491 02 loll67E 02 .... 41£ 02 .... toe. 02 9.0105£ 02 9.U56E 02 9.2Jl8E 02 t.non 02 9o42J4E 02 
3400.0 9oJ4661 02 9.4U7E 02 9o494TE 02 9.56111! 02 9.628JE 02 9.l50Jf 02 9.8629£ 02 9.96'1lE 02 1.0066£ OS 
)600.0 9.94561 02 l.0026E OJ loOlOZE OJ t.onu oa lo024JE OJ 1.0JlZE OJ lo0491E OJ 1.06021! OJ a.O'IOSE OS 
aaoo.o lo054ZE OS lo062JE OJ loOlOlE OJ 1oOliU OJ loOIS!IE OS 1.0991£ OS 1olll6E OJ a.tUZE OJ 1olJ4lf OS 
4000.0 lolUSE 01 lolZ24f OJ loUOIE OJ 1oUIIE 01 l.l464E 01 lo160lE OJ t.UME OJ lol860E OS l.l9l4E OS 
4500.0 t.UOIE OJ lollOlE OJ t.UOOE OJ lo2889f OJ 1.29'14£ OJ loJUJE OJ loU79E OS 1.J41SE 01 loJS42E OS 
5000.0 lo406JE OJ lo4ll2E 01 lo42'1SE 01 l.4JlJE OJ 1o4466E OJ t.4641E OJ 1o480lf OJ 1.4951£ OJ lo50901 OS 
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ltAIIGE 

fiiEitSY 
liE¥ I• ,,o.o I• 600.0 I• 650.0 I• 100.0 I• 150.0 I• aoo.o I• 150.0 I• 900.0 I• 950.0 

1.0 3ol7llf-G3 3.969U-G3 ... 16J3f-G3 •.nne-o3 ... nnE-o3 ... 12JOE-G3 ... 90JSE-G3 5.011H-G3 5ol56lf-G3 
2.0 9.?12-.E-GJ a.onu-o2 lo061lf-02 1o1UOE-G2 a. a""' -o2 1o1990f-G2 t.2 .. 10E-o2 lo212Jf-G2 1o3UOE-G2 
J.o loll22E-G2 1oi500E-02 1o92'1f-02 lo9991f-02 a.onu-o2 2o1UU-G2 2o2UJE-G2 2o2819E-G2 2.) .. 95£-02 
... o 2ol50Jf-G2 loi6J6E-G2 2.9lJIE-02 3.01Uf-G2 3o116JE-G2 J.2891f-G2 JoJ9001!-G2 3.U901!-G2 Jo516JE-02 
5.0 3.90,E-G2 ... 0519£-02 ... 2one-o2 ... , .. 9lf-G2 ..... 90U-G2 ... 62lJE-G2 ... l61lE-G2 ..... J .. f-02 5o02llf-G2 
6.0 '·""u-oz s.ui9E-o2 5.61lJE-02 5.aoon-o2 5o9li5£-G2 6.u2u-o2 •-nzu-o2 6.UIIf-G2 6.65191!-02 
?.o 6.nne-o2 6.•n•e-o2 lo20'1f-02 7.U01f-02 1.6 .. 1H-G2 lol601f-G2 lo061lf-G2 a.nou-oz ..... 92£-02 
a.o a.4nae-o2 8.6905£-02 •• 9612!-02 9.U5lf-G2 .... 95lf-G2 9olU9f-G2 9.9 ..... f-G2 1o02J5f-Gl l.O..?Of-01 
9.0 lo0ll01!-G1 t.0509f-Gl t.OIJ61!-G1 1o1U2f-Gl 1.1 .. 59£-Gl 1.1nn-ot 1.zo-.n-ot 1oU29f-G1 lo260"f-Gl 

10.0 t.2071E-G1 t.2 .. M!-G1 1.21 .... £-01 &.uue-ot 1o3569!-Gl 1oJ9U£-G1 1.•uu-oa lo45llf-Gl l.419lE-G1 

u.o lo611JE-G1 1.6Hlf-Ol lol295f-Ol lollllf-G1 lo82Uf-Gl t.I?Olf-G1 lo9l..SI!-Gl lo95llf-G1 1.9999£-01 
, ... o 2ol028f-Gl 2.16llf-Ol 2.non-o1 2.2920£-Gl 2oJ511f-Gl 2.•aou-o1 2oUl41!-Gl a.su..e-oa 2.,l8JE-Ol 
u.o 1.6116£-Gl 2ol012E-Gl 2.li51E-Ol lol616f-G1 a.t,n-ot J.OOIIE-G1 J.OIOSE-ol J.UUE-01 3.2209f-G1 
u.o J.2one-oa Jo2992E-G1 JoJ9l5E-01 3·•••u-o1 J.Sl .. lf-01 3o6629f-G1 3ol50li!-Gl Jo8Jl6E-G1 3.91 .. oE-01 
20.0 J.ll6lf-G1 3.9J91E-01 ... o-.tU-01 ... une-oa ... 2 ..... £-01 ... nou-oa 4.~nu-ot ... 5l9lE-G1 ..... 391!-01 
22.0 ..... 96Jf-G1 ... 62 ... E-G1 ... ?HU-01 ... aaou-o1 s.oo-.n-ot 5.uan-o1 5.zs1ae-o1 s.n .. 9f-ot •·491lf-o1 
2 ... 0 ,.llu£-o1 5.U99£-G1 5.5061£-01 5.650Sf-G1 s.l9nE-o1 5o9J6JE-G1 6.0?16£-Gl 6.2111£-Gl 6oJMJE-Gl 
26.0 5.9101!-G1 6oUI6E-01 6.30J9£-01 6 ... 61"£-01 6.6299£-G1 6ol919E-G1 6.9MOE-ol ?.1161£-0l 7.2805£-Gl 
21.0 •• nne-o1 6o961-.e-G1 ?.1 .. 65£-01 1.)291£-Gl 7o5Ulf-Gl 1.6 ... JE-G1 1oll61f-ol a.o6oJE-ot a.2un-o1 
JO.O ?.619JI!-Gl l.Ultf-G1 e.onoe-o1 l.lJ6lE-G1 loU95E-G1 I.MU£-01 a.a..sn-oa 9.0505£-Gl 9ol5UE-o1 

52.0 •• ,061f-G1 a.n•u-o1 8.9626f-G1 9.lll2E-01 .... llOE-G1 •• ., .. 9f-G1 9o8Hei!-Gl 1.0016£ 00 1o03Uf 00 
:s•.o 9.U56£-G1 9o6166f-G1 9o9JUE-Ol 1.0181£ 00 l.0 .. 26E 00 1.0611£ 00 lo09lll! 00 1.11611! 00 lol419E 00 
J6.0 &.o-.OSE 00 1.0611£ 00 1.09"1f 00 1.1216£ 00 1.1 .. 1Jf 00 1.1151£ 00 1o20101! 00 lo219lf 00 1o2566f 00 
Ja.o 1.14141! 00 1o1llOE 00 1.2003£ 00 1o229JE 00 1o2512E 00 1.2873£ 00 1.J1ME 00 •• , .... 00 lo3lt7E 00 
40.0 1.2 .. 6JE 00 1.2112£ 00 t.J09lE 00 loJUlE 00 1.JllJE 00 1 ... 036£ 00 1o4UU 00 1 ... 668£ 00 1 ... 990£ 00 
42.0 1.35501! 00 lo319JE 00 .... uu 00 

'·""'" 00 
1 ... ~£ 00 1.5240£ 00 lo!llliE 00 lo5920f 00 lo6l66E 00 

4".0 1oUl6f 00 &.so""E oo 1.5 .. 06£ 00 lo5l66f 00 1.6125£ 00 ..... .,£ 00 lo6M1E 00 1ol212E 00 &.nan oo 
46o0 ...... 01! 00 &.62JlE 00 lo6619f 00 1.7003£ 00 lo7316E 00 lolllOE 00 t.IUSE 00 1oiM5f 00 loiMOE 00 
48o0 lo10"1f 00 t.l .. SIE 00 lolllOE 00 l.llllf 00 ..... u 00 lo909Jf 00 lo9SO..E 00 1.99181! 00 2oOJJIE 00 
so.o 1olll9E 00 lollUE 00 lo9UIE 00 

'·"'" 00 
lo0024f 00 2.o-.HI! oo 2o0891E 00 2.uJOE oo 2.ann oo 

55.0 2.1!1JJE 00 2.20 .. 1£ 00 2o2SUE 00 2o30J9E 00 2o35ME 00 2 • ..0301! 00 2oU28E 00 2.50JOE 00 2.nJ1e 00 
60.0 a.soon oo 1.5515£ 00 2o6lUE 00 2o6ll6E 00 2olll6E 00 2.lU6f 00 2oU99f 00 2.89661! 00 2.95J9E 00 
65.0 2.1699£ 00 a.nnE 00 2o99Mf 00 J.061!11! 00 3.12421! 00 JoU61E 00 3.24911! 00 3.3U11! 00 3.Jll1E 00 
70.0 J.l6001! 00 3o3JilE 00 3 ... 030£ 00 Jo4lJOf 00 JoMl6E 00 3o6121E 00 J.6111! 00 3ol519E 00 JollllE 00 
7'S.O J.6l06E 00 J. lSOJ£ 00 J.lliSE 00 3o905ll! 00 Joti24E 00 ... 0519£ 00 •.usn oo •• uue oo •• 2902£ 00 
eo.o 4ol0Uf 00 ... 1111£ 00 "·"""f 00 ... ,901! 00 ..... 4JOE 00 ... 5l66f 00 ... 610JE 00 ....... u 00 ... ll91E 00 
e5.o ... ,1U 00 ...... 611! 00 ... f .. OJE 00 ... une oo 

"·'"" oo 
5o01UE 00 5olO'Slf 00 5.1969! 00 5.2811f 00 

90.0 5.0206£ 00 5.UUE 00 s.usn oo 5.1256£ 00 S.U .. 6E 00 5o5UOE 00 5.62UE 00 5.1l91f 00 5o8119E 00 
95.0 5.5016£ 00 5.6206£ 00 •.nou oo SoiJIOE 00 ....... u 00 6o050lE 00 6. l'S65E 00 6.262"1 00 6.J690f 00 

100o0 6o01"1E 00 6.1UU 00 6.25JJE 00 6.3692£ 00 6.UJIE 00 6.5915£ 00 6oll09E 00 6.82 .. 5£ 00 6o9JISE 00 

105.0 6oUI9E 00 6o661Jf 00 6.l9UE 00 6.9189£ 00 ?.0 .. 15E 00 l.l6Jlf 00 7o2MJE 00 1 ... 0'JSE 00 1.snu oo 
110.0 1.0805£ 00 l.2119f 00 1.JMOE 00 ?.U65f 00 1o61lJE 00 1.1 .. 10£ 00 loll60E 00 a.oosoe oo l.l,....f 00 
1Uo0 lo6J9JE 00 loli69E 00 l.9JOIE 00 lo0ll9f 00 lo2llOE 00 8.3UIE 00 loUS9f 00 1.6228! 00 1.?599£ 00 
120.0 8.2U9f 00 a.J?19E oo '·""'f 00 1.67UE 00 lollllf 00 8.9612£ 00 9ollME 00 9o2SUE 00 .... OME 00 
l2'J.O loiOlOE 00 a.9lJSE oo 9.1355£ 00 9ol9UE 00 9.45o-.E oo t.6o"9E oo •• nue oo 9.9l1U 00 1oOOME 01 
1SO.O 9o4l5JE 00 

'·"'"' 00 
9o1621f 00 9.93051! 00 1o009Sf 01 1.0251£ 01 loOUOE 01 1.05811! 01 1o0l4J£ 01 

1J5.o 1.00J9E 01 lo022Sf 01 1.o-.06E 01 loOSIJE 01 1o0l5lf 01 1o0919E 01 lo1099E 01 1.12611! 01 1.1UIE 01 
140.0 t.06l9E 01 1.0115£ 01 1o1066E 01 1o1252f Ol 1.1 .. Mf 01 lo16UE 01 1oll"'E 01 1ol9llf 01 1.11 .. 9£ 01 
14'Jo0 1oUJU 01 1.15 .. 0£ 01 1.ll..OE 01 1o19J6E 01 1o2UIE 01 1.U1lE 01 1.2505£ 01 1o2691E 01 lollllf 01 
1•o.o 1.20041! 01 1.2210£ 01 1o2UlE 01 1.26J6f 01 1o28JlE Ol 1.J03SE 01 1oJ2JIE 01 1.J .. llf 01 1oJ6llE 01 

155.0 lo2619E 01 1.2916£ 01 1.JlJ6f 01 1oJJ50f 01 loJ56lE 01 1.Jl61E 01 loJ9l"E 01 1 ... n1E 01 loUilf 01 
160.0 1.JJIIE 01 1oJ625f 01 1. 3156£ 01 & ... OIOE 01 1.UOOE 01 l ... SllE 01 t.•nu 01 1·"'""E 01 &.tl'JSE 01 
165.0 1 ... 101E 01 1.43 .. 9£ 01 1 ... 590£ 01 1.U24f 01 1.505"f 01 1o5210E 01 1o550JE 01 lo5l25f 01 1.5 ... 5£ 01 
1 '70.0 &.4121£ 01 1.501lf 01 1.5nae 01 1o5SIJE 01 1o5122E 01 lo6051E 01 1o6290E 01 1o65UE 01 1o6HOE 01 
l7'S.O •• ,69E 01 1.51J9E 01 1o6l01f 01 lo63"f 01 lo660Sf 01 1.6150£ 01 1.l09U 01 1ol.JJlf 01 1o7569f 01 
180.0 lo6JUE 01 1.6605£ 01 1.61171! 01 1ollUE 01 &.f .. OlE 01 1.l656E 01 lof901E 01 1oi156E 01 1.8 .. 0JE 01 
1a5.0 1ol090f 01 1olJIJE 01 1.?666E 01 1.l9Uf 01 1.UUE 01 1.8 .. 15£ Ol 1.1lJ6E 01 1.1 .... £ 01 1o9250E 01 
190.0 1ollllf 01 1.1ll'SE 01 1.M69E 01 t.a?SSE 01 1o90JU 01 &.9J09E 01 1.9519£ 01 lotiUE 01 2.0U1f 01 
195.0 

'·""" 01 
1oi910E 01 1.9285£ 01 1.nau 01 1.9111£ 01 2.ouse 01 2.0USE 01 2o0ll2E 01 2.0916£ 01 

zoo.o 1.9UOE 01 lo919lf 01 2.011"1 01 2.0U1f 01 2.0121£ 01 2.101tE or 2.Uo"f 01 2ol591E 01 2olll4E 01 

210.0 2ollUI! 01 2.1 .. 691! 01 2.11011! 01 2.2Ulf 01 2.2Uif 01 2o2lflf 01 2oJOUE 01 a.nan o& 1.3690£ 01 
220.0 2o281U 01 2.J119E 01 2. U51E 01 2oJ902f 01 z.u...e 01 2 ... 519£ 01 2 ... 909£ 01 2.5n•e 01 2.5555E 01 
zso.o 2.usn 01 2 ... 956E 01 z.nue 01 2.5115£ 01 2o60l9E 01 2.6U5E 01 2.67ME 01 2o1U9E 01 2.n1oe 01 
240.0 2o6M2£ 01 2o6l6lE 01 2ollllf 01 2. l'SlJf 01 2ol959E 01 2oiJ36E 01 2oll06E 01 2o90llE 01 2.9UIE 01 
2.0.0 2ollllf 01 2ol62lf 01 1.9056£ 01 2.9U6f 01 2o91ME 01 J.028Jf 01 J.o6nE 01 Jo1059E 01 J.1U9f 01 
260.0 J.OOUE 01 3o0519f 01 Jo09liE 01 J.lUU 01 3.18511! 01 3oi21JE 01 J.Z61SE 01 JoJ090E 01 Jo3UlE 01 
2'70.0 3.195"1! 01 ,.2un 01 3o29UE 01 J.J .. OIE 01 J.JI62E 01 :s.uo•e 01 J ... lJIE 01 3.5165£ 01 ).5515£ 01 
280.0 J.J9051! 01 , ..... ,f 01 3 ..... "1 01 3 .... ,£ 01 Jo59Uf 01 J.6JllE 01 Jo61UE 01 JolliOE 01 JollllE 01 
290.0 3.5194! 01 JoMSlf 01 J.6915E 01 J. l501f 01 Joi002E 01 J.MI9f 01 J.896lE 01 J.9USE 01 J.919lf 01 
MO.O 3.?9201! 01 , • .,ou 01 Jo90Mf 01 3.9605£ 01 ... OU9E 01 ... OMOE 01 ... 1U9E 01 ... 1629£ 01 4ollUE 01 

SIO.O 3o9911f 01 4.0S9JE 01 ... 1ll9E 01 ... llUE 01 4oZ29JI! 01 ... 2azn 01 ... 3M9f 01 ... 3861£ 01 ... 436SE 01 
S20o0 4o20llf 01 ... 2ll6E 01 ... JJJOE 01 ... J92lf 01 "·""9Jf 01 ... 5051£ 01 ... ,.u 01 ... 6U9f 01 ... 6654£ 01 
S30.0 "·"206E 01 4·"""' 01 ••• 5141: 01 4o6UlE 01 ... 6121£ 01 ... notE 01 ... 1116£ 01 ...... 3lf 01 4.1911£ 01 
S"'oO •• 6361E 01 4ol06Sf 01 

... """ 01 •.anu 01 ... 1996£ 01 ... 9601£ 01 5.0l91E 01 5.0769£ 01 5.UJlf 01 
s•o.o •• .,621! 01 4.9lllE 01 4.99UE 01 5.o65oe 01 5oU9lE 01 5o19l6E 01 5~25)9£ 01 5.Jl .. OE 01 5.3129£ 01 
S60o0 So0ll61! 01 S.lMOE 01 S.2262f 01 s.u5n 01 5ol629E 01 •. ..,.u 01 5 ... 9191! 01 5.SMIE 01 s.615U 01 
s7o.o s.Jo•oe 01 5.38241! 01 5 ... 514£ Ol 5.529SE 01 s.599JE 01 'S.66lOE 01 'SolJJOf 01 5ol916f 01 5.1610£ 01 
seo.o 5.nue 01 S.6U61! 01 5.6914£ 01 5.?662£ 01 5.11315£ 01 'J.90ilE 01 5o9lllf 01 6.0 .... 0£ 01 6.10961! 01 
S90o0 5.?6JJI! 01 5.1 .. llf 01 5.92131! 01 6o0051E 01 •• oaon 01 6.15J4E 01 6oUUE 01 6o29JJE 01 6oJ6UE 01 
400.0 5.99?11! 01 6oOIUE 01 6.&6101! 01 6.2UU 01 •• nne 01 6 ... 009E 01 6 ... l..Of 01 6.5U5E 01 6.6156£ 01 
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ltAIIGfi 

EHE1t$Y 
"EV l• no.o l• 600.0 l• aso.o I• '700.0 I• no.o I• 100.0 l• aso.o l• 900.0 I• tSO.O 

410.0 6.2J)6f 01 6.U40E 01 6.410JE 01 6.4UJE 01 6.51J4E 01 6.6Sl1E 01 6.U61E 01 •·•oose 01 6.1129E 01 
420.0 6.4121E 01 6.S661E 01 6.6SSJE 01 6.'7410E 01 6.12JIIE 01 6.90J9E 01 6.9120E 01 1.0SIIE 01 1oU2IE 01 
uo.o 6.'714U 01 •.uon 01 6.9021E 01 6.ttne 01 '7.0161E 01 1.U94E 01 1.:U99E 01 1.31141: 01 1.39SU 01 
440.0 a.tseu o1 1.0511E 01 1.1SIIE 01 1.J441E 01 1.nz1E 01 1o4l14E 01 1.soou 01 1.SIUE 01 1.660SE 01 
4SO.O 1.J04SE 01 1.J01U 01 1o40SIE 01 '7.499JE 01 1.S900E 01 1.61TIE 01 1.163lE 01 1.146SE 01 1.9210E 01 
460.0 1.4531E 01 1.!J590E 01 1.6St9E 01 1.TS61E 01 1.1SOZE 01 1.9406E 01 1.ouse 01 l.l142E 01 lo1910f 01 
410.0 1.1040£ 01 1.1UOE 01 1.9169E 01 1.0166E 01 e.une 01 1.20STE 01 I.Z961E 01 1.3142£ 01 1.4104E 01 
uo.o 1.95'70E 01 a.06tU 01 lol161f 01 a.nan 01 e.nne 01 lo4131E 01 1.'5660£ 01 1.6565£ 01 lo14SOE 01 
490.0 1.2un 01 1.3215£ 01 I.U1U 01 loS4ltf 01 1.64441 01 lo1426E 01 I.UIOE 01 e.tnoe 01 t.OUIE 01 
soo.o 1.4694E 01 1.51191 01 lo1009E 01 ••• O'Jlf 01 lo91ME 01 9o014JE 01 t.llUE 01 9.2016E 01 t.30011E 01 

510.0 I.U16E 01 ••• sou 01 ..... u 01 t.onse 01 t.114SE 01 9o2IIOE 01 9olii4E 01 9.4163£ 01 t.SiliE 01 
szo.o 1.9191E 01 t.U41E 01 t.nne 01 t.MTIE 01 t.4Sl6f 01 9.56l1E 01 t.6661E 01 t.1610E 01 t.I649E 01 
s:so.o t.zsne 01 t.3109E 01 t.SOUE 01 9.6200E 01 t.1326E 01 9.14141! 01 9.9469£ 01 1.0050£ OZ 1.0150£ OZ 
540.0 t.Sl16E 01 t.6491E 01 •· nue 01 t.I941E 01 1.0010E 01 1.ouu oz 1.0229E 01 1.0J34E OZ 1.0431£ 02 
sso.o t.114JE 01 •• 91901! 01 1.00411! oz 1.01101: OZ 1.0ZIIE 01 1o040U OZ 1.0SUE OJ 1.06UE 02 1.0126E OZ 
560.0 1.oosu oz 1o0191E OZ 1.ouu oz 1.0441E 01 1.0569E oz 1.0616E OZ 1.0199£ 02 1o0909E 02 1.10l1E OZ 
no.o 1.0323E 01 1.0464E OZ 1.ostte OJ 1.012lE 02 1.0151E 02 1.091U 02 1o1016E OZ 1.1199E 01 1.uote oz 
uo.o 1.059SE OZ 1.0139E OJ 1.011TE 02 1.1001E 02 1.1USE oz 1.USTE 02 1.U16E OZ 1.1491E OZ 1.160JE OZ 
590.0 1.0161£ 02 1o1016f OZ 1.115'7E OJ 1.U91E OJ 1.14Z1E 01 1o1546E OZ 1.1661£ oz 1olTI4f 02 1.1199E 02 
600.0 1.uue oz 1.12941! OJ 1.1UIE OZ 1.1516£ OZ 1.11011! 02 1.1135£ oz 1.lts9E OZ 1.Z019E OZ 1.2196E OZ 

610.0 1o1419E 02 1o1t14f 02 1.nue oz 1.li6ZE OZ 1.1991E oz 1.2121£ 02 1.zzne oz 1ol316f OZ 1.Z496E 02 
620.0 1.1691! 02 1.1USE 02 1.ZOOIE OJ 1oll49E 02 1.ZZITE oz 1.Z4ZOE 02 1.2549£ oz 1.2614£ 02 1.2196E oz 
6)0.0 1ol917E 02 1.21311! oz 1.J291E oz loZ431E OZ 1.zntE 02 1.211SE OZ 1·Z'"E OZ 1.Z914E OZ 1.JO'JIE 02 
640.0 1.JZSIE OZ 1.Z4ZZE OZ 1.znte OJ 1.nzae oz 1.zane 02 1oJOllE OZ 1.31UE 02 1.une 02 1.J401E 02 
650.0 1.2540E OZ 1.ZTOIE 02 1.2161E OJ 1.3020£ 02 1.3161£ OZ 1.UOIE OZ 1.3445E 02 1.nne oz 1.non 02 
660.0 1.zene oz 1.J99SE 02 lo3lSIE OJ t.UUE OZ 1o346JE 02 1.J601E oz 1.)1'46£ 02 1.JIIlE OZ 1.40UE oz 
610.0 1.lllOIE OZ 1.321JE OJ 1.M49E OZ 1oJ601E OJ 1o3160E OJ 1.J901E OZ 1.4049£ oz 1.4117E OZ 1o432lf oz 
610.0 1.3394E OJ. 1.JS1U 02 1.J142E OJ 1.J90JE 02 1.40591! 02 1.4ZOIE 02 1.4JtU OJ 1.449JE oz 1.4630E oz 
690.0 l.J61H 01 1.JI6JE 02 1.4036f oz 1.uooe 02 1.4JSIE OZ 1.4SUE OZ 1.46SIE 01 1.4101E 02 1o4940E oz 
700.0 1.Jt70E OZ 1o41SIE OZ lo4331E 02 1.4499E 02 1.4660E OZ 1.41UE OZ 1.496SE 01 1.SUOE OZ 1.UUE oz 

11o.o 1o4260E 01 1.4441£ OJ 1.4617E oz 1.4791E OZ 1o496U 02 1.5UOE 02 1.szne 02 1.S4ZlE 02 1.S56SE Ol 
no.o 1o41Slf 02 1.41431! 02 t.49ZSE OJ 1.S099E OJ 1.526SE OZ 1.S4Z6E OZ 1.nne oJ 1.nue oz 1.5119E oz 
730.0 1.41UE OJ l.SOJIE 02 1.sun oz t.S400E OZ t.snoe 02 1.S134E OZ 1.5192E OJ 1.6041E OZ 1.61941: 02 
140.0 1.SU6E 02 1.n:sse 02 1.nne oz t.STOJE 02 1.SI16E OZ 1.6042£ 02 1.620JE oz 1.6Jt9E oz 1.6510E oz 
no.o 1.SUOE 01 1.56321! 02 1.SIZ4E 02 1.6001E oz 1.611U 02 1.usu 02 1.651SE 02 1.66TJE oz 1o61l'7E 02 
760.0 1.snse OJ 1.S9JU OZ 1.6U6E 01 1.631U OZ 1.6491E 01 1.666ZE OZ lo6121E 01 1.69191! oz 1o1l46E oz 
no.o 1.60UE 02 1o6230f 02 1.64Z9E 02 1.6611E 02 1.6199E 02 1.69'74E 02 1.nue 01 1.7306E 02 1.746SE 02 
110.0 1o63ltf OJ 1.653lE 02 1o613U OZ 1.69ZSE o2 1o1l09E 02 1.nne 02 1.TUIE 02 1.1624f OZ 1. 1fi6E OZ 
190.0 1.66111! 01 1.61ue 02 1o10UE OJ 1.nne 02 1o14ZOE 02 1.1600£ 02 1.TTTSE OZ 1.794Jf oz 1.uon oz 
aoo.o 1.69161! 02 1.7USE 02 1.nue 01 1.7541E OZ 1.1T32E OJ 1.19Uf 01 1.10'JIE 02 1.126JE 01 1.1430E 02 

110.0 1.12161! OJ 1.74391! 02 1o16SOE OJ 1.71SU 02 1.1041f 01 1.auu 02 1.1410E OZ 1.1'514E OZ 1oiTSJE OZ 
azo.o 1o7511f 02 1o1TUE OJ 1.19SIE OJ 1ol16lE 02 1.nsae 01 lolt41E 02 1.11291 02 1.1906£ oz 1.tone oz 
130.0 1o71l9t! 02 1ol041f 02 1oU66E OJ 1.14141 02 1oi61JE 02 1.1164£ 02 1.9049£ 02 l.9Zllf OZ 1.9402E oz 
140.0 1.1UlE OJ 1.1J54E OJ lol516f OJ l.I116E 02 1.19111: 02 1.911JE 02 1.9310E 02 1.9SSZE 02 1.91ZIE 02 
eso.o •·•use 02 loi661E OJ l.III6E OJ 1.ttooe 02 lo930SE 02 1.9502£ 02 1o9692E 02 1.9116£ oz 2.oone 02 
160.0 1oiTlte OJ 1.19691 02 1.9197£ 02 1o9414f 02 1.96UE OZ 1.taue oJ 2.001Sf 02 Z.OZOlE 02 I.OJUE 02 
110.0 1.90341! 02 1.9lnE OJ 1o9101f 02 1.91l9E 02 1.t939E 02 z.014ZE 02 2.onee 02 z.osne 02 z.01UE 02 
110.0 1.tJ40E 02 1.9SITE OJ 1otlllf 02 J.0044E 01 2.0251£ 02 1.0464£ oz z.o662E 02 2.0154E 02 2.1041e oz 
190.0 1.9646E oz 1.t1ne oz J.onu OJ 2.0361E 02 J.osne 02 2.0716E OZ 2.091'7£ 02 2.UIZE OZ Z.U10E OZ 
900.0 l.tttH OJ J.oJon OJ 1.04411 02 z.onae OJ Z.OitiE 02 z.uo9E o2 I.UUE 02 2.1510£ OZ Z.1101E OZ 

910.0 Z.OI61E 02 2.0S19t! 02 J.OTUE 02 1.09961! OJ J.U11E oz 2.1UZE 02 2.1639£ 02 2.U39E 02 2.2one 02 
920.0 2.onoe 02 2oOUlE OJ 2.1071E OJ 1.u1u o1 2.15401: 02 1.nne 01 2.1966E 02 z.zt61E 01 2.ZJ61E OZ 
9Jo.o 2.onte 01 2.U44E OJ 1.ntse 02 2.16JJE OJ 2.116ze 02 Z.ZOIZE 02 2.2294e oz Z.Z499E 02 2.269IE 02 
940.0 2ollltf 01 2.1457E 02 z.nue OJ 2o191Jf 01 Z.ZliSE 01 2.J401E OZ 2.Z6UE OZ 2.2noe oz 2.JOUE 02 
950.0 2.1SOOE 02 Zol'7'7U 02 J.202tE 02 z.uTu oz 2.zsoae 02 2.2nu 01 J.2tSlE 02 z.nau oz z.n6SE 02 
960.0 2.1aue oJ J.ZOI6E 02 Z.2MTE 01 2.21tse oJ 1.zaJJE OJ z.J061E 02 I.JZilE OZ 2.34941: oz 2.nooe oz 
910.0 J.une 02 1.240Zf 02 2.26651! 02 2.nne oz z.3ttTE oz 2.JJIIE 02 2.uue 02 2.JIZ6f oz Z.40JSE 02 
tao.o 2.zun 02 J.Z111E 02 2.l91SE 01 2.3U9E 02 2.J413E 02 2.n16E 01 z.J94ZE 02 2.4160E 02 z.une OJ 
990.0 2.2141E 01 2.JOME 02 2.nose 02 J.JS6lE 02 1.1109E 02 Z.404H 02 1.4ZUE 02 Z.4494E 02 Zo4101f 02 

1000.0 J.3062E OZ 2.nsu 02 2.J6ZSE OZ I.JII6E OZ 2.4USE OZ 2.une oz 2.4605E 02 2o41Z9E OZ z.so..se oz 

uoo.o Z.61l6E OZ Z.6ISOE 02 1.61511! 02 2.714te 01 2.14ZIE 01 2.7696E 02 z.7954E 02 2.1203£ 01 2.14UE 02 
uoo.o 2.tuu 02 z.tTtJE oz 3.0UJ£ 02 J.0456f 02 J.OTME 02 J.1060E oz J.1MSE 02 J.l6ZOE 02 3olii1E oz 
uoo.o 3.26141! 02 J.3061f OJ '·""lf OJ 

J.nue 02 J.41JJE 02 J.44S?E 02 1.4169E 02 3.SOTOE 02 ,.,,.u 02 
1400.0 J.S940E 02 3.6J69E OJ J.6T14E OJ J.nste oz J.TSZTE 02 J. 11191! 02 3olll1E 02 3.1544E 02 J.II60E 02 
1500.0 J.tz2JE oz J.9619E 02 4.0U6E 02 4.0S4ZE OZ 4.0939E 02 4.Ul9E OZ 4.1614E OZ 4.20J6E OZ 4.ZJ16E OZ 
1600.0 4.1SZ4E 02 4.JOlZE 02 4oMtlf 02 4.3939E 02 4.4J64E 02 4.4TTZE oz 4oSlUf OZ 4.S540E OZ 4oS904E OZ 
uoo.o 4.9141E OZ 4.t114E 02 s.024tE 01 s.onn oz S.UJIE 02 s.nooe 01 s.zt4U oz s.2noe 02 s.2tau oz 
zooo.o S.STIIE 02 S.MZZE 02 s.70l9E 02 S.7SISE 02 S.llZ4f 01 S.IUtE 02 s.ttME 02 s.t60te 02 6.0061£ oz 
zzoo.o 6.2421E OZ a.nne oz 6.3116£ 02 6.4410E OZ 6.5004E 02 6.ssne 02 6.6UTE 02 6.6640E 02 6.1l46E 02 
2400.0 6.tot4E OJ 6.tll1E OZ T.OSJIE OZ T.uzoe 02 7.1161E 02 ?.2411E 02 7.30IU OZ '7.3652E 02 '7.420Jf oz 

2600.0 '7.S661E 02 T.6419E 02 7.1261E 02 7.1001£ 02 T.ITOIE oz l.9319E OZ I.OOZ1E 02 lo06JIE OJ a.u3U 02 
zaoo.o lolZ42E OZ e.nne 02 1.3911E 02 1.4165£ 02 •• ,19E oz 1.6U9E 02 lo69Ztf OZ I.T591E 02 l.ll29E OZ 
3000.0 1.119JE 02 l.t141E OZ t.0644E 02 t.149U 02 t.ZltiE 02 t.J061E oz •• ,.ou 01 t.4510E 02 t.Sl90E 02 
uoo.o 9.SJtTE OZ t.UJOI! 02 9.7ZIJE 01 t.lltSE 02 t.904lf oz 

'·""" 02 
1.0064£ 01 1.onH OJ 1.0ZllE OJ 

)400.0 l.OUlf OJ l.0211E OJ 1;0319E OJ 1.0414E 03 l.OSTSE OJ 1.0661E OJ 1.0144£ 03 1.012H 03 1.0900E OJ 
3600.0 1.01Z6E 01 1.0939E 03 1.10461! 03 t.u41E 03 1.U42E OJ 1.une OJ 1o1420E 01 a. 1504£ OJ 1.UI4E 01 
1100.0 1ol469E OJ t.ttiiE 01 1o1699£ 03 lo1IOSE 01 1.1906f OJ 1.2001E OJ 1.Z09Jf OJ 1.2lllE OJ 1.2Z6JE OJ 
4000.0 1o2l01E 03 1.uue oJ 1ol349f OJ 1.J460E 01 1.256SE 03 lo2666E OJ 1.216lE 03 l.ZISJE OJ 1.Z94ZE OJ 
uoo.o 1.36901! 03 l.JU9E 03 l.J960E 03 l.40IJE OJ 1.4199£ OJ 1.4Jl1E 03 lo44l1f OJ 1.4Sl9E 03 1.4611£ OJ 
sooo.o 1.SZS4E 03 1.S406E OJ 1.S549E 03 1.5614E 01 1.nue 03 1.59J4E OJ l.60SOE 03 1.6162£ 03 1.6269E OJ 
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PRINTOUT TABLE Ill 

STOPPING -POWER AND RANGE TABLE 

Stopping-power (Mev/g cm-2 ) and range (g cm-2 ) as 
functions of the particle energy (Mev), for various 
substances. The density-effect correction is in
cluded. Gases are assumed to be at normal pres
sure. Powers of ten are indicated by the symbol E; 
thus 1. 2345E 02 means 1. 2345 x 102. Because of 
typographical limitations, the adjusted mean excita
tion energy, lad·, is indicated by the symbol I in the 
table headings; i\s units are ev. More figures are 
tabulated than are significant in order to facilitate 
interpolation and differencing. a, Protons (rest 
mass 938.213 Mev); b, kaons (rest mass 493. 88 Mev); 
c, pions (rest mass 139.59 Mev); and muons (rest 
mass 105. 65 Mev). 

Note that for Fe a value of Iadj = 2 73 ev has been used 
as derived from the interpolatlon formula (17b), in
stead of the value 2 85 ev previously used in Tables 2, 
4 and 7. 
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141 

"'OJON SJOf',ING POilU, IIEV•t112/G 

I!NUGY IE t AL FE tu AG AU ,. u 
IIEV I• 60.0 I• 71.0 1•161.0 1•273.0 1•314.0 1•417.0 1•797.0 1•126.0 1•921.0 

2o0 1oJIIZE 02 1o4106E 02 1.U40E 02 a.n9u 01 a.u2u 01 6.57751: 01 4.11701: 01 4.U9U 01 4.2110£ 01 
4.0 1.141ZE 01 1.64141! 01 6.15761! 01 5.6299£ 01 S.2615E 01 4.2nn 01 3.2Ulf 01 :t.1407E 01 2o9246f 01 
6.0 S.I079E 01 6,17601! 01 4.9597E 01 4.U06E 01 3oi'FIIE 01 3.2097[ 01 2.41Jlt 01 2.4lME 01 2.266lE 01 
a.o 4.SUSE 01 4.aun o1 J.M41f 01 J.U62E 01 1.u2oE 01 2.6ZTSE 01 2.052lt 01 2.ooo1e 01 1oi791E Ol 

10o0 J.79JZE 01 4.07411! 01 loJ796E 01 2.a94ZE 01 2.13151: 01 2.29IOE 01 lo79S6f 01 1. 7497E 01 1.6422E Ol 
14.0 2.1159E 01 J.10ME 01 2o6066E 01 2.zs11E 01 2oUl5E 01 1.1069.: 01 1.4095E 01 1.J7liE 01 1.2102E 01 
11.0 2.J5UE 01 2.nnE 01 2ol4JOE 01 1.16ZJE 01 1ol666E 01 l.S065C 01 1.U9JE 01 1o147!i£ 01 1o0695E 01 
22.0 1.H57E 01 z.&s66E 01 1.1JUE 01 t.S9ME 01 loSlllE 01 1.JOlll 01 1.0253£ 01 9.980IE 00 'J.JUSE 00 
26o0 1o 74141! 01 1olll'FE 01 1o6059E 01 1o4066E 01 1oUIZE 01 1.l5ZZC 01 9o U4)( 00 lo196SE 00 a.n6o.: 00 
JOoO 1o5491E 01 1.67791! 01 1o4J50E 01 1o260SE 01 1.20041! 01 1.0J74C 01 a.2noe 00 I.064ZE 00 7o55ZIE 00 

34.0 1.40001! 01 1oS161E 01 1.30061 01 1olUU 01 1o09l5E 01 9.46liE 00 7.5194£ 00 7o4001E 00 6o9431f 00 
31o0 1oZ794E 01 1oli70E 01 1ol919E 01 1o0Sl5E 01 t.onoe 01 I. 7U4E 00 1.o2ne 00 6.1SS4E 00 6o44JSE 00 
42.0 1.110ZE 01 1.2101E 01 lo10ZZE 01 9.7399E 00 9o296SE 00 a.o995E 00 6o:iS"'E 00 6.J919E 00 6oOU6E 00 
46.0 1.09701! 01 1.1905£ 01 l.0267E 01 9o016ZE 00 1.677JE 00 7.SJSSE 00 6ol!i57E 00 6.0100£ 00 5.66UE 00 
so.o lo02UE 01 loll41E 01 9.6Z26E 00 a.5Z7JE oo 1.1474£ 00 7.U56f 00 5.1096E 00 So6741E 00 >.3549E ou 
60.0 loii09E 00 9.6496£ 00 I.JS9ZE 00 7o4Z'FIE 00 7o10J9t 00 6.2:W.OE 00 5.119SE 00 SoOO:W.E 00 4. UJIE 00 
70.0 7.1701E 00 1.5171£ 00 7.4JUE 00 6.6l72E oo 6o)JJ5E 00 5.5756~ 00 4.6019E 00 4oSOOZIE 00 4o2657E 00 
ao.o 7.0911E 00 7. 7ZZ9E 00 6. 7191E 00 5.H:W.E 00 S.740U 00 s.0649f 00 4o191ZE 00 4.107ZE 00 J.IHOE 00 
90.0 6.419CIE 00 7.0621E 00 6.1549E 00 5.4912E 00 s.Z61U oo 4o6574E 00 J.I740E 00 :t.791JE 00 J.60lSE ou 

100.0 '·""7E 00 6.52741! 00 5o696JE 00 5o0941E 00 4olll9E 00 4.324510 00 J.6075E 00 J.UUE 00 JoJ600E 00 

uo.o 5.51561! 00 6o0142E 00 s.nsn oo 4.7S97E 00 4oS64lE 00 4.047lE 00 ).li44E 00 J.:SU9E 00 lol557E 00 
uo.o 5o24UE 00 s.nuE oo 4.H5Jf 00 4.4761E 00 4.2944f 00 lollUE 00 J.1941E 00 JolZ90f 00 Z.9117E 00 
uo.o 4.94761 00 5.J9ZSE 00 4o7ZUE 00 4oZJ47E 00 4o06JJE 00 1.6110( 00 :t.onn 00 2o9697E 00 2.nnt 00 
140.0 4o69J9E 00 s.1nn oo 4.4MlE 00 4oOZ51E 00 Jol6lZE 00 s.uue 00 2oii97E 00 z.uue 00 2. JOUE 00 
15o.o 4.47261 00 •• anu oo 4.2770E 00 Joi419E 00 lo6IIU 00 J.21l4t 00 2. 7651E 00 2. 70941! 00 2.516ZE 00 
160.0 ... 2n• 00 4o6651E 00 4.0946E 00 Jo610Jf 00 3.5UIE 00 3.141JE 00 2.«>541E 00 2o60l7E 00 Zo4M4E ou 
no.o 4o1051E 00 4.47111! 00 J.9JUE 00 lo5l67E 00 Jol966E 00 1.ozazt 00 2.U65E 00 2o5056E 00 2ol9)6E 00 
110.0 J.9501E 00 4oll09E 00 J.7179E 00 J.401JE 00 )o27llf 00 2o9Z06E 00 2.461JE 00 2o4l94E 00 2oJlZIE 00 
190.0 lollZJE 00 4.1604£ 00 lo6J'FIE 00 J.29Z9E 00 J.l6ME 00 ZoiZJIE 00 2.llllt 00 2.J417E 00 2.2liS~ 00 
zoo.o Jo617ZE 00 ... 0245£ 00 J.540ZE 00 loUISE 00 3o06)6E 00 2.U6ll 00 z.~167E oo 2oZ7lZE 00 2o1Jll[ 00 

zzo.o J.4701E 00 1.nan oo loll60E 00 J.0070E 00 2.atooE oo z.51l7t: 00 2ol9UE 00 2.14141! 00 2.0JS4E 00 
240.0 J.2114E 00 lo59UE 00 l.l649E 00 2.a!i49E oo 2.7444£ 00 2.4556E 00 2.oaME 00 2.ouoe 00 1o95UE 00 
260.0 lolMlE 00 Jo42l6E 00 J.Ol9SE 00 z. 7Z5SE 00 2.62061! 00 2.3466£ 00 1o99SZt 00 1o9561E 00 1o17l7E 00 
210.0 3o0016E 00 lo2796E 00 2.1945E 00 Zo614ZE 00 2o5141E 00 z.2szae 00 1o9175E 00 1.1101E 00 1oi01JE 00 
Joo.o 2oii67E 00 lo1S46E 00 2.7160E oo 2.snu oo 2·4216E 00 2.nue 00 1oi499E 00 1.1146£ 00 1o1JI6E 00 
no.o 2.7160E 00 lo0l62E 00 2.6909E 00 2.4UOE 00 z.J406E oo 2.0997~ 00 1. 7905E 00 1. 7J66E 00 1o61ME 00 
340.0 2.697ZE 00 2o9J97E 00 2o607lE 00 2.JS1JE oo 2.2690E 00 2.0)66E 00 lollllE 00 1. 7052~ 00 1o6M7E 00 
)60.0 2.61141! 00 2.aMOE oo 2.n2n oo 2oZ919E 00 2o20SJE 00 lo9794E 00 lo691St 00 1o6596f 00 1o59UE 00 
,.o.o 2.54101! 00 2.1nu oo 2o4661E 00 2.2nse oo 2o1487E 00 1.9300E 00 1.6491£ 00 1.6liiE 00 1.>5ZSE 00 
400.0 2.4MIE 00 2. 701JE 00 2.4064£ 00 2.nue oo 2.091JE 00 1oll54t 00 1o6l24E 00 1.51ZU 00 1.51761: 00 

420.0 2.42711! oo 2o6460E 00 ~.JSZtE 00 z.uon 00 2o05UC 00 1.1441( 00 1o5716E 00 1o5491E 00 1o4161E 00 
440.0 2.l761E oo Z.J195E 00 z.JOnE oo Zo0166E 00 2.0096~ 00 1.1oao: 00 1.SU9E 00 1. :U91E 00 1o4576E 00 
460.0 2oJZI9E 00 2.5J71E 00 2.zsnE oo 2o0470E 00 1.9717E 00 1. 774SE 00 loSZOlf 00 1.49liE 00 1.4l16E ou 
410.0 Z.2156E 00 2.,.907E oo 2o2llZE 00 2.0107E 00 1.U7lt 00 1. 7440~ 00 lo4947l 00 1.46691! 00 1 • ..oao;; 00 
soo.o 2.2 ... 0t oo 2.4476E 00 2.n .. se oo lo97751i 00 1o905JE 00 1.nuo: 00 1o47l4E 00 1.444ZE 00 loll631: ou 
szo.o 2.209JE 00 2.4079£ 00 Zo1401E 00 lo9470E 00 1oi764E 00 1o6904E 00 t.4501E 00 1o42JJE 00 1ol664E 00 
J40o0 2.ns1E oo 2.nue oo 2o1096E 00 1o9li9E 00 1.1496[ 00 lo66691: 00 1o4l04f 00 1o4040E 00 l.J411E ou 
560.0 2o1447E 00 2.ll74E 00 2.0109E 00 1.1929E 00 1o8249l 00 1o64Sil 00 1o4l2U 00 l.l16lE 00 1ollUE ou 
JIO.O 2.11511! 00 2.1061E oo 2o0542E 00 1.1666£ 00 loiiOZlE 00 lo6Z50E 00 1o3956E 00 1.l700E 00 loJl57E 00 
600.0 2.0190£ 00 2.2noe oo z.OZ95E 00 1ol444~ 00 1. 7109E 00 1.6064t 00 1oJIOlE 00 1. 354110; 00 1oJOlZE 00 

620.0 2.0640E 00 z.2499E 00 2.oo6SE oo l.IZJ7E 00 1o711UE 00 1.SI9lt 00 1.:tun 00 lol407E 00 lo2179E 01) 
640.0 2o0407E 00 2.2247E 00 1o91Sl£ 00 loi04SE 00 1.7 .. 30E 00 loSJll( 00 1oU24E 00 1ol277E 00 lo2754E 00 
660.0 2.0190E 00 2.2oue oo lo9651E 00 lo7166E 00 lo1260E 00 1.ssne uo 1.J400E 00 1.3U5E 00 1 • .l6)ft ou 
610.0 l.9916E 00 2.ntoe oo 1o9464E 00 1o7691E 00 1. 71011: 00 1.5442~ 00 t. J214t 00 1ol04ZE 00 1.2Sl1E 00 
700.0 1.9795E 00 2.1514£ 00 1o9219E 00 1. 754lE 00 1oll953t 00 l.Sll2~ 00 1. Jl16E 00 1.29l7E 00 lo24llE ou 
720.0 lo96l6E 00 2.u9oe oo 1.9l25E 00 1o7394E 00 1o61l4f 00 1o5l90L 00 1. l076E 00 1o2IJIE 00 1o2JlJt 00 
740.0 1. 94411: 00 2.uoae oo 1ol97lf 00 lo7256E 00 1o66Mt. 00 1o5077l 00 1.291lE 00 1.2746t 00 1o2249E 00 
7fl0o0 1.9219£ 00 2olOJ7E 00 loii27E 00 1o7l27E 00 1.6562£ 00 1.4970- 00 1o2193t 00 1.2659E 00 lo216JC 00 
710.0 lo9U9E 00 2.0176£ 00 1oi690E 00 1.7005E 00 1·"""n 00 •·•no: 00 lollllt 00 1o2579E 00 lo20ilE ou 
aoo.o 1oiH9E 00 2o07Z4E 00 1ob6ZE 00 lo6190E 00 lo11340f 00 1o4776E 00 1.nne 00 1o250lf 00 1o20l91: 01) 

12o.o 1.116SE 00 2.osa1e 00 1.144lE 00 lo6712E 00 1.6239t 00 1o4611E 00 1.2660t 00 1.2432£ 00 1o19SlE 00 
140.0 1.1740E 00 2.044Sf 00 l.UZ7E 00 1.6610£ 00 1.C.090E 00 1o45951i 00 1.2S92E 00 1.2)65E 00 loli'F6E 00 
160.0 1.1621E 00 2.o1tn 00 1o1ZZOI: 00 lo65ME 00 1.5999E 00 1.4Sllhi 00 1o25ZI~ 00 1.ZJ02E 00 1olll7t: 00 
110.0 1.1SOIE 00 2.o196t 00 1ollllf 00 lo6493E 00 1.59UE 00 1o4445L 00 1.2461E 00 1.22UE 00 lol761E 00 
900.0 &.MOlE 00 2.ooau 00 l.IOZZE 00 lo6407f 00 lo51JZE 00 1o4J77t 00 1.24111: 00 1.21171: 00 1o170IE ou 
920.0 1.1300E 00 1.9973£ 00 lo 79JOE 00 1.6JZ6l 00 1.5756t 00 1.4)12~ 00 1oll571: 00 lo2USE 00 lol6S9E ou 
940.0 lo1204E 00 lo9170E 00 lo7144E 00 1o6241E 00 1oJ61lE 00 1.4251( 00 1o2J071: 00 1o2016E 00 1o16lZE ou 
960.0 1.11121: 00 l.977Zt. 00 1. 776ZE 00 1.6l7SE 00 1o56l4E 00 1.4l94l 00 1.2260E 00 lo2040E 00 1o1561E 00 
910o0 l.IOZSE 00 1.9679£ 00 1o761SE 00 lo6106E 00 1.l!IS49E 00 1.4140( 00 1.22041: 00 1.19961: 00 lo1526E ou 

1000.0 1. 794ZE 00 1.9590£ 00 1. 76UE 00 1.6041E 00 1.!>417t 00 1o408Jt 00 1.216110; 00 1o19SSE 00 lo141f[ ou 

uoo.o 1.nooe 00 1o8907E 00 1.7046£ 00 1oSS40E 00 1.5017£ 00 1o J619E 00 1.11J6E 00 l.liiS2C 00 1oll9ZE Ou 
1400.0 1o6lllt 00 1oi4'FSE 00 1.6696£ 00 1o52JZE 00 1.4 7l1E 00 1o)4!1ll!: 00 1.l6lilt 00 1.1 .. 1SE 00 1.1021E 00 
1600.0 1o6617t 00 1.1194£ 00 1.6477E 00 1.5042E 00 1o4SS6t. 00 1.UlSE 00 1o1!>:ill 00 1.U601: 00 1o0940E uu 
2000.0 1.6l14t. 00 l. 719JE 00 1o6Z51E 00 1o4160E 00 1o4J941: 00 1. JZOZE 00 1ol41)E 00 loUUI: 00 loOIIII: 00 
2400.0 1.61131: 00 •• 77711: 00 1.6196£ 00 lo41lll: 00 1.4J64E 00 1oJZ04i: 00 1.UOIE 00 1o1UIC 00 1.092)1: 00 
2aoo.o 1.6l41E 00 1.77!i!iE 00 1o6ZllE 00 1o4844E 00 1o4391E 00 1.3260[ 00 1ol5711: 00 1o1441C 00 1oOHIE 00 
lZOO.O 1o6l46E 00 •• 771)£ 00 1.6267£ 00 1.49011£ 00 1o4466E 00 lolJ43t 00 1.1661t 00 1.15421: 00 1.1091£ 00 
3600.0 1.11171f 00 1o71J9E 00 lo6l44E 00 1o4917E 00 1o4550C 00 1.JU9E 00 lol767E 00 1o165Zf 00 1.119Jt: 00 
40UOo0 1.6226E 00 1.7910E 00 1o64JZE 00 1.5077£ 00 1.464ZE 00 loU41;i QD l.U70E 00 1ol76JE 00 1.12971: 00 
sooo.o 1.637SE 00 1.1114£ 00 lo6661f 00 1o!>)l2E 00 1.4182E 00 1.J797t 00 1o2l2JI: 00 1.20)4[ 00 1.US1E ou 

j 
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PROT~ STOPPING POWER, MEV•CM2/G 

EMEAGY " HE liE A KR IE Alii CARI.OIOXlDE METHANE 
IIEV 1• 11.' I• 42.0 I•U1o0 l•zto.o I•Jil.O I•SS5o0 l• 16.1 l• 15.9 l• 44.1 

z.o Jol5flE 02 1o6MJE 02 1o24ZU 02 9o6061E 01 1ollSlC Ol Soi419E 01 lo4llOE 02 1o4ZJ5l: 02 2o09Z5E Ol 
4.0 Zol0)9E 02 9oiJSIIi 01 To506JE 01 s.9363E 01 4o6U4E 01 3oi:S9SE 01 lo4161E 01 lo45l6E 01 1oll6JE 001 
6.0 l.SIJTE 02 ToOUTE 01 So4041E 01 4oJllOE 01 J.4UOE 01 2oi9TJ!: 01 6o0216E 01 6o046JE 01 lo6TZ5E 01 
a.o 1o24UE 02 So4SSlE 01 4.2T49E 01 3o46UE 01 Zo7MTE 01 2.J180t 01 4olZTOt 01 4o74611i 01 6.1510E 01 

10.o 1o0209t 02 4oSJ15E 01 Jo64UE 01 lo91J6E 01 Zo4U31: 01 loOIUE 01 J.9919E 01 4.00TJE 01 So61511: 01 
14.0 To61T6E 01 ).43611: 01 2.aoou 01 ZoJUOE 01 1o90 .. E 01 1o6319; 01 )o049lt Ol lo060JE 01 4o259ZE 01 
11.0 6oll91E 01 2o19J9E 01 lo296IE 01 1o9054E 01 1.SIUE 01 1oJ616F. 01 2o4906E 01 2o49ME 01 Jo4626E 01 
22.0 So25JlE 01 2oJ6TIE 01 1.959JE 01 1o6Jl6E 01 lol6661: 01 1oli4TE 01 2.uut: 01 ZollS6E 01 z.uue 01 
l6.0 ... ,.,. 01 z.ouse 01 1oll60E 01 1o4JJZE 01 1o2064E 01 1.osou; 01 1oiSUE 01 1oi5TJE 01 z.ssr11: 01 
JO.O 4o050TE 01 1oiJ461i 01 1o5J11E 01 1o2124E 01 1o01JIE 01 9.467610 00 1o6495£ 01 1o6549E 01 2olf4ZE 01 

34.0 J.6495E 01 1o6551E 01 1oJITlE 01 1o16JSE 01 9ol667£ 00 1.6451!: 00 1o4915E 01 1o4964E 01 Z.OSZIE 01 
JloO J.U71E 01 1.SlllE 01 1o2T04E 01 1o06TJE 01 9o0766E 00 To9141E 00 1oJ64JE 01 1oJ686E 01 1oiT41E 01 
42.0 )o06Jif: Ol 1oJ9401i 01 1ol1'60E 01 •• 1nn oo 1.uou oo 7.4154E 00 1o2594c Ol 1.2634£ 01 1.1214£ 01 
46.0 2.14J1E 01 1o2951E 01 1.onoe 01 9o2070E 00 T.I659E 00 6o94llti 00 1.1114E 01 1olTSlE 01 1o6051E 01 
so.o 2o655TE 01 1oll09E 01 1.0ZJ9E 01 lo6)46E 00 7ol90TE 00 6oSJ)6l 00 1o09651: 01 1o0999E 01 1oS016E 01 
60.0 Zo2901t; 01 1o0461E 01 1.1estE oo 7o!U041i 00 6o45J5f: 00 So7l61t 00 9oSOOJE 00 9.S296E 00 1o291U 01 
70.0 ZoOU1E 01 9ol696E 00 Toi9J2E 00 6.61UE oo So7601E 00 s.1zsse 00 1.4210E 00 1.45361: 00 1o149TE 01 
1o.o 1oll2fa: Ol I.JMU 00 7oU24E 00 6o04T6E 00 s.2zs2t oo 4o660ZC 00 To6015t 00 7o6J04E 00 1oOJ6JE 01 
90.0 1o66JlE 01 To6J25E 00 6oSJOOE 00 s.susE oo 4.799Jl 00 4.2114~ 00 6.951Tt uo 6o9T95E 00 9o46T'fE 00 

100.0 loU41E 01 T.04T4E 00 6o0407E 00 s.uJu oo 4o4519E 00 lo914JE 00 6o4JlJE 00 6.4514£ 00 lo74251i 00 

uo.o lo42T5E 01 6oS6J6E 00 s.usze oo 4oT9JOE 00 4ol629E 00 loTJOTE 00 S.996SE 00 6.0141E 00 lo1421E 00 
uo.o 1oJJT9E 01 6ol566E 00 s.z9l4E oo 4oSOS9E 00 3.91161: 00 l.SU9E 00 S.629SE 00 So6460E 00 T.UI2E ou 
lJO.O 1o2616E 01 Soi09SE 00 So0014E 00 4o260JE 00 3.709U 00 JoJJUE 00 s.Jl6lt: oo s.nl6t oo ToZ079E 00 
140.0 lo19STE Ol s.S0911: 00 4oT419E 00 4.04711: 00 J.SZT9E 00 lo171SE 00 So0454E 00 s.o600E oo 6oiJ64E 00 
150.0 1oUUE 01 So2415E 00 4oS21SE 00 lo86Z1t 00 3.)6921: 00 J.OJU~ 00 4ol091t 00 4ollJOE 00 6~5124£ 00 
160.0 loOIT9E 01 So0186E 00 4olJ44E 00 lo6915f: 00 lo2292E 00 2.90T4E 00 4o60llE 00 4o6144E 00 6.zzne oo 
no.o 1o04JlE 01 4oll4TE 00 4o1620E 00 J.SSJlf: 00 lol04Tl 00 2oT9TlE 00 4oU661; 00 4o4Z93E 00 So914SE 00 
110.0 1o00UE 01 4o6318E 00 4.0011E 00 Jo4lllE 00 Zo99JJE 00 2o69151: 00 4oZ511E 00 4o26J91i 00 s.ru9E oo 
Jo~o.o 9.6T46E 00 4.469JE 00 Joi691E 00 JoJ064E 00 2.19)0£ 00 2.60961: 00 •·•one oo 4o1U4t 00 Soi462E 00 
200.0 9o)Sl4E 00 4.llliE 00 JoT446E 00 J.ZOOTE 00 2.10211: oo z.s291E oo )o9699E 00 lo98UE 00 s.J6JJE ou 

uo.o I.T910E 00 4o0659E 00 3oSZT6E 00 loOlTJE 00 2o6446E 00 Z.JI90c 00 )o 7l71E 00 JoT414E 00 So04S9E 00 
240.0 lol224E 00 Jol5llll 00 Jol4STE 00 2.1use oo 2.~uze 00 2.nu.: oo Jo54l4t 00 lo5Sl4E 00 ... 710JE ou 
260.0 To9241E 00 3o6699t 00 Jo19UE 00 z.uzae oo Zol996E 00 2olll0( 00 J.JTIJE 00 JoJITIE 00 4o!.M9E 00 
21o.o T.~IJ4E 00 ) 0 SlJIE 00 s.osau oo Zo62041: 00 z.JOZIE 00 2o0141E 00 J.2J6Sf: 00 J.24S6E 00 4oJ6l2E 00 
Joo.o ToZIT4E 00 JolliJE 00 2o94J1E 00 2o5221E 00 2.21Me oo 2o009TE 00 lollJ4E 00 J.UllE 00 4.19JlE 00 
uo.o loOli)E 00 Jo2591E 00 z.1uze oo 2.une oo 2.1441E 00 1o94)9t: 00 J.oosn oo Jo0140E 00 4o0462E 00 
340.0 6o7999E 00 JolSSZE 00 loTSUE 00 ZoJ6l9E 00 2oOT9Tt 00 lolltiE 00 2o9106E 00 Zo9111E 00 lo916SE 00 
360.0 6.59TU 00 lo0624E 00 2o6T41E 00 lo2949E 00 2o0ll9E 00 1oiJ42E 00 2oi262E 00 2.aMoe 00 loi014E 00 
Jao.o 6o4l60E 00 lo9T95t 00 2o60JSE 00 2oUS1E 00 lo9T02E 00 1o7811E 00 2. 7501E 00 loTSI4E 00 .J.6916E 00 
400.0 6oZSJ4E 00 2o90SOE 00 loS40lE 00 2o1114E 00 1o9lJIE 00 1oT46TE 00 2o6UlE 00 2o690SE 00 Jo606JE 00 

420.0 6o106TE 00 loiJT9E 00 Zo4121E 00 2.U29E 00 1oii19E 00 1o709JE 00 2o62llE 00 2o6292E 00 J.SZJOE 00 
440.0 5.9TJIE 00 ZoTTTOE 00 2o4J10E 00 2o0190E 00 1oi"OE 00 lo6T54F. 00 z.S661E oo 2oSTJIE 00 lo"TSE 00 
460.0 s.asl9E 00 2.nne Oct loJIJ9E 00 2o0490E 00 1oi09SE 00 1o6446f 00 2.n6u oo 2.suJE oo loJTI9E 00 
410.0 SoT425E 00 2.6TUE 00 2oJ601E 00 2o0ll6E 00 1.7110E 00 1.616SE 00 2o4T05E 00 2.4TT2E 00 JoU6lE 00 
soo.o S.6414E 00 Zo6Z49E 00 2.J014E oo 1o9792E 00 1.7492£ 00 1oS901~ 00 2o4ll41: 00 2.4J50E 00 J.ZSIIE 00 
~zo.o 5o54ISE 00 2oSI24E 00 2o26SJE 00 1o9416E 00 1.7l21E 00 1o56TZE 00 Zo3191E 00 2o)96JE 00 lo2061E 00 
S40.0 So4630E 00 2o54JJE 00 2.u2oe oo 1o9204E 00 lo6914E 00 1.S454E 00 2olMJE 00 2ol606f 00 l.l576E 00 
560.0 s.JI4ot oo 2.sOT1E 00 2.20UE 00 lo1944E 00 1.67601: 00 1o5254r: 00 2.l2lSE oo 2.nne oo loll21E 00 
s1o.o 5.J109E 00 2o4UTE 00 2.1129E oo lollOJE 00 1.6SSJE 00 1oS069E 00 2o2911E 00 2o29TJE 00 JoOTUE 00 
600.0 So24JOE 00 Zo442TE 00 2.1465£ 00 1ol41lE 00 lo6l61E 00 lo4891E 00 2.2630£ 00 2o2691E 00 )o0J29E 00 

620.0 So1100E 00 2.4U9E 00 2ollllE 00 1.12T4E 00 lo6112E 00 1.47J9E 00 2oZJ61E 00 2.2u1e 00 2o99T2E 00 
640.0 s.UUE 00 2ollllE 00 2o099JE 00 1oi011E 00 1.601TE 00 1.459H 00 z.zuse oo 2olli4E 00 lo96J9E 00 
tt.o.o 5.066SE 00 2.J621E 00 z.oTI1E oo 1oT902E 00 1oS862f 00 '·""'" oo 2.1191[ 00 2.1951£ 00 Zo9Jl9E 00 
610.0 S.OlSJE 00 loJJITE 00 2o05UE 00 1o17lSt 00 1oSTUf: 00 1o4ll5f 00 2oUITE 00 2ol14SE 00 2o90J9E 00 
700.0 4o96T4E 00 2.U61E 00 2oOJ91E 00 1.TST9E 00 1.5514( 00 1.4206E 00 2ol419E 00 2.1546E 00 2.1?61£ 00 
?20.0 4.922SE 00 2.2964! 00 2.o2zse oo lo74JJE 00 1.!)UIE 00 1.4094( 00 2.uon oo 2oU60E 00 z.asue oo 
?40.0 4.1104£ 00 2.2nu oo 2o006JE 00 lo 7l96E 00 1o5J41E 00 1oJ99010 00 2o1UOt 00 2.1116£ 00 z.azne oo 
T60o0 4.1401£ 00 2.zs9ze oo 1o99llE 00 1o7l671: 00 1oSlUE 00 lo3192E 00 2.o96n oo 2.1022e oo z.1osn oo 
?ao.o 4oiOJ6E 00 2o24llE 00 1o9T61E 00 1.T04TE 00 1.Sll1E 00 loJIOOE 00 2.oaue oo z.oM9E oo 2. TI4JE 00 
1oo.o 4.761SE 00 2.22ue oo lo96UE 00 1o6934E 00 1o50JOE 00 1o37l4t 00 2o0669E 00 2.o7l4E oo 2o764SE 00 

e2o.o 4.TJS4E 00 2o2ll2E 00 1o950Tt 00 lo6121E 00 1o49J9E 00 1ol6UE 00 2o05J4E 00 2.osa1e oo z. 74S9E 00 
840.0 4.704JE 00 2.19TOE 00 1oUIIE 00 l.6721E 00 1.41SJE 00 loJSSTE 00 lo0406E 00 2.0460E 00 2. TZUE 00 
160.0 4o6T41E OCI 2.une oo lo9275E 00 lo6632E 00 1o47TJE 00 l.341SE 00 2.0215~ oo ZoOJJ9E 00 2oTllTE 00 
aeo.o 4o64TOE 00 2olllOE 00 lo9169E 00 1o6S4)E 00 1.4691E 00 1.J4liE 00 2o01llE 00 2.ouse oo 2.696lE 00 
900.0 4o6206E 00 Zol591E 00 1.9069£ 00 lo64S9E 00 1o462SE 00 1o)JS4f 00 Zo0064t 00 z.o1ne oo 2o61UE 00 
920.0 4.59STE 00 2ol4TIE 00 loi9TSE 00 1oUIOE 00 lo4SSTE 00 1oll95E 00 1o9962E 00 Z.OOlSE 00 lo66UE 00 
MO.O 4.5120E 00 2.une oo 1otii'JE 00 loUOSE 00 l.4494E 00 1.lUit: 00 lo9166E 00 lo99liE 00 2.6540E 00 
960o0 4oS496E 00 2ol269E 00 t.aaou oo 1o6U4E 00 1o4UJE 00 1o]11SE 00 1.9115E 00 1o912TE 00 2o6414E 00 
910.0 4.UI4E 00 2.une oo 1.anu: oo lo616TE 00 1.UTTE 00 1o3lJSC 00 1o9619E 00 1o914U 00 2o629SE 00 

1000.0 4.50ilE 00 l.1012E 00 1o8645E 00 1o6104E 00 1o4lUE 00 1oJOIIE 00 1o9607E 00 1.9659£ 00 2o6112E 00 

1200.0 4oJSJ)E 00 2oOJI6E 00 loiOTZE 00 1o56271: 00 1.3922£ 00 1o2TJTE 00 1oi917E 00 1o90llE 00 2.n2oe oo 
1400o0 4olS7lE 00 lo9960E 00 1o7TJOE 00 1o5346E 00 1ol691E 00 1olSJ9E 00 1oi6UE 00 1ol66lE 00 2.4T92E 00 
1600.0 4o1964E 00 1o9696f 00 1. 7526E 00 1oS11JE 00 1o35UE 00 lo24llE 00 1oiJITE 00 1.14J4E 00 Zo4466E 00 
2000.0 4.US3E 00 1o94UE 00 l.TJ54E 00 1.5056E 00 1.34711: 00 loUTll: 00 lolliSE 00 1oi2J1E 00 2o4lSSE 00 
2400o0 4o11T4E 00 1.9JIIE 00 t.nue oo 1o506TE 00 1olS10E 00 1ol41TE 00 loll60E 00 lollOSE 00 Zo4011E 00 
2aoo.o 4ollllE 00 1.94l9E 00 lol420E 00 1oS146E 00 lol600E 00 1.2SUE 00 lolllZE 00 loi26TE 00 2o4142E 00 
)200.0 4o136JE 00 1.9SUE 00 1o7SJ4E 00 lo52S9E 00 l.JlUE 00 lo2631E 00 lolll9E 00 1.1375£ 00 2.4259£ 00 
3600.0 4ol!ITIE 00 1.9642£ 00 1oT670E 00 loSJIIE 00 l.JI49E 00 lo2161E 00 1oi460E 00 loiSOSE 00 2o4410E 00 
4000o0 4o11l6E 00 1o9T'f6E 00 lo 711SE 00 loSSZSE 00 1ol91SE 00 1o219SE 00 lo8602E 00 1oi64TE 00 2.une oo 
sooo.o 4.2S02f 00 2.0UlE 00 1o1UIE 00 loSillEOO lo4JZSE 00 1o)l26E 00 1oi9TOI: 00 1o901SE 00 2.so22e oo 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


148 

PROTON STOPPING POWERt IIEVttCM2/G 

ENERGY WAf Ell AG-CL AG-IIl HA-l Ll-1 I'Ot.YETHYLENE SJILIEME LUC:ITE ANTHIIACEIIt 
MEV I• 65.1 1•)14.5 I•U4.1 1•4J3o0 1•472.5 I• 54.6 I• 65o2 I• 65.6 I• 67.0 

2.0 lo7011E 02 7.U05E 01 6.9:tME 01 6.7926£ 01 6 ... 029£ 01 1oti247E 02 1o6:tl6E 02 1o6!tOOE 02 1o6MIE 02 
4.0 1oOOOJE ~2 4o 789SE 01 4oHI1E 01 4.:ttnE 01 ... IS6U 01 1o06JOE oz 9.5~[ 01 9o70HE 01 9o4UlE 01 
6.0 1.U90E 01 3.U76E 01 3o3UlE 01 JoZ1l6E 01 :t.1UIE 01 1o6096£ 01 •• 8un 01 6o9Z661: 01 6o7422f 01 
8.0 5.H80E 01 Z.8954E 01 Zo1Z99E 01 Zo6695E 01 2.~uu o1 5o93liE 01 5o3UIE 01 s ... use 01 s.z .. u 01 

10.0 4o6190l 01 z.sun 01 Zo3846E 01 ZolZ96E 01 2.2UlE 01 4o9555t 01 .... ant o1 4.UME 01 ... U&OE 01 
14.0 3o56ZOt 01 lo'f146E 01 1.11UE 01 1oi2UE 01 1.7431£ 01 lo1663f: 01 3o"i5Jt 01 3o,.5ME 01 3o361)£ 01 
18.0 Zo9032f: 01 1o6..0U 01 1o5511E 01 1o5l11E Ol 1o4524E 01 3.06621: 01 2o7MZE 01 2.8U4E 01 2o74ME 01 
zz.o lo4652E 01 1.4134£ 01 1.MUE 01 1.30nt 01 loZSUE 01 2o60UE 01 2.3644E Ol Z.3926E 01 2.une oa 
2«>.0 2o1Sl6E 01 1o2479E 01 1o118lf 01 1.1516£ 01 1oUOlE 01 2oi691E 01 2o0631E 01 2.oaMe 01 2.0JME 01 
)0.0 lo9U3E 01 lol213E OJ 1.0686£ 01 1.M1U Ol 9.9M6E 00 2oOl81t 01 1oU1ZE 01 lol59lf 01 1ollZ1E 01 

J4o0 1.UOSE 01 lo021lf 01 9oU79E 00 9o4925E 00 9.1164£ 00 1ollJ2E 01 1.U99E 01 1o6197E 01 1o6374E 01 
JI.O 1.~1ne 01 9.3951£ 00 lo9651E 00 lo 7419E 00 .... 006£ 00 &.6659£ 01 &.HUE 01 1oSlME 01 1 ... 968£ 01 
42.0 1o4S93t 01 8.1115£ 00 loJ236E 00 8.U7«>E 00 7.8~11: 00 1oS364t: 01 loJ991E 01 1oU66E 01 1o3110E 01 
u.o 1o3S61E 01 8o1"9f 00 To7105E 00 7.5894£ 00 7o)002E 00 1o42l9E 01 lol014E 01 1ol169f 01 1.2139£ Ol 
!iOoO 1oZ69lE 01 7.6541£ 00 1o:tl4JE 00 T.UUE 00 6.1611£ 00 1o3JS6E 01 1olll6E OJ 1.2J2ZE 01 1.2013£ 01 
60.0 lo0981E 01 6.6151£ 00 6.3946E 00 6.2410£ 00 6o0105E 00 lolSSSE 01 1oOS39E 01 1o0666f 01 1.0399£ 01 
1o.o 9oU91f 00 So9689E 00 So1127E 00 s.snu oo S.314SE 00 loOUIE 01 9oJ4ZJE 00 9 ... SHE 00 9ol192E 00 
110.0 8.7854£ 00 s.U51E 00 So1160E 00 5.o .. 1e oo 4olll6E 00 9.23221i 00 8.4279£ 00 8.5290£ 00 8oll69f 00 
90.0 8.onae oo ... 97!JZE 00 4o766Zf 00 4o6SSO£ 00 ... 4901£ 00 1.4311E 00 1.1050E 00 7.791SE 00 7o6MOE 00 

1UO.O 7.4208t oo ... 6151£ 00 4o4UU 00 4.32091: 00 ... l693E 00 1o19l8t 00 1oll89E 00 7.204SE 00 7.0U9E 00 

uo.o 6o9l52E 00 4o3166E 00 4oUilE 00 4o0421E 00 ).9020£ 00 7.261lE 00 6o6339E 00 6oll31£ 00 6.S..74£ 00 
uo.o 6o4896E 00 4.06J6E 00 3o896lf 00 J.IOlJE 00 lo61SlE 00 •• auee 00 •.z2ne oo 6.3006£ 00 6.1""' 00 
uo.o 6ol26U 00 3.1469£ 00 3o619IE 00 3o6054E 00 3.U16E 00 6 ... 304£ 00 s.nne oo SoMIOE 00 So8010E ou 
Ho.o So8128E 00 3.6590£ 00 3.5104£ 00 3 ... 304£ 00 3.31331: 00 6o1001E 00 SoH64E 00 So6USE 00 s.SMlE 00 
&so.o SoU91E 00 3 ... M1E 00 3.353)( 00 3o2171E 00 3.16581: 00 5.8120£ 00 5o3UIE 00 s.Jnae oo So2U1E 00 
l6Uo0 So298ZE 00 J.3 .. 96E 00 loZlHE 00 3o1419f 00 3oOJ56E 00 5.ssase 00 s.oazat oo 5.1"0£ 00 s.on2e 00 
uo.o So0M6E 00 J.ZI06E 00 lo091U 00 3o021SE 00 Z.9198t: 00 s.nne 00 4ol178f 00 4.9)66£ 00 ... usoe ou 
1110.0 4o89JIE 00 3o10SZE 00 2o9811E 00 2.9UIE 00 2.111«>1£ 00 SoU30E 00 4o6M9E 00 4o 7514£ 00 4o6l""E ou 
1110.0 4. rzzn 00 3.00UE 00 ZollliE 00 2oll61E 00 2.1zzn 00 4.9521( 00 4.5305£ 00 4oS8SlE 00 ..... 722E 00 
200.0 ... s61rE 00 2.1101JE 00 2o7919E 00 2.7l9lE 00 2.6)12£ 00 4o1899E 00 4oJI20E 00 4.U41E 00 4oJZS7E 00 

220.0 4o2992E 00 2.1 .. 39£ 00 2e6l56E 00 2.S76SE 00 2.4912( 00 4oS015E 00 4oll"E 00 4.nue oo 4.01l6E 00 
Z40o0 4o07"E 00 2.6067£ 00 2.SMJE oo 2·"')1; 00 2ol671E 00 4o2111t: 00 3o9081E 00 3o9S60E 00 J.ISIIE 00 
260.0 3oll36f 00 z.•9ooe oo 2o39Z1E 00 2.))92£ 00 2ol«o26E 00 4o0704t 00 lo1ZS7£ 00 3. 7107E 00 lo6782E 00 
2eo.o )o 7196£ 00 2.3196E 00 2o2965E 00 2o24S3E 00 z.1121e 00 J.t91o.: 00 Jo5614f 00 3.oUSE 00 JoSZJOE 00 
lOOoO 3.51741: 00 2ol023E 00 2o2lJOE 00 2.1631E 00 2.0924( 00 lo748_.E 00 3o4Jl9E 00 , ... uu 00 3o318JE 00 
320.0 3o4SZ8E 00 2.2zsa.: oo 2.utae oo 2o092U 00 2o024U 00 lo6175i 00 J.llZSE 00 lolS2SE 00 Jol704E 00 
)40o0 3.MlOE 00 2o1SilE 00 2.oJS2E oo Z..029lt 00 1.96361i 00 loS020e 00 J.201lE 00 3.2.S9E 00 3.16641: 00 
3oo.o lo24!!iSE 00 2.09141: 00 2.onu oo 1.91301: 00 1o9095E 00 lo399SE 00 lo1U6E 00 lolSUE 00 Jo07•1E ou 
uo.o ).1514£ 00 2.o"ae oo 1o9665E 00 lo9Zl9f 00 1.116121: 00 3o3019E 00 3o0300E 00 3o0666E 00 2o99l1E 00 
400.0 3.0101£ 00 1o9966E 00 1o9204E 00 1o8719( 00 1o8l11f 00 J.zzsn 00 2oii5SOE 00 2oii907E 00 2.9116~ OQ 

420.o 3o0096E oo 1o953ZE 00 1oi118E 00 1oU72E 00 1o7116E 00 3.1515( 00 2.eaue oo 2o9Z2lE 00 2oiSOIE 00 
440.0 2o9456E 00 1o9U9E 00 1o8412E 00 1o8004E 00 1o7U1f: 00 loOI4l~ 00 2.8259£ 00 2.8601£ 00 2.790JE 00 
460o0 2oi11SE 00 1oi111E 00 1.8069£ 00 lo7670£ 00 1. JlOIE 00 loOZJ2E 00 2.71011: 00 2.8one oo 2.une oo 
480.0 2.n4•E 00 1o84SSE 00 1o 7151£ 00 1o1364f 00 1o6814E 00 2o9614E 00 2o1l92E 00 2.uzze oo 2o61SOE 00 
soo.o 2o7158E 00 1o8156E 00 1o7U1E 00 lo108SE 00 1e6S44E 00 2.9163£ 00 2oi>726E 00 2el050t 00 2o6390E 00 
szo.o 2o7412E 00 1o7812E 00 1.1201£ 00 1o68ZIE 00 1o6291E 00 Zol694t 00 2o6l91E 00 Zo6611E 00 2o5961E 00 
540.0 2.6980£ 00 lo1629[ 00 1.6961£ 00 1.6592( 00 1o6066E 00 2.82621: 00 2.5904£ 00 2.6211£ 00 2.SS79E 00 
560.0 2.660..( 00 loU91E 00 1.6144£ 00 1o6l141: 00 1oSSS1t 00 2.186)£ 00 2.!>540£ 00 2o5M9E 00 2o5219E 00 
seo.o 2.6256E 00 1oll82E 00 lo6SOSE 00 1.6lUE 00 1o5664f 00 2.7494t 00 2.520lt oo 2o5509E 00 Zo4116E 00 
600.0 2.S932E 00 1.6982E 00 1o6319E 00 1o5981f 00 1o!i48SE 00 2.7152£ 00 2oU90E 00 2.~19JE oo 2.une oo 

620.0 2.suoe 00 1o6191E 00 1.61451: 00 1o5111U 00 1.~3191: 00 Zo68UI: 00 2o4590E 00 2o4199E 00 2o4291E 00 
640o0 2oSl48E 00 1o6626E 00 1oS984E 00 lo!>65JE 00 1o!ol6U 00 2o6SOSE 00 2.uue oo 2o4626E 00 2.4011£ 00 
660.0 2.5oast 00 1o6466E 00 1.5UU oo loS504E 00 1.50lOE 00 lo6ZliE 00 2o4054E 00 2o4l11t 00 2.3161£ 00 
680.0 2.48)8£ 00 1o6311E 00 1.S694E 00 1.Sl64E 00 1.4116£ 00 2.S949t 00 2ol8llE 00 2.4008£ 00 2.35211: 00 
700.0 2o460JE 00 1o6177f 00 lo556JE 00 1.S2l4E 00 1o4l60E 00 2o5698t 00 2.neu oo Zo3179f 00 2.3296£ 00 
120.0 2o4390E 00 1.60UE 00 1o5440E 00 1o5lllE 00 1o464JE 00 2.5462£ 00 2oU10E 00 lo)S6 .. [ 00 ZolCiaSE 00 
740.0 2.4186£ 00 lo5925£ 00 1o SJZ6E 00 1o .. 998E 00 1o4S3JE 00 2.5240E 00 2oll70£ 00 2.nue 00 Zolii1E 00 
160.0 2. 399)£ 00 1oS8llE 00 lo5218E 00 1.4892£ 00 lo4430E 00 2.5031£ 00 2o298Zt 00 2o31UE 00 2.2rou oo 
1110.0 2ol8l2E 00 1.UOU 00 1.5111£ 00 lo4119E 00 1o4U41: 00 2.4U4t ·oo 2.2eou oo 2.2tt•e 00 2.2s2se oo 
aoo.o 2. l6UE 00 1.5603E 00 1.S022E 00 1o4696E 00 lo4243t 00 lo4649t' 00 2.2631£ 00 2.2azse 00 2o2360E 00 

azo.o 2oJ479E 00 t.~SOIE 00 lo49lJE 00 1 ... 60IIE 00 1o41SIE 00 Zo4414E 00 2.2479[ 00 2o2666( 00 2o2204E 00 
840.0 2.H26E 00 1oS4ZOE 00 1o484IE 00 1.4525[ 00 1.40781:: 00 2.Hoa: 00 2.2)29E 00 Z.ZSl6E 00 2o2056E 00 
160.0 2.3181£ 00 l.SU6E 00 1o4169E 00 lo4448E 00 lo400)£ 00 2.415210 00 2o2111E 00 2.2nu 00 2.1911£ 00 
1110.0 2o)044E 00 1oS251E 00 1.469!iE 00 lo431U 00 1.)9)2£ 00 Zo4003t 00 2.lOSSE 00 2.22ne 00 2.uase 00 
900.0 2.2914£ 00 1oSliJE 00 1o4624E 00 1o4lOSE 00 1dii66E 00 2.3863( 00 2o19ll&: 00 2oZll2E 00 Zo1659E 00 
920o0 2o2192f oo t.S1Uf 00 1o4558E 00 1o4240E 00 1ol803E 00 2. Jl)OE 00 2.11o8E oo 2.1991E 00 2.1S..IE 00 
940.0 2.Z618E 00 1.S047E 00 1.~495£ 00 1.4118E 00 1· H43E 00 2.36031: 00 2ol694E 00 2o181Jt: 00 2o1421f 00 
960.0 2.2!HOE 00 lo4984E 00 t.~4lSE 00 1o4lZOE 00 1.)681£ uo 2 • .tun 00 ZolS86E 00 2.1768~ 00 2.uue oo 
990.0 2.2~61( 00 1o4925E 00 1.Hl9E 00 1o~06SE 00 1oJ6J5E 00 2.Jl69E 00 2.lUJt 00 Ze1664E 00 Zo1219f 00 

1000.0 2oll69E 00 1o4169t 00 1o4326f 00 1o40UE 00 1.lS8St 00 2.l260E 00 2.uese oo 2.1566£ 00 2.uue oo 

uoo.o 2o16UE 00 1o4454E 00 1.l92SE 00 lo J627L 00 l.J214t: 00 2.24l1C 00 2.062U oo z.oaose 00 Z.OJ14E 00 
1400.0 2.1U4E 00 1o4ZlSE 00 1.1694[ 00 lol406E 00 1o1990E 00 2.18191: 00 2.0146E 00 2o0321E 00 1o9891E 00 
1600.0 2.oe2Z£ oo 1o4012E 00 1.JS60E 00 lo 328)( 00 lo28S9E 00 2.1524c 00 1o983ZE 00 2.ooo6E 00 1o9H7E 00 
2000.0 2.ouse 00 I. )960f 00 1.J4S6E 00 1o)l83f. 00 1o27SlE 00 2oll3lE 00 lo\1418£ 00 1o9663E 00 1.nne 00 
2400.0 2.o.tsn 00 1.J9UE 00 1.JUU 00 1oJIYJf oo 1.2rsae 00 Zo096Sl 00 1olll48E 00 lo9526f 00 1.9l09E 00 
2100.0 2.0321E 00 lo4027£ 00 1.JS26E 00 lollS IE 00 l.2816E 00 2o09lSE 00 lo9)l)E 00 1o949JE 00 1o90JU 00 
l2U0o0 2o0l49E 00 lo4lllE 00 1ol614E 00 t.Jl41E 00 lol901E 00 2.09ZJE 00 1o\13JU 00 1o9S16E 00 1o909U 00 
)6UO.O 2.040SE 00 1.4213£ 00 1.H1U 00 1.l~SOE 00 1·2~98£ 00 z.o914E 00 1o9384[ 00 1.9511£ 00 1o91"E 00 
40uo.o 2.0478( 00 1o4319E 00 1.JI20E 00 J.l>SBE 00 1oJ10lt 00 2.1041~ 00 lo94SZI: 00 1o9642E 00 lo921ZE 00 
:.ouo.o 2.0t.90E 00 1o4S84E 00 lo4084E 00 lo3821E 00 lo US9E 00 2oll48E 00 1o'i65f£ 00 lo9854E 00 1.9414[ 00 
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PROTON RAHCEt G/C:M2 

&IERGY I! c: AL FE c:u AG AU ,. u 
MEV I• 60.0 I• n.o 1•16J.O 1•27J.O 1•)14.0 1•487.0 1•797.0 1•826.0 1•92J.O 

2.0 8o689ZE-OJ a.•osae-oJ 1.14l4E-02 1.usn-o2 lo6176f-02 2.10UE-02 2o9U6E-02 J.OUZE-OZ :t.J668E-02 
4.0 z.azzze-02 Z.616ZE-02 :t.4996t:-OZ ... une-02 4olZ6YE-OZ S.9Ult-OZ 11.1168E-OZ 1.4446E-OZ 9ol449E-o2 
6.0 S.lUZE-o2 S.46JOE-02 6.9l4ZE-02 e.579U-o2 9.206TE-o2 1o1UOE-01 lo>J16E-Ol t.nne-ot lo6916E-Ol 
1.o 9ol079E-02 9o16l9E-02 lo1S66E-01 1.4:1"£-01 t.~OJ6E-Ol lo8426E-Gl 2.4ZTU-Ol 2o496lE-Ol 2oU6U-Ol 

10.0 t.U49E-01 t.J676E-Ol 1. 7029E-01 Zo0466E-G1 z.une-o1 Zo6SZ41l-Ol Jo4654E-01 3o56UE-01 J.lllllE-01 
14.0 2o6761E-01 z.5o:su-o1 Jo06l9E-01 J.628lE-01 :s.assn-o1 4oUZ61:-0l 6oOOZJE-01 6o1666E-01 6o~960t-01 
u.o 4.2216E-G1 :t.9J6ZE-01 4.76S1E-01 s.59tat-o1 So9Z78E-01 lo0694E-01 9oUl6E-01 9.JUJE-Ol 1oOOJ4E 00 
22o0 6.07S4E-01 s.UZIE-01 6.7922E-Ot lo911JE-01 a.nue-o1 9.9349E-01 1.21711: 00 1oJU2~ 00 lo405U ou 
26.0 8.2Z61E-01 7 .... 26E-01 9.U07E-01 1o0S92E 00 1.119lE 00 1olZOIE 00 1.69141: 00 lolllll: 00 lol6llE OU 
:.o.o 1.0666E 00 9.8969E-01 lollllE 00 1.J602t: 00 1.4JSZE 00 1o61UE 00 2.1S2U 00 2.ztolE oo Z.3666E 00 

J4.o 1oJJ86f 00 lo2408E 00 1o410SE 00 lo69J6E 00 lo TISZE 00 2.09161' 00 2o6515t: 00 2.l29tt 00 2o9196E 00 
:te.o 1o6Jl9E 00 1o5l69E 00 lol919E 00 2o051SE 00 2o1619E 00 2.snse 00 3o20SIE 00 :t.29UE 00 f.~IIZE 011 
42.0 lo96JlE 00 1.1174E 00 2.1412£ oo 2.U41E 00 2oSIZSI: 00 3.0089E 00 fo7955E 00 :t.89S6E 00 4o1607E 011 
46.0 2.uue oo 2o14llE 00 2.n1se oo 2.elt6E 00 :s.ozau 00 :t.tl99E 00 •·•use: oo 4.54101: 00 4oi459E 00 
so.o Zo6928E 00 2o489ZE 00 2o9Z02E 00 3.JJ4)E 00 3.5042E 00 4o0647( 00 s.o9UE oo S.Z264E 00 5o57l5E 00 
60.0 Jol4J6E 00 Jo4561E 00 4.0)81£ 00 4o5946E 00 4.azzse 00 5.56911: 00 6o9UZE 00 7.1010£ 00 7.SU7E 00 
To.o 4o9424E 00 4o5596E 00 s.uou oo 6o0240E 00 6oll651: 00 7.26141: 00 8.99UE 00 9.219JE 00 9o7U1E ou 
eo.o 6oZIZ5E 00 Sol918E 00 6.1Z18E 00 7.61UE 00 lo9176E 00 9ol5J1E 00 1oU16~ 01 &.lS4~E 01 lo2Z48E 01 
90.0 7.7579E 00 lol476E 00 8o2148E 00 9oJSI6E 00 9.7914f 00 1olZ14L 01 t.JlSIE 01 1o4086E 01 t.4919E 01 

too.o 9.J6Z9E 00 8o6Zl9E 00 9o97SJE 00 loUSOE 01 1.17121: 01 1.J44SE 01 t.•use 01 1o68ZlE 01 1.1796£ 01 

uo.o 1o109JE 01 1o0210E 01 1oll94E 01 1.JZ8ZE 01 lol89lf 01 t.sane 01 1o9ZttE 01 lo9746E 01 2o0169E 01 
120.0 1o294ZE 01 1ol908E 01 1oJlJ6E 01 1o5450E 01 1o6l5ZE 01 1o8J84t 01 z.zsut: 01 Zo2U4E 01 z.•uu 01 
uo.o 1o4901E 01 t.JJUE 01 1.5196E 01 lo1741E 01 1oU41E 01 2o10UC 01 2.snn 01 2.6U6E 01 z. 7574£ 01 
140.0 1o698:JE 01 loS6lSE 01 lo191lE 01 2.01111: 01 2o1072E 01 Zol92lE 01 2o89Jlf 01 2o9516E 01 Joll91E 01 
150.0 lo9166E 01 1ol6UE 01 z.o2sse ot 2.nue 01 2.n22a: ot 2.69001: 01 JoZ416E Ol Jo3l98E 01 J.4976E 01 
160.0 2.1u4e ot t.971SE 01 2.2646£ 01 2o5J16E 01 2."9JE ot 3oOOllE Ol 3.61611: 01 J.6966E 01 f.I923E 01 
uo.o 2oJI4lE 01 2.1toJE ot 2.5U9E 01 2oll41E 01 2o931lf 01 JoJZSIE 01 4o0008t: 01 4o0114E 01 4. J024E 01 
tao.o 2.6324£ 01 2.4UOE 01 2.7UOIE Ol J.1029t Ol JoZJIOE Ol )o6614E 01 4.J990E 01 4o4946E 01 4• 7Zl6E 01 
190.0 2oi902E 01 2.6S4ZE 01 :t.0411E 01 Jo40UE Ol JoS488E 01 4.0097E 01 4o8l09f Ol 4o9l41E 01 5o161Jt 01 
zoo.o J.l510t 01 2oi986E 01 J.3l91t: 01 :s.nozc 01 J.llOlE 01 4oJ6951i 01 s.ZJ61E ot Sof48SE 01 So6l09E 01 

zzo.o Joll65E 01 J.41UE 01 So902lE 01 4.JS66E 01 4.5428£ Ol S.UUE 01 6ol244E 01 6.2546E 01 6o568ZE 01 
240.0 4.S090E Ol J.9SSTE 01 4o5UOE 01 s.OS96E 01 5.2SME 01 5.9168E 01 7o0606£ 01 7.209JE 01 lo5659E 01 
260o0 4.9JZH 01 •• 5244E Ol 5ol6UE 01 5ol510E 01 So999SE 01 6o1S041: Ol 1.04151: 01 8.2096E 01 e.6lon 01 
2ao.o 5.SI41E 01 Sol2l6E 01 Sol42lE 01 6oS066E 01 6.1790t: 01 7.6206E 01 9o0645E 01 9.2525E Ol 9.6998£ 01 
JOO.O 6.Z644E Ol Sol436E Ol 6o5461E 01 7.Z864E 01 7.5899E Ol a.UUt: 01 t.OUlE 02 t.onsc 02 1.01301: 02 
:szo.o 6o9698E 01 6oJ901E 01 7.2174£ 01 8o0948E 01 a.uou ot 9.462JE 01 lolZZ6E 02 lo1456E 02 a.2oooe O.i 
)40o0 7o6"6E 01 lo0598E 01 a.oun ot 8o9JOOE 01 9.291JE 01 lo04:SOE 02 t.U60t 02 1o26UE 02 •• )2061: oz 
)60.0 8.4524£ 01 7.7504£ 01 .... ue ot 9ol90SE Ol loOl9JE 02 1. 1426E 02 a.n2n 02 loJI01E 02 1o4446E 02 
380.0 9ol269E 01 I.UlOE 01 9o6ll6E 01 t.0675E 02 t.llllf 02 1.24SOE 02 1.47241: 02 1.SOZZE 02 l.S1l9E 02 
400.0 loOOZZE 02 9ol904E 01 1o04UE 02 1ol582E 02 1o20S4E 02 1oM98E 02 lo~951E 02 a..6Z7lt 02 •• 7022( 02 

420.0 l.08J6E 02 9o9J76E 01 lolZlJE 02 1.25UE 02 1oJ018E 02 1o457lE 02 1o1Z04C 02 1. 7549E 02 loiJ~E 02 
440.0 1ol669E 02 1.0702£ 02 1oZlJJE 02 1.J460E 02 lo400JE 02 1•S666E 02 lo8414£ 02 1oi8SJE 02 1o971Jti 02 
460.0 1o25l9E OZ lo1482E 02 t.JOOtE 02 t.4428E 02 1.~00IE 02 1o618JE 02 1o'I7IIE 02 2o0l82E 02 2o1098E 02 
480.0 1.U86f 02 1.2nae 02 1oJ904E 02 lo5414E 02 1o60JIE 02 1o7920E 02 Zo111SE 02 2o15J4E 02 2.2son oz 
soo.o 1.4269E oz 1oJ088E 02 lo48l1E 02 1o64l1E 02 1.70lJE 02 1.90761: 02 2.24641: 02 2o2908E 02 2oJ9J8E 02 
520.0 1.5161E 02 1.J9UE 02 1o5144E 02 lo7U6E 02 t.UJlE 02 2.ozsoe o2 2. JIJJE 02 2.4JOJE 02 2.~:tt2e 02 
540.0 lo6079E 02 1o4149E 02 1o6685E 02 loKllE 02 lo9Z04E 02 2.14421' oz 2.s22ze 02 2oS718E 02 2.686S£ oz 
560.0 lol005E 02 lo5598E 02 t.l ... OE 02 lo9520E 02 2.o2ne 02 2o2650E 02 2o6629E 02 2. 7l5ZE 02 2.usa~; 02 
510.0 1.79441: 02 lo6460E 02 1o860JE 02 z.ose•e 02 2.U96E 02 2oJ81JE 02 Zoii0S4E 02 2oi60Jt 02 2o9810E 02 
600.0 1.8896E 02 1.1JJJE 02 1o9S81E 02 2.t66ZE 02 2.zsue oz 2o5lllE 02 2.9nu 02 Jo0071E 02 JolJ91E 02 

620.0 lo9859E 02 lo82l6E 02 2.onae 02 2.215JE 02 2oJ642E 02 2.uue 02 J.095ZE 02 J.U5SE 02 Jo294JE 02 
640.0 2.08JH 02 lo9UOE 02 2·""" 02 2oJISSE 02 2o471JE 02 2ol621E 02 :t.2424E 02 3olOS5f 02 ).4504£ 02 
660.0 2ol819E 02 2o0014E 02 2.zs9n oz 2o4969E 02 2o59J6f 02 2ol905~ 02 J.J909E 02 lo4561E 02 J.6079f 02 
610.0 2oZ8l5E 02 2o0928E 02 2oJ6l5E 02 2o6094E 02 2o 7l01E 02 :t.Ol95t 02 JoS409l 02 )o6095t 02 :t. 7669t 02 
700.0 2.Jazot 02 2.l850E 02 Zo4648E 02 2. 7Z29t. 02 2o8215E 02 Jol496E 02 :S.6920E 02 J. 76J5E oz ).9211E oz 
720.0 2.41S5E 02 ZoZlllE 02 2.S619E 02 2o8J14E 02 2o9460E 02 3.21071: 02 l.1444t 02 J.9181E 02 4o0886f. 02 
no.o 2.saste 02 2.n2oe 02 2o61J9E 02 2o9S29E 02 Jo06S4E 02 3o4l29E 02 Jo9979ti 02 4o0150t 02 4ol!>UE 02 
760.0 2o619ZE 02 2o466l£ 02 2.7791£ 02 Jo0692E 02 Jol851t 02 J.S460E 02 4.15251: 02 4oZJZSE 02 4o4151E 02 
780.0 2.1t:til: 02 2.5621£ 02 , .... JE 02 Joli64E 02 J.J069E 02 J.6101E 02 4ol011E 02 4.J910E 02 4.5800£ 02 
800.0 2.1teze 02 2o658JE OZ 2o99Jlt: 02 J.J044t: 02 J.4219E 02 lo8l50E 02 4.4 ... 1E 02 4o5S05t 02 4. 7460E 02 

azo.o J.OOJIE 02 2.75S1E 02 JolOliE 02 Jo4ZJZE 02 lo!>Sllf. 02 Jo9507E 02 4.622)£ 02 4o7109E 02 4.9128£ 02 
840.0 JollOZE 02 2.es26E 02 J.Z106E OZ Jo5428E 02 3o6154E 02 4o081JE oz ... 18011: 02 .... uu 02 5o0107E 02 
160.0 J.2l12E 02 2o'I501E 02 :t.J201E 02 :t.66JOE 02 J.IOOU: 02 4o2Z47E 02 4o9J99E 02 5.o:s•u 02 5.2496£ Ol 
880.0 ).J250f: 02 Jo0495t 02 Jo4JOlE 02 Jo7140E 02 Jo92S4E 02 4.3629£ 01 SolOOOt 02 5.19l4E 02 5.4 I9ZE Ol 
900.0 J.4JJ4E 02 Jol488E 02 JoS408E 02 J.90SSE 02 4o0Sl4ti 02 4oSOl6~ 02 5.260lt: 02 5.J61U 02 S.589h 02 
920.0 :t.S424E oz Jo2416E 02 Jo652lf 02 4o0218f 02 4ol1UE 02 4o64l1E 02 5.4222£ 02 s.U~SE 02 5. 7608f. 02 
940.0 :t.6S19E 02 :t.M90f: 02 Jo lUtE 02 4.l506E 02 4.JOUE oz 4. fill£ 02 5.5144t 02 So 690ft 02 s.t:tZ7E 02 
960.0 J.762lE 02 J.4500E OZ :t.876JE 02 4.21J9E 02 4.4J31E 02 4o921U oz 5of47ZI: 02 5.8~651: 02 6ol0!>Jt 02 
teo.o J.8128E 02 J.SSUE 02 Jo989lt: 02 4.J918E 02 4o~61SE 02 5.0629t 02 5.9101£ 02 6.0229E 02 6o2785E 02 

aooo.o Jo9140f 02 J.653ZE 02 4ol024E 02 4oSZZU oz 4o6904E 02 5.2046E 02 6o0749E 02 6ol899E 02 6o452JE 02 

uoo.o 5.U07E 02 4.69JIE 02 s.2nn 02 5.7907£ oz 6.00JSE 02 6.6466E 02 7.7440[ 02 7.1166( oz a.21ne oz 
uoo.o 6o291H 02 5.7 ... 8E 02 6o4447E 02 7.0916E 02 7ol49IE 02 8olZI41: 02 9o4482E 02 9.C>l67E 02 lo0020E OJ 
1600.0 , ...... 02 6.1S6JE 02 7o65l2E 02 8o4U5E 02 e. 71S7E 02 9o6l64f 02 1o1l1Jt OJ t.U61E OJ 1ol841E 0) 
2000.0 9o9181E 02 9o0758E 02 1.0098E OJ 1.1092£ OJ 1o1412E OJ lo26J6E OJ 1.4649E OJ 1.49011: OJ &.~SlOE 0) 
2400.0 1oUIZt OJ 1.U20E OJ 1o2564E OJ 1oJ189£ OJ 1o426SE OJ lo5668E OJ t.&UOE O:t lo84JlE OJ lo9l19E 0) 
2800.0 t.41sae oJ lo:t57ZE OJ 1oSOJ4E OJ 1o6481E o:s 1.70411: OJ loi691E OJ 2.15961: OJ 2.1940£ OJ 2o2IJOC OJ 
noo.o lolJJ6E OJ 1o582JE OJ •• 7491E OJ 1o9l16E OJ 1.'1820E OJ 2ol699E OJ 2.SOJIE 03 2.~uu OJ 2.645ZE OJ 
)600.0 1o98llE OJ 1o8069E OJ 1·"'lt OJ 2.l8SZE OJ 2.2n11: OJ 2o4616E OJ 2.145Zt OJ z.eene 0) J.U042E OJ 
4000.0 2.22101: oJ 2oOJOU OJ z.n9u oJ 2.4514E 03 2.~Jl1E OJ 2o7UlE OJ Jo1U7E OJ loZZIIE OJ loJ!>9n OJ 
5000.0 2o84l6E OJ 2.~860E OJ 2.KJ4E OJ Jo1095E OJ :S.209ZE OJ lo4961t OJ 4oOUZE OJ 4o0691E OJ 4o2JS21: OJ 
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uo 

PaGTON RAM'Et 5/CMJ 

ENER&Y H ME Nl A ICR xe AIR CAAB.OIOXIOE METHAifE 
MEY I• 11.1 ,. 4J.O I•U1.0 1•uo.o I•Jit.o 1•555.0 I• 16.1 I• 15.9 I• 44o1 

2.0 J.lll5E-GJ 6e9490E-GJ 1.0UBE-GJ 1eM5lE-G2 1.11ME-02 J.JiltE-oJ a.UUE-OJ 1.6104E-GJ s .... IE-Gl 
4.0 1.oos~-oJ 2eJOME-G2 J.1614E-G2 4o0959£-G2 5e4UU-G2 6.nue-o2 J.nou-oJ Jo75741i-GJ 1oi6UE-G2 
6.0 J.09UE-OJ 4e7J01E•02 •• ,..u-oJ 1.095u:-o2 1e05ZOE-G1 1.2nn-o1 5e6l9SE-OJ 5.5941t-G2 Jo14471i-OZ 
1.0 J.SUlE-02 le0059E-G2 1.0566£-01 1.unE-o1 1.70IIE-G1 2o0JOIE-01 9o•UJ5E-OJ 9.J1J4E-G2 6o4111E•OZ 

1o.o 5.n•JE-OJ 1oJ052E-G1 1.56UE-G1 1e955U-G1 J.41l0E-G1 2.9455E-01 1o40UE-01 1eJ96JE-01 9e74UE-02 
14.0 9.1125£-GJ Je2298E•01 J.une-o1 Je4912E-01 4el421E-01 Se1299E-01 2o5607E-01 2.sson-o1 1oiOUE-01 
11.0 1e5104E-G1 Je5216E-G1 4o4140E-01 s.4097E-G1 6o6526E-G1 7ei14JE-01 4o0201E-01 4eOOUE-G1 2ei490E-01 
zz.o J.2nOE-o1 5.01911:-01 6oi065E-01 7.686JE-G1 9ol714E-G1 1o0966E 00 5.76111:-01 5.741JE-G1 4o1011E-G1 
26.0 Je0920E-G1 6o9044E-G1 lo49J6E-01 1o0309E 00 1eZS01E 00 1o4560E 00 7.1941E-o1 7o76UE-G1 Sot126E-01 
Jo.o 4o024lE-G1 1.964JE-G1 1e0965E 00 1oJZ65E 00 1e6005E 00 1oi519E 00 1oOOIIE 00 1e005U 00 1oU44E-01 

)4.0 5.066lE•01 1eU6H 00 1.J114E 00 1e6544E 00 1.9111E 00 2eJOOSE 00 1o2MU 00 1.2591E 00 9oONSE-o1 
n.o 6.U5JE-G1 1oi194E 00 le61JOE 00 2.oun 00 2o4UOE 00 2.1121f: 00 1.5449E 00 1.5)~ 00 1o1UOE 00 
4J.o 1 .469JE-G1 1o65SlE 00 J.ooo9E oo 2e40J1E 00 2oi619E 00 3oJOUE 00 1ol504t: 00 1o144lE 00 1oUS4E 00 
46.0 I.U51E-01 lo95JlE 00 2oi54JE 00 2ei2J4E 00 JoJ6011: 00 J.Hu.: 00 2e1199E 00 2ol1ZIE 00 lo5157E 00 
so.o 1.oua oo 2.21Jn oo 2.nJ1E oo J.UZJE 00 3oii51E 00 4o4556E 00 JoSJJlE 00 2.524n oo 1oi335E 00 
60.0 lo4350E 00 J.lUIE 00 3.114JE 00 4e5l19E 00 5eU19E 00 6o0950E 00 3.Sl60E 00 Jo5045t 00 2o5S2lE 00 
10.0 lo9004E 00 4:liUE 00 4e9110E 00 5.9)251: 00 6o9IUE 00 7o9446E DO 4e6M1E 00 4o6ZUE 00 J.J125E 00 
1o.o Je4UIE DO 5.Jl96E 00 6oJl6DE 00 7e5060E 00 1•10111: DO 9e99JIE 00 Soii1U: 00 S.I614E 00 4e2902E 00 
90.0 Jo996tE 00 6.51J6E 00 1.71UE 00 9.U1JE 00 1o0106E 01 1o2UJE 01 7.16UE 00 1.2405E 00 S.JOUE 00 

100.0 J.•n~ oo 1e9JI5E 00 9o3110E DO 1.Ul4E 01 1o291ZE 01 1.4655E 01 le1595E 00 lo 112)1; 00 6o4015E 00 

uo.o 4eJOOOE 00 9o4101E 00 1e109ZE 01 1eJlJ1E 01 1o5291E 01 1e1U1E 01 1.onu 01 1oOU9E 01 1.une 00 
uo.o 5.024lE DO 1e0914E 01 1.29ZSE 01 1e5215E 01 1.7174E 01 2.00UE 01 1e209JE 01 1.20~ 01 loi566E 00 
uo.o 5.194JE 00 1.2651E 01 1e4169E 01 1e1561E 01 2.0)99E 01 2.29J1E 01 1eJ92U 01 1e3BIOE 01 1.0205E 01 
l40o0 6e6019E DO 1e4426E Dl 1e692U 01 1o9971E 01 2eJlME 01 2o6015E 01 1e5854E 01 1e5106E 01 1o1UOE 01 
150.0 1o4664E 00 1.62~ 01 1o9010E 01 2o2501E 01 2o60~ 01 2o9241E 01 1e7115E 01 1e11JlE 01 1oiUOE 01 
160.0 I.MSJE 00 1e1USE 01 2.une o1 2.t1SSE 01 2.9099£ 01 Jo26l1E 01 2eOOUE 01 1.9952E 01 1o4101E 01 
no.o 9.J04JE 00 2.0210E Dl 2.J69JE 01 2.1914E 01 3oZ2SIE 01 J.6UBE 01 2.2UlE 01 2o2l6tli 01 1o6J41E 01 
110.0 1.0212£ 01 2.uaae 01 2o6l42E 01 J.0112E 01 JeU39E 01 Je9159E 01 2e4539E 01 2o4466E 01 lo1041E 01 
190.0 1.U91E 01 2e4587E 01 2.1612E 01 J.USSE 01 Jei9JIE 01 4ei529E Dl 2..69J4E 01 2.6154E 01 1e91l9E 01 
200.0 1o214tE 01 2.616ZE Dl loU09E 01 Je61JOE 01 4.24SlE 01 4o142ZE 01 2o94UE 01 2o9325E 01 2.165JE Ol 

zzo.o &.usn 01 Jo16J1E 01 3e6116E 01 4oJ27lE 01 4.9IOJE 01 Se55ME 01 Jo4608E 01 Jo4501E 01 2.ssooe 01 
240.0 1o6196E 01 lo669SE 01 4o264ZE 01 s.ool9E 01 S.7561E 01 6o4l56E 01 4.01011: 01 , ..... 01 2o9515E 01 
160.0 1e9J60E 01 4o2Dl1E 01 4ol166f 01 5.7U2E 01 •• nne ot 1.Jl61E 01 4o5191E 01 4o5151E 01 JoiiME 01 
uo.o J.1941E 01 4.1519£ 01 s.snoE 01 6o4709E 01 7.4U9E 01 lo2572E 01 S.194ZE 01 s.l192f: 01 3oiJUE 01 
JOO.O 2.463JE 01 s.n96E 01 6.11J9E 01 1e2491E 01 le3DBOE 01 9o2146E 01 5ei244E 01 s.aone 01 4.JOJZE 01 
JZo.o 2o142U 01 5o94UE 01 6.1156E 01 leDSS9E Ol •• usn 01 1e0241E 02 6o4715E 01 6e4599E Dl 4o7819E 01 
)40.0 JoOJIIE 01 6.566JE 01 1o5901E 01 1.119n 01 1.0112E 02 1eU92E 02 1o1541E 01 7.1J44E 01 5oi914E 01 
MO.O J.UOtE 01 7o2099E 01 lellllE 01 9o7419E 01 t.U41E 02 1o2M1E 02 1.15UE 01 7eUOOE 01 s.a099E 01 
uo.o Je6JI4E 01 7.8121E 01 9e016U 01 1e0632E 02 1e2l50E 02 1el472E 02 lo5691E 01 le5455E 01 6oJ4J4E 01 
400.0 3.9542E 01 leSSZlE 01 9ei641E 01 1.l5JBE 02 le3l11E 02 1e4604E 02 9.1061£ 01 9e2191E 01 6oi9UE 01 

420.0 4.21ltE 01 9.2481E 01 le0661E 02 1.2~ 02 1o4229E 02 1o5161E 02 1o0060E 02 1.00J2E OJ 1.45ZJE 01 
440.0 4o6091E 01 9o96lJE 01 1o1415E 02 1.MUE 02 1.5JOJE 02 1o694JE 02 1eOIJlE 02 1.0101E 02 lo026JE 01 
460.0 4.9474£ 01 1.0619E 02 1oJI06E OJ 1e4JIOE 02 1.6J91E 02 loi149E 02 1el61IE 02 1ol516E OJ lo6l241 01 
uo.o S.Z924E 01 t.14JlE 02 1eJ15JE OJ 1.5J65E 02 1o15UE 02 1o9J15E 02 1.24UE 02 1e2JIH 02 9o2099f 01 
soo.o 5.64JIE 01 1e2li6E 02 1.4014E 02 1e6J61E 02 1ei641E 02 2o062JE 02 1oJU7E 02 leJ200E OJ 9oi114E 01 
szo.o •·oo•JE 01 1.29ME 02 1e4190E 02 le1JI6E 02 1e9199E 02 2o1119E 02 1o4061E 02 1e4021E 02 1e04J1E oz 
540.0 6.1646E 01 1.J1JSE 02 1.neoe oJ 1ei420E 02 2o0969E 02 2.3115£ 02 1o49UE 02 1.4169E 02 1o1066E oz 
560.0 6efJJ4f 01 1o4527E 02 1e6612E 02 1e946IE 02 2eU54E 02 2e4417E 02 lo5761£ 02 1o5122E 02 1o1104£ 02 
sao.o 1e101SE 01 1e5JJOE 02 1.B911 02 2.05JlE 02 2.JJS5E 02 2o5197E 02 1.66J4E 02 1e6511E 02 1e2351E 02 
600.0 7.416SE 01 1.61441: 02 1.152JE 02 2ol601E 02 2.4510E 02 2.nue 02 1e75UE 02 1o746H 02 1.100~ 02 

620.0 1ei10JE 01 1o6961E OJ 1o9460E 02 Je269SE 02 2.SIOOE 02 2ol41lE 02 lol40lE 02 1eiUOE 02 1.J669E 02 
MOeO lo2517E 01 1.7101E 02 2e040H 02 2e3l9SE 02 2.7042E 02 2o9145E 02 1o9JOOE 02 1.9141E 02 1.4140£ 02 
660.0 1.651H 01 1ei64H 02 Jo116SE 02 2o4901E 02 2oiZ91E 02 J.UZZE 02 2.0209£ 02 Z.Ol5JE 02 1o5019E 02 
610.0 9o04UE 01 1.9494E 02 2.2JJ2E 02 2.60JOE 02 2.9564£ 02 J.26UE 02 2.1U1E 02 2e1061E 02 1e5104E 02 
100.0 9o44IIE 01 2.oJJJE 02 2.JJOIE 02 2.116ZE 02 3.0142E 02 3.4015£ 02 2.2osn 02 2ol992E 02 1e6J96E 02 
720.0 9.15JJE 01 2eU201 02 2.429JE 02 2oii05E 02 J.U30E 02 J.5421E 02 2oZ9NE 02 2oZ925E 02 1.7095£ 02 
740.0 t.0261E OJ 2.2oHE 02 2.5216E 02 2e9451E 02 3.J429E 02 3.61SZE 02 Zo39JlE 02 2.JI65E 02 1.1199£ 02 
160.0 1.067JI 02 2.2911E 02 Je6217E 02 J.0618E 02 3.4D1E 02 J.I211E 02 2o4lllE 02 2o4llJE 02 1oi509E 02 
110.0 le1011E 02 2.JI65E OJ 2e119SE OJ Jel111E 02 J.6055E 02 J.97JZE 02 2o51liE 02 2.5161£ 02 1e9U5E 02 
IDO.o 1.15~ 02 2.416lE 02 2eUlOE 02 Je2964E 02 J.1JilE 02 4elll6£ 02 2e610JE 02 2e6729E 02 1e9946E 02 

uo.o 1e192~ OJ 2e5662E 02 2o9JJZE 02 Je4149E 02 Jel1l6E 02 4e2MIE 02 2.nne 02 2.7698E 02 2e061lE oz 
140.0 1e2JSOE 02 2.6510£ 02 JeOJ61E 02 JeSJ41E 02 4.0059E 02 4.41201: 02 2oi150E 02 2oi672E 02 2.1402£ 02 
160o0 1.2nn OJ 2.141JE 02 le1J9SE 02 J.6540E 02 4e1409E 02 4o5599E 02 2.tnu 02 2o965ZE 02 2oUJIE oz 
a1o.o 1eJI06E 02 2o1401E OJ 3e24J6£ 02 3e1746E 02 4.Z766E 02 •• 7086[ 02 J.0122E 02 J.06J9E 02 2.2ane 02 
900.0 1.J6J1E OJ 2.9JZSE 02 3.MaZE 02 J.I951E 02 4.4lJlE 02 4oi510E 02 lol1l6E 02 J.l630E 02 2.MUE OZ 
920.0 le401lE 02 3o0254E 02 Je45JJE 02 4.0116E 02 4.5501£ 02 s.0011E 02 JoZ7l6E 02 3e26Z7E 02 2.4M9E 02 
940.0 1e4tOIE OJ Jolli1E 02 Jo5590E 02 4el400E 02 4.6111£ 02 5ol5IIE 02 J.JUOE 02 J.J629E 02 2.5121£ 02 
960.0 1e4946E 02 Je2U5E 02 3.665lE 02 4e2619£ 02 4.1261£ 02 5.no2e 02 ).4129£ 02 J.46JSE 02 2.5116E oz 
.. o.o 1eSJI1E 02 3.J0611: 02 J.nne o2 4eJI64E 02 4.9649E 02 5.4622£ 02 J.574JE 02 ).5646£ 02 2ofo6JSE 02 

1000.0 l•SIJOE OJ 3o4015E 02 J.I111E 02 4.5lOJE 02 5o104JE 02 5.61411:: 02 Jo6761E 02 3o666lE 02 2. 1J91E 02 

uoo.o 2oOJ50E 02 4ei615E 02 4e9698E 02 s.nnE 02 6.SU4E 02 7.16571: oz 4e1140E 02 4o 7014E 02 Jo5l76E oz 
1400.0 2eSOOOE 02 S.U91E 02 6.0aiOE o2 7o0652E 02 7.9122E 02 1.74941: 02 s. 1711£ 02 5.76UE 02 4oJl65E 02 
1600.0 2e91JSE 02 6eJI90E 02 7e2U2E 02 le3161E 02 9.4406E 02 l.OJS2E OJ 6.1604£ 02 6oi422E 02 5.1290£ oz 
2000o0 lo9141E 02 •·•use 02 9e5l9JE 02 1o10Z5E 03 l.2402E 03 1oJSilE 0) 9.0S04E 02 9.0267£ 02 6o176JE oz 
2400.0 4o904U 02 lo0471E OJ 1oli26E OJ leMIZE 03 t.U61E 03 1o6109E 03 1oU5JE 03 loU24E OJ 1.4JS5E 02 
2aoo.o 5ol16lE 02 t.UJIE OJ 1o4UIE OJ 1o6JJOE 03 l.U20E 03 2.0019£ OJ 1.J452E 03 1.1411£ 0) 1o0095E OJ 
1200.0 6ei451E 02 le459JE OJ t.Ml1E OJ 1oi96JE 03 z.U49E OJ 2.3202£ 03 lo5641E OJ loS601E 03 1.11411: 0) 
Moo.o 1oi091E 0~ 1.66JSE OJ 1ei619E OJ 2.1512£ 0) 2.4151£ OJ 2o63S2E g:t lo1ll6E OJ a. nne 01 1.J39ZE OJ 
4000.0 1.7690E 02 1oi665E OJ 2.0944E OJ 2e4l60E OJ 2.7025£ 0) 2.9470£ J 1.9915£ OJ 1.9924£ 03 1.5025£ OJ 
5000.0 1ell41E OJ 2eM17E OJ 2o6499E OJ JoOUOE OJ 3.4090E 03 J.nne oJ 2oU91E OJ 2.52UE OJ le9051E OJ 
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PaGfOM RAN5E, S/CQ 

INERSY WAfER AG-CL AG-IR NA-1 Ll-1 POL YETHYUIIE STILIENE LUCilE ANfHUCENE 
IIIV •• 65.1 I•JI4.5 .... ,...1 1•4n.o 1•472oS .. ,.. .. •• 65.2 •• 6So6 •• 61.0 

z.o lolJ04f-OJ 1.enn-oz 1o9IOIE-C12 z.oun-o2 ZoUME-OZ 6oS61SE•OJ 1.4M9E-OJ f.J,....E-GJ 7oSl26E-OJ 
... o z.JMze-oz lo2S66E-02 s ..... SE-02 Soli69E-OZ •• 1nn-oz 2.Hset-o2 2o40ZU•OZ z • .nsu-oz 2.""2tE-o2 
6.0 4o70SJE-02 1oOIS1E-01 a.Oitlf-01 loll21f-Ol a.U51E-oa 4.J910£-0Z 4o90S6E-02 4oiSOJE-oz 4o91ME-02 
e.o 7o906SE-02 lo6494E-Oa 1.16UE-01 a.eoose-ot t.etr..e-oa fo400lf-02 e.2uoe-o2 loa496E-CI2 I.JlSOE-02 

ao.o a.aiJZE-Oa z.nuE-o1 2.MaiE-Oa Zo591U-CI1 2o7JJ9E-01 1.uo5e-o1 1.znee-o1 loll96E-01 a.25JOE-oa 
14.0 z.1nn-o1 4.19JJE-01 4o45ZZE-01 4o5559E-Oa 4.7U6E-Ol z.o46n-oa 2o2665E-01 2.240ZE-CI1 2.JOOee-o1 
1e.o Jo4241E-Oa •• unE-o1 6oi070E-oa 6.9121£-0a lo.llOOE•01 J.UOSE-Oa Jo5ll4E-Gl J.U97E-01 Jo6Z4ZE-Ol 
22.0 4o9l51E-Oa t.oulf-01 t.SIOSE-Oa 9olli9E-Ot a.OZIJt 00 4o652Jt-Oa 5oU64E-Oa 5o0l6ZE-Ot 5.zaue-o1 
26.0 6o667ZE-Oa a.201ZE 00 a.Zl5JE 00 loJ075E 00 1.J611E 00 6.Joue-o1 6.9520£-01 6oi10SE-oa 7.osue-oa 
JO.O lo6415E-Ol a.5470E 00 aoU09E 00 lo6124E 00 a. 7411E oo 1.1751£-01 9oOa04E-Oa lo9045E-Cil 9oU9aE-oa 

J4.0 a.OIUIE 00 a.92UE 00 2oOU6E 00 2.onu 00 2ol610E 00 a.0264£ 00 aoU04E 00 t.une oo loa465E 00 
JloO loUUE 00 2·tJ01E oo Zo4521E 00 2.5149E 00 2o6ZS6E 00 1.2562E 00 t.JIZIE 00 1oJ665f 00 1o40UE 00 
42.0 lo5191f 00 2.nue oo 2o9155E 00 2oft01E 00 J.UOOE 00 a.5064E 00 1o6575E 00 1o6JIOE 00 1o6IOIE 00 
46.0 a.nue oo Jo2415E 00 J.4U9E 00 J.5001E 00 Jo650JE 00 1o1761E 00 1o9M1E 00 a.tJUIE 00 a.91l4E 00 
so.o 2.uue oo J.7M4E 00 J.MUE 00 4o04J9t 00 4oZlJ6E 00 2.o666E oo 2.nne oo 2o245JE 00 2.JoJn oo 
60.0 J.02191E 00 5oU64E 00 5.4091£ 00 5o5466f 00 S.l76SE 00 2.11ue oo :t.une oo JoU04E 00 J.20Ut 00 
70.0 Jo991IE 00 6.l421f 00 7.06111 00 ?.2451£ 00 ?.5)95[ 00 J. 79511: 00 4ol617E 00 4olli5E 00 4ol249E 00 
ao.o 5.oaon oo a.s04JE oo 1.9078£ 00 9oU97E 00 9o4946E 00 "4oi260E 00 5o29661E 00 5o2MOE 00 SoJ611E 00 
90.0 •• nue oo a.oun 01 1o09UE Ol loll9ZE 01 a.l6UE 01 5.960SE 00 6o5J92E 00 6o4619E 00 6.6210E 00 

1oo.o 7oS694E 00 l.ZSZZE 01 a. JlOZIE 01 1oi"24E 01 1.J946E 01 7o1950E 00 loi901E 00 lo791SE 00 fo99151E 00 

uo.o lo9666E 00 ao4764E 01 1o544U 01 1oSI11E 01 1o64ZIE oa loSU4E 00 9.J47ZIE 00 9oZJ66E 00 9o41JZE 00 
uo.o 1o0460E IN 1olUJIE Oa a. nne 01 1.1)69£ OP 1.9010£ Ol 9.941ZE 00 1o0904E 01 1.onu 01 1.1051E 01 
uo.o 1.Z0471E 01 1.961U 01 2.osne 01 2.1069£ 01 Zo1161f 01 1.1460E 01 1.ZSS9E 01 lo2410E 01 1.nne ot 
140.0 1.J124E 01 2.nste 01 z.:siste 01 2oJ914E 01 2.4UZE 01 1.JOSlE 01 1o4J06E 01 1o4UJE 01 ....... lE 01 
1:oO.O 1.5411£ 01 z.saue oa Zo6Z6l£ 01 Zo6191E oa 2o1901E Ol lo41JIE Ol 1o6l44E 01 1o595JE 01 1o6JS9E 01 
160.0 a.1nu 01 2o10l2E 01 2.9Jl4E 01 JoOOlSE 01 J.U21E 01 1o649IE 01 1oi069E 01 1oll55f 01 1.1J09E 01 
no.o 1o9l61[ 01 )oll11E Oa J.zun 01 JoJZ6ZE 01 Jo4411E 01 1.uue 01 2.00liE oa 1o9MOE 01 Z.OM5E 01 
1110.0 2.U66E 01 J.421lE 01 J.S112E 01 Jo6UlE 01 3o1916t 01 2.0241E 01 Zo2l61E 01 2.1905£ ~1 Z.2462E 01 
190.0 2.JM1E 01 J.1551E 01 Jo91951E 01 4oOU4E 01 4o1519£ 01 2oUJOE 01 2.4JJ1E 01 2o4041E 01 2.,..ste 01 
200.0 Z.SSOOE 01 4o094H 01 •.nne 01 4.JUZE 01 4.nue ot 2o4li4E 01 2o651ZE 01 2o6266E 01 2.69UE 01 

220o0 J.oone ot 4.10JOE 01 s.0099E 01 5.UIOE 01 5oJlZIE 01 2oi59ZE 01 3oU90E 01 ).0911£ 01 Jo1l0Jf 01 
240.0 Jo4199E 01 ~.ssue 01 So7119E 01 5o9241E 01 6o1J6lE 01 J.JlSJE 01 Jo6Zl4E 01 J.5MJE 01 Jo6fSZE 01 
Z60o0 J.91291E 01 6oU61E 01 6.606JE 01 6ol609E 01 l.001Jf 01 Jo195ZE 01 4olSU£ 01 4o1024E 01 4o206JE 01 
zeo.o 4o5094E 01 7.l569E 01 1.4599£ 01 1o6MOE 01 l.90JIE 01 4oZ9lSE 01 4ol006E 01 4o6446f 01 4.76;22£ 01 
JOOoO s.os79E 01 lo0099E 01 lo:Ml4E 01 e.nne 01 e.I4UE 01 4.1210E 01 s.nue 01 5.2otse 01 SoJ4UE 01 
JZO.O s.une 01 1.19)1£ 01 t.2661E 01 9o4119E Oa 9oll44E 01 s.J64JE oa 5oi651E 01 S.19SIE 01 So942JE 01 
140.0 6.2160£ 01 9.1064£ 01 1o0216E 02 1.04SJE 02 1.0iliE 02 5.926JE 01 6o4195E 01 •·•one- 01 6.S6J9E 01 
560.0 6.ezne oa 1o0746E 02 1oll94E OZ 1o14SJE 02 1oli51E 02 6.5061E 01 l.U2SE 01 l.0211E 01 1o20SlE 01 
J80o0 Jo441lE 01 1ol1llf 02 1o2191E 02 1.2410£ 02 1.29UE 02 7.10Z7E 01 1o16JU 01 lo61UE 01 7oi641E 01 
400.0 e.oent 01 1.nou 02 1oJZZ1E 02 1oJS3ZE 02 1o4000£ 02 JollS1E 01 loUZJE 01 e.UliE 01 loMl9E 01 

420.0 lol46SE 01 &.3115E 02 1o4ZIOE 02 1o4609E 02 1o!HUE 02 loJ424E 01 9o111ZE 01 9o0015E 01 9.2J5tE 01 
440.0 9.41UE 01 1.41SOE 02 1.SJ56E 02 1.S109t 02 1o6241E oz 1.9MOE 01 9.1115£ 01 9.7004E 01 •·•""n 01 4410.0 1o0104E 02 I.SIOSE 02 1.6452E 02 1o6131E 02 a.1406E 02 9,6J91E 01 1.onu 02 1o0407t 02 1.0669E 02 
410.0 1.010JE 02 1o61l9E 02 1ol569E 02 1ol91JE 02 1.1516E 02 1.oJo1t 02 1olZ61E 02 1o1U1E 02 1ol401E 02 
soo.o 1ol515E OZ a.f912E OZ a.nose 02 1.9U4E 02 lo911SE 02 a.0911t 02 a.2oou 02 1.1160[ 02 1ol1SIE OZ 
520.0 1o22J91E OZ a.90IZE 02 1o9151E OZ 2oOUJE 02 2o100JE 02 1o1611E 02 1o2l51E 02 1.2605[ 02 1o2922E 02 
540.0 1o29lSE 02 2.0201E 02 2oi029E OZ 2.1510E 02 2oZZJ9E 02 1.2Jil< 02 1oJSZ4E 02 1.nue 02 1.J691E 02 
561).0 1oJJllE OZ 2.US1E 02 2.2216£ 02 2o2124E 02 2.J492E oz 1o3093E 02 1o4JOU 02 1o4UlE 02 1 ..... 86E 02 
510.0 1o4418E 02 2.2S01E 02 2ol419E 02 2.39!>)[ 02 2.4761E 02 1.3816E 02 1.S090E 02 1o49l~ oz 1oSZI4E 02 
600.0 1.sz .... e 02 2ol611E 02 Z.46JIE 02 2.n•n 02 2o6046E 02 a.uue 02 1.5119£ 02 1.56991E 02 1o609JE OZ 

620.0 1.60201: 02 2o41UE oz 2.5170£ 02 2.6USE 02 2.u .... e 02 1o5ZI9E 02 1o(o69JE 02 lo6491E 02 1o69UE 02 
640.0 lo610SE 02 2o6059E 02 2.1ll5E 02 2.n26E 02 2.16S1E 02 1o6040t 02 1o1SUE 02 1.uose 02 1. 1740E 02 
61.0.0 1.1591C 02 z. JZ61E 02 2.unt 02 2.9010(. 02 2o9912E 02 1.6J99E 02 1oiiJUE 02 1.auu 02 1.15UE OZ 
680.0 1.U991E 02 2.1419E 02 2o9641E 02 l.OJ06E 02 3.U20E 02 1olS65£ 02 1o9l11E 02 1oi948E 02 lo942JE 02 
700.0 1o9208E oz Z.9UOE 02 J.0921E 02 J.16UE 02 3.2669E 02 1oiMOE 02 2.ooue oz 1o9116E 02 2oOlliE 02 
720.0 2.oozse 02 J.096lE 02 J.ZZUE 02 )o29Jlt 02 3o4029E 02 1o9U2E 02 2oOIJ4E 02 2o06)1E 02 2oll40t: 02 
740.0 2o01UE 02 3.22UE 02 J.JSUE 02 3.4260t: 02 J.S400E 02 a.9911E oz 2o17UE 02 2.141111 02 2.2o1oe 02 
760.0 2ol619E 02 J.t41JE 02 J.UZIE 02 Jo5S91E 02 J.6112E 02 2.0l06E 02 2o2600E. 02 2o2MJI: 02 2olii8E 02 
110.0 2.2stst 02 J.4nze 02 Jo6U9E 02 lo6946E oz J.une 02 2ol509E 02 2.347411 02 2oJ209E 02 2.nue 02 
eoo.o Z.JJSIE 02 J.6020E 02 lo1461t 02 JoUOJE 02 J.UUE 02 2.2nn 02 2o4554E 02 2.408U 02 2.466JE 02 

120.0 2.420lE 02 l.lJOS£ 02 J.IIOU 02 3o9661E 02 4o0910E 02 z.nue 02 2.szut o2 2o496U 02 2.~S61E 02 
140.0 2o506ZE 02 3oiS99E 02 4o0l45E 02 4.1041E oz 4.2)9lE 02 2o39UE 02 2o6UJE 02 2.5M1E 02 2.6465£ 02 
860.0 2.S922E 02 3.9199£ 02 4.1496£ 02 4o24ZIE 02 4oli2ZE 02 2.4717E 02 2o703ZE 02 2o61JIE 02 2.1JJ4E oz 
110.0 2.une 02 4olZOJE 02 4.215JE 02 4oJI09E 02 4.SZSlE 02 2.s6oee 02 2ol9J6E 02 2.7U4E 02 2o8Z90E 02 
900.0 2. J6SIE 02 4.ZS21E 02 4.4211E 02 4oS104E 02 4o669ZE 02 2.644JE 02 2oiiM6t 02 2.1SJ6E 02 2.921011 02 
920.0 2.esue 02 4.JI4U 02 4.SSI9E 02 4o660SE 02 4.8131£ 02 2.1214E 02 2o9160E 02 2.t""JE 02 JoOU6E 02 
940.0 2.94UE 02 4oS161E 02 4o6965E 02 4oi01U 02 4o9590E 02 2.1U9E 02 )o0610E 02 J.OJ55E 02 Jol067E 02 
960.0 J.0297E 02 4.6sooe 02 4oU411! 02 4o9426E 02 S.l049E 02 2.enee 02 Jo1604E 02 J.UUE 02 J.200JE 02 
910.0 Jo11ISE 02 4.JIJJE 02 4.91J6E 02 So0146E oz 5.Z51JE 02 2o9132E 02 J.Z5UE 02 J.Zl9JE 02 Jo294JE Ol 

1000.0 J.2onE 02 4.9UOE 02 5.1uoe 02 s.zzroe 02 s.J91ZE 02 Jo0690t 02 3oJ466E 02 J.JlliE oz JoliiiE 02 

a2oo.o 4olli5C oz 6.ZIJ9E oz 6oSJOlE 02 6.6J6Zf 02 6o8929E 02 J.9461E 02 4oJ001£ 02 4.257)£ 02 4olMZE 02 
1400.0 s.ossoe 02 fo610JE 02 1.9101E 02 1.1S7lt 02 lo4205E 02 4ol499t oz So2120E OZ So230IE 02 5oJUJE 02 
16\JO.o 6.0019(. 02 9.09SOE 02 9 ..... 1SE 02 9o6S6SE 02 9.9616f 02 s.n2oc 02 6olllU 02 6.uue 02 6oJ6ZOE 02 
2000.0 fo9419E 02 1ol9SZE OJ 1.24UE OJ lo2612E 03 1o1095t OJ Jo6499~ 02 loJZO)( 02 lo2424E 02 1.4246£ oz 
2400.0 9o9010E 02 1o41ll£ OJ lo5J86E 0) 1.S111E OJ 1.623)£ 0) 9.5Sl5E 02 lo0li1E OJ a.0215E OJ a.osue OJ 
.2100.0 1.111SE 0) lo J676E OJ 1.u5u oJ 1.1142£ OJ 1o9J6lt 03 1.1462( OJ 1o24SlE OJ 1o2U6t OJ lo2601E OJ 
:J200o0 1oJM)t: OJ 2o0Sl9E OJ 2.129tE n 2.U4'1E OJ 2.241)E OJ 1oU1SE OJ &.4SUE OJ 1oUI1E OJ 1o4104E OJ 
:16110.0 1.5806£ OJ 2.U44E U 2.4226£ OJ 2o4USE OJ z.SS62t OJ 1.szne OJ 1o6SIIE OJ 1o6434E 03 1.6196£ 0) 
.. ooo.o lo716JE 0) 2o6147e OJ 2.7U2E OJ 2.1691[ OJ 2.1621E 03 1o1liiE OJ 1oi641E OJ 1oi414E OJ a.IIIZE OJ 
sooo.o 2o262lE OJ 3.J061E 03 Jo4299E OJ lo5000E OJ Jo6li6E OJ Zol911f OJ 2.nue oJ 2.Jnte n 2o4060E Ol 
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KAON STOPPINC PONERt MEY•CMZ/5 

ENfR&Y 8E e AL FE eu A& AU PI u 
MY I• 60.0 I• 1'1.0 1•161.0 I•Zl'J.O I•Jl~.o 1•~87.0 1•791'.0 1•126.0 1•921.0 

2.0 ·-~·!IE 01 9oOOUE 01 l'oU24E 01 t.M~E 01 t.UI6E 01 ~.429)£ 01 JolltOE 01 J.2~10E Ol JoOUIE Ol 
~.o ~.lZMI 01 s.ozan 01 ~.OlliE 01 l.~ttE 01 J.ZOllE 01 2.6116£ Ol Zo10tl£ 01 2.onu 01 1.93111 01 
6.0 J.~llZE 01 J.661ll 01 J.ot6ll 01 2.626~£ 01 2o4111'E 01 2.09~2" 01 loUS2t 01 l.t9UE 01 •• ~9121 01 
a.o 2.699JE 01 2o909ZE 01 z.~uE 01 2oll69E 01 2.oone o1 l.lOJOE 01 loJZ9ZE 01 lo29J~E Ol loZ06lE 01 

lOoO 2.2~•• 01 2.~Z89E Ol 2.o".e 01 lo1'11'6E 01 lo696JE 01 l.~llE Ol l.Ut6E 01 l.lOtlE 01 l.OlOlE Ol 
•~.o lol096E 01 loM96E 01 lotll6E 01 l.liZtE 01 loJlt!lE 01 l.UJZt: 01 lo9929E 00 a.ntn oo lol90JE 00 
18.0 l.ltJ6E 01 lo!l099E 01 l.ZMIE 01 l.l~lE 01 lo0168E 01 9o4ZZ6t 00 l.~t91E 00 l.Jll~ 00 6.91l4E 00 
22.0 ....... 01 loZ15ZE 01 lo106tE 01 9.l11'01 00 t.nne oo a.uue oo 6.519210 00 6.~Z09E 00 6.04JIE 00 
26.0 1.0164£ 01 lolUlE 01 9.1'141'£ 00 lo60lJE 00 1.zzne oo l'.ltolE 00 s.utu oo t.lZUE 00 t.JtttE 00 
lO.O t.Z49tE 00 1.00411 01 lo69lOE 00 l.l22ZE 00 loJIJU 00 6o4l48E 00 5oJOt6E 00 s.11~ oo 4.9016£ 00 

~~.o I.Jil4E 00 9ol099E 00 lotoOIE 00 lo02l7E 00 6ol2JIIE 00 5o9l05E 00 4o86SOE 00 ~.lt61E 00 ~.50l9E 00 
)8.0 lo615lE 00 1.nnE 00 lo2601E 00 6.46nE 00 6.19111 00 S.~SUE 00 4oSOt5E oo ~.4061£ 00 ~.lliZE 00 
~z.o lollJ6E 00 lolJ89E 00 6.lJZIE 00 6o0056E 00 SolSlSE 00 5.0l4lf. 00 4o2060t 00 4.1141£ 00 J.9061E 00 
.. 6.0 6.6160E 00 l.ZZ20E 00 6.2910E 00 S.6171E 00 s.JIZJE oo 4olt60L 00 Jo95Z6E 00 J.l6l9E 00 J.6ltZE 00 
!>GoO 6.ZJ06E 00 6oliJOE 00 S.915ZE 00 s.zan1 oo So06l6E 00 4.4131'£ 00 JoUSIE 00 Jo6St9E 00 Jo4l6lE 00 
c.o.o ~-~·- 00 5.9ZME 00 SoliUE 00 4.64111 00 ~.4511£ 00 J.M92E 00 J.lOSU 00 J.2J69E 00 JoOIJJE 00 
70.0 4.1614£ 00 s.J066E oo 4o64lZE 00 4ol69)E 00 4oOOOtE 00 ).5565£ 00 2.tll5E oo 2.92651 00 Zol9llE 00 
ao.o 4o4JZJE 00 4.1JJtE 00 4.ZJtJE 00 ).1085£ 00 Jo656JE 00 J.U5St- 00 2.1uu oo 2.6172£ 00 2.t6SZE 00 
90.0 4.08941 00 ~.4614E 00 J.tliOE 00 Jo52JlE 00 J.JMlE 00 loOllJE 00 2·'"'6E oo 2o4969E 00 ZolltU 00 

100.0 JollZIE 00 4ol610E 00 J.658JE 00 loZtJJI 00 , •• .,. 00 2oi24ZE 00 2ol891E 00 2ol4ZOE 00 2oZJIIE 00 

uo.o J.SISOE 00 J.9UtE 00 J.444U oo lo10Jll 00 z.9119E oo 2o6644E 00 z.2nn oo 2.2use oo z.une oo 
uo.o J.J9UE 00 J.706ZE 00 JoZ645E 00 ZoMJ4E 00 Z.IZ9ZE 00 z.SJOZE 00 2ol4lOE 00 Zol05ZE 00 z.o145E oo 
uo.o J.ZJ20E 00 J.5JOOE 00 J.UliE 00 z.ao16E oo 2.6ttZE 00 2.4151E 00 z.oszse oo 2.0UIE 00 1o9268E 00 
140.0 J.09ZlE 00 ).)1161 00 Zo9104E 00 Zo690lE 00 Zo581JE 00 2.nne 00 1.9l09E 00 1.9JUE 00 1.85111 00 
lSO.O 2.tnn oo J.Z4llE 00 z.I66JE oo Zo5891E 00 z ... tolE 00 2oZJl6E 00 ..... 9E 00 lo86J6E 00 1.1151E 00 
160.0 Z.8658E 00 JoUl9E 00 2ol66JE 00 Zo5001E 00 Zo4041E 00 2ol564E 00 lo8Jl'6E 00 loiOZ6E 00 lolll'ZE 00 
uo.o 2.nzJE oo J.OZ1JE 00 z.6l80E oo 2.4214£ 00 2oJZ95E 00 2.otooe 00 lo7125E 00 lol416E 00 lo67S9E 00 
180.0 Zo619ZE 00 2.9JlOE oo 2.sttu oo 2.n1;e oo 2oZ6Z6E 00 2.oJOtE oo lo7JJ4E 00 lol006E 00 lo6JOZ£ 00 
lto.o 2.6150E 00 z.asoze oo 2.51941 00 2.zat0E oo 2.20211 oo 1.9noe oo lo619SE 00 lo6576E 00 l.t194E 00 
200o0 2."8JE 00 Zo1ll5E 00 Zo4664E 00 2.nn1 oo 2.14891 00 1o9l02E 00 1.6500£ 00 t.UtOE 00 l.t526E 00 

zzo.o 2.AJJtE 00 z.6SZZE 00 ZoJ519E 00 Z.U50E 00 2.out1 10 loMIIE 00 lo5119E 00 1.5524£ 00 1o419JI 00 
240.0 z.JJIZE 00 '·"IOE 00 2.26111 00 2o0548E 00 1.9'1'921 10 1.1111£ 00 l.S2t6E 00 1.49721 00 1.4161E 00 
260.0 2.UllE 00 Zo4604E 00 Z.IIME 00 lo91l'4E 00 lotl49E .. 1ol244E 00 lo4l'IJE 00 lo4509E 00 l.JtZl'l 00 
uo.o 2.11921 00 z.nsae oo z.1zzoe oo t.tJOOE 00 1.16021 00 lo6l62E 00 l.,.JaZE oo 1.4Ul'E 00 loJISJE 00 
JOO.O 2oUOll 00 z.une oo z.06l51E oo loiiOIE 00 lollJ4E 00 l.UtOE 00 lo40J9E 00 loJ181E 00 loJZJ4E 00 
no.o 2.olltE oo ZoZ6611E 00 z.ozon oo 1.8J61E 00 lollJOE 00 lo5tt4E 00 t.J14JE 00 l.J~91E 00 l.JH9E 00 
140.0 ZoOJ4ZE 00 2o2ll61 00 lo9l'91E 00 lol991E 00 lol'JJ9E 00 l.t686E 00 loJ4IlE 00 l•JZ"OE 00 1.21'201 00 
)60.0 ....... 00 z.n50E oo lo94Z9E 00 l.l66lE 00 t.lOlZE 00 l.S.l6E 00 loJZUE 00 loJOZlE 00 loZSllE 00 
no.o lo960QE 00 2.ul'JE oo 1.91101 00 l.lJUE 00 lo6101E 00 l.tUtE 00 l.J061E 00 1.21291 00 l.ZJZ9E 00 
400.0 lo9290E 00 ZolOJIE 00 1.11211 00 l.l'UIE 00 lo6t6JE 00 lo49Ut 00 loZI94E 00 1o2660E 00 1.2161£ 00 

420.0 l.tolJE 00 2.0740£ 00 &.8Sl'6E 00 l.6toZE 00 lo6J51E 00 lo~716E 00 loll41E 00 1oZ5llE 00 lo20J6E 00 
~.o loll'6!1E 00 2.047JE 00 l.IJSU 00 &.note oo lo6ll0£ 00 t.UlZE 00 lo2606E 00 loZJliE 00 1.1119£ 00 
uo.o loiMZ£ 00 ZoOZJJE 00 .... ~tE 00 lo6SZOE 00 1.59)91 00 lo446l'E 00 loZ416E 00 l.U61E 00 1.17711 00 
uo.o 1.8141£ 00 2.oone oo 1.1'961'1 00 lo6J58E 00 1.5186£ 00 l.UJIE 00 loZJltf 00 1.Ut6E 00 lol679E 00 
soo.o 1.81511 00 lotiZlE 00 l.l'IOJE 00 1o6Zl2E 00 lo5649E 00 lo42ZJE 00 t.uan oo lo206JE 00 lol590E 00 
szo.o l.lttZE 00 .... ~ 00 1.1655£ 00 1.6080£ 00 1.5524£ 00 lo41l9f 00 loZlllE 00 lol980E 00 1.1511E 00 
540.0 lolMZE 00 1o948JE 00 a.nue oo l.t961E 00 l.S~UE 00 1.40UE 00 loll09E 00 1olto51 00 1.1~1 00 
560.0 1.71'041 00 1.91161 00 lo1Jt9E 00 lo585JE 00 loSJlOE 00 1.19)1£ 00 lo20J9k 00 l.liJIE 00 1oU16E 00 
sae.o lo15l'IE 00 t.9ZOZE 00 1ol'ZI9E 00 1oSl'ME 00 lo5Zl8E 00 l.JIStE 00 l.l976E 00 lol719E 00 lolJlft 00 
600.0 •• , ... JE 00 lo9080E 00 lol'UIE 00 lo56651 00 1.51141 00 loJl'IIE 00 lol919E 00 t.nue oo 1.1267E 00 

620.0 1.nsae 00 1.1968£ 00 lol096E 00 1.5514£ 00 l.S058l 00 loU24E 00 loli6JE 00 lol67l'E 00 l.Ull'E 00 
~o.o 1.'1'2611 00 loii65E 00 lol'OUE 00 lotSlOE 00 1.~989£ 00 loJ666E 00 lollllE 00 lol6J5E 00 loU16E 00 
660.0 1.711'11 00 lollllE 00 1.69JJE 00 lo544U 00 lo49J6E 00 l.J6Ut 00 lolll6E 00 1.1591£ 00 l.lUIE 00 
680.0 l.lOitE 00 1oi61SE 00 1.68651 00 loUIOE 00 lo4861E 00 l.Jt66E 00 lollJ9E 00 lol56JE 00 lollOSI: 00 
1'00.0 1o701JE 00 1.1605£ 00 1o6101E 00 1.5JZ4E 00 lo41l6E 00 l.JS2JE 00 1.Uo6E 00 lolSJZE 00 lolOl'SE 00 
uo.o ...... JE 00 t.tnZE oo 1.614ZE 00 lo527JE 00 '·"161E oo 1.14Mt oo lol6'1'61 00 1.1505£ 00 lol049E 00 
l~o.o lo61l9E 00 1o846!1E 00 1.6611E 00 1.5226£ 00 •• ~ll5t 00 •• ,..... 00 lol649t 00 lolU2E 00 l.lOZSE 00 
1'60.0 ••• lltE 00 loMOJE 00 lo66JtE 00 l.SliJE 00 1.4615E 00 l.M16E 00 lol6Z5E 00 1ol46lE 00 lol004E 00 
180.0 1.6764£ 00 l.IJ46E 00 1.65941 00 lo5l44E 00 lo4649E 00 l.JJIIE- 00 1.16041: 00 lol442E 00 lo0915E 00 
1oo.o lo6llJE 00 lo129JE 00 1.65SJE 00 l.5108E 00 lo4616E 00 t.JJ6ZE 00 loUISE 00 l.l~Z6E 00 lo0968E 00 

azo.o ..... !IE 00 l.IZ44E 00 1.65151 00 1.501'51 00 1.4516£ 00 loJlJIE 00 l.lt68E 00 lol41ZE 00 lo09"E 00 
840.0 lo66ZZE 00 1.8199£ ~0 1.~101 00 1.50451 00 lo45S9E 00 loJJll'E 00 lolSSJE 00 lol400E 00 lo0941E 00 
160.0 1.6511E 00 loll58E 00 ........ 00 1.50111 00 1.4tJ4E 00 lol299E 00 lolMOE 00 loU51E 00 l.09JOE 00 
180.0 1.654JE 00 lollZOE 00 1.6420E 00 1o4994E 00 1.45lZE 00 loJZI2E 00 lolSZIE 00 loll4ZE 00 1.0921E 00 
900.0 1.6508£ 00 1.8014£ 00 1.6J9JE 00 1.49111 00 .... ~tiE 00 loJUl£ 00 loltliE 00 loUJIE 00 1o09UE 00 
wo.o t.M76E 00 loiOtZE 00 1.6J69E 00 1.~9S1E 00 lo44l4E 00 1.ns~e 00 loUlOE 00 1.1JZIE 00 1o0906E 00 
940.0 1·6446£ 00 l.IOZZE 00 lo6J4l£ 00 1o49JJE 00 lo~5l'E 00 l.JZUE 00 lolSOJE 00 loUZ4E 00 1.09001 00 
960.0 1.6411£ 00 lo7994E 00 1.6JZIE 00 1·"16E 00 1.4~JE 00 loUJZI 00 lol497E 00 lo1JZOE 00 l.0196E 00 
910.0 1.6J92E 00 •• , ... 00 1.61101 00 ••• 9021 00 lo44JOE 00 l.JJ24E 00 •·•~•u oo loUllE 00 1o089JE 00 

1000.0 1.6161£ 00 lolM6£ 00 lo6Z9JE 00 l.4888E 00 lo44l8E 00 l.JZ16f 00 l.l4tiE 00 l.Ul6E 00 1.08901 00 

uoo.o 1.62111 00 loliOOE 00 1.62041 00 lo48ZlE 00 •• ~16 .. £ 00 l.Jl96E 00 lol49SI:: 00 loU40E 00 l.OtolL 00 
1400.0 1o614tE 00 lol'lt6E 00 1.6200£ 00 loUJOE 00 lo4J11E 00 l.JU6E 00 loUSOE 00 lol409E 00 lo0968E 00 
1600.0 1.61401 00 lo1l61E 00 1.62411 00 1.41791 00 1.4416£ 00 l.JJOl'E 00 l.l6lOE 00 l.UOOE 00 1.1052£ 00 
2000.0 lo6ZOOE 00 l.lllJE 00 1.6JilE 00 &.50JU 00 lo4t95E 00 loJ489E 00 hllliE 00 l.UO'I'E 00 l.U~E 00 
2400.0 1.6)06£ 00 lo802ZE 00 1.656JE 00 lo5ZOIE 00 1.4716£ 00 l.J615E 00 lo20UE 00 lol917E 00 l.l~lE 00 
2100.0 loMUI 00 l.lliZE 00 &.674JE 00 l.tJ86E 00 lo495lE 00 l.Jil'6E 00 loZZOlE 00 lo2ll6E 00 1.1629£ 00 
noo.o t.6541E 00 l.IJ41E 00 lo69l8E 00 l.t5SIE 00 lotUOE ·OO •·•one oo lo2Jl'1t 00 loUOZE 00 loliOSE 00 
)600.0 l.666!1E 00 lo849JE 00 1. l'OIJE 00 1.5lZOE 00 lo5J9JE 00 loUZ6E 00 lo2541£ 00 lo241SE 00 lol961E 00 
4000.0 lo6ll'IE 00 loi6JIE 00 lol'ZJIE 00 lo58l'ZE 00 l.t~5E 00 lo4J8Jt: 00 lo269JE 00 1.UJ5E 00 l.ZU9E 00 
sooo.o 1olOJ6E 00 loi96JE 00 1.1585E 00 lo6ZlOE. 00 t.nan oo lo4l'JlE 00 loJOZl'E 00 1.2915E 00 l.Z45ZE 00 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


153 

KAOII STOf',lll$ POIJIEitt MEY•CM2/G 

INEIGY " HE Me A Kit XE Alit Ulti.DIOXIDE IIEYHANE 
IIEY •• ll. 7 •• 42.0 l•UloO 1•210.0 I•Ul.O l•SSS.O I• 16.1 I• 15.9 I• 44.1 

z.o 2.29IOE 01 l.OISlE 02 l.llUE 01 6.1611£ 01 4.l92JE 01 J.97liE 01 1. 7671£ Ol 1.10..91: 01 1e26UE O.t 
... o l.JOSlE 02 s.non 01 ....... un o1 J.S..lZE 01 2.1506E Ol 2.u ... 10 01 .... 9MIE 01 ... 92411: 01 1.01121. 01 
6.0 9.1U1E 01 .... 0701E 01 loli91E 01 2.1026£ 01 2.2116£ 01 1.1910£ 01 3.5957£ 01 Jo6093t 01 S.~OE 01 
1·0 7.17)9£ 01 3.2U2E 01 2.6ZSZE 01 2.no..e 01 lol97JE 01 1oS..S4t: 01 2.1s..st 01 2.1"1£ 01 lo'lllOE 01 

10.0 S.M40E 01 2.6725£ 01 2.2010£ 01 1.1219£ 01 1oS242E 01 loJl6l~ 01 2elMIE 01 2.J9llE 01 J.JlUE 01 
14.0 ..... aou 01 2o0155E 01 1.6155£ 01 lo...OIU Ol 1o116U 01 1.0JJ1t 01 1olll1E 01 1.12Jit 01 2e510ll 01 
11.0 1.6JZ4E 01 1 ...... 2£ 01 1.31101! o·1 1.1SIU 01 9ol2"9t 00 1.610"E oo l.UUE 01 1oU96E 01 2o04lJE 01 
az.o 1.07641! 01 1o3991E 01 lellME 01 9.91S..E 00 I • ..S190: 00 7 ...... 25[ 00 1.26 ..... t: 01 1o26ME 01 1.n5u 01 
26.0 

'·"'"" 01 
1.2219£ 01 l.OJliE 01 l.ll6JE 00 ., • .., .... 00 6.5921£ 00 1.1012t 01 1ellOlE 01 l.!»16U 01 

JO.O 2.1110E 01 1.0906£ 01 9oZ..lU 00 f.llllE 00 6olMIE 00 s.M:su: oo 9.1914£ 00 9.9220E 00 1ol5lU 01 

34.0 z.1stJE 01 9oi7SZE 00 1.39ME 00 7o1019E 00 6.11151: 00 s •• JO:st 00 1.9JOZE 00 1.9917£ 00 1.2247£ 01 
11.0 1.97641! 01 9.0...941! 00 7.1103£ 00 6.ssoJE oo S.U11E 00 5.01411: 00 1.uon oo 1.2556£ 00 loli24C 01 
•2.0 1.1266£ 01 I.JlUE 00 7.1470E 00 6.0SHE 00 S.ZJSSE 00 4.6691£ 00 f.6UIE 00 l.6 .. 2t 00 1oOliSE 01 
46.0 1.70161 01 7ol065t 00 6.67Ut 00 5.66SU 00 4.9022E 00 4.3184£ 00 T.ll5U oo 7oU6U 00 9.61)4[ 00 
so.o 1.5957£ 01 loJ266E 00 6oZl4JE 00 s.JZ92E oo 4o6li0E 00 4o1291t 00 6.6U6~ 00 6.7014£ 00 9oOIISE 00 
60.0 1oJ90lE 01 6.J931E 00 S.492SE 00 4.61J2E 00 4.0611£ 00 , ..... 121: 00 5>.14))£ 00 5.1605£ 00 7.9J2lt 00 
ro.o 1o2"10E 01 S.llS9E 00 4o9226E 00 4olMOE 00 J.6521E 00 Jo21l6E 00 5.23161: 00 5.Z"9E oo lo0919E 00 
1o.o l.U79E 01 S.20lOE 00 ........ 84t 00 J.IZIJE 00 J.l...OU 00 J.OOSlE 00 4.7661( 00 4ol799E 00 6 •• 534£ 00 
90.0 1e0191E 01 4.796JE 00 .... 1 ...... E 00 Jof"OOE 00 Jo0934E 00 2.78721: 00 4.JH9E 00 ...... lSt: 00 5.95111: 00 

100.0 9.6l60E 00 ...... lODE 00 ).170IE 00 3.)061£ 00 2.1934E 00 2.6099£ 00 •• 1MJE 00 4oll60E 00 5.5470£ 0\) 

uo.o 9.01151 00 .... zonE 00 J.MISE 00 J.U ..... E 00 1.1ZilE 00 2.UUE 00 l.l60ll 00 Jo87l6E 00 s.2U8E 00 
uo.o lo59SOE 00 lo9163E 00 J • ..SUE 00 2.9S30E 00 2.5etJE oo 2oJl98~ 00 ).6565£ 00 ,., .. 9£ 00 •• t:S.IE 00 
1JO.O 8.11701! 00 J.715ZE 00 J.2192E 00 2.1UlE 00 2.4lllt 00 2.2)47£ 00 J.41JlE 00 ).4929£ 00 4.6979E 00 
140.0 l.lliOE 00 J.62ltE 00 lol497E 00 2o691lE 00 2ol6ME 00 2.1 ..... lE 00 lol340E 00 JeJUU 00 "·""'n 00 
uo.o l.506SE 00 J.4l1SE 00 J.0284E 00 z.5tsot oo 2.21091: 00 2.o6SZE oo l.2MSI: 00 Je2U5E 00 4olll't: 00 
160.0 7.UJ7E 00 J.J5JlE 00 2o9222E 00 2.soue oo z.2one oo 1.9961t: 00 lo0911t: 00 Jo099JE 00 •• 1628£ 00 
no.o 6.HJIE 00 Jo2436E 00 loUISE 00 2.4251£ 00 2.uue oo 1.9l50E 00 2.9910£ 00 2.999)£ 00 4.02620: 00 
180.0 6ol19JE 00 Jel4SIE 00 2e.,...SlE 00 I.JSS1E 00 2.on9e oo 1.8806£ 00 2.9020E 00 2.9l01t 00 )o9049E 00 
190.0 6.5113£ 00 J.osua: oo lo6l01E 00 Ze2920E 00 2.01"'£ oo 1.U20t 00 2.une oo Z.UOJE 00 ). 1964£ 00 
200.0 6o4l67E 00 lo9791E 00 2.60JlE 00 2.une oo lo9lMi: 00 1o781)[ 00 2.1Sllli 00 2.7517£ 00 ,.,990£ 00 

uo.o 6.u1...e oo z ....... 6e oo 2 • ...aan oo 2.une 00 1.8161£ 00 1.7UOE 00 2.6212£ 00 2.6Jf"E 00 ).SJUii 00 
140.0 S.I761E 00 2.n2u oo 2.J9JIE 00 2.0S6te 00 1oll6JE 00 a.,SOlE 00 z.uue oo 2.5niE oo JeJ924E 011 
160.0 So67lJE 00 2.6)16£ 00 2eJU1E 00 1o919lE 00 1. 1SllE 00 1oS914E 00 z ... ote oo 2.4USE 00 3.2lstE 00 
210.0 , ...... 00 2.55111 00 2.nsze oo 1o9Jl6f 00 1o701lE 00 1.SS40E: 00 2.)684£ 00 2.37UE 00 3.176110 00 
JOO.O 5.34?1£ 00 2.490JE 00 2eli70E 00 1oi82JE 00 1.6656£ 00 1.Sl61E 00 2.J06U 00 2.JU4E 00 Jo09l9fi 00 
320.0 s.2nn oo , .... uu: 00 lol361E 00 loU9lE 00 1.6219£ 00 1.41341!: 00 2.2SZU 00 2.zsett oo 3.018SE 00 
~.o 5.10..11 00 2.3796£ 00 lo0919E 00 1oi021E 00 1.!>910£ 00 1oUSOE 00 2.2on~: oo 2.2ll6E 00 2.9546E 00 
)60.0 s.oos• oo loJS.....E 00 Ze0s...6E 00 1.llME 00 1o569ZE: 00 1oU02E 00 2.16411: 00 2ol70SE 00 2.89161: 00 
Ho.o ••• uSE oo 2o2946E 00 2.0110E oo lol420E 00 1o5441E 00 1 • ...014£ 00 2.UilE 00 2.1s.....e oo 2oi49ZE 00 
400.0 .... 84UE 00 2.2593£ 00 l.HUE 00 loll61t 00 1.SZJZE 00 1eli92E 00 2.09611i 00 2o1024E 00 2.80SSE 00 

420.0 4ol1ZIE 00 1.2219£ 00 lotMlE 00 1.6 ..... £ 00 1.so•u oo 1.Jl2JE 00 2.061SE 00 2o07J91; 00 2. 1666t 00 
..... o.o 4oll06E 00 2.19991 00 1eMUE 00 1.67411! 00 leUllE 00 1.JS72E 00 2.ouu oo 1.0416E 00 2olJ19E 00 
.... o.o .... 65541! 00 2.l74tE 00 lo920lf 00 lo6Sl0E 00 1 •• uoe oo 1.34311: 00 1.02061; 00 2.0259£ 00 2. JOOU 00 
uo.o 4.6057£ 00 2e1SZJE 00 1.90UE 00 loMUE 00 1.4515£ 00 1oJJl9E 00 2.0003£ 00 2.0056£ 00 2.6729E 00 
soo.o 4oS60tE 00 2.u2oe oo 1oi84JE 00 1o6Zl0E 00 1.4U4E 00 1.3212£ 00 1.9121E 00 1.911)£ 00 2.64llE 00 
szo.o .... szo..e oo 2.1UlE 00 1oi691E 00 lo614ZE 00 loUSSE 00 1.JU6c oo 1.9657£ 00 1o9J01f: 00 z.,ZSOE 00 
s..o.o 4.48)6E 00 1.0971£ 00 1.1SSJE 00 1o6027E 00 

'·"'"" 00 
1.JOUt 00 1.95011; 00 1.9SS9f 00 2.604SE 00 

560.0 .... 4SOJE 00 loOIZlE 00 1.8419£ 00 1.59ZJE 00 1.•noE oo 1.295"1: 00 1.9J7U 00 1.9.24£ 00 2.sastE 00 
s1o.o .... "199£ 00 2o061SE 00 1oiJ16f 00 1.SUOE 00 1o409ZE 00 1.2115£ 00 1.9252£ 00 1.9J02t: 00 2.s6tOE 00 
600.0 .... 392JE 00 2.0S61E 00 1oi214E 00 1.574SE 00 1o40ZlE 00 1.282)(: 00 1o9l4ZE 00 1.9192£ 00 2.SSJ6E 00 

620.0 4.36JlE 00 2.0.....1£ 00 1ell22E 00 1e5661E 00 1.J9SlE 00 1.2167E 00 1.9041£ 00 1.909lE 00 2.5396£ 00 
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90.0 1oZ6l4E 01 1o1644E 01 loJJ6JE 01 1o496U 01 1o56l61! Ol 1o767JE 01 2oU60E 01 2oll2H 01 Jo2162E 01 

100.0 1o5209E 01 1oJ96JE 01 lo600JE 01 1o1900E 01 1oi675E 01 JollOlE 01 2.SJl7E 01 2.51641! 01 Jo719JE 01 

no.o lol9l6E 01 1.6447E 01 loii26E 01 2o10UE 01 2a19ME 01 2o4749E 01 2o9626E 01 Jo02Sft 01 Jo1719E 01 
uo.o J.071H 01 lo9075E 01 Jo1110E 01 2.4141£ 01 2oSJ79E 01 Joi60JE 01 Jo41JlE 01 lo48ME 01 Jo66ME 01 
uo.o JoJI06E 01 Jo114ll! 01 2.49501 01 2o71JU 01 2oi999E 01 Jo2669E 01 J.ltJJE 01 J.9155E 01 4oUUE 01 
140.0 2o6970E 01 2o4711E 01 2.12ne 01 Jo1462E 01 J.Z115E 01 Jo6171E 01 4o:t9UE 01 4.4126£ 01 "·7009E 01 
150.0 J.0270E 01 2.77511! 01 J.l65lE 01 Jo525ZE 01 Jo6l26t 01 4o1271E 01 4o9010t 01 s.ootn 01 5o2tlZE 01 
160.0 J.J691E 01 Jo0195E 01 Jo5210E 01 Jo9114E 01 4o0114E 01 •.sene 01 5.44ME 01 s.sss4E oa 5oi209E 01 
no.o Jo7246E 01 Jo"147£ 01 JoiiiU 01 4.JJ•9E Ol 4oSMOE 01 5.0549£ 01 5o996lE 01 6oUIIE 01 6.4011E 01 
110.0 4.0910£ 01 JolSOIE 01 4oZ616E 01 4o7"1E 01 4o9J9JE 01 5.5404£ 01 6o5651E 01 ..... tE 01 7o0140E 01 
190.0 4o"'IJE 01 4.0969£ 01 "•6571£ 01 5o1752E 01 5.JI17t 01 6oOJ95E 01 7.1496E 01 7o2t"'E 01 7o6JUE 01 
200.0 4.1556£ 01 4o45Z4E 01 loMitE 01 lo6UJE 01 5oi474E 01 6o5Sl5E Ol 7.7416E 01 7o9051E Ol lo2720E 01 

uo.o S..659JE 01 5o1191E 01 5.1110£ 01 6o5J46E 01 6o7996E 01 7.6109£ 01 lo911JE 01 9ol615E 01 9a511lE 01 
240.0 6.491ZE 01 5.ttt5E 01 6ol5JJE 01 7o4900E 01 7ol9l6E 01 1.7U6E 01 lo0275E OJ loMIOI 02 lo09S6E 02 
260.0 7.J690E 01 •• nne 01 7o61ZOE 01 lo4101E 01 loll9Jf 01 9oiSSJE 01 1o16CIIE 02 loliJIE OZ lo2J70E 02 
2ao.o lo2690E 01 7.51451! 01 loSilZE 01 9o50l61: 01 9oi194E 01 lo10J2!! 02 lo2910t 02 1.J2J5E 02 1oJI2JE 02 
JOO.O 9.1954£ 01 lo4J4H 01 t.5J64E 01 1o0152E 02 lo0969E 02 1.22UE 02 1o4JIIE 02 lo46JOE 02 loSI20E 02 
szo.o 1o0146E 02 t.J061E 01 lo0515E 02 1el621t 02 1o2014t OJ loJ4JII: 02 loSI21E 02 a.6un 02 lo6141E 02 
140.0 l.1U9E 02 1.0l99E 02 lol5l6E 02 lo2729E 02 loU24E 02 1o4741E 02 1olJ9lE 02 1o76JU OJ 1oi406E 02 
J60o0 lo2UZE 02 lo11l0E 02 1eZSJ6E 02 1oli51E 02 loUISE 02 lo6027E 02 1ell9JE 02 1otl5JE 02 1.9992E 02 
JIO.O 1.JUJE 02 1.20JIE 02 loJSl4E 02 lo4992E OZ laS566E 02 1.nJtE oz 2.oJUE 02 2.o1ose 02 2.1602E 02 
400.0 1.4152£ 02 lo291lt 02 1o"'21E 02 lo6lt2E 02 lo6765E 02 1.16611< 02 2oli5JE 02 2o2274E 02 2oJ2J6E 02 

4ZO.O lo5l9JE 02 loJ9JtE 02 1o5691E 01 lolJUE 02 1o7911E 02 2o0006E 02 2ol414E 02 2.JI64E 02 2o4119E OZ 
440.0 1.6256£ 02 1.4909£ 02 lo6111E 01 1oiSliE 02 1.92UE 02 2oU6lE 02 Zo499JE 02 2.5471£ 02 Zo6562E 02 
"10.0 1o1J211! 02 1.5192£ 01 lo1117E 02 1.true 02 2.0461£ 02 2.2142£ 02 2o6SilE OZ 2o7095E 02 2oii52E 02 
..ao.o 1oi4UE 02 1o6116E 02 1oi985E 02 2o09J9E 02 2.nuE oz 2o4UlE 02 2oll95E 02 2.nne 02 2.9951E 02 
soo.o 1o9509E 02 1oli90E OZ 2oOlOJE 02 2o2l67f 02 2.2995£ 02 2o5SJ2E 02 2.9117£ 02 J.OJISE 02 Jol677E OZ 
s2o.o 2.06UE OJ lelto4E 02 2.1U11! 02 2oJ406E 01 2o4211E oz 2.6MJE 02 J.l4SZt 02 J.2MIE OJ J.MOIE 02 
MO.o 2.nne 02 lo9926E 02 2.2J69E 02 2o"'54E OZ 2.sn1E 02 2.1)65£ 02 JoJ099E 02 J.JJUE 02 Jo5151E 02 
560.0 2.zasJE 02 2.0957£ 02 2.J5l4E 02 2.59UE 02 2o611JE 02 2a9l95E 02 J.4JS5E 02 J.5401E 02 Jo6905E 02 
510.0 2oJ991E 02 2o1995E 02 2o"'67E 02 2o7lllf 02 2olli4E 02 :S.lUtE 02 Jo66Zlt 02 Jo1l02E 02 Joi667E 02 
600.0 z.5uze o2 2oJMOE 02 2.5121! 02 2oi450E OZ 2.9502£ 02 J.261lE 02 J.I095E 02 JoltoU 02 4oMJIE 02 

620.0 2.61111 02 2o4091E 02 2.69ME OZ 2.tnoe 02 Jo0126E 02 J.41J5E 02 Jo9177E 02 4o05lJE 02 4.2211£ oz 
640.0 2o74l6E 02 2o5141E 02 2oi16JE oa JolOllE 02 Jo2151E 02 Je5596E 02 4ol"66E 02 4.2229£ 02 4•4004E 02 
660.0 2.1591£ 02 Z.62llE 01 2.tl46E 02 J.2J09E 02 JoJ49tE 02 Jo7062E 02 4oJl62E 02 4oJ95lE 02 4oSJ97E 02 
610o0 2.9766£ 01 2.7279£ 02 J.0529E 02 J.J601E oz Jo41JJE 02 )oi5J4t 02 4o416JE 02 "•5671E 02 ... nne oz 
700.0 Jo09J9E 02 2.1uze 02 Jol111E 02 J.4910E OZ Jo6li5E 02 4o001lE 02 4o6569E 02 4.7410E 02 4o9J91E 02 
no.o J.Zllll! 02 2.94zte 02 JoZtlOE OZ Jo621JE 02 JolSJlE 02 "·1492t 02 4oiJIOE 02 4. 9l "'E OJ 5ol206E 02 
740.0 J.JJttE 02 Jo0510E 02 Jo4l06E 02 Jo7529E 02 Joii9JE 02 4.29J7E 02 4.9995E 01 SoOIIJE 02 5.JOliE 02 
760.0 Jo44IJE 02 Jol595E 02 Jo5J07E 02 J.II44E 02 4o0254E 02 4o4466E OZ 5ol1UE 02 5o26JOE 02 5.41J4E OZ 
110.0 Jo5671E 02 J.J614E 02 J.6510E 02 4o016JE 02 4ol61lE 02 "·595H OZ 5.J435E 02 s.une 02 5.66UE 02 
100.0 Jo6172E OZ JoJ11SE 02 Jo71lJE OZ 4.1416E OZ 4o2914E 02 4o7454E OZ 5.5160E 02 5o6ll6E OJ 5oi476E OZ 

uo.o JoiOllE 02 Jo4170E 02 J.I921E 02 4o211lE 02 4.4J54E 02 4oi952E 02 5o6IIIE 02 5.1171£ 02 6.0JOOE 02 
140.0 J.921JE 02 J.5961E 02 4oOU9E 02 4.4U9E 02 4.57261: 02 5aMUE 02 5.1611£ 02 5o96Jll! 02 6.2un 02 
160.0 4oM71E 02 Jo7061E 02 4olJ54E 02 4.1"19£ 02 4oll01E 02 Sol955E 02 6.0550£ 02 6o1JI9E 02 6oJ956E OZ 
810.0 4.1615E 02 JollllE 02 ... nne 02 ..... ou 02 4oi471E 02 5.J"'OE 02 6.2014E OZ 6.Jl52E 02 6o571JE 02 
900.0 4.2195£ 02 J.tzne oz 4.ntoe 02 ... 1un o2 4.9151E oz 5o496Jt oz 6oJIZOE 02 6o49l6E 02 6.7619£ 02 
tzo.o 4.4101£ 02 4.0JI2E 02 4.50llE 02 4.M74E OZ t.UJIE 02 5o6475E 02 6o5551E OZ 6o661lE 02 6o94S2E 02 
940.0 ... uue oz 4.1491£ oz •• 6UJE o2 S.OIUE 02 s.262lE 02 s.1915E oz 6o7295E 02 6.144lE 02 7ol216E 02 
960.0 "•6540£ 02 4o2602E OZ ... nne 02 5.2152E 02 5.4005E 02 5oM96E 02 6.90ME 02 7o02UE 02 7.JU2E 02 
910.0 4o1J59E 02 4.J714E 02 4oi61JE 02 5.J494E 02 5.UtlE 02 6ol008l" 02 7.0714£ 02 lo1910E 02 ?.usn oz 

1000.0 "·ltiOE 02 4o4121E OZ 4.9910E 02 5.48J1E 02 s.6nJE 02 6.2521£ 02 7o2515E 02 7oJlUE 02 lo6794E 02 

uoo.o 6.1266£ 02 5.6025£ 02 6o2226E 02 6.1JOIE OZ 7.06131! 02 7.761JE 02 1.9921£ 02 9ol412E 02 9o51S4E 02 
1400.0 loJ6UE 02 6.7279£ oz 7."514E 02 1.11021 02 1.uo2e 02 t.ZIUE OZ la0729E OJ 1.0900£ OJ lo1344E Ol 
1600.0 lo602JE oz 7.1541£ 02 1.6907E 02 t.5269E OZ 9oi415E 02 lo0711E OJ 1.2455£ OJ 1.26"1£ OJ loJl61E OJ 
2000.0 lo107JE OJ loOlOOE OJ t.uue oJ lol202E OJ 1oZ605E OJ 1.nne OJ loSI6lE OJ 1.60ME OJ 1.61SOE Ol 
2400.0 l.JSJIE OJ lo2J29E OJ 1.55111 OJ lo4141E OJ lo5J29E OJ lo6l11E OJ 1o9224E OJ l.9"10E OJ 2.0276£ 0) 
2100.0 1o598JE OJ 1.4tJIE OJ 1.59JJE OJ lo7"6JE OJ loi019E OJ lo96UE OJ 2o2521£ OJ 2.1109£ OJ 2oJl44E OJ 
)200.0 lol40tE OJ lo6729E OJ loiJtOE OJ 2oOMIE OJ 2o0611E OJ 2.zuse OJ 2.nue OJ 2.6015£ OJ 2.nsn 03 
3600.0 2.oaaee OJ 1.19011! OJ 2.070JE OJ 2.2606E OJ 2.non OJ 2.5JU£ OJ 2.199JE OJ 2o9JUE OJ Jo0S22E Ol 
4000.0 z.uaoe OJ 2.to55E OJ 2.JOME OJ 2o5UIE OJ 2oS9lOE OJ 2.1109£ OJ Jo216JE OJ Jo2499E OJ J.JI4JE OJ 
sooo.o 2a9UJE OJ 2.6JJJE OJ 2.1176£ OJ J.U701! OJ J.2UJE OJ Jo4971E OJ Jo99J1E OJ 4oOJOJE OJ "·l910E OJ 
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KAliN RANGE • GICII2 

ENERGY " .. liE A IUt liE Alit Cllti.OIOIIDE II ETHANE 
lilY I• 11.1 I• 42.0 I•Ul.O I•ZlO.O I•JI1o0 I•SSS.O I• 16.1 I• 15.9 •• 44.1 

z.o 4.1U9E-GJ l.l090E-02 t.snu-oz lo91lSE-G2 Zo6404E-G2 Jo2644E-02 loUSJE-02 lol290E-GZ lo9140E-OJ 
4o0 lo6901E-OZ J.IJ64E-OZ s.onn-o2 6o4209E-G2 loU961::-GZ 9.9096E-02 <4oS14lE-OZ 4o49S4E-OZ lol04ZE-G2 
6.0 Jo56UE-GZ lo0609E-02 loOJSZE-01 loZIIZE-Gl 1o6169E-Gl 1o920SE-01 9oJZ46E-02 9.216SE-GZ 6.Sl11E-02 
e.o 6.05ZOE-02 loJ6J6E-Ol lolZOIE-01 2oll91E-G1 2o6254E-Gl Jo09S9E-Ol lolo6l5E-Ol lo5554E-Ol 1o10UE-Ol 

1o.o 9.nooe-oz 2.04951-01 z.SS66E-Ol JolZIJE-01 JoiJilE-01 4oSOJ6E-Ol ZoUl6E-Ol 2.uue-o1 1o6541E-Gl 
14o0 1o6970E-Ol J.nne-ot 4o654tl-01 5o6<464E-Gl 6.M16E-Gl 7.9646£-01 4o21J4E-Ol 4.2SIOE-Gl J.osne-o1 
lloO Z.6941E-Gl 5o990SE-01 1o29ZZE-Gl 1.1960£-Gl lo0561E 00 1.2221E 00 6.71Z9E-01 6.6994£-Gl 4oU40E-G1 
22.0 Joi96JE-Ol 1.6J45E-01 1o04J91 00 1oZS4ZE 00 1.491ZE 00 lo7241E 00 9.6SJSE-Ol 9o6ZOJE-01 •• 9666£-01 
26.0 5.29261-Gl 1.11001 00 lo<401JE 00 lo615JE 00 2.ooz2e oo 2.2965E 00 l.JOUE 00 t.JOOOE 00 9o4J91E-Gl 
30.0 6oi16JE-GI loSlllE 00 loll12E 00 2oUlZE 00 2.56111: oo 2o9J61E 00 lo61UI: 00 1.61UE 00 1.ZZJIE 00 

14.0 lo6<40SE-Gl 1o90UE 00 2.nue oo 2o1090E 00 J.1946i 00 J.64lll 00 ZollZ6E 00 Zol051E OD 1.5)51E 00 
31.0 loOS19E 00 2.JZ61E oo 2.J696E oo Jo291lE 00 J.I711E 00 4o409le 00 2.SJI6E oo 2.nou oo loll66E 00 
42.0 l.Z616E 00 2o1161E 00 J.J019E 00 Jo9USE 00 <4.61<44E 00 S.2J6SE 00 )o0M1E 00 J.Ol4JE OD 2.241SE 00 
46.0 lo4951E 00 J.ZI19E 00 J.IIIS£ 00 4o6167E 00 ~.404SE 00 6.1211£ 00 lo6Z16E 00 Jo6l6ZE 00 Zo6467E 00 
so.o loUI6E 00 J.lllZI! 00 4.5069E 00 SoJ4SlE 00 6.24Slf 00 1.ouoe 00 ... 2ont oo <4ol949E 00 J.01J4E 00 
60.0 Zo4UZE 00 S.2769E 00 6o2l56E 00 loJSSOE 00 lo56l6[ 00 9o6490E 00 5.1nZ£ oo S.19Ut 00 4oZS41E 00 
ro.o JollUE 00 6o9J41E 00 lol429E 00 9.6li6E 00 loll6JE 01 l.ZS41:Z OJ 7o6Z51E 00 7.6026E 00 s.stue oo 
10.0 4.02l9E 00 e.nue oo lo0214E 01 lo2111E 01 lo40JlE Ol t.nn: 01 9.6Jl6t 00 9.6021E 00 1.0111£ 00 
90.0 4.9461E 00 l.0716E 01 lo2595E 01 lo4Uit 01 1.1145[ 01 1o919St Ol lo11liE 01 lol1UE 01 a.61UE oo 

too.o S.94SlE 00 loZ9JIE Ol lo509JE 01 lo716JE Ol 2.049lE ot 2.2tou 01 t.4174E 01 1.4UZE 01 1o04Z9t 01 

uo.o 1.012<41: 00 l.SZUE 01 1.7159E 01 2.0112E 01 2.<40S)E 01 2.61SU 01 1.6688£ 01 1.66J9E 01 1.2290E 01 
uo.o 1.1<4461 00 t.1696E 01 2.oseu 01 Zo4U1E 01 2.1111E 01 J.l02l£ 01 1.9J51E 01 lo9Z94E 01 1.426JE 01 
tJO.o 9.UI1E 00 Z.OZ1SE 01 2oiSSOE 01 2.7651E 01 J.171U 01 J.SJ97E 01 2.2use 01 2.2o9oe o1 1.6J4U: Ol 
1<40.0 1o0SI9E 01 2o291lE Ol 2o6659E 01 Jol2UE 01 J.5907E 01 J.9967E 01 Zo5090E 01 2.sotee 01 loiSliE 01 
1so.o lo119SE 01 2.5796£ 01 2o919IE 01 J.S06ZE 01 4.02llE 01 4o41Z1E 01 2oll51E 01 2.1070E 01 z.on9E 01 
160.0 t.JZSJE 01 2ollZSE 01 J.JZ60E 01 Joi91St 01 4.461JE 01 4.9641E 01 JoUZ9E 01 lol2J9E 01 2.U<49E 01 
uo.o .... .,. 01 J.tlSIE Ol lo61J9E Ol 4.J04JE 01 <4o921SE Ol S.41JIE 01 J.46l9E 01 J.U20t 01 2.SS9ZE 01 
110.0 lo61lZE Ol , ...... 01 4.0JZ9E 01 ... n2u ot S.40J9E 01 s.ftllE Ot Joi014E 01 J.1906E 01 2.1USE 01 
190.0 1ol609E 01 J.auu ot 4o<402JE 01 S.lSUE 01 S.I926E 01 6oSJ10E 01 4.15091: 01 4.U91E 01 J.07UE 01 
200.0 lo9l41E 01 <4.1<421E Ol 4.71161 01 S.ttsZE 01 6.JMO£ 01 7.0196£ 01 4.S0911:: 01 4o<4910E 01 J.lJIZE 01 

uo.o 2.2J40E 01 <4.U01E 01 s.5611E 01 6o5l01E 01 1.u2u 01 1.2UOE 01 S.2541E 01 s.2J9JE Ol J.I919E 01 
2<40.0 z.s611E 01 5.5471E 01 6oJiliE 01 7.4650£ 01 a.sun 01 9o4ZJO~ 01 6.0J01E Ol 6.0UlE 01 4o4'101E 01 
260.0 2o9l42E 01 6.29JOE 01 l.ZJIZE 01 lo<K4ZE 01 9.6JllE 01 lo06U~ OZ 6oiJ64E 01 6.11lH o1 S.010JE 01 
21o.o J.2l26E 01 7.06JOE 01 loll6ZE 01 9o4149E Ol &.OlliE 02 t.19Z4E oz 7.6616E 01 7.64lZE 01 5.69QJI: 01 
JOO.O Jo6416E 01 7.1555E 01 9.0190E 01 t.onu 02 lol974E 02 loJZZIE OZ loSZ46E 01 loS009E 01 6.JZIIE 01 
no.o 4oOZOJE 01 ...... E 01 9.94<4SE 01 lo1599E 02 1.3111E OZ lo456ZE 02 9o40UE 01 9.Jl6JE 01 6o91JlE 01 
J<40.0 <4.4010E 01 9.SOOJE 01 lo0190E 02 lo2691E 02 lo<4<429E 02 1.592J[ 02 1oOJOOE OZ 1.onu 02 7.65J5E 01 
)60.0 4.10JlE Ol 1.0J<49E 02 1.1155£ 02 1.JIUE 02 t.S69ZE 02 1.7JlOE 02 loUISE 02 1olli<4E 02 1.une 01 
uo.o s.zoue ot t.UUE 02 lo21J1E 02 1.4956£ 02 lo69llE 02 1o11l9E 02 t.ZlnE 02 lo2ll<4f 02 9.0JJ1E 01 
<400.0 5.6l6lE 01 1o209ZE 02 1.JIJ4E 02 1.6lUE 02 t.llllE 02 2.01<49£ 02 lol094E 02 l•30Sit OZ 9.7<406£ 01 

420.0 6.0J29E 01 l.Z91JE 02 1.<4845£ 02 t.7216E 02 1.960)£ 02 Z.1591E 02 .... osu 02 lo40161 02 1oOU9E 02 
<440.0 6.<4541E 01 loJIIlE 02 l.SI69E 02 1.1<41)£ 02 2.09<40E 02 Z.J064E 02 loSOZlE 02 1o<4916f 02 1.11161 02 
460.0 6.1119E 01 1.<4101E 02 lo690SE 02 1o967U 02 2.2Z92E 02 2.4545[ 02 1o6CJ1ZE 02 1.5961E 02 lol9ZJE 02 
<410.0 1oJU9E 01 t.SlZ6f OZ lo19SZE 02 2.oaen 02 2.J651E 02 2.60<401: 02 1.7007£ 02 1o6960E 02 loZ661E 02 
soo.o 7.1SOJE 01 ..... oe 02 t.9009E 02 2o2lllE 02 2.5014£ 02 2ol5<41E 02 loiOllE 02 lo196ZE 02 1ol419E 02 
szo.o 1.1901£ 01 1.1602£ 02 2.oone 02 Z.lMSE 02 2.64221 02 2.9061E oz lo9024E 02 1oi91JE 02 1.<4171£ 02 
540.0 I.UJOE 01 t.ISSZE 02 2.11<49£ 02 2.4SIIE 02 2oli20E 02 ).0597£ 02 2.oout o2 1.9ftZE 02 1o4942£ 02 
560.0 9.0121£ 01 lo9509E 02 z.2uoE 02 Z.SMOE 02 2o9Z21E 02 J.21J6t 02 2.aone: 02 2.1011£ 02 1.51UE 02 
s1o.o 9.UJIE 01 2.onu 02 2.n1tE 02 2ollOOE 02 lo064JE 02 JoJ614[ 02 2.zuoe 02 2.20SlE 02 1.6<489£ 02 
600.0 9.91nE ot 2.1<44)£ 02 2.<441U 02 2.nne 02 J.Z066E 02 J.S2<40E 02 2.nsze 02 2.JotOE 02 l.lZJOE 02 

620.0 l.0<44<4E 02 2.2<4liE 02 2.551SE 02 2o96<41E 02 J.J496E 02 3.6104£ 02 Z.4ZOOE 02 2.4USE OZ 1.1osse 02 
640.0 lo090<4E OZ 2.U99E 02 2o66ZlE 02 J.0920E OZ J.<49JZE 02 )oiJlJ~ 02 2.szne 02 2.stase 02 1.11<4SE 02 
660.0 1.U6SE 02 2.451<41: 02 2.nnE 02 3.2205£ 02 J.6J1JE OZ Jo9949E 02 2o6JlOE 02 2.6l40E OZ 1.96JIE 02 
610.0 l.li29E 02 2oSJ1<4E 02 2.1141E o2 J.J494E 02 l.71ZOE OZ <4.15JOE OZ 2.nue 02 2.7299£ 02 2.ousc 02 
100.0 1·2Z9SE 02 2.6)61£ 02 2oft61E 02 J.<4711E 02 J.9Z1ZE 02 <4.JU5£ 02 2.1<4191: 02 z.uue 02 2.UJSE 02 
uo.o 1o2l6ZE 02 2.1J6SE 02 ).1091E oz J.6011E 02 4.0121E 02 <4o<410SE 02 2o9509E 02 Zo9UOE 02 2.20JIE 02 
7<40.0 1.llJlE 02 2.1J66E 02 J.22UE 02 J.1JI9E 02 4.21171 02 4.6299[ 02 J.OSIZE OZ ).0501£ 02 2.ZI44E 02 
160.0 1.noze 02 z.n70E 02 J.JJ41E 02 J.I6ME 02 <4.J650E 02 ... 1196£ 02 J.1659E OZ J.l57U 02 2ol65ZE 02 
no.o 1.4UU 02 J.oJnt 02 Jo<441lE 02 4.000)£ 02 ... 51161 02 4.9496£ 02 J.27Jit 02 Jo265l~ 02 2.<446J;: 02 
100.0 loU41E 02 J.U16E 02 J.S6llE 02 ... u1u 02 4.6SISE 02 t.1099E 02 loliZOE 02 J.JlJOE 02 2.S216E 02 

120.0 1.SUJE oz J.ZJ91E 02 Jo6l54E 02 4.26ZIE 02 4.8056£ 02 S.ZTOSE 02 J.<490U 02 ).<4812£ 02 2o6090E 02 
MO.O 1.SS99E 02 J.J4UE 02 J.719<4E 02 ... J94<4E oz ... 9529£ 02 S.4Jl21: 02 J.S991E OZ Jo5196E 02 2.6901E 02 
160.0 1.60761: 02 3.<44291: 02 J.90J6E 02 4.JZ6ZE oz 5.10051: 02 So59ZZE oz ).7019£ 02 ).6911[ 02 2.nzse 02 
eeo.o 1.65541 oz J.M<41E 02 4.0110£ 02 <4.6SUE 02 S.2<41ZE 02 s.nJJo: 02 J.IUOE 02 loi069E 02 2.1545£ 02 
900.0 lo70JZE 02 J.6466t: oz ... aun o2 4.190JE 02 5.J960E 02 5.9145£ 02 J.¥261£ 02 J.91SIE 02 2o9J6SE 02 
920.0 1.1SUE 02 J.l<488E 02 <4.2<472£ 02 4.9226E 02 5.54<40£ oz 6.01J9t 02 <4.0JSSI:: 02 <4o0l41E OZ 3.0111£ 02 
940.0 1o799ZE 02 J.IS10E 02 <4.J619E 02 s.05501: 02 S.6921E 02 •• nne 02 ... 1<449[ 02 <4oU<40E 02 J.lOllE 02 
960.0 1.1<41)£ 02 J.9SJ<4E 02 4.4761E 02 5.11751: 02 s.1..ou 02 6.J911E 02 4.2545£ 02 4.2UJE 02 J.lllSE OZ 
910.0 l.1955E 02 4.0559E 02 4o59liE 02 S.JZ01E 02 s.teese 02 6.5604E 02 <4.J64ZE 02 4.3521£ 02 JoZ660E 02 

1000.0 1.94JlE 02 ... 1516£ 02 4.7069£ 02 5.4SZ1E 02 6.U61E 02 6.7220~ 02 4.<4l40E 02 <4.46ZZE 02 J.3U6E OZ 

uoo.o Z.UIOE 02 S.UIZE 02 5.1591£ 02 6.11UE 02 7.6204£ 02 e.nne oz S.51<4SE OZ s.ssttE 02 <4o11l4E 02 
1400.0 2.9U7E 02 6.2l9SE 02 l.OUOE 02 1.1016E OZ 9.099JE 02 9.9464£ 02 6.6l!»JE oz 6.6510£ 02 s.oo?u oz 
1600.0 l.J911E 02 fo2UJE 02 lo159ZE 02 9o<4Z69E OZ 1.0561£ OJ 1.154)( 0) 7.1lZOE 02 1.n2oE 02 5.nne oz 
2000.0 4.J6JlE oz 9.290JE 02 1.04UE OJ 1.2036£ 0) 1ol469f OJ 1o<4692E OJ 9.9451£ oz 9.9ZOSE 02 7.<4716£ 02 
2400.0 s.Jl67E 02 t.UOlE 03 l.Z661E OJ 1.<4602£ O'J 1.UllE OJ 1.'Jli0E Ol 1.2019£ OJ 1.2051£ OJ 9.10091: 02 
2100.0 6.2511£ oz l.JZ96E OJ lo4170E OJ 1.1126£ OJ l.91UI: OJ 2.010tE OJ 1o4200t OJ 1.4l6U OJ lo0701E 03 
)200.0 7.1195£ 02 lo5ZS9E OJ 1olOJ9E OJ 1.9610£ OJ 2o1162E OJ 2.J11<4E OJ 1o6ZilE OJ 1o62<40E Ol 1.zzue 03 
)600.0 lol09SE 02 lo1191E OJ lo9ll1E OJ 2o20SlE OJ 2.<4S61E OJ Zo67lOE OJ 1oiUU Ol 1.1ZI9E OJ &.1140£ 0) 
4000.0 9.0&95£ 02 lo9l1JE OJ 2.1211£ OJ 2.<4410E OJ 2.1ZJ4E OJ 2.9591£ OJ 2.0161£ OJ 2.0JllE OJ 1. SJI1E OJ 
sooo.o 1.1255£ OJ 2.Jil<4E OJ 2.64SIE OJ J.OJlSE OJ ).3749£ OJ J.66Z6l: OJ 2.:.uoe OJ 2.S261E OJ 1.9lc.JE 03 
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ltAOM !IAN$£ t ~/CIIl 

SIIII~Y IIATEII oW-CL oW-Ill NA-1 Ll-1 POI..YUHYUNE SlJLIENE LUCITE ANfHIIACEN£ 
MY I• 65.1 .. ,..., I••U4ol 1•43J.O ••• u.s •• 54.6 I• 6So2 I• 65.6 I• 67.0 

loO lolOME-ol 2.5504£-02 2.7500£-02 2o10ME-02 2o9109E-G2 l.OU5E-02 1.1561£-02 1.1UIE-02 1ol163f-02 
•• o J.1901E-02 7o9U6E-o2 8.5026£-02 1.6111£-0l 9o1S96E-02 :S.~69E-02 lo9S1U-Ol Jo9061E-Ol 4.0141(-01 
6o0 1oiii6E-Ol 1oS611E-01 1o66llE-01 1.69161-01 1.1158£-01 1o4U9E-Ol loZl6Zf-02 8.uue-o2 1.n2u-oz 
a.o 1oJ21lE-01 2.n5ee-o1 2o690lE-Gl 2o15l6E-01 2oii99E-01 l.UOJE-01 1oli39E-01 1ol611E-01 1.40.6£-01 

10.0 lo9175E-01 Jo7090E-01 Jo9260E-G1 4o0220E-G1 4.ZlS1E-01 1.115U-01 2.0125£-01 2.ouu-o1 2o10UE-01 
14.0 1.65651-01 6o6U6E-o1 6o91ME-01 7o1UOE-G1 7oU5l£-01 3.UU£-01 J.llZlE-01 J.7679E-o1 lol6l6E-01 
18.o 5o1662E-G1 1.oun oo 1o07'J6E 00 1o10J1E 00 1o1SZ4E 00 s.u89E-o1 6o01ZlE-01 So9USE-G1 6.o9nE-01 
u.o lo29JIE-01 &.4469£ 00 1.5216£ 00 loS605t 00 1.62UE 00 7.1589£-0l e.6UZE-01 8.~~E-Gl 1.7616£-01 
26.0 1.U2lE 00 1.9J .. E 00 2o0Jl1E 00 2.onn oo 2.nne oo 1o0640E 00 1.1691£ 00 1.1560£ 00 1oll6lf OU 
JO.O 1o4SJOE 00 2.41UE 00 2.~e oo 2o610Sf 00 2.7119£ 00 1oJ1IS~ 00 1.!>1UE 00 1o4910E 00 1oSJSIE 00 

J4.0 loi201E 00 J.OI'MI 00 JoZJS9E 00 J.Jl14E 00 J.45J6E 00 1.1212E 00 l.I982E 00 1.11SIE 00 l.924lE 00 
JI.O 2o224lf 00 Jo144JE 00 Jo924ZE 00 4o0225E 00 4.l8SJE 00 2.tlliE 00 2.U86E 00 2.29lZE oo 2· J50JE 00 
42.0 2.6616£ 00 •·•ss8E oo 4.66nE oo 4.18JSE 00 4.9141£ 00 2.szan 00 2.1741E 00 2.7UOE 00 2.1126£ 00 
... o Jo1Jl4E 00 5.2180£ 00 5o .. J2E 00 S.S916E 00 5.8200E 00 2o9762E 00 3o2U5l 00 JoZ269E 00 Jo3099E 00 
so.o J.6JSJE 00 6.0295£ 00 6oJl02£ 00 6 ... 58£ 00 6o7190E 00 J.USOE 00 J.7891E 00 Jo7"9E 00 Joi411E 00 
60.0 5.ou• oo 8.2611£ oo 1.6405£ 00 8oi5UE 00 9.1909£ 00 4.1801£ 00 So240JE 00 5.118ZE oo s.no8£ oo 
70.0 6.59ME oo 1·0112£ Ol 1olZ51E 01 1.1529£ Ol &.1964£ 01 6o278lE 00 6o819SE 00 6o7910E 00 6o9716E 00 
8o.o 8oM06f 00 1.JSJ6E 01 1.4UIE 01 lo4471E 01 1.S011E 01 7.9)1)£ 00 8o6945l 00 8o5914E 00 lo81ME 00 
90.0 1.0ZJ9E 01 1o6SJ9E 01 lo7266E 01 1.7618£ Ol lo8ll9E 01 9.7472£ 00 1.0674£ Ol 1oOS41E Ol lo01l6E 01 

1oo.o 1.2216£ 01 lo91MI 01 Zo0626E 01 2oll15E 01 Zo1116£ Ol 1o1698£ 01 1.2101£ 01 lo26S5E 01 lo2971E 01 

llO.O 1o4471E 01 2.nne 01 2.4201£ 01 2.une 01 2o5669E 01 1oJ11ZE 01 1.5085£ 01 1o4905E 01 1.528U Ol 
120.0 1.6116£ Ol 2.6826£ 01 2.7919£ 01 2.86J1E 01 2o9666E 01 1.S99lE 01 1.7491£ 01 1o1290E 01 1.7129£ Ol 
uo.o 1.9225£ 01 3o06JI£ 01 Jo\941£ 01 Jo2696E 01 Joli6JE 01 1oiJ16£ 01 2.oo.oe 01 1.9801£ 01 2oOJOJE 01 
140.0 2.1n1E 01 Jo462JE Ol Jo60ME 01 ).69)7£ 01 3o8248E 01 2.015Jf 01 2o270ZE 01 2o2U2E 01 2olOOOE 01 
1so.o 2.4441£ 01 Jo8169£ 01 4.0.09£ 01 4olJSl£ 01 4o28llE 01 2oJl94t 01 2.sun 01 2.snu 01 2.teue Ol 
160.0 2ol201E 01 4.J069E 01 4.4812£ 01 4.5926£ Ol 4o7S41E 01 2o5934E 01 2.aJ6u 01 2.ao2n 01 2.81J2E Ol 
no.o Jo0011£ 01 4o1Sl4£ Ol 4o9505E 01 5o065SE 01 5o2429E 01 2oi661E 01 J.1146E 01 J.0912E 01 Jol1S5E Ol 
110.0 s.J021E 01 5o209SE 01 So42701E 01 5.5521£ 01 5.7~ 01 J.1488E 01 3.4427£ 01 Jo40l6E 01 Jo4815E 01 
190.0 Jo60JOE 01 5.610.1 01 5o9l611E 01 6.0517£ 01 6.2640£ 01 3oU9JE 01 3.75.99£ 01 JollSlE 01 Joi088E Ol 
zoo.o Jo9l96E 01 6ol6JSE 01 6o4192E 01 6.56JSIE 01 6.i .... E 01 loUJIE 01 4o08SJ£ 01 4oOJ10E 01 4.U88E 01 

uo.o 4.5619E Ol 7ol6J81E 01 1o4S91E 01 1.6JlOE 01 7.1935£ 01 4oJS68E 01 4. 7615£ 01 4oJMJE 01 4oiZJJE 01 
240.0 5.24461: 01 8.20541 01 loMl91E 01 8.1JIJE 01 9oOJ7JE 01 SoOOJlE 01 5o4668E 01 5.4016£ 01 s.snu 01 
260.0 5o9469E 01 9o214JIE 01 9o66J2E 01 9.8149£ 01 1o022lE 02 S.6U9E 01 6.1919£ 01 6oU49E Ol 6o2f90E 01 
280.0 6.61261: 01 1oOJ91E 02 lo08l9E 02 1o1061E 02 1.1442£ 02 6oJ669E 01 6.9SSOE 01 6.8720£ 01 7.0448£ 01 
JOO.o 7.4196E 01 1ol5)9£ 02 1o2006E 02 1.2281£ 02 1.2696£ 02 7oOIOlE 01 7.UJ1E Ol 7o6408E 01 7oU21E 01 
JZO.O 8.U56E 01 1o2109E 02 1oJ22JE 02 loJS24E 02 1oJ919E 02 7o8llSE 01 8.5uoe 01 8o4Z9lE 01 8o6408E 01 
140.0 1.9689£ 01 loJ9ME 02 1o4466E 02 lo479Jf 02 1o5Z90E 02 loS602E 01 9.3475£ 01 9.2)54£ 01 9.4615£ 01 
360.0 9.1611£ 01 &.SlUE 02 lo51J2E 02 1o6086E 02 1o6624E 02 9o:s250E 01 1o01UE 02 lo0060E 02 1o0J1lt 02 
JIOoO 1.o582f 02 1o6JS9£ 02 1o1019E 02 lo7400E 02 1o7910E 02 1o0104F 02 1.10JOE 02 1o0902E 02 1oll1lE 02 
400.0 1o1409E 02 lo 7616£ 02 loU24£ 02 lo8114E 02 1.9351£ 02 1o089'JE 02 lo1894f 02 1.1159£ 02 lo20.5E 02 

420.0 1o2249E 02 1o8119E 02 1.9646£ 02 2.0086£ 02 z.onu 02 1ol102E 02 1.21JOE 02 lo2628E 02 lo29J2E OZ 
440.0 loJ099E 02 2.onn 02 2.0984£ 02 2o14ME 02 2.2l6Jf 02 1oZS18E 02 1o36S9f 02 1o3SlOE 02 1.JIJ2E oz 
460.0 &.3961£ 02 2ol479E 02 2oUJl£ 02 2o21J6E 02 2.JS89E 02 loJ34SE 02 1.4559£ 02 1.4402£ 02 lo474U Ol 
410.0 1.4832£ 02 2.2194£ 02 2.)102£ oz 2oUJZE 02 2oS029E 02 1o4li1E 02 1.!>469£ Ol 1oUOSE 02 1o5665E 02 
soo.o 1o5112E 02 2o4121E OJ 2.5079£ 02 2o5U9E 02 2.6482E 02 loS026E 02 1o6JI9E 02 1.62UE 02 1.6596£ 02 
520.0 1.6600£ 02 2.54SIE 02 2.6467£ 02 2.7058£ 02 2.7945E 02 1o5880E 02 lo1JUE 02 1o1lJ7E 02 &.1SJ6E 02 
540.0 &.7495£ 02 2.68ME 02 2o716SE 02 2.8487£ 02 2.94l9E 02 1o614U 02 1o8Z54E 02 1o8066E 02 1.8484£ 02 
560.0 1.1J91E 02 2oll60E 02 2o921lf 02 2.99ZSE 02 lo090JE 02 1. 7609( 02 1o9198E 02 1o9002E 02 lo9440E OZ 
uo.o lo9J06E 02 2o952JE 02 Jo0616E 02 3olJ72l 02 J.2394E 02 1o8484E 02 2.0149E 02 1o9945E 02 2o040JE 02 
600.0 2.0220£ 02 JoOIME 02 Jo2l09E 02 J.2126E 02 J.3894E 02 1o9J65E 02 2.uon 02 2o019SE 02 2.une 02 

620.0 2.1140£ 02 Jo227l£ 02 JoJSJ8E 02 Jo4211E 02 lo540lf 02 2o0251E 02 2.2010£ Ol loUSOE 02 2o2148E 02 
.. o.o 2.2065£ 02 J.J6ME 02 Jo4914E 02 J.5154E 02 )o69l4E 02 2oll4JE 02 2.JOJ9E 02 2o21llE 02 2.JJ29E 02 
660.0 2o2995E 02 JoSO.JE 02 JoMlSE 02 J.7Z21E 02 Jo84JJE OZ 2.2MOE 02 2.40UE 02 2.nnt 02 2.4JlSE 02 
680.0 2oi929E 02 J.64J61E 02 Jo786lE 02 Jo810st 02 3o9951E 02 2.2941£ 02 2.4992t 02 2.4748£ 02 2oSJOlE 02 
1oo.o 2.4867£ 02 JoJ814E 02 J.9JUE 02 4.01811: 02 4ol486E 02 2ol846E 02 2.5976£ 02 2oS1UE 02 2o6JOZE 02 
no.o 2.SIOIE 02 J.9U1E 02 4.0168£ 02 4.l674E 02 4.3020£ 02 2o41SSE 02 2o6964E 02 2.6702£ 02 2. 7JOZE oz 
740.0 2o61SJE 02 4o0642f 02 4o2ZZ1E 02 4.J165E 02 4.4SS9E 02 2.56611: 02 2o79SU 02 2o768SE 02 2oU06E 02 
160.0 2.nou 02 4.2052£ 02 4oJ690E 02 4.4659E 02 4.6101£ 02 2o6SI5E 02 2o89!j01: 02 2o861lE 02 2o9JUI: Ol 
180.0 2.165JE 02 4.1464£ 02 4o5lSSE 02 4o6lS6E 02 4.7646£ 02 2o1504E 02 2.9948£ 02 2.966\t 02 JoOJZ4E 02 
eoo.o 2.9601£ 02 4.4879£ 02 4o6624E 02 4.7656£ 02 4o919SE 02 2oi426E 02 Jo09SOE 02 J.06S4E 02 3olJJIE 02 

uo.o ).0564£ 02 4.6296£ 02 4o8096E 02 4.9lS8E 02 5.o746E 02 2.nsze 02 Jo19S4E 02 3o1649E 02 lo2JUE 02 
140.0 J.l52JE 02 4.7116£ 02 4o9569E 02 So066JE Ol So2300E 02 lo0279£ 02 J.296lE 02 Jo2647r: 02 3.JJ1SE 01 
860.0 JoZ4851: 02 4.9UIE 02 5o104SE 02 S.ll69E 02 5.JIS6E 02 )ol209£ 02 3 • .t970E 02 3oJ648E 02 J.4J91E Ol 
110.0 Jo3448£ 02 5.056ZIE 02 5.25UE 02 5.3677£ 02 s.S414E 02 Joll42E 02 J.498ZE 02 J.46Slt 02 3.S421E 01 
900.0 Jo441JE 02 S.1988E 02 s • .oou o2 S.5181t 02 So6974t 02 3.J076E 02 Jo!>996E 02 3oS6S6E 02 Jo644n 0? 
920.0 J.5J80E 02 5oJ4l4E 02 5oMI2E 02 So6698£ 02 s.tsJ6E 02 3.40l2E 02 J.70l2E OZ 3o66UI: 02 J.7476~ Ol 
Mo.o Jo6J49E 02 s.u4n 02 s.69M£ 02 s.8Zltt 02 6o0099E 02 3o49SOE 02 J.8029E 02 J. 761lE 02 3.8506£ Ol 
960.0 Jo1J19E 02 So6212E OZ s.8441E 02 s.91Z4E 02 6ol66JE 02 J.S890~ 02 3.90.9£ 02 J.8612E 02 3. 9S)IE 02 
910.0 Jo829lE 02 s.nou 02 5o99Uf 02 6.1239£ 02 6oJ22U 02 Jo6UlE 02 4o0070E 02 Jo96ME 02 4o0S12E 02 

1ooo.o Jo9264E 02 5.9UJE 02 6o1416E 02 6o21S4E 02 6.4795[ 02 J.7774~ 02 4ol09zt 02 4.0701t 02 4.1607~ Ol 

uoo.o 4.9M4E 02 1.3461£ 02 7o62UE 02 1.1921£ 02 1.04801: 02 4.1259E 02 s.tnst 02 5.o19tE 02 S.2019E oz 
1400.0 Soi814E 02 8.nuE 02 9oll24E 02 9oJ07SE 02 9.6145E 02 s.68on 02 6ol7l6E 02 6oll4SE 02 6oZ490~ Ol 
1600.0 6.1114£ 02 lo0202E OJ lo0S90E OJ 1o081SE OJ 1o1l14E OJ 6.6)66£ 02 7.2071£ 02 7ol4041: 02 7o2974t 02 
2000.0 8.1J4lE 02 1oJ02SE OJ 1olSl6E OJ 1oJ199E OJ lo4262E OJ 8o!>4t6E 02 9.ZUlE 02 9.1161£ 02 9oJ89U 02 
2400.0 1o0784E OJ 1.5809£ OJ 1o6401E OJ 1.6739£ 03 t.nou 03 1o044JE OJ l.UZ6E 0) 1.1219£ OJ 1.1467£ OJ 
2eoo.o 1o2118E OJ 1o8SSSE OJ 1.9244£ OJ 1.9635£ OJ 2o030U OJ 1.2J21e OJ lolJ62£ OJ 1oJ2l6E OJ 1.)5291: 0) 

J200.0 1.46JJE OJ ZolZ6SE OJ 2o20SOE OJ 2.2491£ OJ 2ol258E 03 lo4196E OJ 1.!>3821: 03 loSUSl OJ 1.ssnt Ol 
)600.0 1.6542£ OJ 2.3943£ 03 2o4120E OJ 2.ntoE OJ z.6lnE OJ 1.6051£ OJ 1.1J8SE OJ 1.1218£ OJ 1o160U 03 
4000.0 1oi4J2E OJ 2o6591E OJ a. 7559£ OJ 2.8one 0) 2o9060E OJ 1o189lE 0) 1oU7U OJ 1.9116£ OJ 1.96161: OJ 
5000.0 2.Jl0Jt 03 loJ091E OJ Jo4286E OJ J.49llE OJ Jo6UII: OJ Zo244U OJ 2o4285E OJ 2.40.5£ OJ Zo45881: OJ 
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PIOII SJOPPIIIG POWER, MEV•ONZIG 

IIIERGY IE c A&. FE cu AG AU .,. u 
MY l• 60.0 I• lloO 1•161.0 I•Zn.o l•:n".o l~ll.O l•797o0 l•826o0 l•tZI.O 

2.0 z.taSOE 01 loZUtE Ol 2o690U 01 2oUl6E Ol Zolt6tE Ol 1oi60Jf 01 lo4JUI: 01 l.U26E Ol l.JltOE 01 
"·0 le6MJE Ol 1oiSJ41 01 1oJ64ZI 01 1olllOE 01 l.J~lE 01 1ol2UE 01 lo92JfE 00 1.6""'E 00 loU06E 00 
6.0 a.2ttJE 01 1.'J22JI! Ol 1oUlll Ol 1.~n 01 t.JIJU 00 8oJ4JJE 00 6o7"J9E 00 6.JIOJE 00 6.1901£ 00 
leO t.61Jll 00 1.0JltE 01 t.OHtE 00 lo069JE 00 7.7U1E 00 6o7560E 00 S.JUtE 00 S.JMJE 00 Jo0911E 00 

10.0 ··ll"lE 00 loiJUI 00 , .... se oo 6ol2llE 00 6ot2l" 00 5.1421£ 00 4o1JZ9E 00 4.6276£ 00 4.JI4JE 00 
1".0 6o2l4JE 00 6.11061 00 Jo9J601 00 5.UJ4E 00 J.10llE 00 4oJIUE 00 Jol511E 00 Jo6790E 00 J.49UE 00 
lloO J.UOJE 00 Jo61l6E 00 "•96651 00 4o4Jl4E 00 4oZ702£ 00 J.nue 00 lollll£ 00 J.U:UE 00 Zo9660E 00 
u.o 

•·'"" oo 
4ot2JIE 00 "•JltOI 00 lol1901 00 lol'ZJIE 00 J.:U"4£ 00 2.7""£ 00 Z.1J4lE 00 2o609JE 00 

26.0 4.02911! 00 "•J96JE 00 loi619E 00 1·"1401 00 JoU66E 00 2.tnn 00 2.SlME oo 2o46JJE 00 2.JJJIE oo 
JOoO lo6671E 00 "•OOIH 00 lo5220E 00 lol12JE 00 s.~eaE oo 2.7226£ 00 2oJOJ6E 00 2.2601£ 00 2.1615t oo 
MoO loJUtE 00 lolOOII! 00 loJJtJI 00 2.ntu oo 2.1250£ 00 2.J26JE oo Zol4JtE 00 z.1021e 00 ZoOU6E 00 
JI.O Jo16lJI 00 J.4J9ft 00 1.osotE oo 2oltJJE 00 2.641U 00 2.nou oo 2o014fl: 00 1o91JtE 00 l.ltUE 00 
42.0 2.91l6E 00 J.26~ 00 2.uue oo 2o602JE 00 2.5029£ 00 2oZ429E 00 lo9091E 00 1.11211 00 1ol9JIE 00 
46.0 2ollltE 00 lo1026E 00 Zol.ofE 00 2.une oo 2o:JIJ1E 00 2.U1JE 00 loiZlfE 00 1.7811£ 00 lo7U"E 00 
so.o 2ollltE 00 2o9571E 00 2o6UIE 00 2.n2JE oo z.uzu oo 2oMIJE 00 1.7410£ 00 l.l1"9E 00 1o6UIE 00 
60.0 Zo"ltlE 00 2.6,161 00 ZoHlZI 00 2ol101E 00 2.oiME oo 1o8liJI: 00 1o60661: 00 1o516JE 00 1.51221: 00 
70o0 z.1osn oo Zo5U6E 00 Zo2Jl6J 00 2.02161 00 1o9JJIE 00 1ol51ZE 00 1o:0065E 00 1.4115E 00 1o4190E 00 
10.0 Zo1lt6E 00 z.ntsE oo z.u1u oo 1o92ZOE 00 1.15261 00 1o669J[ 00 1o4J26E 00 1o406lE 00 1oi501E 00 
to.o z.oun oo 2.llOZE 00 2.oun oo 1oiJ92E 00 1.1l60E 00 1o6020E 00 1oJ165E 00 1.JSUE 00 1.Z919E OQ 

100.0 z.oo65E oo Zoli76E 00 1o95J6E 00 1o1l6JE 00 lo116lf 00 l.Mt6E 00 1.n2tt oo loi016E 00 1.251JE 00 

uo.o 1oM5JE 00 Zol214E 00 1.19161 00 1ol26l£ 00 lo66UE 00 1o5080E 00 1oZ914E 00 1oll49E 00 1oll5ZE 00 
uo.o 1.1""' 00 2.06761 00 1ol5221 00 1o68ME 00 1.6J06E 00 1o4741E 00 1o2l09E 00 1oZ479E 00 1o1996E OQ 
uo.o 1oiMZE 00 2.oz1JE 00 1oi149E 00 1o65ZlE 00 1.Jt40E 00 1.44111: 00 1o2416E 00 1.2261£ 00 1ollfiE 00 
140.0 1oll9ft 00 1o916H 00 1• lMOE 00 1o6Z45E 00 lo56l9E 00 1o4249E 00 loZJOSE 00 loZOME 00 1.16lOE 00 
uo.o 1ol910E 00 1o955H 00 lolSIU 00 lo601JE 00 1o546JE 00 lo4066E 00 1oZ144E OD 1.19JtE 00 1o141ZE 00 
l60o0 1ol664E 00 1ot294E 00 1olJMI 00 1.JIZZE 00 1.5211£ 00 1.J9UE 00 1.20191: 00 1olll9E 00 loUSIE 00 
no.o 1.7"5JE 00 1.tollE 00 1.llllE 00 1o!I659E 00 1.51281: 00 1oJliJ[ 00 1oltlJE OD 1ol1ZZE: 00 1oU6JE 00 
110.0 1olZlJE 00 1ollllE 00 1ol02JE 00 1.n2u oo 1o4999E 00 loJ6l!IE 00 1oll24£ 00 lol641E 00 1olliZE 00 
&90.0 1olUOE 00 1oi11JE 00 1o61tlE 00 1oM04£ 00 1o41tOE 00 1oJJ14E 00 lell!IJEOO lolJ7JE 00 1.UliE 00 
200.0 1.6916E 00 1.1Jllfi 00 1.67111! 00 1oJJ04E 00 1.4791£ 00 1oJJ01E 00 1o16ME 00 1.ltZJIO 00 1ol06SE 00 

uo.o 1o61611 00 1oiiJOE 00 1o6J9lE 00 1o51"1E 00 1o465ZE 00 1oJJ90E 00 1o1605E 00 1o1~[ 00 1.09161: 00 
240.0 1oMOJE 00 1olliOE 00 a.MeJI oo 1.soue oo 1o4MJE 00 1oiJ09E 00 loU4lE 00 1oUJ6E 00 lo09J6E 00 
Z6o.o loM76E 00 a.eo5u 00 lo6J691 00 1o49J1E 00 1.4474£ 00 1.JU4E 00 lol!llOE 00 1.UZtE 00 1.0906£ 00 
210.0 1o6JltE 00 lo19J61 00 1o6J01E 00 1o41ME 00 lo44ZJE 00 1.JUOE 00 1o1490E 00 1oU1610 00 lo0191E OU 
JOO.o 1o6J06E 00 a.ni6E oo 1o6Z5JE 00 1o46J6E 00 1o4J91f 00 loJIOlE 00 lo14UI 00 1oUl6E 00 1oOIIIE 00 
uo.o 1o6250E 00 1oliJ4E 00 1o6UU 00 1.UJJE 00 1.4Jl2E 00 1oi1ME 00 lo148SE 00 lo1JZJE 00 1oOIME 00 
~"GoO lo620tE 00 a.ntiE oo 1.6lOIE 00 1o41ZIE 00 1.4""£ 00 1oll96E 00 lol49SE 00 1o1J40E 00 1.0907£ 00 
J60o0 1o6110E 00 1o1llJE 00 1o619JE 00 1o41UE 00 1o4""£ 00 loUOJE 00 loUllt 00 1olJ61£ 00 1.0926£ 00 
IIOoO lo61J9E 00 1o1l61E 00 1o6195E 00 1o41UE 00 1o4J12£ 00 loJUlE 00 1olJJlE 00 lolJilE 00 1oOMIIO 00 
400.0 lo6141E 00 1.1lJH 00 1.6lOZE 00 l.UIU 00 1o4J14E 00 1oU41E 00 loUISE 00 lol4l!IE 00 lo0914E 00 

.ao.o .... ~ 00 1o1lJ61! 00 1o6Z1H 00 1o""'7E 00 1.~u oo loJZME 00 1ol58ZE 00 1ol446f 00 lo100JE 00 
440o0 lo6lJtE 00 1.l16ZE 00 lo6229E 00 t.4166e oo 1o442JE 00 1oJZ90[ 00 1.1611£ 00 1ol479E 00 1olOJJE 00 
460.0 1o61411 00 1o1l1ZE 00 1o6249E 00 1o4111E 00 1.~5£ 00 1oJJl9[ 00 1ol64ZE 00 1oU14E 00 1ol06SE 00 
uo.o 1o614fl 00 lollME 00 1o6Zl1E 00 1o49llE 00 1o441lE 00 1ol3491: 00 1.16l4t 00 1olM9E 00 1o109lE 00 
soo.o lo61J6E 00 1oliOJE 00 1o6lt6£ 00 1.4911£ 00 1o4491E 00 1oJJIOE 00 1.UOlE 00 1ol516E 00 1o1UlE 00 
szo.o 1o6161E 00 1olUZ£ 00 1o6JZJE 00 lo496JE 00 1o4J21E 00 1oJ4lJE 00 1.11401: 00 1ol6ZJE 00 1.1165£ 00 
MO.O 1o6111E 00 1.1~ 00 •• .,. 00 1o4991E 00 1o45SJE 00 1oM4610 00 1o1lfJE 00 lo1660E 00 1.uooe oo 
560.0 1o6196E 00 lo7161E 00 1o6JltE 00 1o50ZJI 00 1o4JIJE 00 1oJ4101: 00 lol809E 00 1ol69JE 00 1oUUE 00 
seo.o 1o62lft 00 lolltl£ 00 1o6409E 00 1o50JJE 00 1oUll£ 00 1ol5lJE 00 1o1144E 00 1ol1IJE 00 1.1270£ 00 
600o0 t.6UOE 00 1ol916E 00 loMitE 00 lo5014E 00 lo46SOI: 00 lo)MtE 00 1ol8liE 00 1.Ul2E 00 1olJOJE 00 

620.0 1.62411! 00 a.JMJE oo 1oM70E 00 l.SUSE 00 1o468Jt OD 1oJ514t 00 1ol9UI: 00 1.110tE 00 1oU40f 00 
MOoO ~~~:: 00 1ol969E 00 1o650ZE 00 1oSl4lE 00 1o41l4E 00 1.J6l9E 00 1ol941E 00 1ol8461: 00 1.urse 00 
660.0 00 1oltt61 00 1o65ME 00 1o5ll9E 00 1o41UE 00 loJ6!1JE 00 lolt12E 00 1ol81JE 00 lo1409E 00 
610.0 1o6JOJE 00 1oiDZ4E 00 lo6J66E 00 loSZUE 00 1o4J19E 00 loJ618&: 00 lo2016E 00 1.19ZOE 00 1o1444E 00 
700.0 lo6JZIE 00 1.1052£ 00 1o6J91£ 00 1oJ242E 00 1.uue oo 1.1122£ 00 1oZOJOE 00 1.1tJ6E 00 lol418E 00 
uo.o 1.6J49E 00 1oiOIOE 00 1o66JOE 00 loJU4E 00 1o4144E 00 1oll56E 00 loZOMt 00 1o199ZE 00 loUlZE 00 
l40o0 lo61lOE 00 1ol10tE 00 1o666ZE 00 lo!IJ06E 00 1o4116E 00 loJltOE 00 lollUE 00 1oZDZlE 00 1o1MJE 00 
160.0 1.6JtU 00 1ollJJE 00 1o669JE 00 1o5JJlf 00 lo"901E 00 1oJI24E 00 1.2150£ 00 1o206ZE 00 lo1511E 00 
no.o 1oM1JE 00 loi166E 00 1·6125£ oo 1.JJ69E 00 lo49J9E 00 1oJitll: 00 1olliJE 00 loZ09lE 00 lo16ll~ 00 
aoo.o 1o64JJE 00 1oi194E 00 1.61511 00 1oJ400E 00 1o49ll£ 00 1oJI90E 00 1olZl5E 00 1ollJlE 00 lo1MJE 00 

ezo.o loMIU 00 1oU2ZI 00 1o61UE 00 loMitE 00 loJOOZE 00 1oi9ZJE 00 1.2247£ 00 lo2l65E 00 1ol615E 00 
MO.O 1oMliE 00 1.1151£ 00 1o61ltE 00 1o!I461E 00 1oSOJJE 00 loJtJJf 00 lolZll£ 00 1oll91E 00 lo1f06E 00 
160.0 1 ..... 00 loiZltE 00 1o61SOE 00 1.Mt2E 00 1o506JE 00 loJ91lE 00 1.ZJ09£ 00 1o2UlE 00 lollJlE 00 
IIOoO 1o6JZll 00 a.IJDlE oo 1.6181£ 00 1o5J2ZE 00 1o50ME 00 1o40l9E 00 1o21"0E 00 lo2Z6JE 00 lo1l61E 00 
too.o 1o6Mft 00 1oiJJH 00 1.6911£ 00 lo!IJSZE 00 lo!ll24E 00 lo40SOE 00 1oUlOE 00 1oU95E 00 1ol198E 00 
tzo.o 1.6564£ 00 1.1J6ZE 00 1o6941E 00 loJJilE 00 1o5l5JE 00 1o4011E OD lo2400E 00 1o2JZJE 00 1oliZIE 00 
MO.O lo6JI5E 00 1oii19E 00 1o691lE 00 loJ610E 00 loJUU 00 1o4ll2E 00 lo24JOE 00 1oUSIE 00 lo1151E 00 
960·0 lo6606E 00 a.Man oo 1.1000E 00 loJ619E 00 loJlllE 00 1o41UE 00 lo24J9E 00 loUitE 00 lolU7E 00 
980.0 1.66211 00 1oi444EOO 1olDZtl 00 1.J661E 00 1oJ2401 00 1o4lllE 00 1oZ411E 00 lo2419E 00 1.19151 00 

1ooo.o 1 .... n oo 1ol4lOE 00 loJOSIE 00 1oJ696£ 00 1oS261E 00 lo4Z01E 00 1oZJ16E 00 1oZ449E 00 lo1 ""'£ 00 

uoo.o 1.684JE 00 1.112ZE 00 1olJZtE 00 1o59611 00 1oJJJJE 00 1o4474E 00 1.2111£ 00 a.UUE 00 1.2207£ 00 
1400.0 lo7024E 00 , ..... 00 1.15701 00 1.6196£ 00 1.tl61E 00 lo4ll6E 00 l.JOUE 00 1.2910£ 00 l.Z4J8E 00 
1600.0 1o1li6E 00 lotlSZI 00 1o1l15E 00 lo6406£ 00 1ot91l£ 00 lo49JOE 00 1.Jil9E 00 1oJli6E 00 loZ64J&: 00 
zooo.o 1. l461E 00 1o950lE 00 1oi1ME 00 1o61ME 00 1oUJU 00 1.tz9JE 00 loJ5691: 00 lolSS21: 00 1oZ991E 00 
2400·0 lolJOZE 00 1otltlE 00 loi460E 00 1ol062E 00 1o66JOE 00 1oJ596t 00 1.JIJIE 00 1oJ85JE 00 l.J211E 00 
21oo.o 1.190* 00 ZoOOJIE 00 1olllft 00 1olJ1JE 00 lo6880E 00 loJISlE 00 1.410)£ 00 lo4101E 00 1.JJ22E 00 
noo.o lol0l9E 00 z.o2sa1 oo 1oi945E 00 1olJJ4E 00 1o709fE 00 lo60JZE 00 a.u1u oo l.4JZ1E 00 1oJlUE 00 
J600o0 loUISE 00 Zo0440£ 00 1o9lUE OD 1ol1Z61 00 1o7ZIIE 00 1o6Z66E og 1o4JOOE 00 1.4520£ 00 1oJ9l6E 00 
4000.0 1oiJ1JE 00 2.o60lE oo 1o9JZOE 00 1ofi91E 00 lo14J9E 00 loMJIE 0 1.""JE 00 1.4692E 00 1.4011£ 00 
sooo.o 1.16111 00 z.OMOE QO 1o969ZE 00 1.8260£ 00 1o7116E 00 1o6100E 00 1ot01JE 00 loSO!IlE 00 1o44ZSE 00 
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Pll* STOPPING POMERo Rf¥eCM2/G 

ENERGY " HE NE a ltR IE AIR CARlo DIOXIDE METHANE 
IIEV I• 111.7 I• 42.0 l•lJ1oO 1•210.0 1•3111.0 1•555o0 I• 16.1 I• 15.9 I• 44.1 

2.0 7o9557E 01 J.55J7E 01 2oi910E 01 2oJIJ91! 01 1o9665E 01 lo617JE 01 Joi50JE 01 Jo1619E 01 4o404lE 01 
4o0 4o4J96E Ol 2.00751! 01 t.6710E 01 1oJt641! 01 1.1166E 01 loOUOE 01 1oi011E 01 1.1079£ 01 2o4114E 01 
6.0 Jol612E 01 lo4401E 01 1.2uu ot 1o0l9Jc 01 llo6109E 00 7o6)Jf( 00 1oJ009E 01 loJ05lE 01 1o716JE 01 
loO 2o50JU 01 1.1U•U Ol 9.6746E 00 lo166ZE 00 7.00091! 00 6o1914E 00 1oOJ54E 01 loOJI6E 01 lo4166f 01 

10.0 2o0917E 01 t.note oo lo1415E 00 6.19111: 00 5o9J41E 00 5o2170E 00 lo69l1E 00 1.7U6E 00 1o1169E 01 
14.0 lo6071E Ol 7ol716E 00 6.Jl111E 00 5.J651E 00 4.64111! 00 4.1561£ 00 6o7J04E 00 6.7504E 00 9ol5JOE 00 
u.o 1.3299E 01 6.UOZE 00 s.2627E oo 4o4101E 00 J.I967E 00 Jo4966l 00 5o,.966E 00 5.6129E 00 7o!lo9JOE 00 
22.0 1.UOOE 01 s.J014E oo 4o51JZE 00 )ol99l£ 00 Jo4014E 00 J.O!Io97C 00 4.15701! 00 4ol7lOE 00 6o5110E 00 
26.0 loOU7E 01 4. 72SIE 00 4o0161E 00 J.41961! 00 ).05021! 00 2o7490E 00 4oJJ60E 00 4.J411SE 00 !looi64ZE 00 
JO.O 9oJ0151! 00 4o2990E 00 J.725JE 00 Joll441 00 2.111JE 00 Zo!lo1661i 00 )o949JE 00 Jo960!1oE 00 !lo.JJ50E 00 

34.0 a.!lollSE 00 Jo9JOlE 00 J.446JE 00 2.9416£ 00 2.ussE 00 2.nME 00 Jo6509E 00 J.6612E 00 4.9272E 00 
38o0 llo0107t 00 J.7091E 00 Jo22461! 00 2.1610£ 00 2o4240E 00 2.1927E oo Jo4140E,OO J.UJ6E 00 4o60J6E 00 
42.0 7.§4741! 00 Jo497JE 00 Jo0444E 00 2o601!1of 00 2.292!1oE 00 2.0756[, 00 Jo2215t 00 Jo2J05E 00 4oJ401E 00 
46.0 J.16"E 00 J.JZ20E 00 2.8952E 00 2o4122E 00 2.11J6E 00 1o971st' DO J.062JE 00 J.0701E 00 4olZJ4E 00 
so.o 6oi42JE 00 ).17411! 00 2o1699E 00 2oJ761E 00 2.0919E oo loi967E 00 Zo9214E 00 2o9J6!1oE 00 Jo9409E 00 
60.0 6o2214t 00 2oi9J6E 00 2oSJOJE 00 2.nue oo 1o9167E 00 1o740JE 00 2o6721E 00 2.6100E oo Jo592lf 00 
70.0 s.J9JIE oo 2o6946E 00 2.)601£ 00 2o0295E 00 1. 79261! 00 1o6295E 00 2.4911E 00 2.4916E 00 JoJ4SJE 00 
ao.o S.472SE 00 z.M76E 00 2.ZJS7E 00 1.9ZJSE 00 1o 70llE 00 1.5419.: 00 2oJ512t: 00 2.JM6E oo Jo16JOE 00 
90.0 5o2271E 00 2.4JME 00 2.t40JE oo 1.1421£ 00 lo6J16E 00 1o41!1oiE 00 2.2564£ 00 2.2624£ 00 JoOU9E 00 

100o0 !loo0J5DE 00 2oJ477E 00 2o0659E 00 1oJIIOOE 00 lo5174E 00 lo4175E DO 2.1161£ 00 2.1121E 00 2.9UU 00 

uo.o 4oii17E 00 z.2n1E oo 2.00611 00 1o7300E DO 1.5J4SE 00 1.J99Jf 00 2ollJ5f 00 Zoll92E 00 Z.IZME 00 
120.0 4.7!1o7SE 00 2o2ZUE 00 1.95911! 00 1o6191E 00 1o5000E 00 1oJ617J 00 2oU624f 00 2o0619E 00 2. 751JE 00 
1JOoO 4.65551! 00 2.l749E 00 lo9202E 00 lo6571E 00 1o4720E 00 1.JUII: 00 2.0206£ 00 2.0260E 00 2o7009E 00 
140.0 4o5709E 00 2olJ66E 00 lollllE 00 1o6J01E 00 1."911! 00 1.JZJ61! 00 lo916ZE 00 1o9914E 00 2.6SJ4E 00 
1!1o0o0 4.50021! 00 2o1046E 00 1.161SE 00 1o6019E 00 1.4JOZE 00 1o3069f 00 1o9575E 00 lo9626E 00 2o6UIE 00 
160.0 4o440JE 00 2.on1E oo 1oiJ9U 00 1o5194E 00 lo414SE 00 1o29Uc 00 1o9JJ5E 00 1.9JI6E 00 2.§805£ 00 
no.o 4.J90JE 00 z.onze oo lo8201E 00 1.!1o7J9E 00 lo40l6E 00 1o2IUE 00 1o9U4E 00 lo9114E 00 2.UZSE 00 
110.0 4oJUSE 00 2.0J60E 00 1oi051E 00 lo5609E 00 1oJ901E 00 lo21ZSE 00 •·t:4E 00 lo901.JE 00 Z.SZIIE 00 
190.0 4oJlD9E 00 2.o1t1E oo 1o 7919E 00 1.550lf; 00 loJiliE 00 loZ647E 00 1. IE 00 loii69E 00 2.5016E 00 
200.0 4o2196E 00 2.00!119£ 00 1.11011 00 1o!lo410E 00 loJ14JE 00 lo2SIJE 00 1oi699E 00 1oi741E 00 Zo491SE 00 

220.0 4o2299E 00 lo9140E 00 1o16J6E OD 1.S271E 00 1.J6JlE 00 loi'411E 00 1.15101! 00 1oiSSIE 00 2.464SE 00 
240.0 4ol9JJE 00 lo96IZE 00 1o 75161 DO 1o5115t 00 1.JSSJE 00 1o2427E 00 l.IJ16i 00 loi4ZJE 00 z."50E 00 
260.0 4ol666E 00 1o9569E 00 1. 74141! 00 loSlUE 00 loJ51lE 00 lo2J9ZE 00 loiZIZE 00 loiJ29E 00 Zo4J10E 00 
zao.o 4.14741! 00 1o9491E 00 lo 7JI1E 00 lo5074E 00 1.J415E 00 1.zn5E oo lo8220E 00 I.IZ66E 00 2.42UE 00 
500.0 4olJJ9E 00 1.94JIE 00 1o7J51E 00 lo5054E 00 1.J416E 00 1.znze oo 1oll11E 00 1oiZ21E 00 Zo4149E 00 
JZO.O 4.1Z5DE 00 loM06E 00 1.1JJIE 00 1o5049E 00 loJ410E 00 1o2JIOE 00 1oi161E 00 1oiZOJE 00 2o4llDE 00 
140o0 4.1197£ 00 1.9391£ 00 1oDJIE 00 1oSOSSE 00 1oJ49JE 00 lo2J97E 00 loll!lo5E 00 loi201E 00 Zo409ZE 00 
J60o0 4oll72E 00 1o9JIIE 00 1oU49E 00 1.507DE 00 l.J51JE 00 loZ42lE 00 loll61E 00 loiZ07E 00 2.40191! 00 
JIOoO 4oll70E 00 1.9396E 00 1. D61E 00 1o!lo092E 00 l.U40E 00 1.2449[ 00 1.11ne oo l.121ZE 00 Z.4099E 00 
400.0 4.11161! 00 1o9411E 00 1o1J94E 00 t.SUOE 00 l.JS71E 00 lo241ZE 00 loi199E 00 1oiZ44E 00 2.41191! 00 

420.0 4.12111 00 1.MJ4E 00 1.74Z6E 00 1.SUZE 00 1o3606E 00 1oZ5llf: 00 loi227E 00 lo82JJE 00 Zo4141E 00 
440.0 4o1Z61E 00 1o9461E 00 lo746lE 00 loSliiE -GO loJ'"E 00 loZ5511! 00 1oi260E ,00 1oiJ06t 00 2o411JE DO 
460.0 4olJ14E 00 1o9494E 00 1o7501E 00 loSZ26E 00 1o3614f: 00 1o2597E 00 1.12971! 00 1.1JUE 00 2o4ZZU 00 
410.0 4olJ76E 00 1.9529E' 00 1o154JE 00 1.52611! 00 I.J126E 00 l.26)9E 00 1.8JJJE 00 loiJIJE 00 2o4261E 00 
500.0 4ol"4E 00 1o9561E 00 1.1517E 00 lo5310E 00 1.J769E DO 1.261ZE 00 loiJIO!: 00 1.14ZSE 00 .z.uuE oo 
520.0 4ol511E 00 1.9609E DO lo7UJE 00 l.SJSJE 00 loJIUE 00 lo2726E 00 1oi424E 00 loi469E 00 2o4161E 00 
540.0 4.15951! 00 1o965ZE 00 1o761DE 00 lo5391E 00 1.JI59E 00 lo2771E 00 1.14701:: 00 l.ISUE 00 2o4421E 00 
S60o0 4o1616E 00 1.9696E 00 1. 1729E 00 loS4"E 00 l.J904f 00 lo2116E 00 l.ISlTE OD loi562E 00 2o44Jl'E 00 
SIO.O 4ol761E 00 1.97411! 00 1.17711: 00 1.!1o490E 00 lo39SOE 00 1.216lE 00 1oi56SE 00 loi610E 00 2o45J4E 00 
600.0 4oll41f 00 1.97111! 00 1o ?127E 00 1o55J7E 00 1o J996E 00 lo2906f 00 loi614E 00 1oi659E 00 2o4592E 00 

620.0 4.19)6£ 00 lo91J4E 00 1.11l1E 00 t.SS14E 00 1o4MZE 00 1o2951E 00 1.16611: 00 &oiJOIE 00 2.46501! 00 
640.0 4.202SE 00 1.91121! 00 1. 79211! 00 1.56JOE DO lo4081E 00 1o2996E 00 loi7UE 00 loiJSIE 00 2.uaoe oo 
660.0 4.21161! 00 1.99JOE 00 lo 7971E 00 1.5611E 00 1.4U4E 00 1oJ041E 00 loi16ZE 00 a.11on oo 2 ... noE oo 
610.0 4.Z20IIf 00 lo9971E 00 loi021E 00 lo5724E 00 1.4110E DO loJOI6E 00 1oiiUE 00 loii57E 00 2o41JOE 00 
Joo.o 4.ZJOOE 00 2.0026E 00 1oi079E 00 loSJTlE 00 lo4226E 00 1oJUOE 00 1oii61E 00 loi907E 00 'Zo4190f 00 
1l0o0 4.2J92E 00 2.001u oo 1.1129E 00 lo5117E 00 lo4ZJ1E 00 I.Jl14E 00 loi911E 00 1.19561! 00 2o4950E 00 
J~o.o 4.24141! 00 2.ouze oo loll'fiE 00 lo516JE 00 lo4Jl6E 00 1.J211E 00 loi960E 00 1o9006E 00 2oSOIOE 00 
lf>O.D 4.25761: 00 2o0170E 00 1.82ZIE 00 lo5909E 00 loU6lE 00 1.J261E 00 1.90091! 00 1o9055E 00 2o!lo070E 00 
JIOoO 4.26691! 00 Z.02UE 00 1.1U7E 00 1o5955E 00 1.4405E 00 1.))04[ 00 lo9051E 00 1.91041! 00 Zo51JOE 00 
eoo.o 4.2160E 00 Zo026SE 00 1.13261! 00 1.60001: 00 1."49£ 00 1oJJ46E 00 1.9107E 00 lo9UU 00 2.51191! 00 

120.0 4.215ZE 00 2o0Jl2E 00 loiJlSE 00 lo6044E 00 lo4492E 00 loJliiE 00 1o9USE 00 1o920lf 00 Z.5241E 00 
140.0 4o294JE 00 ZoOJ59E 00 1oi42JE 00 1.60191! 00 l.UJSE 00 loJ4JO~ 00 lo9ZOJE 00 lo9249E 00 2.non oo 
160.0 4oJOJJE 00 2.D406E 00 1.1470E 00 1.6UJE 00 1.4511E 00 l.J411E 00 1.9ZSOE 00 1o9296E 00 2.SJ65E oo 
aao.o 4.JlZJE 00 Zo04SZE 00 1ol5liE 00 1o6176f 00 lo46ZOE 00 1. JSUE 00 1o9Z91E 00 1o9144E 00 2•S42JE 00 
900.0 4.JZUE 00 2.04911! 00 1.1§641! 00 1o6Zl9f 00 lo466lE 00 1oJSSJE 00 1.9J"E 00 1o9J90E 00 2oMIOE 00 
920.0 4.JJOIE 00 2.0S44E 00 loi611E 00 1.62621! 00 1.4702E 00 loJ59ZE 00 1o9J90E 00 loMJTE 00 2.ssnt oo 
940.0 4oJJI9E 00 2.05191! 00 1.1656E 00 1.6304E 00 lo47 .. JE 00 loJ6JlE 00 1o94)6E 00 1o941ZE DO 2.ssue oo 
960.0 4.J476E 00 2.06JJE 00 lo870ZE 00 lo6J46E 00 1 ... 18JE 00 I.J670C 00 1o941ZE 00 lo9521E 00 Zo!lo649E 00 
910.0 4oJ562E 00 2o0611E 00 loi741E 00 l.6J87E 00 lo412JE 00 1.3101E 00 1o9526E 00 1.9S7JE 00 Zo5104E 00 

aooo.o 4oJ641E 00 z.onae 00 1.11911! 00 lo64ZIE 00 1 ... 16ZE 00 loJ146E 00 1o¥571E 00 lo9617E 00 2.51591! 00 

uoo.o 4.446ZE 00 2.UJ6E 00 lo9ZlOE 00 lo6811£ 00 t.SZJZf 00 lo4102E 00 lo9990f 00 Zo0DJ7E 00 2o6217E 011 
1400.0 4.st99E 00 z.lSUE 00 1o9SI6f 00 I. 7l5SE 00 loS!Io62E 00 lo44l9E 00 Z.OJ67E 00 z.o4U~ 00 2o6144E 00 
1600.0 4.!11167£ 00 2.1nDE 00 1.99251! 00 1. 7465E 00 lo!'>851E 00 l.UOJE 00 2o0701E 00 2.0756E 00 2.1161£ 00 
zooo.o 4o10JJE 00 2o2440E 00 2.0514E oo l.I002E 00 a.nne 00 loS196E 00 z.uooe 00 2.U41E 00 Zo7904E 00 
2400.0 4.1021£ 00 2.2940E 00 2o10UE 00 loi4!16E 00 l.UOSE 00 1.S6UE 00 ZoliOlE 00 2oll501: 00 2oi527E 00 
2100.0 4.1879£ 00 2.1n2E 00 2·1"2E 00 loi84TE 00 1. n 79E 00 loS970E 00 2o22JJE 00 2.221JE 00 Zo906U 00 
J200o0 4.96))£ 00 2.nsze 00 ZoliZOE 00 1o9191E 00 1.1SOIIE 00 lo621SE 00 2.26141! 00 2.26641! 00 2o9MIE 00 
J600.0 S.OJ06E 00 Z.409ZE 00 z.2un oo 1.94911 00 loliOlf 00 1.6566E 00 2o295JE 00 2.J004E oo 2.9t6tE 00 
4000.0 s.o91JE 00 2.utte 00 2o2461E 00 lo9175E 00 lo806SE 00 1.68191! 00 2oJZS9E 00 z.nue oo JoOMJE 00 
!11000.0 5.zzuE 00 2.sosn DO 2oJliZE 00 2oOJ61E 00 1oi629E 00 l.TJ59E 00 2.39141! 00 2oJ967l 00 Joll55E 00 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


180 

1'10111 STO,ING PO~t:R, MEY•CM2/G 

ENEIUll WAfER AG-CL AG-IR HA-l Ll-1 POLYETHYLENE $riLIENE LUC:ITE ANTHRACENE 
MEV I• 65.1 I•JM.S 1•414.1 1•431.0 1•472.5 I• 54.6 I• 65.2 I• 65.6 I• 67.0 

2.0 lo6116E 01 2.0J45E 01 1.9274£ 01 1o8196E 01 1.7961£ 01 3.1934( 01 J. SJO)f; 01 lo572•4E 01 lo410lE 01 
4.0 2.ou1e 01 1.une 01 1.15901: 01 1oU9U 01 loOIJlE 01 2.20791: 01 2.oone 01 lo0)2)£ 01 lo9101E 01 
6.0 1oSOl8E 01 •• 9165E 00 e.S716E oo 1.nsse oo 1.04141: 00 1.51761; 01 1.44UE 01 1o46J6E 01 l.U61E 01 
1.0 lo191lE 01 7o251U 00 6.9)22£ 00 6o764Zt 00 6.!>UlE 00 lo2604t 01 1.149)£ 01 lo16JOE 01 1o1JJ9E 01 

10.0 loOOS2E 01 6.1494£ 00 5.8145£ 00 5. 7444£ 00 S.SJ49E 00 l.0568t: 01 9o6429E 00 9.7514£ 00 9.S1SZE 00 
14.0 7o7667t 00 4.81941: 00 4.6171£ 00 4oS10JE 00 4oJSUE 00 1.1>13£ 00 l'o4SOJE 00 l'.540lE 00 7ol5J1£ 00 
11.0 6.4515£ 00 4.0409£ 00 1.1750£ 00 3ol'l611: 00 3o6SSJE 00 6.17261: 00 6.1191£ 00 6ol635£ 00 6.1016£ 00 
22.0 s.S9UE 00 )oSZIOE 00 3.JISZE 00 3.301ZE 00 3.1951E 00 5.8l'ou 00 Sol670E 00 So4Jl6E 00 5o2916E 00 
26o0 4o99UE 00 J.16UE 00 3oOJ75E 00 2o9619E 00 2.8692£ 00 s.zn6E 00 4o71141: 00 4o846U 00 4oll61E 00 
30.0 4oS431E 00 2.8921£ 00 2o1J80E oo 2. 71SSE 00 2o62SZE 00 4. 76411: 00 4olS91E 00 4o4116E 00 4o30l1E 00 

34.0 4ol917£ 00 2.6126£ 00 2osnoe oo 2oS19ZE oo 2o4360E 00 4o40lli: 00 4.0280£ 00 4o0766E 00 ),9765£ 00 
JloO 3.92411: 00 2oSl52E 00 2.4168£ 00 2.3621E 00 2o21SJE 00 4o1137E 00 3o765J£ 00 J.llOlt 00 3ofl72E 00 
42o0 3o70UE 00 2.n9oe 00 2o286U 00 2o2J54E 00 2•1625£ 00 3ol7911: 00 J.SUIE 00 JoS947E 00 ).5066£ 00 
u.o 3.Sli2E 00 2o2660E 00 2.ll'IJE 00 z.u9n oo 2.0601£ 00 3.61621: 00 3.31S2E 00 3o4l60E 00 3.JJZJE 00 
SOoO 3o36)6t 00 Zoi710E 00 2oOil'JE oo 2o04lOE 00 1o97Jll: 00 3.52)710 00 )~269£ 00 3o26S9E 00 lo1IS9E 00 
60.0 3.0681£ 00 lo919JE 00 lo9llJE 00 1.87091: 00 1.8uu: 00 3o2UOE 00 2.9434£ 00 2otl90E 00 2.9062£ 00 
Jo.o 2.1591£ 00 1oi606E 00 lol'902E 00 lol506E 00 lo6951E 00 2.119UE 00 2o7429E 00 2.1761E 00 2.7014£ 00 
IIOoO 2o70ZSE 00 1.1651£ 00 1.6994£ 00 1o6611E 00 lo609lr: 00 z.enot oo 2o59411: 00 2o626lf 00 2o56l2E 00 
90.0 2.sast.t 00 lo6936f 00 1o62'PSt 00 1.S9431: 00 loS44JI: 00 2o707U oo 2oU11E oo 2oS119E 00 2.45051: 00 

100o0 2o49l41: 00 1o6J74£ 00 I.S748E 00 lo5418E 00 1o49)7E 00 2o605Jf 00 2o390SE 00 2o410lt 00 2.nne oo 

llOoO 2.4192£ 00 1.S9l9E 00 1o5l29E 00 loS002E 00 lo4S)7E 00 2.!U47E 00 2.nne 00 2o3l69E 00 2.2194£ 00 
12o.o 2.3587£ 00 loSSl'lE 00 1o499ZE 00 lo4666E 00 1o4Zl5E 00 2o4590~ 00 2.2514£ 00 2oZ772E 00 2oUOIE 00 
UOoO 2o3086E 00 loSZilE 00 lo4711E 00 lo4397E 00 lo3954E 00 2.4049£ 00 2o2096E 00 2o22UE oo ZolllSE 00 
140o0 2oZ67JE 00 1oS043E 00 1o4492E 00 1o4115E 00 lol741£ 00 2.3597( 00 2.1619£ 00 2oll7lE 00 2ol4ZJE 00 
1SOo0 2o2UIE 00 1.4841£ 00 lo4l05E 00 1. )9931: 00 1.35651: 00 2.3217[ 00 2oll4JE 00 2oU27E oo 2.1015£ 00 
160.0 2.2041[ 00 loUISE 00 lo4150E 00 loJ842E 00 1ol4ZOE 00 2o2895E 00 lo1057E 00 2oll36E 00 2.07911: 00 
170o0 Z.UtsE 00 loU51£ 00 lo402U: 00 lo3717E 00 1.3300£ 00 2.2621£ 00 ZoOilOE 00 2o0918E 00 2.oss4e oo 
aeo.o 2.u1u 00 1.44J9E 00 1o3911E 00 1.J6UE 00 1oJ200E 00 2.2JISE 00 2o0599E 00 2.onse oo 2.0:145£ 00 
l90o0 Zo140JE 00 1o4l46£ 00 1o11Z2E 00 loJSZlt 00 l.Jl15E 00 Zol112t: 00 2.0417£ 00 2o0591E oo 2o0166E 00 
ZOOoO 2.U4l'£ 00 1o4269E 00 1.Jl471: 00 loJ4Ut 00 1.3042£ 00 2o2006E 00 2o0260E 00 2o04l6E 00 2oOOUE oo 

zzo.o Zo09.96E 00 lo4149£ 00 loJ6JZE 00 lolJUE DO 1o2930E 00 2ol722E 00 2.ooon 00 2o018lE 00 lo9760E 00 
240.0 2oOI06E 00 lo4066E 00 1. 3S5JE 00 1.3217£ 00 lo215JE 00 2oU06t: 00 1.9115£ 00 1.9990£ 00 l.9511E 00 
260.0 2o0664E 00 1o4010E 00 l.JSOZE 00 lo:t229E 00 1.21011: 00 2ol34lE 00 lo9670E 00 1o914SE 00 1o94Z8E 00 
2&0oo 2.0556£ 00 lo3976E 00 lol471E 00 1.3198£ 00 1.2169E 00 2ol216t 00 1o956lt: 00 lo97l61: 00 1o9Jl9E 00 
)00.0 2o04711: 00 1oJ959E 00 1oJ4SSE 00 1o3liZE 00 1.2n.zc oo Zo1121E 00 1.9419£ 00 1o9654E 00 lo9231E 00 
uo.o Zo0419E 00 1. 3954E 00 1.l4SDE 00 loJ118E DO 1o2746E 00 2ol050E 00 1.9411£ 00 1o9594E 00 1o9111E 00 
340o0 2oonn 00 1o)959E 00 1.3454£ 00 1oJlllE 00 loll'!>OE 00 2.09911: 00 1o931SE 00 1o9>52E 00 lo9USE 00 
)60o0 2oouo~ 00 1.J9l'OE 00 1o3466E 00 loSI9SE 00 1oZ760E 00 2.0961[ 00 1o934SE 00 lo95ZJE 00 lo9106E 00 
)80.0 2oOJJJt: 00 lol916E 00 1.3413£ 00 1.3ZUE 00 lo2716E 00 2.0936E 00 lo'1Jl6E 00 1o9504E 00 1o9017E 00 
400o0 2oonse 00 1.4007£ 00 l.l505E 00 1.3231>1; 00 1.2797£ 00 2.0921~ 00 1.9316t: 00 1o949Sf 00 1.9017£ 00 

420.0 2o0324E oo 1o40JlE 00 lo3530E 00 1o3262E 00 1.2121~ 00 2o0914( 00 lo93UE 00 1o9491E 00 1o9074E 00 
440.0 2o0l29E 00 1.4051£ 00 1ol5SIE 00 1o3Z90E 00 1.21411: 00 2o0914E 00 lo9Jl6t 00 1.9497£ 00 1o9077E 00 
460.0 2o03JIE 00 1o4011E 00 1o3SIIl: 00 loJJllE 00 1o2176E 00 2.0919£ 00 lo9JUE 00 lo9506E 00 1o9HH 00 
410o0 2.ou2e oo lo41l9E 00 1ol620E 00 loll54E 00 lo2907E 00 2o0929E 00 1o9JJSE 00 1.9519£ 00 1o9096E 00 
SOOoO 2o0369E 00 lo4152E 00 1ol65JE 00 loJliiE 00 lol9J9E 00 2o0942E 00 loUSOE 00 1o9SJSE 00 lo91UE 00 
520o0 2o0318[ 00 lo4116E 00 1ol617E 00 lol422E DO lo297ZE 00 2o0959E 00 1o9l61f: 00 1o9SSU 00 lo9129E 00 
540.0 Zo0410E 00 1.4221£ 00 loJlUE 00 lol451E 00 lo3006E 00 2oOtliE 00 loUIIE 00 1o951SE 00 1o9149E 00 
S60o0 2o04UE 00 lo4256E 00 loJ157E 00 lol494E 00 1.J040t: 00 2o09991: 00 lo9410E 00 lo9591E 00 1o911'1E 00 
SIOoo 2o04SIE 00 lo4292E 00 1.J19JE 00 1o3S30E 00 1o3074E 00 2o1022ti 00 1.9434£ 00 1o9623/i 00 lo9194E 00 
600o0 2o0414E 00 1.4327£ 00 lo38Z9E 00 lol561E 00 lol109E 00 2o1047E 00 1o9459E 00 1.9649£ 00 1o9211E 00 

620o0 2o0511E 00 lo4J6ll£ 00 1o3164£ 00 lol604E 00 loll44E 00 2otone 00 1.9414£ 00 lo96l'5E 00 lo92441 00 
640.0 2oDS19E 00 1o4l99E 00 lo3900E 00 lo3640E 00 1.)1791: 00 2o1099t: 00 1.95llE 00 lo910JE 00 lo9270E 00 
660.0 2o0561E 00 lo443SE 00 1o3936E 00 1ol6711: 00 lo12l4E 00 2ol121E 00 lo95JIE 00 lo97J1E 00 1o9291E 00 
610.0 2o0596t 00 lo447l£ 00 1o3972E 00 lol7UE 00 loll49E 00 2oll55E 00 lo9566E 00 lo9760E 00 1otl24E 00 
7oooO 2o0626E 00 1o4506E 00 1o4007E 00 lol749E 00 1oll14E 00 2olli4E 00 lo'1594t. 00 1o9719E 00 lo93SZE 00 
7Z0o0 2o06SSE 00 lo454ZE 00 1o4042E 00 lol715E 00 lolJliE DO ZolZUE 00 1.9622£ 00 lo9118E 00 1o9310E 00 
740.0 2o0615E 00 1 0 4571£ DO lo4017E 00 1o38llt 00 l.JJ52E 00 2.uue 00 1.9651£ 00 1o9841E 00 lo9409E 00 
760.0 2o0114E 00 lo4612E 00 lo41IZE 00 1o3856E 00 1oH86t 00 2ol2l'ZE 00 lo96IOE 00 1o91l'IE 00 lo94l1E 00 
18ooo 2.0744£ 00 1o4646E 00 1o4146E 00 loJI91E 00 lo14ZOE 00 2oUOU 00 lo9101E 00 lo9907E 00 1o9466E 00 
aoooo zoonu oo 1oUIOE 00 lo4110E 00 lo)'I26E 00 loJ4SJE 00 2.uue cio 1o9ll7E 00 1o99JlE DO lo9494E 00 

a2o.o 2.oaon 00 1o4714E 00 lo42UE 00 lol960E 00 1o3416E 00 2oll6lE 00 lo9'766E 00 lo9961E 00 1o9522E 00 
840.0 2oOIUE 00 lo474JE 00 lo42UE 00 loJ994E 00 1olS11E 00 Zol390E 00 lo9795E 00 lo9996E 00 1o9551E 00 
160o0 z.o86lE 00 1.4780E 00 1o4219E 00 1.4021£ 00 1o)SSOE 00 2ol4201: 00 1o9123E 00 2o0026E 00 lo9519E 00 
IIOoD 2o0891E 00 l.UUE 00 lo4lllE 00 1.4061£ 00 lo358ZE 00 Zol449E 00 lotiSlE 00 2ooosse oo 1o9601E 00 
900o0 2o09ZOt: 00 1o4145E 00 l.UUE 00 lo4094E 00 &.J614E 00 2ol479E 00 1o9IIOE 00 zoooau oo lo9635E 00 
920o0 Zo0949E 00 1o4176E 00 1o4J7SE 00 lo4lZ6E 00 lo3645E 00 2olSOIE 00 1.99011: 00 2ootue oo lo966JE 00 
940oD z.o971E 00 1o4908E 00 1o4406E 00 1o4lSIE 00 1o36'15E 00 2olt37E 00 1.99)6£ 00 2o0142E oo 1.9691£ 00 
960.0 2.1005[ 00 1.4939£ 00 1.4437£ 00 lo4119E 00 loll'06E 00 2.l566E 00 1.9964£ 00 2.0170£ 00 lo9711E 00 
910.0 2o10JJE 00 lo4969E 00 1o4461E 00 lo4221E 00 1oJ1l6E 00 2oU94E 00 1o9991E 00 2o0199£ 00 1o9l4SE 00 

lOOOoO 2.1o61E 00 loSOOOE 00 1o"97E 00 lo4ZSU: 00 t.ll'65E DO 2ol62U 00 2o00l9E 00 2o0227E oo lo9'1llE 00 

uoo.o 2ol324E 00 1o5281E 00 lo4l'l6E 00 lo45JIE 00 1o4041E 00 Zoli9JI: 00 2.onn oo zoo492E oo ZoOOZIE Oi) 

1400o0 2o1560E 00 loS521E 00 1.5022£ 00 1.4791£ 00 loUISE 00 Zo2UIE 00 Zo0510E 00 zoonu oo 2oOZ59E 00 
1600o0 2ol'17lE 00 loSl'41E 00 lo5Z40E 00 1.501SE 00 1.450ZE 00 Zo2JS9t 00 ZoOllOE 00 2oOM7E oo 2o0466t: 00 
ZOOOoO 2oznu 00 lo6U1E 00 lo5609E 00 1oSJ97E 00 1o4172E 00 2o21ltt: 00 2olOIOE 00 lolJl6E 00 z.oazn 00 
2400o0 2.2use 00 1.6421£ 00 lo5914E 00 1.57lJE 00 1o5171E 00 2oJOSIE 00 lolJilE 00 2ol624E 00 2.U2lt: 00 
21oooo 2o2692E 00 lo66IIE 00 1o6172E 00 loS91ll: 00 1oSU7E 00 z.UztE 00 lol6JlE 00 z.ul6e oo 2oU74E 00 
JZOOoO 2o2916E 00 1o69UE 00 lo6395E 00 1.6212£ DO 1o566ZE 0.0 2o1565t oo 2oli59E 00 2o2lllE 00 2.1594£ 00 
l600o0 2ollUE 00 lo7110E 00 lo6591E DO 1o6415E 00 1.5859£ 00 2.J774E oo 2.2osn oo 2o2l1JE 00 2ol7IIE oo 
4000o0 2.3289£ 00 1. 7215E 00 lo6'165E 00 1.6596£ 00 1o6035E 00 2ol960E 00 2.2noe oo 2.2492£ 00 2ol942f: OU 
sooo.o Zo)66ZI: 00 lo765lE 00 1. 7l30E 00 1o697SE 00 t.6404E 00 2o4lSlE 00 2oZS99E 00 2o2161E oo 2.2327£ oo 
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PIOII RANGE, G/CII2 

NRIY II c AL FE cu AG AU PI u 
MY I• 60.0 I• 11.0 1•16).0 1•21).0 1•)14.0 1•417.0 1•797.0 1•126.0 1•92).0 

2.0 J.6991E-o2 J.46ZOE-02 4o2452E-02 s.on11-o2 SoJ5l1E-G2 6o4J99E-02 1.noze-o2 1.5111E-02 9.1UlE-02 
4.0 l.J006E-G1 1.2019£-01 1o4416E-oa 1o6701E-Gl lo7646f-Ol 2.oeote-o1 2.662lE-Ol 2.usoe-o1 2o929lf-Ol 
6.0 2o1l4H-Gl 2o5U6E-01 2o96J5E-Ol 3o3991f-01 3o5li6E-Gl 4o1U9E-Gl 5o21Z1E-Ol 5.41241:-01 5.71211:-01 
loO 4.5692£-oa 4o2219E-Ol 4.~£-0l S.6l14E-01 5.9214£-Gl 6oi562E-Oa I.S106E-Ol 1.1199£-01 9.3MIE-01 

10.0 6.1Mn-oa 6.3061£-01 7oJ510E-01 loM52E-G1 1.7526£-Gl 1.0011£ 00 lol491E 00 1.21011: 00 a.J6llti 00 
a4.0 a.2491E 00 1o1512E 00 a.nn£ oo 1.5051£ 00 1.5154£ 00 1.1015( 00 2.2061£ 00 2o2519E 00 2.J914E 00 
lloO a.95UE 00 1.191)1: 00 2.onoE oo 2.n14e oo 2.une oo 2.nne oo J.JlOOE 00 3.4470£ 00 3.6)9)£ ou 
22.0 2.11a0E 00 2.5565£ 00 2.9)911: 00 J.29l4f 00 Jo"lll: 00 J.9060E 00 4.7U6t: 00 4.1221£ 00 s.o1ue oo 
26.0 J.no• oo Jo4UZE 00 3o92l6E 00 4oli91E 00 4o51UE 00 5.1126£ 00 6.41)141: 00 6.J6UE 00 6.6991£ 00 
JO.O 4.1632£ 00 4.nne oo s.OOilE 00 So5961E 00 s.U71E 00 6.590Jt: 00 7.19511: 00 lo06Sl£ 00 lo47SJE 00 

34.0 5o 199M 00 So4U9E 00 6.a902E 00 6.9014£ 00 7.2026£ 00 loll74£ 00 9.6970£ 00 9o90UE 00 1o0J96E 01 
31.0 1.Ua5E 00 6.snoe 00 1o4599E 00 lo31S9E 00 1.6661£ oo 9o7SJ6E 00 1.16UE oa a.116fE Oa 1.2"11: 01 
42.0 1.4221£ 00 1.1242£ 00 lollOlE 00 9ollllE 00 a.ouze oa ao1490( 01 1.J664E oa a.J941f 01 1o462lE Oa 
u.o 9.1912£ 00 1.9119£ 00 1.02ME 01 a.u1n 01 1.1161£ 01 1oUU~ 01 1oUllf Ol 1o61J6E 01 1.69051: Ol 
so.o 1o12J9E 01 1oOJOlE 01 1ol12JE 01 1o30JIE 01 1.nne oa 1o5lll£ 01 loiOSlE 01 a.8422E oa 1.92901: 01 
60.0 a.SlOJE Oa a.u5n 01 1.5125£ 01 l.1456E 01 a.ll61E 01 2.0)401: 01 2 •• 0ME 01 2 •• 511£ 01 2.5M7E 01 
70.0 l.9300E oa a.nou oa 2.0050£ oa 2.2un oa 2oll25E 01 2.SI52t Ol J.041ZE 01 J.101lt 01 3.2484£ 01 
eo.o 2ol166E Oa 2.a199E oa 2.4654£ oa 2.non 01 2.n11e oa )o169SE 01 J.l211E Oa J.IOZOE oa 3.9111E oa 
90.0 2o84ME oa 2o6109E Oa 2oMME oa J.2626E oa Jol906E 01 3.1115£ 01 •• 4414£ 01 4o5lllf 01 •.nne oa 

100.0 J.U59£ oa J.0599E 01 3o4521E 01 3.1162£ Ol 3o9631E 01 4.4a66E oa 5oliOlE 01 So2106E 01 s.suoe oa 

uo.o ).8423£ 01 3o524JE 01 J.91UE 01 •• 3116£ oa 4.SM9E 01 5.onu 01 S.9406E 01 6.0SSZE 01 6oJ11lE 01 
uo.o 4.)6))£ 01 4o0020E 01 4oS059f 01 4.914lE 01 5.a6UE oa '· 1419t 01 6.7193£ oa 6oi41JE Oa 7.aun 01 
110.0 4oi969E Oa •·•9aae 01 SoOSUE 01 s.snu 01 s.11ne 01 6.4261£ 01 7.5U4E 01 7.6570£ 01 7.91liE 01 
140.0 5.4414£ 01 4o9900E oa 5.6074£ oa 6oli42E 01 6.4a45E 01 7.1234ti oa 1.)2041: 01 1.4717£ 01 1.1392£ 01 
lSo.o 5.9954£ oa 5o491SE 01 6.1121£ oa 6.10UE 01 7.0561£ oa 7.12991: 01 9.1316£ oa 9.JU4f 01 9.7059£ 01 
160.0 6.ssne 01 6.01241: oa 6o7"6E 01 7.U26E oa 7o70fS( oa lo544lt: 01 9.96651: 01 a.oane 02 1o051ZE 02 
no.o 1o121M 01 6o5UIE Ol 1oJ236E oa 1.0610£ 01 lol6S)E 01 9.2611£ 01 1.0102£ 02 a.tOOJE 02 1o1466E 02 
110.0 1.7032£ 01 1.0609£ 01 7.9014£ oa 1.70961: 01 9.0292£ oa 9.9956( 01 l.lM5E 02 1.1159£ 02 a.usn 02 
190.0 1.21411: 01 7.5929£ 01 lo4911E 01 9.JS64E oa 9.69141: 01 1o01Z9C 02 l.249JE 02 1.2121£ 02 a.nsu 02 
200.0 e.nue 01 lol292E Oa 9.0922£ oa a.OOOIE 02 loOJ12t 02 lol461[ 02 l.JJ461: 02 a.nne 02 1.4lS6E 02 

uo.o a.oo5n 02 9.2121£ 01 lo0291E 02 1.U22E 02 aol1JlE 02 1.2955( 02 a.S06JE 02 l.U29E 02 loS9flE 02 
240.0 1ol256E 02 a.OJOIE 02 1ol501E 02 lo2M1E 02 a. UOaE 02 1."54£ 02 1o619aE 02 1.7084£ 02 1oJ196£ 02 
260.0 ao246SE 02 ao1412f 02 1oZ120f 02 a.Jtllt 02 1.4410£ 02 lo5960E 02 1.1521£ 02 lol141f 02 1o962JE 02 
210.0 a.l61M 02 a.252JE 02 l.J944E 02 1.5JZ2E 02 l.SI6U 02 1.7411£ 02 2.0266£ 02 2.o6lu 02 2o1462E 02 
JOO.O 1.4907£ 02 1o36J9E 02 t.snn 02 lo6661E 02 1.1ZS2E 02 .... .,~ 02 2.2oon o2 2.ueu 02 2.3299£ 02 
JZo.o lo6Uft 02 a.4759E o2 1.MOSE 02 a.I014E 02 t.I643E 02 2oO!iOaE 02 2.37.9E 02 2.•1•9e 02 2oSU6E 02 
140.0 a.u .. e 02 loSIIH 02 a.16JIE 02 1.9J63E 02 2.0035£ 02 2.2017£ 02 2.5UOE 02 2oS9UE 02 2.6910£ 02 
)60.0 aoi60JE 02 lo7006E 02 1.11ne 02 2o07UE 02 2.lUIE 02 2ol532E 02 2.1221e 02 2.1615£ 02 2.1102£ 02 
310.0 1.9840E 02 1oiU2E 02 2o0l01£ 02 2.2o62E 02 2.21201: 02 2.5045( 02 2.19ME 02 2o94,.£ 02 3.06J1E 02 
400.0 2.10111: 02 1.9251£ 02 2o1MJE 02 2oMUE 02 2.4211E 02 2o6llo57E 02 J.0691E 02 JoUIIE 02 J.2U6E 02 

420.0 2o2Ja1E 02 2o0315E 02 2.2511£ 02 2o4759E 02 2.5600£ 02 2oi066E 02 J.24261: 02 Jo29)1E 02 Jo4216E 02 
440.0 2.JSS6E 02 2.tsue 02 2.JiaOE 02 2.6105£ 02 2o6911E 02 2o951J( 02 :J.USOE 02 J.461JE 02 Jo609aE 02 
460.0 2.4795£ 02 2o26l1E 02 2oSMl£ 02 2.74SOE 02 2.U74E 02 J.l016~ 02 3o511lE 02 Jo6412E 02 3.7901E 02 
uo.o 2.60ME 02 2.J162E 02 2o62JlE 02 2.1192E 02 2.9751£ 02 J.U16E 02 3.7516£ 02 Joi1S7E 02 J.9706E 02 
500.0 2.ll72E 02 2.4116£ 02 2. 7500£ 02 3.0U2E 02 J.ll31E 02 Jo4072E 02 3.92911:: 02 Jo91161:: 02 4.1506[ 02 
520.0 2.1SaOE 02 2.6001£ 02 2oi126E 02 J.l.70E 02 3.2S16E 02 3oSS6Sf 02 4olOOJE 02 4.1609£ 02 •• nooE 02 
540.0 2.9146£ 02 2.7UOE 02 2.99SOE 02 3.210SE 02 JoJ19lE 02 J.7055f: 02 •• 2104£ 02 4.J327E 02 4.SOIIE 02 
560.0 J.0912E 02 2oi250E 02 JollllE 02 Jo4UIE 02 JoS2ME 02 J.IMOC 02 4o4400E 02 4.SO.OE 02 .... 71£ 02 
seo.o 3o22l6E 02 2o9J69E 02 JolJ92E 02 JoM61£ 02 J.66UE 02 4.ooue 02 4.6091E 02 4o6741E 02 4.1M9E 02 
600.0 J.J449E 02 J.MI6£ 02 JoJ6lOE 02 lo6J95E 02 JoiOOOE 02 4o1SOOE 02 •• nne 02 4.1"9E 02 S.0420E 02 

620.0 Jo461lE 02 J.l60lE 02 J.4126E 02 3olll9E 02 J.9JME 02 •• 2974f 02 4.9U9E 02 5.01UE 02 So2111E 02 
MO.O J.StaU 02 J.2nse 02 lo60J9£ 02 JoMHE 02 •·0124E 02 4·""'e 02 SolUSE 02 s.u:ut: 02 5oJMif 02 
660.0 Jo1l40E 02 3oli21E 02 JollSOE 02 4.0160£ 02 •• 20121:: 02 4oS.9llE 02 So2101t: 02 5.J521t 02 Solii703E 02 
610.0 Joll61E 02 Jo4931E 02 3.8451E 02 4o2016E 02 •• J4J1E 02 4.1374£ 02 5.447JE 02 s.s2o2e 02 5. 7•ME 02 
700.0 3.9592£ 02 Jo60.1E 02 Jo96ME 02 4oJJ90E 02 4o4719E 02 4oiiJ4L 02 5.61)61: 02 S.61nE 02 So9l99E 02 
no.o 4.0111E 02 Jo7154E 02 •• 0161E 02 4.4701£ 02 4o6UIE 02 5.0219E 02 s. 7193E 02 s.IMit 02 6.09J9f 02 
1.0.0 4o20J9E 02 J.I259E 02 4o2070E 02 4o6009E 02 4. 741JE 02 s.nu;; 02 S.94UE 02 6.02UE 02 6.261JE 02 
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140.0 4.31261 01 6.72911 01 6.9976E 01 l'o1SJfE 01 foJIIl'E 01 4o19UE 01 4.51121 01 4.52391 01 4.~ 01 
150.0 4.1211E 01 7.39901! 01 7o69211 01 7oi6JII 01 loUUI 01 4o6114E 01 s.o36u 01 4.9149£ 01 So0996E 01 
160.0 5.2ll9E 01 lo076JE 01 lo395al 01 1.51251 01 1.16261 01 5oOSUI 01 So50111 01 5.4521'1 01 5.snu 01 
uo.o 5. 7M21E 01 lo7605E 01 9o105JI 01 9oJOIJE 01 9o6U2i 01 5o4917£ 01 5.91561 01 5o92ME 01 6.06101 01 
uo.o 6ol95JE 01 9o4505E 01 9.1214£ 01 1o0040E 02 loOJ66E 02 5.9362£ 01 •• u1n 01 6o40MI 01 6o5f9l£ 01 
190.0 6o66061E 01 1.0145£ 02 1oOMJI 02 1.onn 02 1oU26E 02 6.3150£ 01 6o956JE 01 6oiii9E 01 7o0431E 01 
2oo.o l'oU96l 01 1o01441 02 1.12611 02 t.lt19E 02 1oii91E 02 6.1U61 01 lo4..01 01 J.JJMI 01 l'oM16E 01 

uo.o lo0f61E 01 1.2152£ 02 1.2l2tl 02 t.JOlll02 1.MJ11 02 7.1'521£ 01 lo44lfE 01 lo361tl 01 lo541'lE 01 
240.0 t.OJJ9E 01 1.36?0f 02 1.•2ou oa 1o.S141E 02 1.u1n 02 lo6fi2E 01 9o44641 01 t.Jtl'tE 01 9o56501 01 
260.0 9.99161: 01 1o50951 02 1.56101 02 1o60UE 02 1o6542E 02 9o6120E 01 1o0460E 02 1oOJ62E 02 1.o5tu 02 
aao.o 1o0969l 02 1o6525E 02 1ofl6JE 02 1. 7531'1 02 1ollOfE 02 1.o55u o2 1ol4191 02 1oUUE 02 1o162JI 02 
300.0. 1o19441E 02 1.195lE 02 1.16491 02 1o905JE 02 lo96f41 02 1.1491£ 02 1o2504E 02 1.2JIIE 02 1.26611! 02 
no.o 1.2922E 02 1.9J901 02 2.oun o2 2.0511E 02 2.uuE 02 lo2445E 02 1oJ5J2E 02 1.J401E 02 1.nou o2 
MO.O t.J90JE 02 2.o12n o2 2o16UE 02 2o2019E 02 2.2112! 02 1oJ39lE 02 1o4564E 02 1o4429E b2 1o4746£ 02 
360.0 1o411H 02 2.22551 02 2.nou 02 2.36051 02 2o4JIOE 02 1.4350£ 02 1o5591f 02 1o545JE 02 1.tl9ZE 02 
310.0 1o5161E 02 2.J616E 02 2.45921 02 2oSUOE 02 2oSM1f 02 1.53051 02 1.6631£ 02 1.Ml1E 02 1.6140£ 02 
400.0 lo6152E 02 2.5115! 02 2o601'51 02 2.66J2E 02 2o 1511E 02 lo626lE 02 1o76661: 02 1o7504E 02 1o7111E 02 

420.0 1.71J6E 02 2o6M2£ 02 2o75ME 02 2.11421 02 2o907JE 02 1o12l1E 02 loll'OIE 02 1oi5JO£ 02 t.1936E 02 
440.0 loi120E 02 2.1'966E 02 2o90JU 02 2o96411i 02 J~0631£ 02 1oll13E 02 1o9fJ1E 02 1o9556E 02 1.99151 02 
460o0 1o9104l 02 2.9311E 02 J.05041 02 JolUlE 02 J.2li6E 02 1o9l29E 02 2.onn 02 2o0511E 02 2o10JJE 02 
410.0 2.ollfE 02 J.o1on 02 ).19151 02 Jo265lE 02 J.J131'1: 02 2oOOISE 02 2oliOlE 02 2o1606E 02 2.2011E 02 
soo.o 2ol'f69t 02 Jo2220E 02 JoJ4411 02 J.4147E 02 JoS2151: 02 2o1041!1 02 2o21411 02 2.2630£ 02 a.JUIE 02 
no.o 2o2151E 02 3o36JU 02 Jo4904E 02 Jo56J9E 02 J.6129t 02 2o1995E 02 2o.Jil5E 02 2.36ME 02 2.4,?4£ 02 
, .. o.o z.nue oz 1.50391 02 Jo6JME 02 Joll21E 02 J.U611: 02 2o2949F. 02 2.490lE 02 2.46?6£ 02 2.5219£ 02 
560.0 2.41'lOE 02 Jo6444t 02 Jo7119E 02 J.16Ut 02 Jo990.E 02 2oJ902t 02 z.stJIE o2 2.5691E 02 2.6262E 02 
51o.o 2ot619E 02 J.7145E 02 Jo921lE 02 4o009lE 02 4.14361: 02 2.41541: 02 2o6961E 02 2o67llf 02 2o 7JOSt 02 
600.0 2o6666f 02 Jo924JE 02 4o01'l9E 02 4o1S61E 02 4o2964t.J 02 2o5105E 02 2o7996E 02 2o7U5E 02 2.1346£ 02 

620.0 2o764lE 02 4o06J1E 02 4.2164£ 02 4oJOJ9E 02 ....... .,.. 02 2.6?541\ 02 2o902Jt 02 2oi1UE 02 2o9JI6E 02 
640.0 2.1616£ 02 4.2021£ 02 4ol604E 02 .... tolt 02 •·•oon 02 2of?OJE 02 J.0049E 02 2.9761£ 02 Jo0425f 02 
660.0 2o9SI9E 02 4oJ4151: 02 4o50Ut 02 4o5912E 02 4o1522t 02 2.1650[: 02 3o101JE 02 J.o71JE 02 3ol462E 02 
.. 0.0 Jo0561E 02 4.4l99E 02 4oMlSE 02 4.1432E 02 4o90J4E 02 2.95961! 02 3o2096t 02 Jol796E 02 3.24911\ 02 
700.0 Jo1531E 02 4o6179E 02 4o7904E 02 4oiii9E 02 s.os.u 02 J.0541E 02 JoU11E 02 J.2101E 02 J.JS32E 02 
1'20.0 Jo2S001.' 02 4olS561 02 4o9JJOE 02 S.OJ41E 02 s.z04tt 02 J.l414E 02 Jo41Jft 02 J.nnE oz Jo4565E oa 
740.0 J.346lE 02 .... JOt 02 5.015)£ 02 5ol190£ 02 5oJM5E 02 3o2421'E 02 J.5U6E 02 J.4125E 02 Jo5596l 02 
1'60o0 Jo4434l 02 5oOJOOI 02 5.21121 02 5.3236£ 02 s.504U: 02 J.JJ6lE 02 3.6lUE 02 JoSIUE 02 Jo6626E 02 
?10.0 J.SJ91E 02 5.1661£ 02 5.u1n 02 5o461'1E 02 So65JJE 02 JoUOll: 02 Jolll9f 02 J.61JIE 02 Jo76MI! Ol 
1oo.o Jo6362E 02 S.JOJ2E 02 5o5000E 02 5o6l151 02 5.eoue 02 Jo52451: 02 Joi20Jl 02 J.7142E 02 Jo8611E 02 

ezo.o Jo1J24E 02 5o4392E 02 s • ..o11 02 5.1549! 02 5o9S06E 02 Jo6112E 02 J.92l5E 02 J.I144E 02 J.tl06E 02 
140.0 J.l215t: 02 s.n5ol.' oz 5. 7114£ 02 s.eteot oz 6o0911f 02 3o 7ll1E 02 4o0226E 02 Jo9145E 02 4o0l'JOE Ol 
l.o.o J.9244E 02 5.nosE 02 5o92l6E 02 6o0401t 02 6o2465E 02 JoiOS2E 02 4ol2J6E 02 4o0144f 02 4o11'S2E 02 
NO.O 4o0202f 02 Soi.S6E 02 6o06lSE 02 6o1132E 02 6.JMOE 02 Joi91S[ 02 4oitZ44E 02 4oli42E 02 4o21'7JE 02 
900·0 4oll59E 02 5.91051E 02 6.2011£ 02 6o32UE 02 6.!o4llf 02 Jo99U&: 02 4o325lt 02 4o2IJ9E 02 4.3192£ 02 
•zo.o 4.2114£ 02 6ollSlE 02 6o:M04E 02 6o4670E 02 •·•nee 02 4o0141t 02 4.4256£ 02 4oJIJ4E 02 4.4110E 02 
940.0 4o30611\ 02 6.24ME 02 6o4l'MIE 02 6o6014E 02 6oiJ42E 02 ... ann oz 4o!o260E 02 4o4121E 02 4o!ol26£ 02 
960.0 •·•one 02 6.JIJU 02 6o611lf 02 6. 1'495E 02 6o910JE 02 4o2105E 02 4o626JE 02 4o5120E 02 4o614U 02 
910·0 4.4913£ 02 6otl12E 02 6o7564E 02 6oi90JE 02 l.1261E 02 4o36J2f. 02 4o1264E 02 4.6111£ 02 4ofiSSE 02 

1000.0 4o592JE 02 6.6506E 02 6oiM5E 02 7o0JOIE 02 fo21l5E 02 •• un.: oz 4oi26Jt 02 4oliOOE 02 4.1167£ oz 

uoo.o s.SJ59E o2 1o9ll4E 02 1.260lE 02 lo4200E 02 1.7091'E 02 5oJ141C 02 S.8li9E 02 5.?623£ 02 5oi916E 02 
••oo.o 6.4616£ 02 9.2695E 02 9.6029£ 02 9.1'136£ 02 1.01221: 03 6.2132E 02 6. 7995E 02 6.1325t 02 6oi144E 02 
1600.0 7.39UE 02 1.0541£ OJ l.0925E OJ t.ll2SI OJ l.Ullt OJ 1.uue 02 1o7696E 02 7.n22E 02 ?.16651 02 
2000.0 9.213JE 02 loJOtiE OJ 1oJ5lff oJ 1oJ155E OJ loUJJE OJ lo9S56E 02 9o61JOE 02 9o!oi46E 02 9oi035E 02 
2400.0 1o1008£ OJ t.5S1SI 01 1o60SU OJ 1o6326E OJ 1o6195t OJ 1o0702E OJ lol56l'E OJ 1o1441E OJ 1ol110E OJ 
zeoo.o 1o2l'llE OJ lo79JOE OJ loiMlE OJ 1.11491: 03 lo9501E OJ 1o2427E OJ loJ426E OJ 1o3216E OJ t.J59JE 0) 
3200.0 1o45JU OJ 2o03llt OJ 2.100JE OJ 2oUJ4E OJ 2o2010t OJ lo41J2t OJ lo!o265E OJ loSl04E OJ t.M54E OJ 
3600.0 t.6212t OJ 2.26621: OJ 2oJ421E OJ z.nl6t OJ 2o46Ut OJ t.M22E OJ &.1011£ OJ 1o6904t OJ 1o1291E Ol 
4000.0 lo7996( OJ 2o49llf OJ 2ofl26[ OJ 2.6209t OJ 2.1126£ 0) lo 7491E OJ 1oii9JE OJ 1.16901 OJ 1o9121E OJ 
5ouo.o 2o22S5E OJ J.Ol'lOE OJ J.l124£ OJ 3o21ME OJ J.J219E OJ 2.16J1t OJ 2o3353E OJ 2oJ091E 03 2.JM1E 0) 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


114 

IIUOH STOPPING POWEAo ~V•C"Z/$ 

ENEA$Y IE c AL FE cu " AU PI u 
"EY I• 60.0 I• 11.0 1•16).0 1•2U.O 1•)14.0 1•411.0 1•197.0 1•126.0 1•92).0 

2.0 2.)110£ 01 2oS641£ 01 z.1un 01 1oii14E 01 1o714SE 01 1o52UE 01 1ol904E 01 lolSIU 01 1o0lt6E 01 
4.0 1ol5UE 01 1o464U Ol lo2561E 01 lol01l£ 01 1.05511: 01 9.16UE 00 1oJ6ME 00 1o1IUE 00 6o14Z1E 00 
6·0 9o1J64E 00 1oOS95E 01 9ol60SE 00 lol251E 00 1.1U4E 00 6.101410 00 5.559lE 00 5.4J01E 00 5.1291E 00 
1.0 1.1111£ 00 1.4609E 00 1oJ415E 00 6.S449t 00 6o2641f 00 S.Sl6SE 00 4oSSS4E 00 4o4549E 00 4o22UE 00 

10.0 6.5554£ 00 1olM1E 00 6o2l64E 00 s.suu 00 s.Jt91E oo 4o7020E 00 lo909SE 00 loi2S9E 00 Jo6l59E 00 
14.0 S.l019E 00 SoS61SE 00 4.1111£ 00 4oJ611E 00 4ol904E 00 J.nnE oo J.Ul4E 00 J.OSTJE 00 Zo9l4U 00 
u.o 4.2101E 00 4o6690E 00 4.0914£ 00 .S.6121E 00 J.SJ6lE 00 )olS04£ 00 2.6S6SE 00 Zo60UE 00 Zo4160E 00 
22.0 J.74J1E 00 4.0159£ 00 J.snu oo lo2U6E 00 ).10111: 00 z.nsee oo 2ol4UE 00 2oJOUE 00 2.2o2oe oo 
26.0 J.J61SE 00 J.6112E 00 loU9JE 00 2o92UE 00 2oi011E 00 z.suu 00 2.u1u oo z.otoOE oo 2o0001E 00 
:~o.o lo0196E 00 J.JTS2E 00 2o917SE 00 2.6111£ 00 2.si49E oo 2oUSIE 00 1.9691£ 00 1.9JUE 00 lol494£ 00 

J4.0 2.1164£ 00 J.l43SE 00 2.176U 00 Zo5090E 00 2.4U4E 00 2ol6)9E 00 1oiU9E 00 1oi011E 00 lo1UOE 00 
JloO 2.1010£ 00 2.9SlSE 00 2o6l1JE 00 2oJ61U 00 2.21111: oo 2o044JE 00 1o7445E 00 lo1llSE 00 lo6406E 00 
42.0 2.S119E 00 2.1oue oo 2o4al1£ 00 2o2S21E 00 2.1610£ 00 lo9461E 00 1.6640£ 00 1o6J27£ 00 lof6S6E 00 
••• o 2.U99E oo 2.6111£ 00 2.n2tE oo 2o15UE 00 Zo0112E 00 loi617E 00 loS91U 00 t.S61TE 00 loSOJtE 00 
50.0 2.J6UE 00 2.5111£ 00 2o29UE 00 2.o114e oo 2.oout oo loiOlU: 00 1.suu oo 1o5U4E 00 lo452ZE 00 
60.0 2oli16E 00 2.JI41E oo 2oU06E 00 1.9211£ 00 1.1590£ 00 1o61SlE 00 1o4JUE 00 1o4lOIE 00 lo)S4Sf 00 
70.0 2.0621£ 00 2.24181: 00 2.0041£ 00 lol22l£ 00 1.1591£ 00 &.sen.: 00 lol646E 00 1.U91E 00 lo2161E 00 
eo.o t.9100E 00 2.1412£ 00 lo9ZOJE 00 lo1464E 00 t.6119E 00 loS241E 00 1oUUE 00 loZIME 00 1oUI1E 00 
90.0 1.9004E 00 2.onoE oo 1ol56f£ 00 1o619SE 00 &.6)44£ 00 1.41101i 00 1o21J6E 00 1.2506£ 00 1.2021£ 00 

100.0 1o846SE 00 2.ouoe oo loi019E 00 lo6451E 00 1.5110£ 00 1.4411£ 00 1o2444E 00 1.2220£ 00 lol740E 00 

uo.o 1.10)9£ 00 1.969U 00 1.1691£ 00 1o6ll1E 00 lo5559E 00 1o4141E 00 1oZZUE 00 1o200JE 00 1o1UU 00 
uo.o 1.1691£ 00 1.9U9E 00 1.1J94E 00 1oSIUE 00 1.SJ06£ 00 &.nne oo 1o20J6E 00 1o11JSE 00 1oU1JE 00 
uo.o 1o7421E 00 1.90J6E 00 lo1l!ll£ 00 lot6UE 00 1o5104E 00 1oJ16ZE 00 loli99E 00 1ol106E 00 lol249£ 00 
140.0 1.1195£ 00 1.8191£ 00 lo69S6E 00 1.5460£ 00 1.494)£ 00 1ol62TE 00 1ol117£ 00 1ol601E 00 1oll4a£ 00 
15o.o 1.1ootE 00 1.1601£ 00 1.61911: 00 1.SJ21E 00 1o4IUE 00 t.n2oe oo lol104E 00 1olSJ1E 00 lo1014E 00 
160.0 1o615SE 00 1.1440£ 00 1.6661£ 00 1.5201( 00 t.UOIE oo 1olU5E 00 1o16J9E 00 1o141JE 00 1ol016£ 00 
170.0 1.6126£ 00 t.ll06E 00 lo6S6U 00 t.sun oo 1.4624£ 00 1.lJ61E 00 1o1590£ 00 1.14)0£ 00 1o091JE 00 
110.0 1.6619£ 00 1oi196E 00 1.6418E 00 1oS04.JE 00 1o4SSTE 00 1oUl6E 00 1o155ZE 00 1o1J61£ 00 loOMOE 00 
190.0 &.6SZ9E 00 l.llOSE 00 1o6409E 00 1.4914£ 00 lo450lE 00 lol216E 00 1oU24E 00 1.1U9E 00 lo09l1E 00 
zoo.o 1.64SH 00 l.I029E 00 1o6lUE 00 1o49)1E 00 1o4461E 00 1ol24SE 00 1o1SOJE 00 1olJZJE 00 1o0902E 00 

zzo.o 1.6JliE 00 lo7916E 00 1o62UE 00 lo4112£ 00 1o4404E 00 loUOIE 00 lolUSE 00 lolJlJE 00 loOIIIE 00 
240.0 h6ZS1E 00 &.1MlE 00 1.622SE 00 •·•use oo 1.4J14E 00 l.ll94E 00 &.14ME 00 l.UZJE 00 1oOHJE 00 
260.0 1o620JE 00 1o1T9lf 00 1.6201E 00 1.4120£ 00 1.4J6JE 00 1.Ut1E 00 1o1491E 00 1.1344£ 00 1.0910£ 00 
zso.o &.6161£ 00 1.1161E 00 lo6194E 00 lo41l9E 00 1o4l61E 00 1.nue oo 1o152l£ 00 1.U74E 00 lo09)1E 00 
)00.0 1.6l41E 00 1o1756£ 00 1o6200E 00 lo41lOE 00 1.UIZE 00 lolZlT£ 00 lo1SSlE 00 1ol4lOE 00 &.096tE 00 
)20.0 1.6U9E 00 1.1156£ 00 1o62UE 00 &.u5oE oo 1.4404£ 00 lol261E 00 lolJI6E 00 1.1451£ 00 lolOOlE 00 
J40.0 lo6U9E 00 lo1766E 00 1.6UIE 00 1.4115E 00 lo4U2E 00 &.non oo lo162SE 00 1ol49SE 00 1.1041£ 00 
)60.0 1o6l46E 00 &.nne oo 1•6266E 00 lo4906£ 00 lo446SE 00 &.nuE oo 1.1661£ 00 &.lSUE 00 lol090E 00 
no.o lo6lS1E 00 loTIOS£ 00 lo6291E 00 1o4940E 00 lo450lE 00 1.))14£ 00 lolllOE 00 1ol519E 00 &.&USE 00 
400.0 1.6l1JE 00 lo11llE 00 lo6UU 00 1.49111: 00 &.4Sl9E 00 &.MZTE 00 1ol1JJE 00 1o16llli 00 lolliOE 00 

420.0 lo619ZE 00 &.1161E 00 lo6J1lE 00 lo501Sf 00 1o4519E 00 lol4TZE 00 loliOOE 00 lol611E 00 &.UZ6E 00 
440.0 lo6ZlJE 00 t.1192E 00 &.64UE 00 loSOSSE 00 1.4621£ 00 1.nue oo lo1146E 00 lol1l11! 00 t.UlZE 00 
460.0 1.62J1E 00 1.1926£ 00 &.64SU 00 &.5096£ 00 1.466)1: 00 1.)56)£ 00 loli9ZE 00 1o1116E 00 1.1Jl9E 00 
410.0 lo6262E 00 lo196lE 00 &.649)£ 00 &.SlliE 00 &.nose oo lol601£ 00 1.19J1E 00 1oli)Sf 00 1o1l651: 00 
soo.o &.6ZIIE oo lol991E 00 lo6SJSE 00 loSliOE 00 1o4141E 00 l.l6!ME 00 lol91JE 00 lo1114E 00 &.l4lOE 00 
520.0 l.UlSE 00 1.10)4£ 00 lo651TE 00 lo5Z22E 00 lo4190E 00 1.nooe oo lo2021t 00 lol9JZE 00 lol4J6E 00 
~o.o lo6)42E 00 &.eonE oo 1.6619E 00 1.5264l 00 t.UUE 00 t.J14SE 00 t.zont: oo lol910E 00 &.&SOlE 00 
560.0 &.U10E 00 1•1101£ 00 lo6661E 00 &.Sl06E 00 &.41151: 00 t.U90E 00 lo21l1E 00 lo2021E 00 1ol54SE 00 
sao.o 1o6J91E 00 &.ll46E 00 1.610)£ 00 loSl41E 00 1.4911£ 00 &.JIUE 00 lo2l60E 00 &.zone oo 1olSIIE 00 
600.0 1o6421E 00 &.luu oo lo614SE 00 loSli9E 00 t.4959l 00 loli11E 00 1o220JE 00 l.UltE oo t.l6JlE 00 

620.0 1.64SSE 00 1oi2ZlE 00 1o6181E 00 1.S429£ oo lo5001E 00 &.J922l: 00 loZ24SE 00 loZlUE 00 lo16J)f 00 
640.0 lo6414E 00 loiZSIE 00 t.6121E 00 1.5410£ 00 loS04lE 00 1.)91o4E 00 lo2211E 00 lo2201E 00 &.UlSE 00 
660.0 1.6SUE 00 &.1296£ 00 1.6161£ 00 l.SS10t 00 l.SOilE 00 lo4006E 00 t.U21E 00 lo22SOE 00 lol1J6£ 00 
610.0 1.6541E 00 1oUllE 00 lo6909E 00 '·'"9E 00 1.suu oo t.4048E 00 lo2J61E 00 1.229JE 00 1o1196E 00 
100.0 1.6569£ 00 &.8)69£ 00 &.6941£ 00 &.SSIIE 00 &.Sl60E 00 &.4011£ 00 1.2401£ 00 lo23l5E 00 lolllSE 00 
120.0 lo6S91E 00 1oi40SE 00 &.6911E 00 t.S621E 00 lo5l99E 00 1.4121£ 00 lo2446E 00 loZJ16E 00 1o1114E 00 
140.0 lo66Z4E 00 &.1440E 00 1.7026£ 00 1.56641: 00 lo52llE 00 &.4161£ 00 1o2415E 00 1.2416£ 00 &.1912£ 00 
760.0 lo66S2E 00 &.1416E 00 1.1064£ 00 1.no2e oo lo5214E 00 loU07E 00 loZSZZE 00 lo24SSE 00 1.1949£ 00 
110.0 lo6619E 00 1oiSlOE 00 &.HOlE 00 &.51UE 00 loJlllE 00 1·4245£ 00 1.2559£ 00 lo2494E 00 lo1916E 00 
1oo.o lo610SE 00 &.ISUE 00 lo1UIE 00 &.5115E 00 1.SM1E oo 1o4Z1Zi 00 lo259SE 00 1.2Sl2E 00 1.2o2u 00 

120.0 lo67l2E 00 1.1511£ 00 1.1115£ 00 &.51101; 00 1.5)1)£ 00 1o4ll9E 00 1.2uu oo 1.2S10E 00 lo20SIE 00 
140.0 lo61SIE 00 1.16UE 00 loTZllE 00 loSI4SE 00 &.54111: 00 loUSSE 00 &.2666£ 00 lo2606E 00 lo209lE 00 
160.0 1·6114£ 00 1.1645£ 00 &.1246£ 00 l.SIIOE 00 lo5452E 00 loU9lE 00 1.2100E 00 lo2642E 00 1oll21E 00 
1eo.o 1.6110£ 00 1.8611E 00 l.128lE 00 1.S9l4E 00 1.5416£ 00 1.4426£ 00 1.2nu oo &.2611E 00 &.2160£ 00 
900.0 1.6USE 00 1.1109£ 00 l. 1llSE 00 1o5941f 00 1.5520£ 00 1.4460£ 00 lo2161E 00 lo21UE 00 1.219)£ 00 
920.0 1.6160£ 00 1ol14lE 00 t.TMIE 00 1.5910E 00 1oSSSlE 00 lo4494E 00 &.21001: 00 lo2141E 00 1o2226E 00 
940.0 &.61141: 00 1.1nze oo 1.n1u oo &.60l2E 00 1o!>SISE 00 &.4521£ 00 1.21)2£ 00 1.211lE 00 1.2ZJIE 00 
960.0 1o6901E 00 1.110)£ 00 r.n&u oo 1.6044£ 00 lo5611E 00 &.4560£ 00 &.216)£ 00 1.2114£ 00 lo2219E 00 
910.0 1.69)2£ 00 l.llllE 00 1.7446E 00 1o6016E 00 l.S6UE 00 1.4592£ 00 1.2194£ 00 1.2146£ 00 1.Zl20E 00 

1000.0 1.6956E 00 loii6JE 00 lo7411E 00 &.6106£ 00 1o5679E 00 lo4624E 00 &.2925E 00 lo2111E 00 loUSlE 00 

uoo.o 1.1115£ 00 lo9UIE 00 1.1110£ 00 1.6)91£ 00 &.S9UE 00 &.49151: 00 1ol205E 00 1ol111E 00 1.2629E 00 
1400.0 &.nne oo lo9l11E 00 1.1024£ 00 lo66)1E 00 1.62011: 00 &.5166£ 00 l.J446E 00 &.MUE 00 1.2169£ 00 
1600.0 1.1531£ 00 1o9519E 00 t.U46E 00 &.6154£ 00 1.6.24£ 00 t.UI6E 00 t.J6S1E 00 loJ6UE 00 1.J011E 00 
2000.0 1o1121E 00 1.9945£ 00 &.1622£ 00 lo12201i 00 1.6116£ 00 1oSfSSE 00 lo40ll£ 00 1.40UE 00 &.MJOE 00 
2400.0 1.1061£ 00 2.oun oo 1.8929£ 00 &.1519E 00 1.701)E 00 &.60S1E 00 l..UOOE 00 t.UlZE 00 1.l1l1E 00 
2100.0 1.1211£ 00 Z.04UE 00 1.91191: 00 1.1111[ 00 1.nne oo 1.Ul0l: 00 1.4SUE 00 1.4565£ 00 1.1959£ 00 
noo.o 1o8441E, 00 2.o6tsE oo &.94UE 00 &.7911E 00 1.7541£ 00 lo6529E 00 lo41JZE 00 t.4711E 00 lo4l61E 00 
:1600.0 loi60Sf 00 2.0111£ 00 lo9609E 00 t.ll19E 00 1.71)6£ 00 1.6120£ 00 t.49JSE 00 1.4911£ 00 1.4l49E 00 
4000.0 1.1145£ 00 2.1041£ 00 t.trUE 00 1.U49E 00 1.7904E 00 1.6119£ 00 1.5091£ 00 1.5U9E 00 lo4SlOE 00 
5000.0 lo9042E 00 2.U9SE 00 2.0150E 00 loi706E 00 l.8256t 00 &.1244£ 00 1.SU1E 00 1.5490£ 00 &.4141E 00 
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MUON SfOPPlNG POWEAo NEV•CN2/G 

IJIEA$\' " HE Ill A ItA X£ AlA eue. o 1 ou DE fiEJHAHE 

*" I• 11.1 J• 42.0 l•Ul.O J•UO.o J•)IJ.O 1•555.0 l• 86.8 J• 85.9 I• 44.1 

2.0 6.1906E 01 2.8250£ 01 2oUU£ Ol 1o925J£ Ol 1o602lE 01 1oJI19£ 01 2oU71E 01 2.5266£ 01 Jo50l2E 01 
4.0 J.519J£ 01 1.5917£ Ol &.:MOO£ Ol 1oU4lE 01 9.5481£ 00 •• )156£ 00 1.4401£ 01 1.444fE 01 1.9808£ Ol 
6.0 2.5211£ 01 1.15081 01 9of4JIE 00 1.22)6£ 00 7.0411E 00 6.u .. ~ oo 1o0429t: 01 1.0461£ 01 1.42100: 01 
1.0 z.oosw 01 9.1U2£ 00 7oiM9E 00 6.6094£ 00 5o6912f 00 5.onn oo 8.une oo lolSIOE 00 1.U65E Ol 

1o.o 1o61051 01 fo7ll1E 00 6o5956E 00 5.59851: 00 4.14581: 00 4.329lE 00 7.029)1: 00 f.OS04E 00 9o56S1E OU 
14.0 1.SOJ!IE 01 6o0002E 00 5.16111 00 4.)952E 00 J.U44E 00 l.U29E 00 S.488)E 00 s.s04J( 00 r.444lf oo 
11.0 1.0116£ 01 s.o22u oo -..urn oo J.J009E 00 l.U1)( 00 2o909)t 00 4.604)1: 00 -. •• use 00 6.Ul6E OU 
u.o 9.49141 00 4.)1841 00 J.IOUI 00 lo241SE 00 2o84UE 00 2.5654~ 00 4oOJ04E 00 4oU418E 00 So4459t 0(1 
26.0 8.5262E 00 J.9441E 00 )o4241E 00 Zo9J04f 00 2.5699£ 00 2.uzsF. oo JoC.ZIOE 00 ).6)821: 00 •·••set: oo 
JO.O 7.11001 00 ).61141 00 Jo1466E 00 2.6950£ 00 ZoJ611E 00 2ol420ti 00 J.lJ01E 00 J.J400t: 00 4.4898t. 00 

J4.0 fol610£ 00 J.J66JE 00 2.9129£ 00 2.514U 00 Zo2ll1E 00 z.oo:toE 00 ).10ZSE 00 l.llllt 00 4.118)( ou 
JI.O 6ollf6E 00 1.1679£ 00 2o7640E 00 2.nue oo 2.0816£ 00 1.8929E 00 2o'i22Z£ 00 2.9JOZE 00 ).UUE 00 
42.0 6.41751! oo Jo00161 00 2.6215£ 00 2.2554£ 00 l.9818E 00 1.80)8<: 00 2.1764£ 00 2.1841£ 00 J.7U5E 00 
46.0 6.11941 00 2.17511 00 2.51511 00 2.1602£ 00 1o90SSE. 00 1.730)£ 00 2.6565£ 00 Z.6638E 00 ).5699£ 00 
so.o 5.9481£ 00 2.7655E 00 2o42UE 00 2.oeou oo 1.8)68£ 00 1.66901: 00 2.:.S6lE oo Zo!t6UE 00 l.4U1f OIJ 
60.0 So49JOE 00 2.55101 00 2o24J1E 00 1o9JOJE 00 1o70JOE 00 1o55:UE 00 2o1668£ 00 2.Hl2E oo )o1746E 00 
ro.o 5o1151E 00 Zo4U1E 00 2.1202£ 00 1.8258E 00 lo6169E 00 1o4727E 00 2.l)48£ 00 2.24081: 00 2o9944E 00 
1o.o 4.94nE oo 2.1060£ 00 2.oJo1E oo 1o7502E 00 1o5Sl8E 00 1o414fl: 00 z.U91f oo 2o1448E 00 2.86)4£ ou 
90.0 4o7699E 00 2.2269£ 00 1o96JIE 00 1.69JIE 00 1oSOJU 00 1.Jfl7( 00 2.o61u oo 2.onoe oo 2. 76UE OU 

100.0 4o6J6a 00 Zo1662E 00 lo9l291E 00 1.65091: 00 1o4661E 00 1oU92E 00 2oOU81: 00 2.0181£ 00 2o690l£ 00 

uo.o 4oSJl1E 00 2o1UIE 00 1o87JJE 00 1o6l18E 00 1o4l86E 00 loJl4Jf 00 1.91021: 00 1.9154£ 00 2.6l1U 00 
uo.o 4o44IH 00 2.0814£ 00 1oi42JE 00 1.5911£ 00 1.41661: 00 1o29tOE 00 1o9J68E 00 1.9418£ 00 2.sasoe 00 
1l0o0 4oJI2JE 00 Zo05l6E 00 1o8l18E 00 1o5ll4E 00 1oJ995E 00 1oZIOU 00 1o9l02E 00 1o9152E 00 2o5481E 00 
140.0 4.J216E 00 2.o216E 00 1.1982£ 00 loSS5JE 00 loJI6U: 00 1.2684£ 00 1.8890£ 00 lo89)9E 00 Z.Sl8U 00 
uo.o 4o2850E 00 2o0012E 00 lo1121E 00 1o5425E 00 1.)756£ 00 1.2594( 00 1.81201i 00 1o8168E 00 2.4944E 00 
160.0 4.24951 00 1o9926E 00 &.non oo 1o5JZSE 00 1.)614£ 00 1.2524£ 00 1o8584E 00 1o86UE 00 2.usoe 00 
no.o 4.12041 00 &.9199£ 00 1o760SE 00 1o5246E 00 lo)61l£ 00 1.24121: 00 1.8475£ 00 1.8522£ 00 2o459U 00 
110.0 4.1961£ 00 1o9691E 00 1o1S21E 00 1.Sl84E 00 l.JS6JE 00 1o24UE 00 1oiJII(: 00 1oi4)5E 00 2.4468E 00 
190.0 4.1nSE oo lo96l5E 00 1.7461£ 00 t.sun oo loJSIIE 00 1o2405f. 00 loU20E 00 l.U66E 00 2o4l61E 00 
200.0 4.1620£ 00 lo9550E 00 1. 7421£ 00 l.5102E 00 loJS04E 00 lolJifE 00 1o8267E 00 1oUU£ 00 2.4281~ 00 

uo.o 4.lJ96E 00 1o9460E 00 1.7J6JE 00 1o5061E 00 1ol479E 00 1o2Jf2[ 00 1.8196£ 00 lo824JE 00 2.U16E 00 
240.0 4ol261E 00 l.9410E 00 lo1JJ9E 00 lo5049E 00 l.l411E 00 1olJ11E 00 1o8l6Jii 00 1.1209~ 00 2.UlSE Ou 
260.0 4oll9lE 00 lo9J90E 00 lo1JJ9[ 00 loSOS1E 00 1.J496E 00 1o2401£ 00 1oll56E 00 1.8201£ 00 2.4090£ 00 
uo.o 4oll61E 00 1o9J91E 00 &.nnE oo 1.5080£ 00 1oJS26E 00 1o24J4E 00 t.8l68E 00 1.ezut 01 Zo4092E 00 
JOO.O 4oUIZE 00 1.9408£ 00 1ofli9E 00 s.suu 00 loJS6SE 00 1.2476[ 00 l.I194E 00 1.8240£ 00 2.uue 00 
uo.o 4oU2J£ 00 1.94J1E 00 lofUOE 00 1.5un oo 1.1611£ 00 1o2524E 00 &.8U2t: oo lo8271E 00 2o41SZE 00 
140.0 4o12841 00 lo9416E 00 l• 7419E 00 l.5205E 00 1ol662E 00 1oZS1SE 00 1o8217E 00 1oU22E 00 z.uo1e 00 
)60.0 4.1162£ 00 lo9521E 00 lofSJJE 00 1o52SIE 00 1ol1l1E 00 1.26JOt: 00 t.uzee oo 1oU74E 00 2·42581: 00 
no.o 4ol4SlE 00 1o9572E 00 1o1S9ZE 00 lo5Jl4E 00 loJffU 00 1.26871: 00 1.U84E 00 1.8429£ 00 2oU22E 00 
400.0 4.15501 00 lo96ZlE 00 lo165JE 00 1oSJ1ZE 00 lolllZE 00 1ol745E 00 lo844Jt 00 1.8419£ 00 2o4J90£ 00 

420.o 4o1655E 00 1.9614£ 00 lof1l6£ 00 l.SUIE 00 l.)892E 00 1o2804E 00 1oll505f. 00 1.asioe oo 2.446)£ 00 
440.0 4oll'66E 00 lo9l44E 00 t.nese oo 1o549JE 00 1o19UE 00 1o2864L 00 1o8S68E 00 1.861)£ 00 2.45l7E 00 
460.0 4ollllE 00 1o9806E 00 1.7141E 00 1o55SSE 00 lo4014E 00 1.292U 00 1.86UE 00 1o8678E 00 2.46t4E 00 
410.0 4.1999£ 00 1o9168E 00 1.19UE 00 loS6l1E 00 lo401SE 00 lo29UE 00 loi698E 00 1ol74ll: 00 2.4692~ 00 
500.0 4o2ll9E 00 lo99Jll 00 lo1980E 00 loS619E 00 lo41J6£ 00 1.)04)1: 00 1.a16Jt oo 1.11091; 00 2.une 00 
520.0 4o2240E 00 1o999tE 00 1ol046£ 00 lo514lE 00 lo4196E 00 1.Jl01i: 00 1o8129E 00 1.8874E 00 2.U51E ou 
540.0 4.2)62£ 00 2.0058£ 00 1.1112£ 00 loSIOZE 00 lo42S6E 00 1.Jl60E 00 1o889SE 00 1.8940£ 00 2.49)0£ 00 
560.0 4.2414£ 00 2.ouze oo lolll'IE 00 lo516JE 00 lo4Jl6E 00 loJ218E 00 1.8960£ 00 1o900Sf 00 2.50101: 00 
seo.o 4o2605E 00 2.ou5e oo lo8244E 00 lo592JE 00 s.une oo 1.l2U" 00 1.vozs.: oo 1.9070.: 00 2.soete 00 
600.0 4o2121E 00 2.02411 00 l.IJOIE 00 1o59UE 00 1o4UU 00 1.JlJlE 00 1.90891: 00 1o9USE 00 2.5161( 00 

620.0 4.2141£ 00 2.0)101 00 1.1J1JE 00 lo604JE 00 lo4490E 00 1oU87E 00 t.9lUE 00 1o9l99E 00 2.524SE 00 
640.0 4.2961£ 00 2.01121 00 l.I4J6E 00 lo6101E 00 1.45411: 00 t.J44H 00 lo9Zl6£ 00 1.9262£ 00 2.SJUE 00 
660.0 4.10111! 00 2oOU41 00 ...... 00 1o6U9E 00 1.460lE 00 1.)495( 00 lo9Z79E 00 1oYJ25E 00 2.SJ99E oo 
610.0 4oJ20SE 00 2.0494£ 00 l.H61E 00 lo6ll6E 00 1.46SIE 00 lol549E 00 1o9141E 00 1.9)8"1£ 00 2.nne oo 
700.0 4.U22£ 00 2o0SS4E 00 1oi6UE 00 lo6lf2E 00 lo41UE 00 t.)601E 00 1.94021: 00 t.9448E 00 2.5550£ 00 
120.0 4.JUI£ 00 2.0614£ 00 ..... u 00 1.6JZ1E 00 1.4766£ 00 1.)65)[ 00 1o9462C 00 1.95081:; 00 2.5624£ 00 
140.0 4.)552£ 00 2.06721 00 1.81421 00 t.uen oo 1o4819t; DO 1oJ104r: 00 1.952lE 00 1o9567E 00 2.56'i8E 011 
160.0 ... ,.... 00 2.onO£ oo l.IIOOE 00 1o6U6E 00 lo481lE 00 1.U54t: 00 1.9580£ 00 1o9626E 00 2.5170£ ou 
180.0 4oJ1TJ'E 00 2o0711E 00 .... see oo lo6419E 00 lo4922E 00 loJIOlE 00 1.9UIF 00 1.9684£ 00 2.5841£ 00 
100.0 4.)181£ 00 2.0844£ 00 loltlSE 00 1o6S41E 00 1.4912E 00 1.nsz~ 00 1.Y695£ 00 1.9741£ 00 2.5912£ oo 

ezo.o 4.J991E 00 a.otooE oa 1ol9f1E 00 1o6S9JE 00 1.5022E 00 1.)899£ 00 1.9751£ 00 1o9798l: 00 2oS98lE 00 
140.0 4o4l04E 00 2o09S4E 00 1o9021E 00 1o6644E 00 1o5070E 00 1.)946£ 00 1.9801£ 00 1.Y8SlE 00 2.6050E 00 
160.0 4o42ll£ 00 2.1009£ 00 1.9081£ 00 1.6694£ 00 t.Sll9E 00 1.)99)t 00 1o986h: 00 1.Y908E 00 2.6lUE 00 
11o.o 4.4J16E 00 2.1062£ 00 lo9U5E 00 1.614)1: 00 1.Sl66E 00 t.•on;; DO 1.99151: 00 1.9962£ 00 2.6184£ 00 
900.0 4o44l9E 00 2o1USE 00 l.9liiE 00 1o679lE 00 1oSZUE 00 a.-.one 00 1o9968E 00 Zo0015E 00 2.6UOE 00 
tZO.O 4o4521E 00 2oll67E 00 1.9241£ 00 1.6819£ 00 1.5259£ 00 1o4l27E 00 2.00211: 00 2.oout oo 2.6llSE 00 
940.0 ... 4622£ 00 2olll8E 00 1.9292£ 00 t.68en oo 1.5l04E 00 1.417lE 00 2.oon~: oo 2.0119£ 00 2o6U9E ou 
960.0 4.4ua oo 2.U69E 00 1.9141£ 00 1.69lJE 00 1.U49t: 00 1o42l4E 00 2o0124E 00 2.o1ne oo 2.6442£ ou 
980.0 4o4120E 00 2.11ttE oo 1.9J9JE 00 1o6919E 00 1oSJ9JE 00 1.U56E 00 2o0li4E 00 2.0221e oo 2.6504£ 00 

1000.0 4.49111 00 2oU68E 00 1o94UE 00 lo102U 00 1.54J6E 00 1o4298E 00 2.ozzn oo 2oOZ11E 00 2.6566£ 00 

uoo.o 4.5120E 00 2.1126£ 00 1.9902£ 00 t.l44J£ 00 1o58l8E 00 lo4684t 00 2.0684£ 00 z.onu 00 2. flUE ou 
1400.0 ....... 00 2.znoE oo 2.0J05E 00 1.71llE 00 l.6190E 00 1.5022£ 00 2.1o9oe oo 2.1UIE 00 2. 7642t 011 
1600.0 4.7JJlE 00 2o2590£ 00 !.0664£ 00 1oiU8E 00 1.65UE 00 1.5322£ 00 2.1450( 00 2·1499£ 00 2.809li 00 
2000.0 4o855SE 00 2oJ209E 00 2.1280£ 00 1.8699£ 00 1.70)8£ 00 t.susc oo 2.2oroe oo 2.2120(: 00 2.186)l 00 
2400.0 4o9581E 00 2.nue oo 2.1794£ 00 1.91681 00 1. 74151: 00 1.6264~ 00 2.25111: 00 2.26JIE 00 2.9509£ 00 
2100.0 5.046J£ 00 2.4111£ 00 i.22l6E 00 lo9SfOE 00 1. 7869E 00 1.66)1£ 00 2.1012£ 00 2.JOUE 00 J.006)C: 00 
J200.0 5.UJ4l oo 2o4560£ 00 2.26Z2E 00 1.9921£ 00 t.8204E oo 1.6952£ 00 Z.3421E 00 2·34llt: 00 ).0549E 00 
)600.0 5.1920£ 00 2.490SE 00 2.2965£ 00 2.0UlE 00 1.8502£ 00 1.12l1E 00 2.l767E 00 2.J819E 00 1.0980£ 00 
4000.0 s.z5ue oo 2.5216£ 00 2.l214E 00 2.0514£ 00 1.8770£ 00 1. 7494£ 00 2o4078t 00 2.4UOE 00 J.1J44E 00 
5000.0 SoliSSE 00 2.s11oe oo 2.J9JJE 00 2.llUE 00 t.9J4lE 00 1.8041£ 00 2.4741£ 00 2.4795E 00 l.2o8n 00 
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MUON STOPP lNG I'OIIEIIo II!V•CIIl/G 

I!NEl$Y IIATER AG-CL AG-Il Nl-1 Ll-1 POLYETHYLENE STILl ENE LUCITI! lllfHUCENt 
MEV I• 65.1 I•JK.5 I•U4.1 1•4)).0 1•412.5 I• 54.6 I• 65.2 I• 65.6 I• 61.0 

2.0 2o9l51E 01 1o6561f 01 1ot1llE 01 1o5l21E 01 t.U61f 01 Jol001E 01 2otl49E 01 2o84KE 01 2.nne 01 
4.0 1o610lE 01 9o88liE 00 9o4261E 00 9ol900E 00 lo8280E 00 1.15961! 01 1.c.o2u o1 1o62l•U 01 1.5805£ 01 
6.0 1.20681! 01 1.J009E 00 6o919U 00 6oi099E 00 6.U50E 00 1o2696E 01 1.1516£ 01 1.1115£ Ol 1.1U2f 01 
1.0 9o6212E 00 5.90.9£ 00 5.6511£ 00 5o5118f 00 5.Jl16E 00 1.0121.: 01 ... 2J6JE 00 9.JU1E 00 9oll4)£ 00 

10.0 lollJIE 00 s.oun oo 4oi120E 00 4o6991'E 00 4.SJ29t; 00 lo!>241E 00 1. run oo 1o81llf: 00 1.61l6C 00 
14.0 6oJ259E 00 J.9660E 00 Jo80J5E OJ) J.1164f 00 J.SIIJE 00 6.64051i 00 6oii611E 00 6.1411E 00 5.91911: 00 
11.0 5.J019E 00 )o)511E 00 Jo2l61E 00 Jo14J9E 00 J.0)16E 00 5.5624£ 00 s.oaue oo 5o141SE 00 5o02061i 00 
22.0 4o6J16E 00 2o9491E 00 2.1J25E 00 2o1611E 00 2o6164f 00 4oi6J4f 00 4o449U 00 4o>021E 00 4.J919E 00 
26.0 4.11221! 00 2o66641! 00 2.56151! 00 2.SMU 00 2o42l5£ 00 4.)1)9£ 00 4.0026E 00 4o0509f 00 lo95l4£ 00 
JOoO JoiZISE 00 2o456JE 00 2.)6041! 00 2oJ011E 00 2o2J22E 00 4.0U4E 00 lo612IE 00 Jo1l12E 00 ).6260£ 011 

)4.0 Jo56411! 00 2.29451! 00 2o2056E 00 2o1565E 00 2.oane oo ).1)51£ 00 ).4191£ 00 J.461U 00 JoJl6JE 00 
31.0 ).)56JE 00 2o1665E 00 2.onu oo 2o0361f 00 1o91lOE 00 3.5160( 00 Jo2l99£ 00 JoUIIE 00 Joll9li ou 
42o0 3oli19E 00 2.ouoe oo 1.91391! 00 1o9399E 00 1.1116£ 00 J.JJ90E 00 J.0584E 00 J.0954E 00 Jo0191E 00 
46.0 )o0496E 00 1.91111! 00 1.toUI! oo 1oi60U 00 1ol001f 00 Jol9UE 00 2o92ME 00 2.96011! 00 2.1115£ ou 
so.o 2o93J6E 00 1o9065E 00 1.13411! 00 1o1935E 00 1o1364t 00 J.01l6i: 00 2o8l44E 00 2oi414E 00 2. 111'1£ 00 
60.0 2.nue 00 1o1111E 00 1o105U 00 1o66UE 00 1.6145£ 00 2oi4UE 00 Zo6MU 00 Zo6351£ 00 2o5l'l5£ 011 
10.0 2o5601E 00 1o611)E 00 1o6132E 00 1o5101E 00 1o!>J06f 00 2.61111: 00 2o4561E 00 2.41111! 00 2.42691: ou 
1o.o 2o4493E 00 1o6101E 00 1o!I491E 00 1.51101! 00 1o4691E 00 2o5t13£ 00 2oJ41lE 00 a.J666E oo 2.311!1£ 00 
90.0 2.36411! 00 1.5607£ 00 1o5026E 00 1o4699f 00 1o4Z41f: 00 2o4656L 00 2ol64JE 00 2.2nze oo 2.2366£ 00 

1oo.o lo2t91E 00 1o5U1E 00 1.46661! 00 1oU46E 00 1o3905E 00 2oJ946E 00 2.2003£ 00 2o2liiE 00 2ol1J4E 00 

uo.o 2o241JE 00 1.49)41! 00 1.4)111! 00 1o4014E 00 1o36UE 00 2.nne 00 2.14ttt oo 2ol680E 00 2.l23!1E 00 
uo.o 2o2011E 00 1o410lE 00 1o411lE 00 1o316U 00 1.JU9E 00 a.uJte 00 2ol096E 00 2.une 00 a.o1.ne oo 
uo.o 2ol156E 00 lo4SJOI! 00 lo400U 00 1oJ691E 00 1ol28lE 00 2.zsne oo 2.onae oo 2o0941f 00 z.o5lu 011 
140.0 2o1491E 00 loU90E 00 lo316!1E 00 1oJ561E 00 1oJlS1E 00 2.22101: 00 2.05051! 00 2o0611E 00 2.oun oo 
1>0o0 a.U16E oo 1o42IU 00 loJ160f: 00 loJ461E 00 1oJOME 00 2o2036E 00 2.oaen oo 2.046JE 00 2.oone oo 
160.0 2o109H 00 lo41HE 00 1.J616E 00 1o3J19E 00 lo291U 00 2.1use oo 2.oaon oo 2.0212£ 00 1.'11!1911 110 
no.o 2.0947£ 00 1o4U1E 00 loJ6UE 00 lo3329E 00 1oZ910E 00 Zo1661E 00 lo99SIE 00 2o01JU 00 1o91lZE 011 
liOoO 2.0124£ 00 1.40131! 00 1o3!160E 00 loJZIJE 00 lo2160f 00 z.1527E oo 1o9134E 00 2.00011: 00 1o9H9E 00 
190o0 2.012JE 00 1.40321! 00 loUUI! 00 1.3249f: 00 lo2122E 00 2o1410E 00 1o91JOE 00 1.9905E 00 lo9417E 00 
200.0 2.06311! 00 1.40021! 00 loM94E 00 1o3221E 00 1.2193£ 00 z.uu1: oo 1.96451: 00 1o91l9f 00 1o'f402t 00 

uo.o 2.osue 00 lo3H!IE 00 loJ46lE 00 1oJllll: 00 lo21!11E 00 2.U62E 00 lo95l4E 00 1.9619£ 00 1.9213£ 00 
240.0 2.o.26E 00 1oJ9ME 00 loJ450E 00 lo3l11E 00 1o2146E 00 2.10!I9f 00 1o94Z6E 00 1.9602£ 00 1o9116E 00 
260.0 a.onlE 00 loJ960E 00 loM56E 00 1oJli5E 00 1o215lE 00 2o0990E 00 1.93691: 00 lo9546E 00 1.9U9E 00 
zeo.o 2.oJ40E 00 lo39711! 00 1.J414E 00 loUME 00 1o216JE 00 2o09411l 00 lo9JJ4E 00 lo95UE 00 1o90'151i 00 
soo.o z.oszH oo 1o400JE 00 lo!501E 00 loJZ:UE 00 1o219JE 00 2o092JE 00 1.uue oo lo9496E 00 1o9011E 00 
uo.o a.oJZ6E oo 1.40351! 00 loU341! 00 1.32661! 00 lo2824E 00 2.o914E oo 1.9JUt 00 lo949JE 00 lo9014E 00 
)40.0 z.onJE oo lo4012E 00 l.J512E 00 1.3304£ 00 lo2161E 00 2.o9ne oo lo9Jl9E 00 1o9501E 00 1o9010E OC 
J60o0 2oOJ49E 00 lo4l12£ 00 t.J6UE 00 1oJJ41E 00 1o2900E 00 2o0926E 00 a.•uze oo 1o9~l6t 00 1o909JE 00 
)10.0 2.onu oo lo4l56E 00 loJ6511! 00 loUtlE 00 lo294ZE 00 2o0944E 00 1.9352£ 00 l.95J1E 00 lo91UE 00 
400.0 2oOJ91E 00 1o4201E 00 1.:nou oo loJ431E 00 1o2916E 00 Zo0961E 00 1.93161! 00 1_:9!16JE 00 1o9lJlE OU 

420.0 2.o.ne 00 lo4241E 00 1oJ141E 00 1.J4ase· oo 1oJOUE 00 2o0994t 00 1o940St 00 1o9592E 00 1o916!1E 00 
440.0 2o0460E 00 1.42941! 00 loJ19H 00 loJ!IUE 00 lo3071E 00 z.10Z4E 00 1.9U5E 00 1.9625E 00 lo9195E 00 
460.0 2.0.95£ 00 1.4Mll! 00 1oJMZI! 00 1.3511£ 00 loJUJE 00 2o10!11E 00 1.94611! 00 lo96!19E 00 lo9221E 00 
410.0 2.0531£ 00 lo4319E 00 loJI90E 00 loJ6!0E 00 loJl69f 00 2o1092f: 00 1.950)[ 00 lo9695t 00 lo9262E 00 
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JI.O J.J12JE 00 loJOJJE 00 a .... :nE 00 9eii92E 00 1.UUE Ol le25UE 01 7.9514E 00 lo9J5JE 00 s.etsJE oo 
~2.0 J.9nJE 00 8e6001E 00 9.9292E 00 1.1620£ 01 1.32821: 01 l-"1)0( Ol 9eJ6JIE 00 9eJl12E 00 6o9l01E 00 
~6.0 "•606U 00 9e96l1E 00 le1U6E 01 1.MUE 01 l.~U9E 01 1.6995( 01 1e08J8E 01 1e0801E 01 t.02ME 00 
:,o.o 5.2659E 00 loUIOE 01 t.JlOIE 01 t.U21E 01 a. nne 01 1.9JSOE 01 a.une ot 1eUJ8E 01 9el695E 00 
e.o.o l.Ol9JE 00 1.Sl"9E Ol lel"lll 01 2eOJ22t 01 2e3U7£ 01 2eSS7"E 01 1.6 ... 8( 01 lo6"02E Ol 1e220SE 01 
10.0 ••• 97at 00 1e9l82E 01 2o1999E 01 2.5656[ 01 2.91651: 01 )ell96( 01 2.oeou 01 ZeOlUE 01 le5454E 01 
eo.o 1.0111£ 01 2eJ421E 01 2.612"£ 01 Jel256E 01 J.S485E 01 J.9U1t: 01 2.nau 01 2.SJUE 01 1el872f 01 
90.0 1.29JIE 01 2.7MU Ol 3e1U5E 01 3.1068[ 01 "•20)6E 01 "·63151: 01 J.OU9E 01 J.oosn 01 2o2~9E 01 

100.0 1eS065E 01 3.2399E 01 )e6991E 01 "•30S2E 01 ".an"e 01 5.)6961: 01 J.~o"u 01 J."M9E 01 2.6091£ 01 

uo.o 1. 7248E 01 J.1061E 01 "·2212£ 01 "·911JE 01 5e566lf 01 6.12:nc 01 "-0068E 01 Je9959E 01 2.9851£ 01 
uo.o 1.9U6E 01 "·UJZE 01 "· 1661£ 01 5.5407£ 01 6.26681: 01 6.a9ME 01 "·51891: 01 "•5067t. 01 JoJ69)f 01 
uo.o 2.11"1E 01 "•t.6UE 01 S.JlUE 01 6.l1Jlf 01 6.9712£ 01 r.66nE 01 s.uJ89E 01 s.ozne 01 J. 7590E 01 
1"o.o 2.~J8E 01 5ol516E 01 5ei665E 01 6elll29E Ol 7.69531: 01 8."522< 01 s.s65st 01 5.ssost 01 "•1539E 01 
uo.o 2e6J60f 01 5.65UE 01 6e42Slf 01 leU86E Ol e.n96E ot 9.2U6t 01 6.091JE 01 6.0810E 01 "•5S29E 01 
160.0 2.nou 01 6.15UE 01 6e91alE 01 8ol091E 01 9.14891: 01 t.OMOE 02 6.6JJ5E 01 6.6159£ 01 "•'fSS.E 01 
110.0 J.l066E 01 6e6568f 01 7.5566£ 01 a.763U 01 9.1819£ 01 t.oa"Ot: 02 7.l1UE 01 7.1542£ Ol s.J608E 01 
180.0 J.J"42E 01 7.16)2£ 01 8el2J9E 01 9o4207E 01 t.0618t 02 lolMJ~ 02 7. 7159[ 01 lo6954E. 01 So761SE 01 
190.0 Je51lOE Ol 1.6720£ 01 a.6955E 01 a.ooeoe 02 1.US6E 02 1.2 ... ae 02 a.2601E 01 a.U89£ 01 6ol7alf 01 
200.0 Jo8229E 01 a.1821E 01 9.2611£ 01 1.0742£ 02 1.2096£ 02 1.3255[ 02 a.aont: 01 t.lMZE 01 6e5892E 01 

220.0 "·J048E 01 9o2012E 01 t.Ml9E 02 lo2068E 02 1.JS79E: 02 leUllt 02 9e9M7E 01 9.87871: 01 f.4147E 01 
240.0 .. ,. .. 01 l.OU7E 02 1.1572£ 02 1.U97E 02 loS06JE 02 1.M88E 02 lolOOS!i 02 le09f6E 02 a.2u2e 01 
260.0 5.2140€ 01 lol269E 02 lo21UE 02 lo4726f 02 1.6566£ 02 lo8102E 02 le2l06E 02 1.201SE 02 9o01JOE 01 
280.0 5. 7591E Ol lollOOE 02 1.J818E 02 1.605JE 02 a.a026E 02 1e971Jt 02 t.uoae 02 lollUE 02 9e90Jlll Ol 
300.0 •• ,usc 01 \.UllE 02 1.SOJ0t 02 1. 7J18E 02 le'ISOJE 02 2elJl9f 02 ·-~JOlt 02 le42JlE 02 1.0UJE 02 
320.0 6.7309£ 01 leU6lE 02 le6171E 02 1.1699E 02 2e097Sf 02 2o2919E 02 1.!1406£ 02 1.5J66E 02 lo1S62E 02 
J40.o 7.2151£ 01 1.SJ89E 02 lo7J24E 02 2.oone 02 2.2441E 02 2.uue 02 1.65021: 02 l.6u•e 02 le2J89£ 02 
J60.0 7.6997E 01 1o6415£ 02 lo8667E 02 2.UJOE 02 2.)90JE 02 2.6099£ 02 lo 1594£ 02 lef549E 02 t.J215£ 02 
Jao.o a.li28E 01 le 74J8E oz 1o9606E 02 2.2638£ 02 2.sJS1E 02 2.7619£ 02 le868U 02 1.86)6£ 02 l·"OJIE 02 
~oo.o 1.6641£ 01 1.1458E 02 2o0741E 02 2.J942E 02 2.6807£ oz 2.9252E 02 1.'1770£ 02 lo¥720£ 02 1oU59E cu 

420.0 9.1455E 01 1.M16E 02 2.1171£ 02 2.52~E 02 2.azue 01 ).0818~ 02 2.oaSJE 02 2.oeooc 02 le56llf 02 
440.0 9.6249£ 01 2.M90E 02 2.299111i 02 2.65ME OZ. 2e96a61: 02 J.2J16E 02 2.1932£ 02 2ol816E 02 IeMME 02 
460.0 loOlOJE 02 2.1502£ oz 2o4121E 02 2.1122£ 02 J.1U6E 02 J.J921E 02 2.J007E 02 Ze2M9f 02 1. 7l08E 02 
•ao.o 1e0580E 02 2.25lOE 02 2.5140£ 02 2.9105£ 02 J.2S.OE 02 J.S.Ut 02 2.4078E 02 2.~11E oz l.IU9E 02 
soo.o 1ol056f 02 2.3515E 02 2e6l54E 02 J.OJaJE 02 J.)951E 02 Jo1008E 02 2o5l46E 02 2.soau 02 lol921f 02 
520.0 l.lSJOE 02 2.4517E 02 2.1~E 02 J.l656£ 02 J.5J70E 02 JoiSJIE 02 2.6210£ 02 2.6144£ 02 1.9734£ 02 
540.0 1o200JE 02 2.5515£ 02 2.anu 02 J.2924E 02 Jo67'16E 02 "•006lE 02 2.727lE 02 2. 7202E 02 2.onee 02 
560.0 le2414E 02 2.65UE 02 2.9673£ 02 Je4la8f 02 Jo8l'l6E 02 ••• nae 02 2.1J27E 02 Zoi2S6E 02 2.UJ9E 02 
5ao.o 1.2~ 02 2.7SOJE 02 J.onu 02 J.5466E 02 Je9570C 02 4oJ088E 02 2.9J80E 02 2o9J07E 02 2.2U7E 02 
600.0 leM1lE 02 2.M9JE 02 3.1865£ 02 J.6700E 02 4o0958E 02 4.45911: 02 J.OUOE 02 JeOJME 02 2.29))£ 02 

620.0 l.J880E 02 2.M'l9£ 02 J.2956£ 02 Je1M9E 02 4e2J41E 02 4o6018E 02 3.1416£ 02 J.U91E 02 2.l126E 02 
•~o.o l.U66E 02 J.M62E 02 J."UE 02 J.919JE 02 4.3719£ 02 •• 7579[ 02 3.2511£ 02 J.2U7E 02 2.4517E 02 
660.0 t.48UE 02 3.14~2£ oz J.Sl26E 02 4.0UJE 02 4eS09lf 02 4.90641: 02 J.35S7E 02 J.lUU 02 z.sJ06E 02 
680.0 1.5275£ 02 J.2420E 02 Je620SE 02 4.1669E 02 4o6458E 02 5.o5UE 02 J."59JE 02 J.uon 02 2o6092t 02 
700.0 lo5f37E 02 JelJME 02 J.1211E 02 "·2900£ 02 "•lUOE 02 5.20t6t 02 J.S626E 02 J.SSJ1E 02 2.6876£ 02 
720.0 1.6191£ 02 J.4J66E 02 J.IJSJE 02 4.4127£ 02 4.9117£ 02 5.J4a4£ 02 Jo6655E 02 J.65ME 02 2.765aE 02 
1~0.0 1.6658£ 02 J.5JJ5E 02 Jo9422E 02 4.5JSOE 02 5.0529t 02 S.4946E 02 J.7611E 02 J. 7S87E 02 2o84J7E 02 
160.0 •• 1ll6t 02 J.6JOlE 02 •• Man o2 4.6569£ 02 5.1816£ 02 5.640JE 02 loi7ME 02 J.I608E 02 2e92l4E 02 
780.0 1. 7574E 02 J.12ME 02 4ol5UE 02 ... nan 02 s.J2l9£ 02 5.7855E 02 J.9724E 02 Jo96Z6E 02 2.9989£ 02 
100.0 t.aOJOE 02 Jo82l5E 02 4o260aE 02 4oa99SE 02 S.4SS7E 02 5.9301[ 02 4.074U 02 "-06~0£ 02 J.0162E 02 

120.0 lea485E 02 J.9l8JE 02 4oJ664E 02 5.0202E 02 5.5891£ 02 6o0742E 02 4.ll55E 02 4o1652E 02 Jel5UE 02 
MO.O 1.19J9£ 02 4oOU9E 02 4.47llE 02 5ol405t 02 5. f220E 02 6.2179E 02 4.2766E 02 4e2661E 02 J.2J02E Oc! 
860.0 1.9392£ 02 4.1092£ 02 4.S161E 02 S.2605E 02 5.asue 02 •• )611[ 02 4.37141: 02 4.J667E 02 J.J069£ 02 
180.0 1.9a...E 02 ~.2MJE 02 4.6aUE 02 s. J801E 02 5o9866E 02 6.S031l 02 4.41101: 02 4.46JOE 02 J.JIUE 02 
900.0 2.0295E 02 4o2991E 02 4ef857E 02 '·"9ME 02 6olli2E 02 6oM60f 02 •• nan 02 "•S6'10E 02 Jo~596E 02 
920.0 2.01~se o2 4.J9J7E 02 4.a89aE 02 5.6184£ 02 6.249SE 02 6. 7878E 02 4.678JE 02 4o666IE 02 J.~nn 02 
~o.o 2.ll9JE 02 "·UIIE 02 4•99J6E 02 5.7J70E 02 6.J8Mt: 02 6.9291( 02 ... nne 02 4.7664E 02 J.6ll6f 02 
960.0 2.1641E 02 •• sane 02 5.097lE 02 5.8S52E 02 6oSl09f 02 7.0701( 02 ... anu 02 ~.8657E 02 ).6114£ 02 
980.0 2.201et- 02 "·6762E 02 5o2004E 02 5.9732( 02 6o6410E 02 7.2106E 02 ~.9769E OZ 4o9M'll: 02 J. '1629E 02 

1000.0 2.2SJ~E 02 ~- 7699£ 02 5.JOJ4E 02 6.0908E 02 •• non 02 7.)506( 02 5.0759E 02 5.ou5e 02 J.8J8JE 02 

uoo.o 2e69~lf 02 5.6958E 02 6.Jl98E 02 7.2511E 02 a.M95E 02 a.nost 02 6.0SJSE; 02 6.0318E 02 4.S8JOE 02 
1400.0 J.U61E 02 6.60)6£ 02 7.Jl45E 02 8.)85SE 02 9.2982£ 02 t.oone 0) lo0l09E 02 e..9MOE 02 5.JU1E 02 
1600.0 J.SS25[ OZ 7e4959E 02 8.2907£ 02 9."980E 02 l.OS22E OJ 1.U95E OJ 7.9511E 02 lo9J20E 02 6.0307£ 02 
2000.0 ~.JI65E 02 9.2~20E 02 l.Ol97E OJ l.l669E OJ 1.2906E OJ l.J96lE OJ 9. JI86E 02 9o765U 02 7.~~1E oz 
2400.0 5.2015£ 02 l.OM6E OJ 1.2054E OJ l.l711E OJ 1e5222f OJ lo64SJ( 0) 1ol579E OJ lol552E OJ e.aosoe 02 
2800.0 6.0010£ 02 1.26l6E OJ a.uue OJ le5M6E OJ lo7U5E OJ .... au OJ t.UUE OJ l.U02E OJ lo014a£ O.J 
1200.0 6. 7175t 02 a.u5n 0) t.5654E OJ •• 787lf 0) 1.97021: OJ 2ol266E OJ l.SOSSE OJ 1.5020E OJ l.l667E 03 
)600.0 7.S6JOE 02 1o5875E OJ 1. 7408E OJ 1o986JE OJ 2.1a81E 0) 2.J606E OJ 1.67501: OJ 1.6'll1E OJ 1.2761E 0) 
•ooo.o 8ol218E 02 1.7.71E 0) lo9UIE OJ 2.l826t 0) 2·"021f OJ 2.59091: 0) a.au2a: OJ l.ante 0) 1o"OS1E OJ 
sooo.o t.0208E OJ 2.uue OJ 2.nue oJ 2o6629E 0) 2.927JE OJ ).15)4£ 0) 2.zsne OJ 2o2466E 0) a.uou 03 
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"UON .ANGE, G/C"2 

IIIUGY IIATE• AG-CL AG-1. NA·I LJ-1 POLYEJHYUNE SULlEN£ LUCITE ANJHitACENl 
.. y I• 65.1 ... , .... 5 1•434.1 1•4JJ,O 1•412.5 I• 54.6 I• 65.2 I• 65.6 I• 67.0 

2.0 J.l66H·02 f.090.E·02 fo5099E•02 l.69UE-G2 8.0640£-02 loS5Ut•02 ).9211E-02 ).88l9E•02 3.9160£-02 
4.0 l.Ul9E-Gl 2.nne-ot z.u•ze-ot 2.suoe-o1 2.6340£-01 1.251510-01 a.nau-ot lol620E•Ol lo3911E•01 
6.0 2.l5JOE-Gl 4ofU9E-Gl 4.9591E-Ol s.onJE-ot 5.2997£-01 2.uuc-ot 2.1101£-0l 2.nue-o1 2.9lOOE•Ol 
•• o 4.62UE-01 f.1920E-G1 8ol6fOE·Ol 8.3Jl1E-Ol e.nue-ot 4oU96t-Ol 4.8197£-01 4of621E-Ol 4.8151E-01 

10.0 6.1967£-01 1.1410£ 00 1.2019£ 00 1.2316£ 00 t.1802E 00 6.nltt-01 7.1197£-0l 7.10.7£-Gl r.zena:-oa 
14.0 1.ZS39E 00 2.0530£ 00 2.1 .. 0£ 00 2.1te1E oo 2.21l6E 00 lol926f 00 1o301l£ 00 lo29l1E 00 1o32•7E 00 
11.0 1oMI6E 00 3.1560£ 00 3.Z95JE 00 l•lfUE 00 , •• 9961: 00 1o8SU( 00 2.unn oo 2.oOUE 00 2.osau 011 
22.0 2.1sau oo 4 •• 324E 00 4o6252E 00 4.13.8£ 00 •• 9012£ 00 2.626U 00 2.1115u oo 2.8.10£ 00 2.9U2E 00 
26.0 .Jo6691E 00 5o8619E 00 6.1U6E 00 6.2S7U 00 6oUl9E 00 lo49t8E 00 3o82UE 00 3. 7198£ 00 3.81!t1E ou 
.JO.O 4.6f22E 00 7o4ll5E 00 lol4JOE 00 f.9240E 00 1.20S2E oo •.u22a: oo ••• 703£ 00 •• 8124£ 00 •• 9J42E OU 

,..o 5.75641: oo 9.1144£ 00 9o491JE 00 9. 7192E 00 t.0061E 01 S.4861E 00 6.000.£ 00 S.9290E 00 6o0719E 00 
.Ja.O 6.9U9E 00 1.0910E 01 t.U66E 01 lo1UOE Ol 1.2036£ 01 6.59161: 00 1.2010£ 00 7.1211£ 00 f.JOlOE 00 
42.0 1.une oo 1.28041 01 1.UnE 01 lo364JE 01 l.UllE 01 lo7600E 00 lo4126£ 00 1.3115E 00 loS9lOE 011 
••• o 9.4214E 00 lo4715E 01 1oSl9SE 01 t.S7SOE 01 1o62M~ 01 8.91Slt 00 9.82071: 00 9.10)6£ 00 \lo'I482E 00 
so.o 1.0159E 01 1.61 .. E 01 lo7531E 01 t.7.,•1e 01 t.asne 01 1.02ut 01 1.12151;. 01 1.1082E 01 lo1361E 01 
60,0 lo43UE 01 2.2299£ 01 2.l20SE 01 2.31)6£ 01 2.45UE Ol 1ol6S6E 01 1 •• 9leE 01 1.•ntE 01 &.suo.: Ol 
to.o lollUE 01 2.8lb6E 01 2o92UE 01 2.9906£ 01 ),09Ut 01 1o1286t: 01 1o8171£ 01 loi651E 01 1o9l19E 01 
ao.o 2o2l10E 01 J.4l94E 01 .J.5n•t 01 ).6311£ 01 3.1516£ 01 2.uue 01 2..50.51: 01 Zo2716E 01 2.3))9£ 01 
90.0 Zo6268E 01 4,0505£ 01 4o2U1E 01 4.3072E 01 ••• SOlE 01 2oS0'16E 01 2.1386( 01 2.7012£ 01 2. 71J3E 01 

100.0 3o0559E 01 4o699SE 01 •.ante 01 •• 9962E 01 S.1610E 01 2.9214( 01 )oli69E Ol ).1527£ 01 lol211E 01 

uo.o Jo4959E 01 5.l629E 01 5.S751E 01 5o 7003E 01 5.817)£ 01 ).J4UE 01 3.6469£ 01 ).6019£ 01 J.69ZIE 01 
uo.o 3.9449E 01 6.0J19E 01 6o216JE 01 6oU65E 01 6o6260E 01 lo 7160E Ol 4oll66E 01 4.0141£ 01 4o1684E 01 
uo.o ••• oue 01 6o7221E 01 6o9864E 01 fo1424E 01 1.3141£ 01 4.215SE 01 4o!I944E 01 4.5U5E 01 4.6!i22E 01 
140.0 4ol6l8E 01 l.U.JIE 01 l.lO.JE 01 folf61E 01 I.UUE Ol 4.661SE 01 5.0791£ 01 So0290E 01 5.1421£ 01 
tso.o S.JU6E Ol lolllSE 01 8.4284£ 01 lo6lS9E Ol e.aMSE 01 5.1129£ 01 5.56Ml 01 s.5ts2E ot S.639)E 01 
160.0 5.1one 01 I.IU9E 01 9,157SE 01 9.3601£ 01 9.66lOE 01 5.56111£ 01 6.o ... e 01 6,0061£ 01 6o14Ufi 01 
no.o 6.2195£ 01 9o5201E 01 9.1905£ 01 1.0109£ 02 t.OU6t 02 6.0211£ 01 6.56l9E 01 6.5011£ 01 6.C>462E 01 
11o.o 6.1SIJE 01 1.0229E 02 1.0621£ 02 1.01161£ 02 1.UUE 02 6o49lfE 01 7.0665£ 01 6.9994£ 01 f.lS51E 01 
190.0 7olJ9fE 01 t.0941E 02 lo1J65E 02 1.1615£ 02 1ol99lE 02 6.nue 01 l.Sf.21E 01 7.soo5t ot 7.66101: 01 
200.0 7o12UE 01 1.1654£ 02 &.2106£ 02 1.2)10£ 02 1.2712£ 02 7.42S8E 01 a.oaou 01 1.0040£ 01 a.uue 01 

uo.o 1.6956E 01 1.JOI5E 02 1.3590£ 02 1oliiSE 02 1.U3JE 02 a.l6ne 01 9ol0lll: 01 9.0161£ 01 9.2151£ 01 
240.0 9o6l21E 01 1o4S18E 02 1.5076£ 02 1.540)£ 02 1.5906£ 02 9ol1Slf 01 1.0129£ 02 loOOJSE 02 1o02!i6E 02 
260.0 lo065.Jf 02 1.5951£ 02 1.656JE 02 1.6920£ 02 1.7415£ 02 t.0261E 02 1.1160£ 02 1.10SlE 02 1.uooc Ol 
210.0 lol6J6E 02 t.138lE 02 t.IOUE 02 1.8436£ 02 1.90.2£ 02 1.122lt 02 1.2194£ 02 1.20111£ 02 1.2J47i 02 
)00.0 1.2620£ 02 1.8112£ 02 lo9531E 02 1o9M9E 02 2.060fE 02 t.2l16E 02 1.3229£ 02 lo.U06E 02 1.ll9SE Ol 
uo.o 1.)604£ 02 2.o2nt 02 2.10llE 02 2·14S9E 02 2.2169£ 02 1olU2£ 02 1.U64E 02 1.•uze 02 1o444JE 01 
340.0 1.45181: 02 2.1662£ 02 2o241fE 02 2.Z964E 02 2.n2•.: 02 1.4018£ 02 t.nooe 02 l.SlSIE 02 1.S491E 02 
)60.0 1o551lE 02 2.J082E 02 2.l951E 02 2.446SE 02 2.5219£ 02 1.5044E 02 1.6))5[ 02 1.6liJE 02 t.65)9l Ul 
11o.o 1o65SJE OZ 2.4.91E 02 2.5425E 02 2.S961E 02 2.68211: 02 1o6000f 02 t.U69E 02 t.1208E 02 t. 7516E 02 
400.0 1.1SME 02 2.ston 02 2o681JE 02 2ol4S2E 02 2.enoe 02 t.69541i 02 1o840Z~ 02 loBUlE 02 1.a6n.: 02 

420.0 1.1514£ 02 2.nue 02 2o8l44E 02 2.8931£ 02 2o9907E 02 lol901E 02 t.94Ut 02 1.9252E 02 1.9616£ Ol 
440.0 1.M93E 02 2.81UE 02 2.9197£ 02 3.0.19£ 02 J.14J9E 02 1.1 .. 0£ 02 2.046)£ 02 2o0272E 02 2o01l9E Ol 
460.0 2.0469£ 02 3.0112£ 02 ).1244£ 02 3.1894£ 02 ).2966£ 02 lo98l0E 02 2.149lE 02 2.1291£ 02 2.1160£ 02 
480.0 2.1444£ 02 ).lSO.E 02 J.2686E 02 ).))64£ 02 J.4481E 02 2.0759E 02 2.2518£ 02 2.2J01E 02 2.2799£ 02 
soo.o 2.2411£ 02 3.2192E 02 ),4U4E 02 J.4829E 02 lo6004E 02 2.17011:: 02 2.3542£ 02 z.U22E 02 2.38l1E 02 
520.0 2.UI9E 02 J.UlSE 02 3oSS56E 02 ).6218£ 02 Jo15l4E 02 2o26S2E 02 2o4S65E 02 2o4U4E 02 2·••ue 02 
540.0 2.4359E 02 3.5654£ 02 1.6914£ 02 )o1743E 02 ).9020£ 02 2.U96E 02 2.5516£ 02 2. S.J45E 02 2.5906£ 02 
s.o.o 2.5326E 02 3.7021E OZ J.8401E 02 J.919)E 02 •• os2ot 02 2oU)9E 02 2.66o.f 02 2o6lSJE 02 2o69)1E 02 
580.0 2.6292£ 02 3.8)91£ 02 ).9126£ 02 4.06)1£ 02 4o20l6E 02 2.5480£ 02 2o7621E 02 2.1360£ 02 2.7967£ 02 
600.0 2.12S7E 02 ).9763E oz 4oll40E 02 4.2071£ 02 4ol506E 02 2.6418£ 02 2.8U6E 02 2.8365£ 02 Zoi994E 02 

620.0 2.11219£ 02 4.112SE 02 4.2649£ 02 4.J5UE 02 4.4992£ 02 2.U56E 02 2.9649£ 02 2.9l61E 02 ).0020£ 02 
640.0 2.9180£ 02 4.2412E 02 4.4054£ 02 4o4MJE 02 4.647)£ 02 2o829lE 02 ).0660£ 02 lo0361E 02 ).104)£ 02 
660.0 l.OU8E 02 4.JU6E 02 4.S45SE 02 4o6)69E 02 4.7M9E 02 2o9225E 02 J.1669E 02 3.1367£ 02 3o2065E 02 
680.0 J.109H 02 4.5115£ o2 4.6152E 02 4o7190E 02 4o9420E 02 ).0151£ 02 3.2676£ 02 ),2)64£ 02 Jol014E Ol 
700.0 ).2051£ 02 4.65)1£ 02 4.8244£ 02 4.9201£ 02 5.0IIIE 02 )ol088E 02 l.J61lE 02 3.3JS9E 02 l •• l02E 02 
720.0 lo3004E 02 4.1113£ 02 4o96l3E 02 5.0620£ 02 5.U50E 02 3o2016E 02 ).4614£ 02 J.U52E 02 3.5111£ Ol 
740.0 3.J9S6E 02 •• 9211£ 02 5.1011£ 02 5.2029£ 02 S.)809E 02 ).2'14lE 02 JoS616E 02 J.534JE 02 J.6U2E 02 
760.0 ),4906E 02 5.0545£ 02 5.2399E 02 5.3434£ 02 5.S26JE 02 J.JI69E 02 J.6616E 02 ).6333E 02 3. 7l44E 02 
110.0 J.51SSE 02 5.1176£ 02 5.lff6E 02 5.4USE 02 5.6114[ 02 Jo479JE 02 J.l61U 02 ).U20E 02 l.&lSSE Ol 
100.0 lo6102E 02 5.no.t 02 5.5149£ 02 5,6232£ 02 5.a160E 02 J.sns.: o2 ).8610£ 02 l.U06E oz ).916)£ Ol 

1zo.o ).11.1£ 02 5.4SZIE 02 5.6519£ oz 5.1625£ 02 5.9602£ 02 l.6U6E 02 3.9674£ 02 lo9290E 02 4.0170£ Ol 
140.0 J.l69lE 02 5.5849E 02 5. 7186£ 02 5.9014£ 02 6o10.1E 02 lol5SSE 02 4.o667E 02 •• o2ne 02 4.11'1'5£ Ol 
160.0 ).96))£ 02 5.7161£ 02 5.9249£ 02 6,0.00E 02 6o2476E 02 ).847)E 02 4o1651E 02 •• usu 02 4.2111£ 02 
1eo.o 4.0574£ 02 5.1412£ 02 6.0608£ 02 6.1112£ 02 6.3907£ 02 ).9)89E 02 4.2647£ 02 4.22UE 02 •• ,1101: 02 
900.0 •• l513E 02 So919lE 02 6.1965E 02 6.3161E 02 6.5))4£ 02 4o0l04E oz 4.1635£ 02 4.J2lOE oz 4o4180E 02 
920.0 4.2UlE 02 6.UOZE 02 6.JJ11E 02 6.45J6E 02 6.6151£ 02 4ollliE 02 4o462lE 02 4.4116E 02 4.Sl19E oz 
940.0 •• ueu 02 6.2401E 02 6.4661£ 02 6,5908£ 02 6oll79E 02 4.2UOE 02 4oS606E 02 4oSl601: 02 4.6l1SE 02 
960.0 4.uue 02 6oJllOE 02 6.6015£ 02 6.7271£ 02 6.9S96t 02 4ol040E 02 4,6519E 02 4.6UlE 02 4o1lllE 01 
980.0 4.5256E 02 6o5010E 02 6.7359E 02 6.86UE 02 7.1010£ 02 4.)949£ 02 4, 7511E 02 4.11041: 02 4.1164£ 02 

1000.0 4o61IIE 02 6o6301E 02 6.1101£ 02 7.0006£ OJ 7.2421E 02 4 •• 151E 02 •• 1551£ 02 4o8074E 02 4.91SlE 02 

1200.0 5.5440E 02 7.9U9E 02 e.l96lE 02 e.nue 02 8.U65E 02 5.3161£ 02 s.UfSE 02 S.l694E 02 So900lt 02 
1400.0 6.4510£ 02 9.1146£ 02 9.4989E 02 9.6611£ 02 t.ooou OJ 6.2166E 02 6.7116£ 02 6o'fl90E 02 6.8722£ 0.2 
1600.0 7.)6JJE 02 1.0.17£ 0) t.0712E 0) 1.0969E 03 1oUSlE 03 l.U68£ 02 1.1311£ 02 '1'.6580£ 02 7.1))4£ 02 
2000.0 9.1 .. 1E 02 l.2854E Ol t.U98E 03 l.JSliE OJ lo)990E 03 ••• 931£ 02 9.60961: 02 9.S09SE 02 9ol219E 02 
2..00.0 1o090H 0) 1.524JE Ol lo5162E 03 1o6012E 03 1.6571£ 03 1.0603E 0) lo14SJE 03 loUlZE 03 lol595E OJ 
zaoo.o 1oZ641E 0) 1o7591E 03 t.llltE Ol t.IUlE 0) 1o9l06E 0) 1.22921: 03 l.JZUE 03 1ollJlE Ol t.JUIE OJ 
uoo.o t.4)60E 0) 1o9901E 03 2.osne u 2.oene Ol 2.160lE 0) lo)9621: 03 1.50741: 0) 1 •• 9llE 0) 1.5260£ OJ 
3600.0 1.6064E 03 2.2l91E 03 2.2nu u 2.)255£ OJ 2o4069E 03 t.5uae OJ 1.6UIE 03 lo66f•E 0) 1.7066£ OJ 
4000.0 t.l154E 03 2.4462E OJ 2oS261E OJ 2o56llE OJ 2.6506£ 03 lof260E OJ' lolf628E 03 t.auu 0) 1o88SlE Ol 
5000.0 2.1930£ OJ lo0039E OJ J.10UE OJ l.t•ost: OJ J.ZSOOE 03 z.ut6a: 0) 2o2999E OJ 2.2742£ 0) 2. UllE OJ 
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PRINTOUT TABLE IV 

STOPPING -POWER AND RANGE TABLE FOR PROTONS 

Stopping powers (Mev/g cm-2) and ranges (g cm-2) 
for protons in various substances. The density 
effect correction is not included. Powers of ten 
are indicated by the symbol E; thus 1. 2345E 02 
means 1. 2345 x 1o2. Because of typographical 
limitations, the adjusted mean excitation energy, 
Iadj, is indicated by the symbol I in the table head
ings; its units are ev. More figures are tabulated 
than are significant in order to facilitate inter
polation and differencing. Freon 1, C3F9; Freon 
2, C2F5C1; Freon 3, CF3BR. Assumed composi
tion by weight: Bone, 0. 064 H, 0. 278 C, 0. 027 N, 
0. 410 0, O. 002 Mg, O. 070 P, 0. 002 S, 0. 147 Ca; 
muscle, 0. 1020 H, 0. 1230 C, 0. 0350 N, 0. 7290 0, 
0. 0008 Na, 0. 0002 Mg, 0. 0020 P, 0. 0050 S, 
0. 0030 K; concrete, 0. 0056 H, 0. 4983 0, 0. 0171 
Na, 0. 0024 Mg, 0. 0456 Al, 0. 3158 Si, 0. 0012 S, 
0. 0192 K, 0. 0826 Ca, 0. 0122 Fe. 
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1n 

PROTON STOPPIN' POWER, MEV•CN2/G 

EJIER$'1 PaoPAME FREON 1 FREOII 2 FREOII J MYLAR OUAAU CONCRETE IIUSCLE lilliE 
"EV I• to.J 1•111.9 I•U7o1 1•201.2 ,. 72.6 1•121.0 1•124.2 •• 66·2 •• 15.2 

2.0 1.92UE 02 1o2611E 02 1.2uu 02 9.7646£ 01 lot5lOE 02 1.2841[ 02 1o2762E 02 lo671l'E 01 1oSUlE 02 
4.0 1.1217£ 02 7ot655E 01 7.JU9£ 01 6o0Jl4E 01 9o1t29E 01 7.1292E 01 1o690U 01 9.1762£ 01 lo9104E 01 
6.0 7.9971E 01 So4UIE 01 5.usSE 01 4ol89JE 01 6oSJ15E 01 5oS566E 01 s.nut 01 7o0495E 01 6o4l40E 01 
1.0 6oZJOZ£ 01 4.2110E 01 4.1619E 01 J.Sll6E 01 SollSJE 01 4oJ900E 01 4oJ1l9E 01 5.5019E 01 5.onoE 01 

10.0 So1959E 01 J.UUE 01 J.MJ9E 01 J.on5E 01 4o)009E 01 J.US6E Ol l.12UE 01 4.6224£ 01 4.2490E Ol 
14.0 Jo9451E 01 2.7169£ 01 2.72Z6E 01 2oJ402£ 01 J.niSE 01 2.1667F 01 loi515E Ol J.snn 01 Jo24t5E 01 
11.0 lo2106E 01 2o2124E 01 2.uzn 01 lo9290£ 01 2.6144£ Ol z.Jnot: o1 2.J421E 01 Zol69lE 01 Z.6SllE Ol 
u.o 2.1229E 01 1o944IE 01 1.9040£ 01 1.6Sl1E 01 2.nue 01 2.0024£ 01 1•9969£ 01 2.4J65E 01 z.2541E 01 
26.0 2.J142E 01 1o70l9E 01 1.661JE 01 1.4510£ 01 lo984U 01 1.1521£ 01 1.741JE 01 2o1261E 01 l.9105E 01 
JO.O 2.1111E o1 1.S11ZE 01 1.4112E 01 1.291SE 01 1.7669E 01 1oS641E Ol 1o560JE 01 1.19UE 01 1.7SSIE 01 

34.0 1.9061E 01 1.J141E 01 1.1415£ 01 1.111lE 01 1oS969E 01 1o41S9E 01 1o4l26E 01 1.non 01 1oSI17E 01 
JI.O 1o7419E 01 1.2n1e 01 1.2Jl9E 01 1.01\0E 01 l-4600£ 01 1oZ96JE 01 1.2934£ 01 1.S6J1E 01 1.452JE Ol 
42.0 1o606JE 01 1o1611E 01 1.1402£ 01 1oOOOtE 01 1oJ41JE 01 1.1971£ 01 1.19!11£ 01 1.4427E 01 1. J401E 01 
46.0 1.4927£ 01 1oOIUE 01 1o0615E 01 9.U71E 00 1.zszae 01 1.1149E 01 1.11ZSE 01 1oJ41JE 01 1.2410E 01 
so.o 1ol960E 01 1.0121E 01 9o9436E 00 1.7479£ 00 1.nue 01 1.044U 01 1o042U Ol 1oZ549E 01 1.161JE 01 
60.0 lo2074E 01 a.1121E oo lo6li1E 00 7.6104£ 00 1o0151E 01 9eOS92E 00 9.0420E 00 1.016JE 01 1.0UlE 01 
70.0 1.06961 01 1o19161 00 7.6641£ 00 •-nne oo 9o0001E 00 lo04SU 00 I.OlOJE 00 9.6299E 00 lo91l1E 00 
10.0 9.64JIE 00 7o04J1E 00 6o9249E 00 6.1291E 00 lolZUE 00 7.26111: 00 1oZSSSE 00 1.61J2E 00 I·091lE oo 
90.0 1.1un oo 6.4459E 00 6olJ96E 00 S.6l92E 00 7.4262E 00 6.6noe oo 6o6419E .00 7oMUE 00 7.4076E 00 

too.o loU92E 00 5.96UE 00 S.164JE 00 s.20l9E oo 6oi624E 00 6oUlSE 00 6.14361: 00 7oJliJE 00 6.1412£ 00 

uo.o 1o51UE 00 5.ts95E oo S.4704E 00 4.1591£ 00 6oJ951E 00 s.U96£ 00 5.U07E 00 6.1JISE 00 6olll2l 00 
120.0 J.UJ4E 00 s.uue oo s.UME 00 4.561)1! 00 6.00JOE 00 5ol909E 00 5oli21E 00 6o4l11E 00 S.9925E .00 
uo.o 6.1l14E 00 4o9JUE 00 4oi541E 00 4ollME 00 So6617E 00 s.o9JOE 00 s.oesu oo 6.osan oo So6SIIE 00 
140.0 6.3612E 00 4o6122E 00 4.6096£ 00 4o104U 00 5.S111E 00 4.1lS4E 00 4oi214E 00 s.7416E oo s.l106E oo 
150.0 6.0670E 00 4o464U 00 4oJ955E 00 Jo9160E 00 5.1254E oo 4.6106E 00 4.6041£ 00 5o41IOE 00 S.Ut1E 00 
160.0 S.I02CIE 00 4.2121E 00 4.2069E 00 l.TSOZE 00 4.90lOE 00 4.4126£ 00 4•4065E 00 s.u99e oo 4.1916E 00 
uo.o s.snoe oo 4.1011£ 00 4.0J95E 00 J.6029E 00 4o7051E 00 4.2361E 00 4.2JUE 00 s.oz11e oo 4.7012£ 00 
110.0 s.J572E oo J.M94E 00 J.I900E 00 lo41l2E 00 4o5295E 00 4.0791E 00 4.0744E 00 4.1401E 00 4.5251E 00 
190.0 5.1611E oo Joi126E 00 J.1556E 00 J.JSZIE 00 4.J112E 00 l.9JI1E 00 l.9JJSE 00 4.6101E 00 4.J611E 00 
2oo.o 4.9916E 00 J.6190E 00 J.6l42E 00 J.24S1E 00 4.2212£ 00 l.IUZE 00 loi06JE 00 4.5116E 00 4.U56E 00 

uo.o 4.70JSE 00 3.4744£ 00 J.42l4E 00 J.OS91E 00 J.9101E 00 J.5199E 00 ).5154£ 00 4.2522£ 00 J.9li5E 00 
240.0 4.4565£ 00 J.2946E 00 J.2461E 00 2.90J9f 00 :s.nzu 00 J.4045E 00 J.400JE 00 4o0299E 00 l.1716E 00 
260.0 4.2461E 00 l.1420E 00 J.0961E 00 2.7114E 00 l.596lE 00 J.2470E 00 J.ZUlE 00 J.I4UE 00 J.5951E 00 
210.0 4.0666£ 00 J.0101E 00 2.9611£ 00 2.6514E 00 Jo4446E 00 l.UUE 00 J.10IOE 00 J.6191f 00 ].4441£ 00 
JOO.O J.9l04E 00 2.1969E 00 2.1559£ 00 z.sseu oo J.lUlE 00 2.9942E 00 2.9901E 00 J.SlME 00 J.JUIE ·00 
J20.o J.1736E 00 2.1912E 00 2.7519E oo 2.41liE 00 J.1910E 00 2.19UE 00 2.1111£ 00 )o415JE 00 l.1990E 00 
140.0 :t.6529E 00 2.1otn oo 2.6114E 00 z.:t954£ oo J.0965E 00 2.1oose oo Zo7915E 00 ].)067£ 00 J.0911E 00 
360.0 J.MSIE 00 2.6JUE 00 2.5941E oo 2.JZ75e oo J.0064E 00 2.nooe oo 2.7110£ 00 J.210lE 00 l.OOIOE 00 
Jao.o J.4502E 00 2.5614£ 00 2.526U 00 2.2661£ 00 2.9259£ 00 2.6410E 00 2.6452! 00 J.l241E 00 2.9217E 00 
400.0 J.l64JE 00 2.4911E 00 2.4645£ 00 z.212H oo 2.1536£ 00 2.51UE 00 2.5106£ 00 J.0461E 00 2.1557E 00 

420.0 J.2161E 00 2.4422£ 00 2.401tE 00 2.16JIE 00 2.1184£ 00 2.5zsOE 00 2.5224£ 00 2.9710£ 00 2.7906£ 00 
440.0 ).2165£ 00 2.J9lOE 00 2.n16t oo 2.uut oo 2.129JE 00 2.4722E 00 2.4691E 00 2.9UIE 00 2.1J11E 00 
460.0 J.l527£ 00 2oi444E 00 2.Jl21E 00 2.0711£ 00 2.6155£ 00 2.4242E 00 2.4211£ 00 z.IS6JE 00 2.611U 00 
4tO.O J.0944E 00 2.J019E 00 2.2111£ 00 2o04llE 00 2.626t£ 00 2.JIOJE 00 2.naoe oo 2.IOJIE 00 2.629SE 00 
500.0 ).0410£ 00 2.2uoe oo 2.uzae oo 2.oone oo 2.sa16E 00 2.:t40ZE 00 2.Jn9E oo 2.1551£ 00 2.5145£ 00 
520.0 2.99ZOE 00 2.221JE 00 2.1971! 00 1.916JE 00 2.s4on 00 2.JOUE 00 2o3011E 00 2.1l16E 00 2.!1434E 00 
54o.o 2.9461£ 00 2.1M4E oo 2.1654£ 00 1.9417! 00 2.5024£ 00 2o2694E 00 2.une oo 2.61lOE 00 2.sosse oo 
560.0 2.9052E 00 2.1641E 00 2.1JSSE 00 1o9UJE 00 2.461JE 00 2.une 00 2.2360£ 00 2o6JJSE 00 2.4706£ 00 
5ao.o 2.1666£ 00 2.u6oe oo 2.1019E 00 1.1969£ 00 2.4149£ 00 2.2091£ 00 2.2011£ 00 2.59NE 00 2.une oo 
600.0 2.1JOIE 00 2.1099£ 00 2.oazu oo 1.114JE 00 2.4041£ 00 2.1122E 00 2oUOJE 00 2.5666£ 00 2.401JE 00 

620.0 2.1976E 00 2.0ISIE 00 2.0516£ 00 1.15JU 00 2.JJ69E 00 2.tsne 00 2.1tME oo 2.5361£ 00 2.JI05E 00 
640.0 2.7667£ 00 2.06JJE 00 2.0365E 00 1.1UIE 00 2.3509£ 00 2.1141£ 00 2.U22E 00 2.so1tE oo 2.l546E 00 
.. o.o 2.1J71E 00 2.042JE 00 2.o1Ste oo 1.1156£ 00 2.3261£ 00 2.1125e 00 2.1106E oo 2.4t29E 00 2.no•e 00 
610.0 2.1109E 00 2.0221£ 00 l.9967E 00 1.1911E 00 2.l040E 00 2.o92JE oo 2.0905E 00 2.4511£ 00 z.Jo19£ oo 
700.0 2.6151£ 00 2.0045£ 00 1.9117£ 00 1.11ZIE 00 2.2azte oo 2.ouse oo 2.on1e oo 2.4J61E 00 2.2161£ 00 
120.0 2.6621E 00 1.9114E 00 1.9619E 00 1.7610E 00 2.2uu oo 2.o~sae oo 2.0541£ 00 2.4149£ 00 2.2671£ 00 
740.0 2.6400£ 00 1o91lJE 00 t.9462E 00 1.1541E 00 2.2445E 00 2.0J9lE 00 2.onse oo 2.J9SOE 00 2.24161 00 
760.0 2.619ZE oo 1.9S6JE 00 1.9Jl4E 00 1.7411E 00 2.2270E 00 2.ozne oo 2.0221E 00 2.J16JE 00 2.2Jl2E 00 
710.0 2.5997£ 00 1.9421£ 00 1.9115£ 00 1ol219E 00 2.uon oo 2.oo9ze oo 2.oone oo 2.J5NE 00 2.2149£ 00 
1oo.o 2.saue oo 1.9211£ 00 1.9044£ 00 1.1114£ 00 2.1952£ 00 1.99S4E 00 1.99JIE 00 2.l42JE 00 2.1996E 00 

azo.o 2.5640£ 00 1.916)£ 00 1oi922E 00 1.7066£ 00 2o1101E 00 lo91ZSE 00 1o910t£ 00 2.une oo 2.11stt oo 
84o.o 2.5477£ 00 1.904SE 00 1.1106£ 00 t.6964E 00 2.1611E 00 1.9104£ 00 1.96IIE 00 2.n2u oo 2.11tsE oo 
160.0 2.tJZJE oo 1.19J4E 00 1.1697£ oo 1.6169£ 00 2.U41E 00 1.9519E 00 1.9514£ 00 2.2t12E oo 2.1516£ 00 
110.0 2.5lne oo 1.1129£ 00 1.1594£ 00 1.6711! 00 2.1420£ 00 1.9411£ 00 1o9466E 00 2.2152£ 00 2.1465£ 00 
900·0 2.S040E 00 1.11JOE 00 1.1491E 00 1.669lE 00 2.U04E 00 1.9l79E 00 1.9364£ 00 2.2129£ 00 2.U51E 00 
tzo.o 2o4909E 00 1.1636E 00 1.8405E 00 1o6612E 00 2.1196E oo 1.9212£ 00 1o9261E 00 2.2612£ 00 2.12ue oo 
940.0 2.4716E 00 1oi541E 00 1.1JIIE 00 1.6t36E 00 2.109JE 00 1.9191£ 00 1.9117E 00 2.2502£ 00 2.1140£ 00 
960.0 2.4610£ 00 1.1464E 00 1.12l6E 00 l.646SE 00 2.09tsE oo t.t105E 00 1.9090E 00 2.2l91E 00 2.104JE 00 
teo.o 2.4559£ 00 t.IJME 00 1.11SIE 00 1.6)97£ 00 2.090JE 00 1o902JE 00 1.9009£ 00 2.U91E 00 2.0951£ 00 

1000.0 2.4454£ 00 1.U09E 00 1.1014£ 00 lo6Jl2E 00 2oOil5E 00 1.1946E 00 1.19JZE 00 z.zzou 00 2.0164E 00 
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PROJON RANGE, G/CM2 

ENERGY PROPANE FREON 1 FREON 2 FREON l MYLAR QUARJL CONCREJE MUSCLE lONE 
MEV I• 50.) 1•111.9 1•121.1 1•208.2 (• 72.6 l•tzt.o 1•12"·2 I• w..2 I• as.2 

2.0 6.1916f-0) 9.91UE-O:S t.0..56E-02 1oJU2E-02 7.8nae-o:s 9.8 .. 61E-0) 9.92lilE-OJ 1.2nu-o:s a.u2u-oJ 
... o 2.on2e-o2 :S.U59E-02 :s.2,.o:SE-02 "·02ME-02 2.S2111:-o2 ).0609£-02 ).0801E-02 2.ns1C-02 2.SM2E-02 
6.0 ... nuE-o2 6.2188E-02 6eS060E-02 7e9660E-02 s.tS1"E-o2 6.1S""t-02 6el885E-02 "· l668E-02 s.2"n-o2 
a.o l.OJUE-02 leO..IlE-01 1.0UIE-Ol 1. llUE-01 1.6HOE-G2 lo0261E-Ol 1.0JUE-Ol 8.0086£-02 1.8212£-02 

10.0 l.0566E-Ol t.SSSOE-01 t.6o•oE-01 1.9259£-01 1.2920£-01 lo519"E-01 1.S26SE-Ol 1.l9Ut-Ol 1. JUOE-01 
.... o 1.9 .. 9SE-Ol 2.82UE-Ol 2.90UE-Ol l·"""ZE-01 2.)685£-01 2.1S .. 2E-01 2. 76UE-Ol 2.2oose-o1 2 ... 0JU-01 
u.o :s.OIOH-01 ... U91E-01 ... 5)65£-01 5.)J12E-Ol J.127"E-Gl ... ,o•SE-01 ... )205E-01 J ... 668E-01 ).11nE-01 
22.0 ... unE-ot 6.:S25U-Ol 6 ... 8381!-0l l.S861E-01 S. JS62E-Gl 6.US6E-Ol 6.1169E-Ol "•915U-Ol s.unE-01 
26.0 6.01S8E-o1 8.5291E-01 a.U"6E-01 1.0116~ 00 l.2 .. 50E-ol 8.296JE-01 a.JUZii-01 6.7 .. nt-ot l.JZOOE-01 
jO.O 1.8051£-0l 1.tOUE 00 1e1219E 00 1oJ096f 00 9.J85SE-Ol 1o0111E 00 1.01501: 00 l.l .... lE-01 9.<UUE-G1 

j".o 9.802lf-01 1.J196E 00 1.UOIE 00 1.6))U 00 1.1110£ 00 1.) .. 09( 00 l.J .. UE 00 1.091lt 00 1.111U 00 
)11.0 1o2000f 00 1.68UE 00 1.f2UE 00 1.9882£ 00 .... )9)f 00 1.636"( 00 1.6Ult 00 1.Ml9t 00 .... sur 00 
u.o l.U9H 00 2.015SE 00 2.0589f 00 2.Jnu 00 1.12 .. 8£ 00 t.•snc 00 1.9Ult 00 1.6085F 00 1.UUE 00 
.. 6.0 1o6978E 00 2.)1261! 00 2.•zzn oo 2.1816E 00 2.0)29£ 00 2. )0"2~ 00 z.no:se 00 1.89631! 00 2.0U1E 00 
~o.o t.9151E 00 2.1S51E 00 2.aun oo :s.uon 00 2.J632E 00 2.6752[ 00 2.611201i 00 2.20..8£ 00 2.n••e 00 
bO.O 2.n1aE oo J.8188E 00 ).895)E 00 ...... oot 00 ).28281: 00 ).1065t 00 J.11S"E 00 ).06"01: 00 J.J021E 00 
70.0 J.6291E 00 s.0299E 00 s.une oo S.8SS9E 00 "·U1U 00 ... BlOSE 00 "·'"'" 00 "·o"oe 00 •·n"9E oo 
ao.o "·6161E 00 6.Jil6E 00 6.S021f 00 ., ... ao•e 00 S.SOJOE 00 6.l9o•r 00 6.20)8E 00 S.U91E 00 s.sJOlf oo 
90.0 S.702Jf 00 1.8616£ 00 8.01J9f 00 9.l16"E 00 6.19UE 00 1 .6)0"1: 00 l.6 .. 62E 00 6.l .... 6E 00 6.11229£ 00 

100.0 6.81Uf 00 .... use 00 9.6SS6f 00 1.0968£ 01 8.19"61: 00 9.1M9t 00 9.2t))E 00 l'o6559f 00 a.zzasa: oo 

110.0 8o1SIJE 00 lo1221E 01 l.l .. UE 01 1o29S8E 01 9.10SJE 00 1.0819( 01 1.0900£ 01 9.0681't 00 9.f"2"E 00 
120.0 9.S209f 00 1.)011f 01 1.U10E 01 1.5082[ 01 1.U20t 01 1.2618( Ol t.ZJOZE 01 l.OS19E 01 t.lJ60f 01 
uo.o l.0969E 01 loSOSOE 01 loUUE 01 lof))U 01 1o:S0)6£ 01 t.•saar 01 1 ... 61"1: 01 l.21ME 01 1.J079E 01 
... o.o lo2U9f 01 1.1lJZE 01 &.lUll! 01 lo91lOE 01 l ... IUE 01 1o660"E Ol 1.66))1: 01 l.:SI19E 01 1.UME 01 
uo.o loU09E Ol lo9J20E Ol lo9651E 01 2.2206f 01 l.61SJE 01 1.11221- 01 1.815SE Ol t.Sto62t Ol l.6102f 01 
160.0 l.Sf9SE 01 2.16llE 01 z.t911E oa 2 • ..at6E 01 l.87 .. 9t 01 2.0 .... 0( 01 2.0916E 01 1. f529E 01 l.lf99E 01 
110.0 1.1555[ 01 2 ... 001E Ol 2 • ....o•e oa z.15JIE 01 2.0IIJ2t 01 2.:SZSU 01 2.)29)£ 01 1.9UIIE 01 2.08Mf 01 
180.0 l.U86E 01 2.6U6E 01 2.69211! 01 :S.Ol66E 01 2.2991f 01 2.S660E 01 2.51021: 01 2.asose 01 2.JOSJE 01 
190.0 2ol281E 01 2.90"f 01 2.9S""E 01 ).J291E 01 z.szuE 01 2.aass: 01 z.azooE 01 2.)609E Ol 2.SJ02E 01 
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8. PASSAGE OF HEAVY IONS THROUGH MATTER 
II. RANGE-ENERGY CURVES! 

Lee c. Northcliffe2 

Abstract 

Semi-empirical range-energy relationships are presented for heavy 
ions with energies up to 10 Mev/amu in various solid materials. Range
energy curves for He4, Bll, c12, N14, o16, F19, and Ne20 ions in car
bon, aluminum, nickel, silver, and gold calculated from smoothed semi
empirical stopping-power curves by numerical integration are compared 
with available range and energy-loss data and with other calculations. In 
addition, range-energy relationships in aluminum inferred from experi
mental energy-loss data for representative heavy ions in aluminum are 
presented for ions of various isotopes of helium, lithium, beryllium. 
boron, carbon. nitrogen, oxygen. fluorine, neon, sodium, magnesium. 
aluminum, and silver. 

173 

In the recent review article reprinted as Appendix B of this volume, an attempt 
was made to summarize and correlate various kinds of experimental information on 
the penetration of heavy ions through matter. In particular, the numerous data per
taining to the stopping power of certain solids (C. Al, Ni, Ag. Au) for ions of rela
tively low atomic number (1 ":!::Z s; 10) were presented and discussed with relative 
thoroughness. Range-energy relations also were discussed, but the presentation of 
range data was representative rather than comprehensive and included only a few of 
the many curves and numerical data needed by experimental physicists. The present 
report is prompted by the need for a comprehensive collection of heavy ion range
energy curves. 

It seems reasonable to attempt the calculation of range values from the stopping
power curves of Appendix B by numerical integration of Equation 24 (in Appendix B). 
Such calculations are suggested and discussed in sections II. F. and III. D. 1 of Ap
pendix B. Their validity is demonstrated in Figure 10 of Appendix B. which shows 
that a set of range-energy curves for c12 ions calculated by this method is in good 
agreement with the available experimental range and energy loss data. While the 
good agreement is not really surprising, it is welcomed as practical justification for 
further calculations of this type. 

1This work, supported by the u.S. Atomic Energy Commission, is essentially a 
supplement to a review article by L. C. Northcliffe that was published in Annual 
Review of Nuclear Science (vol. 13, p. 69, 1963) and which is reprinted, with 
permission of Annual Reviews, Inc., as Appendix B of the present volume. The 
literature references already cited in the earlier article are designated by the same 
reference numbers in this paper; new references are numbered serially beginning 
with No. 124; and the figures are assigned numbers beginning with No. 12. 

2oepartment of Physics. Yale University. New Haven. Conn. 
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A set of range-energy relations has been generated from the set of smoothed 
electronic stopping-power curves given in Figures 5-7 of Appendix B. Range values 
were obtained by numerical integration of Equation 24 of Appendix B and then cor
rected for the reduction expected as a consequence of "nuclear" stopping, the cor
rection being that given by the theory of Lindhard, Scharff, and Schi¢tt (38). The 
corrected range values are displayed graphically as solid lines in Figures 12-18 of 
the present paper. These curves are similar to those in Figure 10 of Appendix Bin 
most respects, but differ in that the present curves have been corrected for nuclear 
stopping while those of Figure 10 were not. (Actually, this is the only difference 
between Figures 10 and 14.) 

A few range-energy relations calculated elsewhere are available for comparison 
with these results. In the case of alpha particles, for example, range-energy rela
tions have been calculated by Whaling (2) and by Aron, Hoffman, and Williams (125). 
Their curves can be seen in Figure 12. In those calculations, the stopping power for 
alpha particles was taken to be four times that for protons of the same velocity, and 
the reciprocal of the stopping power was integrated numerically to get the range. 
Aron, Hoffman, and Williams calculated the proton stopping power using the rela
tivistic form of the Bethe formula (Equations 1, 3, and 6 of Appendix B) and the Bloch 
relation (Equation 7 of Appendix B). taking 11. 5 ev for the value of the Bloch constant 
K = 1/Z, while Whaling relied upon empirical proton stopping-power curves. In order 
to compensate for the range increase caused by partial charge-neutralization of the 
alpha particle, Whaling adjusted his calculated ranges to match the experimental 
values of Rosenblum (124) at 7. 68 Mev <t:m = 1. 92 Mev/ amu>· Whaling's stopping-
power curves are based on more recent and more accurate measurements. and 
therefore his range values are more reliable. 
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Figure 12. Range energy relations for He4 ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 5 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied. 
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Figure 13. Range energy relations for all ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 6 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied. 
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ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 6 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied. 
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Figure 15. Range energy relations for N14 ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 6 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied • 
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Figure 16. Range energy relations for o16 ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 7 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied. 
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Figure 17. Range energy relations for F19 ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 7 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied . 
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Figure 18. Range energy relations for Ne20 ions in carbon, aluminum, nickel, sil
ver, and gold. The solid lines were obtained by numerical integration from the 
smoothed stopping-power curves of Figure 7 (Appendix B). A correction for the 
effect of "nuclear" collisions has been applied. 
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Hubbard (1 03) has generated a set of semi-empirical range-energy curves for 
heavier ions by a somewhat different method based on a simple assumption concern
ing relative range values for heavy ions. If the symbol Rx,A denotes the range of 
ion x in material A, the assumption may be represented symbolically by the relation
ship 

between range values for ions having the same initial velocity. Taking alpha particles 
as reference ions (y-+a) and nuclear emulsion as a reference material (B-+emulsion), 
Hubbard used the data of Heckman, et al. (86) to determine Rx, emulsion• the data 
of Whaling (2) to determine Ra, A• and the data of Barkas, et al. (126) to determine 

Ra. emulsion. Hubbard then calculated the Range Rx, A of ion x in material A from 
the above relationship. His predictions for N14, o16, and Ne20 ions are seen in 
Figures 15, 16, and 18. His predictions for c12 ions were inadvertently omitted 
from Figure 14 but agree well with the solid line curves there. He also has calculated 
curves for Ar40 ions and for various ions in beryllium, copper, and lead. 

Various experimental range and energy-loss data are displayed in Figures 12-
18 for comparison with the calculated curves. The data of Webb, Reynolds, and 
Zucker (89) and of Reynolds, Scott, and Zucker (90) shown in Figure 15 and the data 
of Oganesyan (95) shown in Figures 14-16 are range measurements and are presented 
as published. All other experimental values shown are based on energy-loss measure
ments. The alpha particle range values attributed to Gobeli (67) are those he derived 
from his energy-loss measurements. The energy-loss measurements of other 
authors have been interpreted as range measurements by regarding absorber thick
nesses as range differences and subtracting them from a constant (the estimated range 
of the ion at its initial energy) which is chosen to give a good fit of the data to the 
calculated (solid line) curve. Among the data treated in this way, the most compre
hensive are the measurements of Northcliffe (39) and of Roll and Steigert (80), which 
are shown for all of the ions in Figures 12-18, and the data of Walton and Hubbard 
(81), which show the behavior of c12 ions in several materials (Fig. 14). Similar 
measurements by Sikkeland (83) for N14 and 016 ions and by Gilmore (82) for Ne20 
ions are shown in Figures 15, 16, and 18. Some older measurements by Burcham 
(94) for c12 ions are shown in Figure 14, and some very old measurements by 
Rosenblum (124) made with natural alpha particles are shown in Figure 12. 

Another set of calculated range-energy curves is presented for the convenience 
of the experimentalist in Figures 19-31. 3 In a few cases one of these curves dupli
cates one of the solid-line curves of Figures 12-18. In such cases the agreement is 
excellent, even though the two sets of curves are derived by somewhat different 
methods. The point of departure for the set of curves in Figures 19-31 is the experi
mental measurements of the energy loss of heavy ions in aluminum (Ref. 39). In 
particular, the curves for He4, B10, Bll, c12, N14, o16, F19, and Ne20 ions are 
the smoothed experimental energy-loss curves converted to range-energy curves by 
the process described in the preceding paragraph. The curves for other isotopes of 
helium, beryllium, carbon, nitrogen, oxygen, fluorine, and neon have been calculated 

3 An earlier version of these curves has been circulated privately and was included 
in a preliminary report entitled "The Penetration of Matter by Heavy Ions with 
Energies above 1/2 Mev per AMU" prepared for the Subcommittee on the Penetra
tion of Charged Particles in Matter (NAS-NRC) by L. C. Northcliffe and R. L. 
Gluckstern, March 1961, and revised by L. C. Northcliffe, March 1962. 
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from these experimental curves on the assumption that for two isotopic ions with the 
same velocity (i.e., same energy per unit mass) the ranges are in the same ratio as 
the masses. 4 In this way all of the curves shown in Figures 19, 22-27 were obtained. 
The curves of Figures 20 and 21 for lithium and beryllium ions were obtained from 
Figure 11 of Appendix B by interpolation between the curves for helium and boron. 
The curves of Figures 28-31 for sodium, magnesium, aluminum, and silver ions 
were obtained by an extrapolation process and therefore are less reliable than the 
other curves. 

The author is grateful to several members of the Subcommittee, particularly 
Dr. R. L. Gluckstern, Dr. Jens Lindhard, and Dr. R. L. Platzman, for aid, infor
mation, and critical comments offered at various stages in the preparation of this 
paper, and to the many other persons who provided substantial assistance in its 
preparation, notably Mr. C. A. Whitten, Mrs. Jane Hilberg, and Mr. William Poe. 
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Figure 19. Range energy relations for helium isotopes in aluminum. 

4Experimental confirmation of this assumption has been found in the case of a1 0 and 
all ions by Roll and Steigert (80) and by Northcliffe (39). 
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Figure 20. Range energy relations for lithium isotopes in 
aluminum. 
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Figure 21. Range energy relations for beryllium isotopes 
in aluminum. 
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Figure 22. Range energy relations for boron isotopes in 
aluminum. 
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Figure 24. Range energy relations for nitrogen isotopes 
in aluminum. 
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Figure 26. Range energy relations for fluorine isotopes 
in aluminum. 
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Figure 27. Range energy relations for neon isotopes in 
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Figure 28. Range energy relations for sodium isotopes 
in aluminum. 
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Figure 29. Range energy relations for magnesium isotopes 
in aluminum. 
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Figure 30. Range energy relations for aluminum 
isotopes in aluminum. 
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Figure 31. Range energy relations for argon isotopes 
in aluminum. 
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9. ENERGY-LOSS STRAGGLING OF PROTONS AND MESONS: 
TABULATION OF THE VAVILOV DISTRIBUTION! 

Stephen M. Seltzer2 and Martin J. Berger2 

Abstract 

This paper contains a tabulation of the Vavilov distribution which 
describes the energy-loss straggling of charged particles traversing a 
thin layer of matter. The distribution depends on the particle velocity 
and on a parameter, x, indicative of the ratio of the mean energy-loss 
over the pathlength considered to the largest energy-transfer possible 
in a single collision with an atomic electron. As x ... o, the Vavilov 
distribution goes over into the Landau distribution; for x~lO it becomes 
Gaussian. Intermediate values of x occur for protons and mesons of 
moderate velocity traversing very thin targets or for extremely fast 
particles in targets of moderate thickness. 

1. Introduction 

187 

The transport equation describing the energy-loss of heavy charged particles 
in thin targets has been solved rigorously by Vavilov (1), whose distribution is a 
generalization of the well-known Landau distribution. Whereas the Landau distribu
tion, applicable primarily to electrons, has a universal character and depends only 
on a suitably scaled energy-loss variable, the Vavilov distribution depends in addition 
on the particle velocity and on a parameter indicative of the ratio of the mean loss in 
the target to the maximum-allowed energy-transfer in a single collision with an 
atomic electron. The evaluation of the Vavilov distribution is made difficult by the 
fact that it is expressed as an integral over some rather complicated functions, so 
that numerical quadrature is required except in some limiting cases. Vavilov him
self made numerical calculations for some representative parameter choices. The 
purpose of the present paper is to make .a more systematic and comprehensive tabu
lation of the Vavilov distribution. 

Let f(A, s)dA denote the probability that a proton (or meson), in traversing a 
pathlength s in the target, will suffer an energy-loss between A and A+dA as the result 
of many successive collisions with atomic electrons. If each of the energy-transfers 
to electrons is small compared to A, f(A, s) is approximately Gaussian. If individual 
transfers make significant contributions to A, the distribution is asymmetric, with a 
tail corresponding to large values of A. Landau (2) has derived f(A, s) without placing 
any limit on the magnitude of the allowed individual energy-transfers. Symon (3), 
with the use of some ingenious approximations which have turned out to be surprisingly 
accurate, and Vavilov (1), in his more rigorous treatment, have explicitly taken into 

lsupported by the National Aeronautics and Space Administration under Contract R-80 
with National Bureau of Standards. 

2Nati6nal Bureau of Standards, Washington, D. c. 
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account the allowed maximum-energy transfer per collision and have derived distri
butions which bridge the gap between a Gaussian and a Landau distribution. In neither 
theory is a distinction made between the depth of penetration (thickness of the target) 
and the pathlength. Moreover, the collision cross section is assumed to be independ
ent of the particle velocity and, therefore, of the position of the particle within the 
target. This implies that the results are valid only when the energy-loss in the target 
is small compared to the initial particle energy. Symon has indicated that his results 
can be extended, in an approximate manner, to the case of large energy-loss. 

2. Significant Parameters 

Because of the conservation of energy and momentum, the largest energy
transfer possible in a collision between a particle of mass M and a free electron is 

( = 1+---+-2mc2{J2 [ 2m 1 (m)2] -1 

max 1 -{J2 M j 1 _{J2 M • 
(1) 

where mc2 is the electron rest energy and {Jc the velocity of the particle. For small 
{J. (max is also very small. Because of the small value of m/M for protons or 

mesons, the factor in square brackets is practically unity, except when {J .. l. For 

8 .. 1. (max .. Mc2/J2 • which means that almost the entire energy of the particle can 
1-{J2 

then be transferred in a single collision. 

The mean energy-loss in a short pathlength s(g cm-2) is given by 

(2) 

where z. A, and I are, respectively, the atomic number, atomic weight, and mean 

excitation energy of the medium, 2 f is the shell correction, and 6 is the density 

effect correction. (See, e. g .• p. 14 of Appendix A of this volume.) 

The shape of the energy-loss distribution depends on the ratio of 3 to (max' 
Inasmuch ks the factor in square brackets in Equation 2 is independent of s and a 
very slowly varying function of the particle energy, both Symon and Vavilov disregard 
it in forming their significant parameter. which they take to be 

mc2 Z _L 
x = 0. 30058 - 2- As/ (max= • 

{J (max 
(3) 

The value x= 0 corresponds to a Landau distribution, and x» 1 to a Gaussian. Tables 

1a-1d* give the quantities (max• !: .! . and A ! as functions of the particle energy for 
Zs Zs 

protons, kaons, pions, and muons. Upon substitution of the desired values of Z, A, 
and s, these tables can be applied to a target of any desired composition and thickness. 

*Powers of ten are indicated by the symbol E; thus 1. 2345E 02 means 1. 2345 x 1o2. 
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Table 111. Pu-tera chu•cterlzing the energy loll dhtr1butlon T11ble lb. Pu-tera chllr•cterlzlng tht energy loa• dlatr1butlon 

for protona (reat ••• = 938.213 Mev). for k•ona (reat ••• 11 493.9 Mev). 

(A/zH~•) (A/Z) • (II/ a) 
linergy '2 c .. x (A/z)o(~a) (A/Z) • (II/ •) 

Energy c .. x 

(Mev) (Mev) (Mev/g ca-2) (ai/g) 
(Mev) (Mev) (Mev/g ca-2) (ca2/g) 

loO 2ol283E-03 2ol773E-03 7o2166E 01 3o3146E 04 leO 4o0371E-o3 4eU39f-03 3o8044E 01 to2029E 03 
lo5 3ol898E-03 3o2667E-03 4o8149E 01 lo4739E 04 loS 6o0465E-o3 6o2040E-03 2o5401E 01 4o0943E 03 
ZoO 4o2497E-03 4o3568E-03 3o6141E 01 8o2952E 03 2o0 8o0499E-o3 8o2761E-03 lo9d80E 01 2o3054E 03 
3.0 6o3645E-03 6o5387E-03 2o4132E 01 3o6907E 03 3.0 lo2038E-o2 lo2427E-02 lo2758E 01 le0267E 03 
4o0 8o4725E-03 8o7229E-03 lo 8128E 01 2o0782E 03 4o0 1o6003E-02 1o6586E-02 9o5975E 00 5e7867E 02 
,.o lo0574E-02 lo0909E-02 lo4525E 01 lo33UE 03 s.o lo9944E-02 2o0753E-02 7o7011E 00 3o7109E 02 
6o0 lo2668E-02 1o3098E-02 lo2124E 01 9o2561E 02 6o0 2o3861E-o2 2o4928E-02 6o4369E 00 2o5822E 02 
8.o 1o6838E-02 1o7483E-02 9ol217E 00 5o2175E 02 8.o 3o1625E-o2 3o3304E-02 4o8566E 00 1.4582!' 02 

1o.o 2o0981E-02 2ol877E'-02 7o3205E 00 3o3463E 02 1o.o 3o9297E-o2 4o1714E-OZ 3o9085E 00 9o3697E 01 
15.0 3ol224E-02 3o2902E-02 4o9119E 00 1o4950E 02 u.o 5o8082E-02 6o2883E-02 2o6444E 00 4e2052E 01 
zo.o 4ol308E-o2 4o3985E-02 3o 7181E 00 8o4533E Ol zo.o 7o6322E-02 lo4260E-02 2o0124E 00 2o3883E 01 
30.0 6ol009E-o2 6o6324E-02 2o5175E 00 3o7957E 01 30o0 loll25E-01 lo2764E-Ol lo3806E 00 lo0817E 01 
40o0 8o0108E-02 8o8895E-02 1. 9173E 00 2ol568E Ol 40.0 le4423E-Ol lo 7185E'-Ol lo0649E 00 6ol967E 00 
so.o 9o8631E-Q2 loll70E-01 lo5572E 00 1o 3941E 01 so.o lo7541E-o1 2o1689E-Ol 8o7562E-Ol 4oOHlEOO 
60o0 lol660E-Ol 1o3473E-01 1o3172E 00 9o7767E 00 60o0 2o0491E-Ol 2o6277E-Ol 7o4954E-Ol 2e85Z5E oe 
ao.o lo5096E-Ql lo8149E-01 lo0174E 00 5o6057E 00 8o.o 2o5936E-01 3o5702E-01 5o9218E-Ol 1.6587£ 00 

lOOoO 1o8336E-o1 2o2918E-Ol 8o3764E-01 3o6550E 00 lOOoO 3o0841E-ol 4o5459E-Ol 4o9801E-Ol 1e0955E 00 
150o0 2.5668£-01 3.5245£-01 5o9837E-01 lo6978E 00 150o0 4el164E-01 7.1308£-01 '· 7311£-01 5o2S24E-Ol 
200.0 3o2055E-01 ... 8149£-01 4o7915E-Ol 9o9.512E-Ol zoo.o 4o9338E-01 9o9235E-Ol 3oll30E-Ol 3o1370E-01 
300o0 ... 2586£-01 7o5694E-01 3o6065E-Ol 4o7647E-o1 soo.o 6ol297E-01 1o6132E 00 2e5057E-Ol lo5533E-Ol 
400o0 5o0846E-Ol lo0555E 00 3o0207E-Ol 2o8618E-01 400.o 6o9472E-ol 2.3169£ 00 2o2108f-01 9o5419E-o2 
soo.o 5e7444E-Ol lo3712E 00 2o6737E-Ol lo9415E-01 soo.o 7o5306E-o1 3ol036E 00 Zo0395E-01 6o5716E-02 
600o0 6e2797E-01 1.7219E 00 2o4458E-01 lo4204E-01 600.0 7e9614E-Ol 3o9730E 00 lo9Z92E-Ol 4o8557E-o2 
aoo.o 7o0866E-Ol 2o4808E 00 2ol673E-01 8o7365E-02 8oo.o lo5429E-Ol 5o9595E 00 lo 7978E-OJ 3o0168E-Q2 

1000.0 7o6568E-Ol 3o3319E 00 2o0059E-Ol 6o0203E-02 1ooo.o 8o9070E-o1 8o2759E 00 lo7244E-01 2o0836E-o2 
1500.0 8o5193E-Ol 5o8632E 00 1o8028E-Ol 3o0748E-02 uoo.o 9o3864E-01 lo5504E 01 lo6363E-01 lo0554E-Q2 
zooo.o 8o9804E-Ol 8o9701E 00 lo7103E-Ol lo9066E-02 zooo.o 9o6078E-ol 2o4775E 01 lo5986E-Ol 6o4523E-03 
3000.0 9e4324E-Ol 1o6907E 01 1o6283E-01 9o6312E-03 3ooo.o 9o8002E-ol 4o9396E 01 le5672E-Ol 3ol727E-03 
4000o0 9o6390E-Ol 2o 7133E 01 1o5934E-Ol 5o8725E-03 4ono.o 9e8792E-Ol 8o2039E 01 1o5547E-Ol le8950E-03 
5ooo.o 9o7504E-Ol 3o9643E 01 lo5752E-01 3o9735E-03 5000o0 9o9192E-01 1o2260E 02 1o5484E-01 1oZ629E-03 
6000o0 9o8171E-01 5o4426E 01 lo5645E-Ol 2o8745E-03 6000o0 9e942ZE-ol lo 7100E 02 lo5448E-Ol 9o0343E-04 
aooo.o 9o8898E-Ol 9o0786E 01 lo5530E-01 lo7106E-03 aooo.o 9o9662E-Ol 2o9088E 02 lo.5411E-Ol 5eZt81E-04 

1oooo.o 9o9264E-01 1.3615£ 02 1o5473E-Ol 1ol364E-03 lOOOOoO 9o9778f-ol 4o4094E 02 1o5393E-Ol 3o4910E-o4 

.... 
co 
co 
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0 

Table 1c. Pu-wra characterlzlng the energy 1oa~ d1atr1but1on Tlb1e 1d. Plr ... tera ch•r•cter1z1ng the energy loa• d1atr1but1on 

for plont (r .. t ••• • 139.S9 Mev) • for -na (nat ••• • lOS.6S lleY). 

Energy 'a.x <A/ZH«<•> (A/ZHII/•) Energy '2 c .. x (A/Z).(«/a) (A/zHI4/•) 

(Mev) (Mev) (Mw/g c:a-2) (c:a2/g) (Mev) (Mev) (lle¥/g Cll-2) (c:a2/g) 

1.0 l.4175E-o2 1.4587£-02 1.on5E 01 7e42IOE 12 1.o 1.1664E-o2 1e9241E-02 le2291E 00 4.2752E 02 
1.5 2.U50E-o2 2.1919£-02 7.2619E 00 s.snu o2 1.5 2.7101E-o2 2ei9S9E-02 SeS246E 00 1e9091E 02 
2.0 2ei051E-o2 2e9276E-02 s.47UE 00 1.1702£ 02 2.0 3e6111E-o2 3ei674E-02 4el724E 00 1e0719E 02 
s.o 4e1636E-o2 4e4061E-02 3e6111E 00 le3707E 01 s.o 5e4451E-o2 5ei271E-02 2ei20SE 00 4eiS94E 01 
4e0 Se49SIE-o2 Sei963E-02 2e7957E 00 4e7414E 11 4e0 7e1625E-02 7ei060E-02 2e144SE 00 2e7470E 01 
5.o 6e796SE-o2 7e3960E-02 2e2591E 00 s.o554E 01 s.o lei329E-o2 9ei019E-02 1e7SIIE 00 1e7740E 01 
6e0 le072SE-o2 •• 9060£-02 1e9026E 00 2e1S6SE 01 6e0 le04S9E-Ol leli16E-Ol 1e4615E 00 le2429E 01 
•• o le0547E-Ol le19S7E-01 le4S62E 00 1.2179E 01 a.o 1e3512E-01 1e5196E-Ol 1el301E 00 7.1137E 00 

1o.o 1e2923E-01 leS041E-01 le11UE 00 7•1971E 00 1o.o 1e6545E-o1 2e0041E-Ol 9e2UOE-Ol 4e6304E 00 
n.o 1ei465E-01 2e2957E-01 a.n~E-01 s.t2SJE oo 15.0 2e3319E-o1 3e0737E-01 6e5165E-Ol 2•1421E oo 
20.0 2e3494E-01 3ell21E-01 6e5375E-01 2.tootE oo 20.0 2e9SOOE-o1 4eli69E-01 5e2420E-01 le2520E 00 
so.o 3e2250E-o1 4ei217E-Ol 4.7624£-01 9.1770£-ol so.o 3.9,9E-01 6e5460E-01 3e9042E-01 5e9643E-01 
40e0 3e9515E-o1 6e6335E-Ol SeiiOOE-01 5e1491E-o1 40e0 4e 73UE-o1 9e0115E-Ol 3e241SE-01 3.5693E-o1 
so.o 4e5790E-o1 le5472E-01 3.3542£-01 s.9!43E-o1 50.0 5eS926E-o1 lel793E 00 2ei411E-01 2e4151E-01 
to.o s.10itE-o1 leOS6SE 00 Se006SE-01 2.1463E-o1 60.0 5e9321E-ol 1e46IOE 00 2e5191E-01 le7637E-Ol 
ao.o 5e9590E-Ol 1e4899E 00 2.5774£-01 1· 7300E-o1 ao.o 6e76UE-o1 2e0978E 00 2e2716E-Ol 1.oueE-o1 

too.o 6e6055E-01 1e9640E 00 2.S!52E-01 1.1es9E-o1 1oo.o 7.3606E-o1 2e797SE 00 2e0866E-Ol 7e4596E-02 
no.o 7e6765E-Ol 3.3251£ 00 2.oooar-o1 6e0158E-o2 no.o le2921E-o1 4ei410E 00 1ei522E-Ol Sei206E-o2 
2oo.o le310SE-01 4e9SISE 00 1ei412E-Ol 3e7425E-o2 20o.o lei051E-o1 7eS251E 00 le7443E-01 2.31nE-o2 
300e0 le9916E-01 le9074E 00 1e7011E-01 t.9176E-o2 soo.o 9e3216E-o1 1.3540£ 01 1e6477E-Ol leZ169E-o2 
40o.o 9e3308E-o1 t.SIS6E 01 le6460E-Ol t.1IIOE-o2 400.0 9e5634E-ol 2e139SE 01 le6060E-01 7•5065£-0S 
soo.o 9eS237E-01 1e9769E 01 1e6127E-Ol le1576E-03 500.0 9e6957E-o1 Se0141E 01 1e5841E-01 s.ns1E-os 
•oo.o 9e64SIE-Ol 2e6633E 01 1.5926£-01 5e9799E-OS 600.0 9e77SIE-ol 4e1159E 01 1e5711E-Ol 3.nnr-os 
aoo.o 9e7793E-o1 4e3153E 01 1e5706E-01 s.6J9SE-OS eoo.o 9ei639E-o1 6e8395E 01 1e5571E-01 2.2766£-03 

tooo.o 9ei500E-o1 6e3305E 01 1e5593E-01 2e46JlE-os 1000.0 9e9087E-o1 1e0070E 02 1e5500E-01 1e5393E-03 
noo.o 9e9275E-o1 le2818E 02 1.5471£-01 1.2004£-03 noo.o 9e9567E-ol 2-.o4tiE 02 1e5426E-01 7e5291E-04 
20oo.o 9e9574E-01 2.1495£ 02 1.5425£-01 7el759E-o4 2000.0 9e9741E-o1 Se3944E 02 le5S91E-01 4eS362E-04 
3000e0 9e9802E-o1 4e4300E 02 1e5JI9E-01 Se4739E-04 sooo.o 9e9184E-o1 6ei671E 02 1e5S77E-01 2.2392£-04 
4000.0 9e9816E-o1 7eS758E 02 le5S76E-Ol 2.oa47E-o4 4000.0 9.9934[-ol le1201E OS le5369E-01 leS712E-o4 
sooo.o 9e9926E-Ol le0904E 03 1e5370E-Ol t.4095E-o4 sooo.o 9e9957E-o1 1.6256E OS le5365E-Ol 9.4523£-05 
6000.0 9e9941E-ol le4946E OS le5367E-Ol t.0211E-o4 6000.0 9e9970E-ol 2elii5E OS le5364f-01 1.o2o2E-os 
eooo.o 9.9971E-o1 2e4345E OS l.536SE-Ol t.s1o1E-o5 aooo.o 9e998SE-ol 3e4521E OS le5362E-Ol 4•4499£-0S 

1oooo.o 9e9911E-ol 3•5195£ OS 1e5J62E-ol 4•3641E-o5 1oooo.o 9e9919E-o1 4ei558E OS le5361E-01 s.16ssE-o5 
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3. Results of Symon 

Symon used a variety of mathematical techniques for solving the energy-loss 
transport equation. He made some use of Laplace transforms, but his principal re
sults were obtained through establishing general relations by means of which the 
moments of the multiple-scattering distributions J~ Anf(A, s)dA can be obtained from 
the moments of the single-scattering distribution ro (nw(()d(, with W(() being the 
distribution law for energy-transfers to atomic electrons in single collisions. Symon 
then determined the distribution f(A, s) by using a knowledge of its Laplace transform 
and of its moments, and by a combination of different, approximate procedures. He 
was guided by the condition that for x = 0 his family of distributions must go over into 
the Landau distribution, and for x » 1 into a Gaussian. The results are summarized 
in a series of graphs, which have also been reproduced-in a more accessible loca
tion-in a book by Rossi (5). From these graphs one determines the most probable 
loss, Ap. the width of the distribution, Ao· and a skewness parameter, Xsk• all as 
functions of x. Having determined these quantities, one selects a scaled energy-loss 
distribution (a function of (A-Ap)/ Ao> from a family of curves each of which corre
sponds to a different skewness. Yet another graph provides the absolute normaliza
tion. To apply Symon's results to a particular situation requires a good deal of 
interpolation. The error incurred thereby could be reduced by producing additional 
intermediate graphs in the manner of Symon; this would not be a straightforward task, 
however, but would require considerable judgment and skill. 

4. Theory of Vavilov 

The transport equation to be solved is 

b (max 

ar~-;•> = J w(<) 1(6- <,s)dr- f(6,s) f w(<)dr 

0 0 

(4) 

(b = A for A< (maxi b = (max for A> (max>· Landau has shown that the solution of 
Equation 4, for an arbitrary single-scattering collision-loss law w((), can be ex
pressed as the following inverse Laplace transform: 

(5) 

For protons or mesons, the collision -loss law is 

w(()= 

( 1-{32(/ (max 
- 2 ' ($;(max s ( 

(6) 

0 

This expression does not hold for distant collisions in which the energy-transfer is 
very small; in fact, the distribution for small ( has not been studied in detail. In 
order to be able to evaluate the exponent in Equation 5, Vavilov, following Landau's 
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procedure, adds and subtracts the mean energy-loss. In the resultant exponent, 

p(A-Al- s fm:<)(l-e-'P-<p)d<, (7) 
0 

the term pA now takes into account distant collisions evaluated according to Bethe's 
stopping-power theory. For small (, the factor accompanying w(() is practically 
zero, so that the form of w( d does not matter. From another point of view, Vavilov' 
procedure is, in effect, equivalent to the assumption that w( () vanishes below a cut
off energy 

(8) 

Performing the integration in Equation 5 along the imaginary axis, Vavilov arrives, 
after some further manipulations, at the following result: 

where 

'l'v (l.y, x, p2) ; ~ e•<t+s2y) J~•ft cos(y>.y + x!2) dy 

A-~ 2 X = --- x(l+S -y) v (max 

y = 0. 577216 - - - (Euler's constant) 

f1 (y) = s2[log y + Ci(y)] - cos y- y Si(y) 

f2 (y) = y [log y + Ci(y) ] + sin y + S2Si(y) 

Si(y) = JY sin u du (sine integral) 
0 u 

Ci(y) = {cos u du (cosine integral) 
-CI> u 

5. Limiting Cases of Vavilov's Distribution 

(9) 

In the limit x ~ 0, the Vavilov distribution (Eq. 9) goes over into the Landau 
distribution. Introducing the Landau parameter 

I A-A 2 X = Xy x - log x = -(- - 1-S +y - log x , (10) 

setting y = x/x, and noting that Ci(y),... si~ Y and Si(y),... !for large y, one obtains the 
result that 
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lim 
x~o 

1 fell~ 
f(A,s) = 11 ~ e- 2 cos [x(log x +X)] dx 

0 

(Landau distribution) 
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(11) 

The difference between the Landau and Vavilov distributions already becomes insig
nificant when x ...... 0. 01 (see, e. g., Fig. 1). 

Vavilov has shown that for x ~ 1 his distribution can be approximated with the 
use of Airey's function: 

1 Cll 

u(t) = - J.0 cos (ut + u3/3) du (Airey's function) 
.Ji 

71 = ( [< 2x)2/ (1 - j~2) J -1/3 

a= (1- ~2 )~2x)/ (1-~ ~2) 2] 
113 

t =A-A + a2 • , 
In this approximation, the most probable energy-loss is 

where ~ is the value of t for which 

u'(t) 
u(t) =-a . 

Airey's function and its derivative have been tabulated by Fock (6) in the range 

(12) 

(13) 

(14) 

-9(0. 02)+9 and by Miller (7) in the range -20(0. 01)+2. In order to achieve a coverage 
equal to that in Table 3, page 197, one would need the Airey function for the following 
range of arguments: for x = 1, ~2 = 0: -4.9 to 9. 4; for x = 1, ~2 = 1: -3.0 to 10. 7; 

for x = 10, ~2 = 0: -9.4 to 11. 3; for x = 10, ~2 = 1: -1.3 to 20. 0. Thus, for the 
present application, the Fock tables would cover most of the region of interest, 
whereas the Miller tables do·not. Unfortunately, the Fock tables appear to be very 
difficult to obtain in the United States. 

For x » 1, the distribution becomes approximately Gaussian: 

(15) 

Table 2* compares the exact and Gaussian distributions for x = 10 and ~2 = 0 and 1. 

*Powers of ten are indicated by the numbers in parentheses; thus 1. 23 (-2) means 
1.23 x 10-2• 
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Figure 1. Vavilov distribution for IJ2 = 0. 9. (a) x = 0 (Landau), 0. 01. and 0.1; 
(b) x = 0. 4, 0. 7, and 1. 0. 
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TABLE 2 

Comparison of the Gaussian Approximation (Eq. 15) with 
Exact Vavilov Distribution (Eq. 9) for x = 10 

~2 = o. 0 ~2 = 1. 0 
Gaussian Gaussian 

X Exact aeerox. X Exact approx. 

-4.0 5. 27( -5) 3. 74( -4) -4.6 1. 79( -4) 8. 50( -4) 
-3.8 1. 43( -3) 3. 92( -3) -4.4 1. 07( -2) 1. 88( -2) 
-3.6 1. 79( -2) 2. 75(-2) -4.2 1. 70( -1) 1. 88( -1) 
-3.4 1.16( -1) 1. 30( -1) -4.0 a. 79( -1) 8.39(-1) 
-3.2 4. 21( -1) 4.09(-1) -3.8 1. 73 1. 69 
-3.0 9.12( -1) 8. 65(-1) -3.6 1.47 1.52 
-2.8 1.25 1.23 -3.4 5.99(-1) 6.19(-1) 
-2.6 1.13 1.17 -3.2 1. 28( -1) 1.13(-1) 
-2.4 7. 06( -1) 7. 43( -1) -3.0 1. 53( -2) 9.25(-3) 
-2.2 3.13(-1) 3. 1 7( -1) -2.8 1. 09(-3) 3.41(-4) 
-2.0 1. 02( -1) 9. 09( -2) -2.6 4. 87( -5) 5. 64( -6) 
-1.8 2.48(-2) 1. 74(-2) 
-1.6 4. 64(-3) 2.24(-3) 
-1.4 6. 77( -4) 1.93(-4) 
-1.2 7. 84( -5) 1. 12( -5) 

6. Numerical Evaluation of Vavilov's Distribution 

We have written a program in FORTRAN language to evaluate the Vavilov 
distribution. The program has been run on an IBM 7094 computer to obtain distri
bution for x = 0. 01, 0. 04, 0. 07, 0.1, 0. 4, 0. 7, 1. 0, 4. 0, 7. 0, and 10. 0, and for 
~2 in the range 0. 0 (0.1) 1. 0. These distributions are given in Table 3* as functions 
of the Landau parameter X defined by Equation 10. Note that the change from the 
Vavilov parameter Xy to X involves a renormalization, so that the quantity given is, 
in fact, lp(X) = XfPv[Xv(X)]. For x < 0. 01, one can use the Landau distribution, which 
has been very thoroughly tabulated by Borsch-Supan (8). For x > 10, one can use 
either the Airey-function approximation (Eq. 12) or the Gaussian approximation 
(Eq. 15). 

The sine and cosine integrals occurring in the integrand of Equation 9 have 
been computed with the use of the following expansions: 

(i) y < 10: 

Si(y) = T 1 (y) - T 3(y) + T 5(y) - · • • 

Ci(y) = y +logy- T 2(y) + ·T4(y) - T 6(y) +. ·• 

Tn(y) = yn/(n!n) 

(16) 

*Powers of ten are indicated by the numbers in parentheses; thus 1. 23 (-2) means 
1. 23 x 10-2• 
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(ii) y > 10: 

Si(y) = i tr - P(y) cosy - Q(y) sin (y) 

Ci(y) = P(y) sin y - Q(y) cosy 

P(y) = [1-B2(y) + B4(y)- B6(y) + • • • ]/y 

Q(y) = [ B1 (y) - B3(y) + B5(y) - ... ] /y 

Bn(y) = n! /yn . 

(16) 

With these expansions, the integrand in Equation 9 was computed to at least five-place 
accuracy. The numerical integration was done by Simpson's rule. !:xperimentation 
with various integration-interval sizes indicates that the majority of the entries in 
Table 3 may be presumed to be accurate to the three figures shown. It is expected 
that only in a few instances there is an error of one unit, or at most two units. in the 
third figure. 

Figure 1 shows plots of the Vavilov distribution for tJ2 = 0. 9. for various values 
of x. in order to illustrate the trar.sition from a Landau to a Gaussian distribution. 
Figure 2 shows, for {J2 = 0. 5, the most probable energy-loss and the width of the 
energy-loss distribution, both as functions of the parameter x. 

7. Comparison with an Experiment 

Energy-loss distributions for 37-Mev protons, in plastic scintillators and in 
argon-filled proportional counters, have been measured by Gooding and Eisberg (9). 
Figures 3a and 3b of this paper are reproductions of Figures 4 and 5 of Gooding and 
Eisberg's paper containing the experimental and Symon distributions, to which we 
have added the corresponding Vavilov distributions. The experimental points ap
parently were normalized to the peak of the Symon distribution, but this is not ex
plicitly stated. It can be seen that there is good agreement between the Symon and 
Vavilov distributions, which predict the experimental results quite well. 
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TABU: 3 

, 2 .o.o 
VwUov Ohtr1butlon (ll • 0.01) 

). Oo1 Oo2 Oo3 o.4 Oo5 Oo6 Oo7 o.8 0·9 1o0 

-s.o 6o801-41 6o8SI-41 6o901-41 6o951-41 7oOOI-41 7o051-41 7o10I-41 7.151-41 7o211-41 7o261-41 7o311-41 
-2.5 9.731-31 9o80I-31 9o871-31 9o931-31 1.001-21 1o011-21 1o011-21 1.021-21 1oOSI-21 1o031-21 1o041-21 
-z.o 4o441-21 4o471-21 4o501-21 4o521-21 4o551-21 4o511-21 4o61 1-2 I 4o641-21 4o671-21 4o701-21 4o721-21 
-1.5 1.021-11 1.021-11 1.031-11 t.OSI-11 1.041-11 1o051-11 1o051-11 1.061-11 1o061-11 1.071-11 1oOII-11 
-1.0 1.531-11 1.541-11 1o551-1 I 1.551-1 I 1o561-11 1o571-1 I 1o511-1 I 1o591-11 1o59C-11 1o601-ll 1o611-11 
-o.5 1. 791-11 1.801-11 1.811-11 1.821-11 1oUI-11 1oUI-11 1.841-1 I 1oiSI-11 1o861-11 1o871-11 1o881-11 
o.o 1.111-11 1.811-11 1ol21-11 1oUI-1 I 1o841-11 1.841-11 1o851-1 I 1o861-11 1o871-11 1o881-11 1o881 -11 
o.5 1o671-11 1o611-11 1o681-11 1o69C-1 I 1o69C-1 I 1.701-11 1o711-11 1o711-11 1.721-11 1o731-11 loHI-11 
1.0 1o471-ll 1o471-11 1o411-11 1.481-1 I 1 .• 491-1 I 1o491 -11 1o491-1 I 1o50 I -11 1.501-11 1o51 1-1 I 1oSll-11 
1.5 1.251-11 1.261-11 1o261-11 1o261-11 1.271-11 1.271-11 1.211-11 1.281-11 1.211-11 1o291-1 I lo291-11 
2.0 1o061 -II 1.061-11 1o061-11 1o071-11 1oOTI-11 1oOTI-11 1o071-11 1o081 -11 loOII-11 lo081-11 1.081-1 I 
2.5 8o911-21 8.931-21 8o941-21 8.961-21 8o971-21 8o991-21 9o001-21 9o021-21 9.031-21 9o041-21 9o061-21 
3.0 T.50I-21 T .511-2 I 7o521-21 To5SI-21 7.531-21 To541-21 T.551-21 To561-21 7o!HI-21 7o511-21 7o591-21 
3.5 6o341-21 6.341-21 6o341-ZI 6.351-21 6.351-21 6o361-21 6o361-21 6o161-21 6.371-21 6o371-21 6o371-21 
4o0 5.381-7 I 5o311-21 5.381-21 5. 381-2 I 5o311-21 5o311-21 5. 391-21 5o391-21 5o391-21 5.391-21 5.391-21 
4.5 4o601-21 4o601-21 4.601-21 4o591-21 4o591-21 4o591-21 4.591-21 4.591-21 4o511-21 4o581-21 4.511-21 
5.0 1.961-2 I 3.951-21 3o951-21 1o951-2 I 3.941-21 3.941-21 3o931-21 3.931-21 3.931-21 3.921-21 S.921-21 
5.5 S.431-21 3.421-21 1.421-21 3.411-2 I ).411-21 3.401-21 3.401-21 3.391-21 3.391-21 3o381-21 3.381-21 
6o0 2o991-2 I 2o911-21 2o9TI-21 2o971-21 2o961-21 2o961•21 Zo951-21 2o951-2 I 2o941-21 2·931-21 2o931-21 
6.5 Zo621•21 2o611-2 I 2o611-21 2o601 -2 1 2o591•ZI 2o591•21 2o581-21 2o!HI-21 2.571-21 2.561-21 2o551-21 
7.0 2o111-21 2o301-21 2.301-21 2o291-21 2o281·21 2o281•21 2o2TI-21 2.261-21 2.261-21 2.2s1-21 2o241-21 
7.5 2.os1-21 2o041-21 2o041-21 2.031-21 2o021-21 2o01 1-21 2.011-21 2o001-21 1.991-21 1o991-21 1o981-21 
8.0 1.831-21 1.821-21 loll 1-21 1o811-21 lo801-21 1. 791·21 1o781•21 lo781-ZI 1o771-ZI loT61-21 1.751-21 
8.5 1.641-21 loUI-ZI lo621-21 1o621-21 1o611-ZI 1o601-ZI 1.591·21 1oS91-21 lo581-21 1o571-21 1oS61-21 
9.0 1.471-21 1.471-21 lo461-21 1.451-2 I 1.451-21 1o441-ZI 1.431-21 1o421-21 1o421-21 1.411-21 1o401•21 
9.5 •• ,1-21 1o331·21 lolll-21 1.311-ZI 1o301-ZI 1.301-ZI 1.291-21 1o281-21 lo2TI-ZI lo271-21 1o261-21 

19.0 1.211-21 1oZOI-21 1o201-21 1.191-21 1o181-ZI 1o171•21 1o171-ZI 1ol61-21 1.151-21 1o141-21 lol41-21 
u.o 1o011-21 1o001·21 9o941-31 9o871-11 9o801-JI 9o 731-JI 9o661-31 9o591-31 9.511·31 9o441-31 9o371-31 
u.o 8o511-11 8.441-31 8.ni-JI 8oUI-31 8o24 I -JI 8o171-JI 8o101-31 8o031-31 7.961-31 7o891-31 7o821-31 
13.0 7o261-31 7 o201 -31 7o141-31 To071•31 7oOO.I-31 6o941-31 6.871-31 6o811-31 6. 741-31 6o671·)1 6o611-31 
14.0 6o271-3·1 6o201•31 6o141•31 6o081·31 6o021-31 5o951•JI 5.89(•31 5o831•31 5.761-11 5. 701·31 5o641-31 
n.o 5.461-31 5o401-31 5o341•JI 5.281·31 5o221•31 5o161-JI 5o10I-31 5o041-31 4o9TI-31 4o911-31 4o8SI-31 
16.0 4oT91•31 4. 7"-31 4o671•11 4.621•31 4o561·31 4o501-11 4.441-11 4o391·31 4o331 -31 4o2TI-31 4o211-31 
17.0 4o231·31 4o181-31 4.121·31 4oOTI·SI 4o01 1-JI So961•31 3.901-31 3.85 1·31 3.791-31 3o 711-31 3.681-31 
18.o 3o771•31 S.Tll-31 So661•31 1o6ll-31 3.561-JI 3.501-JI 3o451-31 3o401·31 3.341•31 S.291·31 3.241-31 
19.0 3o3TI-31 3oU1•31 3.2TI-31 3o221-31 3.171-31 3ol21•JI 3.071•31 3.021-31 2o971·31 2o91 1·31 2o861•:U 
zo.o 3.041·31 2o991•31 2o941-31 2o891•31 2o841-31 2. 791-31 2oT41•31 2.691-31 2o641-31 2o601-31 2o5SI-11 
zz.o 2o491•3 I 2o451•31 2.401·31 2o361•31 2o311•31 2o271-31 2o221-31 2o181-31 2.u1-31 2·091-31 2o041-31 
24o0 2oOII-11 2oO•H-31 2oOOI-31 1o961-31 1.921-31 1o881-31 loUI-S I lo T91-31 1. T!il -31 1. 711-31 1o661•)1 
26.0 lo771-31 1o 731•31 1o691-11 1o651-31 1o611-31 1o5TI-11 1o5JI-31 lo491-3 I lo451-31 1o4ll-31 1.371-31 
28.0 1o511-31 lo481-31 lo441-31 lo411-11 1.371·31 1oUI-31 1.301-31 1o261-31 1.221-31 lol81-)l 1ol51•31 
30.0 1o311-31 1o211-31 1o241•JI 1o211-31 1o181•31 1o141•JI lolll-31 1.071-11 1o041-31 1oOOI-31 9.681-41 
32.0 1ol51-31 1ol21-31 1o081-31 1.051-31 1.021-31 9o87 1-41 9o541-41 9o221-41 8o891 -41 8.561-41 8o241-41 
34o0 1o011-31 9o811-41 9o511-41 9o211-41 8o901-41 8o601-41 8.291-41 7o981-4"1 To681-41 7o371-41 7o061-41 
36.0 8.911-41 8oTOI-41 8o411-41 8o1ZI-41 7oUI-41 To541-41 7o251-4 I 6.961-41 6o6TI-41 6o38C-41 6o091-41 

). ,z.o.o Oo1 o.z Oo3 

VwUov 01atdbutlon (ll = 0.04) 

Oo4 o.5 Oo6 o.7 o.8 Oo9 1o0 

-hO 7o01 1•41 To181•41 7o341-41 7o5ZI-41 7o691•41 7o871-41 8.061-41 8o2!H-41 8o441-41 8o641-41 8.841-41 
-2·5 1o001•21 t.OZI-21 1o051•21 1oOTI-21 1o091-ZI 1o121-21 1.141-21 1o161-21 1o191•21 lo211-21 1o241-21 
-2.0 4o581-2 I 4o671-ZI 4. 761·21 4o851-21 4o941-21 5o041-21 5.131-21 !1.231-21 5.331-21 5.441-21 5.541-21 
•1o5 1.051-11 1o061-11 1.081·11 1.101-11 1o121•ll lo141-11 1.161-11 1o181-11 1.201-11 1.221-11 lo241-11 
-1.0 1o'581•11 1o601-ll 1o621-ll 1.651-11 1.671-11 1o701-11 1o711-ll 1o751-11 1.781-11 1o811•11 1o831-11 
-o.5 1o851-11 1o871•11 lo901-11 1o921-11 1o951•11 1o971-11 2oOOI-11 2·021-11 2.051-11 2.081-11 2·101-11 
o.o 1o861•11 1o881•11 lo901-11 lo921•1 I 1o951•11 1o971-11 1o991-11 2.011-1 I 2.031 -II 2o061•11 2o081-1 I 
o.5 1o721•11 1. 741•11 1o?SI-11 lo771-ll loTII-11 1o80I-11 1ol21-11 1o831 -11 lo85C-11 1.871-11 1o881-11 
1.0 1o511-11 1o521•11 1.531•11 1o541-11 1.551-11 lo571-11 lo581-11 lo591-11 lo601-11 lo61 1-1 I 1o621-11 
lo5 lo291•11 1o301•11 1o31 1-11 1o311-11 1o321-11 1o 331-11 1.331-·11 lo341-11 1.341-11 1o351-ll lo361•11 
z.o lo091•11 lol01•11 1o101-11 1o101-11 1olll-11 1olll-11 lolll-11 loll 1-11 1~121-11 1o12 1-11 lo121-11 
2.5 9o181-21 9o191-21 9o201•21 9o211•21 9o221-21 9o221-21 9o23C-21 9.231-21 9.231-21 9o2lol-21 9o241-21 
3.0 7o731•21 7o721-21 7o711•ZI ToTOI-21 To691-21 7o6CII-ZI To671-21 7.661-21 7.641-21 7.621-21 7o611-21 
3.5 6o531•21 •• 511-21 6o491-21 6o471•21 6o451-21 6o421-21 6o401-21 6.371-21 6.341-21 6.321-21 6o291•2 I 
4o0 5o541•21 5o521•21 5o491•21 5.461-21 5.4lf-21 5o401-21 5.361-21 5.331-21 5.291-21 5o261-21 5o221-21 
4.5 4o741•21 4o711-21 4.671·21 4o641-21 4o601-21 4o561-21 4oS31-21 4o491-21 4.451-21 loo401-21 4o361-21 
5.0 4o081•21 4o041-21 •ooo1-21 3.961-21 3.921-21 3o881-21 3.841-21 3.801-21 3oT61-21 3o711-21 3.671-21 
5.5 3o531•21 Jo491-21 3o451-21 3o411-21 3o 37 I -2 I 3o331-21 3·281-21 3.241-21 3o19C-21 3.151-21 3.101-21 
6.0 3.081-21 Jo041-21 3o001•21 2o951 -21 2o91 1 -Z 1 ZoCITC-21 2o821-21 2o781•21 2o731-21 2o691-21 2o641-21 
6o5 2o701•21 2o661-21 2o621•21 2o5TI-21 2o511-21 2.491-21 2o44C-21 2.401-21 2o3SC-21 2.311-21 2.261-21 
7.0 2o381•21 2o341•21 2o301-21 2.261-21 2o211-21 2o171-21 2o11C-21 2·081·21 2.041-21 1.991-21 lo941-21 
7.5 2oll1•21 2o071-21 2o031•21 1o991-21 1o951 -21 1o901-21 lo861-21 1o821-21 1o77C-21 1o 731-21 1.681-21 
8oO 1o881•21 1o841•21 lo801•21 1.761•21 1o721-21 1o681-21 1o641-21 1.591-2 I 1.551-21 1.511-21 1o461-21 
8oS 1o691•2 I 1o651·ZI 1o611-21 1o571•21 1.531-21 1o491-21 lo451-21 1o40I-21 1.161-21 1o321-21 1o2TI-21 
9o0 1o521-21 1.481-21 1o44l·:u 1o401-21 1.361-21 1o321-21 1o281-21 lo241-21 1.201-21 1ol61-21 1o121-21 
9.5 1o371•21 lo341-21 1o301•21 1o261•21 1o221•21 1o181-21 1.141-21 1.101-21 1.061-21 1o021-21 9.811-31 

10.0 1o251·21 1o211-21 1o171-21 1.141·21 1o101•21 1o061-21 1·021-21 9o841-31 9.451-31 9o051-31 8.651-31 
lloO 1.041·21 1o001•21 9o401 -31 9o351•31 8o891-31 8o61 1-31 8o2TI-31 7.911-31 To541-31 7o171•31 6. 791-31 
u.o 8o771-JI 8o441•)1 8ol11-JI To 781-31 7o451-31 Toll 1-31 6. 7TI-31 6o431-3 I 6o081-31 s. 731-31 5.381•31 u.o 7o491-JI 7 o181·31 6o871-31 6o561-31 6o241-31 5o92 1-:u 5o60 1-31 5.281-31 4o9SI-31 4o631•31 4o301-31 
14o0 6o461•31 6ol71-11 5o871 -31 5o581-31 5o281-31 4o981-31 4o681-31 4o381-31 4.071-31 ,. 761•31 3.451-31 
noo , •• 21·31 5.351-31 5oOTI-31 4. 791-31 4o511-31 4o221-31 3o941-31 3o651•31 3.361-31 3.071-31 z. 781-31 
16.0 4o931-31 4o6TI•31 4o41 1-31 4o141-31 3.881-11 3o61 1-31 3. 341-31 3.071-31 2.801-31 2.521-31 2 o24 I •31 
n.o 4o361·31 4oll1•31 3o861-31 3o611-31 3.361·31 1o101-31 2.851-11 2.591-31 2.331-31 2oOTI-31 1o811-31 
1 •• 0 Jo881·31 3.651·31 3.411-31 3ol71-31 2.931-31 2o691-31 2o441-31 2.201-31 1.951-31 1.711-31 1.461-31 
19o0 Jo481·31 ).251-31 3o021-31 2o 791-31 2o5TI-31 2o341-31 2·101•31 1.87 I -31 1.641-31 1o41C-31 1ol71-31 
zo.o JoUI-31 2o91 I •31 2· 701·31 2o481-31 2·261•31 2o04 I -31 lo821-31 1o601 -31 lo381-31 1.161-31 9o321-41 
zz.o 2o571•31 2o371-31 2ol71-31 1.981-31 1o T81-31 1o581-31 1o371-31 1ol7 I -31 9o711-.41 To691-41 5.661-41 
24o0 1o971•31 1o801-31 1o6)1-31 1o471-31 1o301-31 1ol31-31 9.691-41 8o041-41 6o391-41 •• 751-41 3.111-41 
u.o lo141-:tJ 1o041-31 9o341•41 8o321-41 To3ll-41 6o311•41 5.341-41 4.381-41 3.441-4 I 2o521-41 1.611-41 
z8.o 6o501•41 '5o851•41 5o221•41 4o611•41 •·021-41 1o451-41 2.89( -·I 2.351-41 1o841 _,., 1o3lol-41 8o601-SI 
JOoO 3o951•41 3.531•41 S.121-41 2.711-41 2.361-41 2.001-41 1o661-41 lo341•41 1.031-41 7o461-SI 4o761-51 
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TABLE 3 (Cont'd) 

, 2 .o.o 
Vevllov Ohtrlbutlon (II • 0,07) 

A 0.1 o.2 Oo3 Oo4 o.5 o.6 o.1 0•1 0·9 t.o 

-h5 1.011-51 1o061•5 I 1o101•51 1o141•51 lo 191-51 -3.0 7,231-41 7.501-41 7, 781-41 8.o7t-41 8,nc-41 8o681•41 9oOOI•41 9·341-41 9.691-41 1.011·31 1•041-31 -2.5 1 0 0)1·2 I 1.071-21 1.101-21 1.141-21 1.181-21 1.221-21 1o261•21 1o301-21 1.351-21 1.391·21 1.441-21 -2.0 4o721-21 4ol61-21 5.oot-21 s.1sc-21 5.st c-21 5.471-21 5o6Sf-21 s.8ot-21 5.981-ZI 6.151-21 6oS41-21 -1.5 1o081-11 1.111-11 1o 141-11 1.171-11 1o201•1 I 1o2Sf•11 1·261-11 1·291-11 1.331-11 t.S61-ll 1·401-11 -1.0 1.621-11 1.661-11 1. 701-11 1.741-11 1.711-11 1.821-11 1.861-11 1.901-11 1.941-11 1o99f•ll Zo031-11 -o.s 1.901-11 1.941-11 1.981-11 2.011-11 2.o5c-11 2.091-11 2.uc-11 2.111-11 2.211-11 z.25t-11 z.3oc-u o.o 1o921•11 1.951-11 1.981-11 2.011-11 2o041•11 2.071-11 2.101-11 2.141-11 2.171-11 2.201-11 2·231-11 0,5 1.771•11 1.791-11 1.821-11 1.841-11 1.861-11 1.811-11 1.901-11 1,921-11 1.9!>1-11 1.971-11 1.991-11 1.0 1o561•11 1o511•11 1oSII-11 1.601-11 1o61 1•11 1.621-11 1o641•11 1o651•11 1.661-11 1.671-11 1.611-11 1.5 1.U1•11 1.341-11 1o351•11 1o351-11 1oS61•11 1oS61•11 1·S71-11 1·371-11 1.s11-11 1oS81·11 1·391-11 2.0 t.UI-11 1.131-11 1. Ul-11 1.131-11 1o131-11 1.131-11 t.UI-11 1oUI-ll 1.131-11 1o131•11 1ol31•11 
2.5 9o461•21 9o441•21 9,421-21 9,4oc-21 9.nc-21 9o331•21 9.3ot-21 9.261-21 9o21l-21 9.161-21 9olll-21 3.0 7,961-21 7.921-21 7,871-21 7.821-21 7. 7'71-21 7o7ll-21 7.651-21 7.581-21 7.511-21 7.441-21 7.361-21 3.5 6.731-21 6.671-21 6.601-21 6oSJI-2 I 6o461-21 6.391-21 6. 311-21 6.231-21 6o141-ZI 6o061•21 So96I•ZI 4,0 5o711•21 5.641-21 5o571•21 5.491-21 5.411-21 s.szc-21 5.241-21 5o141-21 5.0!11-21 4o951-21 4.ut-21 4o5 4o881•21 4.8ot-21 4o721•21 4.641-21 4.551-21 4o461•21 4.371-21 4o271•21 4o171-21 4o071•21 3.971-21 5.0 4o201•21 4.121-21 4o031-21 !.951-21 3o861•21 3.761-21 3o671-21 3.571-21 3,471-21 3.361-21 3.261-21 5.5 3.641-21 3.551•21 3.471-21 '-381-21 3o291•2 I 3o191-21 3.101•21 1.001-21 2.901-21 2.8oc-21 2•691•21 6.0 3.171-21 3,091-21 3.001-21 2.'111-21 2.821-21 2o7SI-ZI 2.631-21 2oHI-21 2,441-21 2.nc-z1 2o231•21 6.5 2.711-21 2.701-21 2o611-21 2.521-21 2,4)1·21 2o341•21 2.2s1-21 2.n1-21 2.061-21 1.961-21 1o861•21 
7o0 2o451•21 2.n1-21 2.291-:n 2.201-21 2olll-21 2.021-21 1·931-21 1.841-21 1.741-21 1o651•ZI 1oUI•21 7.5 2o111•21 Zo091•21 2.011-21 1.931-21 1.841-21 1.761-21 1o671•21 1oSII-21 1o491-21 1o391-21 1.301-21 8.o 1.941-21 1.161-21 lo781•21 1o701•21 1.621-21 1.531-21 1.451-21 1.361-21 1.271-21 1o181•21 1·091-21 8.5 1.741-21 1o661•21 1."1-21 1.501•21 1o421·21 1o34f-21 1.261-21 1•111•21 1o09C •21 1.001-21 9ol71•)) 9,0 1.571-21 lo49f-21 1o41f-21 1o34f-21 1.261-21 1o18f-21 lo101·21 1o02f-21 9.391-31 8.561-31 7.721-31 
8.5 1.421-21 1o341•21 1.271-21 1o20f-21 1.121•21 1o041-21 9.661-31 8o881-31 8.otc-31 7.301-31 6.491-31 1o.o 1o281•21 1.211-21 1o141-21 t.07f-21 9o991•3 I 9.251-31 8o5ll•31 7o751-31 6,991-:U 6.231-31 !lo4SI•]I 

u.o 1o071•21 1oOOI-21 9.371-31 8. 701-31 •• 021-31 7o341-31 6.641-31 5o951-31 5.241-31 4o!IJI-:U S.8li•J'I 
12.0 9o011•31 8.391-31 7,771-31 7.141-31 6.501-31 So871•31 5.221-" ... 581-31 3.831-31 3.271-31 2o611•31 
u.o 7.3!11-31 6. 791-31 6.231-31 5.681-JI 5.121-31 4o55 I -31 3·991-31 3o431-31 2.861-31 2o291•31 1•UI·" 14,0 5o541-JI 5,oa1-31 4.631-31 4,181-31 3. 731-)1 3o211•)) 2.841-31 2o401•31 1.911-:11 1.541-)1 1·111-31 15.o S.971•31 S.6ll-31 3o271•31 2.921-31 2o591•)) 2o261•31 1o9JI•31 1o621•31 1.311-JI 1.001-JI 7o0!11•41 16.0 2.811-31 2.541 _, 2.2ec-31 2.021-" 1.781-31 1o541•)) 1o301•31 t.OII-31 •• !191-41 6o491•41 4o411-41 n.o 2oOOI•JI 1o801·31 t.601-31 lo411-JI h231-SI 1.051-31 8.azt-41 7o2ll-41 !1.681-41 4,231-41 2·161-41 18.0 1o441•31 1o291-31 1o14 I -)I 9o9JI•41 8.561-41 7o261•41 6o031-41 4ol71-41 S.791-41 2o771-41 1ol31•41 
1t.o 1o051•31 to32t-41 8o171•41 7.081-41 6.051-41 5.oel-41 4o17l-41 S.331-41 2o551•41 1.831-41 t.111-41 20.0 7o171•41 6ol11-41 5o941-41 5;1ol-41 4o321•41 3o591-41 2o911-41 2o291-41 1.721-41 1o2ll•41 2.sec-u 22.0 4 .. 311-41 3.731-41 3.201-41 2o701•41 2o241-41 1o821•41 t.441-41 1.101-41 7.961-51 5.341-!11 J.lll-!11 24o0 2o401•41 2o051•41 1.731-41 1o4JI•41 t.161-41 9o221•SI 7o081•51 5.321-51 3o631-51 2o301-51 1o231•51 26.0 1o301•41 1o091•41 9o021•51 7.341-51 !lo841•51 4o511•!11 3o371•!1 I 2• 391•5 I 1o581-51 

Vevllov Ohtrlbutlon (II • 0,1) 
A •2 -o.o o.1 o.z Oo3 0.4 Oo5 Oo6 o.7 o.8 o.9 1.o 

-3.5 t.OOI•51 1o061-51 loll (•51 1o181•51 1o241-51 t.Jll-51 1o381•51 
-3.o 7 0 4!11•41 7o821•41 •• 211-41 8,621•41 9o051•41 9o501-41 9o981-41 1o051-31 1.101-)1 t.l!II•SI t.2ll-31 
-2.!1 1.071-21 t.lll-21 1o161•21 1o211•21 1.271-21 1.331-21 1.381-21 1.451-21 1.!111-21 t.SII-21 1o6!11•Z I 
-2.0 4o861•21 5,o51-21 5.251-21 S.461-21 5.611-21 5o901•21 6.131-21 6o371-21 6.621-21 6.811-21 7o1!11•21 
-t.~ 1ol11•11 1.151-11 1.191-11 1.231•11 1.271-11 1.321-11 lo361•11 1o411•11 1.451-11 lo501·11 1.551-11 
-1.0 1.671-11 1.721-11 1. 771-11 1o821•11 1o881•11 t.tSI-11 1.991-11 2o041•11 Zo101-11 2o161•11 2oZ21•11 
-0,5 1.961-11 2.011-11 2o061-ll 2.101-11 2.1!11-11 2o201•11 2.261-11 2oJ11•11 2.361-11 2.421-11 2o471•11 
o.o 1o981•11 2.011-11 2.051-11 2o0'11-11 z.u1-11 2ol71•11 2.211-11 2o251•11 2.211-1 I 2.sz1-11 2.n1-1 1 
0,5 1o831•11 1.,851-11 lolll-11 1o901•11 1o931•11 1o951•11 1.981-11 2.001-11 2o021•11 2.051-11 2.071-11 
1.0 1.601-11 1.621-11 1.631-11 lo651•11 1o661•11 lo671•11 1.681-11 1o691•11 1.701-11 1.111-11 t. 721-11 
1.5 1.371-11 1.311-11 lo381•11 l.Stl-11 1.391-11 1.391-11 1.391•1 I 1.391-ll 1.391-11 1.391-11 1o391•1 I 
2.0 t.161•1 I 1.161•1 I 1o161-11 1o151•ll 1.151-11 1o141•11 1.141-11 t.UI-11 1.131-11 1ol21•11 1o111•11 
2.5 9.751-21 9o691•21 9o621•21 9o541-21 9.451-21 9o361-21 •• 261-21 9.161-21 9o041•21 8o921-21 •• 791-21 
3,0 8o211-21 8.111-21 8o011-21 7.901-21 7.791•21 7.661-21 7.541-21 7.401-21 7o261•21 7o101•21 6o941-2 I 
3.5 6o9,.·21 6o821-21 6o701•21 6o571•21 6o431•21 6o291•21 6of51•21 5o991•21 s.u1-21 5o671·21 !lo491•2 I 
4o0 5o891•21 !1.761-21 5o631•21 5o491-21 5o341•21 5o191•21 5.041-21 4o881-21 4.711-21 4o531•21 •• nc-21 
... 5 5o031•21 4o901•21 4o761-21 4o611•2 I 4.461-21 4o311•21 4ol51•21 3.991-21 3.821-21 3.641-21 3·461-21 
s.o 4.331-21 4.191-21 4.051-21 3o901•21 3o751•21 3o60f•ZI S.441-21 S.271-ZI 3,111-21 2o931•21 2o751•21 
~.5 3o7!H•21 S.611-21 3.471-21 3.321-21 3o171-21 S.021-21 2o861•21 2.701-21 2.541-21 2o371•21 2·201-ll 
6,0 3.271•21 S.UI-21 2,991•21 2o851-21 2.701-21 2o551•21 2·401-21 2o241•21 2.011-21 1.921-21 t.751·2 I 
6o5 2.861-21 2.731-21 2o591•21 2.451-21 2.n1-21 2o171•21 2.021-z 1 1.871-21 1o 711-21 loS!II-21 lo391•2 I 
7.0 z.ss1-21 2o401•21 2·261-21 2oUI-ZI 1o991•21 1o851•21 1.701-21 1.561-21 1.411-21 1.261-21 lo111·2 I 
7.5 2o241•21 2ol11•21 1o981•21 1oU1·21 1.721-21 1o581-21 1o451-21 1.311-21 1.161-21 1o021·21 e.nc-JI 
8.o 1o981•21 1.861-21 10 741-21 1.611-21 1.481-21 l-351·21 1.221-21 lo091-21 9o571•JI e.211-JJ 6oi11-Jt 
8.5 1.741-21 1o621•21 1o511-21 1oS91•21 1.271-21 1o151•21 1.031-21 9o041-JI 7.801-31 6oS!II•JI 5.291-JJ 
9,0 t.501·2 I 1.391-21 1.281-21 1.181-ZI 1.071-21 9o511•JI 8.471-31 7.371-JI 6.271-SJ S.161•SJ 4o061-SI 
9.5 lo2'71•21 t.171-21 1.071-21 9o771•31 8o80t-JJ 7o841•31 6.eac-31 5o921•JI 4.971-SJ 4oOJI-31 ,..,,_,, 

to.o 1.051-21 9o691-JI 8o841-JJ 7o991•31 7.161-JI 6oS31-JI 5.511-31 4. 701-31 3.901-31 3oll ,_, 2oJti·JJ 
u.o 7.121-31 6.411-31 5.151-JI 5,231-31 4.621-31 4o031-JI 3o451-31 2o891•31 2.351-31 1oUI-JI t.J21-JI 
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Figure 2. Most probable energy-loss and width of Vavilov distribution, 
as function of x, for {32 = 0. 5. To obtain the most probable energy
loss~· the value of <Ap-A)/( is read from curve (a), and A and ( 
,are calculated according to Equations t-3. Curve (b) is a plot of the 
quantity w =(At -A2)/(, with At and A2 being the two values of the 
energy-loss at which the Vavilov distribution has fallen to 50 per
cent of its peak value. 
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Figure 3. Comparison of the Vavilov and Symon distributions with the experimental 
results of Gooding and Eisberg, for 37-Mev protons. (a) 10-cm pathlength in 
argon at a pressure of 0. 2 atmospheres; (b) 10-cm pathlength in argon at a 
pressure of 1. 2 atmospheres. 
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10. TABLES OF ENERGY-LOSSES AND RANGES OF 
ELECTRONS AND POSITRONS1 

Martin J. Berger2 and Stephen M. Seltzer2 

Abstract 

Tables are presented for approximately 40 materials and 80 
energies between 10 kev and 1000 Mev. The tables contain the following 
information: mean energy-loss of electrons by collisions with atomic 
electrons and by bremsstrahlung, the mean range, and the radiation 
yield (conversion of electron kinetic energy into bremsstrahlung energy). 
Auxiliary tables contain information about restricted collision losses 
in water, critical energies (at which the collision and bremsstrahlung 
losses are equal), and electron-positron differences in regard to energy
loss and range. Some comparisons are made between calculated and 
experimental values of the mean energy-loss. 

1 • Introduction 
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The most recent extensive tables of electron and positron stopping power 
and range were made by Nelms (1). These tables include only energy-loss by col
lision with atomic electrons and are therefore limited to energies of a few Mev, 
or smaller, at which the neglected bremsstrahlung loss is only a few percent of the 
total energy-loss. Hansen and Fultz (2), in the course of evaluating thin-target 
bremsstrahlung spectra and the conversion of electron kinetic energy into brems
strahlung, calculated the mean energy-loss by collision and bremsstrahlung for five 
materials at energies up to 35 Mev. Some data on collision and radiative losses at 
very high energies in air, water, and lead also have been given by Beitler (3). 

The present tables are characterized as follows: 

Approximately forty elements, mixtures and compounds are 
included. 

The best current values of the mean excitation energy are used 
for the computation of the collision loss. 

Bremsstrahlung losses are included. 

The energy region covered extends from 10 kev to 1000 Mev. 

1 Supported by the National Aeronautics and Space Administration under Contract 
R-80 with National Bureau of Standards. 

2National Bureau of Standards, Washington, D. C. 
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An estimate is given of the radiation yield, i.e., the fraction of 
electron kinetic energy converted into bremsstrahlung energy. 

Positron-electron energy-loss ratios and range ratios are tabu
lated for a set of representative substances. (Detailed tables 
for positrons, similar to those for electrons, have been pre
pared for all substances considered, but these additional tables 
are too lengthy for inclusion in the present paper.) 

The energy-loss per unit pathlength and the range3 are both subject to strong 
statistical fluctuations. The mean values of these quantities are therefore not suffi
cient to characterize the penetration and diffusion of electrons, particularly at high 
energies where radiative energy-losses predominate. To obtain a realistic descrip
tion, one must include not only energy-loss straggling but also the detours (wiggliness 
of the track) caused by multiple elastic Coulomb scattering by atoms. At high ener
gies, one cannot treat the electrons or positrons by themselves, but must simultane
ously take into account the transport of associated bremsstrahlung and annihilation 
radiation and consider, in turn, the pair electrons and Compton electrons produced 
by photons. All these processes can be described only by rather complicated trans
port theory. 

Nevertheless, there are justifications for tabulating such relatively crude 
parameters as the mean energy loss and range: 

1. They are among the few quantities, in the present state of the art, that 
can be tabulated systematically, for all kinds of media and electron ener
gies, with a modest amount of computing effort. 

2. They provide useful typical values and orders of magnitude characterizing 
penetration and diffusion. Even in the presence of strong fluctuations, 
mean values are informative. 

3. The mean energy- loss and range are required as input data for more elabo
rate ahd realistic transport calculations. In fact, it was as part of the 
preparatory work for such calculations that the present tabulations were 
undertaken. 

The theory of collision losses has recently been the subject of thorough review 
by Fano (4), and bremsstrahlung cross sections have been reviewed by Koch and Motz 
(5); therefore, in this paper we limit ourselves to a brief statement of the method of 
computation. 

2. Method of Calculation 

Collision-Loss 

The mean collision-loss was calculated according to Bethe's stopping-power 
theory, using the formulation of Rohrlich and Carlson (6): 

3 A definition of the range is given in Section 2 (p. 212). 
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F-(T) = 1-82+[T2/8-(2T+l)log2]/(T+1)2 , for electrons (2) 

F+(T) = 2log2 -~122 [23 + 142 + 10 2 + 4 
3 J , for positrons • (3) 

T+ (T+2) (T+2) 

The vario\18 symbols have the following meanings: 

Properties of the Electron or Positron: 

mc2 = rest energy= 0. 510976 Mev 

T = kinetic energy in units of mc2 

fJ = [T(T+2)J 1~/(T+l)=velocitylc 

Properties of the Medium: 

Z = atomic number 

A = atomic weight 

p =density 

I = mean excitation energy 

6 =density effect correction 

Other Parameters: 

Na = Avogadro's number= 6. 02486 x 1023 electron/mole4 

r 0 2 = (e2/mc2)2 = 7. 94030 x 1026 cm2 • 

Corresponding equations are given in Section 3 (under "Restricted Stopping Power'') 
for the restricted mean energy-loss resulting from collision against atomic electrons 
with energy transfers less than some arbitrary value A. 

Mean Excitation Energy 

The mean excitation energy, I, is an atomic parameter which-in principle, if 
not yet in practice-can be calculated from a knowledge of the absorption frequencies 
and oscillator strengths of the medium. The scarcity of information about oscillator 
strengths requires one to obtain the mean excitation energy empirically through the 

4This value of Avogadro's number corresponds to the old mass scale in which the 
atomic weight of ol6 is exactly 16. 
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analysis of stopping power or range experiments. Experimental data for protons or 
other heavy particles are commonly used rather than electron data because the re
quired energy-loss straggling and multiple-scattering corrections are smaller and 
easier to make. Even so, the experimental data for heavy particles are subject to 
considerable uncertainties. Moreover, the percent error of the mean excitation 
energy is several times larger than the corresponding percent error of the stopping 
power or range because it enters logarithmically into the stopping-power formula. 
As new information is developed. the value of the mean excitation energy must there
fore be revised, and there is no reason for assuming that this process has come to 
an end. 

The values of the mean excitation energy used in the present work are based on 
the analysis of proton stopping data in which the assumption was made that shell cor
rections (decrease of stopping power due to the binding of atomic electrons) vanish 
in the high-energy limit. Fano (4) has stressed that the proton shell corrections in 
the high-energy limit are small but nonvanishing. If the limiting value of these cor
rections is disregarded in the analysis of stopping-power data, one obtains a quantity 
denoted as the adjusted mean excitation energy Uadj) that is slightly larger than the 

theoretical mean excitation energy, I, defined in terms of oscillator strengths (see 
Paper No. 6 of this volume). 

We have used the adjusted mean excitation energies. ladj• for the evaluation of 
electron and positron collision-losses. This involves the assumption that shell cor
rections in the high-energy limit can be defined equally for electrons and positrons 
as for protons. There is no evidence for or against this assumption, which we have 
used for lack of a more justifiable procedure. 

The values of Iadj were chosen to conform with the recommendations of the 
Subcommittee (see Report No. 6 of this volume). For low-Z materials, the values 
of ladj are 18. 7 ev for hydrogen, 42 ev for helium, 38 ev for lithium, 60 ev for 
beryllium, 78 ev for carbon; 85 ev for nitrogen, 89 ev for oxygen, and 131 ev for 
neon. For Z 0!:: 13, there is recommended an empirical relation between Iadj and Z 
that has been proposed by Sternheimer (private communication). This relation yields 
163 ev for aluminum, 314 ev for copper, and 826 ev for lead: 

I~j = 9.76 + 58.8 z-1. 19 ev . (4) 

For mixtures and compounds, we have assumed the mean energy-loss to be 
the sum of the losses in the constituent elements (Bragg's rule). This implies the 
use of an ave rage 

with 

-<z)-1 1 z. log (IadJ.) - _ _ I;-J PJ· log Iadj j 
A p j Aj • 

< z) = !. I; zj P. 
A p j Aj J 

where Zj• Aj and Pj pertain to the j'th constituent (~pj = p). 
J 

(5) 

(6) 

For compounds, particularly those of low average atomic number, departures 
from additivity occur due to chemical binding effects (7). It would then be better to 
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use Iadrvalues obtained directly from an experiment with the substance under 
consideration. 

Density-Effect Correction 
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The density-effect correction, 6, takes into account the reduction of the 
collision-loss due to the polarization of the medium. We have relied upon the sys
tematic evaluation by Sternheimer (8), who expressed 6 as function of the particle 
velocity by means of an empirical formula with parameters that depend on the char
acteristics of the medium: 

0 , X<Xo 

6[~2/(1-~2)] = log [~2/(1-~2)] + c + a(x1-x)m. x 0 sx<x, (7) 

log[~2/(1-~2)]+C , X:i!:X1 , 

where 

(8) 

The values of the quantities x 0 , ~, C, a, and m depend, among other things, on the 
value of the mean excitation energy. Two sets of these parameters have been given 
by Sternheimer-in his 1952 paper with the use of one set of !-values, and in his 1956 
paper with the use of another set. Following his recommendation, we have adjusted 
the density-effect correction to the Iadj -values adopted in the present work through 
the following interpolation procedure: Let 61 and 62 denote the corrections for a 
given medium and energy, evaluated with mean excitation energies 11 and 12. The 
desired value, corresponding to mean excitation energy Iadj• is calculated as 

(9) 

For lead and copper we have also used additional parameter values (Sternheimer, 
private communication) as follows: 

Cu 
Pb· 

I 

323ev 
826ev 

c 

-4.43 
-6.21 

a 

0.109 
0.355 

m 

3. 39 
2.64 

0.2 
0.4 

3.0 
3.0 

Sternheimer's density-effect parameters apply to gases at normal pressure. 
The correction 6p for a gas at a pressure of P atmospheres is 

(10) 

Bremsstrahlung Loss 

The mean energy loss by bremsstrahlung was calculated according to the 
Bethe-Heitler theory modified by empirical corrections. These modifications are 
required because the Born approximation underlying the Bethe-Heitler theory be
comes less reliable as the kinetic energy of the electron decreases, particularly 
for media of large atomic number, and as the photon energy approaches the initial 
electron energy (high-frequency limit). Exact theoretical results are available only 
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in the high-frequency limit. Otherwise the required modifications must be based on 
the analysis of the rather scarce experimental data. We have relied for this purpose 
on the detailed and comprehensive review of Koch and Motz (5 ). In the notation of 
these authors, the forms of the bremsstrahlung cross sections used by us are 
designated as 3BN, 3BS and 3CS: 

3BN: screening disregarded [Bethe and Heitler (9), Sauter (10), Racah (11)]. 

3BS: screening included; extreme relativistic approximation [Bethe and 
Heitler (9)]. 

3CS: screening and Coulomb correction included; extreme relativistic 
approximation [Olsen ( 12 )] • 

In addition, three other modifications were made: 

a) For low electron energies, the Elwert (13) factor fE was applied which is 
a multiplicative Coulomb correction derived on the basis of a comparison 
between the non-relativistic Born approximation and the non-relativistic 
calculations of Sommerfeld (14). 

The expression for this factor is 

(11) 

where {J and fJF are the ratios of the initial and final electron velocities to 
the velocity of light. 

b) At low and intermediate electron energies an empirical correction factor 
b was applied to the bremsstrahlung cross section. For aluminum and 
gold, correction factors have been estimated by Koch and Motz from 
experimental data for electron energies between 50 kev and 5 Mev. We 
have extrapolated these to energies somewhat below 50 kev until they 
reach the value unity which they were assumed to retain for all lower 
energies. Furthermore, we have by interpolation estimated similar 
correction factors for materials of different atomic number, assuming 
that no correction is required for hydrogen. Figure 1 gives some typical 
correction factors. 

c) The bremsstrahlung cross section in the high-frequency limit has been 
obtained from experimental data presented by Fano, Koch and Motz (15) 
for aluminum and gold (see also Fig. 12 of Ref. 5), and by interpolation 
for other materials. In this interpolation it was assumed that the cross 
section can be represented in the form az3+bz4-tcz5. This form of 
Z-dependence is consistent with the theory of Jabbur and Pratt (16) which 
treats bremsstrahlung as the approximate inverse of the photoelectric 
process and which gives results for high-energy electrons in close 
agreement with experiment. 

Following essentially the recommendations of Koch and Motz, we have adopted. 
for the purpose of calculating the mean energy loss, the following cross section 
package: 
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Kinetic energy range for 
incident electron 

f' <4mc2 

4mc2 < f' < 3 Omc2 

30mc2 < f' 
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Cross section 

da = bfE (3 BN) 

da = bfE (3BN) if Y> 15 

= bfE (3BS) if Y< 15 (12) 

da = (3 BN) if Y > 15 

= (3CS) if Y< 15 

(3BN), (3BS) and (3CS) indicate the Born-approximation cross sections discussed 
above, fE is the Elwert factor, !?_the empirical Koch-Motz correction factor, and 

y = 100 z- 113 la/(T+1) (T+1-A) , (13) 

with A the energy of the bremsstrahlung photon. The spectral shape for A>O. 95 f' 
has been adjusted so that the cross sections go into the appropriate high-frequency 
limit. The mean radiative energy loss as function of the electron energy was 
smoothed slightly to overcome the effect of using a patchwork of cross sections. 
The necessary corrections were negligible for low-Z materials, were confined to 
the region 4 mc2 to 30 mc2, and even fpr Z=82 amounted to no more than 5-10 per
cent, well within the accuracy of the cross sections used. 

Figure 1. Correction factor b(Z, f' /mc2) used in the computation of the mean energy
loss of electrons by radiation. The correction represents an estimate of the de
viation of the true energy-loss from the Born-approximation result of Bethe and 
Heitler. The solid curves are derived from the analysis of experimental data by 
Koch and Motz. The dotted curves represent interpolations or extrapolations. 

In order to take into account bremsstrahlung in the field of atomic electrons, 
the factor z2 in the bremsstrahlung cross section was replaced by Z(Z+l). It would 
have been more correct to use a factor Z(Z+rJ), with a parameter '1 that depends on 
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the energy as well as on Z. However. the precise value of 11 is not well known except 
that it is expected to be quite close to unity. Heitler (3) recommends 11 ""'0. 8. Koch 
and Motz state that at extremely relativistic energies and for complete screening 

530 183 1 
11 = log -;273 I (log 173 + -) • 

z z 18 
(14) 

which varies from 1. 04 for magnesium to 0. 88 for lead. In view of the uncertainty 
of the proper value of 11• we have set 11 = 1. 0 throughout, which is correct to first 
order and which makes it easy for the user of the tables to apply his own correction 
by using the value of 11 which he prefers. 

For compounds and mixtures, the mean bremsstrahlung loss was calculated 
for each element, and the results were averaged in proportion by weight. 

Range 

The c. s. d. a. range, as defined in the preface to this volume, was calculated 
by integrating the reciprocal of the total stopping power: 

where 

r:I:('T') = J"( 1 (dE):I: J-1 dT' • l 1S dx tot 
0 

1 (dE):I: - 1 (dE ):1: 1 (dE ):1: 
- P dx tot- - P dx col - P \dx rad. 

(15) 

(16) 

The abbreviation c. s. d. a. stands for "continuous -slowing-down approximation. " 
The c. s. d. a. range is the pathlength which a particle would travel in the course of 
slowing down, in an unbounded homogeneous medium. from energy T to zero energy 
if its rate of energy-loss along the entire track were always equal to the mean rate 
of energy-loss. Actually the rate of energy-loss fluctuates, but this is neglected in 
the continuous-slowing-down approximation, so that the residual range of a particle 
becomes a deterministic function of its energy, and vice versa. It should also be 
noted that the definition of the c. s. d. a. range involves the pathlength and not the depth 
of penetration in any special direction. The c. s. d. a. range thus differs from other 
types of range such as the "projected range" (see Preface) and "extrapolated range," 
which are usually defined with reference to transmission through a plane-parallel 
absorber. The c. s. d. a. range pertains to a particle track that is typical but not 
experimentally realizable. If the pathlength distribution were to be measured in a 
track visualization device such as a photographic emulsion, the arithmetic average 
of this distribution would be somewhat greater than the c. s. d. a. range. 5 

When the velocity of the particle being stopped falls to a value comparable with 
the velocity of the atomic electrons, the stopping-power formula (Eq. 1) ceases to be 
valid, and the exact form of the stopping law is not known. This forces one to use an 
arbitrary approximate procedure for the evaluation of the range integral (Eq. 15) at 
very low energies. We have followed the procedure of Nelms, assuming the function 

5This has been shown by Lewis (1 7) for heavy charged particles for which the differ
ence is quite small. For electrons, thedifference is expected to be greater (see 
also pp. 45-46 of Appendix A of this volume. 
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[- !. (dE)± ] - 1 to be zero at T = 0 and interpolating linearly between zero and a 
P dx tot 

value. at energy T = T 0 . However, we have used mc2T 0 = 1 kev, whereas Nelms used 

5 kev. The result is that our ranges at 10 kev are somewhat higher than those of 
Nelms (12 percent for Pb, 6 percent for Ag. 2 percent for Aland 1 percent for H2). 
At 50 kev, the differences are at most 0. 5 percent, and at higher energies they are 
completely negligible. The ranges of Nelms are on the low side, ours on the high 
side, and the discrepancies give an indication of the error likely to result from lack 
of knowledge of low-energy stopping behavior. 

Radiation Yield 

The radiation yield Y(T) is defined to be the fraction of its energy that an 
electron, with initial kinetic energy T. will radiate in the form of bremsstrahlung 
in the course of slowing down. In the continuous-slowing-down approximation 

T 
(dE)± ± . 

1 dx rad dT I • y (T)= (17) 
T 

(dE)± 

0 dx tot 

3. Miscellaneous Information 

Influence of the Density-Effect Correction 

Table 1 shows the percent reduction of the collision energy-loss due to the 
density effect correction for a selected set of materials. Table 2 gives the actual 

TABLE 1 

Percent Reduction of Collision Energy-loss Due to 
Density-effect Correction, for Selected Materials 

T 
H2 

(normal 
(Mev) pressure) c Al Cu Ag Au 

0.1 o.o 0.0 0.0 0.0 0.0 0.0 
0.2 o.o 0.4 o.o 0.0 o.o 0.0 
0.5 0.0 1.2 0.5 0.5 0.1 0.0 
1.0 0.0 2.7 1.5 1.5 0.7 0.7 
2.0 0.0 4.8 3.4 3.4 2.2 2.0 
5.0 o.o 8.5 6.8 6.8 5. 3 4.9 

10 o.o 11.8 9.8 9.9 8.2 7.6 
20 0.0 15.2 13.1 13.3 11. 3 10.7 
50 0.7 19.5 17.3 17.6 15. 7 14.9 

100 3.3 22.5 20.3 20.7 18.8 18.1 
200 6. 6 25.1 23.1 23.6 21.8 21.1 
500 10.6 28.1 26.4 27.0 25.4 24.8 

1000 13.4 30.1 28.6 29.2 27.8 27.3 
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TABLE 2 

Reduction of Collision Energy-Loss Due to Density-Effect Correction for 
Various Gases at Normal Pressure, Mev/g cm-2 

Momentum 
T pc Meth- Acety-

(Mev) (Mev) H2 He N 0 Ne A Kr Xe C02 Air ane lene 

10 10.499 o.o 0.0 o.o 0.0 0.0 o.o 0.0 0.0 o.o o.o 0.0 0.0 
20 20.505 0.0 0.0 0.0 o.o 0.0 0.0 0.0 o.o o.o 0.0 0.003 0.0 
30 30.507 o.o o.o o.o o.o o.o 0.0 o.o o.o 0.011 0.0 0.023 0.012 
40 40.508 0.008 o.o 0.009 0.003 o.o 0.0 o.o 0.001 0.029 0.008 0.045 0.027 
50 50.508 0.034 0.0 0.018 0.018 0.0 o.o o.o 0.003 0.046 0. 018 0.065 0.043 
60 60.509 0.065 0.001 0.028 0.032 0.0 0.003 0.003 0.006 0.060 0.029 0.084 0.057 
80 80.509 0.126 0.002 0.048 0.056 0.006 0.012 0.009 o. 013 0.084 0.050 0.118 0.084 

100 100.51 0.182 0.010 0.067 0.076 0.019 0.022 o. 017 0.020 0.105 0.068 0.147 0.107 
200 200.51 o. 379 0.074 0.139 0.149 0.074 0.065 0.051 0.050 0.178 0.140 0.251 0.191 
300 300.51 0.501 0.130 0.188 0.197 0.116 0.099 0.079 0.074 0.226 0.189 0.319 0.247 
400 400.51 o. 589 0.173 0.226 0.234 0.148 0.126 0.102 o. 093 0. 262 0.227 0.370 0.289 
500 500.51 0.656 0!207 0.257 0.263 0.175 0.148 0.122 0.110 0.292 0.257 0.410 0.323 
600 600.51 o. 712 0.235 0.283 0.288 0.198 0.168 0.138 0.124 0.316 0.283 0.444 0.351 
800 800.51 0.800 0.279 0.325 0.328 0.236 0.200 0.166 0.149 0.356 0.324 0.497 o. 397 

1000 1000.5 0.868 0.313 o. 357 0.360 0.267 0.226 0.190 0.169 0.388 0.356 0.539 0.433 
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reduction (in Mev/ gem - 2) for various gases at normal pressure. The corresponding 
reduction for an electron of momentum pc, in a gas at a pressure of P atmospheres, 
is found by interpolating in Table 2 to a momentum pc ./P. 

Critical Energies 

The critical energy is a parameter used frequently in the theory of electron
photon cascades. It is defined as the electron energy at which the collision loss is 
equal to the radiation loss, and thus provides the dividing line below which the de
velopment of a cascade is dominated by collision phenomena, and above which it is 
governed by radiative effects. Table 3 gives a list of critical energies for various 
substances. In the literature on cascade theory, the critical energy is often approxi
mated by the expression 

T rit = 800 Mev • 
c z + 1. 2 

As can be seen in Figure 2, this approximation is quite satisfactory. 

Medium 

H2 
He 
Li 
Be 
c 
N 
0 
Ne 
Mg 
Al 
A 
Fe 
Cu 
Kr 
Ag 
Sn 
Xe 
w 
Au 
Pb 
u 

Radiation Yield 

TABLE 3 

Critical Energies for Electrons 
(Gases at Normal Pressure) 

Tcri~ 
(Mev Medium 

403 H20 
280 C02 
169 AgCl 
132 AgBr 
97.1 Nal 

107 Lil 
95.2 Methane 
78.8 Ethylene 
55.4 Polyethylene 
51.0 Xylene 
45.6 Toluene 
27.4 Acetylene 
24.8 Polystyrene 
23.6 Stilbene 
16.2 Lucite 
15.5 Anthracene 
15.8 Muscle 
10.2 Bone 
9.66 Air 
9.51 Standard Emulsion 
8.36 

(18) 

Tcrit 
(Mev) 

92.0 
100 
19.8 
18.3 
17.4 
15. 6 

169 
146 
119 
112 
111 
132 
109 
108 
100 
105 
112 

81.9 
102 

22.3 

The correct evaluation of the radiation yield must be based on the electron 
slowing-down spectrum y(T, T 1 )dT 1 • This quantity is the differential tracklength equal 
to the average distance traveled by an electron of initial energy T in the course of 
slowing down, while its energy is between T 1 and T 1 +dT 1 • The average fractional 
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100 

Tcrlt(Mev) 

10 

20 40 z 60 10 100 

Figure 2. Critical energy for electrons (at which the mean 
values of the collision and radiative losses are equal). 
The points are derived from Printout Table I; the curve 
represents the approximation formula (Eq. 18). 

energy conversion from electron kinetic energy to bremsstrahlung is then equal to 

Y('T)=J'T y('T,'TI) [-!(dE) ]d'T~. 
0 P dx rad 

(19) 

An accurate method of computing the slowing-down spectrum, taking into 
account the discontinuous nature of collision losses and bremsstrahlung losses as 
well as the production of secondary knock-on electrons, has been developed by 
Spencer and Fano (18). Their method is numerical, and it is difficult computationally 
when bremsstrahlung losses are included, so that only a few selected cases were 
treated. A first-approximation to the slowing-down spectrum is obtained in the form 
of the reciprocal of the total stopping power at- energy 'T 1 : 

y( 'T 1 'T 1) 1'1:1 [- ! (dE) ] -1 
P dx tot 

(20) 

With this substitution, one obtains the radiation yield in the continuous-slowing-down 
approximation (Eq. 17). Actually, the true slowing-down spectrum exceeds the 
reciprocal stopping power at energies close to the source energy, then it is smaller. 
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and at very low energies it again becomes the larger of the two because it includes 
secondary knock-on electrons. 

In Table 4 we compare radiation yields based on Spencer-Fano slowing-down 
spectra with yields computed in the continuous-slowing-down approximation. The 
approximation does not include radiation from secondary electrons. but their contri
bution would in any case be quite small except under cascade conditions. It can be 
seen that the continuous-slowing-down approximation is quite serviceable for the 
cases where a comparison can be made. giving rise to errors of no more than a few 
percent. 

TABLE 4 

Comparison of Radiation Yields Obtained from Spencer-Fano Slowing-down 
Spectra and from the Continuous-slowing-down Approximation 

Electron Radiation Yield. Percent 
source 
energy Spencer-Fano Continuous-slowing-down 

To 
Medium (mc2) No density effect No density effect Density effect 

Al 
4 1. 95 1.90 1. 91 

80 24.8 23.1 25.6 

Pb 
4 14.2 13.4 13.5 

80 56.4 59.3 61.0 

An approximation for the radiation yield has been developed by Koch and 
Motz (5): 

Y(T) = 3 x 10-4 ZT 
-4 

1 + 3 X 10 ZT 

As shown in Figures 3a and 3b. this formula is quite adequate for all materials 
except for those with very low z. 

Experimental and Calculated Stopping Powers 

(21) 

Tables 5 and 6 contain comparisons with the measurements of Paul and Reich 
(19) at 2. 8 and 4. 7 Mev and of Ziegler (20) at 32 Mev. The results are somewhat 
inconsistent. At 2. 8 Mev, the experimental stopping powers are slightly lower than 
the calculated values by an amount roughly equal to the experimental error; at 4. 7 
Mev they are higher by amounts equal to or larger than the experimental errors; at 
32 Mev there is close agreement. 

Tables 7 and 8 contain comparisons with relative stopping-power measurements 
of Hereford (21) at energies between 1. 4 and 9. 0 Mev and of Westermark (22) at 
energies in the neighborhood of 1 Mev. In both cases the agreement with calculated 
values is very good. 
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We have found no data that could be used to test the validity of the formulas for 
radiative energy-loss at very high energies. 

IOMev 

3.0 
0 10 !50 60 70 80 90 100 

z 

10.0 

8.0 (b) 

100 Mev 

Y/Zx 10-2 

4.0 

2.0 

0.0 
0 30 40 70 100 

Figure 3. Radiation yield Y (fraction of initial electron kinetic energy 
converted into bremsstrahlung energy in the course of slowing down). 
Y /Z is plotted against the atomic number z. The curve represents 
the. Koch-Motz approximation formula (Eq. 21); the points, from 
Printout Table I, are calculated in the continuous-slowing-down 
approximation. 
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TABLE 5 

Comparison with Energy-loss Measurements 
of Paul and Reich (19 50) 

Electron 
energy 

T 
(Mev) 

2. 8:!: 3% 

4. 7:!: 3% 

Medium 

Be 
c 
Fe 
Pb 
H20 

Be 
c 
Fe 
Pb 
H20 

1 (dE)-
- p dx tot I 

Experimental 

1. 45:!: 0. 06 
1. 53:!: o. 08 
1.43:!:0.10 
1. 32:!: 0.10 
1. 83:!: 0.10 

1.73:!:0.12 
1. 89:!: 0.16 
L 94:!: 0.19 
2. 04:!: o. 22 
2.43:!:0.20 

TABLE 6 

Mev/g cm-2 

Calculated 

1. 51 
1. 68 
1. 51 
1.44 
1.92 

1.56 
1. 75 
1. 66 
1. 73 
2.00 

Comparison with Stopping-power Measurements 
for 32-Mev Electrons by Ziegler (1958) 

Medium 

Be 
c 

Electron 
energy 

T 
(Mev) 

1.4 
1.6 
7.4 
9.0 

1 (dE)- Mev/g cm-2 - p dx tot I 

Experimental Calculated 

2. 0 :!: o. 1 
2.4:!:0.1 

TABLE 7 

Comparison with Relative Stopping-power 
Measurements by Hereford (1948) 

2.03 
2.44 

1 (dE)- /1 (dE)-
p dX water P dx carbon 

Experimental Calculated 

1.17:!: o. 02 
1.16:!: o. 02 
1. 16 :!: o. 02 
1.14:!: o. 02 

1.15 
1.15 
1.14 
1.14 

219 
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TABLE Sa 

Total Energy-loss Relative to that in Beryllium for 2. 8-Mev 
Electrons. Comparison with the Experiment 

Medium· 

Li 
c 
Mg 
Al 

of Westermark (1960) 

1(dE)- j1 (dE)-
p dX medium/ P dX beryllium 

Experimental Calculated 

1. 051 :t: o. 021 
1. 09 :t: 0. 02 
1. 092 :t: 0. 016 
1. 050 :t: o. 016 

TABLE 8b 

1. 017 
1.111 
1. 079 
1.042 

Total Energy-loss Relative to that in Aluminum for 2. 8-Mev 
Electrons. Comparison with the Experiment 

Medium 

of Westermark (1960) 

1(dE)- /1(dE)-
p dX medium p dX aluminum 

Experimental Calculated 

1. 224 :t: o. 013 
1.187±0.018 

1.222 
1.189 

Restricted Stopping Power 

In some applications, one is interested in the energy deposited by an electron 
along its track or, rather, in a region of specified dimensions surrounding the track. 
One must then exclude from the calculated stopping power the energy that escapes 
from the region of interest in the form of fast knock-on electrons (delta rays). One 
simple device for achieving this exclusion is to introduce the restricted collision 
law, i.e., the mean energy-loss due to collisions against atomic electrons with 
energy-transfers less than some specified value A(see also pp. 49-50 of Appendix A 
of this volume). 

The expressions for the restricted mean collision-loss, L ±( 'T, A), for positrons 
and electrons can readily be derived from the formulation of stopping-power theory 
of Rohrlich and Carlson (6): 

211N r 2mc2 1 a 0 Z log [ 2('T + 2) J + F:t:(T, A) _ ol 
fJ2 A (l/mc2)2 f (22) 
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F-(1', ~) = -1-fj2 +log [(1'- A) A] + 1' /(1'- A) 
(23) 

+ [A2/2 + (21'+1) log (1-A/1')]/(T+1)2 

F+(T A)= 1 g(TA)- ~ [T'+A- 5A2/4 + (T+l)(T'+3)A-A3/3 
• 0 1' 1'+2 (T+2)2 

(T+l)(1'+3)A4/4 -1'A3/3 + b,4/4] 
- (1'+2)3 • 

(24) 

For electrons, Acannot exceed 1'/2, because the faster of the particles emerging 
from an electron-electron collision is, by definition, considered to be the primary 

electron. Thus, L-(1',1'/2) =- !.(ddE\- • For positrons, the upper limit of A 
P x/col 

l(dE)+ is equal to 1', and L+(T',T) =-- d · 
P x col 

Figure 4a shows the ratio of the restricted to the unrestricted collision-loss 
for electrons in water, for different electron energies T (in Mev), and as function of 
the parameter g = A/1' = mc2 A/T. Figure 4b gives similar data for positrons. 

Figures Sa and 5b compare specific -ionization measurements by Barber (23) 
with restricted-collision-loss calculations. Barber's experiments were done with 
electrons having energies up to 35 Mev, and the detection device was an ionization 
chamber filled with hydrogen or helium at a pressure of 10 atmospheres. The size 
and content of the ionization chamber were such that a cut-off was imposed on the 
energy of secondary electrons, which were fully detected. In the calculation, we 
used Barber's estimates of mc2A= 56 kev for hydrogen and 51 kev for helium. 

Electron-Positron Differences 

In the calculation of the positron energy loss by collision, Equations 1 and 3 
have been used. For the radiative loss, the Born-approximation cross sections 
(3BN) and (3CS) can be expected to hold for positrons as well as electrons, but the 
Elwert factor fE and the Koch-Motz correction factor~ no longer apply to positrons, 
and the a~propriate corrections are not known. We have therefore, in Table 9, 
given the positron-electron ratio for the collision stopping power for all energies, 
but the corresponding ratios for the total stopping power and range only for energies 
above 3 0 mc2. 

4. Main Tables: Electron Mean Energy Loss, 
Range, and Radiation Yield 

Table 10 gives the assumed values of the mean excitation energy Iadj (in ev), 
as well as the composition by weight where required, for all of the substances con
sidered. Printout Table I, the main table, contains the following information for 

electrons: --- , --- , and --- in units of Mev/g cm-2, the 1 (dE)- 1 ~dE)- 1 ~dE)-
P dx col P dx rad P dx tot 
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p 

OD~~~~~~~--._~~~~--~~~~~--_.~_.~~ 
0.0001 0.001 0.01 1.0 

g 

Figure 4. Ratio P of restricted to unrestricted mean collision-loss. as function of 
the parameter g = m;2A; g is the largest fraction of its energy which an electron 

or positron is allowed to lose in a single collision with an atomic electron • 
.!• Electrons. g $ 0. 5; ~. positrons. g $ 1. 0. 
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Figure 5. Comparison of restricted and unrestricted mean collision-loss for electrons (solid curves with, dotted curves 
without, density-effect correction). The experimental points for the restricted loss are from Barber, whose normaliza
tion relative to the calculated loss has been used. a, Hydrogen at 10 atmospheres, largest allowed energy transfer per 
collision 56 kev; ~. helium at 10 atmospheres; largest allowed energy transfer per collision 51 kev. 
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TABLE 9 

Comparison of Positron and Electron Enero-loss and Ran,e for Representative Subetances 

2 

(dEr (dEr 
(:=tt <:=):t 

(dE).' (dE).' 
dX col ~ ~ r+ dx col dx tot r+ 

Enero (dEr eEr 
r (dEr (dEr r- (dEr <dEr 

r= 
(Mev) dxcol dX tot dX col a;: tot a;: col ax tot 

0. 01 1.08 1.10 1.12 
0.02 1.07 1.08 1.10 
0.05 1.05 1.08 1.07 
0.1 1.03 1.04 1.04 
0.2 1.01 1.02 1.02 
0.5 0.992 0.990 0.989 
1.0 0.982 0.979 0.977 
2.0 0. 978 0.974 0.972 
5.0 0. 977 0.972 0.971 

10.0 0.978 0.972 0.971 
20.0 0.979 0.980 1.02 0. 973 0.977 1.03 0.972 0.980 1.03 
50.0 0.981 0.983 1.02 0.974 0.982 1.02 0.973 0.988 1.02 

100.0 0.981 0.985 1.02 0.974 0.987 1.02 0.974 0.991 1.02 
200.0 0. 981 0. 988 1.02 0.975 0. 992 1.02 0.975 0.995 1.01 
500.0 0.982 0.992 1. 01 0.978 0.998 1.01 0.975 0.998 1.01 

1000.0 0.982 0. 995 1.01 0.978 0.998 1.01 0.978 0.999 1·01 

kll AI ii 
(dEr (dEr 

(:=!ol 
(dEr (dEr (:~t, dx col ~ r+ ~ r+ ~ r+ 

r= r= -Energy 
eEr (dEr (dEr (dEr <dEr eEr 

r 
(Mev) dX col a;: tot a;: col a;: tot a;: col a;: tot 

0.01 1.14 1.14 0.847 1.18 1.18 0.820 1.19 1.19 0.782 
0.02 1.11 1.11 0.877 1.12 1.12 0.880 1.14 1.14 0.827 
0.05 1.08 1.08 0.910 1.08 1.08 0.900 1.09 1.09 0. 884 
0. 1 1.05 1.05 0.933 1.05 1.05 0.927 1.08 1.05 0.919 
0.2 1.02 1.02 0.959 1.02 1.02 0.958 1.02 1. 01 0.953 
0. 5 0.988 0.980 0.993 0.988 0.972 0.998 0.987 0.957 1.00 
1.0 0.975 0.983 1. 02 0.974 0.950 1.02 0.972 0.929 1.04 
2.0 0.970 0.958 1. 03 0.989 0.945 1.04 0.987 0.923 1. 08 
5.0 0. 989 0. 982 1.04 0.988 0.950 1.05 0.987 0. 928 1.07 

10.0 0.970 0. 989 1.04 0.989 0.980 1.05 0.988 0.944 1.07 
20.0 0.971 0.978 1.03 0. 970 0.973 1.04 0.989 0.983 1.08 
50.0 0.972 0.991 1.03 0.972 0.993 1.03 0.971 0. 995 1.05 

100. 0 0.973 0.995 1. 02 0.972 0.998 1.03 0.972 0.997 1.04 
200.0 0.973 0.997 1.02 0.973 0.998 1.02 0.973 0.999 1. 03 
500. 0 0. 974 0.999 1. 01 0.974 0.999 1.02 0.974 0.999 1.02 

1000.0 0.975 0.999 1. 01 0.975 1.00 1.01 0.974 1.00 1.03 
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TABLE lOa 

Values of Mean Excitation Energies Used in 
the Calculation of Printout Table I 

lad· Iadi 
Medium (ev~ Medium (ev 

H2 18. 7 Pb 826 
He 42.0 u 923 
Li 38.0 H20 65.1 
Be 60.0 C02 85.9 
c 78.0 AgCl 384 
N 85.0 AgBr 434 
0 89.0 Nal 433 
Ne 131 Lil 473 
Mg 156 Methane 44.6 
Al 163 Ethylene 54.6 
A 210 Polyethylene 54.6 
Fe 273 Xylene 61.0 
Cu 314 Toluene 62.1 
Kr 381 Acetylene 63.6 
Ag 487 Polystyrene 63.6 
Sn 516 Stilbene 65.2 
Xe 555 Lucite 65.6 
w 748 Anthracene 67.0 
Au 797 

TABLE lOb 

Values of Mean Excitation Energies and Composition, 
by Weight, Used in Calculation of Printout Table I 

Medium 

Muscle 

Bone 

Air 

Standard 
Emulsion 

lad· 
(ev~ 

66.2 

85.2 

86.8 

320 

Composition 
(fraction by weight) 

0.1020 H, 0.1230 C, 0.0350 N, 
0. 7290 0, 0. 0008 Na, 0. 0002 Mg, 
0.0020 P, 0.0050 S, 0.0030K 

0.064 H, 0.278 C, 0.027N, 
0.410 0, 0.002 Mg, 0.070 P, 
0. 002 S, 0.147 Ca 

0.755 N, 0.232 0, 0.013 A 

0.01410 H, 0.07226 C, 0.01932 N, 
0.066110, 0.00189 S, 0.34910 Br, 
0. 47410 Ag, 0. 00312 I 

225 
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range r- in units of g em -2, and the radiation yield y-. All quantities are shown as 
functions of the electron ener~ T in Mev. The various substances make their ap
pearance in Printout Table 11 in the same order in which they are listed in Table 10. 

It is difficult to estimate very closely the error of the data in Printout Table I. 
The available experimental data on stopping power have uncertainties ranging from 
4 to 10 percent and are presumably less accurate than the calculated values. The 

principal source of error in the evaluation of- !.(ddE)- is the uncertainty of Iadj' 
P x col 

which may be as high as 10 percent for materials with very small Z but considerably 
smaller for high z. A secondary source of error is the uncertainty in the density
effect correction 6, which is stated by Sternheimer to be of the order of 0. 1. Taking 
into account that the percent error of the mean collision-loss is several times smaller 
than the corresponding error of Iadj and that the density effect introduces only a rela
tively minor correction except at tlie highest energies, one might expect that the 

error of - !.(ddE)- will not exceed 1 to 2 percent. 
P x col 

The bremsstrahlung cross section on which the radiative energy loss 

- !. (:E)- is based have been estimated by Koch and Motz to be accurate to within 
P x rad 

20 percent up to 2 Mev, to within 5 percent between 2 and 15 Mev, and to within 3 

percent above 15 Mev. The error of - !. (dE)- as well as of r- and y- will vary 
P dx tot 

depending on the relative magnitudes of collision and radiation losses. 
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PRINTOUT TABLE I. Energy-loss, range, and radiation yield for electrons in various materials. The order in which each N 
N 

material sppears and the values of the mean excitation energy used are given in Tables lOa and lOb. 00 

ELECTRONS IN HYDROGEN ELECTRONS IN HYDROGEN 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM21G G/CM2 MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

Oo010 5ol4 7E 01 lo970E-03 5.147£ 01 lo071E-04 2o098E-05 lo400 3.795E 00 9.265E-03 3o805E 00 3o160E-01 1o238E-03 
0.015 3.697E 01 1o965E-03 3.697E 01 2o235E-04 2o926E-05 1.500 3.798E 00 9o956E-03 3.808E 00 3.4221:-01 1o324E-03 
0.020 2o928E 01 lo969E-03 2.928E Ol 3.767E-04 3o70lE-05 1.600 3o802E 00 1.066£-02 3.813E 00 3o685E-01 1o410E-03 
0.025 2.448E 01 1.975£-03 2.448E 01 5o643E-04 4o441E-05 1.700 3.808E 00 1.139E-02 3o820E 00 3.947E-01 1o497E-03 
0.030 2 .118E 01 1.983E-03 2.118E Ol 7o846E-04 5o154E-05 1.800 3.816E 00 1.211E-02 3o828E 00 4o208E-01 1o585E-03 

0.035 1.877E 01 1.993E-03 1o877E 01 lo036E-03 5o845E-05 1.900 3.824E 00 1.285E-02 3.837E 00 4o469E-01 1.673E-03 
0.040 1.693E 01 2.003E-03 1.693E 01 1o3l7E-03 6o518E-05 2.000 3.833E 00 1.360E-02 3.846E 00 4.730E-01 1o762E-03 
0.045 1.547E 01 2.014E-03 1.547E 01 1o626E-03 7ol74E-05 2.200 3.852E 00 1.512E-02 3o867E 00 5o248E-01 1o940E-03 
0.050 1o429E 01 2.026E-03 1.429E 01 1o963E-03 7o817E-05 2o400 3.872E 00 1.668E-02 3.888E 00 5.764E-01 2o120E-03 
o.o55 1.331E 01 2o038E-03 1.331E Ol 2e325E-03 8o446E-05 2.600 3o892E 00 1.828E-02 3.911E 00 6.277E-01 2o302E-03 

o.o6o 1.249E 01 2.050E-03 1.249E 01 2o713E-03 9o064E-05 2.800 3.913E 00 1.991E-02 3.933E 00 6o787E-Ol 2o485E-03 
0.065 1o179E 01 2.063E-03 lo179E 01 3ol26E-03 9o671E-05 3.000 3.933E 00 2.157E-02 3.955E 00 7o294E-01 2o670E-03 
o.o1o 1oll8E 01 2.076E-03 1.118E 01 3o562E-03 1o027E-04 3.500 3o982E 00 2.583E-02 4o008E 00 8o550E-Ol 3e138E-03 
0.075 1.065E 01 2.090E-03 1.065E 01 4o020E-03 lo086E-04 4.000 4.029E 00 3.026E-02 4o059E 00 9o789E-01 3o614E-03 
o.o8o 1.018E 01 2.103E-03 1.018E 01 4o500E-03 lol44E-04 4.500 4o072E 00 3.486E-02 4ol07E 00 lo101E 00 4o098E-03 

o.o85 9.768E 00 2.108E-03 9.770E 00 5o002E-03 loZOOE-04 5.000 4.112E 00 3.954E-02 4.152E 00 1.222E 00 4o589E-03 
0.090 9.398E oo 2.122E-03 9.400E 00 5o523E-03 lo256E-04 5.500 4.149E 00 4o432E-02 4.194E 00 1o342E 00 5o085E-03 
o.095 9.066E 00 2o137E-03 9.068E 00 6o065E-03 1o312E-04 6.000 4.184E 00 4.918E-02 4.234E 00 1o461E 00 5.585E-03 
o.1oo 8.766E 00 2.152E-03 8.768E 00 6o626E-03 le366E-04 6.500 4.217E 00 5.411£-02 4.271E 00 1o579E 00 6o090E-03 
0.150 6.840E 00 2.315E-03 6.842E 00 1o317E-02 lo886E-04 7.000 4.248E 00 5.911E-02 4o307E 00 1o695E 00 6o597E-03 

0.200 5.869E 00 2.480E-03 5.871E 00 2o111E-02 2o367E-04 7.500 4.277E 00 6o418E-02 4o341E 00 1o811E 00 7o108E-03 
0.250 5.290E 00 2o671E-03 5.293E 00 3o011E-02 2o821E-04 8.ooo 4.304E 00 6.931E-02 4.373E 00 1e925E 00 7o621E-03 
0.300 4.912E 00 2o874E-03 4.915E 00 3.993E-02 3o259E-04 8.500 4o330E 00 7.449E-02 4o404E 00 2o039E 00 8ol36E-03 
0.350 4.649E 00 3.082E-03 4.652E 00 5o041E-02 3o685E-04 9.000 4o354E 00 7.999E-02 4 0 434E 00 2o153E 00 8o655E-03 
0.400 4o458E 00 3o305E-03 4.461E 00 6o139E-02 4.10lE-04 9.500 4.377E 00 8.529E-o2 4o463E 00 2o265E 00 9ol77E-03 

0.450 4o315E 00 3o536E-03 4.318E 00 7o279E-02 4o512E-04 10.000 4.400E 00 9o064E-02 4o490E 00 2o377E 00 9o700E-03 
0.500 4o205E 00 3.779E-03 4.209E 00 8e453E-02 4e919E-04 20.000 4.707E 00 2o042E-01 4e912E 00 4o498E 00 2o030E-02 
0.550 4ol20E 00 4.031E-03 4.124E 00 9e653E-02 5e324E-04 30.000 4o890E 00 3o255E-01 5o216E 00 6e471E 00 3o089E-02 
0.600 4.053E 00 4.291£-03 4o057E 00 1e088E-01 5e729E-04 40.000 5.013E 00 4o512E-01 5o464E 00 8.343E 00 4el30E-02 
0.650 3.999E 00 4o560E-03 4e004E 00 1e212E-Ol 6ol33E-04 50.000 5.089E 00 5e797E-01 5.669E 00 1e014E 01 5el53E-02 

o.7oQ 3e956E 00 4o836E-03 3e961E 00 1e337E-01 6e537E-04 60.000 5.141E 00 7.102E-01 5.852E 00 lel87E 01 6el59E-02 
0.750 3e921E 00 5oll8E-03 3.926£ 00 le464E-01 6e943E-04 8o.ooo 5o211E 00 9e756E-01 6.187£ 00 le520E 01 8oll2E-02 
o.8oo 3.893E 00 5o407E-03 3.899E 00 1o592E-01 7e350E-04 1oo.ooo 5.258E 00 le245E 00 6o503E 00 le835E 01 9e985E-02 
0.850 3.870E 00 5.732E-03 3.876E 00 1e721E-01 7e762E-04 200.000 5.377E 00 2o623E 00 8.oooE 00 3e218E 01 le818E-Ol 
0.900 3.852E 00 6.033E-03 3.858£ 00 1e850E-01 8el76E-04 300.000 5.440E 00 4.026E 00 9.466E 00 4o365E 01 2e476E-01 

0.950 3.837E 00 6.338£-03 3.844[ 00 1e980E-Ol 8.591E-04 400.000 5e484E 00 5.439E 00 1o092E 01 5e348E Ol 3e015E-01 
1.000 3.826E 00 6o647E-03 3e832E 00 2ellOE-01 9e007E-04 500.000 5e518E 00 6o857E 00 1.238E 01 6e207E 01 3e466E-01 
1.100 3o809E 00 7e278E-03 3.816£ 00 2e372E-01 9e844E-04 600.000 5.546E 00 8o281E 00 1.383E 01 6e972E 01 3e851E-01 
1.200 3.800E 00 7.926E-03 3o808E 00 2e634E-01 le069E-03 eoo.ooo 5.590£ 00 1el14E 01 1.673£ 01 8e285E 01 ..... 74£-01 
1.300 3.796E 00 a.588E-03 3e804E 00 2e897E-01 1el53E-03 1000.000 5e624E 00 1o400E 01 1e962E 01 9e388E 01 4e961E-01 
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ELECTRONS IN HELIUfll ELECTRONS IN HELIUM 

ENERGY STOPPI.G POWER RANGE AADIATJOM ENERGY STOPPING POWER RANGE RADIATION 
COLLIS I<* RADIATION TOTAL YIELD COl.L IS ION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM21G G/CM2 MEV MEV CM2/G MEV CM21G MEV CM2/G G/CM2 

0.010 2.265£ 01 1.551E-03 2.266E 01 2e469E-Oit 3e849E-OS 1.1tOO 1.718E 00 7.502£-03 1.785E 00 6e787E-01 2el78E-03 
o.ou 1e641E 01 1.536E-03 1.641£ 01 5e102E-04 5.2ne-o5 1.500 1.780E 00 8.o33E-o3 1.788£ 00 7e346E-01 2e323E-03 
0.020 1o307E 01 1o532E-03 1e307E 01 8e51t3E-04 6e593E-05 1.600 1.783£ 00 8.571£-03 1.792£ 00 7.905£-01 2e467E-03 
0.025 1.097£ 01 1.532£-03 1.097£ 01 1e274E-03 7ei46E-05 1.700 1.787£ 00 9.125E-03 1.796£ 00 8.463£-01 2.612£-03 
0.030 9o!H6E 00 1.535E-03 9o518E 00 1e765E-03 9.047£-05 1.800 1.791E 00 9.677E-03 1.801E 00 9e019E-01 2e758E-03 

0.035 8.453£ 00 1e539E-03 8.455£ 00 2e323E-03 1e021E-04 1.900 1.796£ 00 1.023£-02 1e806£ 00 9e573E-01 2e903E-03 
0.040 7e638E 00 1o51t5E-03 7.640£ 00 2e91t7E-03 1.133£-04 2.000 1e801E 00 1.080£-02 1.811£ 00 1e013E 00 3e049E-03 
0.045 6.992£ 00 1.551£-03 6.994£ 00 3e632E-03 1e243E-o4 2.200 1.811£ 00 1e194E-02 1.823E 00 1e123E 00 3o340E-03 
0.050 6.468E 00 1o558E-03 6o469E 00 4e376E-03 1e350E-04 2.400 1.822E 00 1e310E-02 1.835E 00 1e232E 00 3.632£-03 
0.055 6e033E 00 1.566E-03 6.034£ 00 5el77E-03 1e455E-04 2.600 1.833£ 00 1e429E-02 1.847£ 00 1e341E 00 3e925E-03 

o.o6o 5.666E 00 1o575E-03 5.668£ 00 6o032E-03 1e5S8E-04 2.8oo 1o843E 00 1o546E-02 1.859E 00 1e449E 00 4e219E-03 
0.065 5.353E 00 1.584E-03 5.354£ 00 6e940E-03 1o658E-04 3.000 1.854£ 00 1.668[-02 1.871£ 00 1o556E 00 4e512E-03 
0.070 5.081E 00 1.593£-03 5.083E 00 7e899E-03 1e758E-Oit 3.500 1.879E 00 1o981E-02 1e899E 00 1.821E 00 5e249E-03 
(1.075 4e845E 00 1.602£-03 4.846£ 00 8e907E-03 le855E-04 4.000 1.903E 00 2o305E-02 1o926E 00 2.083E 00 5.992E-o3 
0.080 4.636E 00 1.612E-03 ... 638E 00 9o962E-03 le951E-04 4.500 1.925E 00 2.641E-02 1.952E 00 2e340E 00 6o743E-03 

o.o85 4.451E 00 1o602E-03 4o452E 00 1e106E-02 2e043E-04 5.000 1.946£ 00 2o983E-02 1o976E 00 2e595E 00 7e500E-03 
0.090 4o285E 00 1e613E-03 4e287E 00 1e221E-02 2e134E-04 5.500 1.965£ 00 3.333£-02 1.998£ 00 2e847E 00 8e263E-03 
o.o95 4el36E 00 1.624E-03 4.138[ 00 1e340E-02 2e224E-04 6.000 1.982£ 00 3o688E-02 2.019E 00 3.096E 00 9o030E-03 
o.1oo 4e001E 00 1.637£-03 4e003E 00 1e462E-02 2e313E-04 6.500 1o999E 00 4e049E-02 2e039E 00 3e342E 00 9e801E-03 
o.uo 3.136E 00 1o785E-03 3e138E 00 2e892E-02 3el73E-04 7.000 2e014E 00 4.415£-02 2o059E 00 3.586£ 00 1e058E-02 

0.200 2.699[ 00 1.954E-03 2e701E 00 4e621E-02 3e996E-04 7.500 2o029E 00 4.786£-02 2.077E 00 3e828E 00 1el35E-02 
0.250 2o438E 00 2.139£-03 2.440£ 00 6.575[-02 4e797E-04 8.000 2.043E 00 5.162E-02 2.094[ 00 4e067E 00 1e213E-02 
0.300 2o268E 00 2o332E-03 2o270E 00 8e704E-02 5e585E-04 8.500 2.056£ 00 5.543£-02 2.111£ 00 4e305E 00 le292E-02 
0.350 2.149E 00 2e534E-03 2.U2E 00 le097E-01 6o362E-04 9.000 2.068E 00 5o958E-02 2.128E 00 4.541E 00 1o371E-02 
0.400 2.064[ 00 2o737E-03 2.067E 00 1e334E-01 7.131£-04 9.500 2.080£ 00 6.347£-02 2o144E 00 4. 775£ 00 1o450E-O! 

o •• uo 2.oooE 00 2o944E-03 2.003E 00 1o580E-01 7e891E-04 10.000 2.091£ 00 6.740E-02 2ol59E 00 5.008E 00 1e530E-02 
0.500 1.951E 00 3ol55E-03 1e954E 00 1o833E-01 8e644E-04 20.000 2.246E 00 1.511£-01 2.398E 00 9o386E 00 hl24E-02 
0.550 1.913E 00 3.371E-03 lo917E 00 2o091E-01 9o392E-04 30.000 2.339E 00 2o403E-01 2.579E 00 1o340E 01 4e691E-02 
0.600 lo884E 00 3.590£-03 1.887E 00 2e354E-Ol 1e013E-03 40.000 2.405E 00 3.324E-01 2.737£ 00 1. 716E 01 6o205E-02 
o • .so 1.860£ 00 3.813E-03 1.864£ 00 2.621£-01 1o087E-03 50.000 2o456E 00 4o264E-01 2o882E 00 2e072E 01 7e660E-02 

0.700 1o841E 00 4o040E-03 1o845E 00 2o891E-Ol 1el61E-03 60.000 2o497E 00 5o219E-01 3o019E 00 2o411E 01 9o059E-02 
o.75o 1e826E 00 4o270E-03 1.831E 00 3.163£-01 le234E-03 80.000 2.561E 00 7.156E-01 3.277E 00 3o047E 01 1ol70E-01 
0.800 1.814E 00 4.502E-o3 1.819E 00 3e437E-01 le307E-03 100.0()0 2.605£ 00 9.119E-01 3.517E 00 3o635E 01 1e414E-01 
o.85o 1.805£ 00 4.743E-03 1.809£ 00 3. 713E-Ol 1o380E-03 200.000 2o700E 00 1e914E 00 4e614E 00 6o106E 01 2o422E-01 
Oo900 1e797E 00 4o982E-03 1o802E 00 3e990E-01 1e453E-03 300.000 2.738E 00 2.932E 00 5.670E 00 8.057E 01 3el79E-01 

0.950 1e791E 00 5.223E-o3 1o796E 00 4e267E-01 1e526E-03 4Cl0e000 2o761E 00 3o956E 00 6e717E 00 9e675E 01 3e771E-01 
1.ooo 1. 786E 00 5.467E-o3 1.792E 00 4e546E-01 le599E-03 500.000 2.779E 00 4o983E 00 7.762E 00 1e106E 02 4o250E-01 
1.100 1o780E 00 5.962£-03 1.786E 00 5.1o5E-01 1e744E-03 600.000 2o793E 00 6o014E 00 8o807E 00 1e227E 02 4e647E-01 
1.200 1e777E 00 6o467E-03 1e784E 00 5o665E-01 1e889E-03 80o.ooo 2o815E 00 8.080E 00 1.089E 01 1e431E 02 5e271E-01 N 

1.300 1e777E 00 6o980E-03 1.784E 00 6e226E-01 2.one-o3 1000.000 2.832E 00 1o015E 01 1.298E 01 le599E 02 5e743E-01 N 
U) 
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N 

ELECTRONS IN LITHIUM ELECTROHS IN LITHIUM w 
0 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RAN6E RADIATIOM 
COlLISION RADIATJOM TOTAL YIELD COLLISION RADIATIOH TOTAL YIElD 

MEV MEV CM2/G MEV CM21G MEY CM21G G/CM2 MEV MEV CM2/G MEY CM21G MEV CM21G G/CM2 

Oo010 1o995E 01 1o857E-03 1o995E 01 2o797E-Olt 5e260E-05 lo400 1.50/tE 00 8.9tt3E-03 1.5UE 00 7e818E-?1 3.056E-03 
o.ou 1olt43E 01 1.83oE-03 1o443E 01 5.719E-04 7.178E-o5 1o500 1o503E 00 9o553E-03 1o512E 00 8.5/tOE-01 3.260E-03 
o.o20 1.148E 01 1o818E-03 lo11t9E 01 9.702E-04 8.950E-05 1.600 1.502E 00 lo017E-02 1o512E 00 9.201E-01 3.464E-03 
0.025 9o633E 00 1.8UE-03 9o635E 00 1.4UE-03 1.063E-04 1.700 1.502E 00 t.o8oE-o2 1.512E 00 9o862E-Ol 3.668E-03 
Oo030 8o357E 00 1o811E-03 8o359E 00 2e007E-03 1.223E-04 1.800 1o502E 00 1.143E-02 1o513E 00 lo052E 00 3.872E-03 

o.o35 7 0 421E 00 1o812E-03 7o423E 00 2o643E-03 1.371E-o4 1.900 1.503E 00 lo206E-02 lo515E 00 l.ll8E 00 4o077E-03 
0.040 6.703E 00 1o816E-03 6.705E 00 3.353E-03 1o527E-04 2.000 1o504E 00 lo271E-02 lo517E 00 l.lt4E 00 4.281E-03 
Oo045 6.135E 00 l.822E-03 &.n7E 00 4.133E-03 1o673E-04 2.200 1o507E 00 lo401E-02 1.521£ 00 lo316E 00 4e691E-03 
o.050 5.674E 00 le830E-03 5.676[ 00 4e911E-03 1oi15E-04 2.400 1o510E 00 1.533E-02 le526E 00 le447E 00 5e103E•03 
o.055 5.291E 00 1.839E-03 5.293E 00 5.894E-o3 1.9~5E•04 2.600 1.514E 00 1.668E-02 1.531£ 00 1.578E 00 5e516E-03 

o.o6o 4.969E 00 1.849E-03 4.971E 00 6.870E-03 2e092E•04 2.8?0 1.518E 00 1.798£-02 1o536E 00 1.709£ 00 5.930E-03 
0.065 4.693E 00 1.859E-03 4.695E 00 7.905E-03 2.226E-04 3.000 1.522E 00 1.937E-02 1o542E 00 1.839E 00 6o343E-03 
0.070 4.455E 00 t.8nE-03 4o457E 00 8.999E-03 2.358E-04 3.500 1.532E 00 2o292E•02 1.555E 00 2o161E 00 7.387E•03 
0.075 4o247E 00 1.883E-03 4.249E 00 1.015E-02 2elt89E-04 ~o.ooo 1o542E 00 2.661E-02 1o568E 00 2o482E 00 8.444E-03 
o.o8o 4.064E 00 1.896E•03 4o066E 00 1el35E-02 2.611E-04 4o500 1o550E 00 3.044E-02 1o58H: 00 2o799E 00 9e517E•03 

o.o85 3.901E 00 1.887E-03 3.903E 00 1.261E-02 2.742E-04 5.000 1.5S9E 00 3o434E-02 1.593£ 00 3.114£ 00 lo061E-02 
Oo090 3.755E 00 1.901E-03 3e757E 00 1e391E-02 2.164E-04 5.500 1.S66E 00 3o831E-02 1.604E 00 3o427E 00 1.1nE-o2 
Oo095 3.624E 00 1o916E-03 3.626E 00 1.527E-02 2o986E•04 6.000 1.573E 00 4o235E•02 1o615E 00 3o738E 00 1.282E-02 
o.1oo 3.506E 00 1o932E-03 3.508E 00 1.667£-02 3.106E-04 6.500 1o579E 00 4.645E-02 1.626E 00 4.046[ 00 1e394E•02 
0.150 2.746E 00 2ol20E-03 2.749E 00 3.299£-02 4.275E-04 7.000 1.585£ 00 5.062E-02 1.636E 00 4.353E 00 1.507E-02 

0.200 2.359E 00 2o335E-03 2o361E 00 5e275E-02 5.408E-04 7.500 1.591E 00 5o483E•02 1.646E 00 4.657E 00 1e621E•02 
0.250 2.noE 00 2.569E-03 2.133E 00 7.510E-02 6e520E•04 8.ooo 1.S96E 00 5.910E•02 lo655E 00 4.960E 00 1.n5e-o2 
0.300 1.979E 00 2.8UE-03 1.912E 00 9.947E-02 7e619E-04 8.5oo 1.601E 00 6e342E-02 1o664E 00 5.262E 00 lo850E-02 
0.350 1.874E 00 3e068E-03 1o871E 00 1.254E-01 8e7l2E-04 9.000 1.605E 00 6.808E-02 1.673E 00 5.561E 00 1.966E-02 
0.400 1o797E 00 3.323E-03 1.800E 00 1.527E-01 9e799E-04 9.500 1o610E 00 7.250E-02 1o682E 00 5.859E 00 2.onE-o2 

o.tt5o 1.738E 00 3.581E-03 1.742E 00 1.809E-01 1.oaaE-03 10.000 1o614E 00 7.696E-02 1o691E 00 6o156E 00 2.201E-02 
Oo500 1.693E 00 3.841E-03 1.697E 00 2elOOE-01 1.195E-03 20.000 1.666E 00 1.719E-01 1.837£ 00 1e182E 01 4.581E-02 
0.550 1o658E 00 4.104E-03 1.662E 00 2e398E-01 1.301E-03 30.000 1.694E 00 2.noE-o1 1.967E 00 1.708E 01 6o937E-o2 
Oo600 1o629E 00 4.370E-03 1.634E 00 2e702E-01 1.407E-o3 40.000 1.714E 00 3o773E-01 2o091E 00 2.201E 01 9.200E-o2 
0.650 1.607E 00 4o639E-03 1.611E 00 3.010E-01 1.5UE-03 50.000 1o729E 00 4e837F.-01 2.212E 00 2.666E 01 1.136£-01 

0.700 1eS88E 00 4.910E-03 1.593£ 00 3o322E-01 1.611E-03 60.000 1. 741[ 00 5o91SE•Ol 2o332E 00 3.106E 01 1o340E-01 
0.750 1o573E 00 5.183E-o3 1.578E 00 3e637E-Ol 1.722E-03 8o.ooo 1o760E 00 8o104E-01 2.570£ 00 3.922£ 01 1. 7l9E-01 
o.8oo 1o560E 00 5.459E-03 1.565E 00 3.9S6E-01 lei26E-03 100.000 1o775E 00 1.032E 00 2.807E 00 4.667E 01 2.059E-Ol 
o.850 1.549[ 00 5.734E-03 1.555E 00 4o276E-01 1.930£-03 200.000 1.821E 00 2.161E 00 3.982£ 00 7.642E 01 3.353E-01 
0.900 1.541E 00 6.015E-03 1o547E 00 4.598£-0l 2.one-u 300.000 1.848E 00 3o306E 00 5ol55E 00 9.843E 01 4.222E-01 

0.950 1o533E 00 6.298E-03 1.540E 00 4.922E-01 2.1,6E-03 400.000 lo867E 00 4.458£ 00 6.325E 00 lel59E 02 4o854E•01 
1.000 1.527E 00 6.583E-03 1.534E 00 5.248E-01 2.239E-03 500.000 1.812E 00 5.6UE 00 7.495£ 00 1e304E 02 5o340E-Ol 
1o100 1e518E 00 7ol61E-03 1.525E 00 5o902E-01 2.444E-o3 600.000 1o894E 00 6.771E 00 8o665E 00 1.428E 02 5o726E-01 
1.200 1e511E 00 7.747E-03 1o519E 00 6o559E-Ol 2.641£-03 8oo.ooo 1o9UE 00 9o092E 00 1o101E 01 1.632E 02 6e308E-01 
1.300 l.S07E 00 e.341E-o3 1.515E 00 7.218£-01 2.152£-03 1000.000 lo928E 00 1.142E 01 1o334E Ol 1.797£ 02 6. 730E-o1 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


ELECTRONS IN BERYLLIUM ELECTRONS IN BERYLLIUM 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

lltEV lltEV Cllt2/G lltEV Cllt21G lltEV CM2/G G/CM2 MEV lltEY CM2/G lltEV Cllt2/G MEV Cllt2/G G/CM2 

o.o1o 1.184E 01 2.463E-03 le81SE 01 2e993E-04 7e482E-OS 1.400 1.472E 00 1.22SE-02 1e484E 00 8eOS4E-01 3e973E-G3 
o.ou 1.371E 01 2.418E-03 1e371E 01 6elSOE-04 1.012E-04 1.soo 1.470E 00 1e360E-02 1.484E 00 8.728E-01 4e289E-03 
o.020 1.09SE 01 2.396E-03 1.09SE 01 1.026£-03 1.2S3E-04 1.600 1.469E 00 1eS04E-02 1.484E 00 9e401E-01 4e624E-03 
o.02S 9.207E 00 2.382E-03 9.209E 00 1.526E-03 1e480E-G4 1.700 1.469E 00 1e781E-02 1.487E 00 1e007E 00 5e023E-03 
0.030 8.oo2E 00 2.375E-03 e.oosr 00 2ellOE-03 1.697E-G4 1.800 1e469E 00 1.925E-02 1e489E 00 1e075E 00 s.436E-o3 

0.035 7.117E 00 2.370E-03 7.119E 00 2e714E-03 1.904E-04 1.900 1e470E 00 2.060E-02 1.491E 00 1e142E 00 Sei54E-03 
0.040 6.437E 00 2.3'ME-03 6e440E 00 3eS14E-03 2e105E-04 2.000 1.471E 00 2.186£-02 1.493E 00 1e209E 00 6e273E-03 
Oe045 5e898E 00 2.379E-03 5.900E 00 4e326E-03 2e299E-04 2.200 1e474E 00 2.416£-02 1e498E 00 1e343E 00 7e103E-03 
0.050 5.460E 00 2.388E-03 5.462E 00 5.2o8E-03 2e490E-04 2.400 1.471£ 00 2e615E-02 1e503E 00 1e476E 00 7e909E-03 
0.055 5.096E 00 2.400E-o3 5.o98E 00 6el56E-03 2e676E-04 2.600 1.481E 00 2.7116£-02 1.509£ 00 1e609E 00 8e682E-03 

0.060 4.789E 00 2.413E-03 4.791E 00 7e168E-03 2e8S9E-04 z.8oo 1e484E 00 z.56oE-oa 1.510E 00 1. 741E 00 9e399E-03 
o.065 4.S26E 00 2e428E-03 4eS29E 00 8.242E-03 3.039E-04 3.000 1.488E 00 2.673£-02 1.Sl5E 00 1ei73E 00 9.92SE-03 
0.070 4.299E 00 2e445E-03 4.301E 00 9e376E-03 3e211E-04 3.500 1.498E 00 3e004E-02 1.528£ 00 2e202E 00 1.117£-02 
o.o75 4e100E 00 2e462E-03 4e103E 00 1e057E-02 3e392E-04 4.000 le507E 00 3.401£-02 1.541E 00 2.528E 00 1e238E-02 
o.oeo 3.925£ 00 2.480E-03 3e928E 00 lel81E-02 3.565E-04 4.500 t.SISE 00 3e901E-02 1eS54E 00 2e851E 00 1e361E-G2 

o.o85 3.770E 00 2.479£-03 3e712E 00 1e311E-02 3e733E-04 5e000 1.S22E 00 4e393E-02 1.566E 00 3el72E 00 1e490E-G2 
o.o9o 3.631E 00 2.499£-03 3e633E 00 1e~E-02 J.899E-Oit s.soo 1.S30E 00 4.894£-02 1eH9E 00 3e419E 00 1.623£-02 
0.095 3.506E 00 2.521£-03 3.508E 00 1eSI6E-02 4e064E-04 6e000 1eS36E 00 s.404E-02 1e590E 00 3.80SE 00 1e759E-02 
0.100 3.393E 00 2.543£-03 3.395E 00 1e731E-02 4e228E-04 6.soo 1eS42E 00 S.923E-02 1e601E 00 4el18E 00 1e896E-02 
0.150 2.666E 00 2.802E-o3 2.669E 00 3e4UE-02 Se819E-G4 7.000 1eS48E 00 6e449E-02 1e612E 00 4e430E 00 2.036E-G2 

0.200 2.298E 00 3.095£-03 2.301E 00 5e445E-02 7.360£-04 1.soo 1eS53E 00 6e982E-02 1.623£ 00 4e739E 00 2el17E-02 
o.2SO 2.077E 00 3.407£-03 2.o8oE 00 7e738E-02 e.871E-04 8.ooo 1e5S8E 00 7.522£-02 1.633E 00 s.o46E 00 2e319E-G2 
0.300 1.932E 00 3.732£-03 1e935E 00 1.024£-01 le036E-03 8.5oo 1.563E 00 8.069£-02 1.643E 00 5.351E 00 2e463E-G2 
0.350 1.830E 00 4.068£-03 1.134E 00 1e219E-01 1el85E-03 9.000 1.567E 00 8e67SE-02 1.654E 00 5e654E 00 2.608E-02 
0.400 1.755£ 00 4.408£-03 1e760E 00 1eS68E-Ol 1.332E-03 9.500 1.571E 00 9e235E-02 1e663E 00 5e956E 00 2e755E-02 

0.450 1.699E 00 4e756E-03 1.704£ 00 le857E-01 1e478E-03 to.ooo 1e575E 00 9.800E-02 1e673E 00 6.255E 00 2.to2e-o2 
o.soo 1.655E 00 5.104E-03 1.660E 00 2el54E-01 1e624E-03 20.000 1e626E 00 2el84E-01 1.844E 00 1e194E 01 5e888E-02 
o.550 1e621E 00 5.453E-03 1e626E 00 2e459E-01 1.768E-03 30.000 1e654E 00 3e464E-01 2e001E 00 1• 714E 01 8e801E-02 
0.600 1.594E 00 5.103£-03 1.599E 00 2.769E-01 1.912E-03 40.000 1.674E 00 4.783E-01 2e152E 00 2e196E 01 1e155E-01 
0.650 1.571E 00 6el55E-03 1e578E 00 3e014E-01 2e054E-03 50.000 1e690E 00 6e129E-01 2e302E 00 2e645E 01 1e414E-01 

0.700 1.553E 00 6.508E-03 1.560E 00 3e402E-01 2.196E-03 60.000 1e702E 00 7e492E-01 2e451E 00 3e066E 01 1eU5E-01 
0.750 1.539E 00 6e863E-03 1e545E 00 3.725E-01 2e337E-03 8o.ooo 1e722E 00 1.026E 00 2. 748E 00 3e836E 01 2e093E-01 
o.eoo 1.526E 00 7.220E-03 1.533E 00 4e049E-01 2e476E-03 100.000 1e737E 00 1e305E 00 3e042E 00 4e521E 01 2e478E-01 
o.e5o 1e516E 00 6.600E-03 1e523E 00 4e377E-01 2e581E-03 200.000 1.715E 00 2.729E 00 4e513E 00 7e208E 01 3e871E-01 
0.900 1e507E 00 6.969£-03 1.514£ 00 4e706E-01 2e616E-03 300.000 1.812E 00 4.172E 00 5.984E 00 9el26E 01 4e 768E-01 

0.950 1.500£ 00 7e370E-03 1.508E 00 5.one-o1 2e794E-03 400.000 1.832E 00 5.623E 00 7.455£ 00 1e062E 02 5e395E-01 
1.ooo 1.494E 00 7e803E-03 1e502E 00 5e369E-01 2e907E-03 soo.ooo 1e847E 00 7e078E 00 8e925E 00 1e184E 02 5e866E-01 
1.100 1e485E 00 e.757E-o3 1e494E 00 6e03?E-01 3e144E-03 600.000 1e860E 00 8.536E 00 1e040E 01 1.288£ 02 6e234E-01 
1.200 1e479E 00 9e821E-03 le489E 00 6.707£-01 3e401E-03 8oo.ooo 1.879E 00 1el46E 01 1.334E 01 1e458E 02 6e780E-01 N 

w 1.300 1e475E 00 1e099E-02 1.486E 00 7e380E-Ol 3.671E-03 1000.000 1e895E 00 1e438E 01 1e628E 01 1e593E 02 7e168E-01 ... 
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N 

ELECTROHS IN CARBOH ELECTRONS IN CARBON w 
N 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATIOH TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM21G G/CM2 MEV MEV CM21G MEV CM2/G MEV CM2/G GtCM2 

o.o1o 2.015E 01 4.089E-03 2.016£ 01 2oll9E-04 1.168£-04 1o400 1.614£ 00 1.177E-02 1.633E 00 7.366£-01 6o075E-03 
o.o15 1.472E 01 4o002E-03 1o472E 01 5.764£-04 1o572E-04 1.5oo 1.613E 00 1.999E-02 1.633E 00 7o978E-01 6o461E-03 
0.020 1.178E 01 3o952E-03 1o171E 01 9.589£-04 1.939£-04 1o600 1.613£ 00 2o121E-02 1.635E 00 8o590E-01 6.145E-03 
o.o25 9.921E 00 3o917E-03 9.925£ 00 1o423E-03 2.282£-04 1.700 1.614E 00 2.241E-02 1.637E 00 9.202E-01 7.227E-03 
0.030 a.634E 00 3.193E-03 8.6)1£ 00 1o965E-03 2.606£-04 1.800 1.615E 00 2.365E-02 1.639E 00 9o812E-01 7o606E-03 

Oo035 7.686E 00 3.872E-03 7.690£ 00 2.510E-o3 2.916£-04 1.900 1.617£ 00 2o491E-02 1.642E 00 1.042£ 00 7o915E-03 
Oo040 6.958£ 00 3.869£-03 6.962£ 00 3.264£-03 So214E-04 2.000 1o619E 00 2.617E-02 1.645E 00 1o103E 00 8.362£-03 
0.045 6.380£ 00 3o873E-03 6o383E 00 4o015£-03 3e502E-04 2o200 1o624E 00 2o874E-02 1.653E 00 1.224E 00 9ell6E-03 
0.050 5.909E 00 3o885E-03 5.913E 00 4e830E-03 So714E-04 2.400 1.629E 00 3.135E-02 1o660E 00 1e345E 00 9e868E-03 
Oo055 5o518E 00 3.901E-03 5.522E 00 5o706E-03 4e060E-04 2o600 1.634E 00 3o400E-02 1o668E 00 1o465E 00 1e062E-02 

0.060 5.188E 00 3o921E-03 5o192E 00 6e640E-03 4e331E-04 2.800 lo640E 00 3.659E-02 1.676E 00 1e585E 00 1.137E-02 
0.065 4.906E 00 3.945E-03 4o910E 00 7e631E-03 4o597E-04 3.000 1o645E 00 3.931E-02 1.684E 00 1e704E 00 1.212E-02 
0.070 4o661E 00 3o971E-03 4.665£ 00 8o676E-03 4ei60E-04 3.500 1.658E 00 4.631E-02 1.704£ 00 1o999E 00 1o399E-02 
o.o75 4.447£ 00 3o999E-03 4o451E 00 9o774E-03 5e119E-04 4.000 1.670£ 00 5.357£-02 1. 724£ 00 2o291E 00 1.588£-02 
o.o8o 4.259£ 00 4o029E-03 4o263E 00 1.092£-02 5o375E-04 4.500 1.612E 00 6.111E-02 1o743E 00 2o579E 00 1o779E-02 

o.o85 4.091£ 00 4o039E-03 4.095£ 00 1.212£-02 5e626E-04 5.000 1o692E 00 6.878E-02 1.761E 00 2o864E 00 1o972E-02 
· Oo090 3.941£ 00 4.073£-03 3.945£ 00 lo336E-02 5oi74E-04 5.500 1.701E 00 7.659E-02 1.778E 00 3o147E 00 2o166E-02 

Oo095 3.807£ 00 4.109£-03 3o811E 00 lo465E-02 6o121E-04 6o000 1. 710E 00 8.454£-02 1.795£ 00 3o427E 00 2o361E-02 
o.too 3o615E 00 4o145E-03 3o619E 00 1e599E-02 6e365E-04 6.500 1. 718E 00 9o260E-02 1.811E 00 3o704E 00 2o557E-02 
0.150 2.900E 00 4.568E-03 2.904£ 00 3.147£-02 lo741E-04 7.000 1o726E 00 1o008E-01 1o826E 00 3o979E 00 2o754E-02 

0.200 2o493E 00 5.042E-03 2.491E 00 5.015£-02 1.105£-03 7.500 1.733E 00 1.091E-01 1o842E 00 4o252E 00 2o952E-02 
0.250 2.254£ 00 5.549£-03 2.260£ 00 7el26£-02 1o331E-03 8.ooo 1.739£ 00 1.174£-01 1.856E 00 4.522£ 00 3o150E-o2 
0.300 2.097£ 00 6o071E-03 2o103E 00 9.425£-02 1o555E-03 8.5oo 1.745E 00 1.259E-01 1.871£ 00 4o791E 00 3o349E-02 
0.350 1.987£ 00 6o627E-03 1o994E 00 leli7E-01 1.777E-03 9.000 1o751E 00 1o351E-01 1.886E 00 5o057E 00 3o549E-02 
0.400 1.907£ 00 7.177E-03 1.914E 00 1o443E-01 1o997£-03 9.500 1.756E 00 1o438E-01 1o900E 00 5.321E 00 3o750E-02 

o.450 1.147E 00 7.7J6E-03 1o855E 00 1o709E-01 2.215£-03 10.000 1.761E 00 1.526E-01 1.914E 00 5o513E 00 3o951E-02 
Oo500 1o80lf 00 8.295E-03 1.109£ 00 1o912E-01 2e431E-03 20.000 1.125E 00 3.388E-01 2o164E 00 1.049£ 01 7o913E-02 
Oo550 1.764£ 00 8.855E-03 1. 773£ 00 2o261E-01 2o646E-03 30.000 1.859£ 00 5o367E-01 2.396£ 00 1o488E 01 1o165E-01 
Oo600 1.735E 00 9o41IE-03 1. 745E 00 2e545E-01 2e858E-03 40.000 1oi82E 00 7.402E-01 2.622E 00 lo887E 01 1o508E-01 
Oo650 1. 712E 00 9.913E-03 1.722£ 00 2ei34E-01 3.069E-03 50.000 1.199E 00 9.475E-01 2.847£ 00 2.252£ 01 1oi23E-01 

0.700 1.693£ 00 1o055E-02 1.704£ 00 3.126£-01 3e271E-03 60.000 1.914£ 00 1ol58E 00 3.071£ 00 2o591E 01 2o111E-01 
Oo750 1.671£ 00 1.112£-02 1.619£ 00 3.421£-01 3.415£-03 8o.ooo 1.936£ 00 1.513£ 00 3.519£ 00 3.198£ 01 2o621E-01 
o.8oo 1.665£ 00 1.169£-02 1.677£ 00 3. 711£-01 3.691£-03 100.000 1.953E 00 2o013E 00 3.966£ 00 3o734E 01 3o056E-01 
o.85o 1o655E 00 1.227£-02 1o667E 00 4e017E-01 3.896£-03 200.000 2o007E 00 4o200E 00 6.206E 00 5o732E 01 4o548E-01 
Oo900 1.646£ 00 1.285£-02 1o659E 00 4o317E-01 4e099E-03 300.000 2.038E 00 6olf'14E 00 lo452£ 00 7.108£ 01 5o438E-01 

Oo950 1o639E 00 1.343£-02 1.653£ 00 4e619E-01 4e301E-03 400.000 2.060£ 00 8o639E 00 1.070£ 01 8e157E 01 6o041E-01 
1o000 1.634£ 00 1.402£-02 1.641£ 00 4o922E-01 4o502E-03 500.000 2.077£ 00 1o087E 01 1o295E 01 9o005E 01 6o482E-01 
1o100 1.625£ 00 1oS19E-02 lo640E 00 5o5JlE-01 4o900E-03 600.000 2o091E 00 1.311E 01 1.520E 01 9o718E 01 6.821£-01 
1.200 1.619£ 00 1.638£-02 1o636E 00 6o141E-Ol 5.295£-03 8oo.ooo 2ol13£ 00 1o758£ 01 1o970E 01 lo087E 02 7 e313E-01 
1.300 lo616E 00 1.757£-02 1.633£ 00 6o7S3E-01 So686E-03 1000.000 2ol30E 00 2.206£ 01 2o419E 01 1o178E 02 7.656£-01 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


ELECTRONS IN NITROGEN ELECTRONS IN NITROGEN 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COl.LI SION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CMZ/G MEV CM21G MEV CM21G G/CMZ MEV MEV CMZ/G MEV CM2/G MEV CM2/G G/CM2 

0.010 lo981E 01 •• 769E-03 1.982E 01 z.~74E-04 1o386E-04 1.400 1.661E 00 2.172E-02 1.68~E 00 7o276E-01 6o941E-O~ 
o.ou 1."9E 01 4o669E-03 lo449E 01 !).868E-04 1o864E-04 1.500 1o664E 00 2o312E-02 1o688E 00 7.869£-01 7o365E-03 
o.ozo 1ol60E 01 4o606E-03 1.161E 01 9o752E-04 2o298E-04 1o600 1.668E 00 2o454E-02 1.693E 00 8o461E-01 7e786E-03 
Oo025 9o780E 00 4o562E-03 9o784E 00 1o446E-03 2o702E-04 1.700 1.673E 00 2o596E-02 1o699E 00 9o0!)1E-01• 8o204E-03 
0.030 8o515E 00 4o530E-03 8o519E 00 1e996E-03 3.084E-04 loi!OO lo678E 00 2.740E-02 1o705E 00 9o638E-Ol 8o619E-03 

0.035 7o583E 00 4o502E-03 7o587E 00 Zo619E-03 3e447E-04 1 0 900 lo683E 00 2o885E-02 1o 712E 00 lo022E 00 9o032E-03 
0.040 6o866E 00 ..... 97£-03 6o870E 00 3.313£-03 3o796E-04 z.ooo lo688E 00 3o030E-02 1.118E 00 lo081E 00 9o442E-03 
Oo045 6o297E 00 4o502E-03 6o301E 00 4o073E-03 4ol35E-04 2.200 lo699E 00 3o325E-02 1o 732E 00 1ol97E 00 1o026E-02 
Oo050 5o834E 00 4e516E-03 5o838E 00 4o899E-03 4o466E-04 2.400 1o110E 00 3o623E-02 1o747E 00 1o312E 00 1o107E-02 
Oo055 5o449E 00 4e535E-03 5o453E 00 5o786E-03 4o789E-G4 2o600 1.722E 00 3o924E-02 1o761E 00 1o426E 00 1o187E-02 

0.060 5.124E 00 4o560E-03 5o128E 00 6o732E-03 5ol07E-04 2.8oo lo733E oo 4 0 207£-02 lo775E 00 1o539E 00 lo267E-02 
0.065 4o845E 00 4o589E-03 4o850E 00 7o735E-03 5o421E-04 3.000 lo744E 00 4o515E-02 lo789E 00 lo651E 00 lo346E-02 
0.070 4o604E 00 4o621E-03 4o609E 00 8o793E-03 5o729E-04 3.500 1.770E 00 5o306E-02 1o823E 00 lo928E 00 lo541E-02 
0.075 4o394E 00 4o656E-03 4o398E 00 9o904E-03 6o035E-04 4.000 1o794E 00 6o127E-02 lo855E 00 2o200E 00 lo737E-02 
o.o8o 4o208E 00 4o693E-03 4o213E 00 1ol07E-02 6o336E-04 4.500 lo816E 00 6o982E-02 lo886E 00 2o467E 00 lo933E-02 

Oo085 4e043E 00 4. 716E-03 4o048E 00 lo228E-02 6o633E-04 5.000 1o837E 00 7.851E-02 1o915E 00 2o730E 00 2ol30E-02 
0.090 3o895E 00 4.757£-03 3.900E 00 1o354E-02 6o927E-04 5.500 lo856E 00 8o735E-02 1o943E 00 2o989E 00 2o327E-02 
o.095 3o762E 00 •.8ooE-o3 3o767E oo 1o484E-02 7o219E-04 6o000 1.874E 00 9.635E-02 1o970E 00 3o245E 00 2o524E-02 
0.100 3o642E 00 4o844E-03 3o647E 00 1o619E-02 7o508E-04 6.500 1o890E 00 1.055E-01 1o996E 00 3o497E 00 2o721E-02 
0.150 2.868E 00 5o344E-03 2o873E 00 3o184E-02 1o032E-03 1.000 lo906E' 00 1o148E-01 2o021E 00 3.746E 00 2o918E-02 

o.zoo 2o475E 00 5o894E-03 2o481E 00 5o068E-02 lo304E-03 7.500 lo921E 00 1.241E-Ol 2o045E 00 3o992E 00 3ol15E-02 
0.250 2o242E 00 6.486E-03 2o248E 00 7.192E-02 1.!)69E-03 8.ooo 1o935E 00 1o336E-01 Z.068E 00 4o235E 00 3o312E-02 
Oo300 2o089E 00 7o104E-03 2o096E 00 9o!)01E-02 1o831E-03 8.500 lo948E 00 1o43~E-01 2o091E 00 4o475E 00 ~.509E-02 
Oo350 1o983E 00 7o747E-03 1o991E 00 1o195E-01 2 o089E-03 9.000 1o960E 00 1o538E-01 2oll4E 00 4o713E 00 3o706E-02 
0.400 1o906E 00 8o390E-03 1o915E 00 1o452E-01 2e345E-03 9.500 1o972E 00 1o636E-01 2.136E 00 4o948E 00 3o904E-02 

Oo450 1o849E 00 9.048£-03 1o858E 00 1o 711E-01 2o599E-03 10.000 lo983E 00 1o736E-01 2.157E 00 5o181E 00 4ol02E-02 
o.soo 1o806E 00 9.701£-03 1.816E 00 1o989E-01 2o849E-03 20.000 2 ol39E 00 3o849E-01 2o523E 00 9o451E 00 7o913E-02 
0.550 1o773E 00 1o035E-02 1o783E 00 2o267E-01 3o097E-03 30.000 2o231E 00 6o094E-Ol 2o840E 00 1o318E 01 1o142E-Ol 
0.600 lo747E 00 lo101E-02 1.758E 00 2o550E-01 3o342E-03 40.000 2o288E 00 8.401E-01 3o128E 00 1o653E 01 lo462E-Ol 
0.650 lo726E 00 1ol66E-02 1o738E 00 2o836E-01 ~.584E-03 50.000 2e330E 00 l.075E 00 3o405E 00 1e960E 01 1oH5E-Ol 

0.700 1.710E 00 1.232£-02 lo722E 00 3o125E-Ol 3o823E-03 60.000 2.361E 00 lo313E 00 3.674E 00 2o242E 01 2o024E-01 
Oo750 1o697E 00 lo297E-02 1. 710E 00 3o416E-01 4o059E-03 eo.ooo 2o408E 00 lo795E 00 4o203E 00 2o751E 01 2o502E-01 
o.8oo 1o687E 00 1.363E-02 1o701E 00 3o709E-01 4o293E-03 100.000 2o440E 00 2o282E 00 4.722E 00 3o199E 01 2o914E-01 
o.aso 1.679E 00 1o424E-02 1.693E 00 4o004E-Ol 4o523E-03 200.000 2.528E 00 4o757E 00 7o285E 00 4o890E 01 4o354E-01 
0.900 1o673E 00 1o490E-02 1o688E 00 4.300E-01 4o751E-03 300.000 2o572E 00 7o262E 00 9o834E 00 6o067E 01 5o235E-01 

0.950 1o668E 00 1.557E-02 le684E 00 4o597E-Ol 4o976E-03 400.000 2o600E 00 9e778E 00 lo238E 01 6o911E 01 5o842E-01 
1.ooo 1o665E 00 1o624E-02 1.681E 00 4o894E-01 5o200E-03 500.000 2o620E 00 1o230E 01 1o492E 01 7o706E 01 6o290E-01 
1.1CO 1.660E 00 1.759E-02 1.678E 00 5e489E-01 5e643E-03 600.000 2o637E 00 1o483E 01 1o747E 01 8o325E 01 6o637E-01 
1o200 1o659E 00 1.895E-02 lo678E 00 6o085E-01 6o080E-03 8oo.ooo 2.661E 00 1.989E 01 2.256E 01 9o330E 01 7o145E-01 ... 

w 
1.300 lo659E 00 2o033E-02 1.680E 00 6o68lE-01 6o513E-03 1000.000 2o680E oo 2o496E 01 2.764E 01 1o013E 02 7o502E-Ol w 
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N 

ELECTRONS IN OXYGEN ELECTRONS 
w 

IN OXYGEN ... 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POVER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLIS ION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

Oo010 1o964E 01 5o460E-03 1o964E 01 2o904E-04 1o591E-04 1.400 1o655E 00 2o414E-02 1o679E 00 7o301E-01 7o968E-03 
0.015 1o437E 01 5o348E-03 1o43TE 01 5o923E-04 2ol52E-04 lo500 lo658E 00 2o629E-02 lo684E 00 7o895E•01 8o448E-03 
Oo020 1ol52E 01 5o2T4E-03 1o152E 01 9o83TE-04 2o652E-04 lo600 1o662E 00 2o186E-02 1o690E 00 8o488E-01 8o923E-03 
0.025 9o108E 00 5o221E-03 9o113E 00 1o458E-03 3o1l8E-04 1.700 1o666E 00 2o931E-02 1o696E 00 9oOT9E-01 9o392E-03 
Oo030 8o454E 00 5ol83E-03 8o459E 00 2o012E-03 3o558E-04 1.800 1o611E 00 3.096E-02 1.T02E 00 9o668E-01 9o857E-03 

0.035 To530E 00 5o145E-03 To535E 00 2o639E-03 3o9TSE-04 1o900 1o6T6E 00 3.256E-02 1o109E 00 1o025E 00 lo032E-02 
Oo040 6o819E oo 5o139E-03 6o825E 00 3o338E-03 4o315E-04 2.000 lo682E 00 3o411E-(12 lo116E 00 lo084E 00 1oOT8E-02 
0.045 6o255E 00 5ol46E-03 6o260E 00 4o104E-03 4oT64E-04 2.200 1o693E 00 3oT44E-02 1.130E 00 1o200E 00 1o169E-02 
o.oso 5.795E 00 5o163E-03 5.801E 00 4o934E-03 5ol44E-04 2o400 1o704E 00 4o076E-02 1o745E 00 1o315E 00 lo259E-02 
0.055 5o414E 00 5ol88E-03 5.419E 00 5o827E-03 5o516E-04 2o600 1.115E 00 4o412E-02 1o760E 00 1o429E 00 1o348E-02 

Oo060 5o091E 00 5o218E-03 S.096E 00 6o779E-03 5o882E-04 2.aoo 1o72TE 00 4o739E-02 1o174E 00 1o542E 00 1o437E-D2 
Oo065 4o815E 00 5.253E-03 4o820E 00 7.T88E-03 6o243E-04 3o000 1o738E 00 5o085E-02 1o788E 00 1o655E 00 1o525E-02 
Oo070 4o576E 00 5o291E-03 4o581E 00 8o853E-03 6o598E-04 3o500 1o 764E 00 5o972E-02 1o823E 00 1o931E 00 1o744E-02 
Oo075 4o367E 00 5o333E-03 4.372E 00 9o970E-03 6o950E-04 4o000 1o188E 00 6o890E-02 1o857E 00 2o203E 00 1o963E-02 
o.oeo 4o182E 00 5o377E-03 4o188E 00 1o114E-02 To298E-04 4o500 1.810E 00 7 0 844E-02 lo 81WiE 00 2o470E 00 2o181E-02 

0.085 4o019E 00 5o414E-03 4.024E 00 1o236E-02 To642E-04 5o000 1o831E 00 8 0 814E-02 1o919E 00 2o733E 00 2o401E-02 
Oo090 3o872E 00 5o463E-03 3o877E 00 1o362E-02 7o982E-04 5.500 1o850E 00 9o803E-02 1o948E 00 2o991E 00 2o620E-02 
Oo095 3oT40E 00 5o514E-03 3o145E 00 1o494E-02 8o320E-04 6o000 lo868E 00 1o081E-01 1o916E 00 3o246E 00 2o839E-02 
0.100 3o621E 00 s.566E-o3 3.626E 00 1o629E-02 8o656E-04 6.500 1o884E 00 1o183E-01 2o003E 00 3o498E 00 3o058E-02 
0.150 2o852E 00 6o144E-03 2o858E 00 3o203E-02 1o192E-03 7.000 1o900E 00 1o286E-01 2o029E 00 3oT46E 00 3o277E-02 

o.zoo 2o462E 00 6o765E-03 2o469E 00 5o09TE-02 1o505E-03 7o500 1o915E 00 1o391E-01 2.054E 00 3o991E 00 3o496E-02 
0.250 2.230E 00 To443E-03 2.237E 00 7o231E-02 lo811E-03 a.ooo 1o929E 00 1o498E-01 2.078E 00 4o233E 00 3o714E-02 
0.300 2.078E 00 8o152E-03 2o086E 00 9.550E-02 2o112E-03 1.500 1o942E 00 1o605E-01 2o102E 00 4o472E 00 3.932E-02 
Oo350 1o973E 00 8o893E-03 1o982E 00 1o201E-01 2o410E-03 9o000 1o954E 00 1o124E-01 2o127E 00 4o708E 00 4o151E-02 
Oo400 1.897£ 00 9o629E-03 1o907E 00 1o459E-01 2o705E-03 9.500 1o966E 00 1o834E-01 2o149E 00 4o942E 00 4o370E-02 

0.450 1o841E 00 lo038E-02 1o851E 00 1o725E-01 2o997E-03 10.000 1o97TE 00 1o945E-01 2.172E 00 5ol74E 00 4o589E-02 
0.500 1o798E 00 1.112E-02 lo809E 00 1.998E-01 3o285E-03 20.000 2ol33E 00 4 0 308E-01 2o564E 00 9o395E 00 8o781E-02 
0.550 1oT64E 00 1o187E-02 1.776E 00 2o271E-01 3o569E-03 30.000 2o225E 00 6o817E-01 2.907E 00 lo305E 01 1o260E-01 
0.600 1o739E 00 1o261E-02 1o751E 00 2o561E-01 3o850E-03 40.000 2o288E 00 9.395E-01 3o227E 00 1o631E 01 1o603E-01 
Oo650 1o718E 00 1o335E-02 lo132E 00 2o848E-01 4o128E-03 50.000 2o324E 00 1o20~E' 00 3.526E 00 1o928E 01 1o916E-01 

0.100 1o702E 00 1o410E-02 1. 716E 00 3ol38E-01 4o402E-03 60.000 2o352E 00 lo468E 00 3o820E 00 2o200E 01 2o201E-01 
0.750 1o690E 00 1o485E-02 1.704E 00 3o431E-01 4o672E-03 ao.ooo 2o394E 00 2o005E 00 4o400f 00 2o68TE 01 2o705E-01 
o.eoo 1o680E 00 1o559E-02 1.695E 00 3o725E-Ol 4o940E-03 100o000 2o425E 00 2o549E 00 4o974E' 00 3oll5E 01 3o134E-Ol 
o.a5o 1.672E 00 1o634E-02 1o688E 00 4.020E-01 5o205E-03 zoo.ooo 2 o5l2E 00 5o311E 00 7o823E 00 4o703E 01 4o604E-01 
0.900 1o666E 00 1.709E-02 1o683E 00 4o317E-01 5o467E-03 300.000 2o557E 00 8o105E 00 lo066E 01 5o794E 01 5o481E-01 

0.950 1o661E 00 1o785E-02 la679E 00 4o615E-Ol 5o126E-03 400.000 2o581E 00 1o091E 01 1o350E 01 6o626E 01 6o07~E-01 
1o000 lo658E 00 1.860E-02 1.676E 00 4o913E-01 5o983E-03 500.000 2.609E 00 1o312E 01 1o633E 01 7a298E 01 6.511E-Ol 
1ol00 lo653E 00 2.012E-02 1o674E 00 5o!HOE-Ol 6o490E-03 600.000 2o626E 00 1o654E 01 1.917E 01 7o863E 01 6o846E-O 1 
1o200 1o652E 00 2a165E-02 1o674E 00 6o107E-Ol 6o990E-03 aoo.ooo 2.652E 00 2o219E 01 2o484E 01 8o777E 01 7o333E-Ol 
1.300 lo6S3E 00 2.319£-02 1.676£ 00 6eT05E-Ol To482E-03 1000o000 2.672£ 00 2o784E 01 3o051E 01 9o502E 01 7o673E-01 
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ELECTRONS IN NEON ELECTRONS IN NEON 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISIOH RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV Cllt2/G G/CM2 lltEV MEV CM2/G MEV CM21G MEV CM21G G/CM2 

Oo010 1o791E 01 6.784£-03 1o792E 01 3o226E-04 2ol90E-04 1o400 1o576E 00 3o026E-02 1o607E 00 7o679E-01 1o028E-02 
Oo015 1o319E 01 6.661£-03 1o320E 01 6.523£-04 2o936E-04 1.500 1o580E 00 3o213E-02 1o612E 00 8o301E-01 1o089E-02 
Oo020 1o061E 01 6o571E-03 1o062E 01 1o078E-03 3o608E-G4 1o600 1o584E 00 3o400E-02 1o618E 00 8o920E-01 1o149E-02 
Oo02S 8o974E 00 6o506E-03 8o981E 00 1o592E-03 4o231E-04 1o700 1o589E 00 3o579E-02 1o625E 00 9o536E-01 1o208E-02 
0.030 7o832E 00 6o457E-03 7.838E 00 2ol90E-03 4o817E-04 1.800 1o594E 00 3.769£-02 lo632E 00 1o0UE 00 1o266E-02 

Oo03S 6o988E 00 6o408E-03 6o994E 00 2o866E-03 So372E-04 1.900 1o599E 00 3o960E-02 lo639E 00 lo076E 00 1o324E-02 
Oo040 6o337E 00 6o400E-03 6o344E 00 3o618E-03 So904E-04 2.000 1o60SE 00 4ol53E-02 1o647E 00 1ol37E 00 1o381E-02 
Oo04S 5o820E 00 6o409E-03 So826E 00 4o442E-03 6o419E-04 2.200 1o616E 00 4o544E-02 lo662E 00 1o258E 00 1o494E-02 
o.050 5.39TE oo 6o430E-03 5o404E 00 5o334E-03 6o923E-04 2.400 1o628E 00 4o940E-02 lo671E 00 1o378E 00 1o607E-02 
o.oss So046E 00 6o461E-03 5o053E 00 6o291E-03 7o41SE-04 2o600 lo639E 00 5o343E-02 1o693E 00 1olt96E 00 1o718E-02 

Oo060 4o749E 00 6olt99E-03 4.756E 00 7.312£-03 7o900E-04 2.8oo 1o651E 00 s.726E-02 1o708E 00 1o614E 00 1o828E-02 
0.065 4o49SE 00 6o542E-03 4o502E 00 8o393E-03 8o377E-04 3.000 lo662E 00 6ol39E-02 lo723E 00 1o731E 00 1o936E-02 
OoOTO 4o27SE 00 6o590E-03 4o281E 00 9o533E-03 8o847E-04 3o500 1o688E 00 7o203E-02 1o760E 00 2o018E 00 2o207E-02 
Oo075 4o082E 00 6o643E-03 4o088E 00 lo073E-02 9o312E-04 4o000 1o712E 00 8o308E-02 1o 795E 00 2o299E 00 2o416E-02 
o.o8o 3o911E 00 6o698E-03 3o918E 00 1ol98E-02 9o712E-04 4oSOO 1o734E 00 9o.W.4E-02 1.829E 00 2oS75E 00 2o745E-02 

o.o8s 3o760E 00 6o753E-03 3o767E 00 1o328E-02 lo023E-03 s.ooo 1o7SSE 00 lo064E-Ol lo861E 00 2o846E 00 3o015E-02 
Oo090 3o624E 00 6o814E-03 3o631E 00 1o463E-02 1o068E-03 s.soo lo774E 00 1o183E-01 1o892E 00 3oll2E tJO 3o285E-02 
Oo095 3o502E 00 6o876E-03 3.S09E 00 1o603E-02 1oll3E-03 6.000 lo792E 00 1o304E-01 1o922E 00 3o375E 00 3o554E-02 
o.1oo 3.392E 00 6o941E-03 3o399E 00 1o Tlt8E-02 1o157E-03 6o500 1o808E 00 1o427E-01 1o9SlE 00 3o633E 00 3o823E-02 
o.uo 2o680E 00 7.653E-03 2.688E 00 3o424E-02 1o587E-03 7.ooo 1o824E 00 1.5S2E-01 1.979E 00 3o887E 00 lto092E-02 

Oo200 2.318E 00 8o409E-03 2o327E 00 5o436E-02 1o999E-03 7.500 1o838E 00 1o678E-01 2o006E 00 4ol38E 00 4o359E-02 
Oo250 2o103E 00 9.238£-03 2oll2E oo 7o699E-02 2o398E-03 8.ooo 1o852E 00 1o806E-01 2o033E 00 4o386E 00 4o626E-02 
Oo300 1o962E 00 1o010E-02 1o972E 00 1o015E-01 2.790£-03 8o500 1oS65E 00 1o935E-01 2o059E 00 4o630E 00 4.892£-02 
Oo350 1.864E 00 1o102E-02 1o875E 00 1o276E-01 3ol77E-03 9o000 lo871E 00 2.074E-01 2o085E 00 4o871E 00 5o157E-02 
0.400 1. 794E 00 1ol91E-02 1o806E 00 1o 5tt8E-01 3o560E-03 9o500 lo819E 00 2o206E-01 ZollOE 00 5ollOE 00 5o423E-02 

0.450 1o742E 00 lo211E-02 1o75SE 00 1oi29E-01 3o936E-03 10.000 1o900E 00 2o339E-01 2ol34E 00 5o~SE 00 5o687E-02 
0.500 1o702E 00 1o371E-02 1. 716E 00 2oll7E-01 4o307E-03 20.000 2o055E 00 5o167E-01 2.571E 00 9o597E 00 lo068E-01 
o.sso 1o672E 00 1o461E-02 1o686E 00 2o411E-Ol 4o673E-03 30o000 2ollt6E 00 8ol67E-01 2o963E 00 1o321E 01 1o510E-01 
Oo600 lo648E 00 1o551E-02 1o664E 00 2o 710E-Ol 5o033E-03 40.000 2o211E 00 1ol25E 00 3o336E 00 lo639E 01 1o901E-01 
0.650 1o630E 00 1o641E-02 1o646E 00 3o012E-01 So387E-03 50o000 2.262E 00 1o439E 00 3o701E 00 1o924E 01 2o248E-01 

0.700 lo61SE 00 1.732E-02 1o633E 00 3o317E-01 s. 738£-03 60.000 2o304E 00 1o756E 00 4o060E 00 2o182E 01 2o559E-01 
Oo750 1o604E 00 1o822E-02 1o622E 00 3o624E-01 6o083E-03 8o.ooo 2o364E 00 2o399E 00 4o762E 00 2o636E 01 3o093E-01 
o.8oo 1.595£ 00 1.914£-02 1o614E 00 3o933E-01 6o425E-03 100.000 2o401E 00 3o047E 00 5o41t8E 00 3o028E 01 3.540£-01 
o.850 1o588E 00 2o011E-02 1o608E 00 4o244E-01 6o764E-03 200.000 2o504E 00 6o341E 00 8o845E 00 4o454E 01 5o019E-01 
0.900 1.583£ 00 2o102E-02 1o604E 00 tto555E-o1 To100E-03 300.000 2.5S5E 00 9.672E 00 1o223E 01 5o411E 01 5o872E-01 

o.9So 1o579E 00 2ol94f-02 1o601E 00 4o867E-01 7o432E-03 400.000 2o588E 00 1o302E 01 1o560E 01 6ol33E 01 6o439E-01 
1.000 1.576E 00 2o286E-02 1.S99E 00 5ol79E-01 7o760E-03 soo.ooo 2o612E 00 1o637E 01 1o898E 01 6o 714E 01 6o850E-01 
1ol00 1o573E 00 2o4TOE-02 1o598E 00 5o80S£-01 8o408E-03 600.000 2o631E 00 1o973E 01 2o236E 01 Tol98E 01 7o163E-Ol 
1.200 1o572E 00 2o655E-02 1o599E 00 6o431E-Ol 9o043E-03 aoo.ooo 2o658E 00 2o645E 01 2o911E 01 7o980E 01 7o614E-01 N 

1.300 1.574E 00 2o81tOE-02 1o602E 00 7o056E-01 9o668E-03 1000.000 2o679E 00 3.318E 01 3o586E 01 8o598E 01 7o926E-01 w 
Cll 
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N 
Co> 

ELECTRONS IN MAGNESIUM ELECTRONS IN MAGNESIUM "' 
ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 

COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 1.714E 01 8ol25E-03 1o715E 01 3o395E-04 2o744E-04 1.400 1.518E 00 3.634E-02 1o555E 00 7o899E-01 1o282E-02 
o.o15 1o267E 01 8.oo1E-03 1o268E 01 6o833E-04 3o676E-04 1o500 1o520E 00 3.851E-02 lo558E 00 8o542E-01 lo357E-02 
o.ozo loOZlE 01 7o895E-03 lo022E Ol lo126E-03 4o514E-04 lo600 1.522E 00 4o068E-02 1.562E 00 9o183E-01 1o431E-02 
Oo025 8o646E 00 7o831E-03 8o654E 00 1o660E-03 5o290E-04 1. 700 1o524E 00 4.272E-02 1o567E 00 9o822E-01 1o503E-02 
Oo030 7o554E 00 7o788E-03 7o562E 00 2o280E-03 6o022E-D4 1.800 1o527E 00 4o491E-02 1o572E 00 1o046E 00 1o575E-02 

Oo035 6o746E oo 7.747E-03 6.753E 00 2o981E-03 6o 717E-04 1.900 1o530E 00 4o713E-02 1.577E 00 1o109E 00 1o646E-02 
0.040 6o122E 00 7.752£-03 6ol30E 00 3o759E-03 7o385E-04 2o000 1o534E 00 4o937E-02 1o583E 00 1o173E 00 1o 716E-02 
Oo0<115 5o625E 00 7o777E-03 5.633E 00 4o611E-03 8o034E-04 2.200 1o540E 00 5o390E-02 1o594E 00 1o299E 00 lo856E-02 
Oo050 5o220E 00 lo815E-03 5o227E 00 5o533E-03 8o668E-04 2.400 1o547E 00 5o851E-02 1o606E 00 1o424E 00 lo994E-02 
0.055 <llo882E 00 7o863E-03 4o890E 00 6o523E-03 9o291E-04 2.600 1.555E 00 6o318E-02 1.618E 00 1.548E 00 2o131E-02 

0.060 4o597E 00 7o918E-03 4o605E 00 7o577E-03 9o903E-04 2.aoo 1.562E 00 6.764E-02 lo629E 00 lo671E 00 2o267E-02 
Oo065 4o352E 00 7o980E-03 4o360E 00 8o694E-03 lo051E-03 3o000 lo568E 00 7o243E-02 lo641E 00 1o793E 00 2o401E-02 
0.070 4o140E 00 8o047E-03 4ol48E 00 9o870E-03 lollOE-03 3.500 lo'>85E 00 8o481E-02 lo669E 00 2o095E 00 Zo736E-02 
0.075 3o954E 00 8oll7E-03 3o962E 00 1ollOE-02 lol69E-03 4o000 1o599E 00 9o769E-02 1o697E 00 2o392E 00 3o071E-02 
o.oao 3o790E 00 8.192E-03 3o799E 00 1o239E-02 lo228E-03 4.500 lo613E 00 1oll2E-01 1o724E 00 2o685E 00 3o408E-02 

o.o85 3o645E 00 8.217E-03 3.653E 00 lo374E-02 lo285E-03 5.000 1.625E 00 1o249E-01 1.750E 00 2o972E 00 3o746E-02 
Oo090 3.514£ 00 8o356E-03 3o522E 00 lo513E-02 lo343E-03 5o500 1o636E 00 lo3ti8E-Ol lo775E 00 3o256E 00 4o085E-02 
0.095 3o396E 00 8o437E-03 3o405E 00 lo657E-02 lo400E-03 6.000 lo646E 00 lo529E-01 lo799E 00 3o536E 00 4o425E-02 
OolOO 3o290E 00 8o520E-03 3o298E 00 1o807E-02 lo<1156E-03 6.500 1.656E 00 lo672E-01 1.823E 00 3.812E 00 4o764E-02 
0.150 2.603E 00 9o405E-03 2o612E 00 3o532E-02 2o003E-03 7.000 1o665E 00 1o818E-01 1o846E 00 4o084E 00 So103E-02 

0.200 2.254E 00 1o031E-02 2o264E 00 5o600E-02 2o523E-03 7.5oo 1.673E 00 1o965E-Ol 1.869E 00 4o354E 00 So442E-02 
0.250 2o046E 00 1ol32E-02 2.057£ 00 7o925E-02 3o024E-03 e.ooo 1.680E 00 2oll4E-01 lo891E 00 4o620E 00 5o779E-02 
Oo300 1o910E 00 1.237E-02 1o922E 00 1oO"E-01 3oS15E-03 a.soo 1.687E 00 2o264E-01 1.914E 00 4o882E 00 6oll6E-02 
Oo350 1.809E 00 1o348E-02 1o822E 00 1o312E-01 4o003E-03 9.000 1o694E 00 2o426E-01 1o936E 00 5o142E 00 6o453E-02 
Oo400 lo742E 00 1o457E-02 1.757E 00 1o592E-01 4o484E-03 9.500 lolOOE 00 z.5aoE-o1 1o958E 00 5o399E 00 6o789E-02 

0.450 lo693E 00 1.567E-02 1o709E 00 lo881E-01 4o955E-03 }0.000 lo706E 00 2o734E-01 1.979E 00 5o653E 00 lo125E-02 
0.500 1.655E 00 1o675E-02 1.672E 00 2.177E-Ol 5o420E-03 zo.ooo 1o781E 00 6o029E-01 2o383E 00 1o025E 01 1o344E-01 
0.550 1o626E 00 1o784E-02 1.643E 00 2o479E-01 5.876E-03 30.000 1o820E 00 9o52<11E-01 Zo713E 00 1o413E 01 lo896E-01 
Oo600 1o602E 00 1.192£-02 1.621£ 00 2o785E-01 6o325E-03 40.000 1o847E 00 1.311E 00 3o158E 00 1o751E 01 2o374E-01 
Oo650 1.584£ 00 2.oooe-oz 1o604E 00 3o095E-01 6o767E-03 50.000 1.867£ 00 1o676E 00 3o543E 00 2o050E 01 2o789E-01 

0.700 1o569E 00 Zol08E-02 lo591E 00 3o408E-01 lo202E-03 60.000 loU3E 00 2o046E 00 3.928£ 00 Zo318E 01 3o154E-01 
o.no 1o558E 00 2o217E-02 lo580E 00 3o724E-01 7o632E-03 ao.ooo lo907E 00 2.793E 00 4o700E 00 2o782E 01 3o764E-01 
o.aoo 1o5o~J8E 00 2o325E-02 1.572E 00 4o041E-01 8o055E-03 100.000 1o925E 00 3o546E 00 5.471£ 00 3o117E 01 4o256E-01 
o.aso 1o5•HE 00 2."oE-o2 1o565E 00 4o360E-01 8o476E-03 zoo.ooo 1o980E 00 7.374E 00 9.353E 00 4o558E 01 5,779E-Ol 
Oo900 1o535E 00 2o549E-02 lo560E 00 4o680E-01 lo892E-03 300.000 ZoOllE 00 1.124E 01 1.325E 01 5o452E 01 6,591E-01 

Oo950 1o530E 00 2o657E-02 lo557E 00 5o001E-01 9o303E-03 400.000 2o033E 00 1o512E 01 lo 716E 01 6oll3E 01 7o109E-01 
loOOO 1o526E 00 2.766E-02 1o554E 00 5o322E-Ol 9, 7lOE-03 500.000 z.osoE 00 1o902E 01 2o107E 01 6o638E 01 7o473E-01 
lo100 1.521E 00 2o982E-02 loS'>1E 00 5o966E-01 1oOS1E-02 600.000 2o063E 00 2.292E 01 Zo498E 01 7o074E 01 7o745E-01 
1,200 1.519E 00 3o199E-02 1.551£ 00 6o611E-01 lo129E-02 aoo.ooo 2o085E 00 3o072E 01 3o281E 01 7o710E 01 8ol28E-01 
1o300 lo518E 00 3,416E-02 lo552E 00 7,256E-01 1o207E-02 1000.000 2o102E 00 3o853E 01 4o063E 01 8o317E 01 8o388E-01 
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ELECTRONS IN ALUMINUM ELECTRONS IN ALUMINUM 

ENERGY STOPPING POVER RANGE RAOIATIOII ENERGY STOPPING POWER RANGE RADIATION 
COl.L IS I ON RADIATION TOTAL YIELD COl.L IS I ON RADIATION TOTAL YIELD 

MEY MEY CM2/G MEY CM2/G MEV CM2/G G/CM2 MEY MEV CM2/6 MEY CM2/G MEV CM2/G G/CM2 

Oo010 lo657E 01 8o600E-03 1.658E 01 3o519E-Olt 3o002E-Olt loltOO 1o-.3E 00 3o8lt3E-02 1o502E 00 8ol60E-01 1olt07E-02 
o.ou 1o225E 01 8olt82E-03 1o226E 01 "7o074E-04 4e025E-04 lo500 1o464E 00 •.onE-02 1e505E 00 8o825E-01 1o488E-02 
0.020 9o885E 00 8.313E-03 9o893E 00 1ol65E-03 lto94ltE-04 1.600 1.-.6E 00 1to298E-02 1o509E 00 9olt89E-01 1o569E-02 
o.o25 8.372E 00 8o313E-03 8o380E 00 1o716E-03 5o795E-04 1.100 1o-.8E 00 lto509E-02 1o513E 00 1o015E •00 1o6lt8E-02 
0.030 7.316E 00 8.276E-03 1e325E 00 2e356E-03 6e598E-04 1.800 1e470E 00 4o738E-02 1e518E 00 loOBlE 00 1o726E-02 

Oo035 6o535E 00 8o241E-03 6e543E 00 3e080E-03 7o362E-04 1.900 1.473E 00 •• 970E-02 1.523E 00 1o1lt7E 00 1o803E-02 
0.040 5o932E 00 8.252E-03 5e940E 00 3o883E-03 8o098E-04 2.ooo 1o476E 00 5.204E-02 1.528E 00 1o212E 00 1o819E-02 
Oo045 5.<~~51E 00 8.285E-03 5o459E 00 4o762E-03 8o813E-04 2.200 1elt82E 00 5.677E-02 lo539E 00 1o 343E 00 2o031E-02 
Oe050 5o059E 00 8o329E-03 5o067E 00 5o 714E-03 9o512E-04 2o400 1olt89! 00 6o158E-02 1o550E 00 1o472E 00 2o181E-02 
Oo055 4e733E 00 8o384E-03 4o741E 00 6e735E-03 1o020E-03 2.600 1o495E 00 6o647E-02 1o562E 00 le601E 00 2e330E-02 

0.060 4o456E 00 8o446E-03 4.465! 00 7o822E-03 lo087E-03 2.800 1o502E 00 7.111E-02 1o573E 00 lo728E 00 2o417E-02 
0.065 4o220E 00 8.515E-o3 4o228E 00 8e974E-03 1o154E-03 3.000 1o508E 00 7e612E-02 1. 584E 00 1o855E 00 2o623E-02 
Oo010 •• 014E 00 8.588E-03 4o023E 00 1o019E-02 1o220E-03 3e500 1.523E 00 8.907E-02 lo612f 00 2o168E 00 2o986E-02 
o.o75 3o834E 00 8o666E-03 3e843E 00 1e146E-02 1.285E-03 4.000 lo537E 00 1o025E-01 1o639E 00 2o476E 00 3o349E-02 
o.o8o 3o676E 00 8.746E-o3 3o684E 00 1e279E-02 1o349E-03 4.500 1o549E 00 1o167E-01 1o666E 00 2o778E 00 3. 713E-02 

o.o85 3.534E 00 8o843E-03 3.543E 00 1e417E-02 1e413E-03 s.ooo lo561E 00 1o310E-01 1.692E 00 3o076E 00 4o079E-02 
Oo090 3o408E 00 8o928E-03 3o417E 00 1o561E-02 1e476E-03 5.500 1o571E 00 1.456E-01 1. 717E 00 3o369E 00 4o446E-02 
0.095 3o294E 00 9o016E-03 3o303E 00 1o 710E-02 1e539E-03 6o000 1o581E 00 1o604E-01 lo741E 00 3o658E 00 •• 813E-02 
Oo100 3o191E 00 9o105E-03 3o200E 00 1o864E-02 1o602E-03 6o500 1o590E 00 1.755E-01 1o765E 00 3o944E 00 5el19E-02 
o.uo 2o526E 00 1o005E-02 2o536E 00 3o641E-02 2o204E-03 1o000 1.5cJIE 00 1o907E-01 1.789E 00 4o225E 00 5o545E-02 

Oo200 2.188E 00 1olOOE-02 2o199E 00 5o712E-02 2o775E-03 7.500 1o606E 00 2o061E-01 1o812E 00 4o503E 00 5o910E-02 
0.250 1.986E 00 1.206E-02 1o998E 00 8o165E-02 3o32•E-03 8.ooo 1o613E 00 2 .217E-01 1. 835E 00 ••777E 00 6o273E-02 
0.300 1o848E 00 1o317E-02 1o861E 00 1o077E-01 3o864E-03 8.500 1o620E 00 2o375E-01 1.857E 00 5o048E 00 6o636E-02 
0.350 1.757E 00 1.434E-02 1. 771E 00 1e353E-01 •• 397E-03 9.000 1.626E 00 2o545E-01 1.880E 00 5o315E 00 6o998E-02 
0.400 1o691E 00 1o549E-02 1o706E 00 1o640E-01 4o921E-03 9o500 lo632E 00 2.706E-01 1.902E 00 5o580E 00 7o360E-02 

0.450 1.641E 00 1.666E-02 1.658E 00 1.938E-Ol 5e437E-03 10.000 1.637E 00 2.869E-01 1o92"E 00 5o841E 00 7o721E-02 
o.soo 1o603E 00 1.782E-02 1o621E 00 2o243E-01 5.9.6E-03 20.000 1.709E 00 6o317E-01 2.341E 00 1o054E 01 lo.445E-01 
0.550 1.574E 00 1.897E-02 1o593E 00 2o554E-01 6o446E-03 30.000 1o 747E 00 9o913E-01 2o745E 00 1o448E 01 2e026E-01 
0.600 1.551E 00 2oOllE-02 1.571E 00 2o871E-Ol 6.939E-03 40.000 1. 773E 00 1o373E 00 3o146E 00 lo788E 01 2,o522E-01 
0.650 1o532E 00 2o126E-02 1o553E 00 3o191E-01 7o424E-03 50.000 1.792E 00 1.755E 00 3o547E 00 2o087E 01 2o951E-01 

0.700 1o517E 00 2o240E-02 1o540E 00 3o514E-01 7 o902E-03 60.000 1o808E 00 2o141E 00 3o949E 00 2o355E 01 3o325E-01 
0.750 1o505E 00 2o354E-02 1o529E 00 3o840E-01 8o374E-03 8o.ooo 1.831E 00 2o923E 00 4 0 754E 00 2o816E 01 3o945E-01 
o.8oo 1o496E 00 2o469E-02 1o521E 00 4o168E-01 8o839E-03 100.000 1.M9E 00 3.710E 00 5o559E 00 3o204E 01 4o441E-01 
0.850 1olt88E 00 2o590E-02 1.514E 00 4o498E-01 9o301E-03 200.000 1o902E 00 7 • 712E 00 9o614E 00 4o555E 01 5o953E-01 
0.900 1o<II82E 00 2o704E-02 1.509E 00 4o828E-01 9o757E-03 300.000 1.933E 00 1.176E 01 lo369E 01 5o423E 01 6o'747E-01 

0.950 1o477E 00 2o819E-02 1o505E 00 5o160E-01 1o021E-02 400.000 1.954E 00 1.581E 01 1.777E 01 6.062E 01 7.250E-01 
1.000 1o473E 00 2o933E-02 1o502E 00 5o493E-01 1o065E-02 soo.ooo 1.911E 00 1o988E 01 2 ol85E 01 6o569E 01 7o601E-01 
1.100 1.-.8E 00 3o161E-02 1o499E 00 6o159E-Ol 1.153E-02 600.000 lo984E 00 2o396E 01 2o59ltE Ol 6o988E 01 7o863E-01 
1.200 1.-.5E 00 3.388E-02 lo498E 00 6o826E-01 1.239E-02 aoo.ooo 2.005E 00 3.212E 01 3o412E 01 7o658E 01 8o230E-01 N 

c.o 
1o300 lo<1163E 00 3o616E-02 1o499E 00 7o493E-01 lo324E-02 1000.000 2.022E 00 4o028E 01 loo230E 01 8o184E 01 8.478E-Ol ~ 
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w 
ELECTRONS IN ARGON 

w 
ELECTRONS IN ARGON CD 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 1e457E 01 1.112E-02 1.458E 01 •·o5oE-04 4.425E-04 1.400 1.363E 00 4.977E-02 1.413E 00 a.840E-01 1.988E-02 
0.015 1.084E 01 1.104E-02 1.085E 01 a.o7aE-o4 5.924E-o4 1.500 1. 367E 00 5.262E-02 1.420E 00 9.546E-01 2.o97E-o2 
0.020 a.770E 00 1.091E-02 a.781E 00 1.324E-03 7.273E-04 1.600 1.371E 00 5.547E-02 1.427E 00 1.025E 00 2.203E-02 
0.025 7.445E 00 1.090E-02 7.456E 00 1.944E-03 8e524E-04 1.700 1.376E 00 5.aoaE-o2 1.434E 00 1.095E 00 2.306E-02 
0.030 6.517E 00 1.093E-02 6.528E 00 2.663E-03 9.718E-04 1.aoo 1.381E 00 6.094E-02 1.442E 00 1.164E 00 2.408E-02 

o.o35 5.829E 00 1.100E-o2 5.840E 00 3.474E-03 1e087E-03 1.900 1.M6E 00 6.384E-02 1.450E 00 1e233E 00 z.508E-o2 
o.o4o s.297E 00 1.107E-02 5e308E 00 4e374E-03 1e199E-03 2.000 1e392E 00 6.676E-02 1e458E 00 1e302E 00 2e608E-02 
o.o4S 4e872E 00 1.116E-02 4.884E 00 5e357E-03 1.309E-03 2.200 1.402E 00 7e267E-02 1.475E 00 1.439E 00 2e803E-02 
o.o5o 4.525E 00 1.125E-02 4.S37E 00 6e420E-03 1.416E-03 2.400 1e413E 00 7e867E-02 1.492E 00 1oS73E 00 2o994E-02 
o.o55 4.236E 00 1el35E-02 4.248E 00 7o560E-03 1o522E-03 2.600 1e424E 00 8.476E-02 1.509E 00 1.707E 00 3.183E-02 

0.060 3.992E 00 1.145E-02 4o003E 00 a.773E-03 1o626E-03 2.800 1e434E 00 9o054E-02 1.525E 00 1o838E 00 3o369E-02 
o.o6s 3e782E 00 1.156E-02 3.793E 00 1e006E-02 1e728E-03 3.000 1.445E 00 9.679E-02 1.541E 00 1.969E 00 3o551E-02 
0.070 3e599E 00 1.167E-02 3o611E 00 1e141E-02 1.829E-03 3.500 1.469E 00 1.129E-01 1.S82E 00 2e289E 00 4e002E-02 
o.o75 3.440E 00 1.178E-02 3.451E 00 le283E-02 1e928E-03 •• ooo 1e491E 00 1e297E-01 1.621E 00 2o601E 00 4o448E-02 
o.oao 3e299E 00 1e189E-02 3o311E 00 1.431E-02 2o027E-03 4o500 1.511E 00 1.472E-Ol 1e659E 00 2o906E 00 4o891E-02 

o.oa5 3.173E 00 1.199E-02 3e18SE 00 1e58SE-02 2o124E-03 s.ooo 1o530E 00 1.6SOE-01 1o695E 00 3.20SE 00 So332E-02 
o.o9o 3.061E 00 l.ZllE-02 3.073E 00 1e744E-02 2o220E-03 5.500 1eS48E 00 1.831E-01 1.731E 00 3o496E 00 s. 771E-02 
o.o9s 2.9S9E 00 1.222E-02 2.972E 00 1.910E-02 2o31SE-03 6.000 1.564E 00 2.016E-01 1.765E 00 3e783E 00 6o20iE-02 
0.100 2.868E 00 1.234E-02 z.aaoE 00 2o081E-02 2.409E-03 6.soo 1.579E 00 2.203E-Ol 1.799E 00 4o063E 00 6e640E-02 
Oo150 2.275E 00 1.357E-02 2.289E 00 4e0S3E-02 3.312E-03 7.000 1eS93E 00 2.393E-01 1.832E 00 4e338E 00 7e069E-02 

0.200 1.973E 00 1.477E-02 1.988E 00 6o411E-02 4ol57E-03 7.soo 1e606E 00 2.sase-o1 lo865E 00 4o609E 00 7.495E-02 
o.zso 1o793E 00 1e615E-02 1.810E 00 9e056E-02 4o962E-03 a.ooo 1.619E 00 2.779E-01 1e897E 00 4e875E 00 7o918E-02 
0.300 1.676E 00 1.7S9E-02 1.694E 00 le192E-01 5o744E-03 e.5oo 1.631E 00 2.976E-01 1.928E 00 Sol36E 00 8o337E-02 
0.350 1e59SE 00 1.913E-02 1.614E 00 1e495E-Ol 6oS13E-03 9.000 1e642E 00 3e204E-01 1e962E 00 s.393E 00 8o 75SE-02 
o.•oo l.S36E 00 2o062E-02 1.S57E 00 1.810E-01 7o268E-03 9o500 1e653E 00 3.405E-01 1.993E 00 So646E 00 9.174£-02 

Oe4SO 1.493E 00 2.212E-02 1.515E 00 2ol36E-01 e.oo7E-o3 10.000 1e663E 00 3.609E-01 2.024E 00 5o895E 00 9o588E-02 
0.500 1.461E 00 2.361E-02 1.484E 00 2.470E-01 8.732E-03 20.000 le803E 00 7e888E-01 2e592E 00 1o024E 01 t.703E-01 
0.550 le436E 00 2.S09E-02 1.461E 00 2.809E-01 9.442E-03 30.000 1.887E 00 1.242E 00 3.128E 00 1.37SE 01 2.311£-01 
0.600 1o416E 00 2e656E-02 le443E 00 3.154E-01 1o014E-02 40.000 1o946E 00 1.708£ 00 3.654£ 00 1o670E 01 2.818E-01 
o.650 1o401E 00 2.802E-02 1o429E 00 3.502E-01 1o082E-02 50.000 1e992E 00 2e182E 00 4.174E 00 1.926E 01 3.247£-01 

0.700 1.390E 00 2e948E-02 le419E 00 3o853E-01 1o149E-02 60.000 2.026E 00 2o661E 00 4e687E 00 2ol52E 01 3o61SE-01 
Oo750 lo381E 00 3.094E-02 1.412E 00 4o207E-01 1e21SE-02 80.000 2.077E 00 3.630E 00 5.707E 00 2o538E 01 4.221E-01 
o.aoo 1.374E 00 3e240E-02 1.406E 00 4oS62E-01 1o279E-02 100.000 2el14E 00 4.606E 00 6.720E 00 2o860E 01 4.701E-01 
o.e5o 1.368E 00 3.394E-02 1.402£ 00 4e918E-01 1o343E-02 200.000 2.215E 00 9e5S9E 00 1.177E 01 3e970E 01 6o148E-O 1 
0.900 1o364E 00 3.539E-02 1.400E 00 5e275E-01 le406E-02 300.000 2.265E 00 1e456E 01 1.683E 01 4.677E 01 6o904E-01 

0.950 1.362E 00 3o684E-02 1.398E 00 So632E-01 1.468E-02 400.000 2e298E 00 1o958E 01 2.188E 01 5ol96E 01 7o382E-01 
1o000 1e360E 00 3.829E-02 le398E 00 5e990E-Ol leS29E-02 500.000 2e321E 00 2e460E 01 2.692E Ol 5e608E 01 7.715E-01 
1.100 1e3S8E 00 4.117E-02 1e399E 00 6o705E-01 1.648E-02 600.000 2e340E 00 2.964E 01 3.198E Ol So948E 01 7.964E-01 
1.200 lo358E 00 •.404E-o2 1.402E 00 7.419E-01 1e764E-02 aoo.ooo 2e367E 00 3.972E 01 4o208E 01 6o491E 01 8.313E-01 
1.300 lo360E 00 4o691E-02 lo407E 00 8ol30E-01 1o878E-02 1000.000 2e)88E 00 4.980E 01 5.219E 01 6o917E 01 8eS49E-01 
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ELECTRONS IN IRON ELECTRONS IN IRON 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POwER RANGE RADIATION 
COt.LJSJON RADIATION TOTAL YIELD COt.LISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM21G MEV CM21G MEV CM21G G/CM2 

0.010 1.407E 01 1o645E-02 1.408E 01 4o259E-04 6o843E-04 1.400 1o331E 00 7.436£-02 1.406E 00 8o858E-01 2.989E-02 0.015 1.053E 01 1.642E-02 1.0S4E 01 8o41SE-04 9oll6E-04 1.500 1.333E 00 7.876£-02 1o411E 00 9oS68E-01 3o1S2E-02 o;"o2o 8o553E 00 1o630E-02 8o569E 00 1o371E-03 1oll7E-03 1.600 1.33SE 00 8.319£-02 1.418E 00 1o028E 00 3o312E-02 
0.025 7o279E 00 1.638£-02 7o296E 00 2o006E-03 1o308E-03 1.700 1o337E 00 8.748E-02 1o425E 00 1.098E 00 3o471E-02 
0.030 6.385E 00 1.652£-02 6o401E 00 2o740E-03 1o493E-03 1o800 1o340E 00 9.197E-02 1.432E 00 1o168E 00 3o627E-02 

0.035 So719E 00 1.673£-02 5.736E 00 3oS66E-03 1o672E-03 1.900 1o343E 00 9o6SOE-02 1o439E 00 1o238E 00 3o781E-02 
0.040 5.204E 00 1.691£-02 So221E 00 4o481E-03 1o848E-03 2.000 1o346E 00 1o011E-01 1o447E 00 1o307E 00 3o935E-02 
o.045 4o792E 00 1. llOE-02 4o809E 00 5o480E-03 2o020E-03 2.200 1.352E 00 1o103E-01 1o462E 00 1o444E 00 4o237E-02 
o.oso 4o455E 00 1.729£-02 4o472E 00 6o560E-03 2ol89E-03 2.400 1o359E 00 1ol97E-01 1o478E 00 1o580E 00 4o536E-02 
o.oss 4ol14E 00 1.747£-02 4.191E 00 7o715E-03 2o355E-03 2.600 1o365E 00 1o292E-01 1o494E 00 1o7UE 00 4o831E-02 

0.060 3o93SE 00 1o766E-02 3o953E 00 8o945E-03 2o!H9E-03 2.800 1o372E 00 1o394E-01 1o511E 00 1o848E 00 s.123E-o2 
o.o6s 3. HOE 00 lo784E-02 3o748E 00 1o024E-02 2o680E-03 3.000 lo378E 00 1o492E-01 lo527E 00 1o980E 00 5o415E-02 o.o1o 3.S53E 00 1.802E-02 3o511E 00 lo161E-02 2o839E-03 3.500 lo393E 00 1.739E-01 1o567E 00 2o303E 00 6.132E-02 
o.on 3o397E 00 1o820E-02 3o415E 00 1o304E-02 2o996E-03 ... ooo 1.4()6£ 00 1o990E-01 1o605E 00 2o618E 00 6.835E-02 
o.o8o 3o259E 00 1.839£-02 3.278E 00 1o454E-02 3o150E-03 ... soo 1.419E 00 2o243E-01 1.643E 00 2.926E 00 7.523E-02 

o.o85 3ol36E 00 1o852E-02 3o155E 00 1o609E-02 3o302E-03 5.000 lo430E 00 2o500E-01 1o680E 00 3o227E 00 8o197E-02 
o.o9o 3.027E 00 1o870E-02 3o045E 00 1o 771E-02 3o452E-03 5.500 1.440E 00 2o762E-01 1. 717E 00 3.S21E 00 8o860E-02 
0.095 2o927E 00 1 .• 888E-02 2o946E 00 1o938E-02 3o601E-03 6.000 1.450E 00 3o027E-01 1. 7S2E 00 3o810E 00 9oS12E-02 
Oo100 2o838E 00 lo907E-02 2.857E 00 2ollOE-02 3o748E-03 6.500 1o459t 00 3o295E-01 lo788E 00 4o092E 00 1o015E-01 
0.150 2o257E 00 2o094E-02 2.278[ 00 4o095E-02 5o149E-03 7.000 1o467E 00 3o566E-01 lo823E 00 4o369E 00 1o078E-Ol 

0.200 1o961E 00 2o270E-02 1o984E 00 6o461E-02 6o446E-03 7.500 1 0 474E 00 3.841E-01 1o8SIIE 00 4o641E 00 1o141E-01 
0.250 1o783E 00 2.474£-02 1o808E 00 9ollOE-02 7o670E-03 8.ooo 1o481E 00 4oll8E-01 1o893E 00 4o907E 00 1o202E-01 
Oo300 1o66 7E 00 2o689E-02 1.694E 00 lo197E-Ol 8o8S5E-03 8.5oo 1o488E 00 4o398E-01 1o927E 00 So169E 00 lo262E-Ol 
Oo350 lo584E 00 2o918E-02 lo613E 00 lo500E-01 1o002E-02 9.000 1o494E 00 4.706£-01 1o964E 00 5o426E 00 1.322E-01 0 0 400 1.526E 00 3.139E-02 1.557[ 00 lo816E-Ol 1oll6E-02 9.500 1o499E 00 4o992E-01 1o999E 00 So678E 00 lo381E-Ol 

0.450 1o482E 00 3.360E-02 1o516E 00 2ol42E-01 1o227E-02 10.000 lo505E 00 5.279£-01 2.033E 00 s.926E 00 1.4.0£-01 
0.500 1.449E 00 3.S78E-02 1o485E 00 2o47SE-01 1.336£-02 20.000 1o57SE 00 1o133E 00 2o708E 00 1o017E 01 2o444E-01 
0.550 1.424E oo 3.795£-02 1o461E 00 2.814£-01 1o442E-02 30.000 1o612E 00 1o176E 00 3o388E 00 1o347E 01 3o211E-01 
0.600 1o403E 00 4o011E-02 1o443E 00 3o1S9E-01 1oS46E-02 40.000 1o637E 00 2.443[ 00 4o080E 00 1o61SE 01 3o817E-01 
0.650 1o387E 00 4.226£-02 1o430[ 00 3o507E-01 1o647E-02 50.000 1.656E 00 3.118£ 00 4o774E 00 1o842E 01 4o308E-01 

0.700 1.375E 00 4o441E-02 1o419E 00 3o858E-01 lo747E-02 60.000 1.671E 00 3.801E 00 5.472E 00 2o037E 01 4o 71 SE-01 o. 750 1.364[ 00 4.6SSE-02 1.4llE 00 4o2llE-01 1o84SE-02 eo.ooo 1o694E 00 5o180E 00 6o874E 00 2.363[ 01 5o3S2E-01 
o.8oo 1o356E 00 4o868E-02 1.405E 00 4oS67E-01 1o941E-02 100.000 1.711E 00 6oS70f 00 8o281E 00 2o628E 01 5o830E-01 
o.e5o 1. 3SOE 00 5.osse-o2 1o400E 00 4o923E-01 2o034E-02 200.000 1o763E 00 1o361E 01 1o537E 01 3o500E 01 7o157E-01 
0.900 1.345E 00 5o268E-02 1o397E 00 5o281E-01 2o126E-02 300.000 1o792E 00 2o072E 01 2o251E 01 4o034E 01 7o788E-01 

0.950 1.341E 00 5.482E-02 1.395E 00 5o639E-01 2o217E-02 400.000 1o813E 00 2.785E 01 2o966E 01 4o420E Ol 8o167E-01 
1.000 1.337£ 00 5o696E-02 1.394[ 00 So997E-01 2o307E-02 500.000 1o829E 00 3.498[ 01 3o681E 01 4o722E 01 8o424E-01 
1.100 1.333E 00 6ol27E-02 1.395[ 00 6. 714£-01 2o482E-02 600.000 1o842E 00 4o212E 01 4o397E 01 4o970E 01 8o610E-01 
1.200 1.331E 00 6.S61E-02 1.397[ 00 7.431£-01 2o654E-02 8oo.ooo &o863E 00 5o643E 01 So829E 01 5o364E 01 8o867E-01 ... ... 1.300 1o331E 00 6o997E-02 1o401E 00 8o146E-01 2o823E-02 1000.000 lo879E 00 7o074E 01 7.262£ 01 5o671E 01 9o036E-Ol CD 
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... 
ELECTRONS IN COPPER ELECTRONS IN COPPER • 0 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISIOH RADIATION TOTAL YIELD COLUSION RADIATIOII TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 1.328E 01 1.793E-02 1.329E 01 4.~56E-Oit 7e967E-04 1.400 1.289E 00 8.206E-02 1.371E 00 9.135E-01 3.419E-02 
o.ou 9.973E 00 1.792E-02 9.991E 00 8.949E-04 1.0~6E-03 1.500 1.291E 00 8.689E-02 1.378E 00 9.862E-01 3.60IE-02 
0.020 e.120E 00 I. 773£-02 8.137E 00 1.453E-03 1.290E-03 1.600 1.293E 00 9.176E-02 1.385E 00 l.059E 00 3.780E-02 
o.o25 6.921E 00 1.790E-02 6.939E 00 2.121E-03 1.5o8E-03 1.700 1.296E 00 9.659E-02 1.392E 00 1.131E 00 3.956£-02 
o.o3o 6e078E 00 1.818E-02 6.096E 00 2e892E-03 1e720E-03 1.800 1.299E 00 1.015E-01 1.400E 00 1.202E 00 4.131£-02 

o.o35 5.449E 00 1.857E-02 5.468E 00 3.760E-03 1e930E-03 1.900 1.302E 00 1.065E-01 1.408E 00 1.273E 00 4.303E-02 
0.040 4.962E 00 1.886E-02 4.981E 00 4. 719E-03 2.138£-03 2.000 1.305E 00 I.ll5E-01 1.417E 00 1.344E 00 4e474E-02 
0.045 4.572E 00 1.914£-02 4.591E 00 5.766E-03 2e342E-03 2.200 1.312E 00 1.216£-01 1.433E 00 I.485E 00 4.810£-02 
0.050 4.252E 00 1.940E-02 4.272E 00 6e896E-03 2.544E-03 2.400 1.319E 00 1.318£-01 1.450E 00 1.623E 00 5.t41E-o2 
0.055 3.986E 00 1.964£-02 4.0o5E 00 8e106E-03 2.742£-03 2.600 1.325E 00 1.421£-01 1.467E 00 1.760E 00 5.468E-02 

o.o6o 3.759E 00 1.988£-02 3.779E 00 9.392E-03 2e937E-03 2.800 1.332E 00 1.529£-01 1.1t85E 00 1.896E 00 5.791E-o2 
0.065 3.565E 00 2.011E-02 3.585E 00 1e07SE-02 3.129E-03 3.000 1.338E 00 1.635E-01 1.502E 00 2.030E 00 6.111E-02 
o.o1o 3.396E 00 2.033E-02 3.417E 00 1.218E-02 3e318E-03 3.500 1.353E 00· 1.902E-Ol 1.544E 00 2.358E 00 6.896E-02 
o.o75 3.248E 00 2.054£-02 3.269E 00 1.368E-02 3e505E-03 4.000 1.367E 00 2 .173E-01 1.584E 00 2e678E 00 7.662E-02 
o.o8o 3.118E 00 2.076E-02 3.138E 00 1.524E-02 3e689E-03 4.500 1.380E 00 2.446E-01 1.624E 00 2.990E 00 8e409E-02 

o.o85 3.001E 00 2.084E-02 3.022E 00 1.686E-02 3e868E-03 5e000 1.391E 00 2 • 724E-01 1.663£ 00 3.294£ 00 9.141E-02 
0.090 2.896E 00 2.105E-02 2.917E 00 1e855E-02 4e046E-03 5.500 1e401E 00 3.007£-01 1.702E 00 3.591E' 00 9.857E-02 
o.o95 2.802E 00 2.126E-02 2.823E 00 2.029E-02 4e221E-03 6.000 1.411£ 00 3.292£-01 1.740E 00 3.881E 00 1.056£-01 
0.100 2. 717E 00 2.147E-02 2.738E 00 2e209E-02 4.394£-03 6.500 1.419E 00 3.582£-01 1. 778E 00 4e166E 00 1.125E-01 
0.150 2.164E 00 2.359E-02 2.118E 00 4.277£-02 6e041E-03 7.000 1.428E 00 3.875£-01 1.815E 00 4.444E 00 1.193E-01 

0.200 1.882E 00 2.557E-02 1.908£ 00 6e739E-02 7.560E-03 7.5oo 1.435E 00 4.171£-01 1.852£ 00 4. 717E 00 1.260E-Ol 
0.250 1. 713E 00 2.784£-02 1.741£ 00 9e492E-02 8.989£-03 8.ooo 1.442E 00 4.470E-01 1.889E 00 4.984E 00 1.325£-01 
0.300 1.603E 00 3.022E-02 1.634E 00 1.246E-01 1e037E-02 8.5oo 1.1t49E 00 4.771£-01 1.926E 00 5.246£ OQ 1.390E-01 
0.350 1.527E 00 3.275£-02 le560E 00 1.560E-01 1.171E-02 9.000 1.1t55E 00 5.104E-01 1.965£ 00 5.503E 00 1.454E-01 
0.400 1.473E 00 3.519E-02 1.508E 00 1e886E-01 1e302E-02 9.500 1.460E 00 5.412£-01 2.002E 00 5.755E 00 1.517E-01 

0.450 1.427E 00 3.767E-02 1.465E 00 2e222E-01 1.429E-02 10.000 1.466E 00 5.722E-01 2.038E 00 6.003E 00 1.579E-01 
0.500 1.396£ 00 4.010E-02 1.436E 00 2.567£-01 1.554E-02 20.000 1.535E 00 1.224E 00 2.759£ 00 1.020£ 01 2.632E-01 
0.550 1.372£ 00 4.251£-02 1.411tE 00 2.918E-01 1e677E-02 30.000 1.sne 00 1.917£ 00 3.490£ 00 1.342E 01 3.421£-01 
0.600 1.353E 00 4.489£-02 1.398E 00 3.274£-01 1.796£-02 40.000 1.597£ 00 2.637E 00 4.234E 00 1e602E 01 4.037E-01 
0.650 1.338E 00 4.726E-02 1.386£ 00 3.633E-01 1e913E-02 50.000 1.616E 00 3.365E 00 4.981£ 00 1.819E 01 4e530E-01 

0.700 1.327E 00 4.961£-02 1.376E 00 3.995£-01 2.027£-02 60.000 1.631E 00 4.101E 00 5.732E 00 2.006E 01 4e936E-01 
0.750 1.317E 00 5.195E-o2 1.369E 00 4.360E-01 2el38E-02 8o.ooo 1.653E 00 5.588£ 00 7.242E 00 2e316E 01 5.566E-01 
o.8oo 1.310£ 00 5.428£-02 1.364£ 00 4.725£-01 2e247E-02 1oo.ooo 1.670E 00 7.086£ 00 8.756£ 00 2e567E 01 6.036E-01 
o.8so 1.304£ 00 5.605£-02 1.360E 00 5e093E-01 2e353E-02 200.000 1.721£ 00 1.468E 01 1.640£ 01 3e)IIE 01 7.321£-01 
0.900 1.299£ 00 5.837E-o2 1.358E 00 5.1t61E-01 2e456E-02 300.000 1.750£ 00 2o231tE 01 Ze409E 01 3ett8E 01 7.925£-01 

0.950 1.296£ 00 6.070E-02 1.357£ 00 5.829E-01 2.5ne-o2 400.000 1.770£ 00 3.002£ 01 )ell9E 01 4e21t9E 01 8e285E-Ol 
1.ooo 1.293£ 00 6.304£-02 1.356£ 00 6.198£-01 z.nae-o2 soo.ooo 1e786E 00 3.770£ 01 3.949£ 01 4e530E 01 8.528£-01 
1.100 1.290£ 00 6.774£-02 1.358E 00 6.935E-Ol 2.854£-02 600.000 1.799E 00 4.540£ 01 4.720£ 01 4.762£ 01 8.704E-01 
1e200 1.288£ 00 7.248E-02 1.361E 00 7.670E-01 3e046E-02 80o.ooo 1ol'l19E 00 6o081E 01 6.263E 01 5.128£ 01 8e945E-Ol 
1.300 l.ZIIE 00 7.725£-02 1.366E 00 8e404E-01 3.234E-02 1000.000 1.835£ 00 7.623E 01 7.807E 01 5e414E 01 9e104E-01 
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ELECTRONS IN KRYPTON ELECTRONS IN KRYPTON 

ENERGY STOPPING POWER RANGE RAOIATION ENERGY STOPPING POWER RANGE RAOIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RAOIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 1o182E 01 2o083E-02 1ol8SE Ol Sol94E-04 1oOS2E-03 1o400 lo215E 00 9o681E-02 lo312E 00 9o750E-01 4o323E-02 
Oo01S 8o933E 00 2o085E-02 8.954E 00 1o011E-03 1o384E-03 1.500 lo219E 00 l.025E-01 1o322E 00 1o051E 00 4.539E-02 
0.020 7o297E 00 2o057E-02 7.318E 00 1o632E-03 1o682E-03 1.600 t.224E 00 1.082E-01 t.332E 00 1.126E 00 4.751E-02 
0.025 6o235E 00 2o087E-02 6o256E 00 2o374E-03 lo960E-03 lo700 1o229E 00 lo140E-01 1o343E 00 1o201E 00 4o960E-02 
0.030 5o484E 00 2ol35E-02 So50SE 00 3o229E-03 2o234E-03 1.800 1.234E 00 1.198E-01 1o354E 00 1.275E 00 5.166E-02 

0.035 4.923E 00 z.2o2E-o2 4o946E 00 4ol89E-03 2o5lOE-03 1.900 1o239E 00 1.256E-01 1.365E 00 1.349E 00 5o369E-02 
Oo040 4o488E 00 2o249E-02 4o510E 00 5o249E-03 2o787E-03 2.000 1o245E 00 1o314E-01 1o376E 00 1.422E 00 5o570E-02 
0.045 4o139E 00 2o291E-02 4ol62E 00 6o404E-03 3o060E-03 2.200 1o255E 00 lo432E-01 1o399E 00 1.566E 00 So963E-02 
o.oso 3o853E 00 2o330E-02 3o876E 00 7o650E-03 3o330E-03 2.400 lo266E 00 1o552E-01 1o421E 00 lo708E 00 6e348E-02 
0.055 3o613E 00 2.366E-02 3o637E 00 8e983E-03 3o596E-03 2.600 1o277E 00 1e672E-01 1 0 444E 00 1o847E 00 6.725E-02 

0.060 3o410E 00 2.399E-02 3o434E 00 1o040E-02 3e859E-03 2.eoo 1.287E 00 1o798E-01 1o467E 00 lo985E 00 7o095E-02 
0.065 3o236E 00 2o431E-02 3.260E 00 1ol89E-02 4oll8E-03 3.000 1o297E 00 1o921E-Ol 1o489E 00 2el20E 00 7o461E-02 
0.070 3o084E 00 2o461E-02 3o109E 00 lo346E-02 4e373E-03 3.500 lo320E 00 2o230E-01 1o543E 00 2o450E 00 8e350E-02 
0.075 2e951E 00 2.490E-02 2o976E 00 lo511E-02 4o624E-03 4o000 1o342E 00 2o542E-01 1.596E 00 2o769E 00 9e206E-02 
o.oao 2o833E 00 2e517E-02 2o858E 00 1o682E-02 4o871E-03 4.500 1.361E 00 2o855E-Ol 1o647E 00 3o077E 00 le003E-Ol 

o.oe5 2o728E 00 2.524E-02 2o754E 00 lo861E-02 5.112E-03 5.000 lo379E 00 3ol73E-Ol 1o697E 00 3o376E 00 lo083E-Ol 
0.090 2o634E 00 2o551E-02 2o660E 00 2o046E-02 5o349E-03 5.500 lo396E 00 3e49.5E-Ol 1o746E 00 3e667E 00 le161E-Ol 
0.095 2o549E 00 2o577E-02 2o575E 00 2o237E-02 5.583E-03 6.000 lo412E 00 3o821E-01 lo794E 00 3o949E 00 lo236E-Ol 
o.1oo 2.472E 00 2.604E-02 2.498E 00 2o434E-02 5e815E-03 6.500 lo426E 00 '+olSlE-01 1o841E 00 4o224E 00 le310E-01 
0.150 1o973E 00 2o864E-02 2o002E 00 4o697E-02 8o010E-03 1.000 1o440E 00 4o485E-01 1.888E 00 4o492E 00 1o381E-01 

0.200 1o 719E 00 3.101E-02 1o750E 00 7o384E-02 1e002E-02 7.500 1o452E 00 4o821E-01 1o93SE 00 4. 754E 00 1e452E-01 
0.250 t.S67E 00 3o372F-02 lo600E 00 1o038E-01 1.190E-02 e.ooo 1o464E 00 5o161E-01 lo981E 00 5o009E 00 1o520E-01 
0.300 1o467E 00 3o656E-02 1o504E 00 1o361E-01 le370E-02 e.5oo lo476E 00 5o505E-01 2o026E 00 5.259E 00 1e587E-01 
0.350 1.399E 00 3.957E-02 lo439E 00 lo701E-Ol 1o544E-02 9.000 1.487E 00 5o881E-Ol 2o075E 00 5o503E 00 le653E-01 
Oo400 1.350E 00 4o247E-02 1o392E 00 2o055E-Ol lo 714E-02 9.500 lo497E 00 6.231E-Ol 2o120E 00 5.741E 00 le 718E-O 1 

0.450 1o314E 00 4o537E-02 1o359E 00 2o419E-Ol 1.879E-02 10.000 lo507E 00 6o583E-01 2ol65E 00 5o975E 00 1o782E-01 
0.500 1o287E 00 4o822E-02 1o 33SE 00 2o790E-01 2o038E-02 20.000 1o640E 00 1o395E 00 3.036E 00 9o852E 00 2o833E-01 
0.550 1o266E 00 5o103E-02 1o317E 00 3o167E-01 2o193E-02 30.000 1. 720E 00 2o180E 00 3o900E 00 1e275E 01 3o597E-01 
0.600 1.250E 00 5o381E-02 1.304E 00 3.S49E-01 2.344E-02 40.000 lo777E 00 2o999E 00 4.775E 00 1o506E 01 4ol87E-01 
0.650 1o238E 00 5.657E-02 1o295E 00 3o934E-01 2e490E-02 so.ooo 1.821E 00 3o827E 00 5o647E 00 1o699E 01 4o658E-01 

0.700 lo229E 00 s.930E-02 1o288E 00 4.321E-Ol 2.633E-02 60.000 lo854E 00 4o663E 00 6o517E 00 lo863E 01 5o044E-01 
0.750 1.222E 00 6o202E-02 lo284E oo 4e 710E-01 2. 772E-02 80.000 1.904E 00 6.352E 00 8.256E 00 2o13SE 01 5o644E-01 
o.eoo 1o217E 00 6o472f-02 1o282E 00 5o099E-01 2o907E-02 100.000 1o941E 00 8o050E 00 9o991E 00 2o355E 01 6o092E-01 
o.eso 1o213E 00 6o654E-02 1o280E 00 5o490E-01 3o036E-02 200'.000 2o043E 00 1o666E 01 1o870E 01 3o075E 01 7o329E-01 
0.900 1o210E 00 6e922E-02 1o279E 00 5o881E-01 3o162E-02 300.000 2o095E 00 2o535E 01 2o744E 01 3oS14E 01 7o916E-01 

0.950 1o208E 00 7o192E-02 1.280E 00 6o271E-01 3o286E-02 400.000 2o130E 00 3o406E 01 3o619E 01 3o830E 01 8o270E-01 
1.000 1o207E 00 7.463E-02 1o282E 00 6o662E-01 3o408E-02 500.000 2o154E 00 '+o.276E 01 4o492E 01 4o078E 01 8o510E-01 
1.100 1o207E 00 8o010E-02 1o287E 00 7o440E-01 3e645E-02 600.000 2 ol74E 00 5 o149E 01 s.366E 01 4e281E 01 8o685E-01 
1.200 1o209E 00 8o562E-02 1o294E 00 8o215E-01 3o877E-02 800.000 2o202E 00 6o896E 01 7.116E 01 4o604E 01 8o926E-01 N 

1.300 1o211E 00 9oll9E-02 1o303E 00 8o985E-01 4e102E-02 1000.000 2o223E 00 8o643E 01 8o866E 01 4o8SSE 01 9o085E-01 .... ... 
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N 

ELECTRONS IN SILVER ELECTRONS IN SILVER .. 
N 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISIOI't RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 1.113E 01 2o740E-02 1ol16E 01 5o656E-04 1o501E-03 1.400 1o181E 00 1.284E-01 1o 3lOE 00 9o820E-01 5o781E-02 
0.015 8o475E 00 2o71t4E-02 8o502E 00 1o085E-03 1o950E-03 1o500 1o184E 00 1o360E-01 1o320E 00 1o05BE 00 6o066E-02 
0.020 6o956E 00 2o708E-02 6o983E 00 1o738E-03 2.353£-03 1o600 1o187E 00 1o437E-Ol lo 330E 00 1ol34E 00 6o346E-02 
Oo025 5o962E 00 2o752E-02 5o990E 00 2o514E-03 2.729E-03 1.700 1o190E 00 1o517E-01 1o342E 00 1o208E 000 6o624E-02 
Oo030 5o257E 00 2e820E-02 5o285E 00 3o405E-03 3e101E-03 1.800 1.194E 00 1.595E-01 1.353£ 00 1.283E 00 6o897E-02 

Oo035 4 0 728E 00 2o914E-02 4.758E 00 4o404E-03 3o477E-03 1o900 1o197E 00 1o672E-Ol 1o365E 00 1o356E 00 7o167E-02 
0.040 4 0 316E 00 2.981E-02 4o346E 00 5.505E-o3 3e855E-03 2.000 1.201E 00 1o750E-01 1.376E 00 1o1t29E 00 7.433E-02 
0.045 3.986E 00 3o041E-02 4o016E 00 6o703E-03 4o228E-03 2.200 1o209E 00 1o907E-01 1o399E 00 1o573E 00 7o955E-02 
0.050 3.714E 00 3.096E-02 3.745E 00 7o993E-03 4o597E-03 2o400 1o2l6E 00 2o064E-Ol lo423E 00 1. 715E 00 8o464E-02 
0.055 3.487E 00 3.147E-02 3e518E 00 9o372E-03 4o962E-03 2.600 1o224E 00 2.221£-01 1o446E 00 1.854E 00 8.962£-02 

0.060 3.294E 00 3o196E-02 3.326E 00 1o083E-02 5.322E-03 2.aoo 1.231E 00 2.378£-01 1.469E 00 1.992E 00 9o449E-02 
0.065 3ol27E 00 3o241E-02 3o160E 00 1o238E-02 5.676E-o3 3.000 1.238E 00 2.537E-01 lo491E 00 2.127E 00 9.926E-02 
0.070 2.983E 00 3o285E-02 3.016E 00 1o400E-02 6o027E-03 3.50') 1o254E 00 2.937£-01 1.51t8E 00 2.456E 00 1.108E-01 
0.075 2o856E 00 3o327E-02 2o889E 00 1o569E-02 6o372E-03 4.000 1.269E 00 3o343E-01 1.603E 00 2o773E 00 1.219£-01 
o.oeo 2o71t3E 00 3o368E-02 2.777E 00 1o746E-02 6o713E-03 4.500 1o282E 00 3o7SOE-01 1o657E 00 3o080E 00 1o325E-01 

o.o85 2o643E 00 3.396E-02 2o677E 00 1.929£-02 7.047E-03 5.000 1.294E 00 4o164E-01 1o710E 00 3. 377E 00 1o427E-Ol 
o.o9o 2o553E 00 3o435E-02 2o587E 00 2oll9E-02 7.377E-03 5.500 1.30SE 00 4o581E-Ol 1.763E 00 3ob65E 00 1e526E-01 
Oo095 2o472E 00 3.474E-02 2.5o6E 00 2o316E-02 7e703E-03 6.000 1e315E 00 5o003E-01 1o815E 00 3o944E 00 lo622E-01 
Oo100 2.398E 00 3o511E-02 2.433E 00 2.518E-02 8e025E-03 6o500 1.324E 00 5o429E-01 1o867E 00 4o216E 00 1. 71 SE-01 
Oo150 1o920E 00 3o870E-02 1e958E 00 4o836E-02 1o107E-02 7.000 1.33"3E 00 5.859E-01 1.918E 00 4e480E 00 1.806E-01 

Oo200 1.671tE 00 4ol78E-02 1. 716E 00 7.579£-02 1o383E-02 7.500 1o 340E 00 6e292E-01 1.970E 00 4e737E 00 1e894E-01 
0.250 1.529E 00 4o535E-02 1o574E 00 1.063£-01 1o638E-02 8.ooo 1.348E 00 6e729E-01 2.021E 00 1te988E 00 1.979E-01 
0.300 1o434E 00 4o908E-02 1e483E 00 1.391E-01 1e881E-02 8.5oo 1.355E 00 7e168E-01 2 .one 00 5e233E 00 2e063E-01 
Oo350 1e368E oc 5.304E-02 1o421E 00 1e736E-01 2ol16E-02 9o000 1o361E 00 7.637E-01 2o125E 00 5e471E 00 2 e141tE-O 1 
0.400 1o321E 00 5.684E-02 1o378E 00 2e093E-01 2o342E-02 9.500 1.367E 00 8e084E-01 2e175E 00 5e703E 00 2e224E-01 

0.450 1.2B6E 00 6.067E-02 1.346E 00 2o461E-01 2e562E-02 10.000 1o373E 00 8o533E-01 2o226E 00 5o931E 00 2e301E-01 
0.500 1.260E 00 6.441E-02 1o324E 00 2.835E-01 2. 774E-02 20.000 1o446E 00 1o785E 00 3o231E 00 9o637E 00 3o.534E-01 
0.550 lo241E 00 6.811£-02 1.309E 00 3o215E-Ol 2o980E-02 30.000 1o485E 00 2.780E 00 4o264E 00 1o232E 01 4e376E-Ol 
0.600 1.225E 00 7.177£-02 1.297E 00 3.599E-01 3.179E-02 40.000 1o510E 00 3.824E 00 5o335E 00 1e442E 01 4o999E-01 
0.650 1o213E 00 7o540E-02 1o288E 00 3e986E-Ol 3o372E-02 50.000 lo530E 00 4o879E 00 6o408E 00 1o612E 01 Se480E-01 

0.700 1.204E 00 7.900£-02 1.283E 00 4e375E-01 3o560E-02 60.000 1e54SE 00 5e944E 00 7.488E 00 1o757E 01 So864E-01 
0.750 1.196E 00 e.258E-o2 1.279E 00 4e765E-01 3o744E-02 80.ooo 1o568E 00 8.094E 00 9o661E 00 1o991E 01 6o442E-Ol 
o.8oo 1e191E 00 8o613E-02 1e277E 00 5e157E-Ol 3o922E-02 100.000 1.585E 00 1.025E 01 1.184E 01 2.17BE 01 6e859E-01 
o.85o 1o187E 00 8.830E-02 1.275E 00 5e549E-01 4o091E-02 zoo.ooo le63SE 00 2o121E 01 2.281tE 01 2o775E 01 7e948E-01 
0.900 1.183E 00 9.183E-02 1.275E 00 5e941E-01 4.256E-02 300.000 1o663E 00 3.225E 01 3.391E 01 3o133E 01 8e436E-01 

0.950 1.181E 00 9.538E-02 1.276E 00 6e333E-01 4o419E-02 400.000 1.682E 00 4.330E 01 ..... 99E Ol 3o388E 01 8o720E-01 
1.ooo 1.179E 00 9.897£-02 1.278E 00 6.724E-01 4.578E-02 500.000 lo697E 00 5.438E 01 5o608E 01 3o586E 01 8e909E-Ol 
1.100 1.178E 00 1o062S:-01 1.284E 00 7eSOSE-01 1to890E-02 600.000 1o709E 00 6o548E 01 6. 719E 01 3o749E 01 9e045E-01 
lo2CO lel78E 00 1.13SE-01 1o291E 00 8o282E-01 5.193E-o2 8oo.ooo 1.729E 00 8o768E 01 Bo941E 01 4o006E 01 9o228E-01 
1o300 lol79E 00 1e209E-01 1o300E 00 9o054E-01 Se490E-02 1 ooo.ooo 1.744E 00 1o099E 02 1ol16E 02 4o206E 01 9e348E-01 
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ELECT~S IN TIN ELECTRONS IN TIN 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADt A Tl Oft TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM21G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 1o0!16E 01 2o81SE-02 lo0!19E 01 6oOOOE-04 lo633E-03 lo400 loUIE 00 lo331E-Ol 1o271E 00 lo017E 00 6o24SE-02 
o.ou 8o061E 00 2o819E-02 8o089E 00 lol46E-03 Zoll!IE-03 lo!IOO 1ol41E 00 1o407E-01 lo281E 00 1o096E 00 6oS44E-02 
0.020 6.624£ 00 2o769E-02 6o6!12E 00 1o832E-03 2o!I4SE-03 1.600 lo144E 00 1o484E-Ol 1.292E 00 \ ol73E 00 6o837E-02 
o.ozs !lo683E 00 2o826E-02 5o 711E 00 2o646E-03 2o946E-03 1. 700 1ol48E 00 1.563E-Ol lo304E 00 lo250E 00 7ol26E-G2 
Oo030 !lo013E 00 2.9141!-02 5.042E 00 3o581E-03 3o348E-03 1.800 loUIE 00 lo641E-Ol 1o316E 00 1o327E 00 7o410E-G2 

0.035 4oS11E 00 3.039E-02 4o542E 00 4o627E-03 3o762E-03 1o900 1.155E 00 lo720E-Ol 1o327E 00 lo402E 00 7o689E-02 
Oo040 4o120E 00 3o122E-02 4o151E 00 5o780E-03 4ol80E-03 2o000 1.1S9E 00 1.799£-01 1.339E 00 1o477E 00 7o964E-02 
Oo045 3o806E 00 3o195E-02 3o838E 00 7o035E-03 4o596E-03 2o200 lol67E 00 1o957f-01 1o363E 00 1o625E 00 8o504E-02 
0.050 3o547E 00 3o260E-02 3o580E 00 8o385E-03 5.ooaE-o3 2o400 1.175E 00 2o117E-01 1.387E 00 1o 771E 00 9o029E-02 
Oo05'} 3o331E 00 3o318E-02 3o364E 00 9o827E-03 5o4l'}E-03 2o600 1o183E 00 2o278E-01 1o410£ 00 1o914E 00 9o543E-02 

0.060 3o147E 00 3.372£-02 3ol81E 00 1o136E-02 5o817E-03 2.800 lo190E 00 2o443E-01 1o434E 00 2o054E 00 1oOOSE-01 
Oo065 2o989E 00 3.422£-02 3o023E 00 1o297E-02 6o213E-03 3.000 1o197E 00 2o606E-01 1.458E 00 2o193E 00 1o054E-01 
0.070 2o851E 00 3.469£-02 2o886E 00 1o466E-02 6o603E-03 3o500 1.214£ 00 3o018E-01 1.516E 00 2o529E 00 1ol73E-01 
o.o75 2o730E 00 3.513E-02 2o765E 00 1o643E-02 6.987£-03 4.000 1o229E 00 3o434E-Ol lo57~E 00 2o853E 00 1o288E-01 
o.o8o 2.623E 00 3o555E-02 2o658E 00 1o828E-02 7o36SE-03 4o500 1o243E 00 3.853£-01 lo628E 00 3ol65E 00 1.398E-01 

Oo085 2o527E 00 3o5!19E-02 2o!I63E 00 2o020E-02 7o731E-03 5o000 1.2SSE 00 4o277E-01 lo683E 00 3o467E 00 1.503£-01 
Oo090 2.441E 00 3.598E-02 2o477E 00 io218E-02 8o090E-03 5.500 1.266E 00 4o706E-01 lo 737E 00 3o760E 00 1o605E-01 
0.095 2o364E 00 3o638E-02 2o400E 00 2o423E-02 8o446E-03 6.000 1o277E 00 5ol39E-01 1o790E 00 4o043E 00 1o704E-01 
Oo100 2o294E 00 3o677E-02 2o330E 00 2o63SE-02 8o797E-03 6.500 1.286E 00 5o57SE-01 1o844E 00 4o319E 00 lo800E-01 
o.15o 1o837E 00 4o054E-02 1o878E 00 5o053E-02 1o211E-02 1o000 1.295E 00 6o015E-01 1o896E 00 4o586E 00 1o893E-01 

o.zoo lo604E 00 4o391E-02 1o648E 00 7o911E-02 1o513E-02 7.5oo 1.303E 00 6.4!19£-01 1o949E 00 4o846E 00 1o983E-01 
0.250 1o465E 00 4.774£-02 1o!ll2E 00 lo109E-Ol lo793E-02 8oooo lo310E 00 6o90SE-01 2o001E 00 !lo099E 00 2o070E-Ol 
0.300 1.374E 00 5o173E-02 1o425E 00 1o450E-01 2o060E-02 8.5oo lo318E 00 7.355E-01 2o053E 00 5o346E 00 2ol55E-01 
0.3!10 1.311E 00 5o599E-o2 1.367E 00 1o809E-Ol 2o318E-02 9.000 1.324E 00 7.836E-01 2o108E 00 5o586E 00 2o238E-01 
1).400 1o266E 00 5.996£-02 1o326E 00 2o180E-01 2o567E-02 9.500 1.330E 00 8.292E-01 2o160E 00 5o821E 00 2o319E-01 

0.450 1.233E 00 6o388E-02 1o296E 00 2.562£-01 2o806E-02 10o000 1.336E 00 8.7!11E-01 2o211E 00 6.050E 00 2o398E-01 
Oo500 1o208E 00 6o773E-02 1o276E 00 2o951E-Ol 3o038E-02 20.000 1.412E 00 1o821E 00 3o233E 00 9o764E 00 3o642E-01 
0.550 1ol89E 00 7.152£-02 lo261E 00 3o345E-Ol 3o261E-02 30.000 1o452E 00 2o830E 00 4o282E 00 1o245E 01 4o481E-Ol 
0.600 1ol75E 00 7o528E-02 1o250E 00 3o743E-01 3o476E-02 40.000 1o479E 00 3o895E 00 5o374E 00 1o453E 01 5o099E-Ol 
0.650 1o164E 00 7.900E-02 1o243E 00 4o144E-01 3o685E-02 50.000 1o498E 00 4o969! 00 6o468E 00 1o622E 01 5oHSE-Ol 

0.700 lolSSE 00 8o269E-02 1o238E 00 4o547E-01 3o887E-02 60o000 1o514E 00 6o054E 00 7o568E 00 1o765E 01 5o954E-01 
0.750 1o149E 00 8.636E-02 1o235E co 4o952E-01 4o084E-02 8o.ooo 1o537E 00 8o243E 00 9.780E 00 1o997E 01 6o523E-01 
o.8oo 1.144£ 00 8.999£-02 1o234E 00 5o357E-Ol 4o275E-02 100o000 lo555E 00 1o044E 01 lo200E 01 2o181E 01 6o934E-01 
o.85o 1o140E 00 9.230£-02 1.232E 00 5o763E-01 4o456E-02 200.000 1o605E 00 2o160E 01 2o320E 01 2o770E 01 8o001E-01 
0.900 1ol37E 00 9o591E-02 1o233E 00 6ol68E-01 4o633E-02 300o000 1.633E 00 3o283E 01 3o447E 01 3ol21E 01 8o478E-Ol 

0.950 1ol35E 00 9.954£-02 lo235E 00 6o573E-01 4o806E-02 400.000 1o652E 00 4o409E 01 4o574E 01 3o372E 01 8o755E-01 
t.ooo l.l34E 00 1.032E-01 1.237E 00 6o978E-01 4o975E-02 soo.ooo 1.666E 00 5.537E 01 5o703E 01 3o568E 01 8.940E-01 
lolOO 1o133E 00 1o106E-01 1o244E 00 7o784E-01 5o306E-02 600o000 lo678E 00 6o666E 01 6o834E 01 3o728E 01 9o072E-01 
1o200 1o134E 00 1ol80E-01 1o252E 00 8.586£-01 5o628E-02 800o000 lo697E 00 8o926E 01 9o096E 01 3o980E 01 9o250E-01 N 

1.300 lol35E 00 1o255E-01 1.261E 00 9o382E-01 5o940E-02 1000.000 1o711E 00 lo119E 02 lol36E 02 4o177E 01 9.367E-01 • w 
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"" 
ELECTRONS IN XENON 

,. 
ELECTRONS IN XENON ,. 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 1o007E 01 3o012E-02 1o010E 01 6.3~3E-04 1o824E-03 1.400 1.112E 00 lo409E-Ol 1.2~3E 00 1o043E 00 6o786E-02 
o.o1~ 7.707E 00 3o064E-02 7o737E 00 1o207E-03 2e37~E-03 1.~oo 1ol16E 00 1o489E-01 1.26~E 00 1o122E 00 7.101£-02 
0.020 6o343E 00 3o097E-02 6.374E 00 1o923E-03 2.88~E-03 1.600 1.121E 00 1.~70E-01 1.278E 00 1o201E 00 7o409E-02 
o.oz~ 5.447E 00 3o157E-02 5o479E 00 2e7HE-03 3o370E-03 1.700 1.126E 00 1.652£-01 1.292E 00 1.278E 00 7 • 711E-Q2 
0.030 4o809E 00 3o223E-02 1to842E 00 3o746E-03 3e843E-03 1.800 lo131E 00 1.734£-01 lo3CI5E 00 1.3~~E 00 8o007E-02 

o.o3~ 4o331E 00 3o297E-02 4e361tE 00 4o836E-03 4o310E-03 1.900 1.137E 00 1.817E-01 1.318E 00 l 0 432E 00 8.298E-02 
Oo040 3o957E 00 3o359E-02 3o990E 00 6o036E-03 Ito 770E-03 2.000 1ol1t2E 00 1o900E-01 1o332E 00 1o507E 00 8o584E-02 
Oo045 3o656E 00 3.419E-02 3o691E 00 7o340E-03 5o222E-03 2.200 1.1~3E 00 2o066E-01 1o3~9E 00 1o656E 00 9o143E-02 
o.o~o 3.409E 00 3.474E-02 3 0 444E 00 8o744E-03 ~.668E-03 2.400 1.163E 00 2o23~E-01 1o387E 00 lo801E 00 9o686E-02 
o.c~~ 3.2(12£ 00 3.~26E-02 3.238E 00 1o024E-02 6o106E-03 2.600 1ol73E 00 2o404E-01 1.414E 00 lo944E 00 1o022E-O 1 

0.060 3o026E 00 3.~76E-02 3o062E 00 1ol83E-02 6o538E-03 2.800 1o183E 00 2.~82E-01 1o442E 00 2o084E 00 1.onE-o1 
Oo065 2.875E 00 3.62~E-02 2 o911E 00 1o3~1E-02 6e963E-03 3.000 1o193E 00 2.7~~E-01 1o468E 00 2o222E 00 1ol24E-Ol 
0.070 2o74:1E 00 3o671E-02 2o780E 00 lo527E-02 7o382E-03 3.500 lo216E 00 3o188E-Ol 1o534E 00 2o55'>E 00 lo246E-Ol 
o.o7~ 2o627E 00 3. 717E-02 2o664E 00 1o710E-02 7.795E-03 •• ooo lo236E 00 3.62'>E-Ol 1.~99E 00 2o874E 00 lo362E-01 
o.oeo 2.~24E 00 3o761E-02 2o562E 00 1o902E-02 8o203E-03 4.500 1o255E 00 4.062£-01 1o661E 00 3o181E 00 1e472E-01 

o.oe~ 2o433E 00 3o794E-02 2o470E 00 2ol01E-02 8o603E-03 s.ooo lo273E 00 4o505E-01 lo723E 00 3o476E 00 lo578E-Ol 
0.090 2.3~0E 00 3.837E-02 2o389E 00 2o306E-02 8e998E-03 ~.500 1.289E 00 4.9~2E-Ol lo784E 00 3o761E 00 lo680E-Ol 
Oo09~ 2.276E 00 3o880E-02 2o3l~E 00 2o519E-02 9e388E-03 6.000 1o304E 00 5o404E-01 lo844E 00 4o037E 00 1o778E-01 
0.100 2o209E 00 3o922E-02 2o248E 00 2o738E-02 9o774E-03 6.500 1o318E 00 5o860E-01 1o904E 00 4o304E 00 1.872E-Ol 
0.150 1o771E 00 4o328E-02 1o814E 00 s.244E-o2 1o342E-02 7.000 1o331E 00 6e319E-01 1o963E 00 4o~63E 00 1o963E-01 

o.zoo 1o547E 00 4o693E-02 1o594E 00 8o200E-02 1e674E-02 7.500 1o343E 00 6o782E-01 2o021E 00 4o814E 00 2o052E-01 
0.250 1.413E 00 s.o99E-o2 1o464E 00 1o148E-01 1o982E-02 e.ooo 1o354E oo 7o249E-01 2o079E 00 ~.OS8E 00 2 o137E-01 
0.300 1.326E 00 5.~2oe-oz 1o381E 00 1.~01E-01 2.276E-02 8.~oo 1o365E 00 7 • 718E-Ol 2 ol37E 00 ~.295E 00 2o220E-01 
0.350 1o266E 00 5o961E-02 1o326E 00 1o871E-01 z.~~SE-02 9.000 1. '376E 00 8o243E-01 2o200E 00 5.~2~E 00 2o301E-01 
Oo400 1.223E 00 6o383E-02 1o287E 00 2.254E-01 2o829E-02 9.500 1o385E oo 8o721E-Ol 2o257E 00 5o750E 00 2o380E-01 

0.450 lo192E 00 6.804E-02 1o260E 00 2o647E-01 3o091E-02 10.000 1o 395E 00 9o201E-01 2o315E 00 ~.969E 00 2o4S7E-Ol 
o.~oo 1o168E 00 7.216E-02 1o240E 00 3o047E-01 3o343E-02 20.000 1.523E 00 1o900E 00 3o423E 00 9o491E 00 3.6~4E-01 
o.5~o 1o150E 00 7.621E-02 1o227E 00 3.4~2E-01 3o586E-02 30.000 1o599E 00 2o945E 00 4o544E 00 1o202E 01 4e4~3E-01 
0.600 1.137E 00 8.o2oe-o2 1o217E 00 3o862E-Ol 3o821E-02 40.000 1o6~3E 00 4o055E 00 5o708E 00 1o398E 01 ~.043E-01 
0.650 1.127E 00 8.415E-02 1o211E 00 4o274E-01 4o048E-02 50.000 1o692E 00 ~.173£ 00 6o86~E 00 1.~~7E 01 ~.5o1E-o1 

o. 700. lol19E 00 8o806E-02 lo207E 00 4o687E-01 4o267E-02 60.000 1o724E 00 6o302E 00 8o025E 00 1o692E 01 5o868E-01 
0.7~0 1oll3E 00 9o193E-02 1o20~E 00 ~.102E-Ol 4o480E-02 80.ooo 1. 771E 00 e.~aoE 00 1o03~E 01 1o911E 01 6e423E-01 
o.8oo lol09E 00 9.577E-02 1o20~E 00 ~.Sl7E-01 4o687E-02 too.ooo 1o81)7E 00 1o087E 01 1.268E 01 2o08~E 01 6e826E-01 
o.e~o 1.106E 00 9o802E-02 1o204E 00 ~.932£-01 4e882E-02 200.000 1.907E 00 2.247E 01 2o438E Ol 2e644E 01 7e894E-01 
0.900 lol04E 00 lo018E-01 1o206E 00 6o347E-Ol s.o72E-o2 300.000 1o961E 00 3o4l6E 01 3.613E Ol 2e979E Ol 8e380E-Ol 

0.950 1ol03E 00 1o056E-01 1o208E 00 6e762E-01 So257E-02 400.000 lo996E 00 4o587E 01 4o787E 01 3e219E 01 8e666E-01 
1e000 1ol02E 00 1o095E-Ol lo212E 00 7el75E-01 ~.438E-02 soo.ooo 2e021E 00 s.761E 01 ~.963E 01 3e405E 01 8e858E-01 
1.100 lo103E 00 1ol72E-Ol lo220E 00 7o997E-01 5e791E-02 600.000 2e041f 00 6o93~E 01 7o140E 01 3o559E .01 8e997E-01 
lo200 1.105E 00 1.250£-0l lo230E 00 8e814E-Ol 6el33E-02 eoo.ooo 2o072E 00 9e287E 01 9e494E 01 3e801E 01 9el85E-D1 
1.300 1.101E 00 1.329E-01 le241E 00 9o623E-01 6o464E-02 1000.000 2e094E 00 1ol64E 02 lo115f: 02 3e989E Ol 9e309E-Ol 
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ELECTRONS IN TUNGSTEN ELECTRONS IN TUNGSTEN 

ENERGY STOPPING POWER RANGE RADIATIOfC ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADJATIOH TOTAL YIELD 

MEV MEV CM2/G MEV CMZ/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.oto 8.882E 00 4e022E-02 8e922E oo· 7e603E-04 2e869E-03 1.400 1.038E 00 1.895£-01 1.228E 00 1e081E 00 9e439E-02 
o.o1s 6o883E 00 4.097£-02 6e924E 00 1e403E-03 3e652E-03 t.soo 1.041E 00 2.003E-Ol 1o242E 00 le162E 00 9e862E-02 
o.ozo s.707E 00 4e1SOE-02 S.748E 00 2e200E-03 4e383E-03 le600 1e04SE 00 2ell3E-01 1e256E 00 1e242E 00 1e028E-01 
0.025 4o924E 00 4e232E-02 4e966E 00 3el39E-03 5e081E-03 1.700 1.048E 00 2.231E-01 1.211E 00 1e321E 00 1.068E-01 
Oe030 4.363E 00 4e320E-02 4o406E 00 4e210E-03 5e762E-03 1.800 1o052E 00 2e342E-01 1e286E 00 1e400E 00 1e108E-01 

0.035 3o939E 00 to.416E-02 3e984E 00 Se406E-03 6e431E-03 le900 1o056E 00 2.4S3E-Ol le301E 00 1e417E 00 1e148E-01 
0.040 3e607E 00 4o499E-02 3e652E 00 6e719E-03 7.090E-03 2.000 1e060E 00 2.S65E-01 1.316E 00 1.SS3E 00 1e186E-01 
0.045 3.340E 00 4.579£-02 3.38SE 00 8o142E-03 7e738E-03 2.200 1.067E 00 2.788E-01 le346E 00 1e704E 00 1e261E-Ol 
o.oso 3.119E 00 4.6S3E-02 3o165E 00 9e671E-03 8.376E-03 2.400 1.075E 00 3e012E-01 1.376E 00 1.8S1E 00 1e333E-01 
0.055 2e933E 00 4e724E-02 2.981E 00 1o130E-02 9e003E-03 2.600 1e082E 00 3.236E-01 1e406E 00 1.994E 00 1e404E-01 

0.060 2.175E 00 4e793E-02 2.823E 00 1e302E-02 9e621E-03 2.800 1.089E 00 3.459E-01 1.43SE 00 2el35E 00 le472E-01 
0.065 2e639E 00 4o859E-02 2.688E 00 le~E-02 1e023E-02 3.000 1o096E 00 3.684£-01 1e464E 00 2e273E 00 1.538E-01 
0.010 2o520E 00 4e923E-02 2e570E 00 1o674E-02 1e083E-02 3.500 1.112E 00 4o249E-01 le537E 00 2e606E 00 1e696E-01 
o.o75 2e416E 00 4o985E-02 2.466E 00 1e873E-02 1el42E-02 4.000 1.126E 00 4e818E-Ol 1e608E 00 2.924E 00 1e844E-01 
o.oao 2e323E 00 5.046E-o2 2e314E 00 2e080E-02 leZOOE-02 4.500 lel39E 00 5e387E-01 1.617E 00 3e229E 00 le984E-01 

o.oa5 z.241E 00 5.089E-02 2e291E 00 2e294E-02 1e257E-02 5.000 1e150E 0.0 5e962E-01 1. 747E 00 3e521E 00 2.117E-01 
0.090 2.166E 00 5.149E-o2 2.218E 00 2eS16E-02 1e314E-02 5.500 1.161E 00 6o541E-01 1.815E 00 3o802E 00 2o244E-01 
o.o95 2e099E 00 5.zoeE-o2 2e151E 00 2e745E-02 le369E-02 6e000 1el10E 00 7e124E-01 1o883E 00 4e072E 00 2e365E-01 
o.too 2e038E 00 5.266E-oz 2o091E 00 2.981E-02 1e424E-02 6.500 1el19E 00 1. 710E-01 1e950E 00 4e333E 00 2e480E-01 
o.ISO le641E 00 s.e37E-o2 1.699E 00 5e664E-02 1e945E-02 7.000 1.187E 00 8e300E-01 2e017E 00 4.585E 00 2e591E-01 

0.200 1e437E 00 6e384E-02 1.501E 00 8e8UE-02 2e421E-02 7.500 1.195E 00 8e893E-01 2.084E 00 4.829E 00 2e698E-Ol 
0.250 1.315E 00 6e940E-02 1e38SE 00 1e229E-01 2e864E-02 a.ooo t.202E 00 9e489E-Ol 2e151E 00 5e065E 00 2e801E-Ol 
0.300 1.236E 00 7.499E-02 1o311E 00 1e601E-01 3e282E-02 a.5oo t.208E 00 1e009E 00 2e217E 00 5e294E 00 2e900E-01 
0.350 1.182E 00 e.o63E-02 1e262E 00 1e990E-01 3.678E-02 9.000 1.21SE 00 1.077E 00 2.291E 00 Se516E 00 2e995E-Ol 
0.400 1.143E 00 8e624E-02 1.229E 00 2e392E-01 4e057E-02 9e500 1.220E 00 1el37E 00 2o358E 00 5e731E 00 3e088E-01 

0.450 1ell4E 00 9.197E-02 1.206E 00 2e803E-Ol 4e419E-02 10.000 1.226E 00 le198E 00 2.424E 00 5.940E 00 3.118E-01 
o.soo 1.093E 00 9.752E-02 1el91E 00 3e220E-01 4e769E-02 zo.ooo 1e296E 00 2e407E 00 3o703E 00 9e242E 00 4e504E-01 
0.550 1.077E 00 1e030E-01 1e180E 00 3o642E-Ol 5.104E-02 30.000 1e333E 00 3e700E 00 s.o33E 00 1e155E 01 5e323E-01 
0.600 1.06SE 00 1.084E-Ol 1el74E 00 4e067E-01 5.427E-02 40.000 1.357E 00 5.105E 00 6e462E 00 1e330E 01 Se904E-01 
0.650 1o055E 00 1e137E-01 1.169E 00 4e494E-01 s. 739E-02 50.000 1.316E 00 6.511E 00 7e887E 00 1.470E 01 6e341E-01 

o.7oG t.049E 00 1.189E-Ol lel68E 00 4o922E-01 6e040E-G2 60.000 1.390E 00 7.932E 00 9e322E 00 1e587E 01 6e682E-01 
Oe750 l.044E 00 1e241E-01 1.168E 00 !1.350E-01 6e331E-02 ao.ooo 1.412E 00 1.080E 01 1.221E 01 1. 173E 01 7el84E-01 
o.aoo 1o040E 00 t.292E-01 lo169E 00 5e778E-01 6e6UE-02 100.000 l.428E 00 1.368E 01 1.5ll£ 01 1e920E 01 7e539E-01 
o.aso lo037E 00 1o318E-01 1e169E 00 6e206E-01 6.876E-02 200.000 1.476E 00 2.828E 01 2e976E 01 2.383E 01 8e433E-01 
0.900 le03SE 00 1o368E-01 1e172E 00 6e633E-01 7.131E-02 300.000 1e502E 00 4.298E 01 4e449E 01 2e656E 01 8e820E-01 

0.950 l.033E 00 1.419E-01 1.11SE 00 7e059E-01 7eH1E-02 400.000 1.521E 00 s.ntE 01 s.923E 01 2e851E 01 9e042E-01 
1.ooo le033E 00 1.411E-01 1.180E 00 7e48~E-Ol 7.626E-02 500.000 1.535E 00 7e245E 01 7.399E 01 3e001E 01 9el87E-01 
1.100 1.032E 00 1.575E-01 1.190E 00 a.328E-01 8el01E-02 600.000 1o546E 00 8e722E 01 8.817E 01 3el24E 01 9e291E-01 
1.200 1e033E 00 1e680E-01 1.201E 00 9el65E-01 8e560E-02 eoo.ooo 1.564E 00 1.168E 02 1.183E 02 3e319E 01 9e430E-01 N 

1.300 l.035E 00 1e787E-01 1o214E 00 9e99,E-Ol 9e006E-02 tooo.ooo le578E 00 1.463E 02 1.479E 02 3.470E Ol 9e521E-Gl .. 
(II 
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w 
ELECTROf!IS IN GOLD ELECTRONS IN GOLD • "' 

ENERGY STOPPING POWER RANGE RAOIATIC* ENERGY STOPPING POWER RANGE RAD I A Tl Ofil 
COLLISION RAOIATIC* TOTAL YIELD COLLIS I OfC RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM21G MEV CM2/G MEV CM21G G/CM2 

0.010 cs.•47E 00 4o383E-02 8.691E 00 7o9.r.4E-04 3.182E-03 1o400 1.024E 00 2o036E-01 1o227E 00 1o086E 00 1e026E-01 
o.o15 6.722E 00 4.477£-02 6.766E 00 1.4~3E-03 4o069E-03 1.~oo t.027E 00 2.noE-o1 1o242E 00 1ol67E 00 1o070E-01 
0.020 5e582E 00 4e490E-02 5.627E 00 2o268E-03 4o880E-03 1.600 1o030E 00 2.26SE-01 1o257E 00 1o247E 00 1ol14E-01 
o.o2!1 4o822E 00 4.!178E-02 4.868E 00 3.226E-03 !lo642E-03 1.700 1.034E 00 2.385£-01 1.273E 00 1o326E'OO 1e1!16E-01 
0.030 4o276E 00 4o686E-02 4.323£ 00 4o319E-03 6o389E-03 1o800 1o038E 00 2.502E-o1 1o288E 00 1o404E 00 1o198E-01 

0.03!1 3.863E 00 4e81SE-02 3.911E 00 5o537E-03 7ol30E-03 1.900 1.042E 00 2.618E-01 1.303E 00 1.482E 00 1o239E-01 
0.040 3.!140E 00 4.916E-02 3o!I89E 00 6o873E-03 7o865E-03 2.000 1.046E 00 2.735E-01 1.319E 00 lo!I!I8E 00 1o279E-01 
0.045 3o278E 00 5.o1oE-o2 3.328£ 00 8o322E-03 8o589E-03 2.200 1o053E 00 2.970£-01 1.350E 00 1o708E 00 1o357E-Ol 
0.050 3.063E 00 5.096E-02 3ol13E 00 9.876E-03 9o301E-03 2.400 1.061E 00 3.206E-01 1.382E 00 1.8S4E 00 1o433E-01 
0.055 2o881E 00 5.178E-02 2o933E 00 1olS3E-02 1.oooE-02 2.600 1.068E 00 3e442E-01 1.413E 00 1o997E 00 1.SOSE-01 

0.060 2.727E 00 5.2S6E-02 2.780E 00 1o328E-02 1o069E-02 2.800 1.076E 00 3.684£-01 1o444E 00 2.137£ 00 1oS76E-01 
o.o65 2.594E 00 5.330E-02 2.647E 00 1.513£-02 1.137E-02 3.000 1.082E 00 3.923£-01 1o475E 00 2o274E 00 1e645E-01 
o.o1o 2.478£ 00 5.402E-02 2.S32E 00 1o706E-02 1o204E-02 3.!100 1.099E 00 4.520£-01 1o!I51E 00 2e605E 00 1o808E-01 
0.07!1 2o375E 00 5.471E-02 2o430E 00 1o908E-02 1o270E-02 4.000 1ol13E 00 S.120E-01 1o625E 00 2.920E 00 1.961E-01 
o.o8o 2o28SE 00 S.538E-02 2o340E 00 2.117£-02 1o33SE-02 •• soo 1.126£ 00 5.719£-01 1.698E 00 3.221£ 00 2o106E-01 

o.o85 2.204E 00 5o586E-02 2.2S9E 00 2o335E-02 1.399£-02 5.000 1ol38E 00 6.322£-01 1.770£ 00 3.509£ 00 2.242£-01 
0.090 2.131E 00 5e6S1E-02 2.187£ 00 2o560E-02 1.461E-02 5.500 1.14-8£ 00 6e930E-01 1.841£ 00 3.786E 00 2.372£-01 
o.o95 2.065£ 00 5. 71!1£-02 2.122£ 00 2.792E-02 1.523£-02 6.000 1.1!18£ 00 7.541E-01 1.912E 00 4.053E 00 2.496E-01 
0.100 2.oo5E 00 5.778E-o2 2.063£ 00 3o031E-02 1eS84E-02 6.5oo 1.1~7E 00 8.1S5E-01 1o983E 00 4o310E 00 2.614£-01 
o.no 1o616E 00 6.388E-02 1.680E 00 5o74-8E-02 2o160E-02 7.000 1.175E 00 8.773E-01 2o053E 00 4o!IS7E 00 2.727E-01 

0.200 1o416E 00 6.944-E-02 1.486E 00 8.929£-02 2.682£-02 7.500 1.183£ 00 9.393£-01 2.122£ 00 4o797E 00 2e83SE-01 
0.250 1.297£ 00 7.!143£-02 1o372E 00 1o24-4E-01 3o164E-02 8.ooo 1.190£ 00 1.002£ 00 2.192£ 00 s.o29E 00 2.939£-01 
0.300 1.219£ 00 8.15SE-02 1.301£ 00 1.619£-01 3o6l8E-02 8.5oo 1o197E 00 1o064E 00 2o261E 00 5o2S3E 00 3o039E-01 
Oe3SO 1.166E 00 8.790E-02 1.2S3E 00 2o011E-01 4eOSOE-02 9.000 1.203£ 00 1.128E 00 2o331E 00 So471E 00 3.13SE-Ol 
0.400 1.127£ 00 9.403E-02 1.221£ 00 2o416£-01 4o464E-02 9.500 1.209£ 00 1o191E 00 2o400E 00 5o682E 00 3.228E-01 

0.4!10 1e100E 00 1e002E-01 1.200£ 00 2o829E-01 4o8S9E-02 10.000 1.215E 00 1e2S4E 00 2.469E 00 5.888£ 00 3.318£-01 
0.500 1o079E 00 1e062E-01 1ol85E 00 3o248E-01 5o239E-02 20.000 1.286£ 00 2.553£ 00 3.839£ 00 9ol08£ 00 4'o642E-01 
0.550 1o062E 00 1e120E-01 1.174£ 00 3.672£-01 5o604E-02 30.000 1.324E 00 3.918E 00 5o242E 00 1o133E 01 5o461E-'J1 
Oo600 1o050E 00 1.178£-01 1o168£ 00 4o099E-01 S.9SSE-02 40.000 1.350£ 00 5.345f 00 6.694£ 00 1o302E 01 6e033E-01 
0.650 1o041E 00 1o235E-01 1.164£ 00 4o!I28E-01 6o293E-Q2 50.000 lo368E 00 6o822E 00 8o190£ 00 1o436E 01 6e460E-01 

o.1oo 1.034E 00 1.291E-01 1o163E 00 4.958£-01 6.619E-02 60.000 1o383E 00 8.310£ 00 9.693E 00 1o54-8E 01 6o793E-01 
0.750 1.028E 00 1e346E-01 1.163E 00 5o388E-01 6.,4E-02 ao.ooo 1.405£ 00 1.132E 01 1.272£ 01 1.728£ 01 7.281£-01 
o.8oo 1.024£ 00 1.401£-01 1.165E 00 5o818E-01 7o238E-02 100.000 1o422E 00 1.434£ 01 1oS76E 01 1.869£ 01 7.626£-01 
o.8so 1.022£ 00 1.427E-01 1o164E 00 6.247E-01 7.522£-02 200.000 1o470E 00 2o963E 01 3o111E 01 2o312E 01 8o492E-01 
0.900 1.020£ 00 1e481E-Ol 1.168£ 00 6o676E-01 7.797E-02 300.000 1.497E 00 4o!I04E 01 4.653E 01 2o574E 01 8o866E-01 

0.9!10 1.018£ 00 1.535E-01 1.172E 00 7.104!-01 8.o6SE-o2 400.000 1e5UE 00 6o046E 01 6.197E 01 2.7~9£ 01 9e079E-01 
1.000 1.018E 00 1.~90£-01 1.177£ 00 7.S29E-01 a.327E-02 500.000 1.529E 00 7.~91£ 01 7.744£ 01 2o903E 01 9.220E-01 
1.100 1o018E 00 1.700£-01 1o187E 00 8e376E-01 8.n~E-02 600.000 1.!141£ 00 9.138£ 01 9o292E 01 3o021E 01 9e320E-01 
1.200 1o019E 00 1o8llE-01 1.200E 00 9e213E-01 9o324E-02 aoo.ooo 1.5~8£ 00 lo223E 02 1.239E 02 3o207E 01 9.4~4E-01 

1.300 1o021E 00 1.923£-01 1.213E 00 lo004E 00 9o797E-02 1000.000 1.572£ 00 1.533£ 02 1.S49E 02 3o351E 01 9o540E-01 
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ELECTRONS IN LEAD ELECTitONS IN LEAD 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CMZ/G MEV CM2/G MEV CM2/G G/CMZ MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

o.o10 B.419E 00 4e513E-02 B.464E 00 8e251E-04 3o372E-03 1.400 l.OllE 00 2o120E-01 1o223E 00 lo098E 00 lo071E-01 
o.ots 6e556E 00 4e614E-02 6o602E 00 lo501E-03 4o306E-03 1.500 l.015E 00 2.234£-01 1.238E 00 1ol79E 00 1o111E-01 
o.ozo 5.450E 00 4e620E-02 5o496E 00 2o335E-03 5o158E-03 1.600 1.019E 00 2e348E-01 le254E 00 lo260E 00 1o163E-01 
0.025 4. 711E 00 4. 713E-02 4.758E 00 3o316E-03 5o958E-03 1.700 1.023E 00 2o457E-01 1.269E 00 1o339E 00 1.206E-Ol 
0.030 4.179E 00 4.827E-02 4e228E 00 4o434E-05 6e742E-03 1.800 1.027E 00 2o571E-Ol 1.284E 00 1o417E 00 le249E-01 

0.035 3. 777E 00 4o967E-02 3o827E 00 5o679E-03 7o522E-03 1.900 lo032E 00 2.686E-Ol 1o300E 00 1o495E 00 1o290E-01 
o.o4o 3.462E 00 5.074E-o2 3o513E 00 7o044E-03 8o296E-03 z.ooo 1o036E 00 2.eozE-o1 1o316E 00 1o571E 00 lo330E-01 
0.045 3o207E 00 5ol72E-02 3e259E 00 8e524E-03 9o059E-03 2.200 1o044E 00 3.035E-01 1o348E 00 1o721E 00 1o409E-01 
0.050 2e997E 00 5o262E-02 3.049E 00 1o011E-02 9o810E-03 2.400 1o053E 00 3e270E-Ol 1.380E 00 1o868E 00 lo484E-01 
0.055 z.azoE 00 5.346E-02 2.8HE 00 1ol80E-02 lo055E-02 2.600 l.061E 00 3e508E-01 1o412E 00 2o011E 00 1o556E-01 

0.060 2.669E 00 5.426E-02 2.724E 00 lo359E-02 1.127E-02 z.eoo lo069E 00 3o758E-01 lo444E 00 2ol51E 00 lo627E-01 
0.065 2.539E 00 5.5o3e-oz 2o594E 00 1o547E-02 1o199E-02 3.000 1.076E 00 3o999E-Ol 1.476E 00 2o288E 00 1o695E-01 
0.070 2.426E 00 5o576E-02 2.481E 00 lo744E-02 lo269E-02 3.500 l.093E 00 4o603E-Ol 1o554E 00 2o618E 00 lo858E-01 
o.o75 2o326E 00 5.647E-02 2o382E 00 1.950E-02 lo339E-02 4.000 1.109E 00 5.212E-Ol le630E 00 2o933E 00 2.011E-Ol 
o.oeo 2e237E 00 5.716£-02 2e294E 00 2ol64E-02 le407E-02 4.500 l.l23E 00 5.822E-01 1.705E 00 3o232E 00 2ol55E-Ol 

o.oes 2 .158E 00 5.745E-o2 2o216E 00 2o386E-02 1o4HE-02 5.000 1.U5E 00 6o437E-01 1o 779E 00 3o519E 00 2o292E-01 
0.090 2.087E 00 5o812E-02 2ol45E 00 2o615E-02 lo539E-02 s.soo 1ol47E 00 7.056E-01 lo852E 00 3o795E 00 2o421E-01 
0.095 2.023E 00 5.878E-02 2o082E 00 2o852E-02 1o603E-02 6.000 1.157E 00 7.678E-01 1o925E 00 4e060E 00 2o544E-01 
0.100 1e964E 00 5.944E-02 2o024E 00 3o096E-02 1o667E-02 6.500 1.167E 00 8.~04E-Ol lo997E 00 4e315E 00 2e662E-01 
0.150 1e584E 00 6e593E-02 1.650E 00 5o863E-02 2o270E-02 7.000 1el76E 00 8e933E-01 2o069E 00 4e561E 00 2e775E-01 

o.zoo 1.389E 00 7o251E-02 1o461E 00 9o100E-02 2o824E-02 7.500 1.184E 00 9.565E-01 2ol40E 00 4o 798E 00 2.ee2e-ot 
0.250 lo272E 00 7.864E-02 le350E 00 1o267E-01 3o339E-02 e.ooo lol91E 00 1o020E 00 2.211E 00 5o028E 00 2o986E-01 
0.300 lel96E 00 8o460E-02 lo280E 00 lo6o\8E-Ol 3o820E-02 8.500 lol99E 00 lo084E 00 2o282E 00 5o251E 00 3o086E-Ol 
0.350 1.143E 00 9e041E-02 1o234E 00 2e046E-Ol 4e270E-02 9.000 1o205E 00 1.146E 00 Zo352E 00 5o466E 00 3o182E-01 
0.400 lo106E 00 9o623E-02 1o203E 00 2o457E-Ol 4e695E-02 9.500 1.212E 00 1.211E 00 2.422E 00 5o676E 00 3o274E-01 

0.450 1.079E 00 1o020E-01 1o181E 00 2.877E-01 5o098E-02 10.000 1.217E 00 1.275E 00 2o493E 00 5o879E 00 3e363E-Ol 
o.500 1.059E 00 1o078E-01 1o167E 00 3o303E-01 5e482E-02 zo.ooo 1e293E 00 2.614E 00 3.907E 00 9o060E 00 4o682E-01 
o.550 1o04toE 00 1.136£-01 le158E 00 3o733E-01 5o850E-02 30.000 1o334E 00 4e003E 00 5o337E 00 1e124E 01 5o499E-01 
0.600 lo033E 00 lol94E-Ol 1.152E 00 4o166E-01 6o204E-02 40.000 lo360E 00 5.422E 00 6e783E 00 1o290E 01 6o065E-Ol 
0.650 1.024E 00 le252E-Ol le149E 00 to.601E-01 6o544E-02 so.ooo 1o380E 00 6e923E 00 8o303E 00 1e423E 01 6o487E-01 

o.7oo le018E 00 1o310E-Ol 1.149£ 00 5o036E-01 6o873E-02 60.000 1.396E 00 Bo434E 00 9o829E 00 lo534E 01 6o817E-Ol 
0.750 l.013E 00 lo367E-01 le150E 00 5o471E-01 7ol91E-02 eo.ooo lo419E 00 lo148E U1 1o290E 01 1e711E 01 7o301E-01 
o.aoo 1e010E 00 le425E-01 lel53E 00 5o906E-Ol 7o500E-02 100.000 1.436E 00 1.455E 01 1o599E 01 1o850E 01 7o642E-01 
o.a5o 1o008E 00 1.487£-01 1e157E 00 6o339E-Ol 7o801E-02 zoo.ooo lo485E 00 3o008E 01 3ol56E 01 Zo287E 01 8o502E-Ol 
0.900 1.003E 00 le545E-Ol lo157E 00 6o 771E-Ol 8o096E-02 300.000 1.511E 00 4.571E 01 4 0 722E 01 2.544E 01 8o8HE-01 

0.950 1.002E 00 le603E-01 1.162E 00 7.202E-Ol 8o384E-02 400.000 lo529E 00 6o136E 01 6o289E 01 2. 727E 01 9o085E-01 
1.000 1o002E 00 1o661E-01 lo168E 00 7o631E-01 8o666E-02 soo.oot> 1o543E 00 7o704E 01 7.858E 01 2o869E 01 9o225E-01 
1.100 1.003E 00 1.776£-01 lo180E 00 Bo483E-Ol 9o208E-02 600.000 1.554E 00 9o274E 01 9o430E 01 2o985E 01 9o324E-01 
1.200 lo005E 00 1.891£-01 le194E 00 9.326£-01 9. 72BE-02 aoo.ooo 1.571E 00 1.242E 02 lo257E 02 3.168E Ol 9.4HE-Ol N .. 
1.300 t.008E 00 2 .oosE-01· le208E 00 1o016E 00 le023E-Ol 1000.000 1.585E 00 lo556E 02 1.572E 02 3o310E 01 9o543E-Ol ~ 
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N 

ELECTRONS ELECTRONS IN URANIUM ... 
IN URANIUM CD 

ENERGY STOPPI"G POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEY CM2!G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM21G G/CM2 

o.o1o 7.874E 00 4.947E-02 7.924E 00 9o243E-04 4o044E-03 1.400 9.701E-01 2.321E-01 1.202£ 00 1.127E 00 1o200E-01 
0.015 6o167E 00 So061E-02 6o218E 00 1o643E-03 s.o99E-o3 1o500 9.736£-01 2.447E-01 1.218E 00 1o210E 00 1.251E-01 
Oo020 5.14!£ 00 5o070E-02 5o194E 00 2o528E-03 6o067E-03 1o600 9o772E-01 2o573E-01 1o234E 00 1o291E 00 1o301E-01 
o.o25 4o456E 00 s.1nE-o2 4o507E 00 3oS65E-03 6o977E-03 1.700 9o811E-01 2o696E-01 1o251E 00 1o372E 00 1o349E-01 
0.030 3o959E 00 5o295E-02 4o012E 00 4o743E-03 7o870E-03 1.800 9o850E-01 2.82.!E-01 1o267E 00 1i451E 00 1o396E-01 

o.o35 3o583E 00 So444E-02 3.637E 00 6o054E-03 8o758E-03 1o900 9o890E-01 2o941E-01 1o284E 00 1o530E 00 1o442E-01 
Oo040 3o286E 00 5o560E-02 3o342E 00 7o490E-03 9o639E-03 2o000 9o930E-01 3o075E-01 1o301E 00 1o607E 00 1o486E-01 
0.045 3o047E 00 5o667E-02 3o104E 00 9o044E-03 1o051E-02 2.200 1o001E 00 3o330E-01 1o334E 00 lo759E 00 lo572E-01 
o.oso 2o849E 00 5o767E-02 2o907E 00 1o071E-02 1ol36E-o2 2o400 1o009E 00 3o586E-Ol 1o367E 00 1o907E 00 1o654E-01 
o.os5 2o682E 00 5.861£-02 2o741E 00 1.248£-02 lo220E-02 2.600 1o016E 00 3o843E-01 1o401E 00 2o052E 00 1o733E-01 

Oo060 2.S40E 00 5o950E-02 2o600E 00 1o436E-02 1o303E-02 2.eoo 1.024E 00 4o108E-01 1o434E 00 2o193E 00 1o810E-01 
Oo065 2o418E 00 6o035E-02 2o478E 00 1o633E-02 1o385E-02 3.000 1o030E 00 4o367E-01 1o467E 00 2o331E 00 1o884E-01 o.o1o 2.311E 00 6oll7E-02 2o372E 00 1o839E-02 1o465E-02 3o500 1o047E 00 5o016E-01 lo548E 00 2o662E 00 2oOS9E-01 
0.075 2.216£ 00 6o197E-02 2o278E 00 2o054E-02 1o544E-02 4o000 1o061E 00 So666E-01 1o628E 00 2.977E 00 2o222E-Ol 
o.o8o 2o133E 00 6.274£-02 2o195E 00 2.278£-02 1o622E-02 4o500 1o074E 00 6o314E-01 lo706E 00 3.277E 00 2o374E-01 

o.o85 2o058E 00 6o325E-02 2o121E 00 2o510E-02 1o698E-02 5.ooo 1o086E 00 6o967E-01 1.783E 00 ,.564E 00 2o517E-01 
o.o9o 1o990E 00 6o400E-02 2o054E 00 2o749E-02 1o 773£-02 s.soo 1.097£ 00 7.623E-o1 1o859E 00 3.839E 00 2o653E-o1 
0.095 1o930E 00 6.474£-02 1o994E 00 2.996£-02 1.847£-02 6.000 1o107E 00 8.283£-01 1.935£ 00 4o102E 00 2o781E-01 
o.1oo 1.874E 00 6.547£-02 1.940£ 00 3o251E-o2 1o920E-o2 6.500 1oll6E 00 8o946E-01 2o010E 00 4o356E 00 2o903E-01 
o.uo 1.514£ 00 7.253£-02 1.587E 00 6.133E-02 2o609E-02 7.000 1.124E 00 9.612E-01 2o085E 00 4o600E 00 3.019£-01 

0.200 1o329E 00 7.944£-02 lo408E 00 9.495£-02 3o235E-02 7.500 1.nzr: 00 1.028£ 00 2.160£ 00 •• 836£ 00 3.130£-01 
0.250 1.218E 00 8o605E-02 1o304E 00 1o320E-01 3.814£-02 8.ooo 1ol39E 00 1o095E 00 2o234E 00 5o063E 00 3o237E-01 
0.300 1.146£ 00 9.254£-02 1o238E 00 1.714£-01 4o352E-02 a.5oo 1.146£ 00 1.163£ 00 2.308£ 00 5.283E 00 3.339E-01 
0.350 lo096E 00 9.892£-02 1.195E 00 2ol25E-01 4o856E-02 9.000 1o152E 00 1o230E 00 2.382£ 00 5.497E 00 3o437E-01 
0.400 1.061E 00 1.053£-01 1.166E 00 2.549E-01 5.331E-02 9.5oo 1o158E 00 1o298E 00 2o456E 00 5.7()3E 00 3.531E-01 

Oo450 1.034£ 00 1.116£-01 1.146E 00 2.982E-01 5.7a1E-o2 1o.ooo 1o164E 00 1.366E 00 2.530E 00 5o904E 00 3.621E-01 
o.soo 1o015E 00 1.180£-01 1.133E 00 3o420E-01 6.211E-02 20.000 1o2)6E 00 2.770E 00 4o006E 00 9o018E 00 4o940E-01 
0.550 1o001E 00 1.243E-01 1.12SE 00 3o863E-01 6o622E-o2 30.000 lo274E 00 4o238E 00 s.512E 00 1oll4E 01 5o739E-01 
0.600 9o903E-01 1o306E-01 1.121E 00 4o309E-01 7o016E-02 40.000 lo300E 00 5.760E 00 7.059E 00 1o274E 01 6o289E-01 
Oo650 9.817E-01 lo370E-01 1oll9E 00 4o755E-01 7o396E-02 50.000 1o319E 00 7.354£ 00 8o673E 00 1o402E 01 6.697£-01 

o.1oo 9o756E-01 1.433£-01 1oll9E 00 5.202£-01 7.762£-02 60.000 1o3!4E 00 8o961E 00 1.029£ 01 1.507E 01 7.014£-01 
0.750 9. 710£-01 1.496£-01 1o121E 00 5o649E-01 a.u1e-o2 eo.ooo lo356E 00 1o220E 01 1o356E 01 1o676E 01 7o477E-01 
o.8oo 9.677E-01 1o560E-Ol 1.124£ 00 6o094E-01 8o461E-02 100.000 1.373£ 00 1o546E 01 1o684E 01 1o808E 01 7.801£-01 
o.8so 9o653E-01 1o626E-01 1o128E 00 6o539E-Ol 8.796E-02 200.000 1o421E 00 3ol97E 01 3o339E 01 2o222E 01 8o611E-01 
0.900 9o638E-01 1.689£-01 1.133£ 00 6.981£-01 9o122E-02 300.000 1.446E 00 4o8S8E 01 5o003E 01 2o465E 01 8.9SSE-01 

Oo950 9.629£-01 1o752E-01 1ol38E 00 7o421E-01 9o439E-02 400.000 1o464E 00 6o521E 01 6o668E 01 2o6HE 01 9.U~E-01 
1.ooo 9o625E-01 1o816E-01 1o144E 00 7o860E-01 9.71t9E-02 soo.ooo 1o478E 00 8o188E 01 8o335E 01 2o772E 01 9o285E-01 
1~100 9o630E-01 1o942E-Ol 1o157E 00 8.729E-01 1o035E-01 600.000 1o489E 00 9o8S6E 01 1o001E 02 2o881E 01 9o377E-01 
1.200 9o646E-01 2o068E-Ol 1o171E 00 9o588E-Ol 1o092E-01 eoo.ooo 1o506E 00 1o320E 02 1o33SE 02 3o053E 01 9o501E-01 
1.300 9o671E-01 2o194E-01 1o187E 00 1o044E 00 1o147E-01 1000.000 1o519E 00 1o653E 02 1o669E 02 3o187E 01 9o580E-01 
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ELECTRONS lN WATER ELECTRONS lN WATER 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POwER RANGE RADIATION 
COt.llSlON RADIATION TOTAl YIELD COt.llSlON RADIATION TOTAL YIELD 

MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 2o320E 01 5o069E-03 2o321E 01 2o436E-04 1o245E-04 1o400 1o853E 00 2o301E-02 1.876£ 00 6o423E-01 6o531E-03 
0.015 1o690E 01 4o969E-03 1o691E 01 4o998E-04 1o686E-04 1.5oo 1o852E 00 2o447E-02 1o877E 00 6o956E-01 6o939E-03 
Oo020 1o350E 01 4o904i-03 1o351E 01 8o331E-04 2o087E-04 1o600 1o852E 00 2.593£-02 1.878£ 00 7o489E-01 7o344E-03 
o.o25 1ol36E 01 4o858E-03 1ol37E 01 1o238E-03 2o460E-04 1.708 1o853E 00 2o736E-02 1.880E 00 8o021E-01 7o745E-03 
0.030 9o879E 00 4o825E-03 9o884E 00 1o 712£-03 2o814E-04 1o800 lo854E 00 2o885E-02 1o883E 00 8o553E-01 a.145E-03 

Oo035 8o789E 00 4o792E-03 8o794E 00 2o249E-03 3o150E-04 1.900 1o856E 00 3o035E-02 1o886E 00 9o083E-01 8.543E-03 
Oo040 7o951E 00 4o788E-03 7o956E 00 2o848E-03 3.473£-04 2.000 lo858E 00 3o187E-02 1o889E 00 9o613E-01 8o940E-03 
Oo045 7.287£ 00 4o796E-03 7o292E 00 3o505E-03 3o787E-04 2o200 1oi62E 00 3o494E-02 1.897£ 00 1o067E 00 9o731E-03 
0.050 6o747E 00 4o812E-03 6o751E 00 4o218E-03 4o093E-04 2.400 1.867£ 00 3.806£-02 1o905E 00 1ol12E 00 lo052E-02 
Oo055 6o298E 00 4o835E-03 6o303E 00 4o986E-03 4o394E-04 2.600 1.873£ 00 4.123£-02 1o914E 00 1o217E 00 1ol31E-02 

Oo060 5o919E 00 4o863E-03 5o924E 00 5o804E-03 4o689E-04 2o800 lo878E 00 4o432E-02 1o922E 00 1o381E 00 1o209E-02 
0.065 5o596E 00 4o896E-03 5o600E 00 6o673E-03 4o981E-04 3o000 1o884E 00 4.757£-02 1o931E 00 1o485E 00 1o288E-02 
0.070 5o315E 00 4.932£-03 5.320£ 00 7o589E-03 5.268£-04 3.500 1.897E 00 5o593E-02 1o953E 00 1o742E 00 lo484E-02 
Oo075 5o070E 00 4o970E-03 5.075£ 00 8.552£-03 5o552E-04 4o000 lo909E 00 6o458E-02 lo974E 00 1o997E 00 1o682E-02 
o.oao 4o854E 00 5.011E-03 4o859E 00 9o559E-03 5o834E-04 4o500 1o920E 00 7.356E-02 lo994E 00 2o249E 00 1o882E-02 

Oo085 4o662E 00 5.044£-03 4o667E 00 1o061E-02 6oll1E-04 5o000 1o931E 00 8.270£-02 2o014E 00 2.499£ 00 2o083E-02 
0.090 4o491E 00 5o089E-03 4o496E 00 1o170E-02 6o386E-04 5.500 1o940E 00 9o202E-02 2o032E 00 2o746E 00 2.287£-02 
Oo095 4o336E 00 5ol36E-03 4o341E 00 1o213E-02 6o660E-04 6.000 1o949E 00 1o015E-01 2o051E 00 2o991E 00 2o491E-02 
o.1oo 4o197E 00 5.184£-03 4o202E 00 1o400E-02 6o931E-04 6o500 1o957E 00 lo111E-01 2o068E 00 3o234E 00 2o696E-02 
Ool50 3.299E 00 5. 716£-03 3o304E 00 2o760E-02 9o565E-04 1o000 1o964E 00 1o209E-01 2o085E 00 3o474E 00 2o902E-02 

Oo200 2o844E 00 6o286E-03 2o850E 00 4o400E-02 1o210E-03 7.500 1o971E 00 1o307E-01 2o102E 00 3o 713£ 00 3o109E-D2 
Oo250 2.573£ 00 6o909E-03 2.580E 00 6.250£-02 1o456E-03 8.ooo 1o978E 00 lo408E-Ol 2o119E 00 3o950E 00 3o317E-02 
0.300 2.394£ 00 1o561E-03 2o401E 00 8o263E-02 1o699E-03 8.5oo 1.984£ 00 1o509E-01 2ol35E 00 4o185E 00 3o525E-02 
0.350 2.271£ 00 8.243£-03 2.280E 00 1o040E-Ol 1o940E-03 9o000 1o989E 00 1.621£-01 2.152£ 00 4o418E 00 3o735E-02 
0.400 2o181E 00 8.921£-03 2o190E 00 1o264E-01 2.178£-03 9.500 1o995E 00 1o724E-01 2ol67E 00 4o650E 00 3o946E-02 

0.450 2.113£ 00 9o613E-03 2ol23E 00 1o496E-01 2o414E-03 to.ooo 2.000E 00 1o829E-01 2.183£ 00 4o880E 00 4o157E-02 
0.500 2.061£ 00 1o030E-02 2o011E 00 lo735E-01 2o647E-03 20.000 2.064£ 00 4o055E-01 2o470E 00 9ol80E 00 8o311E-02 
0.550 2o021E 00 1o099E-02 2o032E 00 lo979E-01 2o879E-03 30.000 2ol00E 00 6o419E-Ol 2o742E 00 1o302E 01 1o221E-01 
0.600 1o989E 00 1o168E-02 2oOOOE 00 2o227E-01 3o107E-03 40.000 2.125£ 00 8.849£-01 3o010E 00 1.650£ 01 1.578E-01 
Oo650 1o963E 00 1o237E-02 lo975E 00 2o478E-01 3o 334£-03 50.000 2.144£ 00 1o132E 00 3o276E 00 1o968E 01 1o903E-01 

Oo100 1o942E 00 1.306£-02 1o955E 00 2o733E-01 3o558E-03 60.000 2o160E 00 1o383E 00 3o543E 00 2o262E 01 2o200E-01 
Oo750 1o925E 00 1.376£-02 1o939E 00 2o990E-01 3o780E-03 8o.ooo 2o185E 00 1o890E 00 4o075E 00 2o788E 01 2o722E-01 
o.eoo 1o911E 00 1o445E-02 1o926E 00 3o248E-01 4oOOOE-03 100.000 2o204E 00 2o403E 00 4o607E 00 3o249E 01 3o165E-01 
o.850 1.900£ 00 1.515£-02 1o915E 00 3o509E-01 4o218E-03 200.000 2o263E 00 5o010E 00 7o273E 00 4o962E 01 4o669E-01 
0.900 1o890E 00 1o586E-02 1o906E 00 3. 771£-01 4o435E-03 300.000 2o298E 00 7.648£ 00 9o946E 00 6ol33E 01 5o556E-01 

Oo950 1o882E 00 1.656£-02 1o899E 00 4o033E-01 4o650E-03 400.000 2o322E 00 1.030£ 01 1.262£ 01 7o023E 01 6o152E-01 
1.ooo 1o876E 00 1o 727£'-02 1o893E 00 4o297E-01 4o863E-03 500.000 2o341E 00 1o296E 01 1.530£ 01 7o742E 01 6o587E-01 
1.100 1o866E 00 1.869£-02 1.885£ 00 4o827E-01 5o287E-03 600.000 2.357£ 00 1o562E 01 1o798E 01 8o344E 01 6o920E-01 
1.200 1.860£ 00 2o012E-02 1.880£ 00 5o358E-01 5o705E-03 80o.ooo 2o382E 00 2o095E 01 2o333E 01 9o318E 01 7.401£-01 N • 1.300 1o856E 00 2ol56E-02 1.817£ 00 5.890£-01 6o120E-03 1000.000 2o401E 00 2.629£ 01 2.869£ 01 1.009£ 02 1o 737£-01 CD 
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N 

ELECTRONS IN CARBON DIOXIDE ELECTRONS IN CARBON DIOXIDE 
Cll 
0 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL Y IELO 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 1.978E 01 5o086E-03 1o978E 01 2o880E-04 1o478E-04 1.400 1o660E 00 2o311E-02 1o683E 00 7o278E-01 7o408E-03 
0.015 lo446E 01 4o981E-03 1o447E Ol 5o879E-04 1.990E-04 1.5oo lo663E 00 2o457E-02 lo688E 00 7o872E-Ol 7o857E-03 
0.020 lo159E 01 4o913E-03 lo159E Ol 9o769E-04 2o454E-04 1.600 1o667E 00 2o604E-02 1o693E 00 8.463E-01 8o302E-03 
Oo025 9.765E 00 4o865E-03 9o770E 00 1o449E-03 2o886E-04 1.700 1o672E 00 2o747E-02 1o699E 00 9o053E-01 8o740E-03 
0.030 8o502E 00 4o831E-03 8o507E 00 1o999E-03 3o294E-04 1.eoo 1.676E 00 2o896E-02 1o705E 00 9o640E-01 9ol76E-03 

0.035 7o572E 00 4o798E-03 7o577E 00 2o623E-03 3o681E-04 1.900 1.682! 00 3o047E-02 lo 712E 00 lo023E 00 9o608E-03 
Oo040 6o857E 00 4o792E-03 6o861E 00 3o318E-03 4o053E-01t 2.000 1o687E 00 3ol99E-02 lo 719E 00 1o081E 00 1o004E-02 
Oo045 6o289E 00 4o799E-03 6o293E 00 4o080E-03 4o415E-04 2o200 lo698E 00 3o506E-02 1o 733E 00 1o197E 00 1o089E-02 
Oo050 5o826E 00 4o814E-03 5o831E 00 4o906E-03 4o767E-04 2.400 1.709E 00 3o819E-02 lo748E 00 lo312E 00 1ol74E-02 
0.055 5.442E 00 4o837E-03 5o446E 00 5o794E-03 5oll3E-04 2o600 lo721E 00 4ol36E-02 1o762E 00 1o426E 00 1o258E-02 

o.o6o 5oll7E 00 4o864E-03 5ol22E 00 6o741E-03 5o453E-04 2.800 1o732E 00 4o444E-02 lo776E 00 1o539E 00 1o341E-02 
Oo065 4o839E 00 4o896E-03 4o844E 00 7o745E-03 5o787E-04 3o000 1o743E 00 4o770E-02 1o790E 00 lo651E 00 lo424E-02 
0.070 4o599E 00 4o931E-03 4o604E 00 8o80SE-03 6ol17E-04 3.500 1o769E 00 So606E-02 lo82SE 00 1o927E 00 1o630E-02 
Oo07S 4o388E 00 4o969E-03 4o393E 00 9o917E-03 6o444E-04 4.000 lo793E 00 6o472E-02 1o858E 00 2ol99E 00 1o836E-02 
o.oeo 4o203E 00 5.009E-o3 4o208E 00 1o108E-02 6o766E-04 4o500 lo81SE 00 7o371E-02 lo889E 00 2o466E 00 2o042E-02 

o.oe5 4o038E 00 5o039E-03 4o043E 00 lo229E-02 7o084E-04 s.ooo lo836E 00 8o286E-02 1o919E 00 2o729E 00 2o249E-02 
Oo090 3o891E 00 So084E-03 3o896E 00 1o3SSE-02 7o400E-04 5.soo lo8SSE 00 9,o218E-02 1o947E 00 2o987E 00 2o456E-02 
Oo095 3o758E 00 s.130E-03 3o763E 00 lo486E-02 7o712E-04 6o000 lo873E 00 1o017E-Ol lo974E 00 3o242E 00 2o663E-02 
0.100 3.638E 00 5o178E-03 3o643E 00 1o621E-02 8o023E-04 6.500 1o889E 00 loll3E-Ol 2o001E 00 3o494E 00 2o870E-02 
0.150 2o865E 00 5o 714E-03 2o870E 00 3ol88E-02 lol04E-03 7.000 1o905E 00 lo210E-Ol 2o026E 00 3o742E 00 3o077E-02 

o.zoo 2.473E 00 6o29SE-03 2.479E 00 5o073E-02 1o39SE-03 7.500 lo920E 00 lo309E-Ol 2o051E 00 3o987E 00 3o284E-02 
Oo250 2o239E 00 6o926E-03 2.246E 00 7ol99E-02 1o678E-03 a.ooo 1o934E 00 1o409E-01 2o075E 00 4o230E 00 3o491E-02 
Oo300 2o087E 00 7o586E-03 2o094E 00 9o509E-02 lo957E-03 8.500 lo947E 00 1.511E-Ol 2o098E 00 4olt69E' 00 3o697E-02 
0.350 1o981E 00 8.275E-03 1.989E 00 1o196E-01 2o234E-03 9o000 lo959E 00 1o622E-01 2o121E 00 1to706E 00 3o904E-02 
0.400 1o904E 00 8o960E-03 1o913E 00 lo453E-01 2o507E-03 9.500 lo971E 00 1.726E-01 2ollt4E 00 4o941E 00 4oll2E-02 

0.450 1o848E 00 9o657E-03 lo857E 00 lo718E-Ol 2o778E-03 10.000 lo982E 00 1o831E-Ol 2ol65E 00 Sol73E 00 1to319E-02 
0.500 1o804E 00 lo03SE-02 lo815E 00 1o991E-01 3o04SE-03 zo.ooo 2oll8E 00 4o057E-01 2o543E 00 9o418E 00 8o302E-02 
0.550 1. 771E 00 lo104E-02 1o782E 00 2o269E-Ol 3o309E-03 30.000 2o219E 00 6o422E-01 2.861E 00 1o312E 01 1o196E-01 
0.600 1o 74SE 00 1.174E-02 1o757E 00 2o551E-01 3o570E-03 40.000 2o266E 00 8o851E-01 3ol52E 00 1o644E 01 loSlOE-01 
Oo650 1.72SE 00 1.243E-02 1o737E 00 2o838E-Ol 3o828E-03 50.000 2o301E 00 1o132E 00 3o434E 00 1o948E 01 1o836E-01 

Oo700 1o709E 00 1o313E-02 1o722E 00 3o127E-01 4o082E-03 60.000 2o329E 00 1o383E 00 lo 712E 00 2o228E Ol 2oll6E-01 
0.750 1o696E 00 1o383E-02 1o 710E 00 3o418E-01 4o334E-03 ao.ooo 2o371E 00 1o890E 00 4o261E 00 2o731E 01 2o611E-01 
o.eoo 1o686E 00 1o453E-02 1o700E 00 3 o 712E-01 4o583E-03 1oo.ooo 2.401E 00 2o403E 00 4o804E 00 3ol72E 01 3o034E-01 
o.e5o 1o678E 00 1o523E-02 1o693E 00 4o006E-01 4o830E-03 200.000 2o488E 00 s.oo7E 00 7o496E 00 4o824E 01 4o49SE-01 
Oo900 1o672E 00 1o594E-02 lo687E 00 4o302E-01 5o073E-03 300.000 2o534E 00 7.643E 00 1o018E Ol 5o965E 01 5o375E-01 

Oo9SO 1.667E 00 lo664E-02 1o683E 00 4o599E-01 5o315E-03 400.000 2o563E 00 1o029E 01 1o285E 01 6o837E 01 So976E-01 
1.ooo 1o663E 00 1o735E-02 1.681E 00 4o896E-01 SoSS5E-03 500.000 2.585E 00 1.295E 01 t.553E 01 7.544E 01 6o417E-01 
lo100 1o659E 00 1o878E-02 1o678E 00 5o492E-01 6o028E-03 600.000 2o603E 00 1o561E 01 1o821E 01 8ol38E 01 6o 757E-01 
1o200 1o658E 00 2o021E-02 1o678E 00 6o088E-Ol 6o494E-03 eoo.ooo 2o629E 00 2o093E 01 2o356E 01 9o101E 01 7o253E-01 
1.300 lo658E 00 2ol66E-02 1o680E 00 6o684E-01 6o954E-03 1000.000 2o648E 00 2.626E 01 2o891E 01 9o866E 01 7.600E-01 
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ELECTRONS IN SILVER CHLORIDE ELECTRONS IN SILVER CHLORIDE 

ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD ENERGY STOPPING POWER RANG£ RADIATION 

COLLISION RADIATION TOTAL YIELD 
MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 
0.010 1e226E 01 2.339E-02 1e229E 01 s.o12E-o• 1el41E-03 
o.ou 9.265E 00 2e340E-02 9e289E 00 9e749E-04 1e499E-03 1.400 1.254E 00 1.090E-01 1.363E 00 9e36SE-01 4.676E-02 
0.020 7.570E 00 2.309£-02 7.593E 00 1e574E-03 1e821E-03 1.500 1.257E 00 1.155E-01 1.372E 00 1e010E 00 4e912E-02 
o.o25 6o468E 00 2.341£-02 6e492E 00 2o289E-03 2e121E-03 1.600 1.260E 00 1e219E-01 1.382E 00 1e082E 00 5el43E-02 
0.030 5o690E 00 2.393E-02 5. 714E 00 3ell2E-03 2e417E-03 1.700 1.264E 00 1.287E-01 1e392E 00 1.154E 00 s.372E-o2 

1.800 1e267E 00 1.352E-01 1o403E 00 1e226E 00 5 0 598E-o2 
o.o35 5e109E 00 2e465E-02 5.133E 00 4e037E-03 2. 714E-03 
0.040 4e657E 00 2.517E-02 4.682E 00 5o059E-03 3e011E-03 1.900 1.271E 00 1e418E-01 1.413E 00 1e297E 00 5e821E-02 
Oe045 4o295E 00 2.564£-02 4.320E 00 6.172£-03 3e305E-03 2.000 1.275E 00 1.484E-01 1e423E 00 1e367E 00 6e042E-02 
o.oso 3.998E 00 2.607E-02 4e024E 00 7e372E-03 3.596£-03 2.200 1.283E 00 1.616£-01 1e445E 00 1e507E 00 6e475E-o2 
o.o55 3e750E 00 2.648E-02 3.776E 00 8e655E-03 3~882E-03 2.400 1.291E 00 1e749E-01 1.466E 00 1e644E 00 6e899E-02 

2.600 1.299E 00 1.883£-01 1e487E 00 1.780E 00 7e314E-02 
o.o6o 3e539E 00 2.6871!-02 3e566E 00 1e002E-02 4e165E-03 
0.065 3.358£ 00 2.724E-02 3.385E 00 1e146E-02 4e444E-03 2.800 1.306E 00 2.015E-01 1.507E 00 1.913E 00 7 0 722E-02 
0.070 3.201E 00 2.760E-02 3.228E 00 1e29TE-02 4e 719E-03 3.000 1.313E oo 2.151E-01 1.528E 00 2.045E 00 a.l22E-o2 
0.075 3e063E 00 2.794E-02 3e091E 00 1e456E-02 4o991E-03 3.500 1.330E 00 2.493£-01 1.579E 00 2e367E 00 9e095E-02 
o.o8o 2.940E 00 2e828E-02 2o969E 00 1e621E-02 5e259E-03 4.000 1.345E 00 2.839E-Ol 1 ... 29E 00 2e679E 00 1e003E-01 

4.5oo 1.359E 00 3.190E-01 1.678E 00 2o981E 00 le095E-Ol 
0.085 2.832E 00 2.851E-02 2.860E 00 1.792E-02 5e522E-03 
0.090 2.734E 00 2.884E-02 2.763E 00 1e970E-02 5e783E-03 5.000 1e311E 00 3.546£-01 1.725E 00 3.275E 00 1el83E-01 
0.095 2.646E 00 2.915E-02 2e675E 00 2e154E-02 6o040E-03 5.500 1e382E 00 3.906E-01 1. 773E 00 3e561E 00 le269E-Ol 
0.100 2.566E 00 2.9471!-02 2o595E 00 2.344E-02 6o294E-03 6.000 1.392E 00 4.269E-01 1.819E 00 3e839E 00 le353E-01 
o.l50 2.048E 00 3.247£-02 2.081E 00 4e522E-02 8e703E-03 6.500 1.402E 00 4e636E-01 1.865E 00 4.111E 00 1e435E-01 

7.000 1o410E 00 5.oo7E-01 1.911E 00 4e376E 00 le515E-01 
0.200 lo784E 00 3.509E-02 le819E 00 7e106E-02 1e090E-02 
0.250 le626E 00 3.812£-02 1.664E 00 9e989E-02 1o294E-02 7.500 1.418E 00 5.381£-01 1e956E 00 4e634E 00 1e593E-01 
Oe300 1.523£ 00 4.129E-02 1e565E 00 1e309E-Ol 1e489E-02 8.ooo 1.426F. 00 5.758E-01 2.002E 00 4e887E 00 1e669E-01 
0.350 1.452E 00 4.465£-02 1e497E 00 1.636E-01 1e678E-02 8.500 1.433E 00 6.139E-01 2o047E 00 5.134E 00 1.744E-01 
0.400 1e401E 00 4e788E-02 1.449E 00 1e976E-01 1e862E-02 9.000 1e439E 00 6e548E-01 2e094E 00 5.375E 00 1e817E-01 

9.500 1e445E 00 6e935E-01 2.139E 00 5e612E 00 1ei89E-01 
0.450 1.364E 00 5.113£-02 1.415E 00 2o326E-01 2.039E-02 
0.500 1.336E 00 5.432E-02 1.390E 00 2o682E-01 2e211E-02 10.000 1.4!HE 00 7.323E-01 2el84E 00 5e843E 00 le959E-01 
0.550 1.315E 00 5.748E-02 1.372E 00 3e044E-01 2o318E-02 20.000 1.525E 00 1e541E 00 3.066E 00 9e688E 00 3oll3E-Ol 
0.600 1o298E 00 6e060E-02 1e359E 00 3e411E-01 2e541E-02 30.000 1e564E 00 2e403E 00 3e967E 00 1.255E 01 3e935E-01 
Oe650 1.286E 00 6e369E-02 1o349E 00 3e780E-01 2o698E-02 40.000 1.590E 00 3.306E 00 4.896E 00 1e481E 01 4e558E-01 

50.000 1o610E 00 4.2I8E 00 5.828E 00 1e668E 01 5e048E-01 
0.700 1.276E 00 6.677E-02 1o343E 00 4o151E-01 2.852£-02 
0.750 1.269E 00 6.982£-02 1o339E 00 4.524£-01 3e001E-02 60.000 1.625E 00 5.139E 00 6o764E 00 1.827E 01 5e445E-01 
o.8oo 1.263E 00 7.286£-02 1o336E 00 4o898E-01 3e147E-02 80.000 1o648E 00 7.000E 00 8e648E 00 2.oa8E 01 6o050E-01 
o.850 1.259E 00 7.488£-02 1o334E 00 5e273E-01 3.286E-02 100.000 1.665E 00 8.ane 00 1e054E 01 2e298E 01 6e493E-01 
0.900 1.255E 00 7.790E-02 1o333E 00 5e648E-01 3e422E-02 200.0(10 1. 717E 00 1.836E 01 2.oo7E 01 2e974E 01 7e675E-01 

300.000 1o746E 00 2.792E 01 2.966E 01 3.381E 01 8.215E-01 
o.950 1e253E 00 8.093£-02 1.334E 00 6.023£-01 3e555E-02 
1.000 1.252E 00 8.399£-02 1o336E 00 6e397E-01 3e686E-o2 400.000 1.766E 00 3.750E 01 3.926E 01 3e673E 01 8.533E-01 
1.100 1e250E 00 9.016£-02 1.340E 00 7.1451!-01 3.943£-02 500.000 1.781E 00 4o709E 01 4.887E 01 3e901E 01 8e745E-01 
1.200 1.251E 00 9.639£-02 1.347E 00 7e889E-01 4.193E-02 600.000 1. 794E 00 5.670E 01 5.850E 01 4o018E 01 8e899E-01 
1.300 1.252E 00 1.027£-01 1.355E 00 8o630E-01 4.437£-02 8oo.ooo 1.814E 00 7.594£ 01 7.775E 01 4.383E 01 9e108E-01 N 

go 
1000.000 1.829E 00 9.518F. 01 9.701E 01 4e613E 01 9e244E-01 ... 
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ELECTRONS IN SILVER BROMIDE ELECTRONS IN SILVER BROMIDE w 
Cit 
w 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 1.156E 01 2.4~3E-02 1.158E 01 5o378E-O~ 1.281E-03 1.400 1.207£ 00 1.143E-01 1.321E 00 9.701£-01 s.o75E-oz 
o.ou 8.769£ 00 2.456E-02 8.793E 00 1.039E-03 1o674E-D3 1.soo 1.210E 00 1o211E-01 1o331E 00 lo01o5E 00 5.328E-o2 
0.020 7o181E 00 2.426E-02 7.205£ 00 1.671£-03 z.o21e-o:s 1.600 1.213E 00 1.279E-01 1.3to1E 00 1o120E 00 5.5ne-oz 
o.o25 6.1~5E 00 2o462E-02 6.170E 00 2.424E-03 2.3~7E-03 1.700 1.217E 00 1.3~1E-01 1.3~2E 00 1.195E 00 5.824E-D2 
0.030 5.412E 00 2.~18E-02 5.437E oo 3.290E-03 2.682E-03 1.800 1.221E 00 1.to20E-01 1.363E 00 1.268E 00 6.067E-o2 

0.035 4o864E 00 2o596E-02 4o889E 00 4.261E-03 3.010E-03 1.900 1.224E 00 1.489E-01 1.373£ 00 1.341E 00 6o308E-D2 
o.o~oo 4o437E 00 2.6~2E-02 4.463E 00 5.333E-o3 3.337E-03 2.000 1.228£ 00 1.5~8E-o1 1.381>£ 00 1.4ltoE 00 6o545E-D2 
0.045 4.094E 00 2.702E-02 4.121E 00 6.~00E-03 3o660E-03 2.200 1.236E 00 1.698£-01 1.406£ 00 1.557E 00 7.011E-02 
o.o~o 3.813E 00 2.748E-02 3o841E 00 7.758E-03 3.980E-03 2.400 1.244E 00 1.839E-01 1.428E 00 1.698E 00 7.to66E-D2 
o.o~5 3.578E 00 2.791£-02 3o606E 00 9o102E-03 4o295E-03 2.600 1.252E 00 1.980E-01 1.450E 00 1.837E 00 7o913E-02 

0.060 3.379E 00 2.u2E-o2 3.~07E 00 1.053E-02 ~.606E-03 2.8oo 1.259E 00 2.122E-01 1o471E 00 1.974E 00 8.351E-02 
0.06~ 3.207£ 00 2.870E-02 3o236E 00 1.204£-02 4.913£-03 3.ooo 1.266E 00 2.265E-Ol 1.493E 00 2.109E 00 8.780E-o2 
o.o10 3.058E 00 2.907E-02 3.087E 00 1o362E-02 5.215E-03 3.500 1.283E 00 2o626E-Ol 1.546E 00 2o438E 00 9o821oE-02 
c.o75 2.927£ 00 2.943£-02 2.9~6E 00 1.528E-02 5.513£-03 ~o.ooo 1o298E 00 2o990E-01 t.~97E 00 2o7HE 00 1.083E-01 
o.oso 2.811E 00 2.977E-02 2.840£ 00 1o700E-02 5.808£-03 4.500 1.312E 00 3o358E-Ol 1.648E 00 3.065E 00 1ol80E-01 

o.085 2.707£ 00 2.997£-02 2.737E 00 1.880£-02 6o095E-03 s.ooo 1.324E 00 3.731£-01 1.697£ 00 3o364E 00 1.274£-01 
0.090 2.614E 00 3.030E-02 2o645E 00 2o065E-02 6o379E-03 5.500 1.335E 00 4o108E-Ol 1.746E 00 3.654E 00 1o365E-01 
0.095 2.~31E 00 3.063£-02 2o561E 00 2.258£-02 6o659E-03 6.01)0 1.345E 00 4.489F.-Ol 1.794E 00 3o937E 00 1.453E-Ol 
0.100 2.to55E 00 3.09~E-02 2.486E 00 2.456E-02 6.937E-03 6.500 lo35~E 00 4.874E-Ol 1.842E 00 4.212E 00 1.5~0E-01 
0.150 1.962E 00 3.408E-02 1o997E 00 4.728E-o2 9o560E-03 7.000 1.363E 00 ~.262E-Ol 1.890E 00 4o480E 00 1.624E-01 

0.200 1.711E 00 3o684E-02 1.748E 00 7.420E-02 1.19~E-02 7.500 1.371E 00 5.6~4E-Ol 1o937E 00 4.741E 00 1.706E-o1 
0.250 1.560E 00 4o003E-02 1o600E 00 1.042E-01 1.417E-02 8.000 1.379£ 00 6.049E-01 1.984£ 00 4o996E 00 1.785E-Ol 
o.31Jo lo463E 00 4.336E-02 1.506E 00 1o365E-01 1.630E-02 8.5oo 1.386£ 00 6olo48E-01 2.031E 00 5.245E 00 1.864E-01 
0.35(' 1.393£ 00 4.689£-02 1.440£ 00 1.7o5E-Ol 1.836E-02 9.000 1.392E 00 6.874E-Ol 2.o80E oo 5.488E 00 1o940E-01 
0.400 1.345E 00 5.028E-o2 1.396E 00 2.058E-Ol 2.035E-o2 9.500 1.399E 00 7.278E-01 2.126E 00 s.726E 00 2.o15E-01 

0.450 1.311E 00 5.368E-o2 1.364E 00 2.420E-01 2.228E-02 10.000 1.404£ 00 7.685E-Ol 2.173£ 00 5.959E 00 2.088E-01 
0.500 1.28~E 00 s.7o2E-o2 1.3~1E 00 2.790E-01 2.414E-D2 20.000 1.478E 00 1.616E 00 3.094E 00 9o79~E 00 3.275E-01 
o.~5o 1.264E 00 6.032E-02 1o324E 00 3.166E-01 2.~95E-o2 30.000 1.517E 00 2.520E 00 to.037E 00 1.262E 01 4o106E-01 
0.600 1o2~>9E 00 6.3~9E-02 1.312E 00 3o54~E-Ol 2.771E-02 40.000 1.54~E 00 3.466E 00 5.010E 00 t.484E 01 4.131E-01 
0.650 lo236E 00 6.683E-02 lo303E 00 3.927E-01 2.941E-02 50.000 1.563£ 00 4olo23E 00 5o986E 00 1.666E 01 5.218E-01 

0.700 1.227E 00 7.005E-02 1.297E 00 4.312E-01 3.107E-02 60.000 1.578E 00 5.388E 00 6.967E 00 lo821E 01 5.610E-01 
0.750 1o220E 00 7.32toE-02 1o293E 00 4.698E-01 3.269E-D2 8o.ooo 1.601E 00 7o338E 00 8.940E 00 2.074E 01 6.205E-01 
o.8oo 1o215E 00 7.643E-02 1.291E 00 5.085E-01 3o427E-o2 100.000 1.619E 00 9.299E 00 1.092E 01 2.276E 01 6.639£-01 
o.850 1.211E 00 7.846E-02 1.289E 00 5.~73E-01 3o576E-02 200.0(10 1.670E 00 1.92toE 01 2.091E 01 2.926E 01 7.78toE-01 
0.900 1.208E 00 8.162E-02 1.289E 00 5.861E-Ol 3.723E-02 300.000 1.698E 00 2.926E 01 3o096E 01 3.317E 01 8.304E-01 

0.950 1.205E 00 8.481E-02 1.290E 00 6.2~8E-Ol 3.866E-o2 400.0CO t.718E 00 3o930E 01 4ol02E' 01 3.597E 01 8.608E-01 
t.ooo t.204E 00 8.801E-02 1.292E 00 6.636£-01 4.oo8E-o2 500.000 1.733E 00 4.935E 01 5.108£ 01 3.815£ Ol 8.8llE-o1 
1.100 1o203E 00 9.~48E-02 1o297E 00 7.to08E-01 4.284E-02 600.000 1.746£ 00 5o942E 01 6.116£ 01 3.993£ 01 8.958£-01 
1.200 1.203£ 00 -1.010E-01 1.304£ 00 8.177£-01 4.553£-02 800.01')0 1.765£ 00 7.957£ 01 8.134£ 01 4.276£ 01 9.156E-01 
1.300 1o205E 00 1.077E-01 1.312E 00 8.942E-01 4.816E-DZ tooo.ooo lo780E 00 9.973E 01 1.015£ 02 4o496E 01 9o286E-01 
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ELECTRONS IN SODIUM IODIDE ELECTRONS IN SODIUM IODIDE 

ENERGY STOPPING POIIIER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YJELO COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM2/G G/CMZ MEV MEV CMZ/G MEV CMZIG MEV CMZIG G/CM2 

o.o1o 1.131£ 01 2.643E-OZ 1.134E 01 So494E-04 1o398E-03 1.400 1e183E 00 1.237E-01 1.307E 00 9e844E-01 Se623E-02 
o.ots P..S79E 00 2.683£-02 8.606£ 00 1e062E-03 1e842E-03 1.SOO 1.186£ 00 1e308E-01 1.317£ 00 1e061E 00 5.89SE-02 
o.ozo 7.025E 00 2. 711E-02 7.0S3E 00 1e707E-03 2e253E-03 1.600 1.190E 00 1.379£-01 1.328E 00 1ol36E 00 6e161E-02 
0.025 6o012E 00 2.761£-02 6e040E 00 2e476E-03 2.644£-03 1.700 1.193£ 00 1e4S2E-01 1.339E 00 1.211£ 00 6e424E-o2 
0.030 S.29SE 00 2.816£-02 S.323E 00 3e361E-03 3e025E-03 1.800 1.197£ 00 1eS25E-01 1.350£ 00 1.286£ 00 6.682£-02 

0.035 4e7S8E 00 2.878£-02 4e787E 00 4e353E-03 3e400E-03 1.900 1.201£ 00 1.598£-01 1.36.1£ 00 1.359£ 00 6.937£-02 
0.040 4o34CE 00 2.931£-02 4e370E 00 5e448E-03 3e771E-03 2.000 1.205£ 00 1.671£-01 1e372E 00 1e433E 00 7e188E-02 
0.045 4eOOSE 00 2e980E-02 4o035E 00 6o640E-03 4el3SE-03 2.200 1.213£ 00 1e818E-01 1.39SE 00 1eS77E 00 7.680£-02 
0.050 3.730f 00 3.027£-02 3.761£ 00 7e92SE-03 4e493E-o3 2.400 1.222£ 00 1.967£-01 1.418£ 00 1. 719E 00 8.161E-02 
0.055 3e500E 00 3.072E-02 3.531E 00 9e298E-03 4.846£-03 2.600 1.229£ 00 2.117E-01 1e441E 00 1.8S9E 00 8e632E-o2 

o.o6c 3o305E 00 3.114£-02 3.336E 00 1e076E-02 5e194E-03 2.800 1.237E 00 2.272£-01 1e464E 00 1e997E 00 9e093E-02 
o.o6S 3.137E 00 3.1S5E-02 3.169E 00 1.229E-02 5.536E-03 3.000 1.245E oo 2.424E-01 1.487E 00 2.132E 00 9.548£-02 
0.070 2.991E 00 3e19SE-02 3.023E 00 1.391E-02 5e874E-03 3.500 1.262E 00 2.807£-01 1.S43E 00 2.463£ 00 1.065£-01 
o.o1s 2.863£ 00 3.234E-02 2.89SE 00 1.S60E-02 6o207E-03 4.000 1.278E 00 3e194E-01 1.597£ 00 2. 781£ 00 1.171£-01 
0.080 2.749E 00 3.272£-02 2e782E 00 1e736E-02 6.536E-03 4.500 1.292£ 00 3.581E-01 1e650E 00 3e089E qo 1.272E-01 

o.o85 2.648E 00 3o301E-02 2e681E 00 1e919E-02 6e859E-03 5.000 le305E 00 3.974E-01 1.702£ 00 3.317E 00 1e370E-Ol 
0.090 2.557E 00 3.338E-02 2.591E 00 2e109E-02 7.178E-03 5.500 1o316E 00 4o371E-01 1e754E 00 3.677£ 00 1o465E-01 
o.o95 2.475£ 00 3.375E-02 2.509E 00 2e305E-02 7e493E-03 6.000 1e327E 00 4. 771£-01 1.804E 00 3e958E 00 1o557E-ol 
0.100 2e401E 00 3.411£-02 2.435£ 00 2.508£-02 7o805E-G3 6.500 1. 337E 00 5.176£-01 1.855£ 00 4e231E 00 1.647E-01 
0.150 1.920£ 00 3.762£-02 1.957£ 00 4.826£-02 1.076E-G2 7.000 1o346E 00 S.584E-01 1o90SE 00 4o497E 00 le733E-Ol 

0.200 1.673E 00 4.078E-D2 1. 714E 00 7.571£-02 1o346E-G2 7.500 1o355E 00 S.995E-01 1e954E 00 4o756E 00 1.818E-01 
0.250 1.526£ 00 4.433£-02 1.571£ 00 l.063E-Ol 1e597£-o2 8.ooo 1e363E 00 6.409£-01 2e004E 00 5o009E 00 1e900E-01 
0.300 1e430E 00 4.801£-02 1.478E 00 1e391E-G1 1.837E-02 8.5oo 1.370£ 00 6.826£-01 2.053E 00 5e256E'oo le980E-01 
0.350 1.364£ 00 5.189E-02 1.416E 00 1e737E-01 2o068E-02 9.000 1.377£ 00 7.284E-01 2e105E 00 5o496E 00 2.o59E-o1 
0.400 1e317E 00 5.559E-02 1e373E 00 2e096E-01 2e292E-G2 9.soo 1.383£ 00 7.708E-01 2e154E 00 Se731E 00 2.136E-01 

0.450 1e282E 00 5.930E-02 1.342£ 00 2.465E-o1 2.508£-02 10.000 1o390E 00 8.134E-01 2.203E 00 5e960E 00 2e211E-01 
o.soo 1.256E 00 6.293E-02 1.319E 00 2e841E-01 2e717E-02 20.000 1e469E 00 1e690E 00 3e159E 00 9.726£ 00 3e409E-01 
0.550 1eZ37E 00 6e649E-02 1o303E 00 3.223£-01 2e919E-o2 30.000 1o511E 00 2.62SE 00 4ol36E 00 1e249E 01 4e234E-01 
0.600 1.221E 00 1.oo2E-o2 1e291E 00 3o608E-Ol 3oll4E-02 40.000 1e539E 00 3.614E 00 5e153E 00 1e46SE 01 4.851E-01 
0.650 1.210E 00 7.350E-02 1e283E 00 3.997E-01 3.304E-02 50.000 1.560£ oo 4e610E 00 6ol70E 00 1e642E 01 Se332E-01 

0.7"0 1.201£ 00 7.694E-02 1.278£ 00 4.387£-01 3o487E-G2 60.000 1.576E 00 5e617E 00 7.193E 00 1e792E 01 So 718E-01 
0.750 1.195E 00 8.036E-02 1.275E 00 4.779E-01 3.666E-02 80.000 1.601E 00 7e648E 00 9e249E 00 2.037E 01 6.303E-01 
o.8oo 1.190E 00 8.375E-02 1.273E 00 5.171E-01 3.839E-02 100.000 1e619F. 00 9.6901! 00 1e131E 01 2e232E 01 6.728£-01 
o.8so 1.186£ 00 8e578E-02 1e272E 00 5o564E-01 4e003E-02 2'00.0(10 1.671£ 00 2.004£ 01 z.l71E 01 2.859£ 01 7.848£-01 
Oe900 1e183E 00 8.913£-02 1.272£ 00 5.957E-01 4e162E-02 300.000 1.699£ 00 3.047E 01 3e217E 01 3.235£ 01 8.354£-01 

0.950 1.181E 00 9.250£-02 1e274E 00 6e350E-01 4.319£-02 400.000 1. 719£ 00 4.092£ 01 4e264E 01 3o504E 01 8.651£-01 
1.000 1.180£ 00 9.589£-02 1e276E 00 6.742£-01 4o472E-02 500.000 1.733E 00 5e140E 01 5e313E 01 3e714E 01 8e848E-Ol 
1.100 1.179E 00 1e027E-01 1e281E 00 7.525E-01 4.772E-02 600.000 1.745£ 00 6.188E 01 6.362E 01 3o886E 01 8e990E-01 
1.200 1el79E 00 1e096E-01 1.289£ 00 8.303£-01 5e063E-OZ 800.000 1.764E 00 8.286£ 01 8e463E Ol 4e157E 01 9el83E-o1 lSI 

"' 1.300 1.181E 00 1.166E-01 1.297E 00 9.076E-01 5.346£-02 1000.000 1.779E 00 1e038E 02 1o056E 02 4.368£ 01 9e309E-Ol w 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


ELECTRONS IN LITHIUM IODIDE ELECTRONS IN LITHIUM IODIDE ...., 

"' .. 
ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 

COLLIS JON RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G ~EV CM21G MEV CM2/G G/CM2 MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

o.o1o lo078E 01 2o846E-02 lo081E 01 5-.815E-04 lo589t-o3 1o400 lo142E 00 1o334E-01 1.276E 00 1o011E 00 6o238E-D2 
o.ou 8o205E 00 2o893E-02 8o234E 00 1oll8E-03 2.oe5E-o3 1.soo 1.14!.\E 00 1o410E-01 1o286E 00 1o089E 00 6o536E-D2 
Oo020 6o 731E 00 2o92SE-02 6o760E 00 1o792E-03 2o54SE-03 1.600 1o148E 00 1o488E-01 lo297E 00 1ol67E 00 6o829E-D2 
0.025 s.767E 00 2o982E-02 5o797E 00 2o594E-03 2o983E-03 1o7CO 1ol51E 00 lo567E-01 lo308E 00 lo244E 00 7.117E-o2 
0.030 s.o83E 00 3o045E-02 5.114£ 00 3.514£-03 3o411E-03 1o800 loUSE 00 lo645E-01 1.320£ 00 1o320E 00 7o401E-02 

o.o35 4oS71E 00 3ollSE-02 4o602E 00 4.547£-03 3o833E-03 lo900 lo159E 00 lo723E-01 1o331E 00 1o39SE 00 7o680E-02 
o.~40 4.172E 00 3ol74E-02 4o204E 00 So685E-03 4o249E-03 2.000 lo163E 00 1o802E-01 1o343E 00 1o470E 00 7.955E-D2 
o.o4s 3o852E 00 3.229£-02 3o884E 00 6o924E-03 4o658E-03 2o200 1.170E 00 lo961E-01 1.367E 00 lo618E 00 8o494E-D2 
o.oso 3o589E 00 3o281E-02 3.622£ 00 8o259E-03 So061E-03 2.400 lol78E 00 2ol21E-Ol 1.390E 00 1.763£ 00 9o020E-D2 
o.os5 3o369E 00 3o330E-02 3o402E 00 9o684E-03 So458E-03 2.600 1.186E 00 2.282£-01 10 4lltE 00 1o905E 00 9.534£-02 

Do060 3ol82E 00 3o377E-02 3o216E 00 1o120E-02 So849E-03 2.800 1o193E 00 2o450E-01 1o438E 00 2o046E 00 1o004E-Ol 0.065 3o021E 00 3.423£-02 3o055E 00 lo279E-02 6o234E-03 3o000 1o200E 00 2o614E-01 1o461E 00 2oli4E 00 1o053E-01 
Oo070 2o881E 00 3olt66E-02 2o916E 00 lo447E-02 6o613E-03 3.500 1.217E 00 3.025E-01 1.519£ 00 2.519E 00 1ol73E-01 
0.075 2o758E 00 3o509E-02 2o793E 00 lo622E-02 6o988E-03 4.000 1o232E 00 3o440E-01 1o576E 00 2o81t2E 00 1.287£-01 
o.o8o 2o649E 00 3o550E-02 2o685E 00 1o805E-02 7.357E-03 4o500 1o24SE 00 3.855£-01 1.631E 00 3o154E 00 lo397E-01 

o.o8s 2o552E 00 3o582E-02 2o588E 00 1o995E-02 7.719E-03 5.000 1.258E 00 4.276E-Ol lo685E 00 3o456E 00 1.502E-o1 
0.090 2.465£ 00 3o622E-02 2.501£ 00 2o191E-02 8.077E-03 5.500 1.269£ 00 4o701E-01 1o739E 00 3.748E 00 lo604E-01 
o.oq5 2o387E 00 3o662E-02 2o423E 00 2o394E-02 8o431E-03 6.000 lo279E 00 5ol30E-Ol 1o792E 00 4o031E 00 1o702E-01 
0.100 2o315E 00 3.701E-02 2.352£ 00 2o604E-02 8.781£-03 6.500 lo289E 00 5.563£-01 1.845E 00 4o306E 00 1o791E-01 
0.150 1o853E 00 4o082E-02 1.894E 00 S.001E-02 1o209E-D2 1.ooo 1.298£ 00 5.999£-01 lo897E 00 4.573£ 00 lo890E-Ol 

Oo200 1.616£ DO 4.423£-02 1.661E 00 7o837E-02 loSlOE-D2 7.500 1.306£ 00 6.439£-01 1.950E 00 4o833E 00 1o979E-01 
0.250 1.475£ 00 4o806E-02 1o523E 00 1o099E-Ol 1.791£-02 8.ooo lo313E 00 6 0 883£-01 2.002£ 00 5o086E 00 2o066E-D1 
0.300 lo383E 00 5o203E-02 1.435£ 00 1o438E-Ol 2o058E-02 8.500 1o320E 00 7o329E-01 2o053E 00 5.!133E 00 2.151£-01 
0.350 1.320E 00 5.622E-02 1.376E 00 1.794E-01 2.3UE-D2 9.000 1o327E 00 7.819£-01 2o109E 00 5.57!1£ 00 2.233E-D1 
Oo40C 1o274E 00 6o022E-02 lo334E 00 2o1611E-01 2.563E-02 9.500 1o334E 00 8.272£-01 2.161£ 00 5.807E 00 2o:U4E-01 

0.450 1o241E 00 6.422E-02 lo305E 00 2.543£-01 2.803£-02 10.000 1o339E 00 8.728£-01 2.212£ 00 6o036E 00 2oJ93E-D1 
0.500 1.216£ 00 6.813£-02 1o284E 00 2o929E-01 3.034E-02 20.000 1o416E 00 1o808E 00 3o225E 00 9o754E 00 3o630E-D1 
0.550 lo197f' 00 7ol97E-02 lo269E' 00 3o321E-01 3.257£-02 30.000 1o457E 00 2o807£ 00 4o264E 00 1o244E 01 4o464E-01 
0.600 lol83E 00 7.576£-02 1o258E 00 3.717£-01 3o473E-OZ 40.000 1o485E 00 3.864E 00 So349E 00 1o453E 01 5.o8oE-01 
0.650 1ol72E 00 7.951£-02 1.251E 00 4.115£-01 3.682£-02 50.000 lo505E' 00 4o929£ 00 6o434E 00 1o624E 01 5o555E-D1 

0.700 1.163E 00 8o322E-02 lo246E 00 4.516£-01 3.885£-02 60.000 1o521E 00 6o005E' 00 7o526E 00 1o767E 01 5o934E-01 
0.750 1.156E 00 8.689£-02 lo21t3E 00 4.918£-01 4o081E-02 8o.ooo 1.545£ 00 8ol76E' 00 9o721E 00 2.oooe 01 6o503E-01 
o.8oo 1.151E 00 9.054£-02 1o241E 00 5o320E-Ol 4.273£-02 100.000 1.563E 00 1o036E 01 1o192E 01 2o186E 01 6o914E-01 
o.85o lo147E 00 9o265E-02 1o239E 00 5o724E-Ol 4o453E-02 200.000 1o615E 00 2ol42E 01 2o303E 01 2.779£ 01 7.986£-01 
Oo900 1.143£ 00 9o625f'-02 lo240E 00 6o127E-01 4o629E-02 300.000 1o642E 00 3.256E 01 3o420E 01 3.133E 01 8o46SE-D1 

Oo950 1o141E 00 9o987E-02 1o241E 00 6.530E-01 4.802£-02 •oo:ooo 1o661E 00 4o372E 01 4o539E Ol 3o386E 01 8o744E-D1 
1.000 lo140E 00 1.035£-01 1o243E 00 6.933£-01 4.971£-02 5oo.ono 1o676E 00 5.491£ 01 5o658E 01 3o583E 01 8o930E-D1 
1.100 1.118£ 00 1o109E-01 1o249E 00 7o735E-Ol 5o301E-02 600.0"0 1o687E 00 6o61lE 01 6o719E 01 3o744E 01 9o063E-D1 
1o200 1ol39E 00 1ol83E-01 1o257E 00 8.533£-01 5.621E-o2 8oo.ooo 1o71l6E 00 8o852E 01 9o022E 01 3o999E 01 9.243£-0l 
1.300 1.140£ 00 1.258£-01 1o266E 00 9.326E'-01 5.933£-02 1000.000 1. 721)£ 00 1o109E 02 1o127E 02 4o197E 01 9.361£-01 
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ELECTRONS IN METHANE ELECTRONS IN METHANE 

ENERGY STOPPING POVER RAHGE RADIATION ENERGY STOPPING POVER RAHGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISIOH RADIATION TOTAL YIELD 

MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM21G MEV CM2/G G/CM2 

0.010 2o803E 01 3.5S6E-03 2e803E 01 1e997E-04 7e116E-o5 1.400 2.208E 00 1e631E-02 2e225E 00 5e45SE-01 3.199E-o3 
o.ou 2.031E 01 3.490E-03 2.032£ 01 4el25E-04 9.780E-o5 1.500 2.211E 00 1o747E-02 2e228E 00 5e905E-01 4.146E-o3 
0.020 1.618E 01 3o453E-03 1.618E 01 6.903£-04 1.216£-olt 1o600 2o215E 00 1.856E-02 2o233E 00 ·6.353£-01 4.391E-o3 
o.o25 1.358E 01 3.429£-03 1o359E 01 1e029E-03 1o439E-o4 1.700 2o220E 00 1o964E-02 2o239E 00 6o800E-01 4e635E-o3 
0.030 1o179E 01 3e4UE-03 1.179£ 01 1e425E-o3 1.651E-04 1.800 2o225E 00 2.075E-02 2.246£ 00 7e21t6E-01 4e871E-o3 

0.035 1.047£ 01 3e400E-03 1.048E 01 1.876£-03 1.853£-04 1.900 2.231£ 00 2.188£-02 2.253£ 00 7.691£-01 5.uoe-o3 
llo040 9.465£ 00 3.400£-03 9.469E 00 2e379E-03 2e049E-o4 2.000 2o237E 00 2o301E-02 2.260£ 00 1.134E-o1 5e361E-03 
0.045 8.666E 00 3e406E-03 8.670£ 00 2.932E-03 2e239E-G4 2.200 2.2soe oo 2.532E-02 2.275£ 00 9.016£-01 5.142£-03 
0.050 8.017£ 00 3o418E-03 8.ozoe oo 3e532E-03 2o425E-04 2.400 2.264E 00 2.766E-o2 2.291£ 00 9.192E-01 6.322£-03 
o.o55 7.478£ 00 3e433E-03 7e482E 00 4e178E-03 2.607E-04 2.600 2.277£ 00 3.005£-02 2e307E 00 1.076£ 00 6e801E-03 

0.060 7.024E 00 3.451E-03 7.028E 00 4e868E-03 2e785E-04 2.800 2.291E 00 3e239E-02 2e323E 00 1e163E 00 7.279£-os 
0.065 6o636E 00 3.472£-03 6.639E 00 5.600E-03 2e961E-04 3.000 2e304E 00 3.485E-02 2.339E 00 1e248E 00 7.756E-03 
o.o7o 6.300£ 00 3.49SE-n3 6.304£ 00 6el73E-03 3el34E-o4 3.500 2.336E 00 4oll6E-02 2.377£ 00 1e460E 00 8.949£-03 
0.075 6.007£ 00 1.519E-03 6.010£ 00 7.186£-03 3e305E-04 4.000 2o365E 00 4. 771E-02 2.4~3E 00 1e669E 00 1e015E-o2 
o.oao 5.748£ 00 3.545£-03 5.752£ oo 8e037E-o3 3e474E-o4 4e500 2.393£ 00 5o451E-02 2e447E 00 1e875E 00 lel35E-o2 

o.o85 5.519£ no 3.554£-03 5e522E 00 8o924E-03 3.640E-o4 5.ooo 2.418£ 00 6e143E-02 2.480£ 00 2e078E 00 1e257E-o2 
o.o9o 5o314E 00 3.583£-03 5.317£ 00 9e847E-03 3o804E-04 5.500 2.442E 00 6~848£-02 2.sue 00 2.278£ 00 1.379£-02 
0.095 5.129£ 00 3.613£-03 Sel33E 00 1e080E-02 3.966£-04 6.ooo 2.464£ 00 7.565E-02 2.540£ 00 2e476E 00 1.502E-o2 
0.100 4e962E 00 3e645E-03 ... 966£ 00 1.180£-02 4el27E-o4 6.500 2.485£ 00 8.293£-02 2.568£ 00 2e672E 00 1.625E-02 
Oo150 3.891E 00 4e002E-03 3o895E 00 2e332E-02 5o690E-o4 7.000 2o504E 00 9o031E-02 2e595E 00 2e866E 00 1.749£-02 

0.200 3.349£ 00 4.398£-03 3.353£ 00 3.724E-02 7.193E-o4 7.500 2.522£ 00 9.778£-02 2e620E 00 3o057E 00 1o873E-o2 
0.250 3.026£ 00 4.826£-03 3.031£ 00 5.298£-02 8o660E-04 8.ooo 2e540E 00 1.053E-01 2.645E 00 3.247£ 00 1.997£-02 
~.300 2.815£ 00 5.273£-03 2.820E 00 7e012E-02 1.010£-03 8.500 2.556E 00 1ol30E-01 2e669E 00 3.436E 00 2e121E-o2 
0.350 2e668E 00 5.736£-03 2.674£ 00 8.n6E-o2 1.153£-03 9.000 2e571E 00 1e213E-01 2.693£ 00 3.622E 00 2.246E-o2 
Oe4CO 2.562£ 00 6.204£-03 2.568F 00 1.07SE-01 1.294E-03 9.500 2.586£ 00 1.291£-01 2. 715E 00 3o807E 00 2e371E-o2 

0.450 2 ... 83E oo 6.681£-03 2.489£ 00 1.272£-01 1.433E-03 10.000 2o600E 00 1.370£-01 2.737£ 00 3e990E 00 2e497E-02 
o.5no 2.422£ 00 7.160E-03 2.429£ 00 1.476E-01 1.572£-03 20.000 2.790£ 00 3.050£-01 3o095E 00 7.411E 00 4e974E-o2 
o.sso 2.37SE 00 7.643£-03 2.383E 00 1.684E-01 1.7o8E-o3 30.000 2.886£ 00 4.836E-01 3e369E 00 1o050E 01 7.361E-G2 
Oo600 2.339E 00 8.129£-03 2.347£ 00 1e895E-01 1.844£-03 40.000 2e946E 00 6.67,£-01 3.614£ 00 1e337E 01 9e631E-02 
0.650 2e309E 00 8.620£-03 2o318E 00 2ollOE-01 1.979£-03 50.000 2.990£ 00 8.55 E-01 3.81t5E 00 1e605E 01 1.178E-o1 

0.700 2.286£ 00 9.114£-03 2.295E 00 2o327E-01 2oll2E-03 60.000 3e023E 00 1e045E 00 4o068E 00 1o858E 01 1.382E-o1 
0.750 2.268£ 00 9.612E-03 2.277E 00 2.545E-01 2.244E-o3 ao.ooo 3.071£ 00 1.430E 00 4e502E 00 2e325E 01 1. 757E-o1 
o.eno 2.253£ 00 1.011£-02 2.263£ 00 2.766£-01 2.375£-03 100.000 3e106E 00 1o820£ 00 4e926E 00 2o749E 01 2.094£-Gl 
o.85o 2.241£ 00 1e063E-02 2.252£ 00 2.987£-01 2.506£-03 200.000 3.201£ 00 3e803E 00 7.005£ 00 4e442E 01 3o375E-01 
o.9r:o 2.232£ 00 1.114£-02 2.243£ 00 3e210E-01 2.636E-03 300.000 3.250£ 00 Se814E 00 9.064£ 00 5e693E 01 4.237£-01 

0.950 2.224£ 00 1.165£-02 2.236£ 00 3.433£-01 2e16SE-o3 400.000 3.282£ 00 7.834£ 00 1.112£ 01 6.688£ 01 4.866E-01 
1.000 2e219E 00 1.216£-02 2.231£ 00 3.657£-01 2.893E-o3 500e01l0 3o305E 00 9.!161£ 00 1.317£ 01 7.513£ 01 5e349E-o1 
1.100 2.211£ 00 1.320£-02 2.224£ 00 4.106£-01 3e148E-03 600.000 3.324£ 00 1o189E 01 1.522£ Ol 8.219£ Ol 5. 734E-o1 
1.200 2.208E 00 1.425£-02 2o222E 00 4o556E-01 3e400E-G3 8oo.ooo l.353E 00 1.596£ 01 1o93lE 01 9e383E 01 6e315E-o1 .. 

"' 1.300 2.207£ 00 1.531£-02 2.222E 00 5e006E-01 3o650E-03 1000.000 3.376£ 00 2.004£ 01 2ol41£ 01 1o032E 02 6. 736E-o1 00 
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N 
ELECTRONS IN ETHYLENE ELECTRONS IN ETHYLENE (II 

"' 
ENERGY STOPPING POwER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 

COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CMZIG MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

n.I)10 2.465£ 01 3.784E-03 2.465F 01 2o282E-04 8o747E-05 1e400 1.980E 00 1e741E-02 1.997E 00 6e093E-OJ 4e634E-03 
0.015 1.791E 01 3. 709E-03 1.792E 01 4.697E-04 1e185E-o4 1.500 1.9B3E 00 1.855E-02 2.001E 00 6.593E-01 4o925E-03 
o.020 lo429E 01 3.667E-03 1e430E 01 7e845E-04 1e469E-04 1.6(10 1.986E 00 ·1.969E-02 2.006E 00 7.092E-01 5.214E-03 
o.o25 1.201E 01 3.638E-03 lo202E 01 1.168E-03 1e735E-04 1.700 1.991E 00 2.082E-02 2.012E 00 7.590E-01 5o500E-03 
o.o3o 1e044E 01 3e619E-03 1.044E 01 1e616E-03 1e987E-04 1.800 1.996E 00 2e199E-02 2.018E 00 8.086E-01 5.784£-03 

0.035 9e279E 00 3e602E-03 9e283E 00 2e125E-03 2.228£-04 1.900 2.002E 00 2.317£-02 2o025E 00 8e581E-01 6.068£-03 
Oe041) 8.390E 00 3e601E-03 8e394E 00 2e692E-03 2e460E-04 2.000 2o008E 00 2e437E-02 2.032£ 00 9e074E-Ol 6.350£-03 
Oo045 7e686E 00 3.606E-03 7.690E 00 3e315E-03 2e686E-04 2e200 2o020E 00 2e678E-02 2o046E 00 le006E 00 6o913E-03 
0.050 7 .113E 00 3.618£-03 7.117E 00 3.992E-03 2.906£-04 2.400 2.032£ 00 2.924£-02 2.061E 00 lo103E 00 7o473E-03 
o.o55 6.638£ 00 3.633f-03 6.641F. 00 4.720£-03 3e122E-04 2e600 2o045E 00 3el74E-02 2e076E 00 1e200E 00 Be032E-03 

0.060 6.237£ no 3.653F.-03 6e241F 00 5o497E-03 3o333E-04 2.800 2.057E 00 3.419£-02 2.091E 00 1o296E 00 8e589E-03 
n.065 5.894E 00 3.675E-03 5.898E 00 6e321E-03 3.542E-o4 3.000 2.069£ 00 3e676E-02 2.106£ 00 lo391E 00 9ol43E-03 
0.070 5o598E 00 3.699E-03 5e601E 00 7.192E-03 3.747E-o4 3.500 2.099£ 00 4.337£-02 2.142£ 00 1o626E 00 1o053E-02 
o.o75 5.338£ 00 3o725E-03 5o342E 00 8.106£-03 3.950£-04 4.000 2.126E 00 5.022e-o2 2.176£ 00 1o858E 00 1o192E-02 
o.o8o 5.uoe 00 3.753£-03 5ol14E 00 9.063£-03 4el50E-o4 4.500 2.151£ 00 s.734E-02 2.209E 00 2.086E 00 lo332E-Q2 

o.o85 4e907E 00 3.762E-03 4e911E 00 1e006E-02 4o346E-04 5.000 2.175E 00 6.458E-02 2.239E 00 2.311E 00 1e473E-02 
0.090 4e725E 00 3e793E-03 4e729E 00 1ellOE-02 4e541E-04 5.500 2o196E 00 7.196E-02 2.268E 00 2.532E 00 le614E-02 
o.o95 4o562E 00 3.825E-03 4.566E 00 1.218E-02 4e733E-04 6.0,0 2.217E 00 7.946E-02 2o296E 00 2o752E 00 1e756E-o2 
0.10(1 4.415£ 00 3.859£-03 4.419£ 00 1.329£-02 4.924£-04 6.500 2o236E 00 8.7o7E-o2 2.323E 00 2e968E 00 lo898E-o2 
0.150 3.466E 00 4e245E-03 3.470£ 00 2o623E-02 6.780E-o4 7.000 2.253E 00 9.479£-02 2o348E 00 3o182E 00 2o041E-02 

0.200 2.986£ 00 4.674£-03 2.990E 00 4.185E-02 8o570E-04 7.500 2.270E 00 le026E-01 2.373E 00 3o394E 00 2.183E-02 
0.250 2.700E 00 5e136E-03 2.705E 00 5e949E-02 1o032E-03 8.ooo 2.286£ 00 1e105E-Ol 2e396E 00 3e604E 00 2o326E-02 
0.300 2.513£ 00 5.617E-03 2e518E 00 7.869E-02 lo204E-03 8.500 2.301£ 00 1.185E-01 2e419E 00 3.811£ 00 2e469E-o2 
Oo350 2.383£ 00 6.118E-03 2.389E 00 9o910E-02 lo374E-o3 9.000 2.315E 00 1.272F.-Ol 2.442E 00 4o017E 00 2o613E-Q2 
0.400 2.289E 00 6.620£-03 2.295£ 00 1o205E-01 1o543E-o3 9.500 2.328£ 00 1.354E-01 2e464E 00 4.221E 00 2. 757E-o2 

0.450 2e219E 00 7.133£-03 2o226E 00 lo426E-01 1. 710£-03 10.000 2.341E 00 1.437E-01 2.485E 00 4o423E 00 2o901E-o2 
0.500 2.165E 00 7.646£-03 2.173£ 00 1o654E-01 1o875E-o3 20.000 2.513£ 00 3.194£-01 2.832£ 00 8ol76E 00 5. 730E-o2 
0.550 2.124£ 00 8.162E-03 2.132£ 00 1o886E-01 2o038E-03 30.000 2e597E 00 5.063£-01 3.104E 00 lo154E 01 Bo433E-o2 
0.600 2.092£ 00 8.681£-03 2.100E 00 2.122E-01 2o200E-03 40.000 2.652£ 00 6e986E-01 3o350E 00 1e464E 01 1o098E-Q1 
0.650 2.066E 00 9.203£-03 2e075E 00 2el62E-01 2.361£-03 50.000 2.691£ 00 8e947E-Ol 3e585E 00 1oU3E 01 1.337£-01 

0.700 2.046£ 00 9o729E-03 2e056E 00 2o604E-Ql 2o519E-03 60.000 2.720£ 00 1.093£ 00 3e814E 00 2o023E 01 1o562E-o1 
0.750 2.030£ 00 1o026E-02 2o040E 00 2oi48E-01 2or.T7E-o3 8o.ooo 2.765£ 00 1.496£ 00 4.260£ 00 2o519E 01 1.971£-01 
o.8oo 2o017E 00 le079E-02 2e028E 00 3o094E-01 2e833E-o3 100.000 2.796E 00 1.902E 00 4o699E 00 2o966E 01 2oS34E-ol 
o.a5o 2.007£ 00 1.133£-02 2o018E 00 3o341E-01 2o988E-03 200.000 2.884£ 00 3.973E 00 6e857E 00 4o 716E Ol 3o671E-Q1 
0.900 1e998E 00 1.187E-02 2e010E 00 3.589£-01 3o142E-Q3 soo.ooo 2e930E 00 6e071E 00 9eOOOE 00 5.985£ 01 4o556E-Ol 

0.950 1.992£ 00 1o241E-o2 2o005E 00 3o839E-Ol 3.295£-0J 400.000 2.960£ 00 8ol79E 00 1.114E 01 6o982E 01 5ol83E-Q1 
1.000 1e917E 00 le296E-02 2.oooE oo 4o088E-01 3e447E-OJ soo.ooo 2o982E 00 le029E 01 1o327E 01 7o803E 01 5o658E-01 
lo100 1.981£ 00 1e405E-o2 1.995£ 00 4.589£-01 3.741£-03 600.000 J.OOOE 00 1o241E 01 1e541E 01 8o501E 01 6o034E-01 
1.200 le978E 00 le'H6E-02 lo994E 00 5o090E-Ol 4e046E-OJ eoo.ooo 3e027E 00 le666E 01 1.968£ 01 9o647E 01 6e594E-ol 
1.300 1.978E 00 lo628E-02 1o994E 00 5o"2E-01 4e342E-03 1ooo.ooo 3o047E 00 2 .. 0901! 01 2.395£ Ol 1e057E 02 6o996E-01 
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ELECTRONS IN POLYETHYLENE ELECTRONS IN POLYETHYLENF 

E'NE'RGY STOPPING POWER RANGE RADIATIOH ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G lo4EV CM2/G ME'V CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.olo 2.46SE' 01 3o784E'•03 2o465E 01 2.282£-04 8.747£-o-, 1.400 1.908E 00 1.741E-02 1.926E 00 6.202£•01 4o738E•03 
o.o1s 1.791E 01 3.709E-03 1o792E 01 4.697£-04 1ol85E-o4 1.5oo lo906E 00 1o855E-02 1o92SE' 00 6o721E•01 5.044E-o3 
0.020 1o429E 01 3o667E-03 1.430E 01 7o845E-04 1o469E-o4 1.600 1o906E 00 1.969£-02 1.92SE 00 7.241£-01 5.350£-03 
0.025 1o201E 01 3.638£-03 1o202E 01 lol68E•03 1e73SE-o4 1.700 1.906E 00 2.o82E-o2 1.926E 00 7e760E-Ol 5.654£-03 
0.030 1o044E 01 3o619E-03 1o044E 01 1o616E•03 lo987E-04 t.8oo 1o906E 00 2.199£-02 1.928E 00 8e279E-01 5.957E-o3 

0.035 9.279E 00 3.602£-03 9.283£ 00 2el2SE-03 2.228£-04 1.900 1o907E' 00 2.317E-02 1.931E 00 lo797E-01 6e259E-o3 
0.040 8.3901: 00 3.601E-03 8o394F. 00 2.692!-03 Zo460E•04 2.000 1.909E 00 2.437E•02 1.933E 00 9e31SE-01 6o561E•03 
0.045 7.686E 00 3.606£-03 7.690E 00 3.31SE-03 2e686E-o4 2.200 1.913E 00 2.678E-02 1.940E 00 1eOSSE 00 7e16SE-03 
0.050 7 .113E 00 3.618£'-03 7.117E 00 3o992E-03 2e906E-G4 2.400 1.918£' 00 2.924E-02 1.947E 00 1ol38E 00 7.769£-03 
o.os5 6.638E 00 3o633E-03 6o641E 00 4o720E•03 3.122£-04 2.600 1.923E 00 3.174£-02 1.955E 00 1o240E 00 8o374E•03 

0.060 6.237E 00 3.653£-03 6.241£ 00 5e497E•03 3o333E-04 2.8oo 1.928E 00 3.419£-02 1.963£ 00 lo342E 00 8.979E-o3 
0.065 5.894E 00 3.67SE•03 s.898E 00 6o321E•03 3eS42E-G4 3.000 1.934[ 00 3.676£'-02 1o971E 00 1o444E 00 9.583E-03 
0.070 5.598E 00 3.699E-03 5.601E 00 7o192E•03 3o747E-o4 3.500 1o947E 00 4.337£-02 1o990E 00 1o696E 00 1e110E-o2 
o.o75 5.338E 00 3.725E-03 5.342E 00 8o106E-03 3o9SOE-G4 4.000 1o960E 00 5.022E-02 2e010E 00 lo946E 00 1.264E-o2 
o.oeo SollOE 00 3.753E-03 5.114£ 00 9o063E•03 4e150E-04 4.SOO 1.971£ 00 5e734E-02 2.029[ 00 2e194E 00 1o419E-G2 

o.oes 4.907£ 00 3.762E-03 4o911E 00 1o006E•02 4.346£-04- s.ooo 1o982E 00 6.458E-02 2o047E 00 2.439£ 00 lo576E-o2 
0.090 4.725£ 00 3.793£-03 4.729£ 00 1ollOE-02 4o541E•04 5.500 1o992E 00 7.19(1£-02 2.064£ 00 2o683[ 00 1.735E-02 
o.o95 4.562£ 00 3.825£-03 4.566£ 00 1.218£-02 4.733£-04 6.000 2.oo2e 00 7.~46£-02 2.081£ 00 2o924E 00 1o894E•02 
o.1oo 4.41SE 00 3o859E-03 4o419E 00 lo329E•02 4o924E•04 6.5no 2.o1oE 00 8o 07E•02 2o097E 00 3o163E 00 2.os5E-o2 
0.150 3o466E 00 4.245£-03 3.470£ 00 2.623£-02 6o780E•04 7.000 2.018£ 00 9.479E•02 2.113E 00 3.401£ 00 2.2ne-o2 

o.zoo 2.986£ 00 4.674£-03 2.990£ 00 4.185£-02 8.57oE-o4 7.500 2.025e 00 1.026£-01 2.128£ 00 3o637E 00 2o379E-G2 
o.2SO 2.700E 00 5.136£-03 2.70SE 00 Se949E•02 1.032£•03 e.ooo 2.onE 00 1.105£•01 2.143E 00 3o871E 00 2.543£-02 
Oo300 2.513E 00 5o617E-03 2.518£ 00 7.869£-02 1o204E•03 8.5oo 2.039E 00 1.185£•01 2.1S7E 00 4.103E 00 2.706£-02 
o.sso 2.379£ 00 6oll8E•03 2.385£ 00 9o9llE•02 1e37SE-03 9o000 2.045E oo 1.272£-01 2ol72E 00 4o334E 00 2.871£-02 
0.400 2.280£ 00 6.620E-03 2.287E 00 1o205E-Ol 1o544E•03 9.500 2.050£ 00 lo354E-Ol 2ol86E 00 4o564E 00 3.o37E-o2 

0.450 2.206£ 00 7.133£-03 2.213£ 00 le428E•Ol 1.712£-03 10.000 2o056E 00 1o437E•01 2.200£ 00 4e792E 00 3e204E-o2 
o.500 2.148£ 00 7.646£-03 2.156! 00 1.657!-01 1.879!-03 20.000 2.125£ 00 3.194£-01 2o445E 00 9o096E 00 6e519E-o2 
o.sso 2.103[ 00 8.162£-03 2.111£ 00 1o891E·01 2.046E-03 30.000 2ol63E 00 5o063E'•01 2o670E 00 1o301E 01 9o704E-o2 
0.600 2.067E 00 8o681E•03 2.076£ 00 2ol30E-01 2.210!•03 40.000 2.189£ 00 6.986E-01 2o888E 00 1o661E 01 1e269E-01 
0.650 2.038£ 00 9o203E-03 2o047E' 00 2.373E-01 2.374E-o3 50.ono 2.209E 00 8o947E-01 3.104E 00 1.995E 01 1o546E•01 

o.1oo 2o014E 00 9.729£-03 2.024E 00 2.618E-01 2.537E-03 60.000 2o225E' 00 1.093£' 00 3.319£' 00 2o306E 01 1.804E-01 
0.750 lo995E 00 1o026E•02 2e005E 00 2.867E-01 2o698E•03 8o.ooo 2.251E 00 1o496E 00 3.746£ 00 2o873E' 01 2e267E•01 
o.8oo 1o979E 00 lo079E-o2 lo989E 00 3oll7E-01 2.859E-o3 100.000 2o270E 00 1.902E 00 4.173£' 00 3.379£' 01 2o670E•01 
o.a5o 1e965E 00 1ol33E-02 1o977E 00 3o369E-01 3o019E•03 zoo.Mo 2o331E 00 3o973E 00 6.305£ 00 So314E 01 4o107E-01 
0.900 1.954E 00 1.187E-02 1o966E 00 3o623E•01 3o179E-03 300.000 2.367E' 00 6o071E' 00 8o438E 00 6.681[ 01 5.oo1E-o1 

0.950 1o945E 00 1.241£-02 1.957E 00 3e878E•01 3o337E-03 400.000 2.392E 00 8.179E 00 1.057E 01 7.737E 01 5.622£-01 
1.000 1.937E 00 1.296E-02 1.950E 00 4el34E•01 3.495£-03 500.000 2e412E 00 1o029E 01 1o270E 01 8.599E 01 6o084E•01 
1.100 1.925[ 00 1.405£'-02 1.939E 00 4e648E-01 3.809E-03 600.000 2.428E 00 1.241£ 01 1o484E 01 9.327E 01 6o443E-o1 
1.200 1.917£' 00 1.516E-02 1.932E 00 5.165E-Ol 4ol20E-03 eoo.ooo 2e453E 00 1.666E 01 1.911£ 01 le051E 02 6.971E-01 N 

"' 1.300 1o912E 00 1.628E-02 le928E 00 5.683E-01 4.430E-03 1000.000 2.473£' 00 2o090E' 01 2.338£ 01 1o146E 02 7.344E-Ol ~ 
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N 
ElECTRONS IN XYLENE ELECTRONS IN XYLENE CIO 

CD 

ENERGY STOPPING POVER RANGE RADIATIOH ENERGY STOPPING POWER RANGE RADIATIOH 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIElD 

MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CMZIG MEV CMZIG G/CM2 

0.010 2.312E 01 3.887!-03 2.313E 01 2o440E-Oo\ 9.610E·O~ 1.400 1.824£ 00 1o787E•02 1.842E 00 6oS13E-01 ~.106E-03 
o.o1s 1.683£ 01 3.809£-03 1.683E 01 5.oue-o4 1.300£-04 1.soo 1.823E 00 1.904£•02 1o842E 00 7.056£-01 5o434E-03 
0.020 1.344E 01 3.764£-03 1.344£ 01 8.361£-04 1o608E-o4 1.600 1.822E 00 2.021E-02 1o842E 00 7.599£-'01 5.760E-03 
o.025 1.UOE 01 3. 733E-03 1.131E 01 1.244E-03 1.897E-04 1.700 1.82JE 00 2.136£-02 1.844£ 00 8.141E-Ol 6o084E-03 
0.030 9.825E 00 3.712£-03 9.828£ 00 1.719£-03 2.171£-04 1.800 1.824! 00 2.2S6E-02 1.846E 00 8.683£-01 6.407E-03 

o.o35 8.738£ 00 3.694£-03 8.742E 00 2o260E-03 2o433E-o4 1.900 1.825E 00 2.376E-02 1.849£ 00 9.224E-01 6.730E-o3 
0.040 7.904E 00 3.692E-03 7.908£ 00 2.862£-03 2.685£-04 2.000 1.827E 00 2.498E-02 1.852£ 00 9.765E-01 7.052£-03 
o.o4~ 7.242E 00 3o697E-03 7.246E 00 3o524E-03 2.929£-04 2.200 1.832E 00 2o745E-02 lo859E 00 1.084E 00 7.695!-03 
o.050 6o704E 00 3.708E-03 6.708£ 00 4o242E-o3 3o168E-04 2.400 1.837E 00 2.996£-02 1o867E 00 1o192E 00 8.n7E-o3 
o.o~5 6.258E 00 3.724£-03 6o261E 00 5.014£-03 3o402E-04 2.600 1.842£ 00 3o251E-02 1.87SE 00 1.299E 00 8.980£-03 

Oo060 5.881E 00 3.744E•03 s.885E oo 5o838E-03 3.631£-04 2.8oo 1.848E 00 3.5ooE-o2 1.883£ 00 1o405E 00 9o623E-o3 
o.o6S 5.~~9£ oo 3.766E-03 S.S62E 00 6.712E-03 3.157E-04 3.000 1.1S3E 00 3.762£-02 1.891E 00 1o~llE 00 1o026E-o2 
0.070 So280E 00 3.791£-03 S.283E 00 7.635E-03 4o080E-o4 3.500 1.86TE 00 4o437E-02 1.911E 0() 1. T74E 00 1.188E-o2 
0.07~ s.o36E oo 3.818£-03 So040E 00 8o60~E-03 4o299E-o4 4.000 1o880E 00 s.n5E-02 1.931E 00 2.034£ oo 1o3SOE-o2 
o,o8o 4o821E 00 3.847£-03 4.82~£ 00 9.619£-03 4.~17E-o4 ... 500 1o892E 00 5.862£-02 1.950£ 00 2o292E 00 1o51~E-o2 

o.o8~ 4o630E 00 3.8'56£-03 4o634E 00 1o068E•02 4o729E•04 s.ooo 1.902E oo 6o601E-02 1o968E 00 2.547E 00 1.681E-o2 
0.090 4.459E 00 3o888E-03 4o463E 00 1oi18E•02 4o940E-o4 s.soo 1.912E 00 7.353E-02 1.986E 00 2.8ooe oo 1.849£-oZ 
o.o9~ 4o306E 00 3o921E-03 4.3loE oo 1.292E-02 ~.148E-04 6.000 1.9~2E 00 8.118E-02 2.003E 00 3.051E 00 2.018E-02 
0.100 4.167£ 00 3.956£-03 4.171£ 00 1oUOE-02 5.355E-04 6.500 1.930E 00 8.895£-02 2.019E 00 3.299E 00 2.188E-o2 
Oo150 3.274£ 00 4.3SSE-03 3.278£ 00 2.780£-02 7.368£-04 r.ooo 1.938E 00 9.682£-02 2.035£ 00 3.546E 00 2.359E-o2 

0.200 2.821£ 00 4.799£-03 2.826£ 00 4o•U3E-02 9o311E-04 7.500 1.945£ 00 1.048£-01 2.050£ 00 3o791E 00 2o531E-o2 
0.250 2.,2E 00 5.276£-03 2.557£ 00 6o299E-OZ 1o121E-03 8.ooo 1.952E 00 1.129£-01 2.o6SE 00 4o034E 00 2oT03E-o2 
Oo300 2o376E 00 5.773£-03 2o382E 00 8.329£-02 1.308£-03 8.soo 1.958£ 00 lo2lOE•01 2.079E 00 4.275£ 00 2.816£-02 
0.350 2.254£ 00 6o291E-03 2.260£ 00 1o049E-01 1.493E-o3 9o000 1.964£ 00 1.~99E-01 2.094E 00 4o515E 00 3.onE-o2 
0.400 2,165E 00 6.809£-03 2.171E 00 1.275£-01 1,677E-o3 9.500 1.970E 00 1.383£-01 2o108E 00 4oT53E 00 3.226£-02 

0.4'SO 2o095E 00 7.!37E-03 2.103E 00 1.~09£-01 1o858E-o3 10,000 1.975£ 00 lo467E-01 2.122£ 00 4o989E 00 3.-401E-o2 
0.500 2.042£ 00 7.866£-03 2.050E 00 1.7~0£-01 2o039E-03 2o.ono 2.043E 00 3.260£-01 2.369E 00 9.441£ 00 6.890£-02 
0.550 2.oooE 00 8o397E-03 2o009E 00 1o996E-01 2.218E-03 30.0C'!O 2.080E 00 5.166F-o1 2.596E 00 1o347E 01 1.022E-o1 
0.600 1.967£ 00 8.931E-03 lo976E 00 2o247E-01 2o396£-G3 40.000 2.105£ 00 7.127E-01 2,817£ 00 1.717E 01 1o333E-01 
0.650 1o940E 00 9.468£-03 1.950E 00 2.502£-01 2.572E-o3 50.000 2.124F. 00 9ol26E-01 3.036E 00 2.058E 01 1.621E-o1 

0.7()0 1o918E 00 1.001£-02 1.928E 00 2.760E-01 2.741!-03 60.000 2.U9E 00 1.115E 00 3.2S4E 00 2.317E 01 1o888E-01 
0.750 1.901E 00 1.0SSE-02 1o911E 00 3.021E-o1 2o921E-G3 8o.ooo 2.163E 00 loS25E 00 3.689E 00 2.953£ 01 2.364E-ol 
o.eoo 1.886£ 00 1.noe-o2 1.897E 00 3.283E-01 3o094E-G3 100.000 2.182E 00 1o940E 00 4ol22E 00 3o466E 01 2o777E-o1 
o.850 1o874E 00 lo165E•02 1.88SE 00 3.548E-01 3.266E-03 200.000 2.241£ 00 4.050£ 00 6.291E 00 5o415E 01 4o232E-o1 
0.900 1.864F. 00 1.220£-02 1.876£ 00 3o8UE-01 3.4STE-03 300.000 2.275£ 00 6o181E 00 e.462E oo 6o781E 01 5ol27E-01 

0,950 1.855F 00 1.276£-02 1o868E 00 4o081E-01 3o607E-03 400.o'o0 2.299E 00 8.33~E 00 1o063E 01 7o833E 01 5.744E-01 
1o000 1.848£ 00 1.332£-02 1.862E 00 4o349E-01 3. 776£-03 500.000 2.:318E 00 1o049E 01 1.281E 01 8o688E 01 6.200E-o1 
1.100 1.838£ 00 1.444£-02 1.853E 00 4.887E-01 4ol12E-o3 600.000 2.333E 00 1.265£ 01 1.498E 01 9o410E 01 6.5~4E-01 
1.200 1.831£ 00 1.557£-02 1.847£ on S.428E•01 4o446E-03 80o.ooo 2o357f 00 1o697E 01 1.933E 01 1o058E 02 7o072E-01 
1.300 1.827E 00 1o672E-02 1o843E 00 5o97oE-o1 4o777E-OJ 1000.000 2.376! 00 2.uoe 01 2.367E 01 1.1~2E 02 7o436E-o1 
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ELECTRONS IN TOLUENE ELECTRONS IN TOLUENE 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RAOIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.oto 2.289E 01 3.903E-03 2.289E 01 2.466E-04 9.752!-o5 1.400 1.811£ 00 1.794£-02 lo829E 00 6o56!E-Ol 5.166E-03 
0.015 1.666£ 01 3.824E•03 1o667E 01 5o064E-04 1.318£-04 1.500 1.810£ 00 1o911E-02 1.829£ 00 7ol10E-G1 5.497E-o3 
0.020 1.331£ 01 3.718£-03 1.331E 01 8olt46E-04 1.631£-04 1.600 1.809£ 00 2.029£•02 1.83oE oo · 7.657£-01 5o826E-o3 
0.025 1.119£ 01 3.747£-03 1.120E 01 1.256£-03 1o924E-o4 1.700 . 1o810E 00 2.144£-02 1.831E 00 8.203£-01 6.U4E-03 
0.030 9.731£ 00 3o726E-03 9.735E 00 1o736E-03 2o201E-G4 1.800 1o8llE 00 2.264£-02 1.834£ 00 8.749£-01 6.480£-03 

0.035 8.656£ 00 3.708E-o3 8.659£ 00 2o282E•03 2o466E-G4 1.900 1o8UE 00 2.385£-02 1.837E 00 9.294E-Ol 6.806£-03 
0.040 7.830£ 00 3.706£-03 7.834£ 00 2o890E-03 2o721E-o4 2.000 1.815E 00 2.5o7E-02 1.840£ 00 9o838E•01 7.131E-o3 
0.045 7.175£ 00 3.711£-03 7ol78E 00 3.558E-03 2.969E-o4 2.200 1.819£ 00 2.755£-02 1o847£ 00 1o092E 00 7o180E-03 
0.050 6o642E 00 3.722£-03 6.646£ 00 4e282E•03 3.211£-04 2.400 1.824! 00 3o007E•02 1.854E 00 1o200E 00 8olt29E-03 
o.o55 6.200£ 00 3.738E-03 6o203E 00 5.062£-03 3.447E-o4 2.600 1.830£ 00 3.262£-02 1o862E 00 1o308E. 00 9o078E•03 

0.060 5.827! 00 3.71}8£-03 5.830£ 00 5.894£-o3 3o680E-o4 2.800 1o835E 00 3.513£-02 1o871E 00 1.415! 00 9. 727E-o3 
Oo065 5.507£ 00 3o780E-G3 5e511E 00 6.776£-03 3o908E-G4 3.000 1.841£ 00 3.776£-02 1.879£ 00 lo522E 00 1o037E-o2 
0.070 5.231£ 00 3.805E-03 5.235£ 00 7.708£-03 4ol34E-G4 3.500 1o855E 00 4o452E•02 1.899E 00 1o787E 00 1o200E-G2 
0.075 4.990E 00 3.832£-03 4.994£ 00 8o686E•03 4o356E-o4 4o000 1e867E 00 5.153E-02 1o919E 00 2o048E 00 1.364E-o2 
o.o8o 4.777E 00 3e861E-03 •• 781E 00 9.710E-03 4.576E-04 4o500 1e879E 00 5.88lf:-o2 1o938E 00 2.308£ 00 1.530E-02 

o.oa5 4o588E 00 3.870E-03 4e592E 00 1o078E-02 4o792E•04 5.ooo 1e890E 00 6.622£-02 1.956E 00 2e564E 00 1o698E-o2 
o.o9o 4o419E 00 3o902E-03 4elt2SE 00 1.189£-02 5.oosE-o4 5.500 1o900E 00 7o377E•02 1o974E 00 2.819£ 00 1e868E-o2 
0.095 4o267E 00 3o936E•03 4o270E 00 1e301t£•02 5e216E-04 6.000 1o909E 00 8e144E-02 1o991E 00 3e071E 00 2e038E-G2 
0.100 4.129£ 00 3.971£-03 4ol33E 00 1e423E•02 5.426E-o4 6.500 1o918E 00 8.923£-02 2.007E 00 3e321E 00 2e210E-o2 
o.uo 3.244E 00 4o371E-03 3.249£ 00 2.806£-02 7.464E-o4 7.000 1.926E 00 9.713£-02 2.023£ 00 3.569E 00 2e382E-o2 

0.200 2.796E 00 4o818E-03 2.801£ 00 4.473£-02 9.432£-04 7.500 1o933E 00 1.051£-01 2o038£ 00 3e816E 00 2o55SE-o2 
Oo2'l0 2.530£ 00 5.297E-03 2.535£ 00 6.356£-02 1o136E-03 a.ooo 1.940£ 00 1.132E-o1 2o053E 00 4.060£ 00 2.729£-02 
0.300 2.355£ 00 5.797£-03 2e361E 00 8e404£-02 le325E-03 8.500 1o946E 00 1.214£-01 2o068E 00 4.303£ 00 2o904£-Q2 
0.350 2.234£ 00 6.317£-03 2e240E 00 1e058E-01 1o513E-G3 9.000 1.952£ 00 1.303£-01 2.082E 00 4e541tE 00 3.079£-02 
0.400 2o146E 00 6.838£-03 2.153E 00 1.286£-01 1.698£-03 9.500 1.958£ 00 1o387E-01 2.096£ 00 4o783E 00 3o2S6E-02 

0.450 2.079£ 00 7.369£-03 2.086£ 00 1e522E•01 1.882E-03 10.000 1.963£ 00 1.472£-01 2.110£ 00 5e021E 00 3o433E-02 
0.500 2.026E 00 7.900E-03 2.034E 00 1.765E-01 2.065E-03 20.000 2o031E 00 3o270E-Ol 2.,ee oo 9e496E 00 6o949E-G2 
o.sso 1o985E 00 8.433E-03 1.993E 00 2e013E-01 2.246£-03 30.000 2.067E 00 S.l82E-01 2oS8SE 00 1o354E ol 1o031E-01 
0.600 1.952£ 00 8.969£-03 1e961E 00 2.266£-01 2.426£-03 40.000 2.092£ 00 7.149£-01 2.807£ 00 1.725£ 01 1e343E-G1 
0.650 1.925£ 00 9.508E-03 1.935E 00 2.523E-01 2o604E-o3 50.000 2ol11E 00 9o153E-01 3o026E 00 2e069E 01 le633E-01 

0.700 1.904£ 00 le005E-02 1e914E 00 2.713£-01 ie781E-G3 60.000 2el26E 00 1.118£ 00 3.244£ 00 2o388E 01 1.901£-01 
0.750 1.816f 00 1e060E-02 1.897£ 00 3e046E-01 2o957E-03 8o.ooo 2e150E 00 lo530E 00 3.680£ 00 2o966E 01 2.379£-01 
o.aoo 1.872£ 00 1.114£-02 1.883E 00 3.310£-01 3.132E-03 100.000 2.169£ 00 1.946£ 00 4o115E 00 3.480[ 01 2.794£-01 
o.I50 1ei60E 00 1o170E•02 1ei71E 00 3e577E-01 3.306!-03 200.000 2.227£ 00 4.062E 00 6.289£ 00 5.431£ Ol 4.251E-01 
0.900 1.150( 00 1e225E-02 lo862E 00 3.144£-01 3.479E-03 JOO.OOO 2.261£ oc 6o205E 00 8.466£ 00 6e796E 01 5.146£-01 

0.950 1.842£ 00 1.281E-->2 lei54E 00 4.114E-01 J.651E-G3 400.000 2.215£ 00 8.358£ 00 1o064E 01 7e848E 01 5.762E-o1 
1.ooo 1.135£ 00 1.337E-02 1.848! 00 4e384E-01 3.822E-03 soo.ooo 2.304£ 00 1e052E 01 1.282£ 01 8.702£ 01 6e218E-o1 
1.100 le8Z5E 00 1e450E-02 1.839! 00 4.926!-01 4e161E-OJ 600.000 2.319£ 00 1o268E 01 1.500£ 01 9e423E 01 6.571E-o1 
1.200 1.818£ 00 1o564E•02 1.833( 00 5e471E-01 4e498E-03 8oo.ooo 2.3431! 00 1o702E 01 1.936£ 01 1e059E 02 7eOI7E-01 

..., 
(10 

1.300 le813f 00 1.678£-02 1ei30E 00 6e017E-01 4ei33E-G3 1000.000 2o361E 00 2·.136£ 01 2o372E 01 1.152E 02 7.450E-01 CD 
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... 
ELECTRONS IN ACETYLENE ELECTRONS IN ACETYLENE 0> 

0 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MFV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 2.258E 01 3o924E-03 2.258E 01 2.~o2E-o4 9o948E-05 1o4CO 1.839E 00 1.804E-02 1.8~7E 00 6oS6~E-01 s.178E-03 
o.ou 1.644E 01 3o844E-03 1.644E 01 ~.U!IE-04 1o344E-04 1o500 1o842E 00 1o921E-02 1.8611! 00 7.103£-01 5o501E-o3 
0.020 1.313E 01 3.798£-03 lo314E 01 8.563E-04 1o663E-o4 1.600 1.846£ 00 2.039£-02 1o866E 00 7.639£-01 ~.821£-03 

o.02S 1o105E 01 3.767E-03 1.105E 01 1o273E-03 1o960E-04 1.700 1o8SOE 00 2.156E-02 1.872E 00 8o171tE-01 6o138E-03 
0.030 9o606E 00 3.745£-03 9.609£ 00 1o760E-03 2o243E-04 1o800 1.8~5E 00 2.276E-02 1o878E 00 8o708E-01 6.4~4E-03 

o.o3S 8oS45E 00 3.727E-03 8.548£ 00 2.313£-03 2.512£-04 1.900 1.861E 00 2.397£-02 1.88~£ 00 9.239£-01 6.768£-03 
0.040 7.730£ 00 3.72SE-03 7.734E 00 2o929E-03 2.772£-04 2.000 1o866E 00 2.520E-02 1o891E 00 9o769E-01 7.080£-03 
Oo04S 7.084£ 00 3o730E-03 7.087E 00 3o605E-03 3o024E-04 2.200 1.878E 00 2.769£-02 1o906E 00 1o082E 00 7.703E-03 
o.oso 6o558E 00 3. 741£-0" 6o562E 00 4o339E-03 3.270E-04 2.400 1.890E 00 3o021E-02 1.920E 00 1.187E 00 8o322E-03 
o.oss 6o122E 00 3.757E-03 6o125E 00 5ol28E-03 3o510E-o4 2.600 1.902£ 00 3.278£-02 1o93SE 00 1.291£ 00 8.939£-03 

0.060 So7S3E 00 3o777E-03 5.757£ 00 5o971E-03 3o747E-o4 2.800 1.914£ 00 3.529£-02 1o949E 00 1.394E 00 9.S54E-03 
0.06~ 5.438E 00 3.799£-03 ~.442£ 00 6o864E-03 3.979E-o4 3.(100 1o92')E 00 3.793£-02 1.963£ 00 1o496E 00 1o016E-02 
0.070 5.166E 00 3.824E-03 5ol70E 00 7.808£-03 4o209E-04 3.~00 1.953£ 00 4.472£-02 1o998E 00 1.748£ 00 1e169E-02 
0.075 4.928E 00 3.852£-03 4o931E 00 8.798£-03 4e435E-o4 4.000 1.979E 00 5.176£-02 2.o1o0E 00 1o997E 00 1o322E-02 
0.080 4.717E 00 3o880E-03 4o721E 00 9o835E-03 4o6S9E-o4 4.500 2o003E 00 ~.908E-02 2o062E 00 2o241E 00 1.476E-02 

o.oas 4.531E 00 3.890£-03 4.535£ 00 1.092£-02 4e878E-04 ~.ooo 2.025£ 00 6.652E-02 2.091£ 00 2.482E 00 1.631£-02 
0.090 4.364£ 00 3.922£-03 4.368£ 00 1.204£-02 5.09SE-04 ~.~oo 2.045E 00 7.410E-02 2ol19E 00 2. 719E 00 1.786E-02 
o.o9s 4.214£ 00 3.9!16£-03 4.218E 00 1.320£-02 s.noE-04 6.000 2.064£ 00 8.180£-02 2.146£ 00 2.9~4£ 00 1o942E-02 
Oo100 4.078£ 00 3.991£-03 4o082E 00 1o441E-02 S.S23E-04 6.soo 2.082E 00 8.962E-02 2.172£ 00 3.18~£ 00 2o098E-02 
o.tso 3o205E 00 4.394£-03 3.209£ 00 2.841£-02 7.597£-04 7.000 2.099£ 00 9.7~~E-02 2.197£ 00 3o4'4E 00 2e2S4E-o2 

Oo200 2.763E 00 1to844E-03 2.767£ 00 4.529£-02 9.599E-04 7.~oo 2.115E 00 1.056£-01 2.220£ 00 3.640£ 00 2.410£-02 
Oo2SO 2.499£ 00 ~.326£-03 2.~04E 00 6.435£-02 1.156E-03 8.0110 2.130£ 00 1.137E-01 2.243£ 00 3.864E 00 2.566E-02 
0.300 2.327E 00 ~.830E-03 2.333£ 00 8.508E-02 1.349E-03 8.5oo 2.144£ 00 1.219E-01 2.266E 00 4o086E 00 2.723E-02 
0.350 2.207£ 00 6.353E-03 2.214£ 00 1.071E-01 1.540E-03 9.000 2.157£ 00 1.309£-01 2.288E 00 4o306E 00 2.880E-02 
0.400 2.121£ 00 6.877E-03 2.128£ 00 1.302£-01 1.728E-03 9.500 2.170£ 00 1.393£-01 2.309E 00 4.523E 00 3.038E-o2 

Oe4SO 2.057£ 00 7.411£-03 2.064£ 00 1.540£-01 1o91SE-03 10.000 2.182E 00 1 ... 78E-01 2.330E 00 4o739E 00 3.19~E-02 
Oo500 2.oo8E 00 7.945£-03 2o016E 00 1.786E-01 2o101E-03 20.000 2.349E 00 3.284E-01 2.677E 00 8o728E 00 6o272E-02 
0.5~0 1.970£ 00 8.482E-03 1.978£ 00 2o036E-01 2.284E-03 30.000 2.436E 00 ~.203E-01 2.956E 00 1o228E 01 9.17~E-02 
0.6(10 1o940E 00 9o021E-03 1o949E 00 2.291£-01 2o465E-03 40.000 2.492E 00 7.178£-01 3.210E 00 1.5S2E 01 1.189£-01 
0.650 1.917E 00 9.563£-03 1.926£ 00 2.~49£-01 2.644£-03 50.000 2.531£ 00 9.19cf£-01 3.4~1£ 00 1.8S2E 01 1e442E-01 

o.7oo 1o898E 00 1e011E-02 1o908E 00 2o810E-01 2.822E-o3 60.000 2.S62E 00 1o123E 00 3.68~£ 00 2.133E 01 1.678E-01 
o.7SO 1.883E 00 1o066E-02 1o894E 00 3.073£-01 2o998E-03 80.000 2.607E 00 1.536£ 00 4.143E 00 2o644E 01 2.106£-01 
o.8oo 1.872E 00 1.121E-02 1o883E 00 3o338E-01 3.172£-03 100.000 2o639E 00 1o953E 00 4e592E 00 3o103E 01 2.482£-01 
o.850 1o862E 00 1.177£-02 1.874E 00 3o604E-01 3o346E-03 200.000 2.7261! 00 4o078E 00 6e804E 00 4o879E 01 3o855E-01 
0.900 1.855E 00 1.232£-02 1.867E 00 3.871£-01 3e517E-03 300.000 2o 771E 00 6o229E 00 9eOOOE 00 6o153E 01 4o736E-01 

0.950 1o849E 00 1.288£-02 1.862E 00 4el39E-01 3o688E-03 400.000 2.800E 00 8.391E 00 1oll9E 01 7.147E 01 5o360E-o1 
1.oco 1.845E 00 1.34~£-02 1.8S9E 00 4.408£-01 3o857E-03 500.000 2.821£ 00 1.056£ 01 1.338£ 01 7.963£ 01 5e829E-01 
1.100 1.840£ 00 1.458£-02 1.854£ 00 4.947£-01 4o193E-03 600.0')0 2.838E 00 1.273E 01 1.557E 01 8o6SSE 01 6.198E-01 
1.200 1.837E 00 1.572£-02 1.8S3E 00 Se486E-01 4eS2SE-03 eoo.ooo 2o864E 00 1o708E 01 1e99SE 01 9o787E 01 6.745£-01 
1.3<'0 1.837E 00 lo688E-02 1.854E 00 6o026E-Ol 4o853E-03 1000.0tl0 2.883f: 00 2ol44E 01 2o432E 01 1o069E 02 7.135E-01 
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ELECTRONS IN POLYSTYRENE ELECTRONS IN POLYSTYRENE 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV Cfi42/G MEV CM21G MEV CM21G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 2.260£ 01 3.926£-03 2.261E 01 2.499E-04 9.940E-05 1.400 1.784E 00 1.804E-02 1o802E 00 6o652E-01 5.268£-03 
0.015 1o646E 01 3.846£-03 1.646£ 01 5.129£-04 1o343E-04 1.500 1.783E 00 1.922£-02 1.802£ 00 7.207£-01 5.606£-03 
o.020 1.31SE 01 3.799£-03 1.315E 01 8.5sse-o4 1o661E-04 1.600 1o783E 00 2o040E-02 1.803£ 00 7.762£-01 5.943£-03 
o.o25 1.106£ 01 3.768£-03 1.106£ 01 1o272E-03 1.959£-04 1.700 1o783E 00 2o156E-02 1.805£ 00 8.316£-01 6.277£-03 
0.030 9.617E 00 3.747£-03 9.620E 00 1.758£-03 2.241£-04 1.800 1o784E 00 2.277£-02 1o807E 00 8.870£-01 6.610£-03 

0.035 8.554£ 00 3.728£-03 8oS58E 00 2o310E-03 2o510E-04 1.900 1o786f 00 2.398£-02 1.810£ 00 9.423£-01 6o942E-03 
0.040 7.739£ 00 3o726E-03 7.743£ 00 2o925E-03 2o770E-04 2.000 1.787£ 00 2.521£-02 1.813£ 00 9o975E-01 7.274E-Q3 
0.045 7.092£ 00 3.731£-03 7o096E 00 3o601E-03 3.021£-04 2.2no 1.792£ 00 2.770£-02 1.819£ 00 1o108E 00 7.937£-03 
o.o5o 6.565£ 00 3.742£-03 6.569£ 00 4o334E-03 3.267E-Q4 2.400 1.797£ 00 3.023£-02 1.827£ 00 1.217£ 00 8.599£-03 
0.055 6.129£ 00 3.758£-03 6o132E 00 5o122E-03 3oS08E-04 2.600 1o802E 00 3.279£-02 1.835£ 00 1o327E 00 9o261E-03 

0.060 5.760£ 00 3.778E-03 5.764£ 00 5.964£-03 3o744E-04 2.800 1.807£ 00 3.531£-02 1o843E 00 1o435f 00 9.924£-03 
0.065 5.445£ 00 3.801£-03 5.448£ 00 6o857E-03 3o976E-Q4 3.000 1.813£ 00 3.795£-02 1.8!11£ 00 1oS44E 00 1o058E-o2 
0.070 5.172£ 00 3.826£-03 5ol76E 00 7o799E-03 4o205E-Q4 3.500 1.826E 00 4o474E-02 1o871E 00 lo812E 00 1.224E-o2 
o.o75 4.933£ 00 3.853£-03 4.937E 00 8.788£-03 4.432£-04 4.000 1.838£ 00 s.178E-o2 1.890£ 00 2o078E 00 1.392£-02 
o.o80 4.723£ 00 3.882£-03 4.727£ 00 9.824£-03 4.655£-04 4.500 1o8SOE 00 5o910E-02 1o909E 00 2o341E 00 1o561E-o2 

o.o85 4.536£ 00 3.891£-03 4.540£ 00 1o090£-02 4o874E-Q4 5.000 1.861£ 00 6.654£-02 1.927£ 00 2.602£ 00 1.733£-02 
0.090 4o369E 00 3.923£-03 4o373£ 00 1o203E-02 s.o9oE-o4 s.500 1.870£ 00 7.41?£-02 1.944£ 00 2.860£ 00 1.905£-02 
0.095 4.219£ 00 3.957£-03 4o223E 00 1.319£-02 5o305E-04 6.ooo 1.879£ 00 8.183F-02 1.961£ 00 3o116E 00 2.079£-02 
0.100 4o083E 00 3.992£-03 4o087E 00 1o439E-02 5.518£-04 6.500 1.888£ 00 8.965£-02 1.977£ 00 3.370£ 00 2.254E-o2 
Oo150 3.208£ 00 4o395E-03 3o213E 00 2.838£-02 7.590E-Q4 7.000 1.895£ 00 9.759£-02 1.993£ 00 3.622£ 00 2o430E-o2 

0.200 2.766£ 00 4o845E-03 2. 771£ 00 4o524E-02 9o591E-04 7.500 1.902£ 00 1.056£-01 2.008£ 00 3.872£ 00 2o607E-Q2 
Oo2SO 2.502E 00 5.328£-03 2o507E 00 6.427E-02 1.155£-03 8.ooo 1o909E 00 1.138£-01 2.023E 00 4o120E 00 2.784E-02 
Oo3CO 2.:noe 00 S.831E-03 2.335£ 00 8.498£-02 1.347£-03 8.soo 1.915£ 00 1.220£-01 2.037E 00 4o367E 00 2.962£-02 
0.350 2.209£ oo 6.355£-03 2.216E 00 1.070£-01 1.538£-03 9.000 1.921£ 00 1.309£-01 2.052£ 00 4o611E 00 3.141£-02 
o.4oo 2.119E 00 6.879£-03 2.126E 00 1.301E-01 1.728£-03 9.500 1o926E 00 1.393£-01 2.066E 00 4.854£ 00 3o321E-02 

Oo450 2.051£ 00 7.413£-03 2.059£ 00 1.540£··01 1.915E-03 10.000 1.932£ 00 1.478£-01 2.079£ 00 s.o95E 00 3.501£-02 
Oo500 1o999E oo 7.948£-03 2o007E 00 1.786£-01 2o102E-Q3 20.000 1.998£ 00 3.285£-01 2.327£ 00 9.633£ 00 7.080£-02 
o.sso 1.958£ 00 8.484£-03 1.966£ 00 2.038£-01 2.287£-03 30.000 2.034£ 00 5o205F-01 2.5sse 00 1o373E 01 1o049E-01 
0.600 1.925E 00 9.024£-03 1o934E 00 2o294E-01 2o471E-03 40.000 2.059£ 00 7 o181E-01 2.777£ 00 1.749£ 01 1o366E-o1 
Oo650 1o899E 00 9.566£-03 1.908£ 00 2o554E-01 2.653£-03 50.000 2.077£ 00 9o194E-01 2.997£ 00 2.095£ 01 1.659£-01 

0.700 1.878E 00 1.011E-02 1.888E 00 2.818£-01 2.834£-03 60.000 2.093£ 00 1ol23E 00 3.216£ 00 2o417E 01 1o930E-01 
0.750 1.860£ 00 1.066E-Q2 1.871£ 00 3.084£-01 3o013E-03 8o.ooo 2.117£ 00 1o537E 00 3o6S3E 00 3oOOOE 01 2.414£-01 
o.8oo 1o846E 00 1.121£-02 1.857£ 00 3.352£-01 3o192E-Q3 100.000 2 ol35E 00 1.954£ 00 4o089£ 00 3.517£ 01 2o831E-01 
o.85o 1.834E 00 1.177£-02 1o845E 00 3o622E-01 3.369£-03 200,000 2.193£ 00 4o079E 00 6.272£ 00 5o477E 01 4o294E-01 
Oo900 1.824£ 00 1.233£-02 1.836£ 00 3.894£-01 S.546E-Q3 300.000 2o226E 00 6.232£ 00 8.458£ 00 6o845E 01 5o188E-01 

0.950 1.816£ 00 1.289E-02 1.828£ 00 4.167£-01 3.721£-03 400.000 2.250£ 00 8.394£ 00 1.064£ 01 7.896£ 01 5o803E-01 
1.000 lo809E 00 1.345£-02 1.822£ 00 4.441£-01 3o896E-03 500.000 2.269£ 00 1o056E 01 1.283£ 01 8.751£ 01 6o256E-01 
1.100 1.798£ 00 1o458E-02 lo813E 00 4o991E-01 4o243E-Q3 600.000 2.284£ 00 1.274£ 01 1.502£ 01 9.470£ 01 6.607£-01 
1.200 1o792E 00 1.573£-02 1o807E 00 5.544E-o1 4o587E-Q3 8oo.ooo 2.308£ 00 1.709£ 01 1.940£ 01 1o064E 02 7.120£-01 N 

ca 
1.300 1.787£ 00 1.688£-02 1.804£ 00 6.098£-01 4o929E-03 1000.000 2.326£ 00 2.145£ 01 2.377£ 01 1.157£ 02 7.481£-01 ... 
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N 

ELECTRONS IN STILBENE ELECTRONS IN STILBENE .. 
N 

ENERGY STOPPING POVER RANGE RADIATION ENERGY STOPPING POVER RANGE RADIATION 
COLl.ISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

0.010 2.226£ 01 3.946£-03 2.226E 01 2.~39E-04 1o01~E-o4 1.400 1.760E 00 1o814E-02 l. 778E 00 6o74~E-01 ~.JTOE-03 
o.o1~ 1.621E 01 3.86~E-03 1.622E 01 5.21oE-o4 1.371£-04 1.~oo 1.758E 00 1o931E-02 1.778£ 00 7.307E-01 ~. 714E-o3 
0.020 1.295E 01 3.819E-03 1.296£ 01 8.686E-04 1.696E-o4 1o600 1.758E 00 2.o5oE-02 1. 779£ 00 7.870£-01 6oOS7E-03 
o.o2~ 1.090£ 01 3.787E-03 1.090E 01 1o291E-03 1.999£-04 1.700 1.7~8£ 00 2.167£-02 1.780E 00 8o432E-Q1 6.397E-o3 
0.030 9.477£ 00 3.765E-03 9.481£ 00 1o784E-03 2o287E-o4 1.8oo 1.7~9£ 00 2.288£-02 1.782£ 00 8.993E-01 6. 737E-o3 

o.o35 8.431£ 00 3.746£-03 8.435£ 00 2.345£-03 2.561!-o4 1.900 1.761£ 00 2.410£-02 1.78~£ 00 9.554£-01 7.075E-o3 
0.040 7.628£ 00 3.744£-03 7.632£ 00 2.969£-03 2o825E-G4 2.000 1.763E 00 2.533£-02 1. 788E 00 1o011E 00 7.4UE-o3 
o.o4~ 6.991£ 00 3~749E-03 6.994£ 00 3.6~4E-03 3o082E-04 2.200 1.767£ 00 2.78!£-02 1. 795E 00 1.123£ 00 8o088E-o3 
o.o~o 6.472£ 00 3.760E-03 6.476E 00 4o398E-03 3.332E-o4 2.400 1.772E 00 3o037E-02 1o802E 00 1o234E 00 8o762E-03 
o.o~5 6o042E 00 3.776£-03 6.046£ 00 5.198£-03 3o577E-G4 2.600 1.777E 00 3.295£-02 1.810£ 00 1.345£ 00 9o4S6E-o3 

o.o60 5.679£ 00 3.796£-03 5.682£ 00 6.0~1E-o3 3.817E-o4 2.800 1.782E 00 3.~47E-02 1.818E 00 1.4~5E 00 1o011E-02 
o.o6~ ~.368£ 00 3.819£-03 ~.372E 00 6.9~7E-03 4.0~4E-o4 3.000 1.788£ 00 3.812£-02 1.826£ 00 1.~65E 00 1.078E-o2 
0.070 ~.099£ 00 3.844E-03 ~.103£ 00 7.912£-03 4e287E-o4 3.500 1.801E 00 4.494£-02 1o846E 00 1.837E 00 1e247E-o2 
o.o75 4.864E 00 3.871£-03 4.868£ 00 8o916E-03 4.5181E-o4 4.000 1.813£ 00 5.2oor-o2 1.86~£ 00 2e107E 00 1.418E-o2 
o.o8o 4.6~7E 00 3.900£-03 4o661E 00 9.966£-03 4.746E-o4 4.~oo 1.824£ 00 5.93~£-02 1.884E 00 2.374E 00 1e590E-o2 

o.on 4.473£ 00 3.910£-03 4.477£ 00 1o106E-02 4e968E-G4 5.000 1.835£ 00 6o682E-02 1o902E 00 2.638£ 00 1e764E-o2 
0.090 4.308£ 00 3.942E-03 4.312£ 00 1.220£-02 ~.189£-04 ~.500 1e844E 00 7.443E-02 1.919£ 00 2.900£ 00 1o940E-o2 
o.o9~ 4.160£ 00 3.976£-03 4.164£ 00 lo338E-02 ~.4otE-04 6.000 1.8~3£ 00 8.216£-02 1.935E 00 3.1~9£ 00 2.117E-o2 
0.100 4.026E 00 4.012£-03 4.030£ 00 Ie460E-oz ~.625E-04 6.500 1.861£ 00 9o002E-o2 1.9HE 00 3.416£ 00 2.294E-o2 
1').1~0 3.164£ 00 4.417£-03 3.169£ 00 2.878£-02 7.735E-o4 7.000 1.869£ 00 9.798£-02 1.967£ 00 3o671E 00 2.473E-o2 

0.200 2.728£ 00 4.870£-03 2.733£ 00 4.~87£-02 9o773E-G4 7.~00 1.876£ 00 1.061£-01 1.982E 00 3e92~E 00 2.6S3E-o2 
0.250 2.468£ 00 5.'~56£-03 2.473E 00 6e517E-o2 1e177E-G3 8.ooo 1.882£ 00 1.142E-01 1.997£ 00 4o176E 00 2.8UE-o2 
Oo300 2.298£ 00 5.863£-03 2.304£ 00 8o616E-o2 1e373E-G3 8.soo 1.889£ 00 1.225£-01 2o011E 00 4.426£ 00 3o014E-02 
0.350 2.178£ 00 6.389£-03 2.18~£ 00 1.085£-01 1.568£-03 9.ono 1.894£ 00 1.314£-01 2.026£ 00 4.673£ 00 3o195E-G2 
Oo400 2.090£ 00 6.917£-03 2.096£ 00 1e319E-01 1.761£-03 9.500 1.900£ 00 1.399£-01 2.040£ 00 4e919E 00 3.379E-o2 

0.450 2.023£ 00 7.454£-03 2.030E 00 1.~61£-01 1.952!-03 10.000 1.905£ 00 1.484£-01 2.053£ 00 5.164E 00 3.562E-o2 
0.500 1.971£ 00 7.992£-03 1.979£ 00 1.811£-01 2.143£-03 20.000 1.971£ 00 3.298£-01 2.300£ 00 9.7~7£ 00 7o\9~E-o2 
0.550 1.931£ 00 8.532£-03 lo939E 00 2.066£-01 2.331£-03 30.000 2.006£ 00 5e22~E-01 2.~29E oo 1o390E 01 1o06~E-01 
0.600 1o899E 00 9.074£-03 1.908£ 00 2.326E-01 2.519£-03 40.000 2.030E 00 7.208£-01 2.751£ 00 1e769E 01 1.386E-o1 
o.6~o 1.873£ 00 9.619£-03 1.882E 00 2.~9oE-o1 2e704E-03 ~o.ooo 2.049£ 00 9.228£-01 2.972E 00 2.119E 01 1.683E-01 

o.1oo 1.851£ 00 1.017£-02 1.862£ 00 2.857£-01 2.889E-03 60.000 2.064E 00 1.127£ 00 3.191E 00 2.443E 01 1.956E--01 
o.no 1o834E 00 1.072E-02 1.845£ 00 3.127£-01 3.072£-03 80.ooo 2.088E 00 1.542£ 00 3.630E 00 3.031£ 01 2e443E-01 
o.800 1o820E 00 1.127£-02 1o831E 00 3e399E-01 3.2~4E-03 100.000 2.106E 00 1.961E 00 4.067E 00 3.~~1£ 01 2.864£-01 
o.aso 1.808E 00 1.183E-02 1.820E 00 3.673£-01 3e43~E-03 200.01)0 2o163E 00 4.094E 00 6.2~7£ 00 5.~18E 01 4e331E-G1 
o.9oo 1. 798E 00 1.239£-02 1.811E 00 3.948E-01 3.61SE-03 300.000 2.196£ 00 6.2~4£ 00 8.450£ 00 6o888E 01 ~.225£-01 

o.,o 1.790E 00 1o296E-02 1.803E 00 4.225!-01 3e 794E-o3 400.$)00 2o220E 00 8.424£ 00 1.064£ 01 7e940E 01 ~.U8E-o1 
1.000 1.784£ 00 l.352E-02 1.797£ 00 4.503£-01 3.972£-03 ~oo.ooo 2.238[ 00 lo060E 01 1.284£ 01 8.794£ 01 6.290£-01 
1.100 1o774E 00 1.466£-02 1.788£ 00 5.061£-01 4.sz~E-o3 600.000 2.253£ 00 1.278£ 01 1.~03£ 01 9.513£ 01 6o639E-G1 
1.2co 1.767£ 00 1.581£-02 1. 783£ 00 ~.621£-01 4o676E-03 eoo.ooo 2.277£ 00 1.71~E 01 1.9 .. 3E 01 1o068E 02 7o149E-G1 
1.300 1o762E 00 1.697£-02 1. 779E 00 6.182E-Ol ~.024£-0) 1ooo.ooo 2e2"E 00 2olS2E 01 2.382E 01 1.161£ 02 7.507E-o1 
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ELECTRONS IN LUCITE ELECTRONS IN LUCITE 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RAOIATJON TOTAL YIELD 

IIlEY IIIE'V CM2/G MEV CIII21G IIIE'V CMZ/G G/CIII2 MEV MEV CM2/G MEV CM21G MEV CM2/G G/CMZ 

0.010 2.251E 01 4.356E-03 2.252E 01 2o511E-04 1o106E-04 1.400 1.775£ 00 1o991E-02 1.795E 00 6o681E-01 5o862E-G3 0.015 1.640[ 01 1to268E-03 1.640E 01 5.151E-04 1o495E-04 1.500 1.774E 00 2.120£-02 1.795£ 00 7o238E-01 6o2S5E-G3 
0.020 1o311E 01 lto215E-03 1.311E 01 8.587E-04 1e850E-04 1.600 1.774£ 00 2.248E-G2 1e796E 00 7.- 795E-01 6e605E-03 
0.025 1.103! 01 4.177E-03 1.103E 01 1.276E-03 2e180E-G4 1.700 1.775E 00 2.375E-02 1.798E 00 8.35ZE-o1 6e973E-G3 
0.030 9.588E 00 •.UlE-03 9.592E 00 1o764E-03 2e494E-04 t.8oo 1. 776E 00 2.506E-02 1.801E 00 8.907£-01 7e339E-03 

0.035 8.530E 00 4.128£-03 8.534£ 00 2.318E-03 2e792E-04 1.900 1.777E 00 2.638E-o2 lo804E 00 9o462E-01 7o703E-03 
0.040 7.717E 00 1te125E-03 7.722E 00 2.935£-03 3o079E-04 2.000 1.779E 00 2.772E-02 1.807E 00 1o002E 00 8.067£-03 
0.045 7.073E 00 4o130E-03 7.077E 00 3.612£-03 3.JS8E-04 2.200 1.784E 00 3.042E-02 lo814E 00 1ol12E 00 8.794E-o3 
o.o5o 6.548E 00 4.144E-03 6.552E 00 4e347E-03 3.631E-04 2.400 1.789[ 00 3.3UE-02 1.822E 00 1o222E 00 9.518E-OJ 
0.055 6.113E 00 4.162E-03 6o117E 00 5.137E-03 3o897E-G4 2.600 1.794E 00 3.597E-02 1.830E 00 1o332E 00 lo024E-G2 

0,..060 5e746E 00 4.185E-03 5.750E 00 5.981E-03 4.159E-04 2.800 1.800[ 00 3.870E-02 1.838E 00 lo441E 00 1o097E-02 
0.065 5o431E 00 4o211E-03 5.436E 00 6o876E-03 4o417E-04 3.000 1.805E 00 4.157E-02 1.847E 00 lo549E 00 1.169E-02 
0.070 5o159E 00 4.240E-03 5o164E 00 7o820E-03 4e672E-04 3.500 1.819E 00 tt.895E-02 1.868E 00 1.818E 00 lo350E-G2 
0.075 4.922E 00 4o272E-03 4.926E 00 8.812E-03 4o923E-04 4.000 lo832E 00 5.659E-02 1o88f.E 00 2o085E 00 1e532E-G2 
o.o8o 4.712E 00 4o305E-03 4.716E 00 9o850E-03 5e172E-04 4.500 1.843E 00 6.453E-02 1.908E 00 2o348E 00 1.716E-G2 

o.o85 4.526E 00 4o323E-G3 4.530E 00 1o093E-02 5e416E-04 s.ooo 1.854E 00 7.262E-02 1.927E 00 2.609E 00 1o902E-02 
0.090 4.359E oo 4.360E-03 4o363F. 00 1.206£-02 5.658E-04 5.500 1o864E 00 8.oan-o2 1.945E 00 2e867E 00 2o089E-G2 
o.o95 4.209E 00 4.399E-03 4.214E 00 1o322E-02 5o898E-04 6.000 1.873E 00 8e921E-02 1o962E 00 3.123E 00 2e278E-G2 
0.100 4.074E 00 •• 439£-03 4.078£ 00 1.443£-02 6.136E-G4 6.500 1.882E 00 9.771E-02 1.979E 00 3.H7E 00 2.467E-o2 
0.150 3.202£ 00 4.891£-03 3.207E 00 2o844E-02 8e450E-G4 7.000 1.889E 00 lo063E-01 1.996E 00 3o628E 00 2.658E-G2 

0.200 2.761E 00 5.386E-03 2e766E 00 4o533E-G2 1o068E-03 7.500 1.897E 00 1.151E-01 2.012E 00 3.878E 00 2o849E-02 
0.250 2e498E 00 5.923E-03 2o504E 00 6.440E-02 1e286E-03 8.ooo 1.903E 00 1.239E-01 2.027E 00 4o125E 00 3o040E-GZ 
0.300 2.326E 00 6o483E-O! 2o332E 00 8o513E-02 1o500E-03 8.5oo 1o910E 00 lo328E-Ol 2.043E 00 4o!71E 00 S.233E-02 
0.350 2.206E 00 7.066[-03 2.2UE 00 1.072E-Ol 1o713E-O! 9.000 1.916E 00 1.426E-01 2.058E 00 4.615E 00 3o426E-02 
o.ttoo 2.106E 00 7.649E-03 2.113E 00 1o304E-Ol 1o925E-03 9.500 1o921E 00 1o518E-01 2.073£ 00 4o857E 00 3.621E-G2 

0.450 2.039£ 00 8.242£-03 2.047E 00 le544E-Ol 2el36E-03 10.000 lo926E 00 1.6tOE-01 2o087E 00 5o097E 00 s.8t5E-o2 
o.5no 1.987E' 00 8.835£-03 1.996[ 00 le792E'-Ol 2.345E-03 20.000 lo994E 00 3.574E-01 2o3HE 00 9o603E 00 7o663E-G2 
0.550 1.946[ 00 9.429£-03 1.956E' 00 2.045E-01 2o552E-03 30.000 2.030£ 00 5.660£-01 2o596E 00 le365E 01 loUOE-01 
0.600 1.914£ 00 1.002£-02 1e924E 00 2o303E-G1 2.758E-G3 40.000 2o055E 00 7.806£-01 2o836E 00 1e733E 01 1o466E-01 
0.650 1.888E 00 l.062E-02 1.898E 00 2.564E-01 2o961E-03 50.000 2.074£ 00 9.992!-01 3.073£ 00 2e072E 01 1e774E-Gl 

0.700 1.867[ 00 1.122£-02 1.878E 00 2o829E-Ol 3o163E-03 60.000 2o089E 00 1o221E 00 3.310! 00 2e385E 01 2.058E-G1 
0.750 1.849E 00 1.183E-02 1o861E 00 3o097E-01 3.363E-G3 80.ooo 2.113E 00 1.669£ 00 3.782£ 00 Zo950E 01 2o560E-G1 
o.8oo 1o835E 00 1.243E-02 1.847E 00 3.367E-01 3o562E-03 100.000 2.132E 00 2.122E 00 4.254[ 00 3e449E 01 2o990E-01 
o.85o 1.823E 00 1o305E-02 1.836E 00 3.638E-Ol 3.760E-03 200.000 2.189£ 00 4.428E 00 6o617E 00 5e318E 01 4o474E-01 
0.9CO 1.814E 00 1.366E-02 1.827E 00 3o911E-01 3o956E-03 300.000 2.223E 00 6.762E 00 8.985E 00 6.610E 01 5o366E-Gl 

0.950 1.806E 00 1.427E-02 1.820£ 00 4o185E-01 4o1JlE-03 400.000 2o247E 00 9.107E 00 1o135E 01 7o598E 01 5o973E-G1 
1.0('10 1.799E 00 1.489E-02 1.814E 00 4.460E-Ol 4.344E-03 500.000 2e265E 00 1.146E 01 1o372E 01 8e!98E 01 6o417E-01 
1.100 1.789E 00 1.613E-02 1.805£ 00 5o013E-01 4o729E-03 600.000 2.281E 00 1.382E Ol lo6lOE 01 9o070E 01 6e760E-01 
1.200 1.782E 00 1.738£-02 1o800E 00 5.568£-01 5.110E-03 8oo.ooo 2.304£ 00 1.854E 01 2.084[ 01 1.016E 02 7.258E-Ol .., 

ca 1.'300 1.778E 00 1.864£-02 1.796[ 00 6el24E-01 5.487E-G3 1000.000 2.323E 00 2.326E 01 2.558£ Ol 1.102E 02 7o606E-01 w 
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too> 

ELECTRONS IN ANTHRACENE ELECTRONS IN ANTHRACENE ~ .. 
ENERGY :.TOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 

COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM21G MEV CM21G G/CM2 

o.o1o 2.192£ 01 3o969E-03 2.193£ 01 2.580£-04 1o038£-D4 1.400 1.737E 00 1o824E-02 1.756£ 00 6o831E-01 5.470£-03 
o.ol5 1.597£ 01 3.887£-03 1.598£ 01 5.291£-04 1o401E-04 1o500 1o736E 00 1.942£-02 1. 756E 00 7o400E-01 5o820E-D3 
0.020 1.277£ 01 3.840£-03 1o277E 01 8.817£-04 1.7!1£-04 1.600 1. 736E 00 2o061E-02 1. 756£ 00 7.970£-01 6o169E-03 
o.o25 1.074£ 01 3.807£-03 1.075£ 01 1o310E-03 2o040£-D4 1.700 1.736£ 00 .Zol79E-02 1.758£ 00 8.539£-01 6o515E-03 
0.030 9.344£ 00 3.785£-03 9.348£ 00 1.811£-03 2.333E-D4 1.800 1.737£ 00 2.300£-02 1.760E 00 9o107E-01 6o860E-03 

0.035 8.313£ 00 3.766£-03 8.317£ 00 2.379£-03 2o613E-D4 1.900 1.739£ 00 2.423£-02 1.763£ 00 9.675E-01 7.205£-03 
o.o4o 7.522£ 00 3.764£-03 7.526£ 00 3o012E-03 2o882£-D4 2.01)0 1. 740£ 00 2.546£-02 1.766£ 00 1o024£ 00 7.548£-03 
0.045 6.894£ 00 3.768£-03 6.898£ 00 3.707£-03 3.143£-04 2.200 1.745£ 00 2.797£-02 1.773£ 00 1.137E 00 8.235£-03 
0.050 6.383£ 00 3o780E-03 6o387E 00 4o461E-03 3o398£-04 2.400 1.749£ 00 3.052E-02 1.780£ 00 1o250E 00 8o920£-D3 
o.o55 5.959£ 00 3.796E-03 5.963£ 00 5o272E-03 3.647E-D4 2.600 1.755£ 00 3.311E-02 1.788E 00 1.362E 00 9.606£-03 

0.060 5.601£ 00 3o816E-03 5.605£ 00 6.137£-03 3o892E-04 2.800 t.760E 00 3o564E-02 1o796£ 00 1o474E 00 1.029£-02 
0.065 5o295E 00 3.839£-03 5.299£ 00 7.055£-03 4ol33E-D4 3.000 1o765E 00 3o831E-02 1.803£ 00 1o585E 00 1o098E-02 
o.o7c 5.03(1£ 00 3.864E-03 5o034E 00 8o024E-03 4.371£-04 3.500 1.778E 00 4.515£-02 1.823£ 00 1.860£ 00 1.269E-02 
o.o75 4.798£ 00 3.891£-03 4.802E 00 9.042£-03 4.606£-04 4.000 1o790E 00 5.225£-02 1.842£ 00 2ol33E 00 1o443E-02 
0.080 4.594£ 00 3.921£-03 4o598E 00 1.011£-02 4.838£-04 4o500 1o801E 00 5o963E-02 1.861E 00 2.403£ 00 1o618E-D2 

0.085 4.412£ 00 3.930£-03 4o416£ 00 1o122E-02 5o064E-04 5.000 1.812£ 00 6.713£-02 1.879£ 00 2.671£ 00 l. 795£-02 
0.090 4.250£ 00 3.963£-03 4o254E 00 1o237E-02 5o289!-04 5.500 1.821£ 00 7.477£-02 1.896£ 00 2o936E 00 1.973£-02 
0.095 4.104£ 00 3.997£-03 4.108£ 00 1.357£-02 5.512£-04 6.(100 1.830£ oo 8o251tE-02 1.913£ 00 3o198E 00 2.153£-02 
o.1oo 3.972E 00 4o033£-03 3.976£ 00 1olt80E-02 5o733E-Oit 6.500 lo838E 00 9.042£-02 1.929E 00 3.458£ 00 2.334£-02 
o.uo 3ol23E 00 4o441E-03 3.127£ 00 2.917£-02 7.883E-04 7.000 1.846£ 00 9.81t2E-02 1o941t£ 00 3. 717£ 00 2o515E-D2 

0.200 2.692£ 00 4.897E-D3 2.697E 00 4o650E-02 9.959E-o4 7.500 1.853£ 00 1o065E-01 1.959£ 00 3.973E 00 2.697£-02 
0.250 2.436£ 00 5.386£-03 2o41t1£ 00 6o605E-02 1.199!-03 8.ooo 1.859£ 00 1.147£-01 1o974E 00 4.227£ 00 2o880E-D2 
0.300 2.268E 00 5.896E-03 2.274E 00 8o731E-02 1o399E-D3 8.soo 1.865£ 00 1.230£-01 1o988E 00 4.480£ 00 3o064E-02 
0.350 2.151£ 00 6.427E-03 2.157£ 00 1.099£-01 1.597£-03 9.000 1.871E 00 1o320E-01 2o003E 00 4o730E 00 3.249£-o2 
0.400 2.063E 00 6.958£-03 2.070£ 00 1.336£-01 1o794E-03 9.500 1.876£ 00 1o405E-01 2.017£ 00 4o979E 00 3.434£-02 

Oo450 1.997E 00 7o499E-03 2.005£ 00 1o582E~01 1.989£-03 10.000 1o881E 00 1.491£-01 2.030E 00 5.226£ 00 3.621£-02 
0.500 1.946£ 00 8o039E-03 1o954£ 00 1o834E-01 2.183£-03 20.000 1.946E 00 3.312£-01 2.277£ 00 9o868! 00 7o306£-D2 
o.sso 1o906E 00 8o582E-03 1o915E 00 2o093E-01 2.375£-03 30.000 1.981£ 00 5o247E-Ol 2.506£ 00 1o405£ 01 1.081E-01 
0.600 1.875£ 00 9.128£-03 1.884£ 00 2.356£-01 2.566£-03 40.000 2.005£ 00 7.238£-01 2.729E 00 1o787E 01 1o405E-D1 
0.650 1.849E 00 9.676£-03 1o859E 00 2o623E-o1 2o755E-o3 50.000 2.024£ 00 9o267E-01 2.951£ 00 2.140£ 01 1.705£-01 

0.700 1.828E 00 1.023£-02 1.838£ 00 2o894E-01 2o943E-D3 60.0(10 2.039£ 00 1.132£ 00 3.171E 00 2o466£ 01 1o981E-01 
o.75o 1.811£ 00 1.078~-02 1o822E 00 3.167£-01 3~12~E-03 80.000 2.062£ 00 1.549£ 00 3.611£ 00 3o057E 01 2o471E-D1 
o.8oo 1.797£ 00 1.134£-02 1o808E 00 3o443E-01 3.315£-03 100.000 2o080E 00 1.969£ 00 •• 050£ 00 3.580£ 01 2.894£-01 
o.850 1.785£ 00 1.190£-02 1.797£ 00 3.720£-01 3.499£-03 200.000 2.137£ 00 4.111£ 00 6o247E 00 5o552E 01 4o366£-01 
0.900 1.776£ 00 1.21t7E-02 1.788£ 00 3o999E-01 3o682E-03 300.000 2.170£ 00 6o279f 00 8o449E 00 6o924£ 01 5o260E-D1 

0.950 1.768£ 00 1.303£-02 1.781£ 00 4o279E-01 3o864E-03 400.000 2.193£ 00 8o458E 00 1o065E 01 7o975E 01 5o871E-o1 
1.ooo 1.761£ 00 1.360El.02 1.775[ 00 4.S60E-01 4.046£-03 500.000 2.211£ 00 lo064E Ol lo28SE Ol 8o829E Ol 6.321£-01 
1.100 1.751£ 00 1.474£-02 1.766£ 00 5.125£,..01 4o406E-D3 600.000 2.226£ 00 1.283£ 01 1.506£ 01 9o51t7£ 01 6.669£-01 
1o200 1o744E 00 1o590E-02 1o760E 00 5o693E-01 4o763E-03 eoo.ooo 2.249£ 00 1.722E 01 1.947£ 01 1o071E 02 7.176£-01 
1.300 1.740£ 00 1.706£-02 1.757£ 00 6o261E-01 5.117£-03 1000.000 2.267£ 00 2.161£ 01 2.387£ 01 lo164E 02 7o531E-01 
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ELECTRONS IN MUSCLE ELECTRONS IN MUSCLE 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV Ji4EV CM2/G MEV CM2/G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.oto 2o292E 01 4.971£-03 2.292£ 01 2.'+67£-04 1.236£-04 1.400 1o866E 00 2.259E-02 1.888E 00 6oU2E-01 6o425E-03 
o.ou le670E 01 4.874£-03 1.670E 01 5o061E-04 1.674E-04 1.500 1o868E 00 2o402E-02 1o892E 00 6o981E-01 6o818E-05 
0.020 1o334E 01 4o810E-03 1.335£ 01 8o435E-04 2.o72E-o4 1.600 1.872£ 00 2.546£-02 1.897£ 00 7o509E-01 7.201£-03 
0.025 1ol23E 01 4.766£-03 1o123E 01 1o25'+E-03 2o4'+3E-04 1.700 lo876E 00 2o687E-02 1o903E 00 8o035E-01 7.594£-03 
0.030 9.763£ 00 4o735E-03 9o768E 00 1o733E-03 2.79'+E-04 1o800 1o881E 00 2o833E-02 1o909E 00 8o560E-01 7o976E-03 

0.035 8o686E 00 lto705E-03 8o691E 00 2o276E-03 3o128E-04 1o900 1o886E 00 2o981E-02 1o916E 00 9o08!E-01 8o356E-03 
Oo040 7o8'59E 00 4o702E-03 7o863E 00 2o882E-03 3o449E-Dit 2.000 lo891E 00 3ol30E-02 1o922E 00 9o604E-D1 8.735£-03 
Oo01t5 7o202E 00 4o710E-03 7o207E 00 3o547E-03 3o761E-04 2.200 lo902E 00 3o432E-02 lo936[ 00 1e064E 00 9o486E-D3 
o.050 6o669E 00 4o726E-03 6o673E 00 4o269E-03 '+o066E-04 2o400 1o913E 00 3. 739£-02 1o951E 00 lo167E 00 1o023E•02 
Oo055 6.225£ 00 4o749E-03 6o230E 00 5o045[-03 '+o365E-D4 2.600 1o925E 00 lto050E•02 1.965£ 00 lo269E 00 1o098E-o2 

0.060 5.851£ 00 4.777£-03 5.856£ 00 5.873£-03 4o659E-04 2.800 1o936E 00 4.354£-02 1o980E 00 lo371E 00 1o171F-o2 
Oo065 5o531E 00 4.808£-03 5o536E 00 6o752E-03 '+o948E-04 3o000 1o948E oO 4o673E-o2 1o994E 00 1o471E 00 1o245E-o2 
o.o1o 5o254E 00 4o843E-03 5.259£ 00 7.679£-03 5o234E-04 3o500 1.97'+£ 00 5o495E-02 2.029£ 00 1o720E 00 1o'+28E-D2 
o.o75 5.012£ 00 4o881E-03 5o017E 00 8o653E-03 5o516E-04 4.ooo 1o999E oo 6.346£-02 2.063E 00 1.964£ 00 1.611£-02 
o.o8o 4o799E 00 4o921f:-03 4o801tE 00 9o672E-03 5. 79SE-04 4.500 2.022E 00 7.230£-02 2.094£ 00 2o205E OG 1.79'+£-02 

0.085 4o609E 00 4o952E-03 4o614E 00 1o073E-02 6o071E-04 5.000 2.043£ 00 8ol.29E-02 2o125E 00 2.442£ 00 1.979£-02 
0.090 4o4'+0E 00 4o995E-03 4o445E 00 1ol84E-02 6o31t4E•04 5.500 2.063£ 00 9.045£-02 2o154E 00 2o675E 00 2o164E-02 
o.o95 4o287E 00 5.041£-03 4o292E 00 1o298E-02 6o615E-o4 6o000 2.082£ 00 9o977E-02 2.181£ 00 2o906E 00 2o3'+9E-D2 
0.100 4e149E 00 5.087£-03 4o154E 00 1o417E-02 6o884E-o4 6o500 2.099£ 00 1.092£-01 2o208E 00 3oU'+E 00 2o534E-02 
Oo150 3o261E 00 5.609£-03 3.267£ 00 2o792E-02 9o'+97E-O'+ 7.000 2.115£ 00 1.188£-01 2.23'+£ 00 3o359E 00 2o720E-02 

0.200 2o811E 00 6.169E-03 2.817£ 00 ... 451£-02 lo201E-03 7.500 2.130E 00 1o285E-01 2o259E 00 3.582£ 00 2o906E-D2 
0.250 2o543E 00 6.781E-03 2.550E 00 6o323E-02 lo446E-03 8.oco 2o144E 00 lo384E-Ol 2o283E 00 3o802E 00 3o092E-02 
o.soo 2o367E 00 7o420E-03 2.375E 00 8o359E-02 1o687E-03 8.5oo 2.158£ 00 1.483£-01 2.306E 00 4o020E 00 3.277£-02 
Oo350 2.245[ 00 8.088£-03 2o254E 00 1o052E-Ol 1o926E-03 9.000 2ol71E 00 1.593£-01 2.330£ 00 4o235E 00 3.464E-o2 
Oo400 2o157E 00 8.,•E-03 2.166E 00 1o279E-01 2.162!-03 9.500 2ol83E 00 1.695£-01 2.35i.'E 00 4o449E 00 3o651E-02 

0.450 2o092E 00 9.432£-03 2.101[ 00 1.513£-01 2o396E-03 10.000 2.194£ 00 1.798£-01 2.374E 00 4o661E 00 3o838E-02 
Oo500 2o01t1E 00 loOllE-02 2.052! 00 1.754£-01 2o627E-03 20.000 2.355£ 00 3.986£-01 2.752£ 00 8o559E 00 7.466£-02 
o.sso 2o003E 00 1o078E-02 2o013E 00 2.oooE-o1 2.855£-0J 30.000 2o447E 00 6o311E-01 3o078E 00 t.199E 01 1e083E-01 
Oo600 1.972E 00 1.146£-02 1.984£ 00 2o251E-Ol 5o081E-03 40.000 2.510£ 00 8.701£-01 3o381E 00 1o509E 01 lo392E-Ol 
0.650 1o948E 00 1.214E-02 1.960E 00 2o504E-Dl 3o30SE-03 50.000 2o549E 00 1oll3E 00 3o662E 00 1o793E Ol 1o676E-Ol 

0.700 lo929E 00 1.282E•02 1o942E 00 2e761E-Ol 3.525£-03 60.000 2.577E 00 lo360E 00 5o937E 00 2.o56E 01 1e938E-01 
0.750 lo914E 00 1o350E-02 1.927E 00 3o019E-01 3o744E-D3 8o.ooo 2.620E 00 1.859£ 00 4o479E 00 2e532E 01 2o407E-01 
o.8oo lo902E 00 1o418E-02 1o916E 00 3o279E•01 3o960E-03 100.000 2o651E 00 2.363£ 00 5.014E 00 2o95'+E 01 2.814£-01 
o.85o 1.892E 00 1o487E-02 1o907E 00 3e541E-Ol 4e174E•03 200.000 2.737£ 00 4o927E 00 7.663£ 00 4o554E 01 4o249E-01 
Oo900 1o881tE 00 1.556£-02 1o900E 00 3o804E•01 4o387E-03 300.0(10 2o782E 00 7.521E 00 1.030E 01 5o676E 01 5el34E-Ol 

0.950 1.878£ 00 1.625£•02 lo894E 00 4o067E-01 4o597E-03 400.000 2.812£ 00 1.013£ 01 1o294E 01 6o540E 01 5.747£-01 
1.000 1o874E 00 lo694E-02 1.890E 00 4.332!-01 4o806E-03 500.000 2o834E 00 1.274£ 01 1.558£ 01 7o243E 01 6o200E-01 
1.100 1.868£ 00 1.834£-02 1o886E 00 4e861E-01 5o218E•03 600.000 2.852£ 00 1.536£ 01 1.821[ 01 7.836£ 01 6o552E•01 
1.200 1o865E 00 t.9nE-02 1o885E 00 5o392E•Ol 5o625E-03 8oo.ooo 2.879£ 00 2o061E 01 2o348E 01 8o801E 01 7o069E-01 N 

"' lo300 1o864E 00 2.116E-D2 1o886E 00 5o922E•Ol 6.027£-03 1000.000 2o900E 00 2.585£ 01 2o87SE 01 9o569E 01 7e433E-01 Cit 
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N 

ELECTRONS IN lONE ELECTRONS IN lONE "' "' 
EN!RGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 

COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CMZ/G MEV CM21G MEV CMZIG G/CM2 MEV MEV CM21G MEV CM2/G MEV CM2/G G/CM2 

o.o1o 2.101£ 01 6.37JE-03 2o101E 01 2. 711E-04 1o726E-D4 1.400 1.134£ 00 2o883E-02 1o762E 00 6.906£-01 8.190£-03 
o.o1~ 1.536E 01 6.212£-03 1o537E 01 5o.533E-04 2o341E-D4 1.500 1.135E 00 3.059E-02 1.766E 00 7o473£-0l 9o421E-03 
0.020 1.231£ 01 6o206E-03 1.231£ 01 9o195E-04 2oi91E-D4 1.600 1o737E 00 3o236E-02 1o770E 00 8.039£-01 9o945E-D3 
o.o25 1o0'37E 01 6o172E-03 1o038E 01 lo364E-03 3o411E-D4 1.700 1o741E 00 3.400E-02 1.175E 00 8o603E-Of 1o046E-D2 
Oo030 9o030£ 00 6.1~9!-03 9o036! 00 1oii2E•03 3o913E-04 1.800 1.744£ 00 3o580E-02 1o780E 00 9o166E-o 1o097E-D2 

o.o3~ 8o041E 00 6.153E-03 8o047E 00 2o469E•03 4o387E-04 1.900 1o748E 00 3.761E-02 1.786E 00 9o727E-01 1o148E-D2 
0.040 7.281£ 00 6.169£-03 7.287! 00 3ol23E-03 4oi46E-D4 2.000 1o752E 00 3.944£-02 1o792E 00 1o029E 00 1.198£-02 
o.o4~ 6o678E 00 6o196E-03 6.684£ 00 3o841E•03 5o292E-04 2.200 1.761£ 00 4.317E-02 1.804E 00 1o140E 00 1o298E-D2 
0.050 6o186f 00 6o231E-03 6.193( 00 4o619E-03 5o730E-D4 2.400 1.770E 00 4.697£-02 1o817E 00 1o250E 00 1.397E-o2 
0.055 5.778£ 00 6.271£-03 5o785E 00 ~.455£-0J 6ol59E-04 2.600 1o779E 00 5o084E-02 1.830£ 00 1o360E 00 1o496E-D2 

0.060 5o434E 00 6o316E-03 ~.440£ 00 6o347E-03 6o581E-04 2.aoo 1o788E 00 5.483E-02 1.843£ 00 1o469E 00 1o594E-02 
0.065 5o139f 00 6.36~£-03 5o14~E 00 7.292£-03 6o998E-D4 3.000 1.797£ 00 5.883£-02 1.8~6£ 00 1o577E 00 1o693E-D2 
0.070 4oi83E 00 6.417£-03 4o890E 00 8o290E-03 7o409E-D4 3o500 1o819E 00 6o907E-02 1o888E 00 1o844E 00 lo939E-D2 
0.075 4o660E 00 6o472E-03 4o666£ 00 9o337E-03 7o814E-04 4o000 1.839£ 00 7.963£-02 1o919E 00 Zo107E 00 2ol84E-D2 
o.o8o 4o463E 00 6o528E-03 4o469E 00 1o04JE•02 lo216!-D4 4o500 1oi58E 00 9o053E-02 1o948E 00 2o36!SE 00 2o430E-D2 

o.oa5 4o218E 00 6.571E-03 4o294E 00 lo157E-02 :to612E-D4 5.000 1.175£ 00 1.016£-01 1.976£ 00 2.620£ 00 2.677£-02 
o.o9o 4ol31E 00 6.631£-03 4ol38E 00 1o276E-02 9o003E-D4 5.500 1.890£ 00 1.129£-01 2.003£ 00 2.871£ 00 2.923E-o2 
O.Cl95 3o990E 00 6o693E-03 3o997E 00 1o399E-02 9o392E-D4 6.000 1.90~£ 00 lo243E-01 2o029E 00 3o119E 00 3ol70E-D2 
0.100 3.862£ 00 6o757E-D3 3.869E 00 1o526E-02 9o771E-D4 6.500 1.919£ 00 lo359E-01 2.055£ 00 3.364£ 00 3.416£-DZ 
o.150 3o041E 00 7.442£-03 3.049£ 00 3.001£-02 1o 351E-OJ 1.ooo 1.932[ 00 1.477£-01 2.079£ 00 3.606£ 00 3o662E-D2 

Oo200 2.623£ 00 8.154£-03 2o631E 00 4.778£-02 1o 706E-D3 7.500 1o943E 00 1o!S96E-01 2ol03E 00 3o845E 00 3o908E-D2 
Oo250 2.374£ 00 8.941£-03 2o383E 00 6o781E-02 2o050E-OJ a.ooo 1.955£ 00 1.716£-01 2.126E 00 4o082E 00 4ol!S3E-o2 
Oo300 2.210£ 00 9o765E•03 2o220E 00 8o960E-02 2o388E-D3 a.soo 1o965£ 00 1.831E-01 2.149E 00 4o316E 00 4o397E-D2 
0.350 2o097E 00 1o063E-02 2o107E 00 1o128E-01 2o722E-03 9.000 1.975£ 00 1.969£-01 2.172E 00 4o547E 00 4o642E-DZ 
0.400 2o015E 00 1ol48E-02 2.026E 00 1o370£-Q1 3o051E-03 9.500 1o98~E 00 2.093£-01 2.194£ oo 4.776£ 00 4oii8E-D2 

0.450 1.9'J3E 00 1.23~£-02 1o965E 00 1o620E-D1 3.376£-03 10.000 1o994E 00 2.218£-01 2.216E 00 5.003£ 00 5ol32E-D2 
o.500 1.906£ 00 1.321£-02 1.919£ 00 1o818E-01 3o697E-D3 20.000 2.116£ 00 4.885£-ol 2.604£ 00 9o153E 00 9.112r-o2 
0.550 1o869E 00 1.407£-02 1.183£ 00 2o141E-D1 4o013£-03 30.000 2.186£ 00 7.718£-01 2.958£ 00 1o275£ 01 1o405£•01 
Oo600 1.840£ 00 1.493£-02 1o855! 00 2.409£-01 4o325E-03 40.000 2.234£ 00 1.063£ 00 3o297E 00 1o595E 01 1o715E-o1 
0.650 1.817£ 00 1.578£-02 1.833£ 00 2o6IOE-Ol 4o633E-DJ 50.000 2.264£ 00 1.360£ 00 3.623E 00 1.884£ 01 2ol27E-01 

0.700 1.799£ 00 1o664E-02 1.116£ 00 2o954E-01 4o937E-03 60.000 2o287E 00 1.660£ 00 3o947E 00 2.149£ 01 2.437£-01 
o.no 1.784E 00 1.750£-02 1oi02E 00 3o2JOE-01 ~.237£-03 8o.ooo 2.322£ 00 2o267E 00 4o589E 00 2o618E 01 2o975E-01 
o.aoo 1.772£ 00 lo836E-02 lo791E 00 3.509£-01 5o!S34£-03 100.000 2o347E 00 2o880E 00 5o227E 00 3o026£ 01 3o427E-01 
Ooi!IO 1o763E 00 1o925E-02 1o782E 00 3o719E-01 5.828£-oJ 200.000 2.420£ 00 5o994E 00 8o414f 00 4o520E 01 4o932E-D1 
Oo900 1o7!S!SE 00 2.012E-oz 1o775£ 00 4o070E-01 6oll9E•OJ 300.000 2o459E 00 9.144! 00 1o160E 01 5o527E 01 5o802E-01 

Oo950 1.749! 00 2.098£-02 1o770E 00 4o352E-01 6o407E-OJ 400.000 2o486E 00 1.231£ 01 1.479£ 01 6o289E 01 6o381E-01 
1.ooo 1.744£ 00 2.115£-02 1.766£ 00 4o63!SE-01 6.693£•03 500.0'00 Zo506E 00 1.548E 01 1.791£ 01 6o901E 01 6o799E•01 
1.100 1. 738E 00 2.359£-02 1o761E 00 5o20ZE-01 7o255E-DJ 600.000 2o~22E 00 1o86SE 01 2ol17£ 01 7o4UE 01 7.111£-01 
1.200 1.734£ oo 2o533E-02 1.760£ 00 ~.770£-01 7o809E-D3 80o.ooo 2.547£ 00 2o501E 01 2o756E 01 8o239E 01 7o577E-01 
lo300 1o733! 00 2.708£•02 1o 760E 00 6o338E-01 8o353f-Q3 1000.000 2.5661! 00 3.137£ 01 3o394E 01 8o891E 01 7o895E-D1 
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ELECTROHS IN AIR ELECTROH$ IN AIR 

ENERGY STOPPING POIIER RANGE RAOIATJOH ENERGY STOPPING POVER RANGE RAOIATIOH 
COLLISION RADIATION TOTAL YIELD COLLISION RADIATION TOTAL YIELD 

MEV MEV CM21G MEV CM21G MEV CM21G G/CM2 MEV MEV CM21G MEV CM21G MEV CM2/G G/CM2 

o.o1o 1o970£ 01 5.012E-03 1o971E 01 2o892E-04 1o463(-04 1o400 1e656E 00 2.279E-02 1e679E 00 7e298E-Ol 7oS19E-03 
o.olS 1.441( 01 4o909E-03 lo442E 01 5e90U-04 1e969E-04 1.500 1.659£ 00 2.424£-02 lo6UE 00 7e893E-Gl 7e763E-GJ 
0.020 loUSE 01 4.843£-03 1.155£ 01 9.805£-04 2e428E-04 1.600 lo663E 00 2.571£-02 1o689E 00 8o487E-Ol 8e204E-G3 
0.025 9o733E 00 4.797£-03 9.737E 00 lo454E-G3 2.855£-04 1.700 1o667E 00 2.717£-02 1.695E 00 9e078E-Ol 8e640E-GJ 
o.oso 8o47SE 00 4.765£-03 8.479£ 00 2e006E-OJ 3o259E-04 1.800 1.672£ 00 2.866E-02 1.701E 00 9o667E-Ol 9o074E-OJ 

Oe035 7.548E 00 4o73SE-03 7.5S2E 00 2e63ZE-OJ 3o642E-G4 1.900 1.677E 00 3.016£-02 le708E 00 1e025E 00 9oS05E-GJ 
0.040 6.83SE 00 4.731£-03 6o840E 00 3eJ29E-OJ 4o011E-D4 2.000 le6UE 00 3.168£-02 1.714£ 00 1o084E 00 9o9UE-GJ 
o.o45 6.269£ 00 4.738£-03 6.273£ 00 4o093E-03 4eJ70E-G4 2.200 1.694£ 00 3e473E-02 1.729£ 00 1e200E 00 1o078E-02 
o.oso 5.808£ 00 4o7S3E-03 5.812E 00 4o922E-OJ 4. 719£':"04 2.400 1.705£ 00 3.783E-D2 lo743E 00 1e3UE 00 1.163E-D2 
o.os5 So425E 00 4o77SE-03 5o429E 00 5e8UE-OJ 5e062E-G4 2.600 1o 716E 00 4e097E-02 1.7S7E 00 1.429£ 00 1.246£-02 

Oo060 5.1ou 00 4.803£-03 5o106E 00 6o763E-GJ 5oJ98E-04 2.aoo 1.728£ 00 4.394E-G2 1.771E 00 1.54)[ 00 1.J29E-G2 
0.065 4o824E 00 4.834£-03 4o829E 00 7o771f-OJ 5o7JOE-D4 s.ooo 1.738E 00 4. 714E-02 1.786E 00 1.655[ 00 1o412E-G2 
0.070 •.sese 00 4o868E-03 4.590E 00 loiJSE-03 6o057E-04 3.500 1.764£ 00 5e538E-02 1.820£ 00 1o93JE 00 1o616E-G2 
0.075 4o375E 00 4o906E-03 4o380E 00 9e949E-OJ 6eJ80E-04 4.000 1o789E 00 6o393E-02 1o852E 00 2o205E 00 1e8ZOE-o2 
o.oao 4.190£ 00 4o945E-03 4o19SE 00 1e112E-02 6o700E-G4 4.500 1.811E 00 7.282£-02 1.884E 00 2o47JE 00 2o024E-D2 

o.oa5 4o026E 00 4o97JE-03 4o0J1E 00 t.2UE-02 7o014E-G4 5.ooo 1.831E 00 8.187£-02 1o9UE 00 2.7J6E 00 2o229E-D2 
Oe090 3o879E 00 5o016E-OJ 3o884E 00 1oJ60E-02 7eJ26E-04 5.500 1e851E 00 9.108£-02 lo942E 00 2.995£ 00 2o434E-G2 
Oo09S 3o747E 00 So062E-03 3.752£ 00 1o491E-02 7o635E-G4 6.000 1.868£ 00 1.004£-01 1.9.6.9£ 00 3o251E on 2.6J9E-G2 
Oo100 3.627£ 00 5o109E-03 3o632E 00 1o626E-02 7e94JE-04 6.500 lo885E 00 1e099E-01 1.99SI ')0 3.503£ 00 2.844E-02 
o.uo 2o856E 00 5o637E-03 2o862E 00 3o197E-02 1o09'F.-OJ 7.000 1.901E 00 1.196£-01 2.020£ 00 Je752E 00 3e049E-G2 

0.200 2.466£ 00 6o211E-OJ 2o472E 00 5o089E-02 1oJIOE-03 7.500 1.915£ 00 1e294E-Ol 2o045E 00 Je998E 00 3e254E-02 
0.250 2.233£ 00 6o834£-03 2.240£ 00 7.221E-02 1e661E-03 a.ooo lo929E 00 1e39JE-Ol 2o061E 00 4o241E 00 Je459E-02 
0.300 2.081E 00 7.48JE-03 2.oaaE 00 9e5J7E-G2 1e937E-OJ a.5oo 1e942E 00 1o493E-01 2.091E 00 4e482E 00 3o66JE-G2 
0.3SO 1o975E 00 8el61E-03 1.984E 00 1.200£-01 2.210£-0J 9o000 lo955E 00 lo603E-Ol 2ol15E 00 4o720E 00 3o868E-D2 
o.4oo 1.899£ 00 8.836£-03 1.908£ 00 1.457£-01 2.480E-G3 9.500 1.966£ 00 le70SE-Ol 2oU7E 00 4o955E 00 4e074E-G2 

0.450 lo84Jf 00 9o527E-03 1.852E 00 1o72JE-Ol 2o748E-03 10.000 lo978E 00 1o809E-01 2ol59E 00 5.t88E oo 4e280E-G2 
o.soo le800E 00 l.021E-02 1ollOE 00 lo996E-01 3e012E-03 to.ooo 2e13JE 00 4o008E-01 2.534£ 00 9e447E 00 a.229E-o2 
Oo550 1o766E 00 1.090£-DZ 1.777E 00 2o275E-01 3e274E-OJ ~o.ooo 2.225E 00 6.344E-01 2.859£ 00 1.Jl6E 01 1.185E-Dl 
0.-600 1o740E 00 1el58E-02 1.752£ 00 2e559E-Ol J.5J2E-D3 40.000 Zo283E 00 8o745E-D1 3.UaE oo 1.648£ 01 1.514£-01 
0.650 lo720E 00 1.227£-02 lo732E 00 2o846f-Ol '· 787£-GJ 50.000 2.324£ 00 lol19E 00 Je443E 00 lo9!HE 01 lo814E-Ol 

0.700 1.704£ 00 lo295E-02 lo 717E 00 3elJ6E-01 4eOJ9E-oJ 60.000 2.355£ 00 le366E 00 Jo721E 00 2o231E 01 2e089E-Gl 
o. no 1e691E 00 1.J64E-02 loTOS£ 00 3.428£-01 4.288!-GJ ao.ooo 2o400E 00 lo868E 00 4.268£ 00 2o732E 01 2.576£-01 
o.aoo lo681E 00 lo43JE-02 lo696E 00 3o72ZE-01 4·e5JU-OJ 100.000 2o433E 00 2o374E 00 4o807E 00 3o173E 01 2o994E-Ol 
o.8so 1.673£ 00 lo498E-02 le688E 00 4e018E-01 4.776£-GJ 200.000 Zo520£ 00 4o948E 00 7o468E 00 4o828E 01 4o445E-Gl 
0.900 1.667£ 00 1.568£-02 1.683£ 00 4oJl4£-0l s.o16E-os soo.ooo 2.564E 00 7.552£ 00 1.01ZE 01 5e974E 01 s.J25E-o1 

o.tSo lo662E 00 1.637£-02 lo679E 00 4o612E-01 5e254E-GJ 400.000 2o59JE 00 l.017E 01 1.276E 01 6o852E 01 s.t2tE-o1 
1.000 1.659E 00 1.7076-02 1e676E 00 4o9lOE-01 5e490E-DJ soo.ooo 2.614£ 00 1.279£ 01 1o541E Ol 7o564E Ol 6.372£-01 
1.100 1.655£ 00 1.848£-02 1o673E 00 5o507E-D1 Se956E-OJ 600.000 2.6JOE 00 1e542E 01 1.805[ 01 8.163£ 01 6.714E-01 
1.200 1.653E 00 1.991£-02 1.67JE 00 6.1ost-o1 6o415E-GJ aoo.ooo 2.655E 00 2o068E 01 2.JS4E 01 9.1,E 01 7e215E-o1 .., 
leJOO 1.654£ 00 2ol34E-02 lo675E 00 6.702£-01 6.870£-03 1000.000 2e674E 00 2o595E 01 2e862E 01 9o907E 01 7e566E-Ol ca ..,. 
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ELECTRONS JN STANDARD EMULSION ELECTRONS IN STANDARD EMULSION ... 
"' Cl< 

ENERGY STOPPING POWER RANGE RADIATION ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD COLLISION RAOIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM21G MEV CM2/G G/CM2 MEV MEV CM2/G MEV CM2/G MEV CM2/G G/CM2 

o.oto 1o3UE 01 2o109E-02 1oH7E 01 4o605E-G4 9o478E-04 lo400 1o299E 00 9o824E-02 1o397E 00 9o057E-01 4o076E-02 
o.ou 9o884E 00 2ollOE-02 9o905E 00 9o038E-04 1.2,1!:-03 1,500 1,301E 00 1o0'+1E-Ol 1o405E 00 9. 771E-01 4,285E-02 
Oo020 8o050E 00 2o084E-02 8o071E 00 1o467E-G3 1o!I32E-G3 1.600 1.30'+E 00 1o099E-01 lo414E 00 1o0'+8E 00 4o492E-G2 
Oo025 6o863E 00 2.U3E-02 6o884E 00 2o140E-03 1.791E-03 1,700 1,307E 00 1,161E-01 1,423E 00 lol19E 00 4,697E-02 
0,030 6o028E 00 2o159E-02 6o049E 00 2o917E-03 2o04SE-03 1,800 1.311E 00 1o220E-01 1,433E 00 1,189E 00 4,899£-02 

&.03!1 !lo40!1E 00 2.2241!:-02 !lo427E 00 3o791E-G3 2o301E-03 1,900 1,3141!: 00 1o280E-01 1,442E 00 lo258E 00 5,099E-02 
0,040 4o922E 00 2o270E-02 4o945E 00 4o7!18E-03 2o557E-03 2.000 1o318E oo 1,340E-01 1,4!12£ 00 1o327E 00 S,296E-02 
0.04!1 4,!135E 00 2o311E-02 4o559! 00 So812E-03 2,809E-o3 2.200 1,326E 00 1o460E-01 1o472E 00 lo464E 00 So68SE-02 
0.050 4o219E 00 2o3SOE-02 4o242E 00 6o950E-03 3o0!19E-OJ 2o400 1.333E 00 1.582E-01 1o491£ 00 1o599E 00 6o067E-02 
0,055 3.955£ 00 2.386E-02 3,978E 00 8o168E-OJ 3o305E-GJ 2o600 1o341E 00 1o704E-01 1. 511£ 00 1o732E 00 6o442E-02 

Oo060 3,73f)E 00 2.420£-02 3o755E 00 9o46JE-OJ 3o548E-03 2o800 1.348! 00 1o826E-Ol 1o531E 00 1o864E 00 6o811E-02 
0,065 3. !138E 00 2o452E-02 3o562! 00 1o083E-02 3,788E-G3 3,000 1,355E 00 1o949E-01 1,550E 00 1o994E 00 7o173E-02 
Oo070 3o370E 00 2o4UE-02 3o395E 00 1o227E-02 4o025E-03 3o500 1.372E 00 2.261E-01 1.~98E 00 2o311E 00 8o058E-02 
0.075 3o224E 00 2o513E-02 3o249E 00 1o378E-02 4o258E-03 4,000 1.387£ 00 2.577£-01 1,645£ 00 2o620E 00 8o915E-02 
o.o8o 3o094E 00 2o543E-02 3oll9E 00 1o535E-02 4o488E-03 4,500 1,401£ 00 2.895E-01 1o690E 00 2o919E 00 9o747E-02 

Oo085 2o978E 00 2o!I59E-02 3o00'+E 00 1o698E-02 4o714E-GJ 5.000 1.413E 00 J.218E-01 lo735E 00 3o211E 00 1o056E-01 
o.o9o 2o875E 00 2o!I87E-02 2o901E 00 1o867E-02 4o936E-OJ 5,!100 1o42'+E 00 3,545E-Ol 1. 779E 00 3o496E 00 1,135E-01 
0,095 2o781E 00 2o615E-02 2.807£ 00 2o043E-02 5ol56E-OJ 6o000 1o435E 00 3,876E-Ol 1o822E 00 3,774E 00 1.212£-0l 
Oo100 2,697! 00 2o643E-02 2o723E 00 2o224E-02 5o374E-G3 6,!100 1.444E 00 4o209E-01 1o865E 00 4o045E 00 1o287E-01 
o.uo 2o148E 00 2.9101!:-02 2o177E 00 4o303E-G2 7 o439E-GJ 7,000 1.453E 00 4o546E-01 1o908E 00 4o310E 00 1o361E-01 

Oo200 lo869E 00 3o148E-02 1o900E 00 6o775E-02 9o329E-03 7o500 1o461E 00 4o886E-Ol 1.950£ 00 4o569E 00 1o433E-01 
0,250 1.702£ 00 3,'+21E-02 1,736E 00 9o5J7E-02 1o109E-02 8,ooo 1o469E 00 5.229£-01 1o992E 00 4o823E 00 1o504E-01 
0,300 1,593£ 00 3o707E-02 1.630£ 00 1o252E-01 1o278E-02 8,500 1o476E 00 So!I75E-01 2o033E 00 5o071E 00 lo573E-01 
0,350 1.518£ 00 4,009E-G2 1o5!18E 00 1o566E-01 1o442E-G2 9o000 1o483E 00 5o945E-01 2o077E 00 5o315E 00 1o642E-01 
0,400 1,464£ 00 4o301E-G2 1.507£ 00 1o892E-01 1o601E-02 9,500 1,489£ 00 6,296£-01 2.118£ 00 5o553E 00 1o709E-G1 

0,450 1.424£ 00 '+o593E-02 1.470E 00 2o229E-01 1.756E-02 10,000 1.495E 00 6o650E-01 2ol60E 00 5o787E 00 1,775£-01 
0,500 1o394E 00 4o880E-02 1o442E 00 2oS72E-01 1.905E-o2 20,000 lo571E 00 lo402E 00 2.972£ 00 9, 715E 00 2o871E-01 
0,550 lo371E 00 5o164E-02 1.423£ 00 2o921E-01 2o051E-02 30o000 1.611E 00 2ol87E 00 3o798E 00 lo269E 01 3o671E-Ol 
0,600 1o3!13E 00 5.445E-02 1o408E 00 Jo275E-01 2.193E-o2 40,000 1.638£ 00 3oOCJ9E 00 4o647E 00 1o506E 01 '+o288E-01 
0,650 1o340E 00 5,724£-02 1.397£ 00 Jo631E-Ol 2o330E-G2 50.000 1.658E 00 3.839E 00 5o497E 00 1o704E 01 4o779E-01 

0,700 lo329E 00 6,001£-02 1.J89E 00 3'o990E-01 2o465E-G2 60.000 1o674E 00 4,678£ 00 6o352E 00 1o873E 01 5.180£-01 
0,750 lo320E 00 6,277E-02 1o383E 00 4oJ!IlE-Ol 2o596E-G2 8o,ooo 1,698£ 00 6o372E 00 8o070E 00 2o152E 01 5o 797E-01 
0,800 1o314E 00 6,551£-02 1,J79E 00 4, 713£-01 2.724£-02 100,000 1o 716E 00 8.076£ 00 9.792E 00 2o376E 01 6o25'+E-01 
0,850 1.309£ 00 6o731E-02 1.376£ 00 5o076E-01 2o845E-o2 200,000 1o770E 00 1.671E 01 1o848E 01 3o108E 01 7o490E-01 
0.900 lo305E 00 7o003E-02 1o37!1E 00 5o440E-01 2o965E-G2 300,000 1o799E 00 2.542£ 01 2.722£ 01 3o551E 01 8o~3E-01 

Oo950 1,302£ 00 7.278£-02 1o374E 00 5o803E-01 3o082E-G2 ltOO,OOO 1o820E 00 3.415E 01 3.597£ 01 3o869E 01 8o'+03E-01 
1.ooo 1o299E 00 7.554E-02 1o375E 00 6o167E-01 3o198E-02 500,000 loU6E 00 4o289E 01 4o47!E 01 '+oll8E 01 8e631E-Ol 
1o100 1.297E 00 8oll2E-02 1,378E 00 6o894E-01 Jo~25E-o2 600,000 1o849E 00 5,165E 01 5.350E 01 '+o322E 01 8o797E-01 
1,200 1,296E 00 8,677E-02 lo383E 00 7o618E-01 3.6~6£-02 8oo,ooo lo869E 00 6,917£ 01 7o104E 01 4o645E 01 9o022E-Ol 
1o300 lo297E 00 9o248E-02 1.390E 00 8o340!-01 3o863E-02 1000.000 1.115E 00 8.670E 01 8,858E 01 4o897E 01 9o171E-01 
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11. ATOMIC AND IONIC PARTIAL STOPPING POWERsl 

Samuel K. Allison2 

Abstract 

The partial stopping power of a target material for an ion or an 
atom is the energy lost per target particle per cm2 in all types of col
lisions in which the ion or the atom is the projectile, with the exception 
of those collisions in which the projectile leaves with its charge changed. 
Partial atomic stopping powers of target gases for atoms are measured 
by imposing a strong transverse magnetic field on the stopping cell. 
For partial ionic stopping-power measurements the ion beam is held in 
a circular orbit, closely defined by vanes and slits, as it traverses the 
stopping cell. The partial stopping powers fo (for HeO transvering H2 
gas), ft (for He+), and t"2(for He++) have been measured in the kinetic 
energy range 40-460 kev, and new measurements of the ordinary, or 
total, stopping power of H2 gas for helium from 40 to 22 kev have been 
made. Using the known charge composition of He beams in H2, it is 
possible to deduce the fraction of the stopping-power losses due to 
charge-changing collisions, and this varies from 37 percent at 140 kev 
to 27 percent at 400 kev. At 120 kev, the total energy-loss in com
pleting the charge-changing cycle He+ .. HeO .. He+ is 95 ± 9 ev, rising 
to 117 ± 10 at 160 kev. 

1. Introduction 

269 

Before the work of Henderson (1) and of Rutherford (2), the stopping of alpha 
particles from natural emitters was considered as due to the interaction of a moving 
electric point charge with the atoms or molecules encountered along its trajectory. 
In the theoretical treatments by Bohr (3) and by Bethe (4), the moving particle was 
assumed to be a bare nucleus, which, to a close approximation, acts as a point 
charge. However, Henderson, in examining the magnetic spectra of natural alpha 
particles, found that even at the highest velocities a detectable fraction of He+ was 
always present, and at lower energies HeO was indicated as a beam constituent. The 
presence of He+ in the predominantly He++ beam shows that a moving He++ can under
go a type of inelastic impact in which an electron is captured from the target mate
rial. The He+ ions and HeO atoms can be involved in inelastic collisions in which 
occur electron capture and loss as well as other events more complicated than those 
experienced by nuclear projectiles. 

1supported in part by u.s. Atomic Energy Commission. 
2The Enrico Fermi Institute for Nuclear Studies, The University of Chicago. 
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Allison. Cuevas. and Garcia-Munoz (5) have shown that it is possible in some 
projectile-target-velocity combinations to divide the energy losses into two measur
able classes-the first consisting of all events that do not change the projectile's 
charge. the second consisting of those in which the projectile's charge is changed
and they have introduced the concept of partial stopping powers. 

The partial stopping power (i of a target material for a projectile of charge 
i I e I is the energy lost per target particle per cm2 in all types of collisions except 
those in which the charge of the projectile is changed. 

Depending on whether the moving particle is neutral or charged. we speak of 
an atomic or an ionic partial stopping power. 

2. Energy Degradation of a Particle Beam Comprising 
Several Charge States 

Consider a monoenergetic beam of particles impinging on matter at speeds at 
which electron capture and loss are probable. Let Fi be the fraction of the particles 
in the impinging beam in the charge-state i I e I· As will be discussed later. the 
beam. on traversing the matter rapidly comes to a state of charge equilibrium in 
which a set of numbers FiCD represents the fractions present in each charge-state. 
The conventional stopping power (of the material for the equilibrated beam. ex
pressed in terms of the partial stopping powers. is 

(1) 

Here. Wu is the energy in electron volts lost by a beam particle in the charge-state 
i in a charge-changing collision i-of. and CTif is the corresponding charge-changing
collision cross-section. 

At the present time. the only partial stopping powers that have been measured 
are those of hydrogen gas for hydrogen and helium projectiles. and the following 
discussion of the feasibility of their determination will apply to such light beams and 
targets. At the present time. no one has suggested a feasible method for the meas
urement of partial stopping powers in solids. 

When particles having energies in the kilovolt region enter a new medium. the 
appropriate charge equilibrium is attained before significant energy losses have 
occurred. This phenomenon makes the experiment described in the report feasible. 
As an illustration we may consider the entrance of a pure proton beam (F1 = 1) into 
a chamber containing hydrogen gas. The growth of the neutral fraction Fo is de
scribed by 

(2) 

where tr is the number of atoms of target gas per cm2 that have been traversed by 
the beam. If "i is the value at which F 0 = 0. 632 F ()to • then 

- )-1 
tr = <ao1 + a1o (3) 

As will become evident later. the experiment must be performed with very 
small. fractional energy-losses. Then. if (Ep - E~) is the energy lost bz the compos
ite beam from a beam whose original energy 1s Ep• we have (Ep - E~) = tr (. and the 
fractional loss is 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


271 

(4) 

where f is expressed in electron volts per target atom per cm2 and Ep and E{> are 
expressed in electron volts. Consider the range in which 15 < Ep < 150 kev. In this 
range, f. varies from 4. 6 x 1 o-15 through a maximum of 6. 4 x 1 o-15 to 4. 6 x 1 o- 15, 
and (a01 +a10) decreases from 41 to 4. 6 x 10-17 cm2. Thus, the fractional loss in 
energy for this approach to charge equilibrium is less than 0. 1 percent. 3 

Having thu!_ rapidly attained charge equilibration, the beam proceeds with the 
effective charge i I e 1. where 

i =·ti FiCD . 
i 

3. Feasibility and Limitations of the Experimental Method 

(5) 

The experimental determination of a partial stopping power will be illustrated 
by a description of the measurement of fO for a hydrogen beam traversing H2 gas. 
The basic idea is to place the gas chamber in which the stopping power is being 
measured in a strong transverse magnetic field that sweeps out of the beam all enter
ing protons, and also any regenerated protons formed from the loss of an electron 
from a moving neutral atom. The essential features of the experiment are shown in 
Figure 1. The proton beam, entering from the right, is first charge-equilibrated in 

STRIPPER 
a:uJ105l 

To Eltc..,. 
Stat;. EntfW 
A~ n 

STOPPING a:u. 1'"21 

fo ·MAGNET ON 

EQUIUIIRATOR 
CELLI"Il 

Figure 1. Schematic representation of the method of measuring the 
atomic partial stopping power of a hydrogen beam. The apertures 
in the cells are actually 0. 091 em in diameter, " is the number of 
target gas atoms I cm2. With the magnet off, the conventional or 
total stopping power is measured; with the field on, only the statisti
cally improbable cases of traversal without change of charge remain, 
but they may be detected and their energy loss determined. 

3In this paper, the charge-changing cross sections are taken from Allison (6) and the 
stopping powers quoted are taken from Whaling (7). 
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Cell No. 1. It then passes into the stopping cell, No. 2, in which a transverse mag
netic field may be applied. With the magnet off, the ordinary stopping power is 
measured. The stripper cell (No. 3) performs no essential function for the ordinary 
stopping-power measurements, and the pressure in it is left unchanged during "gas 
in" and "gas out" in Cell No. 2. The energy decrement is measured by electrostatic 
deflection4 (not shown in Fig. 1) of the beam after leaving Cell No. 3. The lower part 
of Figure 2 shows the situation in the measurement of the atomic partial stopping 
power ( 0 , which is performed in the presence of the field. 

The most striking feature of the partial-stopping-power experiment is the very 
large attenuation of the beam where enough gas has been admitted to the stopping cell 
to produce a sufficient energy loss for accurate measurement. It follows that the ex
periment has an enhanced chance of success if the energy spread of the beam from the 

To Vocuum 811991-

To 
Vacuum BUCJ<ly-

Outer----+-~ I 
OefiiCiifl9 
Plole (V0 VoKsl 

Figure 2. Equipment for measuring partial stopping powers. 
V 11b • II bl • acuum ugg1es are mova e vacuum-pumpmg systems. 
The channels for orbits in the magnetic field are cut into 
a brass block placed between the rectangular magnet pole 
faces. 

4A suitable analyzer is described by Allison, Frankel, et al. (Ref. 8). 
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accelerator is minimized and if the resolving power of the energy analyzer is maxi
mized in order to permit an accurate measurement of an energy loss "fO as small as 
possible. The feasibility of a determination of fo may be discussed as follows. In 
the stopping cell, the intensity attenuation on admitting gas in the presence of the mag
netic field will be s exp (-"a1o), where s is a factor less than unity due to loss through 
small-angle scattering. This scattering loss will depend on the size of the apertures 
through which the beam enters and leaves the stopping cell. With a cell 50 em long 
and apertures 1 mm in diameter, the value of s for hydrogen or helium beams in 
hydrogen may be kept above 0. 1. The fractional losses in cells 1 and 3 are F1ao and 
Faao, respectively. 

Thus, the attenuation produced by a pressure corresponding to , atoms per 
cm2 in Cell No. 2 must be expected to be 

(6) 

No is the beam current received by the detector with minimum pressure ("gas out") 
in all the three cells and with no magnetic field on the second cell. 

Let (Ep - Epbin be the smallest energy decrement, in ev, which can be 
measured to the desired accuracy (say 5 percent); then 

"fo = (EP - E~)min 
and 

For a 50-kev hydrogen beam in hydrogen gas, Faao = 0, 525 and F1ao = 0. 475. For 
a feasibility calculation, fo may be assumed to be half the total stopping power 

<tf =3.2 x 10-15 ev cm2/ atom), and a 01 is 7. 9 x 10-17 cm2. 

Let it be assumed that factors such as the stability of the accelerator and the deflect
ing voltages of the electrostatic analyzer, the resolving power of the analyzer, etc. , 
will permit a 5-percent determination off() when (Ep- Ep>minis 1 percent of Ep, or 
500 ev at 50 kev. The beam, then, according to Whaling (7) must be expected to 
attenuate by a factor of 1o- 7. Whether this is tolerable depends on the beam current 
that can be passed through the cell apertures. With 1o-10A transmitted with vacuum 
throughout the system, there should be, with gas in and the field on, a final current 
of protons of 1o-17A, or 3750 protons per minute that may be counted with a particle 
detector. 

With the feasibility of a measurement of fo established, it is apparent that there 
probably are cases in which ionic partial stopping powers may be measured. For this 
purpose a curved stopping cell is used instead of the rectilinear one schematically 
shown in Figure 1, and only those particles for which the charge i I e I remains un
changed during transit of the cell can pass through the exit slit. Figure 2 shows a 
multichannel stopping cell designed to fit between the rectangular pole faces of an 
electromagnet. fo can be measured in the "straight through" channel from A to D 
or with a longer pathlength, from B to E, by allowing the beam to enter at B. The 
channels AE and AF allow measurements of fiat two different radii of curvature, 
i.e. , at two different magnetic-field strengths. In contrast to the measurement of 
(O, where the magnetic field H may be varied within wide limits, and the independ
ence of the result of H for large H (2000-3500 gauss in Fig. 2) demonstrated, the 
measurement of EJ. requires a highly precise and constant setting of H. It is well to 
try a measurement of fi for at least two values of H. 
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4. Experimental Values of Partial Stopping Powers 

Table 1 shows experimental values of(, fo· and (1• for hydrogen beams in 
molecular hydrogen gas. The first ionic partial stopping-power measurements were 
reported by Huberman (9) for proton kinetic energies from 42 to 93 kevin H2 gas. 
More recently Huberman's measurements have been repeated by Cuevas, Garcia
Munoz, and Torres5 and essentially confirmed, although in some cases slightly lower 
values were found. It is these later ( 1 measurements which are listed. The values of 
(were measured with the partial-stopping-power apparatus by reducing the magnetic 
field to zero. Agreement of the ( values with those compiled by Whaling from the data 
of other observers indicates the absence of systematic errors in the procedure. The 
larger range of errors assigned to the new measurements arises from the fact that 
the values of (Ep - Ep')/Ep used were only about 1 percent, whereas, in ordinary 
measurements of (, energy decrements may be tenfold larger. 

Table 2 shows experimental values of total and partial stopping powers for the 
components of a helium beam traversing hydrogen gas. In column 2, previously un
published data (Allison), measured with the same equipment used to determine partial 
stopping powers, are given on ( down to 40 kev. The previous determinations, from 
150 to 450 kev, are due toP. K. Weyl (11). 

Kinetic 
Energy 

(kev) 

20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 

TABLE 1 

Total and Partial Stopping Powers for Hydrogen Beams 
Traversing H2.Gas; ( 1s Measured in Units of 1o-15 ev x cm2/Atom 

(Values given, with the exception of those taken from Whaling and 
those indicated by asterisk are read from smooth curves through 
the data, the uncertainties in individual points of which are from 
±10 to ±25 percent. Values indicated by asterisk are based on 
Huberman's results of 5. 70 :l: 0. 6 at 75 kev and 5. 07 :l: 0. 5 at 93 
kev. Repetition of Huberman's work indicated that values at the 
lower limits designated by him are preferable.) 

( 

Whaling's 
New Collected 

Measurements Data 
5. 2 :l: o. 6 5. 1 :l: o. 2 

5. 8 
6. 4 6. 2 

6.4 
6. 7 6. 4 

6. 4 
6. 4 6. 2 

6. 0 
5. 7 5. 8 

5.6 
5. 0 5.3 

5. 1 
4.3 4. 9 
3. 9 :l: o. 5 4. 7 :l: o. 16 

(0 

3. 8 :l: o. 5 
3.2 
3. 0 
2. 7 
2.4 
2.2 
2. 0 
1. 9 
1. 9 
1. 9 
1. 8 
1. 7 
1.5 
1. 4 :l: o. 4 

5. 3 :l: o. 5 
5. 4 
5. 1 
5. 1* 
4.8* 
4.6* 

5 As reported by S. K. Allison (10). 
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Kinetic 
Energy 

(kev) 
40 
60 
80 

100 
120 
140 
160 
180 
200 
220 
250 
275 
300 
325 
350 
375 
400 
425 
450 

TABLE 2 

Total and Partial Stopping Powers for Helium Beams, Traversing 
Hydrogen Gas; f's Measured in Units of 1o-15 ev x cm2/Atom 

( 

(previous work) 
(Allison) (Weyl) 
4. 4 ± o. 4 
5. 1 
5. 9 
6. 6 
7. 4 
8. 1 
8. 9 
9. 6 

10.4 
10. 7 ± 1. 0 

9. 0 ± o. 4 
9. 5 

10.2 
10. 6 
11.0 
11.2 
11.4 
11. 7 
11.9 
12. 0 
12. 1 
12. 2 
12. 3 ± o. 6 

3. 3 ± o. 4 
3.5 
3. 7 
3. 8 
4. 0 
4.2 
4.4 
4.5 
4. 7 ± o. 6 

4. 8 ± o. 3 
5.6 
6. 3 
7. 1 
7. 8 
8. 6 ± o. 4 

5. Energetics of the Charge-Ch&nging Collisons 

275 

12. 2 ± 1. 1 
14. 0 
15. 1 
15. 8 
16.3 
16.6 
16. 8 ± 1. 0 

The experimental determination of the atomic and ionic stopping powers together 
with the known values of the total stopping power permit calculation of the energies in
volved in charge-changing collisions by Equation 1, using known values of the equilib
rium fractions Fbo· Figures 3 and 4 show the percentage of the total energy losses 
involved in the charge-changing collisions as well as the percentages due to the charge
invariant collisions of the atoms and ions. It is seen that the charge-changing cycle 
may account for 39 percent of the total losses for hydrogen beams in hydrogen and 
43 percent for helium beams. 

Under certain circumstances, the sum in Equation 1 connected with charge
changing collisions may be simplified. In the traversal of hydrogen gas by hydrogen 
projectiles we are concerned, to the accuracy of the present stopping-power measure
ments, with a two-component system, Wand HO. The fraction of Ir present is known, 
and it is too small to affect the results. Thus, for this case, Equation 1 becomes 

(8) 

The justification for omitting terms such as Fo-Woiaoi in the expansion of the 
charge -changing sum is given in detail in the paper of Huberman (9). Since 

(9) 
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Figure 3. The fractions of the total energy-loss, expressed 
in percent, arising from the partial stopping power for 
H0 and H+ and from the charge-changing cycle. Hydro
gen beams in H2 gas. 

the sum of the charge -changing terms of Equation 8 may be written 

where 

(10) 

(11) 

Since the a's and the F's are all known (Ref. 6), values of (Wo1 + W1o> may be com
puted from the observed partial and total stopping powers. These values, given in Table 
3, represent the sum of the energies lost in the two processes which initiate and termi
nate a charge-changing cycle, i.e., capture of an electron plus its subsequent loss. 

In the case of helium projectiles, the expansion of the charge-changing sum in 
Equation 1 is, in general, more complex even after omitting terms involving He-. 
We have 

H Fioo w if a if= F()ao (W 01(701 + w 02(702) + F 1 ... (W 10(710 + w 12(712) 

+ F2.., (W20C720 + W21a21) • 
(12) 
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TABLE 3 

Sum of the Energy Decrements in the Electron Capture and 
Subsequent Loss Cycle for H+ and He+ Ions in Hydrogen Gas 

Hydrogen Projectiles 
Kinetic (W01 + W 10> 
Energy ( ) 

(kev) ev 

43 40 ± 6 
54 54± 9 
75 86 ± 22 
93 118 ± 29 

Helium Projectiles 
Kinetic (W01 + W 10> 
Energy ( ) 

(kev) ev 

120 
140 
160 
180 

95 ± 9 
103 ± 10 
117 ± 10 
127 ::t: 12 

277 

In the kinetic energy region 120 - 180 kev the cross sections and equilibrium 
values are all known. The preponderant charge-changing process is He+~ HeO; the 
fraction F2• of He++ present is less than 0. 01. Until the accuracy of measurement 
of partial stopping powers is greatly improved, Equation 12 reduces, for numerical 
evaluation, to the form of Equation 10, but applied, of course, to the He+~ HeO inter
change. The kinetic energy (in electron volts) lost in the HeO ... He+ --HeO cycle is 
shown in Table 3. 
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6. Theoretical Estimates of Partial Stopping Powers 

There are no theoretical calculations of the partial stopping powers of molecu
lar hydrogen gas for hydrogen or helium projectiles, but Dalgarno and Griffing (12) 
have calculated the cross sections and energy losses for many types of collisions of 
protons and hydrogen atoms with atomic hydrogen gas as the target. Excerpts from 
the Dalgarno and Griffing results are given in Table 4. and these include their nu
merical values for a beam kinetic energy of 56 kev. Since the experimental method 
distinguishes between projectile and target, in some cases only half the numerical 
value found by Dalgarno and Griffing should be used for a partial stopping power. 
For instance, single ionization by HO impact (Item I of Table 4) may ionize either of 
the two colliding atoms; the partial stopping power fO will contain only half this loss, 
since a particular atom, namely the target, must be the one ionized. 
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Term 
in 

Eq. 8 

TABLE 4 

Calculated Partial Stopping Powers (in Units of 10-15 ev x cm2/ atom) 
Hydrogen Beams in Atomic Hydrogen Gas, Compared with Experimental Results in H2 Gas 

(From Dalgarno and Griffing, Ref. 12) 

Type of Inelastic Collision 

II. single excitation by HO impact HO(HO;H*)HO 
or H0(H0; HO)H* 

m. double excitation by H0 impact HO(HO; H*)H* 

IV. ionization and excitation bY.: HO impact, 
H0(H0; H+, e)H0 or H0(HO; H*, e)H+ 

V. ionization by H+ impact (HO(H+; H+ ,e)H+ 

VI. excitation by H+ impact HO(W; H*)~ 

VII. capture and excitation by H+ impact, H0(H+; H+)H* 

vm. H+ momentum loss in capture H0(H+; H+)HO 

IX. single ionization by HO impact (cf. I) 

X. double ionization by ao impact, H0(H0; H+ I 2e)Hi" 

XI. ionization and excitation by HO impact (cf. IV) 

Numerical Value 
at 56 kev 

Calculated 
3.33/2 = 1.665 

o. 113 

o. 161 

o. 603/2 =0. 302 

(0 =2. 241 

5. 07 

1. 82 
(1 = 6. 89 

0. 258 F lm = 0. 133 

1. 76 F1m= 0. 90 

3. 33 F am/2 = o. 81 

o. 902 Fam = o. 44 

o. 603 F am/2 = o. 146 

I: = 2. 43 

Experimental Value 
in Molecular 

Hydrogen 

2. 6 ± o. 4 

5. 2 ± o. 5 

2. 5 ± o. 4 
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12. A LIST OF CURRENTLY UNSOLVED PROBLEMS 

U. Fanol 

Abstract 

The discussions within the Subcommittee on the Penetration of 
Charged Particles and the review work undertaken by the present author 
in the preparation of Appendix A of this volume have pointed up a number 
of unsolved problems. Some of these problems are of considerable im
portance and difficulty, so that their solution will require a major ex
perimental or theoretical effort. Others are of lesser importance, and 
are easier to attack. It seems worthwhile to present here a list of such 
problems, with reference to sections of this volume or to other literature 
where their backgrounds are discussed in greater detail. The various 
papers of this volume will be referred to by number or letter (for the 
appendixes). The ordering of the problems in the following list relates 
only very loosely to their estimated importance and difficulty. 

I 

1. Improvements over the Born Approximation for the 
Slowing Down of Heavy Particles 

(Appendix A, Sec. 2. 13) 

281 

Two major problems have arisen in this area in the last year or two. (a) A 
calculation by Tsytovich of radiative corrections (Appendix A, Ref. 129) has shown 
a decrease of stopping power at extreme relativistic velocity. Considerable diffi
culty has been met by Subcommittee members and by some of their colleagues in 
trying to understand the details of this work and to appreciate its significance. The 
experimental test of the effect shown by the Tsytovich calculation also is uncertain 
(Appendix A~ p. 50). (b) Experiments by Barkas and coworkers on the comparative 
ranges of I; and I;- hyperons have yielded convincing evidence of a difference in 
stopping powers at equal velocities when these velocities are comparable to those of 
atomic electrons (Phys. Rev. Letters, vol. 11, p. 26, 1963). An effect of this kind 
is predicted qualitatively by second Born-approximation theory, but initial attempts 
to work out this theory quantitatively or to develop alternative approaches have met 
with substantial difficulties. 

2. Theory of Slowing Down Near the End of the Range 
and for Ions Heavier Than Helium 

(Paper Nos. 1, 8, and 11, and Appendix B) 

The accumulation of experimental evidence and the semiquantitative theoretical 
work by Lindhard have progressed to the point where some hope may be entertained 

1 
National Bureau of Standards, Washington, D. C. 
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of accurate calculations of stopping power for this most difficult range of the velocity 
and ion-charge variables. 

3. Relativistic Treatment of Inner-Shell Electrons 
(Appendix A. Section 2. 6) 

The stopping-power theory treats bound atomic electrons nonrelativistically. 
except in the high-Q approximation in which their initial motion within atoms is 
neglected altogether. This limitation of theory is rather serious for the inner elec
trons of medium and heavy elements. the more so because the basic sum rules on 
which the theory relies (in particular. Eq. 27) are not amenable to rigorous relativ
istic generalization. Overcoming this difficulty presents a probably very serious 
challenge. but a preliminary appraisal of the likely magnitude of errors and of pos
sible ways of correcting them might prove comparatively easy and fruitful. Such a 
study appears highly desirable. 

4. Inner-Shell Corrections 
(Appendix A. Section 4, and Paper No. 4) 

Recent theoretical work has developed new points of view and some new results 
on this problem. but the work has not been pursued to its logical conclusion. Per
haps a fresh approach to the evaluation of the Bethe formula should be attempted 
along the line indicated at the end of Section 3 of Paper No. 4. On the experimental 
side. the analysis carried out in Paper No. 2 might be continued in order to assess 
more precisely the significance of the available information and to design new ex
periments that would be particularly informative. 

5. Stopping-Power Theory for Low-Energy Electrons and Positrons 

No opportunity exists within the first Born approximation to extend the theory 
of electron collisions down to incident velocities comparable to those of atomic elec
trons. that is, to proceed by analogy with the shell corrections in heavy-particle 
collision theory. No realistic suggestion is known to this writer concerning methods 
for a basic attack on the stopping power of slower electrons and positrons. Here 
again a survey study might be profitable-to assess the relevant aspects of the prob
lem and their presumable influence on stopping power. 

6. The Mean Excitation Energy I 
(Appendix A. Section 3, and Paper No. 6) 

Several questions remain open here. in particular the following ones: (a) What 
is the quantitative theoretical interpretation of the smooth curve of I/Z vs. Z (Fig. 1, 
Paper No. 6)? (See the qualitative discussion in Paper No. 1.) (b) How large are 
the departures from this curve for low Z and what is their interpretation? (c) No 
substantial evidence of such departures exists for Z > 20. but verification that I/Z 
can be interpolated dependably would be useful. (d) Information on departures from 
the Bragg law is too scanty. and the apparent discrepancy for photographic emulsion 
remains puzzling. (e) Anchor points of the curve of I/Z vs. Z for medium z. par
ticularly at copper. still have too great an uncertainty(± 5 percent) owing to incon
sistencies in experimental data (see following item). 
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7. Inconsistencies of Experimental Data 
(Paper No. 2) 

283 

The critical analysis in Paper No. 2 probably could be extended and sharpened 
further. In any event. discrepancies have already been pointed out. particularly in 
the high-energy experiments at Dubna and Berkeley. which probably should be reex
amined experimentally. 

8. Extension of Theor to the Extreme Relativistic Ran e 
Appendix A, Section 2. 12) 

Apart from the problem mentioned in l(a). above the theory is incomplete 
above incident proton energies of the order of 1000 Mc2. Inclusion of the effects of 
anomalous magnetic moment (which also causes neutrons to lose energy) and of 
particle form factors should be a rather straightforward task. 

9. Nuclear Collision Effects 
(Paper No. 5) 

Particle deflections stem primarily from their Coulomb interaction with nuclei, 
but they also stem from nuclear forces. The influence of non-Coulomb deflections. 
particularly of the smaller ones. on the penetration of protons in the Gev range does 
not appear to have been analyzed systematically. Extension of Paper No. 5 in this 
direction appears worthwhile. 

10. Delta Ray Spectrum 
(Appendix A. p. 51) 

The upper portion of this spectrum should be determined by high-Q collisions. 
but the theoretical prediction of the relevant approximation does not appear to have 
been tested critically over a wide range. In particular. the lower portion of the 
spectrum should contain additional electrons ejected from inner shells in lower-Q 
processes. The onset of this additional contribution and its position in the spectrum 
have not been detected. 

11. Density Effect and Transverse Stopping Power 
(Appendix A. p. 21, note 18) 

Curves that represent the contribution of transverse excitations to stopping 
power. inclusive of density effects. might profitably be constructed and discussed 
for various materials. 

12. Straggling and Detour Effects 

In Paper No. 5, an effort was undertaken to analyze the combined effects of 
energy straggling and track deflections upon the straggling of the projected range. 
This effort has not accounted fully for the experimental results and would be profitably 
continued, possibly in conjunction with item No. 9 above. 
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13. Energy-Loss Fluctuations at the Beginning of Penetration 
(Appendix A, p. 45) 

These fluctuations produce characteristic transient effects at the threshold of 
nuclear reaction yield curves which are being studied experimentally (Ref. 135 of 
Appendix A and forthcoming publications). The correlation of experimental results 
with the analytic theory of loss fluctuations requires further analysis. New or im
proved experimental design or theories might result from such an analysis. 

14. Shell Corrections to Straggling Parameters 
(Appendix A, p. 42) 

The theory of energy straggling could be developed to evaluate accurately 
parameters analogous to the mean excitation energy and the shell corrections of the 
stopping-power theory. The methods of Paper No. 4 should be relevant for this 
purpose. Recent experiments have indicated a need for at least some progress in 
this direction, as shown by Bichsel and Uehling (Phys. Rev., vol. 119, p. 1670, 
19 60, particularly note 11 ) • 
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APPENDIX A 

PENETRATION OF PROTONS, ALPHA 
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BY u. FANO 
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1. INTRODUCTION 

Since the early work of Rutherford and Bragg, the study of penetration 
of high energy radiation through matter has been important for nuclear 
physics, in connection with the analysis of experiments. The penetration also 
provides information on the properties of the materials traversed, but this 
important aspect of the phemomenon will be treated as secondary in the 
present article. 

Protons, a particles, and mesons with energies up to the order of 1 GeV 
traverse matter, in great majority, on an approximately straight path, 
dissipating their energy gradually through a multitude of inelastic collision 
processes with atomic electrons. Therefore the penetration depends chiefly 
on the average energy loss resulting from these collisions (the "stopping 
power" of the material). Combination of experimental and theoretical 
results provides values of the stopping power with an accuracy which is cur
rently approaching 1 percent for particle energies above 1 MeV. The total 
distance traveled by a particle in the course of its penetration ("range" of a 
particle) is obtained by integrating the reciprocal stopping power over the 
energy from its initial value down to rest. 

At lower particle energies, i.e., at particle velocities comparable to those 
of outer atomic electrons, capture and loss of electrons by the penetrating 
particle complicate its energy loss process. Much experimental information 
on this energy range, within which the stopping power reaches its maximum 
value, has been developed and reviewed recently [Whaling (137), Allison & 
Garcia Munoz (87, 88}]. However, systematic analysis and comparison with 
theory have thus far been scarce in this range [see, e.g., Lindhard & Scharff 
(85), Lindhard (87)]. Accordingly, this part of our subject will not be treated 
in the present article. Notice that the stopping power below 1 MeV has little 
influence on the range of higher energy particles. 
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Above 1 Ge V, the penetration of protons and other heavy particles 
(except p. mesons) is limited primarily by nuclear collisions. However, the 
stopping power along the tracks between these collisions remains important 
and is as well known as at lower energies, except for the disturbing influence 
of energy straggling. 

Large-angle Rutherford scattering in the course of penetration is a rare 
event, not to be discussed here. Multiple small-angle Rutherford scattering 
introduces a gradual divergence in an initially parallel beam of heavy 
charged particles. This phenomenon is now well understood theoretically 
(11, 83, 112), and has been reviewed comprehensively by Scott (107). It will 
be considered here only insofar as it reduces the net penetration of the 
particles, by causing their tracks to depart from straight lines. 

The penetration of electrons and positrons is cloRly related to that of 
protons with regard to the interaction with atomic electrons, but it is influ
enced to a much greater extent by Rutherford scattering and X-ray emis
sion, with which we are not concerned. The penetration of ions heavier than 
the a particle involves electron capture and loss even far above 1 MeV, and 
is treated separately in an accompanying article (91). The stopping power of 
a particles (above several MeV), deuterons, and mesons is closely related to 
that of protons, as stated in Section 2.9. 

Accordingly, the present article is concerned primarily with the stopping 
power for protons and secondarily with the minor effects of straggling and 
multiple scattering. The subject thus delimited has been covered in a previ
ous article of this series {130), thus emphasis will be placed on developments 
after 1954. Among these, the principal ones are:f 

(a) Additional measurements, particularly on proton beams up to 700 
MeV and on high energy particle tracks in emulsions, have shown conclu
sively that the mean excitation energy I (the key parameter of stopping 
power theory) is close to 10 Z for medium and heavy elements, though larger 
for lighter elements. This result is explained approximately by theory. 

{b) An apparent discrepancy between the interpretations of stopping 
powers at 1(~20 MeV and above 200 MeV has been removed by the realiza
tion that shell corrections are more important than they were thought to be. 
This effect has also been accounted for theoretically. 

(c) Understanding of the theory of stopping power in solids, particularly 
with regard to polarization effects, has improved appreciably. 

(d) Analysis of multiple scattering effects has accounted for most, though 
not all, of the fluctuations in penetration of high energy protons. 

Even though the basis of stopping power theory has remained unchanged 

t Note tuUkd i11/!f'oof: New results and points of view have been emerging rapidly 
since this article was planned. Some of them are not yet fully assimilated i others are 
still under development. Notice particularly the contributions by Barkas and 
Tsytovich outlined in Sec. 2.13 and by Lindhard on shell corrections (p. 35) and 
on the penetration of slower particlea (87). 
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for a great many years, it appeared desirable to review it in some detail in 
the present article, in order to place in the proper context the recent progress 
and the questions that remain unexplored. A brief discussion of phenomena 
that occur along particle tracks and are incidental to penetration is given in 
Section 7. 

2. TaB THEORY oF ENERGY Loss 

The theory of the energy loss of fast charged particles caused by their 
inelastic collisions with atoms was established by Bohr (25) through a semi
classical procedure. In this procedure collisions are classified according to 
their impact parameter b, which is, roughly, the distance of closest approach 
of the incident particle to the center of an atom. The later quantum-mechan
ical formulation by Bethe (10) classified, instead, the collisions according 
to their momentum transfer q, which is observable in contrast to b. The 
vector q is a function of the energy transfer E,. and of the deflection 8 experi
enced by the incident particle. (The uncertainty principle introduces a loose 
inverse correspondence between b and q, namely, b"'fl/q.) The Bohr and 
Bethe theories apply to separate atoms, i.e., to gases. The influence of many 
atoms interacting simultaneously with an incident particle and with one 
another ("density effect") was first taken into account by Fermi (45), again 
through a semiclassical macroscopic procedure. The connection between the 
Bethe and Fermi theories was worked out more recently [Fano (43)]. 

The theory attained from the start an accuracy of the order of 10 percent 
through recognition of the dominant influence of certain simple circum
stances. Further improvements depend, however, on numerous detailed 
factors. 

2.1 Initial formulas.-The average energy loss per unit pathlength, 
-dE/ds, experienced by a particle traversing a material which consists of 
separate atoms (or molecules) is related to the cross section for all possible 
individual collisions by 

1. 

where D',.; is the cross section for the inelastic collision which raises an atom 
of type ito an energy level E,., above its ground state,1 and where N; is the 
density of atoms (or molecules) i. If N; is expressed in atoms per unit volume, 
-dE/ds is the energy loss per unit distance traveled; if N, is in atoms per 
gram, dE/ds is the loss per g/cm1 of material traversed. The treatment of a 
solid or liquid material as an aggregate of separate atoms embodies the ap
proximate "additivity rule" of Bragg. Departures from this rule will be dis
cussed in Sections 2.10, 2.11, and 3.1. In the following we shall normally refer 
to a single kind of atom and omit the index i and the summation over it for 
simplicity, but such a summation is implied wherever it is relevant. The%,. 

1 In plasmas or other systems, where many atoms are not in their electronic ground 
state, a collision may bring these atoms to a lower energy level, with negative E. •. 
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includes both the discrete and the continuous spectrum of energy levels. The 
fluctuations of energy loss ("straggling"), i.e., the departures from the aver
age -dE/tls, will be discussed in Section 5. 

The cross section tr,. is taken initially, according to Bethe (10), in a form 
differential with respect to the final momentum P' of the incident particle 
(Fig~ 1) and in lowest-order ("Born") approximation• in the electromagnetic 
interaction V between the incident particle and the atomic electrons 

2r dp' 
tkr,.- hi (p',nl VI p,O) I• I(E' +E.- E)....,- 2. 

Here p, E, and v are the initial momentum, kinetic energy, and velocity of 
the incident particle; p', E', and v' the corresponding values after the col
lision; and En the energy of the final stationary state of the atom {whose 
initial energy Eo=O). The 8 function, which imposes energy conserva
tion, yields 1 when integrated over dE'. This differential is contained in 
dp' = P''(dp' /tlE')dE'd(cos 8)d,q;, with dp' /dE'= 1/v'. Therefore Equation 2 
is equivalent to 

1 
tkr,. - 4rA'vv' I <P', n I vI p, o> I• ;'•d(coso>~ 3. 

2.2 Recoil variables; small recoil approximation.-The momentum trans-
fer 

4. 

serves better than P' itself to classify the collisions because it represents the 
recoil of an atomic electron in each collision and it relates, at least statis
tically, to the energy transfer En. Even more closely related to En is the 
kinetic energy Q (see Footnote 5) of an unbound electron with momentum q, 
which is given by 

Q(l + Q/2mc•) - q•/2m 5. 
Q"' q•/2m (nonrelativistic) Sa. 

In the limit of large g, where the atomic electrons may be regarded as free 
and initially at rest, Q coincides with E,.. 

Because we are dealing with incident particles of mass M much heavier 
than the electron mass m, we have normally 

( g p-p' v-v') m _, '-- ---«1 
p p " M 

In the following we shall normally disregard the quantities on the left-hand 
side of this equation. However, Equation 6 holds only under the condition 

M 
E«-Mc1 7. 

m 

4 This approximation is discussed in Sec. 2.13. 
1 The definition of Q given here coincides with those of Bethe (10) or Uehling 

(130) only in the limiting cases of high Q and of low Q and low E •• 
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which breaks down in the GeV range for muons and at higher energies for 
other particles.• This breakdown will be discussed briefly in Section 2.12. 

Under the condition 6, the component of q parallel top is fixed by the 
energy conservation (see Eq. 2 and Fig. 1) at 

A ~· - ~II f 1 1 tll & q·P• +-,....,1-P ""-&-- 8. 
21 21 tlE • 

and its perpendicular component may be indicated by fJIJ, so that 

f 1 - & 1/vl + l'tJI 9. 

The differential on the right-hand side of Equation 3 can now be trans
formed in part, to yield 

l'ltl(cos I) - I''M • fJ.tltJ. • m(l + Q/mef)tlQ 10. 

and integrated in part U'dfp = 2r) so that Equation 3 becomes 

t~a. - 2,~.,.1 CJ', "I vI p, o> 1• ( 1.+ !.) tlQ 11. 

t/1 I 

-L1 __ , 

..... 
p 

P8 

..... 
P' 

FIG. 1. Momentum transfer dia
gram in a heavy-particle inelastic 
collision. 

2.3 Longitudinal and transverse ex
citations.-The electromagnetic inter
action between the charge and spin, 
if any, of the incident particle and 
those of atomic electrons can be sub
divided into two terms. One of these 
consists of the unretarded static Cou
lomb interaction and the other of 
the interaction through emission and 
reabsorption of virtual photons. (This 
subdivision is called the "Coulomb 
gauge" representation.) The Coulomb 
interaction between the incident par
ticle of charge se at the position r and 
an atomic electron at r; can be repre
sented as a Fourier integral w/1 r-r;l 
- (w/2r)jdk k-t exp[ik· (r;-r)]. This 
representation is convenient because, 
as seen below, each Fourier component 
with wave vector k serves to transfer 
the momentum hk from the incident 
particle to the electron. Alternatively, 
the same momentum can be trans
mitted by emission and reabsorption of 
a photon with momentum ±hk. Emis
sion of a photon of momentum hk by 
the incident particle is proportional to a 
matrix element of seca· A. exp( -ik· r), 

• When Eq. 7 breaks down, the energies of an atomic electron and o( the incident 
particle become comparable in their center-of-mass system. 
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where seca is the relativistic current operator of the particle and A. the unit 
polarization vector of the photon (s = 1, 2 for two orthogonal directions). 
The absorption of the same photon by the jth electron is proportional to a 
matrix element of the corresponding operator eca.r A. exp(ik· TJ). The trans
mission of the photon with momentum ±hk proceeds through an inter
mediate state whose energy differs from that of the initial and final states 
by ack ± E,.. The sum of the contributions of these alternative channels 
yields the complete interaction matrix element in the form (42) 

~.ttl VII,O)- ::Sf dkl ~I r'k·'ll~~~ :&,..·,II 0) 

+ Ci"l•·l.,-tk·rll)(ttl :Est~~·l;·rljO)t 
:E, •• - (E./t&)• ~ 12. 

In Equation 12 the matrix elements between momentum eigenstates of 
the incident particle vanish except when k-(JJ-p')/A=q/A (momentum 
conservation). These matrix elements depend also on spin and other relati
vistic variables of the particle states, but the square of expression 12 must 
be summed or averaged over these variables. Under the condition 7 which 
governs our approximation, this sum or average operation, combined with 
momentum conservation, is equivalent to setting, in Equation 12, 

~I ~·r II) - (21r)1 1( k + ~ - ! ) 
~l•·l,rlk·rll)- O·l,(21r)11( k+ ~- !) 

where O=u/c. We also have 

:t, O·l, t~~·l, - 0•· t~~ 

where O•== O-<O·i>O is the component of 0 perpendicular to q. 

13. 

1 •. 

15. 

As seen in Equation 12, the Coulomb interaction exerts a force parallel 
to q and is accordingly called "longitudinal." The interaction through virtual 
photons is "transverse" because photon fields are perpendicular to q. The 
Coulomb interaction induces no parity change with respect to reflection on 
any plane that contains f because its interaction operator is even under this 
reflection, whereas the transverse interaction transmits one unit of odd 
parity with respect to reflection on the plane through f perpendicular to the 
(JJ, P') plane. Therefore, any atomic system which is isotropic, i.e., invariant 
under space rotations and reflections, is excited to states n' and n" of differ
ent parity by the longitudinal and transverse components of the interaction. 
We deal, then, with separate cross sections v,., and v,., for excitation to dif
ferent sets of states, even though pairs of levels E.• and E., often coincide 
for isolated atoms and molecules [Fano (42)]. 

In view of these considerations and of expressions 13, 14, 15, and 5, we 
can now enter Equation 12 into Equation 11 and find 

211'1Y ~ I F,.(q) I• I 0·· G,.(q) ,. t ( Q ) 
46"- mv' zl Q1(1 + Q/2mel)1 + [Q(l + Q/2mel)- &'/2me•]•f 1 + me• dQ 16· 

211'1'" dQ I 46,. ,_ mv' Ql Z I F,.(q) 1 (nonrelativiatic) 16a. 
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where Z is the number of electrons per atom (or molecule), 

F,.(q) - z-111'1:1("1 e'"'q ·rill 0), 

G,.(q) =- z-1111:1(,.1 «ie'"'q ·rill O) 
17. 

and where n stands for either n' or n" with the understanding that either 
F,. or G,. vanishes for any state of given parity. Notice that the transverse 
interaction becomes negligible as compared to the electrostatic one in the 
nonrelativistic limit 16a. The simple structure of Equation 16a is very impor
tant. It represents cUT,. as the product of (21rs1e4/mv1)dQ/QI, the Rutherford 
cross section for scattering on a free electron at rest with transfer of the recoil 
energy E,. = Q, of the number Z of atomic electrons, and of a factor (called 
the "inelastic form factor") which represents the probability of excitation 
of an atom to the level n if one of its atomic electrons has received a recoil 
momentum q.7 

For the purpose of applying Equation 16 to the stopping power of iso
tropic materials, the matrix elements 17 may be regarded as functions only of 
the magnitude of q, i.e. of Q, and of the energy E,. of the final staten, even 
though they depend formally also on the direction of q and on any orienta
tion characteristics of the states 0 and n. The ground state 0 of an isotropic 
material has, of course, no orientation characteristics, at least on an average 
basis. The orientation characteristics of n and of q average out at later 
stages of the calculation when a summation over the final states n is carried 
out with a weight function that depends only on E,., because excited states 
of an isotropic system with different orientation are degenerate in energy. 

7 The classical derivation of the Rutherford formula for collisions with impact 
parameter b gives Q-[(ul/bl)(2b/v)}'/2m-2(s1e4/mff')/bl, where ul/bl is, in essence, 
the peak force between the charges and 2b/v the effective duration of the collision. 
The Bohr theory (25) was based, in effect, on Eq. 16a even though no method was 
available in 1913 to calculate I F,.l•. In a sudden collision involving a classical system 
consisting of many particles, the energy absorbed by the system is the same as 
though the particles were free. Bohr surmised that this must remain true as a statisti
cal average in a quantum system and, therefore, that the unknown I F,.j1 must be 
such as to fulfill Equation 27. To calculate completely the nonrelativistic form of 38, 
Bohr required only the limits to the range of variation of Q. For the upper limit to Q, 
energy and momentum conservation gave him the correct value (Eq. 20). The lower 
limit was set by Bohr through the requirement that the collision be sudden, i.e., that 
its duration "'b/v remain shorter than the reaction time "''~~/&of atomic electrons, 
since slower ("adiabatic") collisions yield no energy loss. This consideration gives 
Q.m.~1e4/mv'bm-'"'~e4&1/mu''ll1 -(ui/'Av)'E,.1/mff', a limit which is less restrictive 
than the limit (Eq. 18) set by momentum and energy conservation whenever ui/'Av<1. 
The limit (Eq. 18) becomes apparent when attention is focused on the momentum 
transfer rather than on the impact parameter. The stopping power formulas obtained 
by Bohr and the one obtained later by Bethe (10) are connected by the Bloch formula 
(18) which reduces to the other two in the limiting cases u1/~1 respectively. The 
Bohr limit becomes relevant only at low velocities (not considered in this article) at 
which atomic electrons are normally captured by the incident particle. 
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2.4 Mapping on the (Q, En) plane.-The inelastic collisions have been 
classified above in accordance with the energy transfer ~ and recoil param
eter Q. The calculation of stopping power involves an integration over these 
variables. Let us consider the anticipated contribution to the integral from 
various regions of the (Q, ~) plane, which are indicated in Figure 2 with 
logarithmic scales. 

Equations Sand 9 define Q as a monotonic function Q(~, 8). To the limi
tation 8 ;;:: 0 corresponds 

Q;;:: Qmm(E..) - Q(E,., 0) - .&.1/2mv'- relativistic terms 18. 

The full line in Figure 2 represents the function Q= Q(~. 0). The integration 
extends only over points above this line. 

The other main relationship between Q and~ results from the momen
tum balance in the collision. If an atomic electron were initially free and at 
rest, a collision with momentum transfer q would send it into the final state 
with momentum q and energy En= Q. Therefore, under this idealized, un
realistic circumstance, Fn( q) and Gn( q) would differ from zero only along 
the line Q=~ shown in dashes in Figure 2. In fact, the final state is not 
uniquely determined by the momentum transfer q from the incident particle 
to the electron because an atomic electron is subject to forces and thereby 
exchanges momentum with the rest of the atomic system to which it be
longs. Therefore, Fn(q) and Gn(q) differ significantly from zero through
out a region of the (En, Q) plane, on either side of the line Q =E.,., which 
is indicated by the shaded area in Figure 2. The width of this region de
pends on the magnitude of the likely momentum exchanges between the 
electron and the rest of its atomic system. As an index of this magnitude we 
take the mean square momentum of the electron in its initial ground state, 
since momentum exchanges decrease after the electron moves away from 
nuclei following the collision. The mean square momentum is 2m(K)0 in 
terms of the more familiar mean kinetic energy. It differs, of course, for 
electrons of different atomic shells, but an average (K)o over all atomic elec
trons may be considered. More specific information on the statistical corre
lation between En and Q, which results from the values of Fn(q) and G,.(q), 
is afforded by inspection of the matrix elements Fn(q) calculated for atomic 
hydrogen (10). From this inspection one obtains a parameter relevant to 
Figure 2, namely, the variance of the fractional departures of En from Q 

<(&- Q)1) ,_ 2(K)o 
&+Q .&.+Q 

19 

An analogous, more precise, result is given by Equation 69 in Section 5. 
Significant values of the cross section dun are, therefore, expected to lie 

within a strip about the line Q=En which is very narrow (on the logarithmic 
scale of Fig. 2) for large En and flares out rapidly as E,. decreases to the point of 
being comparable to (K)o. 8This strip is indicated in Figure 2 bytheshadedarea. 

1 The flaring out is far more gradual in heavy than in light elements, because of the 
large spread in the values of (K)o for different shells. 
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For large values of Q and E,., the strip lies below the full line in Figure 2, 
that is, outside the range of integration over Q defined by Equation 18. 
Therefore, as a result of momentum and energy conservation, no collision 
occurs with energy loss E,. beyond the intersection of the strip and the full 
line (except as noted in Sec. 4). The intersection lies at the root of the equa
tion Q(E,., O) = E,., namely at Q = E,. = Qmu.t where 

Q-- 2w/(1 - v1/cl) 20. 

under the condition 7. The exact value (10) is 

· Q- - 2m(E'- ..lf¥)/[(M1 + ml)c1 + 2mE] 20a. 

For intermediate values of Q and E,. the strip lies entirely above the line, 
within the region consistent with Equation 18. Thus the theory need not 

I no 

.....___ 
Q=Q(En,O) 

Fig. 2. Diagram of probability distribution of collisions with 
different values of Q and E,.. 

/ 

1 
Q=En 
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consider the restriction imposed by Equation 18 explicitly in this range, and 
is thereby greatly simplified. The separation of the strip from the line is char
acterized graphically by the "empty crescent" between line and strip in 
Figure 2. The points of the chord of this crescent lie at values of E,. for which 

(K}o «E.« 2mv1 21. 

Therefore, the occurrence of the crescent and the simplification resulting 
from it depend on the condition (K}o«2mv2, i.e., on the incident particle 
being much faster than the atomic electrons. Failure of condition 21leads to 
a more difficult situation discussed in Section 4. 

At low values of E,. the shaded strip reaches down to and below the full 
line of Figure 2. 

Additional remarks can be made about the contribution of transverse 
excitations to Equation 16. In the first place, {j, and consequently the whole 
contribution vanish at the limit 8=0, Q=Qmin (i.e., on the full line) because 
q is parallel to ~ at this limit. (A moving charge does not emit or absorb 
photons in its own direction.) Therefore, the limit Q = Qmin need not appear 
explicitly in the integrated contribution of transverse excitations to stop
ping power, as will be verified in Section 2.8. Secondly, the denominator of 
the second term in Equation 16 increases rapidly as Q increases, without any 
compensating increase of G,.(q) in the numerator. As a result, values of 
Q»Qmin contribute little to transverse excitations. These excitations are 
thus confined to a narrow strip parallel to the full line in Figure 2 lying a 
little above it. This strip lies within the shaded strip only at low Q and again 
at high Q. The lack of points common to the two strips at intermediate Q 
means that transverse interactions can be disregarded here. This circum
stance has facilitated the theory (10). 

2.5 Low-Q approximation.-ln the range of low Q, the matrix elements 
F,.(q) and G,.(q) can be evaluated by expanding the exponential within them 
into powers of q to the lowest nonvanishing order, namely, q1 for F,. and qo 
for G,.. The expansion assumes that 11/ q is much larger than the linear dimen
sion of the atomic system under consideration; it does not hold for macro
scopic amounts of condensed matter that behave as a single atomic system 
and are treated separately in Section 2.10 and 2.11. 

The matrix elements F,. and G,. reduce, in this approximation, to dipole 
and velocity matrix elements, respectively. Moreover, the velocity element 
equals the dipole element times iE,./11. One finds thus 

I F,.(q) l•l"oj z-tgtj (l:;x,).o l'/111 - QJ./E. 22. 
IO·· G,.(q) l•l"oj z-tp,•&•l (2:/Y/).o l'/111&1 - (J,'f,.&/2m&1 23. 

where XJ, 'JJ are electron coordinates in the directions of q and ~" respec
tively, and f,.. is the optical dipole oscillator strength for excitation to the 
level n.• 

• The oscillator strength is defined here with the normalization factor z-t, which 
leads to 33 instead of z,J.-z. 
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Substitution of Equations 22 and 23 into the dq,. given by Equation 16 
makes this expression easy to sum over nand integrate over Q. In the trans
verse excitation term, Q can be replaced by 

1 ·'· _ q.~n' _ Qm~n(QmiD + 2me1) 2., 
~~ ~ ~+~~ ~ 

where t/1 is the angle between p and q. This yields 

2r~'" j tlQ sin'"' l 
E,.tk,. ,_ mv' Zj,. ~Q + "' (l _ "'~'!/!)' 4(~1 1/1) ~ 25. 

2.6 Intermediate-Q range.-This is the range in which the shaded area in 
Figure 2 is detached from the line Q = Qmin and in which the contribution of 
transverse excitations is assumed to be negligible. Detachment from the 
limit of integration over Q-which depends on E"-enables one to calculate 
contributions to stopping power by carrying out the sum over the levels n 
for each value of Q. Dropping the transverse term in Equation 16 as well as 
relativistic corrections of order Q/mc1, we obtain from Equation 16 

2w-•'" tlQ I 
l;J;,.tk,. .. ""'' z Qa l;,.E,. F,.(q) I' 26. 

There is no need here to evaluate I F,.(q) 1• itself, since a sum rule given by 
Bethe (10) (a generalization of "J;,J,. = 1) yields 

'l;,.E,. I F,.(q) I' - Q 21. 

With reference to the interpretation of I F n I 1 at the end of Section 2.3, the 
important result 27 means that, when atomic electrons receive a momentum 
q, they absorb on the average the same amount of energy Q as though they 
had been free and at rest, regardless of atomic binding and of the spectrum 
of energy levels E,.. 7 

Relativistic corrections Q/mc1 have been dropped in the expectation that 
the high-Q approximation holds whenever Q/mc1 «1 fails. It has also been 
implied in Equation 27 that Q (or q) is sufficiently low to insure that rela
tivistic values of E,. do not contribute appreciably to the sum. Indeed, Equa
tion 27 rests on the assumed use of nonrelativistic wave functions in the 
matrix elements Fn. These assumptions break down, in fact, for the excita
tion of K-shell electrons in heavy elements, and are not very accurate for L 
electrons in heavy atoms or for the K electrons of medium-heavy elements. 
The errors incurred by the stopping power theory on account of this in
accuracy do not appear to have been studied extensively, but Perlman (94) 
found the stopping power of the mercury K electrons for incident 1-MeV 
electrons to be twice as large as predicted by a nonrelativistic calculation.10 

Even though Equation 26 introduces such a substantial error in the contri-

10 According to Perlman, the ejection of K electrons by electron collisions shows 
relativistic effects of to-20 percent even for incident energies ,_50 keV and binding 
energies ,_g ke V. Analysis of this calculation might be an initial step to a serious study 
of the upper limit of the intermediate-Q approximation. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


PENETRATION OF PROTONS, a PARTICLES, MESONS 13 

bution of individual electrons to the stopping power, the total error may not 
exceed the order of 1 percent because the innermost shells contain only a 
small fraction of the electrons of heavy elements. 

2.7 High-Q approximation.-When Q»(K)o, the mean kinetic energy 
that represents the effect of atomic binding in Equation 19, E,. cannot depart 
much from Q. One disregards, then, this departure, and the binding respon
sible for it, and evaluates the matrix elements F,.(q) and G,.(q) (Eq. 17) as 
though the initial and final electron states were free-particle momentum 
eigenstates, with momenta Po== 0 and p,. == q. This evaluation, carried out 
with Dirac relativistic wave functions and with appropriate averaging or 
sum over alternative spin orientations, yields 

I It 1 + Q/2mct 
F,.(q) ,_ 1 + Qjmct 8,.q 

I It t Q/2mct 
(J,· G.(q) ,_ fj, 1 + Qjmct 8.q 

28. 

where the Kronecker 8 indicates that the matrix elements vanish unless the 
state n is an eigenstate of momentum q. Substitution into Equation 16 gives 

2.,zte4 j 1 fj,t t 
~~ ..... mf1t z 1Q(1 + Q/2mct) + 2mct~dQ 29• 

Notice that this expression reduces to the "intermediate-Q" results 
{Eqs. 26, 27), in the nonrelativistic limit Q«mc2• No separate high-Q approx
imation is, therefore, required for 13 «1. On the other hand, the contribution 
of transverse interaction predominates in the opposite limit Q»mc2• Part of 
the dependence of Equation 29 on Q is included in 

fj,t - fjt(1 - 9.mlnt/g') - (1 + Q/2mct)-l - (1 - fjt) 30. 

Substitution of Equation 30 into Equation 29 allows one to combine the 
longitudinal and transverse contributions11 to yield 

~,. - 2nte4 Z (..!.. - 1 - IJ'\ dQ 31. 
mt11 Q 2mct-J 

2.8 The basic stopping power formula.-The stopping power theory leans 
heavily on the possibility of piecing together the low-, intermediate- and 
high-Q approximations. For this purpose we assume that a value Q1 of Q 
exists at which the results of both Sections 2.5 and 2.6 are applicable and 
another value Qt exists at which Sections 2.6 and 2. 7 hold. Shortcomings of 
this assumption will be discussed below. 

In the low-Q range we integrate Equation 25 from Qmin• as given by Equa
tion 18, to Q1 and over cos2 t/1 from 0 to 1 and find 

f Oa 21rste4 j Q1 1 t 
E,. J Omln "" - mv1 Zj. 11n E,.t/2mfl' + In - IJI - fjt ~ 32· 

u Heretofore, calculations have given 31 directly without prior separation of longi
tudinal and transverse contributions. 
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The remaining summation over n is trivial for the terms that contain only 
J,., owing to the Thomas-Kuhn sum rule 

33. 

The sum over the term with lnE,. is represented by means of an important 
atomic parameter, the mean excitation energy I, which is a logarithmic 
mean over the excitation energies E,. weighted according to the correspond
ing oscillator strengths/,. and is defined by12 

In I - 1:.J,. In E,. 34. 

Equations 32, 33, and 34 yield, then, 

f. Oa 21rz1e4 1 Qt2mfl1 1 f 
1:.aE.. dv.- --1 Z In [I +In 1 1 - fJ1 

~~ ~ -fJ 
35. 

In the intermediate range, Equations 26 and 27 lead directly to 

rOt "J:.,.&dv,. - 2n'e4 z In Q. 36. 
Jo, mfl1 Q1 

In the high-Q range, Equation 29 is to be integrated from Q, to the upper 
limit Qmaxu given by Equation 20. The expression 30 of {3,2 is to be used and 
Qa/mc2 disregarded, in keeping with the intermediate-Q approximation. This 
yields 

f. Omax 2n•e4 ~ 2mfl• 1 f 1:.a£.dv,. - --Z In-- + In - {!J1 

Ot mfl1 Qa 1 - fJ1 
37. 

where the last two terms in the braces arise from the transverse excitations1• 

and are identical to the corresponding contribution to Equation 35. 
The sum of Equations 35, 36, and 37, multiplied by N in accordance 

with Equation 1, gives the complete stopping power to within corrective fac
tors indicated by C/Z and 8 and discussed below. We write 

- dE - N"J:.,.& f Omu dv,. 
ds Jo..~ 

21rz1e4 ~ (2mfl1)• 1 C f 
- --NZ In + 2ln - 2{!J1 - 2-- & 38. mfll [I 1 - (!JI Z 

41rz1e4 ~ 2mfl1 1 C f ---NZ In-+In - fJ'--- j& ,.,. I 1- {!J1 z 

11 The energy I is often treated in the literature as an adjustable parameter of 
stopping power theory, which may depend on the velocity of the incident particle. 
Here, as in (10) and (130), it is treated as a property of each material defined by Eq. 
34, regardless of the kind and speed of the incident particle, even though its numerical 
value may not be well known and is in practice commonly obtainc!d by fitting the 
theory to experimental results. 

1a The integration would extend to Q- co in principle, but the approximation intro
duced in Sec. 2. 7 requires the introduction of a cutoff at Qmaz. 

u Integration of Eq. 31 instead of Eq. 29 leads to a form of Eq. 37 with the first 
two terms in the braces combined to yield In (Q-JQ,). 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066
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and note that 
-kz•tj4NZ/mfJ1 - 0.307{r1z1Z/ A MeV /g em-• 38a. 

where A is the chemical atomic weight. 
Notice that Q. and Q2, introduced to delimit the three approximation 

ranges, cancel out in the sum. 
The stopping power formula 38 is the product of two factors. The first, 

in front of the braces, is a monotonically decreasing function of the incident 
particle's velocity. The second, in the braces, is a slowly (logarithmic) mono
tonically increasing function of the particle's energy. The second factor's 
influence predominates only at very low energies, below 1 MeV, where the 
logarithmic rise is comparatively fast, and at extremely high energies, where 
the first factor approaches its limiting value (v ...... c2). The stopping power 
increase at high energies stems from the transverse interaction and is called 
the "relativistic rise." This rise diverges logarithmically in the high energy 
limit, but the diverging term requires some modification and some reinter
pretation, to be discussed in Sections 2.11 and 2.12. In the intermediate 
energy range, from less than 1 MeV to more than 1 GeV for protons, the 
first factor's influence predominates and causes the stopping power to 
decrease with increasing energy of the incident particle. 

The principal nontrivial factor in the theoretical evaluation of the stop
ping power for each material thus becomes the determination of the average 
excitation energy I. This problem will be treated in Section 3. The remain
ing problems concern inaccuracies of the approximations utilized in the deri
vation of Equation 38. Of course, even sizable errors incurred at specific 
points of the calculation may have only a minor influence on the integral 38. 

The chief inaccuracy lies often at the junction of the low-Q and inter
mediate-Q approximations. The existence of a Q., at which both approxima
tions hold, depends on the validity of the low-Q formulas 22 and 23 all along 
the line Q=Qmin1 defined by expression 18, until it emerges from the strip 
defined by Equation 19. The low-Q formulas hold for Q«(K)o and Q«E,., 
conditions which are fulfilled by the relevant values of Q and E,. provided 
Equation 21 is satisfied, that is, provided the incident particle is much 
faster than the atomic electrons. This condition is actually satisfied for high 
energies of incidence and for the majority of atomic electrons, but it fails 
increasingly for inner electrons and at lower energies of incidence. The modi
fications required by this failure, called "inner shell corrections," are repre
sented by C/Z in Equation 38 and are treated in Section 4. 

Inaccuracies arising from inadequate overlapping of the intermediate 
and high-Q approximations at Q = Q2 have not been studied, as noted in 
Section 2.6. They include the possible effect of transverse excitations in this 
range and result, like the inaccuracies at Q = Q1, from the high speed of inner 
shell electrons in heavy atoms. 

Other appreciable corrections stem from the "density effect," that is, 
from modifications to the low-Q formulas 22 and 23 which are required for 
application to condensed materials (see Sec. 2.10, 2.11). They involve a 
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more careful definition of the parameter I and the introduction of a in 
Equation 38. 

2.9 Range Jormula.-The range of a particle of given initial kinetic 
energy Eo traversing a given material is variously defined as the mean path
length covered by it before coming to rest or the mean distance traveled in 
its initial direction (depth of penetration). These two definitions differ some
what on account of small deflections of the particle track, to be discussed in 
Section 6. In this article "range" means the mean pathlength, and the depth 
of penetration will be called "projected range." Normally it is sufficient to 
evaluate the mean pathlength in the continuous slowing down approximation 
(Sec. 5) which yields the result, to be called "c.s.d.a. range" in accordance 
with (87), 

r•· dE 
R(Eo) - J o -dE/tls 39. 

Poor knowledge of the stopping power at low energies, E <1 MeV, causes 
little uncertainty in R(Eo) for Eo»1 MeV, since the interval E <1 MeV 
corresponds to large values of -dE/ds and thus contributes little to the 
integral. In practice it is convenient to separate the interval of integration 
in Equation 39 into a small part, 0 <E <E1"'1 MeV, whose contribution is 
taken from experimental data, and a large one, E1 <E <Eo, which can be 
obtained from theory. 

The stopping power, as given by Equatiol) 38, depends on the particle's 
kinetic energy only through its velocity. Therefore it is a function of E/ M, 
where M is the particle's mass. The stopping power is also proportional to the 
squared charge of the particle z1e'. These circumstances enable one to obtain 
the range functions of different particles from one another by a scaling oper
ation, at least within the approximation 38. If we call S11(E) the stopping 
power (Eq. 38) of a given material for protons, the stopping power for 
another heavy particle of charge se and of mass M, in units of the proton 
mass, is s1S11(E/ M) and its range will be 

r•• dE M r•etll d(E/M) M f~) 
R(Eo)- Jo s'S,(E/M)- s1 Jo S,(E/M)- 11 R, \M 40. 

This scaling operation does not apply to the onset of corrections for 
electron capture and loss at low particle energies. These corrections depend 
on the value of ze'/ltv, the velocity ratio for a captured electron and the 
particle, and thus set in at higher velocity for a particles (s == 2) than for 
protons. They can be applied by separating out the integration over the low 
energy interval as noted above (see also Sec. 8.3). 

The current availability of range tables is discussed in Section 8. The 
c.s.d.a. range considered here coincides with the most probable pathlength 
only if the pathlength fluctuations, called "straggling," are symmetric about 
the mean. Departures from symmetry may be appreciable (see Sec. 5), 
especially when one deals with partial ranges, that is, with the mean path-
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length R(Eo)- R(Et) traversed within a given small energy interval from 
Eo to E1. 

2.10 Low-Q longitudinal excitations in condensed materials.-The basic 
low-Q approximation formula 22 for longitudinal excitations involves an 
expansion of exp (iq· r/h) into powers of q. Practical use of this expansion 
implies that the positions (ri, Tk) of electron pairs of the atomic system of 
interest are correlated only over distances I ri-rkl «A/q. This condition is 
met by low density gases which are properly regarded as assemblies of small 
independent molecules but is not met by denser materials whose electrons 
are correlated over distances >A/q. It was believed until the 1950's that, at 
least, molecular or ionic solids and liquids could be treated on the same basis 
as gases, but this model proved to be of uncertain applicability owing to the 
influence of electric interaction between densely packed molecules or ions in 
their excited states. 

In the application of stopping power theory to condensed materials, one 
can still utilize formally the low-Q approximation formula 22 provided that 
the oscillator strengths be defined by the double-limit procedure16 

f,. - lim lim E,.l F,.(q) 11/Q 41. Q-oz-· 
The limit Z = oo means that one includes larger and larger groups of atoms 
in the atomic system of interest. Thef,. so defined still obey the sum rule 33, 
l;J,. = 1. The energy levels E,. to be entered, together with the f,., in the 
definition (Eq. 34) of I also must be understood to pertain to the limit Z = oo. 

Thus, longitudinal excitations in condensed materials may be included 
in the theory of stopping power merely by a more careful definition off,., E,., 
and I. This redefinition has little consequence as long as the value of I for a 
condensed material is obtained from stopping power experiments. On the 
other hand, the problem of determining I for a condensed material by work
ing out thej,. and E,. of the aggregate from the properties of its constituent 
atoms or molecules is difficult and, in the main, unsolved. Nevertheless, 
substantial understanding of this problem has been achieved, and is helped 
by relating the spectral levels and intensities observed under different con
ditions to a single macroscopic parameter, namely, the dielectric constant 
E(6)) of the material of interest. This parameter serves also to connect the 
quantum theory of stopping power with the classical one. 

It is convenient for this purpose to consider three alternative expres
sions of E, namely 

e(c.~) - 1 + a,(c.~) 
1/elc.~) - 1 - at(c.~) 

e(c.~) _ 1 + fa,.(c.~) , e(c.~) - 1 ... _! a,..(c.~) 
1 - la,.(c.~) e(c.~) + 2 3 

42a. 

42b. 

42c. 

11 The symbol Z indicates, in this article, the number of electrons in the system 
(atom, molecule, aggregate) under consideration. It coincides with the atomic num
ber, its usual meaning, only when the "system" consists of a single atom. 
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The quantities a on the right-hand side are different types of polarizability 
which manifestly coincide in the limit IE -11 = I a, I «1. This limit is realized: 
(a) for a low density gas at all frequencies w, and (b) at very high frequencies 
for all materials. 

In case (b), intra-atomic forces are negligible as compared to the elec
trons' inertia so that the material behaves as a free electron gas, for which 

a(w) - - 4tre1NZ/n~Ca~1 - - w"1/w1 43. 

where NZ is the electron density and w11 is called the plasma frequency. Note 
that 

43a. 

where pis the density of the material and Z/ A its number of electrons per 
unit atomic weight. In case (a) the polarizability is expressed in terms of 
the energy levels En of single molecules and of the corresponding oscillator 
strengths by the familiar expansion 

where 'Y represents a very small damping constant. The essential effects of 
damping can be treated by considering, instead of Equation 44, its limiting 
form 

In a condensed material, each of a,(w), az(w), and a,.(w) possesses an 
expansion 44, but with different spectral parameters En and f,., which are 
observed, as we shall see, under different conditions. The key point for us is 
that Equations 42a, b, and c establish a link between the different spectra. 
In particular, the function a(w) obtained by entering in Equation 44 the 
values off,. defined by Equation 41 and the corresponding levels E,. of 
low-Q longitudinal excitation has been identified with a,(w) [Fano (43), 
Sec. 5]. This set of levels and strengths is observed in the spectra of energy 
losses experienced by fast electrons traversing thin ( ,_,500 A) films of ma
terial [see, e.g., Marton et al. (77)]. On the other hand, the f,. and E,. per
taining to the expansion of at(w) come under direct observation in the study 
of optical properties of a material, since E(w) = 1 +at(w) is the square of the 
refractive index. Finally, the Lorentz-Lorenz formula 42c is relevant to gases 
and to cubic lattices of molecules; provided the short-range molecular inter
actions in these materials are not too strong, the spectral characteristics of 
a,.(w) remain close to those of single molecules. 

A striking manifestation of the link between the spectra observed 
in different circumstances is found in metals and semiconductors. The 
strong optical absorption of these materials in the infrared implies that 
the expansion of a,(w) involves a continuum of levels with large strengths 
f,. in this range. It follows then from Equation 44a that the real part of 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


PENETRATION OF PROTONS, a PARTICLES, MESONS 19 

E(w) = 1 +a,(w) is large and negative in the visible and near ultraviolet, 
as shown by metallic reflection. No energy levels En of longitudinal exci
tation, which correspond according to Equation 44a to peaks in the imagi
nary part of 1/E(w) = 1 -az(w) = 1-a,/(1 +ac), can then occur in this range. 
These levels occur instead at higher frequencies where latl has decreased to 
the point where Re(l +ac) vanishes and metallic reflection subsides. A char
acteristic energy level of intense longitudinal excitation by charged particles 
traversing a metal is indeed observed near the energy where a metal stops 
reflecting. This energy may be regarded as one quantum liw.p' of free oscilla
tion of the plasma of conduction electrons, where wp'2 =4re2NZ'/m and NZ' 
is the density of electrons participating in the infrared optical absorption. 

The upward shift of the main level of longitudinal excitation with respect 
to the levels of optical (transverse) excitation arises from the Coulomb repul
sion of electrons over distances of the order of li/q. Because of this strong 
interaction, the excitation involves a very large number of electrons and 
thus acquires a collective character which has been studied in some detail 
only for the model of free conduction electrons in metals [Bohm & Pines (22)]. 
The importance of the upward level shift for the stopping power of metals 
(where lnEn would be - oo if the levels of the spectrum of a 1 were relevant) 
was first appreciated by Kronig & Korringa (67), Kramers (66), and Bohr 
(23). A similar shift appears to occur, to a greater or smaller degree, in all 
condensed materials, but both theory [see, e.g., (1, 43, 44, 92)] and experi
mental evidence [see e.g. (77, 102)] are still fragmentary. Knowledge of 
E(w), which embodies all spectral properties of long-wave excitations, 
throughout the range of interest into the far ultraviolet is quite scarce; and 
attempts at detailed verification of the consistency of longitudinal and trans
verse spectra, through Equations 42a and b, are just beginning [La Villa & 
Mendlowitz (69)]. 

Our remaining task in this section is to express the energy loss of 
charged particles through longitudinal low-Q excitations in terms of E(w). 
To this end one can multiply the right-hand side of the definition 34 of I by 
2fo00wdw tJ(w2-En2/1i2) = 1 and rearrange the result by means of Equations 
44a and 42b, to yield 

In I==- ~1m - lnhc.J 2 i. [ -1] 
rw111 o e(w) 

34a. 

A similar adaptation of Equations 32 and 35 yields 

f <h 2rz1e4 2mv'Qt 
N'E.,.E,. (dcTn)lonalt. == --1 NZ'E.,.f,. In E,.t 

Qmln mv 

z1e1 r· [ -1 J 2mv'Q1 
== 1r'flt J o ~ Im e(w) In (hc.J)I 

45. 

One also can obtain the same Equation 45 by macroscopic theory, consider
ing the energy and momentum losses experienced by a charged particle as it 
traverses a medium characterized by E(w) [Frohlich & Pelzer (49), Hubbard 
(57)]. Notice, in Equations 34a and 45, that Im[ -1/E(w)] = Im[E(w))/ I E(w) 11 ; 
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thus the difference between the optical spectrum and that of longitudinal 
excitations is represented by the factor 1/ IE( (a.)) 12• This factor may be 
attributed to the dielectric screening of the squared electric field of the inci
dent particle and reduces to 1 in the low density limit. 

2.11 Low-Q transverse excitations in condensed matcrials.-The density of 
a material influences the nature of transverse excitations very substantially 
and, in particular, changes the trend of the stopping power versus energy 
curve in the high energy limit. This effect of strong interactions among 
atoms within the material may be described from different points of view. 
It was first studied by Fermi (45) and others [and reviewed by Uehling 
(130)] by treating the material as a macroscopic medium in which the field 
of an incident particle propagates and dissipates energy. Here we shall con
tinue to utilize an atomistic point of view. 

A main difference between longitudinal and transverse excitations lies in 
the occurrence, for transverse excitations of momentum q, of the energy CtJ. 
which photons with this momentum have in ~mpty space. Atomic electrons 
interact by emission and reabsorption of these photons not only with the 
incident particle but also with one another. This interaction is weak in a gas 
because of the small number of electrons perturbing each other; the deriva
tion of the perturbation formula 12 may be said to assume that each excited 
staten of the material contains a small admixture o£ photon excitation. In 
condensed matter, perturbation theory no longer suffices to treat the cou
pling between electrons and photons. Neamtan (90) emphasized that the 
strength of this coupling is indicated by the departure from unity of the 
refractive index n = [E((a.))]llt which is proportional to the momentum-energy 
ratio for a photon. 

In the presence of tight coupling, long-wave-i.e., low-q--transverse 
excitations are represented by superpositions of electronic excitations and of 
photons with comparable amplitudes. The properties of these excitations are 
represented in terms of the dielectric constant E((a.)) of the material [Fano 
(43)]. Their energy levels ~ are given by the roots (a,) of c2q2 -(1.)2E((a.)) =0. 
The cross section for excitation of such a level, which corresponds to the 
second term of the atomic cross section (Eq. 25) multiplied by N, is 

ztet [ (JI sint 1/1 J d(cost 1/1) 
N1u.J(tk.,hraa •. - 11'11' ~ Im 1 _ (Jie((l>) cost 1/1 cost 1/1 

- stet ~{J' [ sin' 1/1] es((l>) d(cost 1/1) 46. 
11111 1- {J1et((l1) cos1 1/t 1 + {J'ea1((11) cos' !/I 

where Et = ReE, E2= lmE. Integration over cos2 1/1 yields the analog of the sec
ond and third terms on the right-hand side of Equation 32 

N1u.J(du.,hraa•. - :: ~Im ~ [{J1 - .:(11)] In 1 _ ~e((l>) ~ 
ztet l es((l>) ] - -~ In [(1 - fJ'••)' + fJ'esa -•ts 
1111' I •<(11> I' 

r I el((l>) J (jle, l +I! - I e((l>) It arctan 1 _ fJ'-.~ 47. 
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In the low density limit (Es-o, Et-1). this formula reduces to the cor
responding portion of (32).18 

The logarithmic divergence of Equation 32 for P-1 stems from the fact 
that emission of a photon by a free incident particle is barely preYented by 
conservation of energy and momentum when {3 approaches 1 [Fano (42)]. 
\\'hen proper account is taken of the interaction between photons and 
atomic electrons, emission of radiation is seen to be possible indeed at fre
quencies for which E1(w) > 1/{32 > 1, more specifically, according to Equation 
46, at cos2 1/1 = 1/{32E(w) < 1. This emission is the Cerenkov radiation which 
may be described as consisting of "dressed" photons, i.e., of photons accom
panied by electron excitation; the coupling reduces the dressed photon's 
energy from cq to cq(Et)l''· The integral over cos2 1/1 corresponding to this 
emission is now seen to be finite and to contribute the second term on the 
right-hand side of Equation 47, where the arctangent approaches 11' for 
{32Et(W) > 1. 

The total energy loss through low-Q transverse excitations is obtained 
by integrating Equation 47 over w from 0 to co. The integration succeeds 
best by complex variable techniques (45, 55, 118) summarized in App. B of 
(43). Its results are discussed in (130)17 and have been represented by insert
ing in the braces of Equation 35 a "density effect correction" -o,18 where 

8--2 ~ J"'~ Im [...=..!..]In (1 + ~) - ~1'(1- ~~) l 
'lnllp21 o t(w) w2 2 ~ 

• T.,.f,. In (1 + -~2-12) - 12 -1---fJ_' 
J.;,.t c.Jpt 

48. 

18 The spectral distribution (Eq. 47) of transverse excitations produced by a 
charged particle differs from the distribution of excitations produced by incident 
white light because of different circumstances affecting the momentum transfer in the 
process. 

17 References (130, 55, 118, and 121) set out to treat simultaneously the effects of 
atomic interaction on longitudinal and transverse excitations. The oscillator strengths 
j, and frequencies ,, in these references pertain to isolated atoms or molecules; 
separate frequencies z, are introduced which correspond to the E,. of the present treat
ment and are defined by z,-(••'+wp2f,)111 [Sternheimer (120)]. This relationship be
tw~n the spectra of aggregates and of single atoms implies that lc.Jpf,.1''«1 E,.+t-E,.l, 
an assumption that would be inadequate to treat the spectra of optical electrons in 
condensed matter per se, but appears adequate for the calculation of 8. In fact, it is 
regarded as adequate to lump together into a single pair of parameters u,, l,) the 
oscillator strengths and levels pertaining to the excitation of each atomic shell or 
subshell. 

18 Since 8 modifies the contribution of low-Q transverse excitations in the braces 
in the middle of Eq. 38, namely In [1/(1 - ~)]-~.and since 8 is in fact comparable to 
this contribution under all relevant conditions, one might cease treating 8 separately 
as a "correction" and instead consider directly the correct contribution 

1 12 1-~· 
In 1 - ~· - ~~ - 8 - T.J,.In (E..' + A•l•)(t - ~~ - ~~ + l• "'~' 

This expression clearly reduces to In [1/( 1-~)]-~ for l'«(&, ~) and to 
2ln (1/Aw~) in the opposite limit 1-~«1, 11(1-~}-w,s. 
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and l, an imaginary frequency, is the root of 

1 - /J1E(i/) = 0 

that is, 

• ~PI 
a,(il) == T.,.fn E.Nh' + ll == 1 - IJI 

49. 

49a. 

This root does not exist at low energies where {J < 1/E1(0), in which case 
~ =0. As {31 increases above 1/E1(0) toward 1, l2 increases from 0 towards 
infinity and eventually-at extremely high energies-it becomes propor
tional to 1/(1-{32}, so that the second term of Equation 47 equals unity and 

1Jiwpl 
8-dn -1 [2(1 _ fJI) so. 

Note that thef,. and En in Equations 48 and 49a pertain to the expansion of 
az, that is, are the same as appear in Equation 47. Note also that the density 
of electrons in the material has a determinant influence on the value of l, 
since w112 is proportional to NZ. 

The numerical evaluation of l for any given material and value of {J may 
appear difficult, because very little information is available on the function 
E(w). However, this function behaves simply on the imaginary axis of w, 
decreasing monotonically from E(O) to 1 as shown by Equation 43. There
fore, crude information on the fn and E,. suffices for an estimate of l. The 
most detailed studies and calculations of ~ have been carried out by Stern
heimer (118, 121)17 ; tabulations are described in Section 8. 

2.12 High-Q effects at extreme relativistic energies.-The density effect 
removes the low-Q contribution to the ln[1/(1-{j2)] singularity of the stop
ping power formula 38, that is, one half of this singularity. The remaining 
part of the singularity, which arises from free recoil collisions with higher and 
higher Q, requires both reinterpretation and corrections at extremely high 
energies. 

The probability, per unit track length, of collisions that produce recoils 
with energy in excess of any given large value E,. decreases almost as fast as 
E,.-1 for increasing E,.. Therefore, for sufficiently large En, the occurrence of 
such recoils becomes insignificant as compared to the occurrence of nuclear 
or bremsstrahlung processes. In other words, at extremely large incident 
energies, where very large En can in principle occur and contribute signifi
cantly to the stopping power (mean energy loss}, the stopping power itself is 
no longer a relevant quantity because it is excessively influenced by unlikely 
extreme fluctuations. A relevant quantity is given in Section 7.1. 

At extremely high energies of the incident particle, where condition 7 
breaks down, corrections are required by the theory of stopping power. Some 
of these corrections allow for the failure of small recoil approximations like 
Equation 8, i.e., for the fact that the incident particle may lose an increas-
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ingly large fraction of its energy in a single collision as E approaches and 
overtakes (M/m)Mc2• Among these corrections is the replacement of the 
expression 20 of Omax with 20a. Other corrections allow for the interaction 
between the spin of the incident particle and the atomic electrons. They are 
introduced as additional terms on the right of Equation 14, terms that 
depend on the spin and magnetic moment of the incident particle. Results 
based on simple assumptions on the magnetic moment for spin j and 1 are 
given by Equations 3 and 4 of (130). Comparable results applicable to 
protons, with their anomalous moment, could be readily obtained but 
may never have been formulated as they would become important only for 
E>100 GeV. 

2.13 Failures of the Born approximation and their correction.-The basic 
cross-section formula 11 results from a calculation to the lowest non
vanishing order of approximation in the interaction between the incident 
particle and the atomic electrons. When the incident particle is much faster 
than the atomic electrons, Equation 16a can also be justified as the result of 
an impulse approximation, that is, as the product of the exact (Rutherford) 
cross section for collision with a free electron and of the probability that the 
electron recoH q yields an excitation of the atomic system to its level E 11 • In 
the opposite limit, when the incident particle is much slower than the atomic 
electrons, its influence is much weaker than that of the nuclear charge, and 
the Born perturbation approach is also well justified19 [see particularly the 
analysis by Henneberg (56)]. 

In the intermediate range of velocities, Equation 11 is not on firm foun
dations. Any error introduced by this equation has presumably been taken 
into account, together with others (shell corrections), through semiempirical 
procedures discussed in Section 4. Barkas points out, however (personal 
communication), that the next-higher-order correction to the Born approxi
mation contributes to the stopping power in proportion to the cube of the 
incident particle's charge (zer'. Therefore, this correction is of opposite sign 
for negative and positive particle pairs, such asp.±, ~±, protons and anti
protons. It could thereby be separated from shell corrections at particle 
velocities comparable to those of inner electrons but still large enough to 
prevent the more obvious effect of electron capture by the positive particles. 
Indeed, evidence has been accumulating of a significant range excess of~ 
over ~+hyperons generated under comparable conditions. No evidence of 
comparable accuracy appears to exist for other particle pairs. The theory of 
this effect remains to be developed. 

There are also radiative corrections to the basic theory which result from 

tt This statement applies, of course, only to incident heavy particles, whose motion 
remains nearly unperturbed, and not to electrons. For electron-atom collisions the 
Born approximation breaks down altogether unless the incident electron is much 
faster than the atomic electron. 
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the multiple virtual emission of photons by the incident particle. Recently, 
Tsytovich (129) has carried out a calculation of this effect to order e4 and 
e4ln1(e2). He emphasizes that the interaction of the virtual photons with the 
material magnifies the effect greatly for extremely high particle energy and 
high density of the material. The relevant condition is that the group velocity 
of virtual X-ray photons be smaller than the particle velocity. Tsytovich 
finds that the logarithmic factor in the "e4ln2(e1)" correction can become 
quite large so that the stopping power is reduced by 5-10 percent for 
densities .--4 g/ cm3 and energies E ~ 200 M c2• Ex peri men tal evidence in 
agreement with this result has been presented [see Sec. 7.1 (93)]. 

3. THE MEAN EXCITATION ENERGY [ 

The mean excitation energy I, defined by Equation 34 or 34a (Sec. 2.10), 
is the main parameter of the stopping power formula 38. Its determination 
presents considerable difficulty because the most important excitation ener
gies En lie in the range of 10 to 1000 eV where the oscillator strengths fn 
are poorly known. On the other hand, I represents an average, and, further, 
only moderate accuracy of I itself is required for the determination of the 
stopping power, because an uncertainty lll causes a relative error on the 
stopping power approximately equal to (lll/ I)/ln(2mv2/ I), where the loga
rithm is of the order of 5 in the range of interest. 

According to the Thomas-Fermi statistical model, atoms with different 
atomic numbers Z have spectral distributions of oscillator strengths, fn 
versus En, with the same shape and differing only by a factor Z in the scale 
of frequencies w or energy levels En.20 Therefore, I itself is proportional to Z 
in the approximation of this model {17). Further considerations (Sec. 3.2) 
show the ratio I/Z to be approximately 1Q-15 eV and to be larger at lower 
than at higher Z. Beyond this fundamental information, provided by theory, 
the main reliance is placed on experimental data at this time. 

The most significant data for this purpose have been obtained with 
protons of 30Q-700 MeV [Bakker & Segre (3), Mather & Segre (78), Zrelov 
& Stoletov (143), Barkas & von Friesen (6)], that is, in the energy range 
where the corrections C/Z and ~ in expression 38 are hardly significant. 
Until very recently, these data appeared to be in disagreement with data 
obtained (36) from good measurements with 10-20 MeV protons. However, 
the values of the stopping power in medium and heavy elements at these 
lower energies are affected by substantial shell corrections. It has become 
progressively clear since 1958 [Brandt, Lindhard (85)] that these correc
tions had been underestimated (see Sec. 4) and that experimental results at 
the higher and lower energies are in fact consistent. 

Table I presents a set of current estimates of I and of the ratio I/Z for 

10 Bloch ( 17) formulated the equation that governs this distribution, but the equa
tion has apparently never been solved. 
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TABLE I 

CURRENT ESTIMATES OF I• 

Reference (gen-

Substance z I(eV) 1/Z 
erally only latest 

published 
values cited) 

atomic 1 15.0 (theor.) 15.0 (32) 

H molecular { 19 (theor.) 19 (96) 
18.3±2.6 (76) 

in compounds 15-18 (128) 
He 2 42±3 21 (31) 

41.8 (theor.) (82) 
Li 3 40,38 13 (23,3) 

45,38.8 (theor.) (23,37) 
Be 4 64 (35) 

60, 66 (theor.) 16 (23, 37) 

c graphite 6 81 13.5 (128) 
in compounds 77-80 (128) 

N molecular 7 88 12.6 (128) 
in compounds 79-102 (128) 

0 molecular 8 101 (128) 
in compounds 91-101 12.6 (128) 

Al 13 163 12.6 (13) 
Ar 18 190 10.6 (31, 76) 
Fe 26 273 10.5 (143) 
Cu 29 315 10.9 (143, 6) 
Kr 36 360 10.0 (14) 
Ag 47 471b 10.0 
Au 79 761b 9.6 
Pb 82 788b 9.6 (6) 
u 92 872b 9.5 (6) 
Emulsion 323 (6) 
Air 85 (89) 
CH, 45 (31) 

• In some cases values have been renonnalized to IAJ. -163 eV or Ieu-315 eV. 
b These values have been lowered to take into account the fact that shell correc

tions, as represented by C/Z in Equation 38, do not vanish at v-.c (cf. Sec. 4.4). 
In the case of Ph, for example, the nonvanishing cf C/Z is equivalent to a lowering of 
I by approximately 32 eV; in the case of Ag, 7 eV. 

a number of elements.11 Interpolation in Z should be dependable to a few 
per cent of the value of I in the range Z > 20 in which the great majority of 
atomic electrons belongs to closed shells, because the properties of closed 

11 In previous literature, I was determined by fitting Eq. 38 to stopping power 
data at high energy with the assumption that the shell correction C/Z vanishes in 
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shells are smooth functions of Z. Notice that I/Z decreases fairly regularly 
as Z increases, except for low Z. The high values of I/Z at low Z can be 
attributed to the "extra-stiffness" that results from the tighter binding of 
valence electrons as compared to the prediction of the Thomas-Fermi model. 
A slow decrease of I/ Z throughout the periodic system results from ex
change effects, which also stiffen the atoms but matter less and less as Z 
increases and the repulsion and exchange among inner shell electrons fade 
out as compared to nuclear attraction. A modified Thomas-Fermi treatment 
that includes exchange effects [Jensen (58), Brandt (29, 85)] leads to 
I/Z =a+bZ-tla where a and bare constants, difficult to estimate dependably. 

The information in Table I and in the preceding paragraph is incomplete 
and tentative in many respects. A more complete survey may be found in 
NBS Handbook 79 (89). Even though the accuracy on the value of I for 
heavy metals now attains a few percent, the same cannot be said for other 
materials. For example, the same value I= 190 eV has been found for argon 
in two good experiments (31, 76), but its error range is stated to be + 17 eV; 
on the other hand, interpolation on I/Z between aluminum and copper leads 
one to expect I "'216 eV for argon. A "low" value reported for neon (89) 
has been found to be erroneous (87). Thus one should not conclude that the 
I/Z values for the noble gases are systematically lower than for metals, and 
that this outer shell effect is felt very strongly for Z as high as 18 and appreci
ably for Z = 36 (Kr); note that one might have predicted the opposite effect 
on the basis of outer shell binding energies. This and other uncertainties make 
additional experimentation, particularly with Thompson's arrangement 
(128), desirable, especially now that the connection between measurements 
at high and low energies has been clarified. 

3.1 Chemical combination and aggregation effects.-A material containing 
a density N, of various elements of atomic number z, can be treated in first 
approximation, according to Bragg's additivity rule, as a combination of 
atoms which contribute separately to its stopping power. Equation 38 is 
then adapted to this material by setting in it 

NZ - l:J{.,Z,, NZ In I - l:J{;Z,In I, 51. 

An effective value of I is thereby defined for the material as a logarithmic 
average over the I, for its constituent atoms, in keeping with Equation 34. 

This approach proves remarkably accurate even though it disregards 

the high energy limit. The data of Table I take into account that C/Z does not vanish 
in this limit because it depends on the velocity ratio of the atomic electrons and the 
incident particle. This ratio remains larger than zero and is not always very small 
because the incident particle's velocity does not exceed c. The difference between these 
points of view is barely significant at the current level of accuracy, because C/Z 
modifies the stopping power by less than 1 percent at high energies and I by a few 
percent at most (see Sec. 4, Eqs. 58 and 59). 
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chemical bonds and other aggregation properties of the material, which 
modify the stopping power through changes of the spectrum of excited levels 
E,. and through the density effect (Sees. 2.10 and 2.11). Several circum
stances contribute to this accuracy, namely: 

(a) Chemical bonds and other aggregation properties influence almost 
exclusively the contribution of valence electrons to the stopping power,11 

whereas this contribution constitutes a small fraction of the total for all but 
the lightest elements. Experimentally, an influence of chemical structure on 
stopping power, of the order of 1 percent, has been clearly demonstrated by 
Thompson (128) for light elements traversed by high energy protons. 

(b) Valence electrons with particularly low binding in an isolated atom, 
which give a small contribution to the atomic I,, are generally very active 
chemically and tend to form compounds with strong heteropolar bonds and 
higher contribution to I,. Thus chemical binding in the common and stable 
substances tends to smooth out the variations of spectral levels and oscillator 
strengths of valence electrons along the periodic system. The effective I of a 
compound tends to be a smooth function of the logarithmically averaged Z 
of its constituent elements. Therefore application of Equation 51 with inter
polated values of I, (rather than realistic values applicable to isolated atoms) 
may yield a rather realistic value for the effective I. 

(c) The electric interaction between distant particles in condensed mat
ter, discussed in Section 2.10, also raises the spectral levels E,. of valence 
electrons just in those substances, like metals, where E,. would otherwise be 
particularly low. Here again aggregation has the effect of smoothing out the 
variations of J,. and E,. for valence electrons as functions of z,. 

Some systematic effects of the chemical state of aggregation are never
theless present. The presence of unsaturated bonds, which possess low
lying excitation levels, reduces I as shown by Thompson's comparison of 
the stopping powers of aromatic and aliphatic hydrocarbons (128). Alkali 
metals, with a single valence electron and low density, have a particularly 
low I inasmuch as the main E,. of the valence electrons lies at 5.3 eV for 
sodium as compared to 15 e V for aluminum. 

An important example of a complex physicochemical system is pho
tographic emulsion, where the track length of particles serves as a measure 
of their energies. Range-energy relations and other track properties in emul
sions have been studied by many authors (130, p. 338), particularly in 
recent years by Barkas and his co-workers (4). The value of I determined 
by fitting the stopping power formula 38 to the observed range in Ilford G 5 
emulsion has been reported to be 328 eV (6), whereas the corresponding 
value calculated by entering in expression 51 the known composition of this 

11 Inner shell electrons contribute very little to the zero-frequency dielectric con
stant, and their contnoution to the density effect can accordingly be ignored except 
at extreme relativistic energies of incidence, as shown by Eqs. 49a and 48. 
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emulsion11 and the values of Ii for the individual elements from Table I is 
300 e V ( 4). It is not clear how this discrepancy should be solved. 

3.2 Calculations of I.-Direct calculation of I has been carried out thus 
far only for a few light substances after sufficient information had been 
gathered on their spectral distribution of oscillator strengths f,.. The results 
are: H (atomic), 15.0 eV (10, 32); Hs (gas), 19 eV (96, 100); He, 41.8 eV (82) 
or 41.5 eV (38); CH, (gas), 42.8 (100). Crude, but perhaps adequate, esti
mates off for numerous substances might be feasible at this time; additional 
experimental and theoretical information on this subject will probably come 
forth in the next several years. 

An interpolation method which relates I to other properties of the elec
tronic ground state of atomic systems has been proposed by Dalgarno (37). 
The mean values (E")=~,.f,.E,."for various integers r between -8 and 2 can 
be obtained from observable optical properties or calculated from ground
state wave functions. If r is now regarded as a continuous variable, we have, 
owing to Equation 54, 

1n1 • [d(E")/dr],._. 52. 

Applications of this procedure (37) yield I-14.8 eV for H, 41.7 for He, 
38.8 for Li, and 66.1 for Be. 

Attempts at estimating the spectral properties of valence electrons from 
experimental polarizability data [Westermark (136), Brandt (28, 30)] 
appear unpromising inasmuch as they imply an estimation of the slope at 
r == 0 in Equation 52 from a knowledge of only the two ordinates at r = - 2 
(polarizability) and at r=O (sum rule 33). 

Lindhard & Scharff (72) introduced an approach that emphasizes the 
approximate correspondence between the excitation levels E,. and the vari
ous atomic shells. They associate a characteristic frequency to each volume 
element of the atom, which depends on the local electron density as the 
plasma frequency does in a free-electron gas. Thereby a functional cor
respondence is established between the optical absorption spectrum/(~) of 
an atom or molecule and the density distribution p(r) of its electrons, with 
~= [x41retp(r)/m]111 and x a proportionality constant of the order of 1 or 2. 
Information on the density p(r) derived from Hartree-model calculations or 
from other models can then be utilized to calculate, in accordance with 
Equation 34, lni==Z-1/drp(r) ln[Acd(r)]. Results of remarkable accuracy are 
obtained. Brandt {30) has exploited this approach further. The tentative 
nature of the initial assumptions should, however, be borne in mind when 
dealing with detailed applications of the Lindhard-Scharff procedure. 

Systematic studies of the small departures from Bragg's rule (Eq. 51) for 
different chemical combinations of elements would be interesting, but the 

II In units of 10'0 atoms/em•: NA1 •101.01, N••100.41, Nt•O.S6S, Nc•l38.30, 
NN•31.68, Ns•l.353, N:a:•321.56, No•94.97. 
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Thompson experimental results {128) do not provide adequate guidance. An 
effort to extend Thompson's work would also be of interest as a problem of 
chemical physics. Brandt's extensive efforts in this direction {28, 30) rest 
on uncertain assumptions as indicated above. 

4. INNER SHELL CORRECTIONS 

The stopping power theory, as presented in Section 2, rests on the 
assumption that the speed of the incident particle is much higher than that 
of the atomic electrons in their normal bound states. In fact, this approxi
mation is often poor. Significant corrections are required at all energies in 
heavy elements, and substantial departures from the results of Section 2 
occur in all but the lightest elements for protons below 100 MeV. As the 
velocity of the incident particle decreases, the full line in Figure 2, which 
limits the range of integration, moves up and leftward so as to wipe out the 
"empty crescent," which characterizes the all-important intermediate-Q 
range of approximation. 

Even before this approximation breaks down altogether, corrections are 
required to carry the low-Q approximation of Section 2.5 beyond the first 
significant term and to improve the high-Q approximation of Section 2. 7 in 
the range of Q"'Qmu:• Notice that the cutoff of the integration in Equation 37 
at Q= Qmu: excludes incorrectly the region of integration indicated with hori
zontal hatching in Figure 3 and includes spuriously the region with vertical 
hatching. These two errors compensate each other to a large extent but their 
net effect vanishes only in the limit considered in Section 2. 7, where the 
shaded area becomes infinitely narrow. 

An example of directly observable collisions with E.a and Q larger than 
Qmaz is afforded by the ejection of K electrons of medium and heavy elements 
by protons of a few MeV [Merzbacher & Lewis (80)]. For example, the cross 
section for ejection of K electrons in nickel by protons has a peak value 
of approximately 1()-tl cm1 near 20 MeV, at which energy Qmu: is 5 times 
the minimum E.a for this process; a 10-fold reduction in proton energy, 
which brings Qmu: well below the minimum E,., reduces the cross section 
by only a factor of 10. [At still lower energies the cross section should 
eventually decrease as E1 according to Henneberg's theory (56), but depar
tures from this law have been observed by Messelt (81).] 

As mentioned in Section 2.8, the departures from the results of that sec
tion due to insufficient velocity of the incident particle are represented by 
the corrective term C/Z in Equation 38." Partial success has been obtained 
in estimating this term by a variety of empirical and theoretical approaches. 
Among the factors that influence the value of C/Z we shall not consider any 

16 Roughly speaking, one may say that the electrons of the inner shells, K, L, 
... cease to contribute to the stopping power in succession as the incident particle's 
velocity decreases. However, the cutoff of each shell is gradual. 
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effects of relativity on the motion of the atomic electrons or of the incident 
particle or any inaccuracies in the treatment of the effects of the transverse 
interaction. Thus, in the theoretical approach we shall regard C/Z as 
defined11 in terms of the function 

2""'' c r • tlQ 
L(fl, Z) - In I - z- i:t,.E. J •• ,,.. •• I F,.(q) I• Q' 

tnQ 

In En 

FIG. 3. Detail of Fig. 2 showing the region around Q- for mod
erate velocity of incidence. 

53. 

However, in the empirical approaches L or C/Z will be chosen by fitting 
Equation 38 to experimental results, i.e., by setting 

2mt~1 C m111 ( d~ 1 
L(fl, Z) - In I - z - 4:n•e4NZ - j; J uper. - In 1 - tJ' + (J1 + il 53a. 

• The correction C/Z is defined here as an average over the contributions of the 
several shells, with c ... 9K+CL+ • • ·, where Cx, CL are commonly used in the 
literature (130, 134). This interconnection requires the factor I to appear on the right
band side of 53. 
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regardless of the physical significance that is thereby attributed to L.• 
The theoretical nonrelativistic definition of C/ Z implied by Equation 53 

can be cast into a form convenient for further analysis [Walske (134)]. To 
this end, we introduce the symbol f,.(Q)==E..IF,.(q)I 1/Q-such that f,.(O) 
coincides with the optical oscillator strength f,.-and recall the following 
facts from Section 2: (a) Equation 27 implies 1;J,.(Q) == 1 irrespective of Q; 
(b) ln(2mvi/I) represents in effect i'J;,.f11~t~tt.,.~f,.(Q)dQJQ; (c) the integral 
"J;,.j611 1~[f,.(Q) - f,.(O) ]dQ/Q vanishes because of (a) above; (d) the defi
nition of I, Equation 34, is such that 

f ,.,,_. 
%" j.(O)dQ/dQ- 0. 

:.,.tltAfl. 

Thereby, Equation 53 is seen to be equivalent to 

c f ••'1'-1 dQ f.. dQ z - ~~ 0 [J.(Q) - /.(0) 1 Q - ,_/.(Q) Q S3b. 

This expression has been evaluated numerically for atomic H by Walske 
(134)t; the result is shown in Figure 4 for purposes of orientation. 
The scale of abscissas, lnx=ln(v/vo)1, where vo=c/137 is the root mean 
square velocity of the electron in H, has been chosen so that the curve ap
proaches the straight line 

y - ln(2m111/l) - lu + 1.29 54. 

at large x, where C/Z becomes negligible. Notice that the curve fails to 
depart much from the straight line except at excessively low energies even 
though the conditions that would lead to Equation 38 with C/Z =0 fail com
pletely at x <1. For this reason C/Z is called a "correction" even though its 
definition by means of expression 53 abandons the method of Section 2.5-2.8 
altogether. The initial drop of L(v, Z = 1) below the straight line Equation 
54, as v decreases, indicates reduced ability of the incident particle to excite 
the atomic electron; the tail of the curve toward low vindicates that some 
ability persists even after v has fallen below vo. 

• In setting up Eq. 38 one has dumped, by implication, into C/Z the influence of 
all inaccuracies of the theory of Sec. 2, because the other corrective term I is fully 
defined by Eq. 48. To proceed consistently with the spirit of note 12, one should define 
C/Z firmly by means of Eq. 53 and insert a new corrective term e in Eq. 38 to 
represent all other effects. This procedure appears premature because we have no 
adequate basis at present for estimating c and e separately. (See, however, the 
comment in Sec. 2.13 on the stopping power for particles of negati~Ve charge.) 

t However, the coefficient 19/6 in Equation 11, p. 1287 of Phys. Rev., 88 (1952) 
is incorrect; its value is 25/6, namely, the same as that of the corresponding coefficient 
in the companion Equation 13. 
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4.1 Calculations with hydrogenic wave junctions.-Because the innermost 
electrons are fastest, they might be expected to have a dominant influence 
on C/Z at higher energies of the incident particle.17 Because their motion is 
controlled primarily by the nuclear attraction, their contribution to L(v, Z) 

5 

L 

2 

0 
/ 

/ 
/ 

/ 

-· 0.1 .5 1.0 2.0 5.0 10 20 
I 

FIG. 4. L for atomic hydrogen as a function of ~-v'/vo1-E .. v/25. 
(Courtesy J. E. Turner.) 

may be calculated rather accurately by evaluating F,.(q) with hydrogenic 
wave functions, with screening adjustments that make them applicable to 
all elements. Laborious calculations by this method have been carried out for 
K and L electrons (73, 134). Their results have been reviewed by Uehling 

"This expectation is not really borne out, as abown in Sec. 4.4 below. 
I 

j 
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(130). These and analogous calculations account approximately for the 
probability of ejection of K and L electrons by protons of a few MeV 
{80, 81). Extension of this method toM electrons has been regarded as pro
hibitively laborious. On the other hand, M electrons are now known to con
tribute greatly to C/Z below 100 MeV in most materials (see Fig. 6). 

4.2 The ..statistical model.-As noted in Section 3, the ratio 1/Z should 
be the same for all atoms according to the Thomas-Fermi model. It may, 
then, be convenient to represent ln(2mvl/ I) in Equation 53 as ln(vi/Zvo1) 

+ln(2mv01Z/ I), where ln(2mvo1Z/I) ,...,1.7 is roughly equal for all materials 
and vi /vo1 Z == x is the same as x in Equation 54 for Z == 1. It was argued by 
Lindhard & Scharff (72) that the whole right-hand side of Equation 53 
should depend on v and Z only in the combination v'/Z, within the accuracy 
of the Thomas-Fermi model.11 Accordingly, L(v, Z) should be represented by 
a single curve for all elements when plotted against x as in Figure 4. In fact, 
Reference (72) defines L as L(x). 

Figure 5 shows that experimental estimates of L for different elements 
fall within a single strip when plotted against x, so that this type of plot 
proves useful. On the other hand, one cannot draw a single line that repre
sents all results within much better than 10 percent. No better fit should 
have been expected in view of the variations of 1/Z noted in Section 3. 

By the procedure indicated on p. 28, Lindhard & Scharff {72) obtained 
an approximate theoretical evaluation of the entire curve L(x). Their result 
has the same trend as the bundle of curves in Figure 5. In particular, for x<S, 
a good agreement was found between experimental results and the theo
retical expression L(x) = 1.36x111• 

4.3 Extended application of hydrogenic calculations.-In view of the dif
ficulty of extending the calculations of Section 4.1 to the M and higher 
shells, Bichsel (14) has assumed that CM, namely, the contribution of M 
electrons to C, depends on the particle's velocity in the same way as the CL 
contribution calculated by Walske (134),11 except for the scale factors. The 
same assumption was made for further shells. The scale factors were then 
determined, separately for the various M, N · · · subshells, by simulta
neous least square fitting of Equation 38 to a large number of experimental 
stopping power and range data on each of various elements. The results 
appear reasonable in that, after the fitting, the contribution of each subshell 
is found to depend primarily on the ratio of the particle velocity to the root 
mean square velocity of the electrons in that subshell. 

11 More specifically, it is argued on p. 8 of (72) that L(v, Z) should depend only 
on the ratio of Q--2nwt to the characteristic frequencies of the Thomas-Fermi 
atom which are proportional to z. Notice, however, that L might also depend on the 
ratio of Q- to the mean kinetic energy (K)o, which determines the width of the 
shaded strip in Fig. 2 and which is proportional to z~•. An indication of relevance of 
vt I z~• appears in Sec. 4.4. 

tt Notice, however, that the plots of the K- and L-shell contributions differ in 
lhape somewhat. 
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The numerical work required by this approach is rather extensive in view 
of the limited accuracy and dependability of the data and procedures that 
are involved and tends to obscure the link between input and output. 
Nevertheless, this method has proved valuable for the purposes of correlat
ing a large mass of data and of producing extensive numerical tables of 
stopping power (see Sees. 4.5 and 8). 

I 

FIG. 5. L f« various metala u a function of s•~/,~Z. (Courtesy J. E. Turner.) 

4.4 Expo,nrion in fHiwers of 1/v'. Because the shell correction vanishes 
in the limit where the incident particle is infinitely faster than the atomic 
electrons, its behavior near this limit is studied appropriately by expanding 
the expression 53b into inverse powers of the incident particle's velocity. 
This study was initiated by Brown (32) and developed by Walske (134) for 
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atomic H and hydrogentike atomic electrons and is being extended to other 
atoms by Fano & Turner (87). Analogous results on the stopping power of 
an electron gas emerge from recent work by Lindhard & Winther.• The 
significance of these developments remains limited by their nonrelativistic 
character. 

Walske (134) pointed out that the 1;,. in the expression 53b is conven
iently split into two parts corresponding, respectively, to energy transfers 
smaller and larger than "'mrr, the exact point of separation being irrelevant 
for calculations to order (1/v')1• The values of the two partial sums will be 
called Cs and C,, respectively. The contribution to Ct of the second integral 
in 53b arises from the region of Figure 2 with Q > 2mv', En < mv', which is 
unshaded; in fact this contribution is of order (1/v') 6 and will be disregarded 
here. The contribution to C, of the term with f,.(O) consists only of canceling 
that of the term with f,.(Q) at low Q and can be disregarded, to order (1/v')1, 

if the integrations over Q are simultaneously limited to the range 
mrr ~ Q ~ 4mv' in the calculation of c,. 

To calculate C1, one expands the remaining it\tegrand10 

j.(Q) - /.(0) - :Er-~ ..!.. (fl1•) Q' 
rl dQ' o-o 

and then integrates over Q term by term. This yields 

Cs _ !:Ea(l) :E,.-s..!... (4'/a) ( E,.l )r 
z , lr dQ' o-o 2tm~1 

ss. 

56. 

The operations 1;,. <1> and l;,.(dr I dor)Q-o can now be carried out in reverse 
order, so that Cs is expressed in terms of the sums over states 

57. 

Expressions such as 57 are evaluated by closure when the sum extends 
over a complete set of states. Thereby one obtains sum rules which express 
the sum in terms of the mean values of certain physical quantities (e.g., the 
electron kinetic energy) over the ground state of the atom.11 In the present 
application :z.(l) excludes the states of highest excitation energy. This 
exclusion is of no consequence for r= 1 or 2, because in this case the states 
of highest excitation would contribute negligibly to [(d/dQ)" :Z,.&a"'f,.(Q)Jo-o; 
we replace then %,.(1) with %,. for r= 1, 2. For r>2, the states of highest 
excitation contribute so heavily that the};,. would diverge whereas %,.<1> is 
finite; therefore, sum rules cannot be utilized to calculate 1;.<1>. 

• Thanks are due to Prof. J. Lindhard for information on his unpublished work 
and for calling the author's attention to certain essential points. 

ao This expansion need not cause concern in itself, because F. depends on f 
through an exponential whose convergence is assured. 

11 This procedure is similar to that used by Placzek (95) on neutron scattering. 
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Since, on the other hand, the separation of the contributions C1 and C1 
is of practical relevance only up to expansion terms of order (1/vl)1, we limit 
the present treatment to the order of approximation r< 2 and set 

c.I'V x. +~ 
Z 2•1 (2m111)' 

where the coefficients are found, by sum rules, to be 
K1 • •(,S)0 +correlation terms 

10.. .,,. • 
Ks - •'(,.)o + 3 -;;;- (p(O) )0 + correlation terms 

58. 

58&. 

58 b. 

In these formulas (vl)o and (~)o are the mean squared and mean fourth
power velocity of an atomic electron in the ground state of the atom, aver
aged over all electron shells, and (p{O) )o is the mean electron density at the 
center of the atom. The "correlation terms," which depend on statistical 
pair-correlations of electrons, would vanish in the Hartree model and pre
sumably yield a correction smaller than 10 percent; these terms will be dis
regarded here and treated further in (87). 

Utilizing a current estimate (52) of the total binding energy of electrons 
(which is related to their kinetic energy by the virial theorem), we find 

K1 -.tzu zu 
-I'V --2... 2... 2s 

S9a. 

The Thomas-Fermi model yields ztla instead of Z0·' on the right-hand side 
of 59a.n In an independent electron approximation one can assess the 
contribution of the various inner shells to K1, and one finds them approxi
mately equal.11 With regard to K 1, to which K electrons contribute most, 
(ll')o and (p{O) )o have been estimated crudely by hydrogenic nonrelativistic 
wave functions. This yields 

Ks I'V bZ'(2mtJol)t + 10.. at,a z• 2 4 I'V b + 2.0 Z S9b. 
(2mtl)1 (2-"')1 3 •(2-"')1 11'G1 • sl 

where b is a number of the order of 2 or 3 which increases slowly with Z. 
This result indicates that the second term of Equation 58 amounts to about 
1/2 of the first one for protons of 700 MeV in uranium, and that this ratio is 
far smaller for lighter elements. On the other hand, the second term's impor
tance increases rapidly aa the proton energy decreases. 

With regard to the evaluation of Ct/Z, the following situation exists at 
this time. Walske's calculation of Ct/Z for atomic H in its ground state, to 

• If UlliCI'eelled hydrogenic wave functions were used, the (vi) of each electron 
would be proportional to the inverse square of its principal quantum number, ..... , a 
factor which ia exactly balanced by the existence of 2w1 electrons in a complete lhell. 
Screening makes the binding energy of successive shells decreaae faster than ..... , 
but it also makes (mvl/2) larger than the binding energy, in accordance with the 
modification of the virial theorem for a nonhydropnic field; these two effects of 
eaeeoing cancel out approximately. 
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order (1/v')1, yields exactly the same result as the corresponding calculation 
of C./Z (corrected as indicated in notef on p. 31); the same holds for his 
calculation of Ct! Z for atomic H in its n == 2 state, which was carried out 
to order 1/v' only (134). The same result, C,= C1 to order (1/v1) 1, is again 
reported by Lindhard and \Vinther• for an electron gas. The discovery of 
this result for quite different systems suggests that it may have general 
validity. Accordingly, despite the absence of conclusive evidence on this 
point we proceed, in Section 4.5, on the assumption that C1= C,, i.e., 

C [ Kt Kt J Z ,_ 2 2mtl1 + (2,S)I to order ( ;,) 1 58c. 

Notice that Equation 58 constitutes an expansion in inverse powers of 
the particle velocity rather than of its energy. Therefore, in the high energy 
limit, the shell correction C/ Z approaches a nonzero value, corresponding to 
v=c, rather than zero. This result is implicit in the fact that Equation 53 
depends on v ==dE/ dp rather than on E, and is also borne out by the hydro
genic calculations (134). 

4.5 Summary of evitknce.-The experimental and theoretical evidence 
on shell corrections is represented conveniently either by a plot, analogous 
to Fig.4,of L(v, Z) versuslnx=ln(v'/v01Z} (Fig. 5) or by plotting the depar
ture of L from a straight line, namely, C/Z==lnx-L(v, Z)+ln(2mvo1Z/I), 
also against lnx (Fig. 6). The "experimental" values of L are, of course, ob
tained from Equation S3a. 

Figure 5 shows that L has for all elements the same general shape as that 
shown for atomic hydrogen in Figure 4, but departs from a straight line even 
less than in the case of hydrogen. The decrease in value of 1/Z with increas
ing Z is reflected in the fact that the L curves lie above one another in order 
of incteasing Z for large x, where C/Z becomes negligible. (Exceptions to 
this rule are expected for low-Z elements.) As x decreases, C/Z increases at 
first for all elements, as shown by Equations 58 and 59, but more rapidly for 
higher-Z ones, so that the L curves tend to draw nearer to one another. 
Figure 6 shows the same data in the more traditional form of shell correction 
curves. The sum of the theoretical K- and L-shell contributions for copper 
and lead, according to Walske (134), is indicated for purposes of orientation. 

Because the curves for different elements do not lie far apart from one 
another and presumably do vary smoothly with Z for Z > 10, it appears 
possible to estimate from Figure 5 or, better, from Figure 6 the value of L 
for each v and Z to within a very few percent. 

Figures 5 and 6 may be described as an extract of experimental evidence 
on proton stopping power obtained by Bichsel (14) (see Sec. 4c) and by 
Whaling (137) at very low energies. If available results of individual measure
ments of stopping power for different elements were entered as points in the 

• Thanks are due Professor J. Lindhard for information on his unpublished work 
and for calling the author's attention to certain es.~~ential points. 
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graphs, as in Figure 1 of (72), they would disperse over the region traversed 
by the curves and exhibit to visual inspection little systematic trend as func
tions of the atomic number. Each curve in the figures results, instead, from 
prior smoothing and interpolation of the data for one element. The elements 
chosen belong to a set of metals which have been studied extensively and 
whose atomic numbers span almost the whole periodic system. 

c 
z 

.0.1 

----~C.C +CL) FOR Z a28 

---- -!(C.c+~) FOR Z •82 

~ 
x I 

I 

E (Mev) - ._1 .._1 .... !J.~.~.mlf-1.-~.....&.•,.• .... lt,..ll""tll-... • ..,t..,t...,J,...,II..,ti~J ... ' ... • ... • .... ln ... "t-1-... •• .. • .... hl 
PROTONS 0.1 .:5 1.0 :S !OJ 101 oJ 

I 
I 

I 
I I I ' I I I I I I I I I I I I I I z-• 2 

FIG. 6. C/Z for various metals aa a function of s•fl'/v~Z. The error bars repre
sent the approximate effect of 1 per cent error in the stopping power at the respective 
abscissas for all elements. The example of nomop-am use shows that s•S9 for 20 
MeV protons in aluminum. (Courtesy]. E. Turner.) 

More specifically, the curves have been drawn through points taken 
from Bichsel's and Whaling's stopping power tables. Bichsel's tables, in tum, 
were obtained from a form of Equation 38 in which C/Z is represented as a 
specified function of the particle energy and of a number of free parameters. 
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These parameters, as well as the excitation energy I, were then adjusted to 
attain a best fit of Equations 38 and 39 to a large selection of stopping power 
and range data pertaining to each element under consideration. Bichsel 
states that a fit was obtained throughout to 1 percent or to the experi
menter's estimate of his error, whichever is larger. 

A small departure from Bichsel's results was introduced in Figures 5 and 
6 at high energies, to allow for the fact that C I Z does not vanish at fJ = 1 
as assumed by Bichsel. Estimates of C/Z at fJ = 1 were obtained from Equa
tions 58 and 59, and each curve of Figure 6 was moved up or down to termi
nate at the correct value for fJ= 1 (i.e. for x= 1371/Z). A corresponding cor
rection was thereby made on I. These corrections are barley significant. 

For purposes of orientation, some error bars corresponding to a ± 1 per
cent variation of the stopping power-roughly, the order of accuracy of the 
present state of the art-are shown in Figure 6. In view of the magnitude of 
this uncertainty in comparison to the rather small values of C/Z, only the 
major trends of the curves can be regarded as significant. 

Despite this low level of significance and despite the lack of a direct recheck 
of the fitting to experimental data, independent of Bichsel's procedure, the 
curves in Figures 5 and 6 may afford a basis for a systematic study of C/Z 
throughout the periodic system. They show a rather clear, systematic, and 
plausible trend as functions of Z. They permit at least a tentative interpola
tion to obtain the value of C/Z or L for each material and each particle 
velocity. Incidentally, they also show, in comparison with the sample results 
of Walske (134), how unpromising the approach was through a theoretical 
shell-by-shell calculation of C/Z. 

5. ENERGY STRAGGLING 

Statistical fluctuations of the number and kind of collisions along the 
track of a particle cause the effect of "straggling," i.e., of unequal energy loss 
along the tracks of particles that travel under identical conditions. Because of 
this effect, different particles starting under identical conditions have tracks 
of different lengths, and the range formulas of Section 2.9 represent only a 
mean value of these lengths; the formulas also require some correction indi
cated in Section 5.3. 

Three closely related distributions result from straggling, namely: 
(a) the energy distribution 

f(E, s)tlE 60a. 

of particles that have traveled a pathlength s under identical initial condi
tions; (b) the pathlength distribution 

f(E, s)tls 

J. •f(E, s)ds 

60b. 
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of particles whose energy has been reduced from an initial value Eo to a 
given value E; (c) the distribution 

[- ! f :·J(E', l)tlB'] tll 60c. 

of the pathlength traveled by particles up to the collision at which their 
energy drops below the value E. Note that {b) and (c) differ because the 
energy of a particle drops in jumps and does not lie in turn at every level 
between Eo and 0. [For additional discussion of these distributions, see 
Fano (40).] The distribution of total pathlength ("range straggling"), 
which is considered most frequently, is the limit of expression 60c for E-+0. 
The distribution function J(E, s) obeys the equation 

Bj(! s) - - n.,,.(E)J(E, 1) + N'Z..P,.(E + E,.)J(B + &, 1) + I(B- Bt)l(l) 61. 

where the last term represents the production of the particle at s•O with 
the source energy Eo. 

The normalization integral in Equation 60b is of interest, because 

y(E)tlE - [f. j(E, 1)tll] tlB 62. 

represents the mean value of the pathlength traveled by each particle while 
its energy lies between E+tlE and E in the course of its slowing down. This 
quantity serves to calculate the yield of reactions produced by a particle 
during its slowing down. For example, if protons penetrate a material con
taining 9t nuclei per cm1 with a cross section u(E-Er.) for a (p, 'Y) resonance 
reaction, the reaction yield per proton is stf,•• u(E- Er.)y(E)tlE. The dif
ferential pathlength y(E) obeys the equation 

n,.(E)y(E) - Jn,.(ll + &)y(Jl + &) + I(E - Bt) 63. 

which can be solved numerically (113). In the approximation that dis
regards straggling and waa utilized in the range formulas of Section 2.9, 
one takes 

y(E) ,_ [~.(B) )-1 - ( -tlB/tll)-1 

This result follows from Equation 63 by expanding u.(E+E.) y(E+E.)to 
first order in E. and integrating over E. 

As a heavy particle loses all or most of its energy, it experiences a great 
number of collisions in which all classes, including the less frequent ones 
with larger energy losses, are well represented. Therefore extreme fluctua
tions are quite unlikely over a long pathlength, and the straggling distribu
tions are very nearly Gaussian. This result hinges on the circumstance that 
the maximum energy loss Qmu amounts normally to a very small fraction, 
-4m/ M, of the total energy of a heavy particle. The straggling distribu
tions are far from being Gaussian when Qma is comparatively large, i.e.: 
when condition 7 is violated at extremely high energies (Sec. 2.12), or when 
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one deals with short sections of path over which the energy loss is not much 
larger than Qmu:, or for incident electrons under any condition. 

As an index of the importance of unlikely fluctuations over a short path
length s, one may consider the energy loss ~' which is exceeded once, on the 
average, i.e., such that Nsl;,. <8•>E'>u,. = 1. Under conditions of high-Q approxi
mation (Sec. 2. 7) we have 

~,- 2r~'e4 NZs (t - _r_- E' l - IJ' In Q-) 
mv1 Qmaz mc1 ~' 

65. 

Large fluctuations are prominent when ~' «Qmu:. The energy ~' thus defined 
cannot exceed Qmaz· It has been found convenient to consider, instead of~'. 
the energy 

2rs1e4 
f---NZs 

mvl 
65a. 

which coincides with~' when~' «Qmu: but becomes »Qmaz when large fluc
tuations are unimportant. The numerical value of ~ is 

0.154 z 
(E)av - --•1 - (s) ... ,_. 65b. 

(JI A 

Thus we have two main situations of interest, namely, that of long path
lengths, with ~/Qmu»1 and Gaussian fluctuations, and that of short path
lengths, with ~/Qmu: < 1 and prominent large fluctuations. In both cases 
simplifications arise from the fact that the collision cross sections vary by a 
negligible amount from one collision to the next, because Qmaz is a small 
fraction of a heavy particle's energy. This derives in turn from the smallness 
of m/ M, so that theoretical treatments rely in fact on expansions into 
powers of m/ M. 

5.1 Long pathlengths; Gaussian straggling.-This approximation is 
obtained by solving Equation 61 withf(E+En, s) expanded into powers of 
E,. up to the second power only and with u,.(E+En) ,...,u,.(E). It is convenient 
to replace the pathlength s with the mean energy (E), which is related to 
$by" 

s- i •• tlE 

<~ ( -tlE/tls) 
66. 

This procedure yields 

j(E, (E)) - (2r(.:1EI) )-tit exp [- (E2~~~))~ 67. 

where the mean square deviation (AE') results, according to Bohr (24), 
from the accumulated contributions of successive collisions 

(.:1E'> - N r ·T-.. &~v.u - r B, NT.,.&'tr. tlE - r •• T..&'tr. tlE 68. 
J o J {B) -dE/ds J <~ T..&tr. 

11 Notice that 66 coincides with the range formula Eq. 39 for (E}-0, s-R. 
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The calculation of ~,.E,.1u,. proceeds analogously to that of the stop
ping power ~,.E,.u,. in Section 2. The basic sum rule 27 is replaced by 

1:,.&11 F,.(q) I• - Q1 + : Q(K)o +correlation terms 69. 

where (K)o indicates the mean kinetic energy of an atomic electron in the 
ground state of the atom, averaged over all electron shells, and where the 
"correlation terms"34 are presumed to yield a correction smaller than 10 
per cent. The low-Q limit of Equation 69, analogous to Equation 33, is 

4 1 (I l:;j); l'>o 2 J I l:ivsl') 
~~~-3 Z 2m -Jm\ Z 0 

70• 

inclusive of correlation terms. The analog of Equation 24 defines a mean 
excitation energy /1 weighted differently from I, namely, 

In It - T.,.E,J,. In &/l;,.E,J,. 71. 

The result is 

Nl:.E.'fT,. "'41rs'e4NZ ~ 1 - {J•/2 + _! (I l:JVi l')o In 2mt~•t 
1 1 - {J1 3 Zt11 It ~ 

72. 

The "' sign in this formula indicates that approximations have been made 
and corrective terms analogous to C/Z omitted. Relativistic corrections to 
the second term in the braces have been dropped because the second term is 
much smaller than the first one except when fl«l. In fact, the second term 
was disregarded altogether in Bohr's initial theory (24). Effects analogous 
to those represented by the shell correction C/Z to the stopping power 
formula do not appear to have been studied yet. Sternheimer (123) has car
ried out recently a rather accurate numerical evaluation of expression 72, 
including a modification to allow for the value (Eq. 20a) of Qmax at extremely 
high energies, where condition 7 breaks down.11 

The pathlength distributions 60b and 60c, which coincide in the Gaussian 
approximation, are not conveniently obtained from Equation 67 where the 
pathlength s is represented indirectly by (E). Instead, one ma.y return to 
solve Equation 61 in the same approximation used above, but replacing E 
with the mean pathlength (s) instead of replacing s with (E); the relation
ship of E and (s) is, however, the same as the relationship 66 of (E) and s. 
One finds, then, 

f((s) s) - [2r(As')]-t11 exp [- _(s~--(s_))'l 
, 2(As1) -J 

M The expression including electron correlations is 

l:.&'l F,.(q) I•- 2~<1 t. [f·.i'; exp (iq·Ts/11) + exp (iq·T;/TI)i·p,] r>. 
• Other effects mentioned in Sec. 2.12 also occur at these energies. 

73. 
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where (24) 

• r •• NT.,.& tv,. 
(& ) == J B ( -dE/ds)1 dE 74. 

For the numerical calculation of (As'), which utilizes Equation 72, see 
(123). 

5.2 Short pathlengths; Landau-type approximations.-When Equation 61 
has to be integrated over a short interval of s, the expansion of f(E+E,., s) 
into powers of E,. cannot be utilized, because the spectrum off is sharply 
peaked owing to the 8(E- Eo) factor in the source term. On the other hand, 
one can regard the cross sections cr,.(E) and cr,.(E+E,.) as equal to cr,.(Eo) 
throughout the relevant range of integration. With this assumption, a Laplace 
transformation is applied conveniently by multiplying both sides of Equa
tion 61 by exp [ -p(Eo-E)] and integrating over E. Integration overs is 
then elementary and yields 

J
0

•
1dEexp [-p(Eo- E)]/(E,s)- exp { -Ns'T.,.cr"(E0)[1- exp (-p&)]} 75. 

Similarly one finds 

J.•1dEexp [-p(Eo- E))y(E)- {NT.ttcr"(E0)[1- exp (-p&))}-1 76. 

The problem resolves now into two separate parts: evaluation of the 2;,. and 
inversion of the transform, i.e., determination of f(E, s) or y(E) from a 
knowledge of the right-hand side of Equation 75 or 76.81 

The calculation of the 2;,. in Equation 75 may begin by term-by-term 
summation over the expansion 

1- exp (-pE,.) - pE,.- (1/2)p1E,.I + (1/6)p1E,.I + • • •. 
The sum over the linear term is proportional to the stopping power and that 
over the second term is proportional to Equation 72. Since higher terms are 
weighted more heavily in favor of large E,. and, therefore, of large Q, they 
may be evaluted by means of the large-Q approximation 31 to cr,.. Use of 
this approximation yields an exponential integral without further resort to 
term-by-term summation. The result, 

N.r'T.,.cr"(E)[1- exp (-pE.)) 

-P~~ln2mv•+In 1 -(J•-2£.-&-(1+~)J• tUr• 
1 epl1 1 - (J1 Z ?Q- .POma I 

- 1 - exp (-pQma) + IJ•In ('YpQma) - ~ J>m < I T.ivll•) In 2mv• t 77. 
?Qma 3 Z 1 I, ~ 

with 'Y=exp C= 1.78107 and E='Y/e=exp (C-1) =0.6552, has been given 

• The inversion of the transform may be avoided for the purpose of experimental 
tests, since experimental data on f(E, s) or y(E) may be utilized to calculate the 
left-band side of Eq. 75 or 76 numerically and compare the results directly with the 
rl.iht-hand side. 
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by Vavilov {133) except for the last term in the braces. This term, which is 
often small, corresponds to the last term of Equation 72 and to the Blunck
Leisegang {19} correction. Notice that the first five terms in the braces cor
respond to a stopping power formula from which the contribution of high-Q 
collisions with Q > 1/ fJE has been eliminated. This group of terms was con
tained, in essence, in Landau's original theory (68}, which regarded Qma as 
infinitely large and thereby omitted the sixth and seventh terms. More 
accurately, the Landau result represents the limit of Equation 77 for 
~/Qmax«1, with omission of the Blunck-Leisegang term. 

Landau {68) first studied the inversion of the Laplace transform 75, 
within the approximation ~/Omax«1 which yields 

f(E, s) - t"1F(>.) - (fl.i)-1 f ~: exp {Ji'A. +pIn p)dp 78. 

Here F is Landau's universal function of the single variable 

Eo-E [ 2mv1~ C J 
'A.(E, s) - ~ - ln J'(l _ fJ') - /J1 - 2 Z - & 79. 

which depends on s through~. and the path of integration in Equation 78 
passes on the positive side of p=O. The Landau function Fpeaks atX=0.225, 
drops off sharply on the negative side, and exhibits a x-s tail on the positive 
side. Numerical approximation methods that apply to intermediate values 
of ~/Qmax1 up to the large values of this ratio which yield a Gaussian curve, 
were developed by Symon (126) and described by Rossi (105). Vavilov {133} 
has also worked through the intermediate range quite successfully, obtain
ingf{E, s) as function of X and ~/Omax· He has shown that expansion of 77 into 
powers of p up to pa is adequate for ~/Qma > 1, in which case f(E, s) is 
obtained analytically in terms of Airey's function (133, Eq. 13). Numerical 
curves obtained for ~/Oma <1 reduce to the Landau curve at ~/Qmaz--G.Ol. 
The remaining Blunck-Leisegang term in Equation 77, which was dis
regarded by Vavilov, can be taken into account as follows. If the energy 
distribution function calculated by Vavilov's method is called ](E, s), the 
corrected distribution is given by 

f • dE' [ (E - E')., 
(E, s) - _ .y;., exp - .,• -J ](E', s) 80. 

where 

1 4 ( I :&1v1l') ln 2mv1 

"--~ -3 z 0 h 
80a. 

A rapidly converging expansion for the differential pathlength y(E}dE 
baa been obtained from its transform 66 by Spencer & Fano (113), with the 
Landau approximation to Equation 77, 

(E) [ 2rz1efNZ]-l j 1 ,. r'(l) Br"(l) t 
y - mv* r;arctan B + r + B1 + (r+BI)1 + ... f Sl. 
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where the primes indicate derivatives of the gamma function and 

B - ln 2mv•(Eo - E) - s - 2 £. -
Jl(l - p") p z 3 

81a. 

For B>>r, Equation 81 approaches the reciprocal stopping power formula 
64, modified by removal of the contribution of collisions with Q >(Eo-E) I E. 

For values of E0 -E<<Qmu, the quantity 81 becomes substantially larger 
than 64, showing that a particle travels an excess pathlength at the be
ginning of its penetration as though it had a small effective stopping power. 
This transient phase of penetration lasts until the particle has traveled a 
pathlength sufficient to render likely the occurrence of the less frequent 
larger energy losses. Once these losses have come into statistical equilibrium 
with the more numerous smaller ones, their full contribution to stopping 
power becomes effective and y(E) drops to its normal value. The excess value 
of y(E) at the beginning of penetration has been demonstrated by Walters 
et al. (135) as an excess yield of a (p, -y) resonancf5 reaction when protons hit 
a target with an energy barely above the resonance. 

5.3 Corrections to long pathlength formulas.-The range formula 39, the 
differential pathlength formula 64, and the Gaussian straggling formulas 
67 and 73 involve errors of the order of 4m/ M even for long pathlengths. 
Equation 64, which underlies the range formula, is derived under the assump
tions that the cross sections u,. for successive collisions differ negligibly from 
one another. Small variations of the cross section are taken into account by 
an expansion procedure (40) that replaces Equation 64 l;>y 

( d~-1 ~ 1 d ~"E.t'cr"(E) f y(E) - - - 1 -- - + ... 
ds 2 dE ~ff"(E) 

82· 

(Localized sharp variations of u,.(E), if any, would give rise to transient dis
turbances of y(E), akin to those represented by Equation 81 which stem 
from the sharpness of the initial energy spectrum.) 

The correction in Equation 82 represents the fact that an unusually large 
energy loss exposes a particle to an unusually increased probability of fur
ther collisions. This effect reduces the total range, which is the integral of 
y(E). However, it is overbalanced by the increase of y(E) at the beginning 
of penetration which is large, even though limited to a narrow energy inter
val, as shown by Equation 81. There results a total net increase of the 
particle range which amounts to ,..,1 percent for J1. mesons. This increase 
was emphasized and calculated by Lewis (71) and discussed further by 
Fano (40). 

Distortions of the Gaussian shape of straggling distributions may be 
expressed as departures of the various moments of the distributions, such as 
((E- (E))"), from the ratios prescribed by the Gaussian law. Each moment 
can be obtained, like (AEt) in Equation 68, by summing the contributions of 
fluctuations in successive energy intervals. The gradual change of cross 
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sections introduces corrections to these contributions which are represented 
by perturbation formulas akin to Equation 82. For details of these calcula
tions see (40) and (63). Lewis (71) has also given formulas that represent 
the distortion of the Gaussian range distribution corresponding to the cor
rected moments. 

6. MULTIPLE SCATTERING EFFECTS ON PENETRATION 

The path of a heavy particle that penetrates a material is not quite 
straight. Therefore, the path's projection along its initial direction, i.e., the 
depth of penetration s, is a little shorter than the corresponding pathlength 
s. This difference is often of the order of 1 percent. It must accordingly be 
considered when data on the range (i.e., total pathlength) are obtained from 
observations of the thickness of material that is penetrated. 

Determination of this correction requires a knowledge of the statistical 
distribution of s-s. A knowledge of the distribution of the angle 8 between 
the path's directions at s and at s=O is required for this purpose, since 
ds = ds cos 8 and17 

d(s -a) 1 ~ 
--- - - cosf,...., p-

ds 
83. 

The distribution in 8 is also involved rather subtly in the analysis of pene
tration experiments, e.g., when the particles are detected by a flat ioniza
tion chamber whose response depends on the obliquity of traversal. 

In principle, the fluctuations in energy (i.e., the straggling discussed in 
Sec. 5), in s-s, and in 8 are related and are governed by a single equation. 
This equation has been considered but only partial aspects of it have been 
solved. In practice, for heavy particles the correlations between fluctuations 
of different variables are rather small. For example, the fluctuations in 8 at 
the end of the range depend primarily on collisions in the last sections of 
the path, whereas fluctuations ins-shave been building up in comparable 
amounts all along the path. 

The mean value of s-s is found by taking the mean of Equation 83 at 
each value of the pathlength s and integrating 

f . r•· (1- cosf)Jr• 
(s - s), • 0 (1 - cos f),•ds',...., J Jr -dE' Ids' tllf 84. 

The mean value (1-cos 8), is obtained with rather good accuracy from the 
theory of multiple elastic scattering (9, 70, 107). Sample data on (s-s)/s are 
given in Table II (seep. 48). The ratio ,_, 

"- 2--(s- s), 

is a natural variable for the distribution function of s-s. 

85. 

17 The small-angle approximation indicated on the right of Eq. 83 has been 
generally utilized for simplicity in studies of heavy-particle penetration. However, 
calculation of moments or other parameters of the distribution of 1-cos I is actually 
more direct, is no more complicated, and avoids convergence difficulties. 
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Some useful qualitative remarks and approximate formulas for (s-s) 
are available. Recasting Equation 84 in the form 

f . d(l - cos 8).• 
(s - s), - 0 ds' (s - s')ds' 84a. 

shows that scattering at s', which is represented by d(l-cos 8),•/ds', con
tributes to (s-s), in proportion to the remaining pathlength s-s'. [Simi
larly, the contribution of this scattering to higher moments ((s-s)") is pro
portional to (s-s')".] For this reason, scattering in the early portion of a 
track contributes appreciably to (s-s), even though it is weaker on account 
of the higher particle energy. 

As seen from Equation 84, (s-s) is a function of the material and of the 
particle energy, which depends on the ratio of scattering to stopping power. 
Blanchard (15) emphasized that this ratio can be split into a material
dependent factor and an energy-dependent factor with greater accuracy 
than either the scattering or the stopping cross section alone. One finds for 
heavy particles 

m Eo(E + 2Mct) 
(1 - cos 8),"""" kZ M ln E(Eo + 2Mct) 86. 

where Eo and E are the particle's kinetic energies at s=O and at s, and k is 
a coefficient with a minor residual dependence on both material and energy, 
of which some values are given in Table 11.38 The material-dependent factor 
Zm/ M results from the ratio of corresponding factors in the scattering and 
stopping power formulas. From Equation 86 follows 

m 
(s - s), """" Z- (l)s 

M 
87. 

where (l) is the approximate mean value of k times the logarithm in Equa
tion 86 and lies generally between 0.3 and 0.6. Mather & Segre (78) used, 
in essence, this formula with k=1/2 and with (1)=0.28 for Cu.31 Considera
tions analogous to those presented here have led Barkas (7) to a scaling pro
cedure that relates the value of (s-s) in a material of interest to the value 
for photographic emulsions which can be measured. 

Because the distribution of s-s is very skew, one may wish to single out 
a value of s-s nearer to the peak of the distribution than the mean. Bichsel 
& Uehling (13) achieved this end, in effect, by entering in Equation 84 
a typical value of 1-cos 8, for each s', somewhat lower than the mean 

•• The proton values of k differ systematically from the value for electrons, 
k•0.3, given by Blanchard (15). Note that Eq. 86 is the first term of an exponential 
series in powers of m/ M, which would converge poorly for electrons. 

11 An early, often utilized, treatment by E. J. Williams leads to the nonrelativistic 
form of Eq. 86, with (E+2Mc1)/(Eo+2Mct)-1, and to k-l. Further application of 
the approximate range-energy formula R-aEo' yields then the mean value 1/b for the 
logarithm in Eq. 86 and thereby (l)-k/b in Eq. 87. 
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TABLE II 

(Courtesy M. J. Berger) 

MEAN SCATTERING CORRECTION ON PROTON PENETRATION 
100(s-s)-s/R 

Figures in parentheses are values of (l) in Equation 87 

Proton initial Be, Z-4 Al, Z-13 Cu, Z-29 so, z-so Pb, z-82 
energy (MeV) I-64 eV l•163eV I-314 eV I-516 eV I•826eV 

1000 0.070 0.247 0.580 1.04 1.75 
(0.32) (0.35) (0.37) (0.38) (0.39) 

500 0.075 0.266 0.628 1.13 1.90 
(0.34) (0.38) (0.40) (0.41) (0.43) 

200 0.081 0.288 0.683 1.23 2.09 
(0.37) (0.41) (0.43) (0.45) (0.47) 

100 0.085 0.306 0.724 1.32 2.25 
(0.39) (0.43) (0.46) (0.48) (0.50) 

so 0.090 0.327 0.779 1.41 2.44 
(0.41) (0.46) (0.49) (0.52) (0.55) 

20 0 . .()96 0.347 0.831 1.51 2.62 
(0.44) (0.49) (0:53) (0.55) (0.59) 

Values of kin Equation 86 

1000 0.65 0.67 0.70 0.72 0.74 

100 0.70 0.76 0.80 0.83 0.85 

10 0.86 0.94 0.99 1.03 1.08 

(1-cos B).•. The result of the integration, which they called ARo and tabu
lated for a set of initial energies and materials, represents the value of 
s-s for a "smoothed out path" which has a specified typical obliquity 8 at 
each pathlength s'. The lack of smoothness of actual paths was then taken 
into account by increasing AR0 by 2/15. 

Yang (139) developed a rather detailed theory of the distribution func
tion of s-s, applicable to short pathlengths over which the cross sections 
are regarded as constant and utilizing a diffusion approximation to multiple 
scattering. This theory shows that the distribution function vanishes rapidly 
as " approaches zero, with a dominant factor exp( -1/v), that it peaks at 
""'1, and that it decreases for large" according to exp( -n/16). 
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For longer pathlengths, over which the cross sections vary substantially, 
moments of the distribution of s-s can be calculated by a procedure intro
duced by Lewis (70). Studies by Spencer (114, 115), using this method as 
well as a theoretical analysis of the distribution for very small v, show that 
the exp( -1/v) law remains applicable. This result is also borne out by 
extensive Monte Carlo calculations which have provided much of the current 
information on the distribution of s-s near the end of heavy-particle ranges 
[Berger (9, 87, 88)]. 

This recent study by Berger (87) critically reviews current knowledge 
of the effects of scattering on penetration and applies it to an analysis of 
experimental curves (78, 143) of detector response versus thickness of 
particle absorber. The analysis accounts for the major part of the curves 
though not for their behavior in the direction of short penetration. 

7. PHENOMENA ASSOCIATED WITH PARTICLE TRACKS 

The study of particle penetration in a material is traditionally associated 
with numerous effects, such as ionization or luminescence, which serve to 
detect the particle's passage and to provide information on its charge, mass, 
energy, etc. As the study of these processes progresses, it often bears increas
ingly on atomic properties of the material and less on the primary interaction 
of the particle. Thus this study develops into a number of separate chapters 
of physics, each of them of interest in its own right and with far-reaching 
ramifications, even while it remains relevant to particle penetration. In 
this section a number of associated effects will be mentioned, to give some 
indication of their present development and some reference to more detailed 
reports. 

The effects of a particle that come under observation are, in general, 
rather remote from the initial particle collisions. The collection of ions affords 
plenty of time for their chemical transformation (e.g. H,++Hs-+Ha++H). 
Numerous nrocesses-known and unknown--convert excitations into ioni
zation. Light emission almost never proceeds from the levels of initial exci
tation. The often strikingly simple quantitative relationships between the 
energy lost by a particle and its observable effects, which emerge from ex
perimental studies with moderate accuracy, may suggest, deceptively, a 
close link between these effects and the initial collisions, whereas the actual 
complexity of intervening events emerges only from more sophisticated 
tests. 

7.1 Energy deposition along particle tracks.-Some of the energy lost by 
a fast charged particle is removed from the vicinity of its track within times 
S 1()-11 sec by fast secondary electrons or by Cerenkov radiation. To ana
lyze the operation of detectors, one often wants to distinguish the energy 
left near the track ("restricted energy loss") from the total energy loss. The 
definition of restricted energy loss depends on the circumstances of interest. 
If often excludes the energy spent in producing secondary electrons with 
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initial energy in excess of a suitable limit To and the Cerenkov radiation 
with frequency below that of the lowest absorption band of the material 
(higher frequency Cerenkov radiation is absorbed rapidly [Sternheimer 
(119), Budini & Taffara (34)]). Assuming that Q=- To lies in the range of the 
high-Q approximation, the theory excludes fast secondaries by replacing the 
integration limit Qmax with To in Equation 37. To exclude the energy removed 
by Cerenkov radiation, one calculates separately the integral of the second 
term on the right-hand side of Equation 47 over the frequency band where 
Es is negligible and the arctangent is near 1r. One finds then, instead of 
Equation 38, 

( d;) 211's1e4 ~ 2mv1T0 1 - IJI 
- :I- --,-NZ In 1, - 2 1 To 

ru redr. mv me 

+In 1 -fJ•-2.£-,_~l 
1-fJ1 z ~ 

88. 

where 

~--~ r ~[tJ•-_!_] 
tiJt>t J Iae-o.t/>1 e(t~J) 

89. 

remains below 1 in H, and He, below 0.1 in other gases and, ,..,0,01 in solids 
[Sternheimer (140, pp. 8--10)). 

The restricted energy loss has a finite limit at high energy, called the 
"Fermi plateau," which is, owing to Equation 50, 

( - d~ - 21r11e6 NZ jln 2mc'To _ ( 2 .£ + ~) l 
tb J fflllt.r •• ~l mv1 1 (ac.,)1 Z ~-1 ~ 

- 0.154·~jln t400(To)ev - (2.£ +~) lMeVg-•cmt 88a • 
..4.1 (p)a--'Z/..4. Z ~~ ~ 

where (2C/Z+Ac)-.-1«1 in all materials but Hand He. 
Extensive experimental verification of this formula has been obtained 

[see, e.g., Sternheimer (140, pp. 2o-40)]. However, doubts have been 
cast on it recently by experiments at E > 100 Me' with nuclear emulsions 
[Alekseyeva et al. (2), Zhdanov et al. (141)] which show a decrease of 
( -dE/ds)nat.r. by 5-10 percent in this extreme relativistic range. Tsytovich's 
theoretical work [(129); see Sec. 2.13) accounts for this result in terms of 
radiative corrections. This matter remains unsettled at the moment as an 
attempt to reproduce the experiment has pointed to possible disturbing influ
ences in the handling of the emulsions [Stiller (125)]. t 

t Note added in proof. Continued experimentation by Stiller and Herz (private 
communication) with various types of nuclear emulsion exposed and treated under 
strictly controlled conditions bas failed to demonstrate a systematic uniform trend 
of the blob density count at E>lOO Me'. On the contrary, this work has emphasized 
differences in the behavior of different emulsions and thereby suggests that the blob 
density may not correlate with ( -dE/ils).,... to provide an adequate test of the 
theory. 
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7.2 Delta rays.-Delta rays are secondary electrons of energy sufficient 
to cause their track to fork out detectably from the heavy-particle track or 
to be otherwise noticeable. The minimum energy To required for this classi
fication depends of course on experimental criteria. If the high-Q approxima
tion holds for Q >To, the number of 8 rays of energy T produced per em of 
track is given by a formula analogous to Equation 31 

tlM.,. - 2,...,,. NZ (..!. - 1 - ~'\tlT 90. 
mt' T' 2mc1i J 

This formula serves well to determine the s and v of a particle on the basis of 
its 8-ray production because all its elements are well defined. However, an 
excess of 8 rays over the prediction of Equation 90 occurs at energies T that 
are not much larger than the binding energy of atomic electrons, because the 
high-Q approximation no longer holds. This increase, which is responsible 
for the second term of Equation 72, has not been studied quantitatively. 

7.3 Primary ionisations and excitations.-Successive ionizing collisions 
occur far enough apart along the track of a fast particle for the particle to 
frequently traverse a low-pressure counter without causing any ioniza
tion and, therefore, any discharge. This circumstance offers an opportunity 
to measure the frequency of primary ionizations along a track [McClure 
(74)]. The great majority of collisions involve a small momentum transfer, 
even though high-Q collisions contribute about half of the total energy loss. 
Accordingly, measurements of the number M.r of ionizing collisions per centi
meter of track provide information on the parameters of the low-Q approxi
mation, i.e., on the dipole strengths I ('X,jXj),.o 11 of Equations 22 and 23. The 
plot of fJ'M.r versus the velocity function ln~/(1-{Jt)]-{Jt, which appears in 
Equation 35, is a straight line (within the limits of the Born approximation) 
whose slope measures the quantity 

M,• - :t. ~a~alacll ('%1Sf).o I• 91. 

[Fano (41)]. 
Platzman (97) has emphasized that the set of ionized states over which 

the sum is performed in Equation 91 does not coincide with the set of all 
states whose energy E,. exceeds the ionization threshold E, of the molecule 
in the collision. Final states of molecules with E,. > E, may be dissociated, for 
example, rather than ionized. On the other hand, excitation to states with 
E,. <E, may result in eventual ionization of another molecule with a lower 
E,. In order to avoid classifying the states n according to their eventual 
properties, Platzman writes Equation 91 in the form 

M 4' - :t-1 ('%1Sf)•o ,.,_ 91&. 

where fl,. is the probability that the state. n leads to ionization. 
This method of analysis of collision cross sections has been applied to 

correlate the optical transition parameters I {l;jXj),.o I 1 and the cross sections 
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for excitation to specific levels n by electron collisions {82, 101). Figure 7 
gives an example of this plot and provides, incidentally, a verification of the 
Born approximation collision theory over a large range of energies. The drop 
of the experimental points below the straight line at low energies represents 
the failing of the Born approximation. The shape of the curve in Fig. 7 is, 
of course, characteristic for optically allowed transitions from the ground 

ELECTRON KINETIC ENERGY T,KeV 
!50 100 200 500 to' 104 o' o' tti' 

0 5 

IJ' 
In -/fl. 

•-IJ' 
FIG. 7. Ionization of Ht by electron bombardment. Experimental data: A Wil

liams & Terroux (1930), e Tate & Smith (1932), 0 Danforth & Ramsey (1936), 
0 McClure (1953) 
----- Theoretical asymptotic law 

(137tJ)ICT,/1ra1 -0.711 {ln Lat/(1-tJI) ]-tJI} +8.63 
-·-·-The same, corrected for exchange (100) 

The coefficient 0.711, determined by fitting the theoretical law to experimental 
data, measures M,1 in units of the squared Bohr radius a1• (Courtesy R. L. Platzman.) 

state to the state n. The cross sections for forbidden transitions withAL pili! 1 
vanish in the low-Q approximation and therefore fail to rise linearly on the 
right of the figure but flatten out at a constant level. 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


PENETRATION OF PROTONS, a PARTICLES, MESONS 53 

7.4 Ionisation yieltl.-The ionization chambers, which are the classic 
particle detectors, the proportional counters, which are ionization chambers 
with internal amplification, and the semiconductor counters respond to 
the passage of a heavy particle in proportion to the number of charge 
pairs separated in their sensitive volume. This number of charges is closely 
proportional to the energy dissipated, and the proportionality constant 
depends but little on the characteristics of the particle. The constant is 
usually expressed as the energy W dissipated per pair of ions produced. 
The quantity W is understood to represent a grand average over a large 
number of ionization processes produced by the incident particle, by sec
ondary electrons, and by subsequent "intermolecular processes. 

Much effort has been devoted over the years to the study of W in gases. 
[See, e.g., the reviews by Boag {20), Valentine & Curran {131), Booz & 
Ebert {26), and Whyte (138).] The data shown in Table III pertain mostly 
to a particles and fJ rays. The values for 340-MeV protons are a little lower 
than those for a particles, but this difference is probably not significant. The 
data for electrons show values of W a few percent lower than those for a 
particles except in hydrogen and in the noble gases i achievement of accurate, 
absolute measurement of W for fJ rays (60) has represented considerable 
progress. The excess of Wover the energy Io actually required to produce an 
ionization represents, of course, a diversion of energy to excitation and to 
other processes. For the monoatomic rare gases W/Io lies near 1.7 to 1.8; for 
the molecular gases, in which excitation is comparatively more likely and in 
which energy may go into molecular potential to yield dissociation or vibra
tional excitation, this ratio ranges from 2.1 to 2.6, 

The remarkable stability of Wagainst changes of velocity of the incident 
particles derives in part from the small influence of the velocity on the rela
tive cross section for different types of excitation or ionization collisions. It 
is enhanced by the circumstance that excess energy imparted to fast sec
ondary electrons can be utilized for the production of further ionization by 
these electrons; moreover, the energy distribution of these secondaries also 
depends weakly on the velocity of the incident particle. Other compensat
ing factors which remain unidentified presumably operate. Platzman 
{87, 98) has achieved considerable progress in analyzing the distribution of 
the incident energy between ionization and other processes throughout the 
sequence of secondary phenomena. In the case of He, a theoretical calcula
tion of the whole chain of events has been successfully completed {82, 98)•0 

yielding W==43 eV, in very good agreement with experiments. 
The study of W in gases has taken a new turn since the discovery of the 

ct This calculation requires a good knowledge of the collision cross sections for 
slow secondary electrons. The assembly of these data for helium (82) raised a major 
obstacle which has not yet been overcome for other gases except H,. An earlier 
calculation by Erskine (39) utilized unrealistic cross sections. 
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340 TABLE III 

VALUES OF W (eV /ion pair) 

Substance a Rays 340-MeV 
fJ Rays protons 

Gases 
He 42.7 (59) 42.3 (60) 

46.0 (27) 

Ne 36.8 (59) 36.6 (60) 

Ar 26.4 (59, 27) 26.4 (60) 
26.25 (53) 

Kr 24.1 (59) 24~2 (60) 

Xe 21.9 (59) 22.0 (60) 

H• 36.3 (59) 36.5 (3)- 36.3 (60) 
37.0 (27) 
36.0 (12) 

N• 36.38±0.07 (8) 34.7 (3)- 34.9 (61) 
36.39±0.07 (62) 
36.50 (12) 

32.5 (59) 32.6 (3)• 30.9 (60) 
32.2 (53) 
32.2 (27) 

Air 34.97 ±0.07 (8) 34.4 (3)• 33.8±0.2 (26) 
34.96±0.07 (62) ( > 20-keV average) 
34.95 (12) 

COt 34.04 (8) 32.9 (60) 
34.3 (27) 
34.3 (12) 

CH. 29.0 (12) 27.3 (61) 
29.2 (59) 
29.4 (27) 

Solitll 
Si 3.55 (86) 3.55 (65) 

Ge 2.9 (86, 79, 75) 
Se 3.9 (79) 
InSb 0.6 (127) 

AgCl 7.6 (132) 

Note-Experimental error estimates are indicated only where they are particu-
larly low or otherwise significant. 

• These values were adjusted to make W Ar-26.4 eV. 
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Jesse effect, namely, of the extreme sensitivity of Win He to trace impuri
ties which ionize upon collision with excited He atoms. The same effect 
occurs in Ne and, to a lesser extent, in Ar. The ionization yield has now 
become an indicator of the comparative probability of ionization and other 
molecular processes and of the energy exchanges among molecules in a gas. 
Following Platzman's observation that ionization in molecules is subject to 
competition with dissociation (97) and that the speed of dissociation is 
affected adversely by replacement of atoms with their heavier isotopes, 
Jesse has demonstrated that replacement of hydrogen with deuterium 
reduces the value of W [Jesse & Platzman (63)]. 

In semiconductor counters only ,....,1 eV is required to lift an electron to 
the conduction band, as compared with the 1Q-20 eV required to ionize a 
gas molecule. Accordingly the ionization yield in semiconductors is much 
higher than in gases, and corresponds to a value of W ,....,3 eV. This value has 
been accounted for remarkably well by a simple model of the mechanism 
through which the energy lost by a fast particle is converted to produce 
ionization in a solid [Chynoweth, Schweinler (86}, Shockley (110)]. This 
model considers only the excitation of individual electrons to the conduction 
band by the passage of a fast particle and the subsequent chainwise excita
tion of other electrons if the one first excited had received sufficient energy. 
On the other hand, the evidence presented in Section 2.10 indicates that 
the main excitations in metals and semiconductors are of the collective 
("plasma") type and have energy levels much higher than 1 eV. Thus the 
mechanism that controls the value of Win solid counters may require fur
ther clarification. 

7.5 Grain and bubble counts; luminescence.-Other modern particle detec
tors, namely, photographic emulsions, bubble chambers, and scintillators, 
give a response that is closely related to the particle's energy loss but depends 
also appreciably on its velocity. The number of grains that appear along a 
particle track in an emulsion (after it has been developed}, the number of 
bubbles in a bubble chamber, and the amount of light that emerges from a 
scintillator per centimeter of track depend, like gas ionization, on sequences 
of secondary processes. However, the circumstances for maintaining a stable 
response per unit energy loss are not quite as favorable here as for gas ioni
zation. 

Much effort has been devoted to studying the energy loss of heavy par
ticles at relativistic velocities indirectly through grain or bubble counts and 
through the light output of scintillators. This effort was reviewed in con
siderable detail a few years ago (140, see particularly pp. 21-38 by Stern
heimer}. As an indication of order of magnitude, one "blob" (i.e., grain or 
group of grains) is observed per 103 eV of energy dissipation, one bubble per 
3-5 X 103 eV in most of the relevant materials, and one scintillation photon 
per 1()1 eV. 

Each grain or bubble may stem, at least for high-speed particles, from a 
single collision. Collisions involving different amounts of energy loss are not 
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equally effective in producing grains or bubbles. This fact alone would not 
spoil the proportionality of grain or bubble count to the energy loss if the 
relative frequency of different types of collision were independent of the 
particle's velocity. As can be seen from the theory of energy losses developed 
in Section 2, the relative frequency of collisions produced by the longitudinal 
interaction remains remarkably constant as the particle velocity varies, 
because it varies at most as the logarithm of the velocity. However, the ris
ing contribution of the transverse interaction at relativistic energies intro
duces an appreciable change in the spectrum of energy losses because this 
interaction yields no intermediate-Q collisions (Sec. 2.4) and therefore very 
few~ rays of low or moderate energy. 

This difference between the collisions produced by transverse and longi
tudinal interactions has a characteristic effect [Barkas (5)]. The production 
of a bubble appears to require a fair amount of energy, of the order of 30Q-
1000 eV, and thus to depend particularly on the occurrence of low energy 8 
rays.u In hydrogen, which contains no inner-shell electrons, 8 rays of this 
energy cannot arise from low-Q collisions. The frequency of these 8 rays 
along the track is then given approximately by the first term of Equation 90 
(since T «me') and amounts to 25/(JI per centimeter for the total production 
of~ rays with T>400 eV. Careful experimental studies [see e.g. Kenney (64), 
Sechi-Zorn (142)] have confirmed the p--t law, and thus the absence of any 
relativistic rise of the bubble count in Ht, within the theoretical and experi
mental accuracy. (This bubble count amounts to 8.5/(JI cm--1.) Other liquids, 
however, contain inner-shell electrons which can be ejected in low-Q colli
sions with En >300 eV. Therefore, the frequency of these collisions should 
show a relativistic rise, arising from the contribution of the ln[1/(1-*">J 
term in Equation 32. A relativistic rise of 5 percent has actually been ob
served in propane [Blinov et al. (16)] and a much larger one of 30 percent 
has been reported for the heavier liquid CBrF1 [Hahn & Hughentobler (54)]. 

Similar effects might also influence emulsion grain counts, but to a smaller 
extent because of the presumably lower threshold for grain development than 
for bubble formation. At any rate, the blob density along high energy 
particle tracks has been found to parallel closely the restricted energy loss 
(Eq. 88), with To of the order of a few keV. The blob density exhibits a rela
tivistic rise of the order of 15 percent from the minimum, at E,...,4 Me', to 
the "plateau" atE> 100 Me' [see e.g. (140, p. 15), Shapiro (109), Patrick & 
Barkas (93)]. Notice, however, that the calculated magnitude of this rise is 

u Dr. A. G. Tenner kindly points out that the amount of energy actually spent in 
bubble formation is only ,...,10 eV in hydrogen and helium, even though the transfer 
of a much larger amount of energy to a & ray is probably necessary. He also points 
out that the interpretation given here of the absence of relativistic rise for the bubble 
count in liquid hydrogen implies the still unverified assumption that a rise should be 
observed for the restricted energy loss. Dr. Tenner has carried out a detailed study of 
the mechanism of bubble formation {145). 
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rather sensitive to the assumed values of I and To, because it is small as 
compared to the separate values of the minimum and the plateau. (See also 
the remarks on recent experiments at the end of Sec. 7.1.) 

In the process of scintillation, the output of light is influenced greatly by 
the competing phenomena of dissociation, intermolecular energy exchanges, 
and radiationless de-excitation, wherein electrons return to lower states, 
transferring excess energy to molecular vibrations. The competition among 
alternative processes depends on the concentration of energy deposited along 
a particle track, particularly in organic scintillator&. Light emission is least 
efficient along the tracks of slower particles where the energy concentration 
is highest. For example, along a proton track in anthracene the light output 
per kilo electron volt of energy dissipation decreases from 15 to 5 photons as 
the proton's energy drops from 100 to 1 MeV (140, p. 127). A dispropor
tionately large fraction of the light emitted along heavy-particle tracks may 
be contributed by 8-ray branch tracks [Galanin (50), Murray & Meyer {84)]. 

In many scintillator materials the light is emitted by activator impurities 
(e.g., by Tl atoms in Nai crystals, by terphenyl in polystyrene), excited by 
transfer from molecules of the bulk material which have a somewhat higher 
excitation level. Whether these excitations of the bulk material {......,5 eV in 
organic scintillators) are closely or remotely related to the collisions of 
charged particles is still unknown, even though substantial effort has been 
devoted to study of this question. It is of the essence, in this connection, that 
the majority of collisions lead to rather high {lG-20 eV) excitations, whose 
study is barely getting under way [see e.g. Platzman {99)]. 

7.6 Boundary effects.-When a fast charged particle traverses the sur
face of a material {or, more generally, the boundary between any two media), 
it may experience energy losses that are not otherwise observed during its 
penetration of the homogeneous portions of the same material. These energy 
losses are small, of the order of 5 eV, and therefore contribute insignificantly 
to the overall slowing down of the particle. The formation of a thin oxide 
film on the surface has, of course, a substantial effect on the magnitude of 
such an energy loss and on the subsequent phenomena that derive from it. 

Macroscopically, as a particle approaches a surface, it induces on it a 
charge distribution of opposite sign; the combination of the incident and 
induced charges constitutes a variable dipole which emits a "transition 
radiation" [Ginzburg & Frank (51)]. Microscopically, the separation of 
longitudinal and transverse excitations (Sec. 2 3), which hinges on the iso
tropy of a material, breaks down in the presence of a boundary. Levels of 
electronic excitation occur which are neither longitudinal nor transverse but 
are localized near boundaries and have a spectrum different from that of the 
collective excitations in bulk material discussed in Section 2.10 [Ritchie 
(103), Ferrell et al. (46); for experimental evidence see Powell (102)]. Thus 
one speaks of "surface plasmons" in opposition to "volume plasmons," both 
of them being low-q excitations of the outer atomic electrons influenced pro-
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foundly by electrostatic interaction of electrons over distances of the order 
of lo--t em. The surface plasmons may decay through the emission of optical 
radiation from the surface [Ferrell (47)]. This emission has been discovered 
[Steinmann {116), Brown et at. {33)] and shown to coincide, at least in 
essence, with the macroscopic transition radiation [Silin & Fetisov (111), 
Stern (117)]. 

The surface effects are, of course, particularly accessible to observation 
when the volume effects are minimized by reducing the total thickness of 
material. In fact, they have generally been studied through experiments 
with thin films. However, the occurrence of two film boundaries at a short 
distance complicates the situation, and detailed understanding of the ob
servations requires thorough experimental and theoretical analysis [Boersch 
et al. (21}, Frank, Arakawa & Birkoff (48), Ritchie & Eldridge (104)]. 

8. SUMMARY OF T ADULATIONS AND FORMULAS 

Interpretation of recent information on the stopping power and ranges 
of mesons, protons, deuterons, and 4 particles is based mostly on Equations 
38 and 39, or on the related Equation 86 for the restricted energy loss, com
plemented by experimental data. Tabulations differ in general in the values 
assumed for I, C, and 8. Of these quantities, I has been discussed in Section 
3 and C in Section 4; the practical evaluation of 8 is described in Section 8.1. 
Suggested values of I and C/Z are given in Table I and Figure 6, respec-
tively. · 

Because of the considerable uncertainties on the values of I and C in 
recent years, the trend is to allow the user maximum flexibility in the choice 
of these values. To this end, the user may be supplied either with only the 
raw Equation 38, or with tabulations of parts of this formula, or with more 
complete tabulations for specified values of I, rather than for specified ma
terials. Evaluation of the formulas is discussed in Section 8.2, the main 
recent tables in Section 8.3. 

The reader is reminded here that the stopping power at lower velocities, 
at which capture and loss of atomic electrons is frequent, has not been 
treated in this article. Some information on this subject is given in Section 
8.4, and on the related stopping power of fast heavy ions in the companion 
article by Northcliffe (91). 

Semi empirical range-energy formulas, usually of the type R = al!!', have 
been frequently employed. Their connection with the theoretical formulas 
will be indicated in Section 8.5. 

8.1 Calculation of 8.-The density effect correction 8 is defined by Equa
tion 48 as an integral in terms of the dielectric constant at all frequencies. 
The method of evaluation of this integral has been indicated in note 17. 
Sternheimer {118) has found it adequate and convenient to represent 8 by 
the approximate analytical expressions 
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I -o for X <Xo 
I - 4.606X + C + G(Xl - X)• for Xo S X < X1 
I - 4.606X + C for X> X1 

X .. log1o (p/Mc) - j log,o[pt/(1 - ~~)] 92. 

where the parameters a, m, C, Xo, and Xt have to be given for each ma
terial and depend on its dielectric constant.41 This procedure has been 
in general use, with somewhat different values of the parameters, depend
ing on the assumed value of I. Notice that the term 4.606 X merely cancels 
ln~/(1-~)] in Equation 38 and that -C==2 ln(J/~")+1, owing to 
Equation 50. Current values of the parameters are given in Table IV. 

8.2 Evaluation of the stopping power formula.-Bichsel (14) has cast 
expression 38 in to the form 

- a;: - 11 ~ K(JJ) lf(JJ) - In (I).v - ~ - jl f MeV g-' em1 

K(JJ) - 0.307/~' 

j(JJ) • In [1.022 X 1~/(1 - ~) }- ~~ 93. 

and has given a table of K,f, and fJ as functions of a proton's kinetic energy. 
As elsewhere in this article, sis the incident particle's charge in units of e; 

TABLE IV 
PARAKETERS FOR. STER.NBEoma's EQUATION 92 

(Courtesy S. Seltzer) 

z I(eV) -C G m x. x. 
4 64 2.83 0.413 2.82 2.0 -0.10 

13 164 4.21 0.0906 3.51 3.0 0.05 
29 315 4.38 0.107 3.39 3.0 0.17 
47 475 5.09 0.183 3.05 3.0 0.02 
82 805 6.16 0.344 2.66 3.0 0.39 
92 894 5.89 0.318 2.66 3.0 0.20 

f1=={Jc represents its velocity; Z/A is the number of electrons per atomic 
weight unit of the material; I can be taken or interpolated from Table I; 
C/ Z can be read or interpolated from Figure 6; and 8 can be calculated 
from Equation 92 and Table IV. Equation 88 becomes, in a form analogous 
to Equation 93, 

( - ~~~ - s' Z K(JJ) L! f(/J) - In (I).v + _! In (To).v 
th} rwt.r. A 1 2 2 

c 1 1 t 
- 0.489 X 1<r•(1 - ~1)(To).v- Z- 2 & - 2t:.c~ MeV g-' em1 94. 

u The parameter C in this paragraph is, of course, unrelated to the shell correction 
indicated by the same symbol. 
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Approximate analytical formulas to represent C have been given 
recently by Bichsel (14) and Barkas (7). In Bichsel's work (see Sec. 4.3) an 
analytical formula with adjusted parameters represents the contribution of 
each atomic shell or subshell to C. Barkas utilizes an empirical polynomial 
expression in two variables, C= F(fl-t, I), which depends on the particle 
energy through f11 ={JI/(1-{JI) and on the-properties of the material through 
the mean excitation energy I. (This expression has been designed to yield 
an adequate fit for the total range, but not necessarily for the stopping 
power; it has been used for f1 >0.13 only.) Both the Bichsel and Barkas 
expressions of Care adjusted to vanish in the high energy limit, whereas C 
actually remains finite in this limit {see Sec. 4.4). However, this discrepancy 
is hardly significant at the current level of accuracy, because ( C/ Z)_, <0.05 
whereasf(1) + · · · in Equation 93 exceeds 5. 

8.3 Tables of stopping power and range.-The most recent tables in reg
ular publication channels appear to be those of Sternheimer (89, 122, 140). 
These tables provide a good coverage of the subject but two ingredients of 
their preparation have proved to be inaccurate,41 namely, the "high" I 
values (1/Z"-'13 eV), akin to those of (36), and the assumption C"'CK+CL, 
i.e., CM, etc. ~. Adaptation to improved I values was made possible in 
(124) by the development of interpolation procedures. These tables extend 
to a proton energy of 100 GeV. 

Still in the "report" stage are two more recent tabulations by Bichsel 
(14) and Barkas (7), which rest on essentially the same input data and, 
therefore, differ only in format and in minor details. Bichsel's tables pertain 
to a set of specific materials and include ·both stopping power and ranges for 
proton energies up to 700 MeV." Barkas' single main table gives ranges for 
proton energies up to 5 GeV. The density effect is not taken into account in 
this table, but can be corrected for by means of a subsidiary table. Barkas 
represents the proton range as a smooth universal function of two variables, 
the proton energy {or velocity) and the mean excitation energy I of the 
material, and has designed his table for interpolation in both variables. To 
achieve smoothness, Barkas' main table gives the range in "moles of elec
trons per cm1," conversion to g/cm1 being achieved by multiplication by A/Z 
(chemical atomic weight per electron). Another extensive table of ranges and 
stopping power has been prepared recently in report form by Williamson & 
Boujot (144); this table assumes I= 13.02 Z eV for Z >5 and takes into 
account only the K-shell contribution to shell corrections. 

All these range tables can be applied to mesons, hyperons, deuterons, and 
a particles in accordance with Equation 40; Barkas (7) gives a table of the 
scale parameter M /z1• The effect upon the range of electron capture and loss 

41 Improved data on Cu and Ph have been calculated by Dr. Sternheimer [private 
communication and {122) "Errata"). 

" Bichsel calls "pathlength" the quantity called "range" in this article and 
"range" the "projected range" (depth of penetration). 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


PENETRATION OF PROTONS, a PARTICLES, MESONS 61 

in the terminal section of the path is represented by Barkas as follows. He 
characterizes the main range data as pertaining to idealized particles with 
M/s1 = 1 which do not capture electrons, and then represents the departure 
from the "idealizedn particle range observed for protons or other heavy 
particles by an additional corrective term (M/s1)B •• The determination of 
B. is an important goal of the studies of electron capture and loss (see 
Sec. 8.4). 

Brandt's report (30) contains a very extensive table of stopping powers 
and ranges, with particular emphasis on organic compounds. The values of I 
underlying these tables are much lower than the currently accepted values 
for Z >25; for organic compounds the I values were obtained by theoretical 
procedures referred to in Section 3.2. 

8.4 Low energy effects of electron capture and loss.-Empirical range
energy relations, usually in the form of power laws, have been used in the 
past at low energies where the stopping power theory described in this 
articl~ breaks down. Recently the trend has emerged to provide the user 
with extensive range and stopping power tables derived by interpolation 
from experimental data. Extensive tables of this type for protons from .04 
to 10 MeV and for a particles from 3 to 40 MeV have been prepared by 
Whaling (137).41 A smaller table of proton ranges, based primarily on new 
measurements, has been given by Rybakov (106).41 

For a particles, electron capture is already appreciable at several MeV 
and is very important at 800 keV. (However, rough data presented by 
Whaling (137) indicate .no significant, ± 20 per cent, influence on stopping 
power above 1.6 MeV.) Spot comparison of Whaling's a-particle and proton 
ranges indicates departures from the scaling law 40 of the order of 10 per cent 
for a particles of energy as high as 8 MeV. The a-particle ranges show here 
an extension, due to reduced stopping power at lower energies when their 
charge is reduced by electron capture. Data by Heckman et al. ( 4) on the 
corresponding extension for heavier ions indicate, in agreement with Whal
ing's tables, that the range extension for a particles, Bs, has reached its max
imum value at 4 MeV, i.e., that the stopping power theory should apply 
above this energy. [In emulsion B. is found (4) to be "''''1g(137fJ/s) where g 
increases almost linearly from fJ=O to fJ-20s/137 and thereafter remains 
constant at -.2 p.] This problem is highly relevant to the accompanying 
article by Northcliffe (91). 

8.5 Semiempirical range jormulas.-Substitution of the stopping power 
expression 93 into the range formula 39 yields 

• Caution is indicated in the use of these tables for protons in the 1-10 MeV 
range, because they are based largely on experimental data at lower energies and on 
extrapolation by means of a semitheoretical formula with no shell corrections. 

• Rybakov's "ranges" represent depth of penetration; a correction (Sec. 6) is 
required to obtain pathlengths from them. 
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...t r•• IJ' 
(R).-...a- 3.25 11z J, U<P> + ... } d(E)~~ev 95. 

By replacing the slowly varying functionf(IJ)+ · · · with a suitable average 
value, as a first approximation, one obtains 

A 1 ( E0t ) 

(R)a --~ ,_ 3"25 s1Z (j(p) + · · · } Eo + M c1 ••v 
9Sa. 

namely, a quadratic dependence of R on the initial kinetic energy Eo in the 
nonrelativistic range of energies and a linear dependence in the extreme rela
tivistic range. The transition between these two laws of variation is gradual. 
This transition is made still smoother when one evaluates Equation 95 tak
ing into account the variation of f(JJ} + · • · , by the circumstance that 
f(JJ} + • · · actually increases faster at lower energies, where (JI also increases, 
and more slowly at higher energies. 

These considerations make it plausible that a plot of lnR versus lnEo 
exhibits only a small curvature and that appreciable portions of it can be 
approximated rather accurately by straight lines 

lnR-Ina+blnEo (i.e., R - aEo") 96. 

The slope b lies between 1 and 2 and decreases slowly as Eo and R increase. 
The value b = 1. 7 5 has, for example, been utilized for an application to 

protons up to 300 MeV (78) (seep. 47}. Recently Seb (108) has fitted proton 
ranges in photographic emulsions satisfactorily by means of Equation 96, 
taking b= 1.74 between 7 and 200 MeV and 1.52 between 200 and 1000 MeV. 
Seb also presents evidence that range-energy curves for different materials 
are fitted by Equation 96 with the same value of band with a varying in pro
portion to I-6. Thereby the range in all materials would be represented by a 
universal function of the ratio Eo/ I. Inspection of the curves in Figure 5 
shows that, first, the curves for different materials lie close to one another 
and, second, they would be pushed still closer over a broad range if the scale 
of abscissas were changed from x=v1/vo1Z to x' = 2mv'/ I. This last scale 
would cause the curves to coincide for large x'. On the other hand, inspection 
of Figure 6, which provides an enlarged view of the differences among ma
terials, shows that no really universal range-energy relation exists. Equation 
95a emphasizes that the energy ratio Eo/ Me' is highly relevant, Seb empha
sizes the relevance of Eo/ I and Section 4.4 the relevance of the velocity ratio 
of the incident particle and atomic electrons, which differs somewhat from 
Eo/ I. In view of these circumstances, a judicious exploitation of the gross 
simplifying features, of theoretical knowledge, and of empirical fitting of 
parameters to critical experimental data might well yield, in the next few 
years, stopping power and range formulas that meet all reasonable tests of 
simplicity, accuracy, and adherence to relevant physical circumstances. 
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APPENDIX B 

PASSAGE OF HEAVY IONS THROUGH MATTER1•2 

BY LEE c. N ORTHCLIFFE 

Depa,rlnunl of Physics, Yale University, New Haven, Connecticut 

I. INTRODUCTION 

The passage of charged atomic particles through matter continues to be a 
subject of interest and importance to atomic and nuclear physics even after 
half a century of active investigation. Much of the stimulus for this work has 
come from the practical demands of experimental nuclear physics, for ex
ample, the need for energy loss corrections when particles pass through foil 
windows, targets, etc., or the use of particle range or specific ionization as a 
means of energy measurement or of particle identification. It is not surpris
ing that the theoretical and experimental description of alpha-particle and 
proton penetration phenomena is well advanced since these are the charged 
particles with which most experiments were performed before the discovery of 
nuclear fission. Now that accelerated ions of higher atomic number have be
come available and are used as bombarding particles in a growing variety of 
experiments, the passage of such ions through matter has become a subject 
of great practical importance. 

It is common practice to call such ions "heavy ions" to distinguish them 
from protons and alpha particles. Fundamentally this distinction between 
"light" and "heavy" ions is arbitrary, at least so far as penetration phe
nomena are concerned, since there is no basic difference in the mechanisms 
by which protons and heavier ions lose energy while passing through matter. 
All of the phenomena observed with heavy ions are mirrored in the behavior 
of protons, and a complete theoretical description of the passage of heavy 
ions through matter would be valid and complete for protons as well. Con
versely, much is to be gained by using the many theoretical and experimental 
results available for protons and alpha particles as a starting point and as a 
frame of reference for a discussion of heavy-ion stopping. 

Although the distinction between light and heavy ions may be arbitrary 
it is nonetheless real from a practical viewpoint. The principal difference is 
that protons and alpha particles can be regarded as charge invariant over 
most of the energy region of concern to nuclear physics while ions of high 

1 The survey of literature for this review was concluded in March 1963. 
1 This article is related to a "state of the art" survey being conducted by the 

National Research Council Committee on Nuclear Science, Subcommittee on Pene
tration of Charged Particles. The forthcoming final report of this survey will contain 
considerably more detailed information than this article. Members of the Subcom
mittee are: S. K. Allison, Walter Barkas, Martin J. Berger, Hans Bethe, Hans 
Bichsel, U. Fano, R. L. Gluckstern, William P. Jesse, Jens Lindhard, L. C. North
cliffe, Robert L. Platzman, R. M. Sternheimer. This work was supported by the 
United States Atomic Energy Commission. 
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atomic number can not. As will b~ome clear, with increasing atomic number 
of the ion there is an expansion of the velocity region in which charge varia
tion is of importance. At velocities where charge variation can be ignored 
justifiably in the theory of proton energy loss, such variation may influence 
or even dominate the energy loss process for heavy ions. After recognizing 
the dominance of this difference it is appropriate to note also the tendency 
toward increased validity of a classical description of the energy loss process 
for ions of higher atomic number. 

Our knowledge about the passage of protons and alpha particles through 
matter has been reviewed many times, most recently by Fano (1) in the pre
ceding chapter of this volume. Earlier review articles by Whaling (2), Allison 
& Warshaw (3), and Bethe & Ashkin (4) contain fragmentary information 
on heavy ions. Theoretical and experimental knowledge about the penetra
tion of fission fragments and reaction recoil atoms in matter has been sur
veyed by Bohr (5) and more recently by Harvey (6). The present article is 
primarily concerned with heavy ions of relatively low atomic number in the 
velocity region above 108 em/sec. It includes a brief guide to the available 
theory pertaining to heavy-ion behavior, a survey of experimental data with 
emphasis on recent results obtained with beams of artificially accelerated 
ions, and a semiempirical correlation of a representative selection of these 
data. To some extent protons and alpha particles also are considered as heavy 
ions in the discussion although no attempt is made to review low energy 
proton and alpha-particle data comprehensively. 

A. NOTATION AND UNITS 

For convenience of reference the symbols recurring throughout this 
paper and the units in which they are expressed are summarized here. The 
fundamental constants, c,1t,e, and m. (velocity of light, Planck's constant 
+211', charge and mass of the electron, respectively) are expressed in cgs esu. 
The rest mass of the ion [m] and that of an atom of the material medium [M] 
are in atomic mass units (physical scale); p. is the mass of one atomic mass unit 
in grams. The atomic number of the ion is s, and the atoinic number of an 
atom of the medium is Z. The kinetic energy of the ion is E* [ergs], or E 
[MeV], or S.=E/m (MeV /amu]. The integrated path length of the ion in 
the material medium is x (em], or X (mg/cm1]; the range of the ion is R 
(mg/cm1]. The density of the material medium is p [gm/cm1], and the num
ber of atoms per unit volume is N [cm-1]. When comparing the behavior of 
different ions in the same medium it is convenient to use the quantity 
tt£-=s1X/m [mg/cm1] as a measure of path length. 

The instantaneous net charge of the ion is denoted by Z•-ys, the average 
charge at a given velocity by (Z) • (-y) s, the rms charge at a given velocity by 
('0)111 s (-y1)111s or Zrm. ="Yrma s, and the effective charge at a given velocity by 
Z.ff="Yeff s, all in units of the electronic charge. The fraction of ions having 
charge Z in a charge-equilibrated monoenergetic beam is denoted by tf>z, 
while the analogous fraction for a beam not at equilibrium with respect to 
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charge change is denoted by q,z•. The cross section CTj,k for change of ion 
charge fromj to k is in units of square centimeters. 

The ion velocity is sometimes symbolized by v (em/sec) but more often is 
put in dimensionless form, either as {j=v/c, or as ~o=lv/e'= 137 {j (in units 
of the Bohr orbital velocity of the electron in the hydrogen atom), or as 
~=~o/s= 137 {j/s (in units of the Bohr orbital velocity of its own K electron). 
The quantity B=Z£ is the stopping number of a medium for a given ion 
(dimensionless), whileaBr=ZA.er is the relativistic part of B, and CK,CL · · · 
are the shell corrections to B. The quantity I is the mean excitation energy 
of the atomic electrons in ergs, and the Bloch "constant" K=I/Z therefore 
is in ergs unless otherwise specified. 

II. DESCRIPTIVE AND THEORETICAL 

If an atom or ion is given a velocity greatly in excess of the orbital 
velocities of its electrons and allowed to enter a material medium, these 
electrons will be quickly stripped from the atom and the bare nucleus will 
proceed through the medium, gradually losing energy because of the multi
tude of collisions it suffers with the electrons of the medium. (Collisions with 
the nuclei of the medium will be relatively rare at these high velocities and 
will play no significant role in the energy loss process.) At first there is a 
small but finite probability that the ion will capture an electron in one of 
these collisions and a large probability that the electron will be lost in the 
next collision, but as the ion slows down and approaches velocities com
parable with the orbital velocity of a captured electron, the capture prob
ability increases and the loss probability decreases. As the ion slows to 
velocities smaller than the orbital velocity of the first captured electron, the 
capture probability becomes very large and the loss probability approaches 
zero. Meanwhile the probability of capturing a second electron grows and the 
corresponding loss probability decreases so that with increasing probability 
the second electron is retained. As the velocity decrease continues, a third 
electron is "captured" in the same gradual way, and then a fourth, and so on. 
The major difference in the description of the capture process for successive 
electrons is the change in velocity scale necessary to match the progressive 
decrease of orbital velocity of these electrons within the ion. 

Eventually the ion reaches velocities smaller than the orbital velocity of 
the least tightly bound electron and spends most of its time as a neutral 
atom. By this time its kinetic energy is being dissipated predominantly by 
the energy transfer arising from elastic collisions between the screened nu
clear fields of the ion and atom, and a diminishing amount of energy is being 
transferred to the atomic electrons. The neutralized ion is said to be"stopped" 
when it either reaches thermal velocities or combines chemically with the 
atoms of the material. 

A sketch of the theoretical description of various aspects of this complex 
process is presented in this section. 
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A. ELECTRONIC STOPPING POWER AT HIGH ENERGIES 

1. The lheoreti.cal formula.-! t is well recognized that heavy charged 
particles lose energy while passing through matter predominantly through 
ionization and excitation of the atoms in the material. An essential aim of 
any theoretical description of this process is to predict the average energy 
loss per unit path length in the material, a quantity usually called the 
"stopping power" of the material of the ions.• There have been numerous 
theoretical treatments of this problem. Generally, these begin with different 
assumptions, have different regions of applicability, and give somewhat dif
ferent formulas for the stopping power. It is convenient to collect the com
mon features of these formulas into a universal term and confine the dif
ferences to a dimensionless multiplier B called the "stopping number." In 
this conventional form the theoretical formula for the "electronic" stopping 
power is 

- dE* (erg) - 411-ZY NB- 7.341 X lQ-10 (Z'N) B- 4.921 X lQ-7 ( Z'p) B l. 
ds em "'•"' TJ1 f1' M 

Alternative expressions in more convenient units are 

-dE (MeV) - 0.3072 ( Z'p) B 
ds em (JIM 

la. 

and 

-~~ <;;~,)- 3.072 X 10""' (!)B lb. 

A thorough discussion of the various formulas for B would go well be
yond the scope of this article since it would include most of the content of 
stopping-power theory. [Several such discussions are available (1, 4, 5, 7), 
the most recent being that given by Fano (1) in the accompanying article.} 
Nevertheless, certain observations about B can best be made by considering 
briefly three of the most familiar theoretical treatments. 

In the pioneering paper on the subject, Bohr (8) calculated the stopping 
power by means of nonrelativistic classical mechanics, assuming a Ruther
ford model of the atom, and obtained a result which can be expressed in the 
form4 

B - ~ In 1.=-"1 
- Z In 

1
·
1=1 2. 

where CAJ.!2r is the natural frequency for oscillation of the ith electron about 
its equilibrium position in the atom, the sum includes all atomic electrons, 

• Often the rate of energy loss is given in terms of the "stopping cross section" • 
related to the stopping power by the formula e-N-ldE/ds-pN-1 dE/dX. 

4 More exactly, the mass in Eq. 2 should be the reduced mass m,pm (~&m+m.)-1 
rather than the electron mass m., but for ions of mass m > 1 amu the simplification 
causes negligible change in the calculated stopping-power value. 
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and the effective frequency rA may be regarded as implicitly defined by the 
equation. 

The first purely wave-mechanical solution to the problem was obtained 
by Bethe (9) through use of the Born approximation. For ions at nonrela
tivistic velocities, the stopping number given by Bethe's theory is 

2•-'' 2m.v1 
B- Lf,,,In--=Zln--

'·" ac.,,,, I 
3. 

in whichfi,k is the atomic oscillator strength for the transition (i, k) with the 
frequency rAi,k/2-r. The quantity I is the mean excitation energy of the 
atomic electrons and its definition in terms of the individual possible transi
tions is analogous to the definition of rAin terms of the possible rAi values in 
Equation 2. Intuitively, it is tempting to associate the quantum-mechanical 
frequency equivalent of I with Bohr's effective vibrational frequency rA, 

implying the relationship I= aw, and in fact a semi-quantum-mechanical 
theory developed by Gaunt (10) gives a formula for B which can be ob
tained from Bohr's formula using this substitution. 

A more substantial bridge between the results of Bohr (Eq. 2) and 
Bethe (Eq. 3) was provided by Bloch (11) who took into account the per
turbation of the wave functions of the atomic electrons caused by the pres
ence of the incident particle. In Bloch's result the nonrelativistic stopping 
number is given by the formula 

4. 

in which 1/1 is the logarithmic derivative of the gamma function and Re1/l is 
the real part of 1/1. The interesting feature of this result is that it reduces to 
Equation 2 in the limit Z/~o»1 and to Equation 3 in the limit Z/~0 «1, 
assuming that I can be replaced by 

I- ac., s. 
Each of these authors extended his treatment to include a determination 

of the change in his stopping-power formula for ions at relativistic velocities 
(11, 12, 13). In all three cases the relativistic correction is the same; the 
quantity 

6. 

is added to the nonrelativistic stopping number. In addition, considerable 
attention has been devoted to the problem of determining corrections to 
Bethe's formula (the shell corrections Cx, CL, · • ·)which become necessary 
when the tightly bound inner electrons of the atom fail to participate fully 
in the stopping process. This problem is discussed in detail by Walske (14), 
Bichsel (15}, and Fano (1}. 

Bloch (16) provided another interesting insight by showing that in ma
terial media consisting of atoms adequately described by the Thomas-
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Fermi atomic model (i.e., large Z) the mean excitation energy I is expected 
to be approximately proportional to Z, 

1- KZ 7. 

The empirically determined values of the 11 Bloch constant" K do turn 
out to be approximately the same ["'10eV] for a wide range of Z values 
[Fano (1, Table 1)]. 

It will be sufficient for present purposes first to make some general ob
servations about the form and implications of the above results and then to 
consider some of the limitations of these theories when applied to the energy 
loss of heavy ions. 

On the strength of these results it seems reasonable to suppose that the 
electronic stopping power is representable in general by a formula of the form 

4E {-ys)1 Z 
- tlX- kt (il M (.C{P, ('YJ), Z} + A£r{p}) 8. 

where the function .C is the nonrelativistic stopping number per atomic 
electron, k1 is the constant of Equation 1b, and the ion charge Z has been 
replaced by the equivalent term -yz so as to separate the basic dependence 
on atomic number 1 of the ion from the influence of its temporary charge. 
The precise meaning of 'Y will be discussed more fully in Section II.B.3. 

The exact dependence of .C on velocity is complicated and not entirely 
known but characteristically logarithmic; .C increases slowly with increasing 
ion velocity. The dependence of .Con Z arises indirectly, through the Z de
pendence of I [or w] and of the shell corrections CIC, CL, · • • . Qualitatively 
.C is expected to decrease slowly with increa~ing Z. The possibility of a de
pendence on Z is indicated only parenthetically because Bethe's stopping 
number contains no such dependence even when shell corrections are con
sidered. There is no reason to expect a dependence of£ on either M or m pro
vided that the ion is heavy [m~ 1 amu]. 

Considerations along these lines led Lindhard & Scharff (17) to an ap
proach in which £ is regarded as a function of the dimensionless variable 
~01/Z. The reasonability of this can be seen by substituting the Bloch rela
tion [Eq. 7] into the Bethe stopping-number formula [Eq. 3] since the result, 
.C=ln 2m, [(c/137)1/K]+ln(~o"/Z), implies a linear relationship between .C 
and ln ~o1/Z. Lindhard & Scharff chose to regard£ as an unknown universal 
function of ~o1/Z, the form of which could be determined empirically by 
plotting the £ values calculated from experimental stopping-power data 
(using Eq. 8) vs.ln (~o1/Z). The result is a gratifyingly smooth curve {almost 
a straight line) with little dependence on Z [see Fig. 5 of (1) for a current 
version of this plot]. The slight dependence on Z corresponds to the slight 
inconstancy of K while the deviation from linearity reveals the departures 
from Bethe's formula in its uncorrected form {Eq. 3). 

Were it not for the variable 'Y in Equation 8, it would be possible to cal
culate the stopping power of any material for any ion with reasonable ac
curacy through use of a Lindhard-Scharff plot and Equation 8, assuming 
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there is no dependence of£ on z.6 Thus two questions assume importance: 
the dependence of£ on z, and the dependence of 'Y on Z, M, z, m, and v. 
It should be observed that the appropriate value of 'Y must be known before 
an empirical value of£ can be calculated, and thus the second question takes 
precedence over the first. Experimental data bearing on these questions will 
be considered in Section III. For the time being it is sufficient to note that 
the fractional charge"( is strongly dependent on v and z, somewhat dependent 
on Z and on the physical state and density of the medium, and probably not 
dependent on M and m. 

2. Relative stopping power.-ln terms of the viewpoint developed in the 
preceding section, the calculation of a theoretical value for the stopping 
power is reduced to the equivalent problems of calculating the values of £ 
and 'Y· Both of these are such formidable problems that their exact and gen
eral solution is probably unattainable. Even within the framework of Bethe's 
theory, for example, it is possible to calculate the value of I from first prin
ciples only in the simplest cases. Therefore I is normally regarded as an 
adjustable parameter characteristic of a given material medium but inde
pendent of v and z, and its value is determined empirically. In the same 
semiempirical spirit it is convenient to discuss the stopping powers for dif
ferent ions or media in relative terms. 

For both£ and 'Y the dependence on v is complicated and imperfectly 
known. It is best to eliminate it from the comparison of stopping powers for 
different ions or media by requiring that the ions have the same velocity. 
An equivalent requirement expressed in terms of energy is that the ions 
being compared have the same value of E/m=&m. If 8"' is introduced as the 
measure of ion energy it is advantageous to introduce the quantity ~
• (,.tfm)X as the measure of path length. Then Equation 8 simplifies to the 
form 

All of the variables which seem likely to influence the functions 'Y, £, and 
A.Cr are indicated. The relative stopping power of a given material medium 
for different i.ons moving with the same velocity is given by the ratio 

( d8. ) I ( d8. ) (-rf (It) l )' r~t <Zs> l + A£r] a:_ • a:_ 1 - "' { (st)} [_£ { (Zt)} + A.C, ; (8-)t - (8-)s 10. 

1 Lindhard & Scharff used only proton and alpha-particle stopping-power data 
in their plot, presumably because of the uncertainty in the value of -r for heavier 
ions. Where charge distribution data are available and -r can be calculated (see Sec. 
11.8.3.), a Lindhard-Scharff plot could be made for heavy ions and compared with 
that for protons. To the extent that the calculation of -r is reliable, any difference in 
the plots would reveal the dependence of .C on s. While this approach has not been 
explored, it would seem to be worthwhile wherever heavy-ion charge distribution 
and stopping-power data of adequate accuracy are available. 
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It will be noted that the term in square brackets becomes unity when £ is 
independent of s, as it is in Bethe's theory, and Equation 10 then reduces to 

( 48..) ('Y{Jt})'( tl8.) 
fftr- t - 'Y{It} a:.- 1 

lOa. 

Alternatively, the relative stopping power of two different material media 
for the same ions moving with the same velocity is given by the ratio 

M'(tlE)' I M (tlE) - ( 'Y{ Z', p'} )' [£ { (Z'), Z'} + !1£.,] 
Z' tlX Z tlX 'Y{z, p} £{ (Z), z} + !1£., 11• 

It is also of practical value to consider the case when 'Y is independent of Z 
and p since the dependence often is negligibly small. In such cases Equation 
11 reduces to 

M'(tlE)'- [£{Z'} + ~]M(tlE) 
Z' tlX £fz} +~ Z tlX 

lla. 

3. Limitations of the theories.-The necessary conditions for the validity 
of the three stopping power formulas (Eqs. 2-4) have been discussed by 
many authors (1, 4, 5, 11, 18, 19). A brief summary and discussion of these 
requirements and their implications for heavy-ion stopping is in order. To 
begin with the classical formula {Eq. 2), the assumptions made by Bohr (8) 
in his original treatment can be represented by the two inequalities 

Z«~ ~ 

(Ztz) 1/t « fo 13. 

Williams (18) gives two additional requirements for validity of a classical 
description, the condition 

c,.!), «size of scattering field, 14. 

which is satisfied in all cases under consideration here, and the more restric
tive condition 

Z»~ 15. 

By contrast, the use of the Born approximation in Bethe's quantum
mechanical treatment is associated with the restriction 

Z«fo 16. 

In addition Bethe's original derivation of Equation 3 also involved assump
tion of inequality 12, although this restricition is removed if the proper shell 
corrections Cx, CL, • • • are included. Bloch (11) avoided the assumption of 
inequality 16 but only at the expense of requiring inequality 12 and the 
additional inequality 

{ZZ)l/t « fo 17. 

The domains of validity implied by these various restrictions are shown 
in Figure 1, (p.76), a three-dimensional graph of Z vs. Z vs. (8m)1' 1, divided 
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into five regions by the five boundary surfaces corresponding to inequalities 
12, 13, 15-17. Clearly these surfaces should be regarded only as approximate 
indications of the location of diffuse boundaries.• The implications of this 
diagram are largely self evident and will not be labored. The most important 
feature to be noted is the decreasing applicability of these theories with de
creasing ion velocity. 

The diffuseness of the boundaries of applicability in Figure 1 is not the 
only reservation to be borne in mind. Strictly speaking, the theories are 
valid only for a material medium consisting of isolated atoms (i.e., a rarefied 
gas). Also, the structure of the ion is ignored. On the other hand, some of 
the restrictions may be too harsh. For example, Mott (19) has shown that 
the Born approximation gives the right result independent of inequality 
16 provided that Z«Z, thus considerably extending the domain of validity 
of Bethe's theory. 

B. FLUCTUATION OF ION CHARGE 

1. Charge distributions and charge-change cross section.-When an ion 
moves through matter with a velocity comparable with the orbital velocity 
of its own electrons, its net charge will fluctuate rapidly as electrons are 
captured or lost in the rapid succession of collisions with atoms of the ma
terial. Thus at any given instant a monoenergetic beam of otherwise iden
tical ions will be characterized by a distribution of charge states. If tPr, is the 
fraction of the ions which have charge Z, where Zcan beanyintegerO~Z~s, 
then the distribution is represented by the set of numbers ~o, ~., • • · ~ •• ., 
The average value of Z is 

• <•>- E Uz 
-o 

18. 

It is to be expected (and is verified experimentally) that the values of 
tPr, become vanishingly small when Z differs greatly from (Z). 

Since the energy loss of the ion in indivieual collisions is very small, a 
large number of collisions will occur while the ion velocity remains virtually 
unchanged, and an equilibrium with respect to electron capture and loss will 
be established. The set of probabilities tPr, then describes the equilibrium 
distribution of charge states present in an otherwise homogeneous beam of 
the ions, and (Z) will be the equilibrium mean charge of the ions. However, 
such an equilibrium normally will not exist when the beam first enters the 
medium, and the set of probabilities tPr,* will describe the nonequilibrium 
distribution of charge states. The nonequilibrium mean charge (Z*) can be 
defined by analogy with Equation 18. Both types of distribution are of in
terest, but for different reasons. The equilibrium distribution determines 

• For example, Bohr (5) uses the inequality 2 Z<<fo in place of inequality 16. 
'In some circumstances there is a finite probability that z- -1 but the prob

ability ia always ama11 and the •4 term will be ignored. 
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the rate of energy loss of the ions (through the quantity-y of Eqs. 8-11) while 
the transient behavior of the nonequilibrium distribution reveals the 
magnitude of the capture and loss cross sections (see Footnote 7). 

The capture (or loss) cross section CTJ,k is the quantitative measure of the 
probability that an ion of net charge j will capture (or lose) one or more 
electrons and become an ion of net charge k. It is defined by the formula 
CT J ·•-= dn1 .11/ N d%, where dn1,.. is the probability that the charge of the ion will 
change from j to k while the ion moves through the infinitesimal distanced% 
in a material containing N atoms per unit volume. If j> k, then CTJ,Jc is a cap
ture cross section, and if j < k, it is a loss cross section. 

It is easily seen that the charge-change cross sections are related to the 
nonequilibrium charge distributions through the set of equations 

&~...• • 
7- N :E ("i·Ztl>i*- trz.p,_-?; z- o, 1, • · • 1 

(NO 1-t 
19. 

and to the equilibrium charge distributions through the set of equations 

~- 0- t (trl.~- "r.·PVi z- 0, 1, • • • 1 20. 
(NO 1-t 

If the values of CTJ,.. are known, the values of both f/1! and ck* can be cal
culated easily.• 

2. Theoretical weatments.-A bibliography of theoretical papers con
cerned with the capture and loss of electrons by protons and alpha particles 
is contained in a recent review paper by Allison (20). While reasonable 
agreement can be obtained between theory and experiment in the simplest 
cases [e.g., protons in Hs gas, see Jackson & Schiff (21)], the processes in
volved in the capture or loss of an electron by a moving heavy ion are in 
general so intricate as to defy precise and compact description. Various 

• The convene calculation is more difficult since there ares (s+1) values of tTJ.t 

and only (•+ 1) values of Z, and thus the set of Eqs. 20 is insufficient for the determi
nation of tr1 ... If multiple charge change is negligt'ble, however (usually a reasonable 
assumption), it is easily seen that under equilibrium conditions "l·i+t/tri+t·I•#/JI+li#/JI. 
Thus loss to captUre cross-section ratios are given by the equilibrium charge-fraction 
ratios. In order to determine individual "I·" values, it is necessary to investigate the 
nonequilibrium charge distribution as a function of penetration depth. In practice 
the initial beam is usually in a single charge state k so that • ., •• 1 and •1r,..,•-o at 
s-O. Then Eqs. 19 evaluated at s-O become (~/tls)..,.-N,.,,z for Z~k, and 
(~,*/rb).-e- -NI;;_. ""·I· 

+a 
Fig. 1. Regions of applicability of various stopping-power formulas; Bethe theory 

(Eq. 3)--region A; Bohr theory (Eq. 2)--region B; Bloch theory (Eq. 4)--regions 
A, B, and C; Bethe theory with shell corrections regions A and D. Each of the 
regions is wedge shaped and approaches zero in width as the ion velocity approaches 
zero. The boundaries are diffuse and their locations are somewhat uncertain. 
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theoretical treatments of this problem have been based on simplified or even 
crude models. Usually they can claim only approximate validity and are 
applicable only in restricted regions of Z, z, and v. 

The earliest theoretical discussions of the charge variation of ions heavier 
than the a particle arose in attempts to account for the range of fission frag
ments in matter. Bohr (22) based an estimate of the fragment charge on the 
assumption that an electron was permanently captured by the fragment 
when its orbital velocity in the fragment (crudely estimated) exceeded the 
velocity of the fragment. Lamb (23) made the essentially equivalent as
sumption that an electron of the medium would be permanently captured 
when its kinetic energy in the coordinate system of the fragment was less 
then the binding energy of the lowest unfilled bound state of the fragment. 
Knipp & Teller (24) followed Bohr's approach but used a Thomas-Fermi 
model to obtain more accurate estimates of orbital electron velocities and 
regarded the velocity ratio v./vo (electron orbital velocity to critical ion 
velocity at which the electron is attached) as an unspecified parameter, to be 
determined empirically. This approach was explored still further by Brun
ings, Knipp & Teller (25) who extracted the electron velocity v. from the 
Thomas-Fermi model on the extreme alternative assumptions that v. is 
(a) the velocity of the least tightly bound electron, or (b) the velocity of the 
outermost electron. The velocities given by assumptions (a) and (b) might 
be regarded as upper and lower limits of "• respectively and, not surprisingly, 
the authors found the empirically indicated values of v./vo to be > 1 on 
assumption (a) (increasing from "'1.2 for s= 10 to "'1.8 for Y"55), and 
< 1 on assumption (b) (decreasing from "'0.6 for s = 6 to "'0.35 for Y"55). 

It was realized by all of these authors, of course, that electron capture 
is a much more complex phenomenon than the one-step irreversible process 
assumed and that a proper description would involve an equilibrium dis
tribution of charge states fh given by the capture and loss cross sections 
t1;,", as in Equation 20. The simplified picture is qualitatively correct be
cause the values of fh are appreciable only for charge states Z in which the 
least tightly bound electrons have velocities of the order of the ion velocity. 
An interesting phenomenological method of predicting these charge distribu
tions was developed by Dmitriev (26), again on the assumption that the 
relative velocity v/v. is the key parameter. Representing the probability 
that the ith electron is attached to the ion by the function P,, he assumed 
that P, is the same smoothly varying universal function of the relative 
velocity v/v., for all electrons of the ion and for all ions in a given medium, 
and in particular that the value of P, is uninfluenced by the presence or 
absence of other electrons in the ion. He applied this model to ions of mod
erately low 1 [2 <s <9], and assumed the value of "•• to be the velocity 
(211/p.m)111 corresponding to the empirical ionization potential 11 of the 
ith electron. The dependence of the universal function P on v/v. was assumed 
to be the same as the observed variation of the proton fraction ~~ of a 
hydrogen beam with velocity v. On these assumptions the values of P, are 
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determined, and then the charge fractions fh are obtained by appropriate 
summations. A variant of this method was used by Heckman, Hubbard 
& Simon (27) in the analysis of their experimental equilibrium charge 
distribution data for heavy ions in Zapon. They achieved good fits by de
riving the universal function P from their own data rather than proton 
charge fraction data, and by assuming different universal functions for the 
K and L electrons. 

In his comprehensive treatise on the penetration of charge<! particles in 
matter, Bohr (5) derived estimates of the capture and loss cross sections on 
the assumptions (among others) that the electron velocities in the ion and 
atom are given by a simplified Thomas-Fermi model and that the ion returns 
to its ground state between collisions. The latter assumption severely re
stricts the usefulness of these estimates since it is fulfilled only in the case 
of very rarefied gaseous media. Bell (28) and Gluckstern (29), using more 
sophisticated versions of the Thomas-Fermi model and more detailed de
scriptions of the charge exchange collisions, calculated capture and loss 
cross sections for some representative heavy ions in rarefied gases by nu
merical methods. 

In order to eliminate the restriction to rarefied gases and to account 
for the observed dependence of the charge of a fission fragment of a given 
velocity on the density and state of condensation of the material medium, 
Bohr & Lindhard (30) reconsidered the problem, taking the effect of residual 
excitation of the ion on the charge-change mechanism into account, and de
rived revised estimates of the capture and loss cross sections. On the other 
hand, Neufeld, working alone (31) and with Snyder (32), showed that the 
process of "autoionization" (field emission of electrons from the moving ion, 
caused by polarization of the medium in its wake) is partly responsible for 
the difference in charge of a fission fragment in solids and in gases. 

3. Effeclive cha.rge.-As defined in connection with Equation 8, the quan
tity 'Y is the ratio of the instantaneous charge of an ion to its nuclear charge. 
Thus Equation 8 gives the instantaneous rate of energy loss while the ion 
has charge z. However, the ion charge will fluctuate and consequently the 
rate of energy loss will fluctuate. Since the instantaneous stopping power 
varies approximately as zt and the ion spends the fraction fh of its time in 
charge state Z, it is to be expected that the average stopping power will be 
approximately proportional to the mean squared charge of the ion, given 
by (zt) = (-y1 )s1 where 

21. 

Since this average stopping power usually is the quantity of practical in
terest, the values of 'Y used in Equations 8-11 should be the root mean 
square values defined by Equation 21. 

An alternative approach is suggested by the approximate expression 
(Eq. lOa) for the relative stopping power of a given medium for two dif-
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ferent ions. Since both 'Yrma and d&,./dOC_ are rather well known for protons, 
it is useful to regard the proton as a reference ion associated with the sub
script "1" in Equation lOa. Then the measured value of d&,./dOC_ for any 
other ion (subscript "2") can be characterized by an effective charge 
Z.u ='YelfZ defined purely in terms of empirical measurements by the equation 

[ (48../,g->,J l/t 
("Yeff)t • hnaJa (48./rlf£-)a 22. 

If Equation lOa is valid (i.e., if Eq. 8 is valid and£ is independent of Z), then 
of course ('Yrmah and helf)t are equal. Conversely, nonequality of hnu)t and 
('Yeuh indicates either a dependence of £ on Z or, more fundamentally, 
some inadequacy of the theoretical descriptions leading to Equation 8. 

Indeed, such inadequacy would be expected when the ion velocity de
creases to the point where the energy loss from "nuclear" collisions becomes 
important. Moreover, at low velocities the implicit assumption that an ion 
may be treated as a moving point charge of magnitude 'Y~ may no longer 
be good since atomic electrons penetrating the ionic charge cloud during 
collisions would see a higher effective charge than that given by the equilib
rium charge of the ion. While Bohr (5) at first estimated that the effect of 
finite ion dimensions would be negligible, a revised estimate by Bohr & 
Lindhard (30) indicated that such an assumption may not be justified for 
very heavy ions. 

C. ELECTRONIC STOPPING POWER AT LOW ENERGIES 

At high ion velocities (~o»s) the stopping power increases with decreas
ing velocity roughly as {J-2, but at intermediate velocities (~o"'s''1) the 
gradual neutralization begins to dominate this dependence, and the stopping 
power goes through a maximum. As the decrease in ion velocity continues, 
the electronic stopping power decreases, eventually falling to zero. In the 
limit of very low velocities (~o< 1), a theory developed by Fermi & Teller 
(33) to describe the stopping power for J.& mesons and adapted by Warshaw 
(34) to apply to protons predicts a stopping power which is proportional to 
fJ. The same dependence was found theoretically by Lindhard (35) and semi
empirically by Lindhard & Scharff (17). In a later paper, Lindhard & Scharff 
(36) used the Thomas-Fermi model to find the dependence of electronic 
stopping power on sand Z in the velocity region below ~o"'s''1 and found it 
to be given approximately by the formula 

( dE*) _ 0 1 IZ 
- th • - -.ore WGo (st/1 + ztl')l/t fo 23. 

in which ao is the Bohr radius of the hydrogen atom and "• is a numerical 
factor of the order of s111• 

D. NuCLEAR STOPPING PowER 

A heavy ion at high velocities (~o»l) loses very little energy through 
collisions with nuclei of the medium, but this is no longer true when the 
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FIG. 2. Universal nuclear stopping-power curve for heavy ions at low velocities. 
A typical electronic stopping-power curve given by Eq. 23 also is shown. 

ion is moving so slowly (fo.....,l) that its average net charge approaches zero. 
While the electronic stopping power is declining to zero with decreasing ion 
velocity, the average energy loss per unit path length from elastic nuclear 
collisions (i.e., the "nuclear" stopping power) is increasing rapidly (approxi
mately as {r'). BelQw a certain critical velocity (137 fJo«l) the nuclear stop
ping power exceeds the electronic stopping power. Eventually, as screening 
of the nuclear fields of the ion and atom becomes the dominant factor, the 
nuclear stopping power goes through a maximum and then also declines to 
zero. 

The role of nuclear collisions in the penetration process was discussed 
extensively by Bohr (5). More recently Bohr's ideas have been developed 
and refined by Nielsen (37), Lindhard & Scharff (36), and Lindhard, Scharff 
& Schi"tt (38). The latter authors have derived a universal curve for the 
nuclear stopping power, using the Thomas-Fermi model to determine the 
effects of screening. This curve is shown in Figure 2 along with a typical elec
tronic stopping power curve given by Equation 23. 

E. STATISTICAL FLUCTUATIONS 

Because of the statistical nature of the energy loss process, individual 
particles starting with the same velocity and direction at the same point 
will follow somewhat different paths and at any given depth of penetration 
will be distributed in energy, in direction of motion, and in lateral displace
ment from the projection of their common initial path. Similarly, they will 
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come to rest at positions distributed both in depth of penetration and in 
lateral displacement from the projected initial path. This spreading of the 
initial particle beam is slight at high energies but increases rapidly when the 
11nuclear" energy loss mechanism becomes significant. While these distribu
tions cannot be discussed here in detail [see Bohr (5), or Lindhard, Scharff & 
Schis6tt (38)], their significance in connection with the precise definition of 
range, the relationship between stopping power and range, and the inter
pretation of experimental data is considered briefly in the following para
graph. 

F. RANGE, RANGE DIFFERENCE, STRAGGLING 

Loosely speaking, the range of a particle is the distance it penetrates into 
a material before coming to rest. If the lateral deflections and the statistical 
fluctuations are disregarded, the range is simply given by integration of the 
reciprocal of the stopping power 

R • fo• (- ~~) -1tlE 24. 

and the depth of penetration corresponding to a decrease of energy from 
Eo toE is given by the range difference 

r•· ( tlE )-' X- R(Eo)- R(E)- J. - tlX tlE 25. 

where -dE/dX is the sum of the .. nuclear" and the 11electronic" stopping 
power. Because of the small lateral deflections suffered by the ion, the inte
grated path length in the material, given by Equation 24, will be somewhat 
larger than the depth of penetration along the initial direction. In general 
the deflections are associated with nuclear collisions, and the difference be
tween path length and depth of penetration may become large whenever 
elastic nuclear collisions account for much of the energy loss. The quantity 
given by integration of the theoretical stopping-power formulas is the path 
length and it is directly observable in nuclear emulsions or cloud chamber 
photographs. In most other experimental situations, however, it is the depth 
of penetration which is observable. Thus either quantity might be called 
the range under appropriate circumstances. 

A further ambiguity in the meaning of range arises from the statistical 
fluctuations of the energy loss process, since a beam of monoenergetic inci
dent ions is spread in energy by these fluctuations, giving rise to 11range 
straggling," i.e., to a distribution of path lengths or penetration depths in 
the material. This distribution may be almost symmetric (Gaussian) or very 
asymmetric, the amount of asymmetry being associated with the relative 
importance of elastic nuclear collisions in the energy loss process [see Bohr 
(5)]. Thus the mean and the most probable penetration depths often are dif
ferent. Each of these can be used as a definition of range, and various other 
measures such as the maximum penetration depth also have been used. It is 
natural to identify the mean path length with R of Equation 24 since 
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-dE/dX is defined as the average energy loss per unit of path length, but 
this identification is only approximately correct. 

Ill. EXPERIMENTAL AND SEMIEMPIRICAL 

A. EQUILIBRIUM CHARGE DISTRIBUTIONS 

Uncertainty about the net charge of a heavy ion is probably the major 
cause of uncertainty in the theoretical calculation of dE/dX for the ion. 
Although experimental data on the equilibrium charge distributions of 
heavy-ion beams are not abundant, they are sufficient to reveal significant 
relationships which can be of considerable help in dE/dX calculations, 
particularly in the high energy region. 

At energies above 1 MeV /amu, equilibrium charge distributions have 
been measured for C, N, 0, and Ne ions in Zapon by Heckman, Hubbard & 
Simon (27), and forB, C, N, 0, F, and Ne ions in aluminum by Northcliffe 
(39).1 These results are displayed in Figure 3 plotted as functions of the 
velocity ratio ~=fJ/fh:=~o/z, where fJ"=z/137 is the velocity of an electron 
in the innermost Bohr orbit of the ion. This is consistent with the usual as
sumption that the probability of attachment of an electron to an ion is a 
function only of the relative magnitudes of the ion velocity and the orbital 
velocity of the electron when bound to the ion. The data are plotted in this 
way, of course, in the hope of finding a universal relationship between q,z 
and ion velocity. The choice of fJ" rather than the Thomas-Fermi velocity 
(h.,=~o/z2'1 as a reference velocity is suggested by the fact that the capture 
and loss of the two K electrons dominate the charge exchange process 
throughout most of this velocity region, as can be seen from the smallness 
of the <1>z values for Z ~z-2. 

The charge distribution data for a given material seem to be represented 
reasonably well by a single universal curve for each value of z-Z. Further
more, the universal curves for the two materials are not very different.t0 

• Only the 0 11 data were published in (39) but the unpublished data included here 
for other ions were obtained in the same manner as the 0 18 data. 

10 It may be noted on close inspection that the Zapon data deviate systematically 
from a universal curve, and in fact Heckman et al. (27) find that a better universal 
curve is obtained if the data are plotted vs. the velocity parameter ~o/(Z-0.62)0 •7 

rather than ~=~o/z. These deviations are small, however, and for present purposes 
can be ignored. The data for aluminum are less precise than the Zapon data but 
sufficiently accurate to indicate that the systematic deviations are less than <111/>--<l.02 
in the region 1.5 <~<2.5. When the relative accuracy of individual points for AI is 
taken into account, it is found that the points which deviate noticeably from the 
universal curve are also those marked by the greatest uncertainty. On the whole the 
AI data are satisfactorily described by the universal curve of Fig. 3. It will be noted 
that the universal curve for AI does not fit the Zapon data. That this difference is 
real is corroborated by Heckman et al. who find, in unpublished measurements with 
0 11 ions of velocity ~-0.148 (i.e., ~-2.54), that 4>• and f/11 are respectively 0.979 and 
0.021 in Zapon, 0.956 and 0.044 in AI, 0.930 and 0.069 in Ag, and 0.919 and 0.079 
in Au. 
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At lower energies several sets of equilibrium charge distribution measure
ments are available. The most extensive are reported in a series of papers by 
Nikolaev, Dmitriev, Fateeva & Teplova (40-43}, including data for He, Li, 
B, N, 0, Ne, Na, Mg, AI, P, Ar, and Kr ions of velocities in the region 
1<Eo<5 passing through celluloid, Hs, He, Ns, Ar, Kr, and air, and also for 
N ions in Be, Ni, and Au. Other available measurements include those of 
Reynolds et al. (44) for N ions in AI and Formvar; of Almqvist et al. (45) 
and Litherland et al. (46) for F, Cl, Br, and I ions in C and Os; of Stephens 
& Walker (47) for N, 0, and F ions in Zapon; of Hubbard & Lauer {48} for 0 
and Ne ions in Ar; of Tombrello et al. (~9) for Be ions in Be; and of Kavanagh 
& Seeger (50) for C ions in vanadium nitride. In addition, Stier et al. {51), 
Leviant et al. (52), Allison et al. (53), and Steiger (54) have measured equi
librium charge distributions for heavy ions at very low velocities. 

It is difficult to display these results in compact form not only because of 
the considerable scatter resulting from experimental uncertainties but also 
because real differences must occur for different ion beams and probably 
occur for different material media as well. Still, it would be of interest to 
extend the universal charge distribution curves for Figure 3 to somewhat 
lower velocities. For this purpose the data of Reynolds et al. (44) for N14 ions 
in Formvar have been chosen. The justification for combining the data for AI 
and Formvar lies in the observation by Reynolds et al. that the charge dis
tributions at S. == 1.86 MeV /amu are the same in both materials. Other 
charge data in this region are omitted from the plot to avoid confusion. An 
extension of this plot to still lower velocities would not be advisable since K 
electron capture and loss no longer would dominate the charge-change proc
ess there. 

It is advantageous to display charge distribution data in another way. If 
charge change takes place predominantly by capture or loss of a single elec
tron [normally this is the case, see Nikolaev et al. (57)], it can be seen that 
tT'U-1/trz-1,Z~1/t/Jf. (see Footnote 8). It was predicted theoretically by 
Bohr (5) that tro/tr, should be an almost constant power of the velocity. Thus 
a plot of log (t/1:,/t/Jf.-1) vs. logE should be approximately a straight line. Such a 
plot is shown in Figure 4 for the f/J./f/J-1 and f/J-1/f/J-s charge-fraction ratios 
of the data displayed in Figure 3. (The plot for f/J-s/f/1-a is similar.) For 
purposes of comparison the proton charge-fraction ratio f/Jt!f/Jo measured by 
Phillips (55) also is shown. It will be noted that the aluminum data do not 
show the systematic dependence on 1 that appears in the Zapon data. Thus it 
is plausible to draw universal curves (the solid lines of Fig. 4) for AI. The 
formulas for these curves are: f/J./f/J-1 == 0.365 ~ for E ~ 2; f/J./f/J-1 == 0.3EU1 

for E~ 2; f/1-t/f/1-s ==1.~; 41-s/41-a = 12E'· [This fourth-power dependence 
of t/1:./t/Jf.-t on ion velocity also was found for heavy ions at lower velocities in 
celluloid by Nikolaev et al. (40, 42).] The universal curves of Figure 3 were 
constructed using the above formulas. 
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FIG. 4. Equilibrium charge-fraction ratios for heavy ions at high velocities. 
The unidentified points for 0 ions in AI are taken from Footnote 10. 
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B. N ONEQUILIBRIUM CHARGE DISTRIBUTIONS AND 

CHARGE-CHANGE CROSS SECTIONS 

Experimental measurements have been reported by Hubbard & Lauer 
(48), Heckman et al. (27), Nikolaev et al. (56-59), Reynolds et al. (60), and 
Stephens & Walker (61). Because of space limitations no discussion of these 
results will be attempted. 

C. ELECTRONIC STOPPING-POWER CURVES 

The most direct determination of stopping power is achieved by passing 
ions of known initial energy E through a thin layer of the material and 
measuring the energy loss -tiE. The thickness il.X of the material layer 
should not be so small that surface effects and the approach to charge equi
librium are important but should be small enough to permit the equating of 
-&E/il.X with the stopping power -dE/dX (at energy E-lil.E). The 
practical difficulty with this method is that the thickness often must be so 
small (especially with heavier ions) that the uniformity of the thin layer and 
the precision with which il.X can be measured limit the accuracy of the de
termination. 

The experimental difficulties associated with very thin layers can be 
avoided with some sacrifice of directness by using the derivative approach 
in which the stopping power is determined from the slope of the smoothed 
experimental range-energy curve or its mirror image, the plot of Jl.E vs. il.X 
for ions of fixed initial energy. The relationship between this slope and the 
stopping power already has been discussed in Section II.F. A third method 
of deriving stopping powers is considerably less direct and has less solid the
oretical justification but deserves consideration because it utilizes a different 
body of experimental data. In this method Equation 21 is used to calculate 
the root mean square fractional charge of the ions from the observed equilib
rium charge distributions, and the result is used together with the known 
proton stopping power and equilibrium charge to calculate the heavy-ion 
stopping power by means of Equation 22. 

When the stopping-power data obtained by direct measurement are sup
plemented by the values derived from energy loss or range data and from 
equilibrium charge distribution measurements, the result is a substantial 
body of information. In fact, it is not practical to display and discuss all such 
information for all ions and material media in this paper. It seems preferable 
to concentrate attention on the most thoroughly studied ion-absorber com
binations in the hope of gaining insight which may be used as the basis for 
generalization. For this purpose the data for B, C, N, 0, F, and Ne ions in 
C, AI, Ni, Ag, and Au seem particularly well suited. A display of most of the 
available electronic stopping-power values derived from experimental data 
by all three methods for these ions and materials is presented in Figures 6 
and 7. The aim has been to present all available data for aluminum in each 
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FIG. 5. Stopping power for H and He ions in C, AI, Ni, Ag, and Au. 
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case and to include as much information on other materials as could be shown 
without undue confusion. 

For purposes of comparison a set of stopping-power curves for H and He 
ions in the same materials is shown in Figure 5. Above .1 MeV /amu the 
curves are essentially those given by Bichsel (62) an~ by Demirlioglu & 
Whaling (63) except in the case of silver where the curve is slightly higher 
(_,2%; 1 <8. <3) than that given by those authors. Below 1 MeV /amu all of 
the curves differ somewhat from those of (62) and (63). (The reason for these 
differences will be indicated presently.) In the region where the curves here 
are different, some of the data upon which the curves of (62) and (63) were 
based are shown to indicate the plausibility of the present curves. These 
include the measurements of Bader et at. (64), Green et at. (65), Warshaw 
(34), Wilcox (66) [as corrected by Allison & Warshaw (3)], and Gobeli (67) 
[as interpreted by Whaling (2)]. New measurements reported by Porat & 
Ramavataram (68, 69), Teplova et at. (70), and Van Wijngaarden & Duck
worth (71) also are shown.11 It may be noted that much of the difference be
tween the.stopping power for Hand He ions (and the heavier ions, Figs. 6 
and 7) has been removed, as predicted by Equation lOa, by plotting 
-dS./df£- vs. S. rather than -dE/dX vs. E. 

The only direct stopping-power measurements shown in Figures 6 and 7 
are those in the velocity region 1 ~fo <4! by Porat & Ramavataram (68, 
69, 72), and Teplova et at. (70). The actual measurements of Porat & 
Ramavataram are displayed for AI, but only the smoothed curves given by 
those authors are shown for C, Ni, Ag, and Au. According to the authors the 
absolute uncertainty of these measurements is 5 percent or less in general, 
but in certain cases (e.g., C and 0 ions in AI) it seems that a 10 percent un
certainty has been assigned. (It is not clear whether or not the 10% uncer
tainty also should be ·assigned to data for other ions in AI or for C and 0 
ions in carbon.) The uncertainties shown for the data of Teplova et at. are 
their estimates of the maximum errors. It will be noted that the agreement 
of the two groups is good for He and N ions but poor for Ne ions. Teplova 
et al. also have measured stopping powers for other ions (Li, Be, Na, Mg, 
AI, P, Cl, K, Br, and Kr) and in other materials (celluloid, Ht, He, Ar, CH., 
air, and benzene). There is also a measurement by Braid & Detenbeck (73) 
of the velocity loss of C ions in AI, Au, and polystyrene at 8.=0.307 
MeV /amu which has been omitted from Figure 6, and a few other direct 

n Error bars are not drawn for the data of Warshaw (34) because the error esti
mate of 41% of this experiment apparently was unreliable [see Whaling (2)]. They 
are not drawn for the carbon data of Bader et al. (64) because those results were 
obtained by a subtraction process from stopping-power data for gaseous carbon com
pounds, while the present curves are meant to be for solids. The data of (71) were 
not used in the analysis being described. If they had been appreciated earlier, the 
form taken for the stopping-power curve of carbon would have been somewhat dif
ferent at low energy. However, the effect on the range-energy curves for carbon would 
be small. 
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stopping power measurements for ions, materials, or velocity regions not 
included in Figures 6 and 7. Among these are measurements by Wilcox (66) 
for Li ions in Au and AI; by Allison & Littlejohn (74) for Li ions in Hs, He, 
Ar, and air; by Weyl (75) for N and Ne ions in Hs, He, Ar, and air; by 
Segre & Wiegand (76) and Lassen (77) for fission fragments in various ma
terials; and by Tel'kovskii & Pistunovich (78) and Ormrod & Duckworth 
(79) for various ions at very low velocities. 

Stopping-power values derived from the slopes of range or energy loss 
curves do much to fill out the picture, especially at higher velocities. In the 
energy region 1 <S. < 10 MeV /amu such values can be derived from the 
measurements of Northcliffe (39) for various ions in AI; of Roll & Steigert 
(80) for various ions in Ni and Os; of Walton & Hubbard (81) for C ions in 
Be, AI, Ni, Ag, and Au; of Gilmore (82) for Ne ions in AI; of Sikkeland (83) 
for N and 0 ions in AI; of Schambra et al. (84) for C, 0, and Ne ions in 
plastics; of Roll & Steigert (85), Heckman et al. (86), and Parfanovich et al. 
(87) for various ions in nuclear emulsion; and of Martin & Northcliffe (88) 
for various ions in Hs, He, Ns, Ar, and CH.. Some of these derived values are 
shown in Figures 5, 6, and 7. These values are not very accurate below about 
2 MeV /amu. At lower ion velocities the range measurements for N ions in 
AI by Webb et al. (89), in Ni by Reynolds et al. (90), and in Au by Phillips & 
Read (91) provide additional values which are shown in Figure 6. There are 
few other data of sufficient accuracy for this purpose. 

It is of considerable interest to explore the extent to which stopping
power values derived from equilibrium charge distribution measurements 
through use of Equations 21 and 22 agree with the more direct stopping
power measurements. Such values have been calculated for the various ions 
in AI in two ways: the open square symbols of Figures 6 and 7 were calcu
lated from the universal curves of Figure 3, while the filled squares were 
calculated using experimental charge data. The charge distribution data 
used were those of Phillips (55) for H ions; of Dissanaike (92), Nikolaev 
et al. (42), and Briggs (93) for He ions; of Nikolaev et al. (41, 42, 43) forB, 
N, and Ne ions; of Kavanagh & Seeger (50) for C ions; and of Almqvist et al. 
(45) for F ions. It may be noticed that most of these measurements were for 
solid materials other than aluminum. This should not give rise to appreciable 
error, however, since the charge distributions at low velocities in solid ma
terials appear to be independent of material, within the experimental accu
racy of present data. 

The agreement between stopping-power values derived from charge state 
data and those obtained more directly is extremely good at high energies 
(S.~ 2 MeV /amu) where both charge distribution and energy loss data are 
relatively accurate. At lower velocities the agreement is less impressive, but 
the experimental charge and energy loss data also are less accurate. The un
certainty of the charge state data can be judged from the scatter of the solid 
square symbols in Figures 6 and 7. This scatter is seen to be of the same order 
of magnitude as the difference from stopping-power values determined more 
directly. Considering the uncertainties of the latter, it is possible that much 
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of the difference actually arises from experimental errors in both types of 
measurement, and that 'Yoff is equal to 'Ynu not only at high energies but also 
in the region of the stopping-power maximum. Even if this is not precisely 
true and 'Yoff does differ from 'Ynu at low velocities, the difference is not much 
larger than the experimental uncertainties in energy loss and charge state 
data. Thus stopping values calculated from charge state data apparently 
are not much less reliable than those obtained in typical direct measure
ments, at least in the cases examined here. 

It also is of interest to compare the experimental stopping-power data 
with the theoretical predictions of Equation 23. According to Lindhard & 
Scharff (36) this formula should be valid for velocities below fo,...,.s/1 and 
for 1 and Z values greater than ten. The predictions are indicated by the 
straight dashed lines of slope equal to i at the left-hand edge in Figures 5, 6, 
and 7. The predicted energy dependence seems to be approximately correct 
below fo"'1 but not all the way up tofo,...,stf•. The relative magnitude of the 
stopping power also seems to be predicted with qualitative correctness 
although the predicted values consistently are lower than the measured 
values. A similar systematic deviation from the predictions of Equation 23 
was seen at mueh lower velocities by Ormrod & Duckworth (79) who further 
observed that the departure from Equation 23 varies with s with a periodic
ity apparently associated with the chemical valence of the neutralized ion.u 
Such discrepancies might be expected since the restrictions> 10 is violated 
for these data and the theory of Lindhard & Scharff does not take shell effects 
into account. All in all, the formula works remarkably well, even giving 
plausible stopping-power values for H and He ions. 

When all of this stopping-power information is put together, the influence 
of deviant individual results is reduced and it is possible to construct a set of 
stopping-power curves having smooth and plausible variations with s, Z, and 
B.. The obvious virtue of this approach is that such curves provide a reason
able basis for prediction of stopping powers where they have not been meas
ured. The thin solid lines of Figures 5, 6, and 7 represent such a set of 
smoothed curves constructed in accordance with the following assumptions: 

(a) The relative stopping power of two materials for the same ion at a 
given velocity is independent of s, and its velocity dependence is the 
smoothly varying function shown in Figure 8. At high energies 
[8.> 1 MeV /amu] this function is given by proton stopping-power 
data, in the limit of low energies it is assumed to be independent of 
energy (consistent with the energy dependence of Eq. 23), and in 
between it is an estimated best fit to available data for all ions sub
ject to the requirement that the velocity dependence be smooth and 
monotonic. 

II Teplova et a1. (70) have obeerved a similar periodicity in the 1 dependence of 
ion range at low velocities, also apparently related to the shell structure of the neu
tralized ion. 

379 

Copyright © National Academy of Sciences. All rights reserved.

Studies in Penetration of Charged Particles in Matter
http://www.nap.edu/catalog.php?record_id=20066

http://www.nap.edu/catalog.php?record_id=20066


380 

94 NORTHCLIFFE 

(b) The stopping-power curves for various ions in aluminum are the 
smoothly varying set shown in Figure 9. 

The smooth unbroken curves of Figures 5, 6, and 7 are given uniquely by 
these assumptions. However, all of the curves for a given Z [or s] could be 
altered simultaneously by a suitable change of the appropriate curve in 
Figure 8 (or Fig. 9). The generation of similar semiempirical stopping-power 
curves for other solid materials would require only the addition of the cor
responding relative stopping-power curves to Figure 8. Since the relative 
stopping power is given by proton data at the high energy end and can be 
estimated with the aid of Equation 23 at the low energy end, such curves can 
be generated for many materials with reasonable ease and confidence. 

On the whole, the fit of these semiempirical stopping-power curves to the 
wide variety of data displayed in Figures 5, 6, and 7 is remarkably good con
sidering the simplicity of the above assumptions. It is likely that an even 
better fit could be obtained with some revision of Figures 8 and 9, especially 
if the data of Van Wijngaarden & Duckworth (71) were taken into account 
(see Footnote 12). For present purposes, however, these curves are satis
factory.11 
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FJG. 8. Smoothed relative stopping-power curves for a given ion in different 
materials. The curves are assumed to be the same for all ions. 

11 The smoothed curves were strongly influenced at low energies by the abundant 
data of Porat & Ramavataram. Therefore the fact that these data fit the curves so 
well cannot prove their correctness since a systematic error in the data would be 
duplicated in the curves. However, it does show that the data have a high degree of 
internal cooaiatency. 
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The effect of screened elastic "nuclear" collisions on the stopping power 
is illustrated in Figure 6 for the case of N ions in AI, where the shaded area 
shows the increase in stopping power from this effect as given by the theory 
of Lindhard et al. (38) (see Fig. 2). 

0. RANGE-ENERGY RELATIONS 

1. Integration of the stopping-power curfles.-Equation 24 can be used to 
calculate range-energy curves by numerical integration from the smoothed 
stopping-power curves of Figures 5, 6, and 7. The results of such a calcula
tion from the smoothed carbon ion curves of Figure 6 are shown in Figure 10 
along with all available experimental range and energy loss data for C ions in 
AI, Ni, Ag, and Au (there are no published data for C ions in C). The data of 
Walton & Hubbard (81), Roll & Steigert (80), Northcliffe (39), and Bur
cham (94) are energy loss measurements. These have been converted to 
ranges using Equation 25 with values of the constant R(Eo) arbitrarily chosen 
so as to give range values which fit the calculated curves at 8,.--7 MeV /amu. 
The measurements of Oganesyan (95) are direct range measurements and 
the published values are shown. The fit of Oganesyan's data to the calculated 
curves would be much better if a suitable constant were added to his range 
values for each material (as it was, in effect, in the fitting of the energy 
loss data). All in all, however, the agreement between the calculated curve 
and the measured ranges is remarkably good. 

The effect of nuclear stopping was ignored in the numerical integration 
leading to the curves of Figure 10. The error caused by this neglect is small 
on the scale used in the plot but not negligible. When nuclear stopping is 
taken into account by the method of Lindhard et al. (38), the calculated C 
ion ranges are decreased by 0.57 mg/cm1 in Au, 0.36 mg/cm1 in Ag, 0.23 
mg/cm1 in Ni, 0.13 mg/cm1 in AI, and 0.07 mg/cm1 in C. It should also be 
noted that the range values calculated by Equation 24 are integrated path 
lengths rather than penetration depths. However, the difference between 
these distances is negligibly small on the scale of Figure 10. 

It is not possible to present similar sets of curves for all ions in this 
article. (As might be expected, such curves generally are in agreement with 
existing experimental data.) However, it is practical and informative to com
pare the range-energy curves for different ions in a representative material. 
If Equation lOa is valid, the plot of 8,. vs. OC.,. should differ for different ions 
only when the fractional charge of the ions is not the same. With this in 
mind, Northcliffe (39) displays his experimental energy loss curves for vari
ous heavy ions in AI as plots of 8,. vs. OC.,. in Figure 11, along with a similar 

+* 
FIG. 10. Range-energy relations for C11 ions. The solid lines were obtained by 

numerical integration from the smoothed stopping-power curves of Fig. 6. The 
points show experimental values, mostly derived from energy loss measurements. 
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curve for H ions in AI adapted from the proton range measurements of 
Bichsel (96). These experimental curves are closely reproduced by integrat
ing the stopping-power curves of Figure 9. 

2. Semiempirical relations.-The curve shown in Figure 10 for cu ions 
inC is an example of a semiempirical range-energy curve, just as the curves 
for F ions in Figure 7 are examples of semiempirical stopping-power curves. 
Since it is unrealistic to contemplate experimental measurements for all 
ion-absorber combinations, heavy reliance must be placed on semiempirical 
methods of determining ion ranges and energy losses. The present article is 
largely an exploration of semiempirical relationships between the ranges, 
stopping powers, and equilibrium charge distributions for heavy ions. There 
have been numerous earlier attempts to develop and utilize such relation
ships, often with an approach somewhat different from that used here. A 
partial list of references would include papers by Barkas (97), Lonchamp 
(98), Papineau (99), Livesey (100), Grinberg & Lemberg (101), and Roll & 
Steigert (102) as well as several references cited earlier (22-27, 39, 86, 88, 91) 
and an unpublished report by Hubbard (103). In addition, useful summaries 

z 
21 
• I 
~o~--------------------~5~--------------------~~~o~--------------------~~eo=-~~~~~ 

~zm • (z~m)aALUMINUM THICKNESS Cmt/0m2) 

FIG. 11. Energy loea curves for various heavy ions in aluminum. The near
universality in shape ia emphasized by plotting Elm vs. (sl/m) X. 
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of heavy-ion penetration data have been assembled by Wallace (104) and 
Allison & Garcia-Munoz (105). 

3. Experimental measurements.-In the region of higher energies 
(2 S8,. < 10! MeV /amu), several recent investigations already cited (39, 
8Q-88) have provided range or energy loss data of considerable accuracy for 
B, C, N, 0, F, Ne, and Ar ions in various metals, gases, plastics, and nuclear 
emulsion. These are supplemented by older measurements of Burcham (94), 
Oganesyan (95), Chaminade et al. (106), Lonchamp (107), Parfanovich et al. 
(108), and Miller (109). 

Some of the measurements cited above extend down to energies below 
8,. = 1 MeV /amu but unfortunately their accuracy is not as great at these 
energies. The only other experimental measurements in the region l <8,. <2 
MeV /amu are those of Webb et al. (89), Reynolds et al. (90, 110), and 
Hower & Fairhall (111) for N and Be ions in AI, Ni, Au, and nuclear emul
sion. At somewhat lower energies the measurements of Phillips & Read (91), 
Teplova et al. (70, 112), Maikov (113), Devons & Towle (114}, Lillie (115), 
Vorob'ev (116), Ciier & Lonchamp (117), Neuendorffer et al. (118), Feather 
(119), Blackett & Lees (120), Clerc et al. (121), Evans et al. (122), and 
Powers & Whaling (123) provide range data for a variety of ions in both 
solids and gases. No attempt will be made to list the numerous range 
measurements for fission fragments and for heavy ions in the kiloelectronvolt 
region [see Harvey (6}, and Lindhard et al. (38)]. 

IV. CONCLUSION 

A gratifying pattern of consistency and regularity emerges from this 
appraisal of heavy-ion penetration phenomena. The equilibrium charge dis
tribution of a heavy-ion beam appears to be reasonably well approximated 
by a universal function of ~ = 137 {3/z. at high velocities, and the root mean 
square charge given by this distribution is the same as the effective charge 
within the experimental uncertainties. Even in the region of the stopping
power maximum the root mean square charge and the effective charge are 
not found to be distinctly different. At very low velocities, the theory of 
Lindhard et al. appears to be in reasonable agreement with the few available 
stopping-power measurements. By assuming a smooth dependence of the 
relative stopping power on z., Z, and 8,., it is possible to generate semiempiri
cal stopping-power curves which fit the available data remarkably well, and 
the range-energy relations calculated from these curves by numerical inte
gration are in good agreement with the available range data. These gen
eralizations are based on experimental data of limited accuracy and it is 
unlikely that they are precisely true. Furthermore, it is not certain that they 
would hold equally well for very heavy ions or for very different material 
media. Nevertheless they should provide a reasonable basis for semiempirical 
predictions in a wide variety of situations. 
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The National Academy of Sciences--National Research Councit is a private, non
profit organization of scientists, dedicated to the furtherance of science and to its 
use for the general welfare. 

The Academy itself was established in 1863 under a Congressional charter 
signed by President Lincoln, Empowered to provide for all activities appropriate to 
academies of science, it was also required by its charter to act as an adviser to the 
Federal Government in scientific matters . This provision accounts for the close ties 
that have always existed between the Academy and the Government, although the 
Academy is not a governmental agency. 

The National Research Council was established by the Academy in 1916, at 
the request of President Wilson, to enable scientists generally to associate their 
efforts with those of the limited membership of the Academy in service to the nation, 
to society, and to science at home and abroad. Members of the National Research 
Council receive their appointments from the President of the Academy . They include 
representatives nominated by the major scientific and technical societies, representa
tives of the Federal Government, and a number of members-at-large . In addition, 
several thousand scientists and engineers take part in the activities of the Research 
Council through membership on its various boards and committees . 

Receiving funds from both public and private sources, by contributions, grant, 
or contract, the Academy and its Research Council thus work to stimulate research 
and its applications, to survey the broad possibilities of science, to promote effective 
utilization of the scientific and technical resources of the country, to serve the 
Government, and to further the general interests of science. 

The Committee on Nuclear Science, within the Division of Physical Sciences 
of the National Academy of Sciences-National Research Council, was established 
in 1947 on the recommendation of a representative group of nuclear scientists that 
included physicists, geophysicists, chemists and biologists . It was envisaged that 
the Committee would serve as a channel of communication through which the 
advances in this field would be made available to a wide range of related endeavor, 
in addition to stimulating new research in nuclear science itself. 

With its initial financial support provided by the Office of Naval Research, the 
coordinated work of the Committee began under the direction of Dr . R. C. Gibbs, 
then chairman of the Division of Physical Sciences, and Dr . L. F. Curtiss, who was 
chairman of the Committee from its establishment to 1962 . The w.ork became 
concerned with many diverse aspects of nuclear science, such as heavy ionizing 
particles, beta and gamma ray measurements and standards, neutron measure 
ments and standards, nuclear constants, disintegration schemes, instruments and 
techniques, units, shipment of radioactive substances, radiochemistry, radiobiology, 
and nuclear geophysics. A list of currently available publications issued under 
the Committee's auspices is included in this volume. 
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