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FOREWORD 
The Subcommittee on Radiochemistry is one of a number 

of subcommittees working under the Committee on Nuclear 
Science within the National Academy of Sciences - National 
Research Council. Its members represent government, indus
trial, and university laboratories in the areas of nuclear 
chemistry and analytical chemistry. 

The Subcommittee has concerned itself with those areas 
of nuclear science which involve the chemist, such as the 
collection and distribution of radiochemical procedures, the 
establishment of specifications for radiochemically pure 
reagents, availability of cyclotron time for service irradia
tions, the place of radiochemistry in the undergraduate 
college program, etc. 

This series of monographs has grown out of the need for 
up-to-date compilations of radiochemical information, pro
cedures, and techniques. The Subcommittee has endeavored to 
present a series which will be of maximum use to the working 
scientist and which contains the latest available information. 
Each monograph collects in one volume the pertinent informa
tion required for radiochemical work with an individual 
element or with a specialized technique. 

An expert in the particular radiochemical technique has 
written the monograph. The Atomic Energy Commission has 
sponsored the printing of the series. 

The Subcommittee is confident these publications will be 
useful not only to the radiochemist but also the the research 
worker in other fields such as physics, biochemistry or 
medicine who wishes to use radiochemical techniques to solve 
a specific problem. 

W. Wayne Meinke, Chairman 
Subcommittee on Radiochemistry 

iii 
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PREFACE 
This volume on detect ion and measurement of nuc lear radi

at ion has been prepared as  one o f  a ser ies of monographs on 

r adiochemical techniques which w i l l  parallel  the ser ies on 

radiochemistry of the elements . The mater ial contained in this 

monograph represents a s l ight expans ion of a contr ibut ion by the 

author to a chapter ent it led "Nuc lear Chemistry , "  for inc lus ion 

in Technique of Inorganic Chemistry , edited by H .  B .  Jonassen , 

and to be publ ished by Intersc ience Publ ishers . 

I t  is a pleasure for the author to express his s incere 

apprec iation to N. R. Johnson and E. Eichler , who , in addit ion 

to the ir respons ibi l it ies as co-authors of the Nuc lear Chemistry 

chapter , made numerous useful suggest ions dur ing the preparat ion 

of the mater ial inc luded here . The author also grateful ly 

acknowledges other members of the Oak Ridge Nat ional Laboratory 

staf f  for he lpful d iscuss ions and crit ic ism of the manuscr ipt , 

espec ial ly R .  K . Abe le ,  J .  L .  Blankenship , A .  Chetham-Strode , 

V. A. McKay , J .  R .  Tarrant , and F .  J .  Walter . 

F ina l ly , the wr iter wishes to express h is most s incere 

apprec iat ion to Mrs . I .  w. Hodge for typ ing not only the f inal 

manuscr ipt , but several draf ts as wel l ,  all with accuracy and 

perseverance . 

iv 

G .  D .  O'Ke l ley 

December , 196 1 
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Detection and Measurement of Nuclear Radiation 

G. D. O'KELLEY 
Oak Ridge National Laboratory * 

Oak Ridge, Tennessee 

I .  GENERAL INTRODUCT ION 

Dur ing the past few years , the technique of radiat ion 

character izat ion has undergone a rapid transformat ion . New 

mater ials of construct ion have made poss ible a number of im

provements in convent ional detectors , whi le several new 

detector types have been made avai lable to the exper imenter . 

Improvements in detectors have been accompan ied by the 

deve lopment of more versat i le and rel iable e lectronic measur

ing equipment . Where once it  was possible to record only the 

number of events in a certain detector , it is now quite common 

to record compl icated spectral data. Many of the new techniques 

in nuclear data process ing were insp ired by progress in digital  

computer technology , wh ich has resulted in a very des irable 

compat ibi l ity between modern nuclear equipment and digital com

puters . As a result , it  now is poss ible to record and process 

informat ion from a rad iat ion detect ion system in a h ighly 

automated manner . 

In wr it ing this monograph , the author has tr ied to keep 

in mind the needs of those nuc lear chemists who , because they 

are not trained in e lectronics , f ind themse lves confused by the 

bewilder ing array of equipment ava i lable for radiat ion measure

ment . The newcomer to the nuc lear f ie ld is espec ially l ikely 

* 
Operated for the u. s. Atomic Energy Commiss ion by Union 
Carbide Nuc lear Company . 
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to need guidance in se lect ing a count ing system appropr iate to 

his  needs . Therefor e ,  it was felt  that a review of the nuc lear 

radiat ion detect ion problem was in order , with part icular empha

s is on new methods and the ir prac t ical aspects . A descr ipt ion 

of the subj ect matter is given be low . 

I t  w i l l  be convenient to cons ider f irst the detector , in 

which the rad iat ion interacts . Each type of detector w i l l  be 

discussed both in terms of its pr inc iple of operat ion and its 

appl icabil ity to var ious problems in count ing and spectrometry . 

The most common detectors make use of one of the two ma in 

processes by wh ich radiat ion transfers energy to a stopp ing 

mater ial ,  i . e . , exc itat ion and ionizat ion . In  the detectors to 

be d iscussed , molecular d issoc iat ion is of sma l l  importance ; 

however , this ef fect  is the bas is of the chemical dos imeters 

wh ich f ind important appl icat ions in health phys ics . 

One of the most  useful and versat i le detec tors now in use 

is the sc int i l lat ion counter , wh ich uses the f luorescent l ight 

emitted when charged part icles pass through certain stopp ing 

mater ials . The bas ic process here is exc itat ion , although the 

interact ion of the stopp ing med ium w ith the inc ident par t icle  

may involve ionizat ion and molecular dissoc iat ion as  wel l . 

Several types of radiat ion detectors make use of the ioni

zat ion produced by  the  passage of  charged part icles . This 

c lass of detector inc ludes ion izat ion chambers , semiconductor 

radiat ion detectors , proport ional counters , and Ge iger counters . 

I f  the inc ident radiat ion consists of charged part icles such 

as a lpha part ic les or e lectrons , the ionizat ion is produced 

d irectly (primary ionizat ion) ; however , uncharged spec ies such 

as gamma rays or neutrons must f irst interact with the detector 

to produce charged part ic les , and the ionizat ion in this case 

is a secondary process . 

Although it  is not usual ly necessary for an exper imenter 

to be f amil iar w ith the detai ls of the electronic c ircu its used 

in his  equipment , it is essent ial that he should understand 

the funct ions and l im itat ions of each component of h is system . 

I t  is f rom this point of v iew that the d iscuss ion of aux i l iary 

e lectronic instrumentat ion was wr itten . No schemat ic d iagrams 

are used to descr ibe the var ious e lectronic dev ices--such 

detai ls are ava i lable elsewhere ; instead , the funct ion of each 

instrument is descr ibed in more general terms . B lock d iagrams 

and wave forms are used where necessary . Care has been taken 

z 
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to def ine the more important technical  terms used for descr ib ing 

the performance of nuc lear count ing equipment , in the hope that 

th is w i l l  he lp the exper imenter interpret publ ished spec if i

c at ions of commerc ial equipment .  

Other top ics which were deemed appropr iate to this d is

cuss ion of radiat ion measurement are low- level count ing , abso

lute count ing , and the mount ing of radioact ive sources . The 

subj ect of counting stat ist ics was omitted , as this w i l l  be 

covered in a later monograph of the ser ies . 

A truly complete treatment of a subj ect as comp lex as 

nuc lear radiat ion detect ion and measurement is obvious ly not 

poss ible in a survey of this length ; however , each sect ion 

inc ludes a reading l ist . The following general rev iews are 

recommended for a more detai led descr ipt ion of the pr inc iples 

and appl icat ions of detect ion methods than is g iven here : 

1 .  D .  R .  Corson and R .  R .  Wi lson , Rev . Sc i .  Instr . ,  19 , 2 0 7  
( 1948 ) ; R .  R .  Wi lson , D .  R .  Corson , and c.  P .  Baker, 
Part icle and Quantum Detectors , Prel im inary Report No . 7 ,  
National Research council ,  Washington , D .  c . , January , 
195 0 .  

2 .  s. F lugge and E .  Creutz , eds . , Handbuch der Phys ik 
Encyc lopedia of Phys ics , Vo l .  XLV, Springer ,  Berlin , 195 8.  

3.  w. H.  Jordan , Ann . Rev . Nuclear Sc i . , !• 2 07 ( 19 5 2 ) . 

4 .  S .  A .  Korff ,  Electron and Nuc lear Counters , D .  Van Nostrand 
co . ,  New York , 1955. 

5 .  w. J .  Pr ice , Nuc lear Rad iat ion Detec t ion , McGraw-H i l l , 
New York , 195  • 

6 . B .  Ross i and H .  H .  Staub , Ionizat ion Chambers and Counters , 
McGraw-H i l l ,  New York , 194  . 

7 .  K .  S iegbahn , ed . ,  Beta- and Gamma-Ray Spectrometry , 
North Hol land Publishing co . ,  Amsterdam , 1955. 

8 .  A .  H .  Sne l l ,  ed . ,  Nuc lear Instrumentat ion and Methods , 
Wi ley , New York , 1 

9 .  H .  H . Staub in E .  Segre , ed . ,  Exper imental Nuc lear Phys ics , 
Vo l .  I ,  Par t I , W i ley , New York , 1953. 

1 0 . D .  H .  Wilk inso n ,  Ionizat ion Chambers and Counters , 
Cambridge Un iversity Press , Cambridge , 1950. 

1 1 .  L .  c .  L .  Yuan and c .  s. Wu , eds . , Methods of Exper imental  
Phys ics , Vol . SA, .. Nuc lear Phys ics ," Academic Press , 
New York , 196 1 .  
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I I . SCINTILLAT ION METHODs* 

1 .  Introduct ion 

One of the ear l iest methods for detect ion of charged 

part ic les invo lved count ing the sc int i llat ions produced in a 

phosphor screen . Such a dev ice was emp loyed by Rutherford and 

h is col laborators in the ir famous study of alpha-part icle  

scatter ing by nucle i .  The sc int i l lation method eventua l ly gave 

way to e lectr ical counters , wh ich were more rel iable and capa

ble of funct ion ing at h igh rates . 

Modern sc int i llat ion counters fo llowed c losely the deve lop

ment of h igh-gain photomult ip l ier tubes . Combin ing var ious 

sc int illat ing mater ials with a photomu l t ip l ier to count the 

sc int i l lat ions has resulted in the most versat i le detector 

ava ilable for nuc lear research . 

Present -day sc int i l lat ion counters possess a number of 

advantages over gas counters : They not only ind icate the 

presence of a par t ic le , but also may be used to record the rate 

of energy loss , or the energy if the scint illator is th ick 

enough . With the proper combinat ion of sc int i l lator and photo

mult ipler tube , the detec tor is ideal ly suited to h igh count ing

rate applicat ions . The h igh dens ity of sol id or l iquid sc int i l 

lators has made the sc int i l lat ion counter the most eff ic ient 

gamma-ray detec tor ava ilable . 

A func t iona l diagram of a sc int i llat ion detector is shown 

in F ig . 1 .  The energy of the inc ident radiat ion is converted 

to l ight in the sc int i l lator . The ref lec tor and opt ical 

coupl i ng ensure that this l ight is transmit ted eff ic ient ly to 

the photocathode , where the l ight energy is converted to a 

burst of photoe lectrons . An e lectrostat ic focus ing electrode 

col lects the photoelectrons and focuses them on the electron 

mul t ipl ier structure . 

The e lectron multiplier increases the number of e lectrons 

by secondary electron emiss ion f rom a cascade of e lements 

called dynodes . The mult ipl icat ion of a typical dynode is 

about 4; hence , the overall current gain for the standard , 

10-stage mul t ip lier is (4)10, or about 106 , A var iety of 

* 
For general  ref ereyces on sc int� l lat ion detectors

3
and app li-

cat ions , see �e l l ,  Crouthame l ,  Mott  and Sutton , Murray , 
and O ' Ke l ley . 
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V., SIGNAL OUT 

PHOTOMULTIPLIER 
TUBE 

10 
DYNODES 

FOCUS ELECTRODE 

0 
PHOTOCATHODE�;!;;;:;:;;��' ��--1 0 v 

) 
FILTER 

/ HV 

TRANSPARENT ��----�------�------� 

FACEPLATE 

REFLECTOR 

SCINTILLATOR 

F ig .  1 .  D iagram of a sc int illat ion counter , i l lustrat ing 
schemat ically the way in which l ight from the sc int illator is 
coupled to a photomult ipl ier tube . A t ypical wir ing d iagram 
is shown for the 1 0 -stage photomult iplier operated with a 
pos it ive h igh-vo ltage supply . 

1 0-stage photomult ipl ier tubes are ava i lable , with overal l  

gains o f  ( 0 . 6  t o  5 . 0 ) x 10' . 

When a burst of e lectrons arr ive at the anode , the current 

which f lows through RL y ields a vo ltage drop wh ich is coupled 

to the measur ing equipment through the block ing capac itor Cc . 

Th is negat ive output pulse w i ll generally have an ampl itude of 

a few m i l l ivolts to perhaps a f ew volts . The r ise t ime of the 

pulse , that is , the t ime for the pulse to r ise from 10% to 90% 

of its max imum he ight , is determined by the l if e t ime of the 

exc ited state in the sc int i llator wh ich emits the light , and by 

the t ime spread introduced by the mult ipl ier . The t ime for the 

s ignal pulse to return to zero is determined by the product of 

5 
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the net anode load res istance (� in parallel  with the input 

res istance of the amp l if ier ) and the capac itance of the s ignal 

lead to ground . 

2 .  Electron Detect ion and Spectrometry 

The sc int i l lat ion method is very well suited to the de

tection of e lectrons . This subj ect w i l l  be cons idered at the 

outset ,  not only because of its intr ins ic interest , but also 

as a necessary prel iminary to a discuss ion of gamma-ray 

detect ion , in which photons are detec ted by the secondary 

e lectrons produced . 

A .  Sc int i l lators . Organ ic sc int i l lators are best for 

spectrometry and count ing of e lectrons and beta distr ibut ions , 

large ly because of their low effect ive atomic number . A low 

atomic number reduces the probab i l ity of backscattering ,  in 

which an electron inc ident on a scint i l lator may scatter out , 

leaving only a f ract ion of its orig inal energy in the sc int il

lator . Th is ef fect is worst at low energ ies and for  h igh

atom ic -number sc int i l lators . The organic sc int i l lators have an 

addit ional advantage in that the ir gamma-ray sens it ivity is low , 

so beta  par t ic les may be counted in the presence of moderate 

gamma-ray f ie lds . To reduce gamma-ray interference , the mini

mum thickness of sc int i l lator required for electron detect ion 

should be used . Further remarks on scattering and correct ion 

for gamma-ray background w i l l  be found be low . 

I t  is convenient to divide organ ic sc intillators into two 

c lasses : s ingle crystals and solut ions . Anthracene is typ ical 

of the s ingle crystals , and because of its ear ly popular ity in 

the format ive years of sc int i l lat ion spectroscopy , it  has become 

the standard aga inst which other sc int i l lators are usua l ly 

compared . Character ist ics of anthracene and a number of other 

typ ical organic sc int i llators are shown in  Table 1 .  It w i l l  be 

seen that although anthracene y ie lds the largest l ight output 

of any organic sc int i llator , its f luorescence decay is the 

s lowest l isted ; therefor e ,  app l ications wh ich demand very rap id 

pulse r ise t imes may require a sc int i l lator with faster 

response at a sacrif ice in pulse he ight . 

Although much useful work has been performed us ing 

sc int i l lat ing crystals , the development of l iquid and sol id 

( p last ic)  solut ion sc int i l lators has endowed scint i l lat ion 

6 
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TABLE 1. ORGANIC CRYSTAL SCINTILLATORS 

(From Mott and Sutton, reference 3) 

Relative Pulse Te• 
Density, Height for f3 a Material g/cm3 Excitation nsec 

Anthracene l.ZS 100 Z3 to 38 

trans-Stilbene 1.16 46 < 3 to 8.Z 

_f-Terphenyl l.Z3 30 4.5 

_f-Quaterphenyl 94 4.Z 

Wavelength 
of Maximum 
Emission, 

A 

4450 

3850 

4000 

4350 

a
Te - time for decay to 1/e of initial light intensity; 

one nsec - l0-9 sec. 

counting with new scope. The liquid scintillators have the 

advantage of easy fabrication in almost unlimited volumes. 

Plastic scintillators are mechanically rugged and can be 

readily machined. Both liquid and plastic solutions can be 

obtained with fluorescence lifetimes as short as the best 

crystalline scintillators. Some examples of solution scintil

lators will be found i� Table z. 

TABLE z. ORGANIC SOLUTION SCINTILLATORS 
(From Hayes, Ott, and Kerr, reference 6) 

Primarl Secondary Relative 
Solute Solutea Pulse 

Solvent (g/1) (g/1) Heightb 

Toluene PP0(4)c POPOP(O.l) 61 

Toluene TP(4) POPOP(O . 1) 61 

Polyvinyl toluene TP(36) POPOP(l) 51 

Polyvinyl toluene TP(36) DPS(0.9) 5Z 

asolute abbreviations: 
PPO - Z,S-diphenyloxazole; 

Wavelength 
of Maximum 
Emission, 

A 

43ZO 

4300 

3800 

TP - p-terphenyl; 
POPOP a 1,4-di(Z-(5-phenyloxazolyl))-benzene; 
DPS - p-p'-diphenylstilbene. 

bPulse height for electron excitation, relative to anthracene 
pulse height as 100. 

cPPO is preferred for low-temperature applications because of 
the poor solubility of TP in cold toluene. 
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Solution scintillators may be made from two, or more often 

three, components. The bulk material is the solvent, in which 

a scintillating substance termed the primary solute is dis

solved; another scintillator, called the secondary solute or 

wavelength shifter, is also usually included. It is generally 

accepted that the incident particle first dissipates its energy 

by producing free electrons and ionized and excited molecules 

of the solvent. Then, most of the energy is transferred by 

nonradiative processes to the primary solute. The amount of 

energy so transferred depends on the overlap between the 

emission spectrum of the solvent and the absorption spectrum 

of the primary solute. 

Many of the primary solutes which may be used with the 

common hydrocarbon solvents fluoresce at such a short wave 

length that a conventional photomultiplier tube cannot 

efficiently make use of the light; for this reason, the second

ary solute is added to the solution. The absorption band of 

this latter solute should overlap the emission band of the 

primary solute. The final emission should be shifted to a 

longer wavelength which falls within the photomultiplier 

response and for which the absorption of light by the solution 

is small. 

The solute concentration in solution scintillators is 

rather low. As will be seen in Table Z ,  the primary solute 

concentration ranges from a few per cent for plastics down to 

less than one per cent for liquids. The required concentration 

of secondary solute is only a few per cent of that of the 

primary. 

It is a familiar and often distressing fact that the 

addition of certain impurities to liquid scintillators, even 

in small concentrations, decreases the light output enormously. 

Clearly, any additive which interferes with the energy transfer 

sequence will tend to quench the fluorescence. Such quenching 

will occur if the foreign substance has an absorption band at 

the emission wavelength for the solvent or one of the solutes 

and if the energy thus transmitted is dissipated by processes 

which do not give rise to useful light. The mechanism of 

quenching has been under study for some time in several labora

tories and has been discussed in a number of review articles.
7

•8•9 

The choice of a solvent for a solution scintillator 

depends upon the application. For liquid solutions xylene is 

8 
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usually preferred, because it yields the greatest pulse height 

for a particular primary solute. On the other hand, toluene 

exhibits a much smaller absorption of the fluorescent light and 

is recommended where large volumes are required. Also, toluene 

does not react with some of the common light reflectors used in 

scintillation counters to the extent that xylene does. Other 

solvents are used in cases where it is necessary to introduce 

materials which are insoluble in toluene or xylene. For 

example, water is only slightly soluble in the usual scintil

lator solution, and it has a strong quenching effect. Aqueous 

solutions can be introduced by using p-dioxane as the solvent 

and then reducing the quenching effect with naphthalene. The 

details of liquid scintillator preparation, together with appli

cations to various problems, will be found in several reviews. 6•
10 

Except for the fact that they are solid solutions, the 

composition and fluorescence properties of plastic scintillators 

are similar to those of liquid scintillators. The only important 

base plastics (solvents) in use are polystyrene and polyvinyl

toluene; some examples are given in Table 2 .  From the stand

point of convenience in machining and polishing, a plastic is 

to be preferred over anthracene; however, it should be borne in 

mind that the pulse height from a plastic is only about half 

that of anthracene, which leads to poorer resolution in electron 

spectroscopy. In counting applications and in spectroscopy at 

high electron energies, the plastics are highly recommended 

because of their convenience. 

B .  Detector Arrangements. Several ways in which organic 

scintillators may be used are sketched in Fig. 2 .  In (a) is 

shown the simplest arrangement, a cylindrical crystal optically 

coupled to a photomultiplier tube. While this detector may be 

used for counting beta particles or electrons, it is not suit

able for measurement of low-energy spectra because of the back

scattering effect already described. Above about 1.5 Mev the 

backscattering probability is reduced to a point such that beta

ray spectra can be determined accurately with this simple 

detector, provided that the shape of the low-energy part of the 

spectrum is of no concern. 

The scattering problem can be circumvented in a number of 

ways. A helpful technique is to collimate the electron beam 

striking a flat scintillator surface to insure that the 
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... .. 
.oil L 

PHOTOMULTI PLIER 

(a) 

SOURCE 

PTICAL 
JOINT 

REFLECTOR 

PHOTOMULTIPLIER 

(c) 

PHOTOMULTIPLIER 

(b) 

CELL 

PHOTOMULTIPLIER 

(d) 

Fig. 2 .  Mounting arrangements for electron detectors 
using organic scintillators. (a) Flat scintillator. 
(b) "Hollow-crystal" spectrometer, with electrons collimated 
into a well. (c) "Split-crystal" spectrometer, in which the 
electron source is sandwiched between two scintillators. 
(d) A counter using a liquid scintillator, in which the beta 
emitter is dissolved. 

10  
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par t ic les w i l l  enter the surface near normal inc idence and so 

w i l l  tend to penetrate deeply into the crystal before scatter

ing . The " hol low-crystal" detector [ see F ig .  Z (b) ] proposed 

by Be1 11 reduces the backscatter ing contr ibut ion by co l l imat ing 

the e lectrons into a con ical hole in the scint i l lator , from 

which the probab i l ity of escape is low for the scattered 

e lectrons . Hol low-crystal spec trometers have for several  years 

been used to measure beta spectra , and they have cons istently 

given improved performance over a f lat sc int i llator , both as 

regards energy resolut ion and backscatter ing . 1 1 • 12 A set of 

plas t ic sc inti l lators machined and po l ished for use in ho l low-
* 

crystal detectors is avai lable commerc ial ly . 

Because a l l  organic sc int i l lators are somewhat gamma

sens it ive , it is necessary to correct any beta spectrum data 

f or the gamma-ray background , if the source is gamma radio

act ive . For the detectors sketched in F i g .  Z (a) , (b) , this 

correct ion is obtained by interpos ing a beta absorber between 

source and detector and us ing the resultant gamma- induced 

spectrum f or a "gamma background . "  Such a correct ion is only 

approx imate , because the shape of the background spectrum 

obtained in th is way is d istorted by the contr ibut ions from 

bremsstrahlung and scattered photons produced in the absorber . 

Another method for reduc ing the consequences of scatter ing 

is to surr.ound the source w ith sc int il lator so that no 

scattered e lectrons are permitted to escape . This may be 

achieved in the " spl it-crystal" detector of Ket e l le , 1 3  shown in 

F ig . Z ( c) . Here , the source is located between two sc int i l lators 

arranged so that electrons scattered by one crystal are detected 

by the other . The near ly 4� geometry makes it d if f icu lt  to 

measure the gamma-ray background with an absorber and leads to 

a h igh probab i l ity that gamma- induced counts may sum w ith 

pulses from co inc ident beta part icles to y ield a very confus ing 

spectrum . Exce l lent spec tra of " inner" beta groups have been 

measured with a sp l it -crystal  detec tor in co inc idence with 

gamma rays 14 by use of beta-gamma coinc idence techn iques d is

cussed in Sect ion VI . 7 .  

At low beta-par t ic le energ ies ( be low about Z O O  kev) ,  all 

of the methods descr ibed so far become rather diff icult to 

* 
Nuclear Enterpr ises , Ltd . , 550 Berry Street , Winnipeg 2 1 ,  
Manitoba , Canada . 

1 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D e t e c t i o n  a n d  M e a s u r e m e n t  o f  N u c l e a r  R a d i a t i o n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 7 0
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apply ,  because the response is somewhat sens i t ive to the treat

ment of the sc int i l lator surf aces , and the source must  be very 

t h in to be free from scatter ing and absorpt ion effects . These 

obstac les may be overcome by add ing the radioac t ivity d irect ly 

to  an organic l iquid sc int i l lator , and thus mak ing the source 

an integral  part of the scint i l l ator [ F ig .  2 ( d) ] . Th is is the 

bas is of l iqu id sc int i l lat ion count ing , a method wh ich has 

found widespread use in chem istry , part icu lar ly in tracer 

exper iments using low-energy beta emit ters such as C1 4 , S3 5 , 

ca•s ,  and ftl , In some exper iments it may be d i f f icu l t  to f ind 

a chemica l  form of the rad ioact ive mater ial  wh ich wil l  not also 

quench the f luorescence . Liquid scint i l lat ion count ing , in

c lud ing such spec ial  top ics as the use of suspens ion and gels , 

is  a rather spec ial ized technique , and w i l l  not be treated 

further here; however , the interested reader wi l l  f ind useful 

inf ormat ion in some of the rev iew art ic les6•1 0 • 15  and in 

l iterature pub l i shed by manuf acturers of l iquid sc int i l lat ion 

count ing equ ipment . 

In  addit ion to the genera l  arrangements discussed above , 

there are a few other count ing techn iques wh ich make use of the 

versat i le p last ic  sc int i l lators for spec ial  app l icat ions . One 

such technique for the assay of solut ions is  the use of 

sc int i l lator beads proposed by Steinberg . 16 The detec tor is 

s im i l ar to that of F ig .  2(d) , except the conta iner is f i l led 
* 

w ith sma l l  beads of p last ic s c int i l lator , instead of a l iqu id 

sc int i l lator . The so lut ion whose rad ioac t i v ity is to be 

determined is poured into the conta iner; the l iqu id f i l ls the 

interst ices between the beads , and thus puts the l iquid and 

sol id phases in int imate contac t . A suitable so lut ion must be 

transparent to the l ight from the sc int i l lator and must not 

attack the p last ic beads ; a lthough these so lut ion requirements 

somewhat restrict  the use of the t echnique , the preparat ion of 

a samp le  can be extreme ly rap id , and the beads can be washed 

and used repeatedly . 

P l ast ic sc int i l lators may be conven ien t l y  f ash ioned into 

many other shapes . Plas t ic sc int i l lator d ishes for conta in ing 

r ad ioact ive l i qu ids may be mounted d irec t l y  on a photomu l t ip l ier 

* 
Suitable beads are : "B-Beads," manuf ac tured by P i lot Chem ical  
Co . , 3 9  Pl easant Street , Water town 72, Massachusetts; or 
NE 1 0 2  Spheres , obtainab le  from Nuc lear Enterpr ises , Lts . , 
5 5 0  Berry Street , Winn ipeg 21, Manitoba , Canada . 
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tube for count ing . Ca.p i l lary tubing made from p last ic sc int i l 

lator can b e  wound into a sp iral and attached t o  a photomult i

p l ier to  make a very s imple f low counter for beta-rad ioact ive 

gases and l iquids . Devices of this sort are avai lable com-
* 

merc i a l ly . 

c. Electron and Beta Spectrometry . In addit ion to their 

use as counters , these organic scint i l lators are useful for 

determin ing electron and beta-ray energ ies . The consensus of 

the avai lable exper imental  informat ion ind icates a l inear pulse 

he ight-energy curve down to a low energy of -100 kev ; below 

this energy the response is also near ly l inear , but with a 

s l ight ly d if f erent s lope . 17  

The response of  an organ ic scint il lator to monoenerget ic 

electrons is ma inly a gauss ian peak whose w idth var ies inverse ly 

with the square root of the energy . Th is energy dependence is 

predicted from the stat ist ical var iat ion in the number of photo

electrons at the photocathode and the e lectron mult ipl icat ion 

processes within the photomult ipl ier tube ; hence , the conti

but ion to the peak w idth by  the sc int i l lator itself is sma l l . 

For an anthracene ho l low-crystal spectrometer a resolut ion 

( fu l l  w idth at half -max imum count ing rate) of about 10% can be 

ach ieved at 6 24 kev , but if a plast ic sc int i l lator is used the 

resolut ion is only about 14% ,  because of the lower l ight output 

of the plast ic . 

A l t hough the reso lut ion of the e lectron s c i nt i l lat ion spec

trometer is poor compared with  that of a magnet ic spectrometer , 

the sc int i l lat ion method has some appeal ing fe atures . Used with 

a mult ichanne l pulse-height analyzer ( cf . , Sect ion V I . 6 . B . , 

below) to d isplay the distr ibut ion of pulse he ight ( «  energy) , 

it is poss ible to record the ent ire beta spec trum in a s ing le 

count ing interval . On the other hand , the magne t ic spectrometer 

is a single-channe l instrument , wh ich can record only a s ingle 

point on the spectrum at one t ime .  The advantage of the 

sc int i l lat ion spectrometer in s tud ies of rapidly decay ing 

sources is obv ious . Further , the required sc int i l lat ion de

tector is re lat ively inexpens ive . Such s imp le spectrometers 

should f ind increased use in  the analys is of mixtures of pure 

beta em itters and in distingu ishing between tracers which 

possess s im ilar gamma-ray spectra . 

Nuc lear Enterpr ises , Ltd . 5 50 Berry Street, Winn ipeg 2 1 ,  
Manitoba , Canada . 
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Before a carefu l  analys is of the beta spectrum shape can 

be made , the pulse-height distr ibut ion must be corrected for 

f inite  instrumental reso lut ion . Th is is espec ial ly important 

for beta-ray endpo ints below about 1 Mev . Correct ions for 

f inite  resolut ion can be made by us ing the method of Owen and 

Pr imakof f , 18  and assum ing that the sc int i l lator response is a 

gauss ian whose w idth var ies as E- 1 /z . It was shown by 

Freedman,  et  a 1 . , 19  that such a procedure corrected the 

spectrum near the max imum beta energy but d id not account for 

the excess of events at low energ ies . Th is excess count ing 

r ate ar ises from sc int i l lator backsc atter ing ,  wh ich is  never 

comp letely e l im inated in a low-geometry arrangement [ for 

example , the detectors of F ig .  2 ( a) and ( b) ] . The typ ical 

response of a f lat anthracene spec trometer to the e lectrons and 

beta  rays from a Csll 7 source is shown in F ig .  3, wh ich 

inc ludes a spectrum due to the internal convers ion peak a lone . 

It is seen that the backscatter ing "t a i l" is a lmost  f lat , 

and is about 6% of the peak he ight . Freedman , et  a l . , l9  

developed an iterat ive method to correct the  exper imental  data 

f or both backscatter ing and resolut ion effects . 

A compar ison is made in  F ig .  4 between two Fermi plots of 

the low-energy bet a  group of Csll 7 .  The upper curve shows the 

result  obtained when the resolution distort ion correct ion alone 

is app l ied , and the lower curve shows the improvement in the 

qua l ity of the low-energy data when correct ions are made for 

both resolut ion and backscatter ing . 

The convent ional correct ion procedures break down for beta 

groups be low about 1 0 0  kev . Th is is because the resolut ion 

w idth becomes so large that most  of the counts wh ich appear to 

ar ise from events in the h igh-energy port ion of the spectrum 

are actual ly due to low-energy e lectrons which f a l l  within the 

detector reso lut ion . Some idea of the resolut ion w idth at low 

energ ies can be gained by recal l ing that a good organic scint i l 

lat ion spectrometer with a resolut ion o f  14% a t  6 24 kev (Ba1 l7m 

convers ion electrons) w i l l  exh ibit a resolut ion of about 5 0% at 

50 kev . These diff icul t ies make it  adv isable to employ 

empirical  correct ions der ived from data on low-energy beta  

emitters whose energ ies and spectral  shapes are  wel l  known . 
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Fig. 3. Spectrum of a Cs137 source, measured on a flat 
anthracene crystal. The internal-conversion electron line at 
6Z4 kev and the continuum from the 5Z3-kev be.ta group are 
shown. When the beta rays and electrons are stopped in an 
absorber, the background spectrum from the 66Z-kev gamma ray 
is obtained. A coincidence between 6Z4-kev electrons and 
their associated X rays excludes the beta and gamma spectra, 
and leaves only the electron line and its scintillator back
scattering spectrum. 
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o CORRECTED FOR 

RESOLUTION ONLY 

• CORRECTED FOR 
RESOLUTION AND 
SCINTILLATOR 
BACKSCATTER I NG 

F ig .  4 . Fermi plots of the low-energy beta-ray group of 
Cs1 37• The upper curve was corrected for the unique spectrum 
shape and the sc int i l lat ion spectrometer reso lut ion . The lower 
curve shows the improvement obtained when the c orrect ion for 
sc int i l lator backscatter ing is inc luded (Gardner and Me inkel l) . 

3 .  Gamma-Ray Count ing and Spectrometry 

A most  important contr ibut ion of the modern sc int i l lat ion 

technique bas been made in the f ield  of gamma-ray detect ion . 

The much h igher dens ity of so l id gamma-ray sc int i l lators gives 

them a stopp ing power ( i . e . , detec t ion eff ic iency)  for photons 

f ar greater than gas-f i l led counters . It is  now quite feas ible 

to prepare scint i l lat ing crystals large enough to s top com

p letely a s izeable fract ion of inc ident gamma rays ; thus it is 

poss ible not only to count gamma events , but also to measure 
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energy spectra and gamma-ray intens it ies as wel l .  The rea l i 

zat ion o f  these poss ibi l it ies has put i n  the hands of the 

research chemist a versat i le ,  prec ise tool . 

A .  Sc int i l lator Cons iderat ions . To be effect ive for 

gamma-ray detec t ion , a sc int i l lator should be of h igh dens ity 

and h igh atomic number ; these requirements are best sat isfied 

by the inorganic sc int i l lators . Although there are many 

scint i l lat ing inorgan ic mater ials , only the act ivated a lka l i  

hal ides can b e  grown i n  s ing le  crystals o f  suff ic ient s ize and 

yet possess the required transparency to their emitted l ight . 

Sodium iodide , act ivated with 0.1% T li ,  is the only alka l i  

hal ide scint i l lator i n  rout ine use . I t  has the h igh dens ity of 

the alkal i  hal ides and has a moderately h igh ef fect ive atomic 

number . The l ight output in Nai (T l) per Mev is the l argest of 

any known sc int i llator and is about twice that of anthracene . 
Large s ing le crystals of Na i (T l ) are read i ly obtainable and 

are h ighly transparent to the ir own f luorescent l ight , which is 
0 0 

emitted in a band about 8 0 0  A wide , centered at 4 10 0  A .  This 
wavelength is quite compat ible with the response of standard 

photomult ip l iers having an S-11  response . ( See the d iscussion 

of photomu l t ip l iers in reference 3 . )  The f luorescence decay 
t ime is 0 . 2 5 �sec , comparat ive ly short for an inorgan ic crystal . 

Because of its h igher effect ive atomic number ,  tha l l ium

act ivated ces ium iodide has been invest igated as a gamma-ray 

sc int i l lator . At present , crystals of Cs i (T l) are far more 

expens ive to manufacture than crystals of Nai (T l) . Further , 

although moderate pulse-he ight resolut ion can be obtained , the 

usable l ight output is only about 4 0 -45% that of Nai (T l) . This 

lower apparent output may arise because the f luorescent l ight 
0 

is emitted at longer wavelengths , namely 4 2 0 0 -5 7 00 A ,  and conse-
quently c annot be measured eff ic ient ly by an S-11 photomult i

p l ier tube . Improved pulse height could probably be atta ined 

by us ing a photomult ipl ier tube with better response in the red , 

such as the low-noise , mult ialka l i-cathode tubes . The decay 

t ime of the f luorescent l ight from Cs i (T l ) is 1 . 2  �sec , which 

is rather long for many appl icat ions . 

B .  Mount ing Sodium Iodide Cryst als. The method chosen for 

mount ing a Nai (T l) crystal  on its photomult ipl ier tube involves 

a cons iderat ion of the del iquescence of the crystal , its opt i

cal  proper t ies , and the necessity for avo iding gamma-ray 

scatter ing . For some uses the two latter cons iderat ions may be 
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relat ively unimportant , but in a l l  cases it is necessary to take 

great care that the crystal surfaces are not exposed to 

mo isture . The usual procedure is to prepare a crystal for 

mount ing in a dry-atmosphere box ; once mounted , the crystal 

enc losure should contain a dry atmosphere or e lse be evacuated . 

Whenever the largest poss ible l ight output is required, 

as in gamma-ray spectrometry , it  becomes very important to 

gather the l ight and transmit it  to the photomult ipl ier tube 

with the least poss ible attenuat ion . This is espec ial ly 

diff icul t  when Nai (T l ) crystals of refrac t ive index 1 . 7 7 must 

be opt ical ly coup led to g lass faceplates with a refrac t ive 

index of 1 . 5 ,  because, if the surf aces are pol ished , much of the 

l ight tends to be cr i t ically  ref lected back into the crystal . 

The use of diffuse ref lect ion at the crystal  surf aces has been 

f ound to g ive h igher and more uniform l ight output than specu

lar ref lect ion , s ince the probabi l ity is increased for l ight to 

be ref lected onto the exit  face of the crystal within the 

crit ical  angle . The diffuse ref lector surface is formed on the 

crystal by gr inding a l l  crystal surfaces , including the ex it 

f ace . Any l ight escaping f rom the other crystal surfaces should  

also be  returned by a diffuse ref lector such as  magnes ium ox ide 

or a-alum ina . 

If  the Nai (T l ) detector is to be used as a spectrometer , 

it  is impo�tant that any material  surrounding the crystal be 

very thin . Otherwise , the gamma-ray spec trum w i ll be distorted 

by Compton electrons and degraded gamma rays . 

A crystal mount wh ich used an enc losure made of 

5 -mil  aluminum , coated on the ins ide with a thin opt ical 

ref lector of a-alumina , was devised by Bel l  and co-workers 1 for 

use where crystal and photomultip l ier were of approximately  the 

same d iameter . Deta i led procedures for f abr icat ing the metal  

can and apply ing the ref lector have been pub l ished . 5 F igure 5 

shows a crystal mount wh ich is more eas ily mass-produced , and 

uses magnes ium ox ide powder as the dif fuse opt ical  ref lector . 

S imilar crystal -photomultipl ier assembl ies with good resolut ion 
* are also avai lable commerc ially . 

The l ight transm iss ion from the crystal to the photo

mul t ipl ier should be as eff ic ient as possib le ; for this reason 

*Harshaw Chemical Company , 1945 East 97th  Street , Cleveland 6, 
Ohio . 
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Fig . 5. Integral crystal mounting arrangement for a 
3 x 3 - inch Nai (T l ) crystal and 3 - inch photomult ipl ier tube 
(V. A .  McKay , Oak Ridge Nat iona l Laboratory) . 
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the crystal general ly should be attached to the phototube by a 

s ingle opt ical j o int . I n  noncr i t ical app l icat ions , such as 

s imple count ing , the loss of l ight from an addit iona l opt ical 

seal and window may not be important . Here , an assembly is 

of ten used cons ist ing of a crystal  enc losed w ith its ref lector 

in a thin  can and opt ical ly coupled to a transparent window . 

Var ious crystal  assemb l ies may then be attached to the same 

photomult ipl ier tube as required . Examples typical  of such 

cr�stal  mounts are shown in F ig .  6 .  

Fig. 6. Sealed !Jal (Tl ) cry�tal assemblies for a variety of 
applications. Transparent l'linr.lo.vs are provided for optical cou
pllng to photo-Multiplier t.uhes (IL1rshaw Chrrqi.c'll Coopany) . 

Mount ing Nai (Tl) crystals larger than about 3 inches in 

d iameter calls  for a more e l abor ate techn ique . Such large 

crystals are very heavy , and the mechanical problems involved 

in construct ing a l arge detector make it  necessary to relax 

somewhat the requirements of a thin container . The response 

of a large crys tal  is not as sens it ive to scatter ing from the 

conta iner wa l ls as are the smaller crystals , for wh ich the mass 

rat io of Nai (T l )  to c l adding mater ial  is much less favorable . 

C .  Spec ial  Count ing Problems . Whenever gamma-em i t t ing 

nuc l ides are used in rad iochem istry some var iat ion of the 

versat ile Nai (T l ) sc int i l lat ion counter is  near ly a lways used . 

It w ill be the purpose of this sect ion to set down a few of the 

uses to  wh ich these counters have been put . 

• Perhaps the mos t genera l l y  usef ul  conf igurat ion is the 

we ll counter ( see F ig .  7 ) . Var ious s izes are ava ilable ; an 

zo 
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Fig . 7 .  An integral  mounting arrangement for a 2 x 2 - inch 
Na i (Tl)  "wel l -type" crystal on a 2 -inch photomult iplier tube 
(V. A .  McKay , Oak Ridge National Laboratory) . 
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inexpens ive , yet eff ic ient , detector is a Nai (Tl) crystal, at 

least 2 x 2 inches , w ith a 3/4- inch diameter well about 1 - 1/4 

inches deep . Once the crystal has been mounted in a th in 

aluminum enclosure and a protect ive l iner has been inserted to 

avo id the chance of permanent contaminat ion of the crystal can ,  

about 1/2 inch o f  the orig inal diameter w i ll be lef t for 

insert ion of samples . The well counter is the most sens it ive 

gamma-ray detector available and certainly· one of the most 

convenient . To prepare a sample may involve only the transfer 

of a few ml of solut ion to a small test tube . Because of the 

penetrat ing nature of gamma rays , self -absorpt ion in such 

sources is small , and fur ther treatement of the sample to reduce 

the mass is usually not necessary . Commerical well-crystal 

counters are ava ilable which prov ide automat ic sample chang ing 

and count recording for many samples . 
In certain cases it  may be des irable to assay large 

volumes of solut ion d irectly . A var iat ion of the once-popular 

immers ion counter is sketched in Fig . 8 ;  if a 3 x 3 - inch 

crystal is surrounded by solut ion as shown , samples of several  

l iters can  be  accommodated . A more compact assembly uses a 

3 /4- inch diameter Nai (Tl) crystal ,  3 inches long . The manu-
* facturer states that the eff ic iency of th is detector is one-

f ifth  that of a t yp i c al well-crys tal with 5 -ml capac ity , but 

has a sample volume 30  t imes greater . 

The increas ing need to make measurements of flow systems 

has  led to several mod if icat ions of the sc int i llat ion counter 

. for use with both liquids and gases . An excellent flow counter 

can be made from a length of plas t ic tub ing e i ther laid across 

the f ace of a Nai (Tl) detec tor , wrapped around it , or the 

tub ing may be doub led into a U and i nserted into a well crystal . 

Cryst al packages are also ava ilable with a hole dr illed through 

along a diameter , so that a tube pass ing through the crystal is 

surrounded by Nai (Tl) ; an example is included in F ig . 6. 

Other special methods wh ich involve spectrometry rather 

t han integral count ing will be discussed in the following 

sect ion . 

D .  Gamma-Ray Spectrometry . One of the most important 

app l icat ions of the Nai (Tl) sc int illat ion detector is in the 

*Atom ic Accessor ies , Inc . , 8 1 3  West Merr ick Road , Valley Stream, 
New York . 
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SAMPLE (LIQUID OR POWDER) 

3X3-in. 
Noi (TI) 
CRYSTAL 

PHOTOMULTI PL IER TUBE 

F ig. 8 .  I llustrat ion of a way to obta in h igh count ing 
eff ic iency for a sc int i l lat ion count·er used with large count ing 
volumes . 

f ie ld of gamma-ray spectrometry . Now that large , clear 

crystals of Nai (Tl)  and photomult iplier tubes w ith uniform 

h igh-eff ic iency photocathodes are available , it is poss ible to 

make a spec trometer which w i l l  not only measure energ ies of 

gamma rays to h igh prec is ion but also yield the i� intens it ies . 

Much of the popular ity of the Nai (T l)  sc int illat ion spectro

meter in radiochemistry lies in its ab ility to d if ferent iate 

between var ious gamma-ray components ; hence , the presence of a 

par t icular nuc l ide in the spectrum of a mixture can be 

establ ished by the charac ter ist ic energ ies observed , and the 

Z3 
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amount of the nuclide can be determined quantitat ively from the 

appropr iate gamma-ray intens it ies . 

Interaction of Gamma Rays in Nai (Tl) . It should be recalled 

that gamma rays as such are not detected , but rather it is the 

secondary electrons produced by the interac t ion between the 

g amma rays and the crystal wh ich give r ise to the fluorescent 

l ight . Thus it  is appropr iate to d iscuss br iefly the three 

processes ( photoelectr ic effec t ,  Compton effec t ,  and pair pro

duct ion) by wh ich gamma rays interact , in terms of the ir 

effects on the response of the sc int illat ion spec trometer . 

Part ial absorpt ion coeff ic ients in Nai for these processes 

are shown in F ig .  9 .  Below about 1 0 0  kev , the photoelectr ic 

1 0 1 c---�-r-rTI�nr---.--,-.��rn----.-.-.-.. rnn 
t' PHOTOELECTRIC + t' COMPTON + t' PAIR PRODUCTION 8 p. 

30 Kev 
� 100 Kev 

' 

162�--���������������----����� 
104 102 403 

ENERGY, Kev 
F ig .  9 .  Gamma-ray absorpt iyn coef f ic ients in Nai (Tl) for 

var ious gamma-ray energ ies (Bell ) .  
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SMALL CRYSTAL 
( 14!2 x 1 in.) 

X 

LARGE CRYSTAL 
( 3 x 3 in.) 

F ig . 10. Schemat ic representat ion of gamma-ray inter
interac t ions within Nai (T l ) crystals of two s izes . 
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effect is by f ar the most probable ; however , the photoe lectr ic 

effect  shows such a rap id decrease in absorpt ion coeff ic ient 

w ith increas ing energy , that the Compton effect is left as the 

dominant process in the intermediate-energy region , Pa ir pro

duct ion , wh ich sets in at 1. 0 2  Mev and increases rap idly in  

probab i l ity thereaf ter , becomes the  most  important of the 

processes at very h igh energies . In  a l l  of these processes , it 

is predominant ly the iod ine of Nai wh ich , because of its high 

Z ,  interacts with the gamma rays . 

An attempt to demonstrate qual itat ively the prac t ical 

importance of the effects l isted above is shown in Fig . 1 0 . 

The low-energy gamma ray y1 undergoes a photoe lectr ic encounter 

w ithin the f irst 1/8- inch of mater ial  through wh ich it  passes . 

The photoelectron , wh ich has a very shor t range , is stopped in 

the Nai (Tl ) and g ives up its energy to the crystal . The " iodine 

atom wh ich re leased the electron is left with a v acancy , most 

probably in its K she l l ; the ac t of f i l l ing th is vacancy yie lds 

a K X-ray . Usual ly the iod ine X-ray is c aptured by the crystal , 

for its energy is only about 2 8  kev ; however , s ince low-energy 

gamma rays are always stopped near the crys tal surface , there 

ex ists a sma l l  but s ignif icant chance that the X-ray may escape 

the crystal  surface ent irely , and g ive a peak whose energy 

corresponds to the gamma energy minus the 28 kev of the X-ray . 

Above a few hundred kev , mult iple processes play an 

important ro le , and so it becomes necessary to take into 

account the crystal  s ize in add i t ion to the var ious absorpt ion 

coef f ic ients . In  F ig .  1 0 ,  y2 i l lustrates a Compton scatter by 

an intermed iate-energy gamma ray . The Compton e lectron e is c 
stopped and y ie lds a l ight pulse propor t ional to the electron ' s  

k inet ic energy ; on the other hand , if  the crys tal is sma l l  the 

scattered photon y2 ' may not be stopped , and its energy w i l l  

then be lost . The f igure shows that in a larger crys tal , 

further Comptron processes may occur unt i l  the energy of the 

scattered photon is reduced to an energy so low that a photo

e lectr ic event f inal ly transf ers the rema in ing gamma energy to 

the crys tal . I t is impor tant to bear in m ind that the stepwise 

process j us t  descr ibed occurs very rapidly , compared with the 

speed of present -day electron ic instruments ; therefore , the 

interac t ions of y2 in the 3 x 3 - inch crystal of F ig .  10  would 

g i ve r ise to a s ing le electr ical  pulse whose he ight would 

correspond to the total  energy of y2 • 
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Pa ir product ion introduces a very compl icated response , as 

i llustrated by the case of y3 in F ig .  1 0 . A high-energy gamma 

ray forms a pos it ive and negat ive electron pair which carry of f 

as k inet ic energy the or iginal gamma-ray energy , m inus the 

1 . 0 2  Mev ( two electron rest masses) requ ired to create them . 

The two short-range electrons s top , and the ir k inet ic energy is 

acquired by the crystal . The pos itron annih i lates , forming two 

photons , each with an energy of 0 . 5 1 Mev (m0 c 2 ) and correlated 

at 1 8 0° . Once pair product ion occurs , the response depends on 

the probabi l ity that the annih ilat ion photons w i l l  be captured . 

The examp le in F ig .  10  shows that in a sma l l  crys ta l ,  the 

probabil ity is greatest for t.he escape of both photons ; in a 

larger crystal ,  it  is more l ikely that at least one of the 

photons wi l l  be stopped . To summar ize , then , the pair-pro

duct ion response leads to three peaks in the pulse-he ight 

distr ibut ion : the full-energy peak , wh ich corresponds to the 

capture of a l l  the inc ident gamma-ray energy by the mult iple 

processes ; the " s i ngle-escape" peak , wh ich s i gnals the loss of 

one annihi lation photori ; and the " double-escape" peak , wh ich 

ind icates the loss of both ann ih i lat ion photons . 

Typical  Gamma-Ray Spec tra . The effects j us t  descr ibed are 

i l lustrated by some representat ive gamma-ray spec tra in 

F igs . 1 1 - 1 3 . More deta i led explanat ions w i l l  be found in 

references 1, 2 ,  5 ,  and 2 0 . Because the l ight output from 

Nal (T l)  is very nearly l inear with respec t to the energy 

depos ited , the distr ibut ion in the he ight of the pulses from 

var ious Nai (Tl)  sc int i l lat ion spec trometers w i l l  be treated as 

energy spec tra . A l l  of the gamma-ray spec tra descr ibed be low 

w i l l  have semi logar ithmic intens ity scales and l inear pulse

he ight ( or energy) scales . This has the dec ided advantage that 

the wide range of count ing rates encountered in gamma spectro

metry can be eas i ly accommodated ; further , spectral shapes can 

be compared by super impos ing two spectra plotted on the same 

log paper w ith ident ical energy scales , even though the absolute 

heights of the peaks may be very different . 

A typ ical spectrum from a low-energy gamma ray is shown 

in F ig .  1 1 . Although a large peak is present , ar is ing from 

22-kev X rays in the sample , let us d irect our attent ion to the 

gamma-ray peak at 8 8 . 5  kev . Near ly all  of the events in th is 

peak are from the photoe lec tr ic effect near the crystal  surface 

( cf . , y1 of F ig .  10 ) ; a peak about 2 8-kev lower is due to 
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F ig . 11 . Spectrum o f  8 7 . 5 -kev gamma rays and 2 2 -kev X rays 
from a Cd1 0 9  source , i l lustrat ing the phenomenon of X-ray escape 
fol lowing detec t ion of 87 . 5 -kev gamma rays . 
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F ig . 1 2 . Spectra obtained by measur ing a Cs1 3 7 sou�8e 
with Nai (Tl)  spectrometers of three crystal  s izes (Heath ) .  

escape of the iod ine K X-rays . As the gamma-ray energy 

increases , the photons penetrate more deep ly into the crystal 

before they undergo photoe lec tr ic absorpt ion , and so the proba

b i l ity for X-ray escape d iminishes . In addit ion , because the 

energy separat ion between the f u l l -energy peak and the X-ray 

escape peak is a very sma l l  frac t ion of the gamma energy , the 

X-ray escape phenomenon is not  observed above about 1 7 0  kev . 
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A compar ison is sketched in F ig . 12 , which shows the 

spectra obtained at 0 . 66 2  Mev with Nai (Tl)  crystals of dif fer

ent s izes . All of the spectra are normal ized at the max imum 

of the f u l l -energy peak . The smal lest crystal y ie lds a charac

ter is t ic d istr ibut ion be low the ma in peak wh ich resu lts from an 

event in wh ich a Compton-scattered photon is lost and the 

Compton electron is captured ( cf . , F ig .  1 0 ) . I t  w i l l  be noted 

that as the crystal s ize increases , the probab i l ity for multi

ple processes also increases ; this  is manifested in an increase 

in the fract ion of events f a l l ing within the ma in peak . 

F igure 12  shows that the rat io of the he ight of the full-energy 

peak to that of the Compton distr ibut ion is near ly twice as 

great for a 3 x 3 - inch as for a 1 - 1/2 x l- inch crystal . Of 

course the more near ly the response approx imates a s ing le peak 

for a s ingle gamma-ray energy , the more useful the spectromet er 

becomes . 

The complex ity of the spectrum when pair product ion is 

involved may be seen in the spectrum of Na2 • shown in F ig .  1 3 . 

Two gamma rays are present in this source at 1 . 3 8  and 2 . 76 Mev . 

The full-energy peak and the two pair peaks stand out c learly 

in the h igh-energy port ion of the spec trum . Note that in the 

smal ler crystal there are relat ively few mul t iple  events lead

ing to counts in the full-energy peak ; in fac t , the double

escape peak is the most intense of the three . This response 

may be contrasted with that of the 3 x 3 - inch crystal , in which 

the contr ibut ion from mul t ip le events has made the ful l-energy 

peak the most intense . Further , the probabil ity of double 

escape is quite low . I t  may be of interest to note that the 

spectrum of the 1 . 3 8 -Mev gamma ray shows no evidence of pair 

peaks ; in prac t ice , the effect of pair produc t ion is not 

detectable below about 1 . 5  Mev , even though the threshold f a l l s  

a t  1 . 0 2 Mev . 

Environmenta l  Effects . The gamma-ray spectra measured in a 

g iven s i tuat ion w i l l  be comp l icated , in addit ion to the ele

mentary interact ions j ust  descr ibed , by several important 

environmental  effects . Whi le space does not permit a complete 
2 0  treatment of such spur ious responses here , a report by Heath 

inc ludes a valuable analys is  of var ious exper imental fac tors ; 

some of Heath ' s  f indings as wel l  as other related data wi l l  

also b e  f ound in reference 5 .  

I n  the discuss ion which fol lows it w i l l  be convenient to 
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and 3 x 3 - inch Nai (T l)  spec trometers . 
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refer to F ig .  14 , which shows a typical arrangement for a 

3 x 3 - inch Nai (T l) detector s ituated in a Pb shield . 

One of the most pers istent exper imental  diff icu lt ies is 

scatter ing , whose consequences may take var ious forms . I t is 

easy to show that , for Compton scat ter ing at  large ang les , the 

energy of the scattered photon is near ly independent of the 

inc ident gamma-ray energy , and atta ins an almost  constant value 

around Z O O  kev . Thus , large-angle scatter ing from sh ie·ld walls , 

source holder , or other matter in the v ic inity of the source 

( cf . , F ig . 14 )  w i l l  be manifested as a peak at about ZOO kev . 

This peak is general ly cal led the backscatter peak . I t  may be 

reduced by mak ing the ins ide d imens ions of the shie ld very 

large , thus decreas ing the geometry between the detec tor and 

shield wa lls . HeathZ O  demonstrated that a sh ie ld made from 

lead y ie lded a much smaller backscatter peak than one made from 

iron . 

Another form of scatter ing ar ises from the beta-ray 

absorber wh ich is usual ly placed between the source and the 

detector to stop beta par t ic les or e lec trons f rom the gamma

ray source . Because of the geometry invo lved , the scatter ing 

is restr icted to sma l l  ang les , and so the scattered photons 

detected in the Nai (T l) crystal  are only s l ight ly reduced in 

energy . Th is has the effect on the gamma spectrum of f i l l ing 

in the " va l ley" between the Compton-electron d istr ibut ion and 

the full-energy peak . 

Secondary rad iat ion from the sh ield wal ls may cause 

ser ious comp l icat ions . If bare lead wal ls are used in a 

spectrometer sh ie ld and a source of low-energy gamma rays is 

inserted , then f luorescent lead X-rays are em itted from the 

walls  and are detected by the Nai (Tl)  crystal , caus ing a spur i 

ous 7 Z -kev peak in the gamma spectrum . The mechanism f o r  X-ray 

product ion is s imi lar to that d iscussed above for x-ray escape 

from Nai (T l) crystals . The best way to remedy this s ituat ion 

is to cover the lead surfaces with a suf f ic ient thickness of a 

medium atomic number mater ial , usually Cd , to attenuate the Pb 

x-rays to a neg l ig ible level ; the Cd is covered in turn by a 

thin veneer of Cu to absorb any f luorescent radiat ion from the 

Cd . 

When very intense high-energy gamma rays are present in 

the source , it  is common to observe a peak at 0 . 5 1 1  Mev in the 

gamma-ray spectrum . Th is peak is due to pair product ion in 
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the Pb shie ld wal ls , with escape of ann ihi lat ion rad iat ion . 

Just as in the case of environmenta l  scat ter ing , the secondary 

radiat ion from the photoe lec t r ic effect and from pair pro

duct ion may be markedly reduced by increas ing the separat ion 

between the shie ld wal ls and the source-detector combinat ion . 

I nternal bremsstrahlung produced in the source and 

external bremsstrahlung emit ted when be ta r ays are stopped in 

the absorber w i l l  be detected j us t  as any other e lec tromagnetic 

radiat ion . Therefore , when the number of gamma rays per beta 

dis integrat ion is low ,  a prominent cont r ibut ion from bremss trah

lung w i l l  be noted . Such an effect is shown as an upturn at 

low energ ies , w ith much the same shape as a decreas ing expo

nent ial func t ion added to the gamma-ray response ( see F ig .  15 ) . 

Analys is of Gamma-Ray Spec tra . The gamma-ray sc int i l lat ion 

spectrometer bas proved to be an important too l for the quanti

tat ive determinat ion of gamma intens i t ies . S ince the true 

shape of the Compton e lectron distr ibut ion for a s ingle gamma

ray energy is so obscured by the spur ious effects which have 

j ust  been descr ibed , the area of the ful l-energy peak is 

generally chosen as the bas is for intens ity measurements . The 

spectrum exhibited by a source wh ich emits gamma rays of sever 

al  energ ies w i l l  be a summat ion of the responses to the indi

vidual gamma rays . The process by wh ich accurate intens it ies 

may be obtained invo lves f irst break ing down the gross spectrum 

into its components ( " spectral decompos it ion" ) , from which the 

areas of the full-energy peaks may then be �xtrac ted . 
The above d iscuss ion demonstrates that the pulse-he ight 

d istr ibut ion of a Nai (T l) spectrometer ar is ing from the inter

ac t ion of a s ingle inc ident gamma-ray energy conta ins not j ust 

a full-energy peak , but in add it ion a comp l icated spectrum down 

to zero energy . I n  the course of performing a spectral decompo

s i t ion , it  is essent ial  that  the complete spectrum shape be 

used , and not j us t  the full-energy peak . The det a i led shape of 

the spectrum from a s ing le gamma ray , or from a part icular 

samp le ,  is often cal led the response func t ion .  

The decompos it ion is relat ive ly straightforward i f  the 

gamma-ray spectrum in ques t ion happens to be made up of gamma

ray components whose spectra can be determined indiv idual ly . 

I n  such cases , the procedure to be followed s imp ly involves 

normal iz ing the response func t ion for the most energetic  gamma 
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ray to the exper imental points at the full-energy peak ; the 

response func t ion is then drawn in and subtracted from the 

exper imental data . The most  energet ic peak in the res idue is 

f itted to the response funct ion for that energy , and the sub

tract ion process is repeated unt i l  a l l  components have been 

"peeled off . "  An example of this process is shown in F ig . 16 . 

I t  should be emphas ized that the response funct ions must 

be determined under condit ions ident ical with those under wh ich 

the unknown was measured , so the response funct ion used in the 

analys is w i l l  include the same spec tral distort ions , such as 

backscatter peaks , wh ich affected the unknown . A frequent ly 

over looked ef fect  is the var iat ion in gain with count ing rat e ,  

which may occur in certain photomult ipl ier tubes and mult i

channel analyzers ; for this reason it  may be necessary to adj ust 

the energy as wel l  as intens ity scales before attempt ing a 

po int-by -po int subtrac t ion . There are commerc ial  dev ices which 

permit an adj ustable fract ion of a standard spectrum to be sub

tracted from a pulse-he ight d istr ibut ion stored in a mult i

channe l analyzer memory . When us ing a sys tem such as this , it 

is part icular ly impor tant that no ser ious gain sh ifts occur 

w ith changes in count ing rate . 

I t  may not be poss ible to measure d irect ly the response 

funct ions for the component gamma rays of an unknown spectrum ; 

in this case , it is necessary to synthes ize the required funct ion 

from a measurement of gamma-ray standards over the energy range 

of interest . The full-energy peak is near ly gauss ian , except 

on its low-energy s ide where the Compton spectrum contr ibutes a 

s l ight d istort ion . By the use of standard spectra , the w idth 

parameter for the full-energy peak can be p lotted as a funct ion 

of energy , and values for the unknown can be evaluated . Other 

features of the spec trum can be constructed by interpolat ing on 

plots wh ich correlate the coord inates (pulse height and count ing 

rate re lat ive to that for the full-energy peak) of var ious ' 'key" 

points of the spec trum with the gamma-ray energy . Some of the 

key points wh ich may be used are : the backscatter peak ; the 

leve l ,  peak , and inf lect ion of the Compton distr ibut ion ; and 

the val ley below the f u l l-energy peak . I f  pair peaks are 

involved , the ir vital  statist ics mus t ,  of course, be inc luded . 

Once a part icular full-energy peak has been reso lved from 

the spec trum , the area under the peak P (y)  may be obtained by 

summing the count ing rates of the channe ls wh ich conta in the 
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peak , or by means of the equat ion 

a h 
P (y) 

0 . 5 6 4  (AE) ' ( 1 ) 

where a is the half -width of the gauss ian peak at h/e ; h is y 
the peak he ight in the same units as P (y ) ;  and AE is the 

channel width . Both ay and AE must have the same un its and 

typ ical ly may be expressed in pulse-height divis ions , channe ls ,  

o r  kev . 

Use of Computers in Gamma-Ray Analys is . The decompos it ion of 

a very comp lex gamma-ray spec trum by the process j ust  descr ibed 

is extreme ly ted ious if a l l  subtrac t ions are performed manual !� , 

point by po int . Although much useful work can be done in this 

way , hand calculat ions are l im ited to a rather sma l l  volume of 

data , and so digital computers promise to be very useful in the 

decompos it ion of complex spectra . 

A s ituat ion in wh ich the computer can , in pr inc iple , be 

most read i ly appl ied to the spectral decompos i t ion problem is 

that for which the exper iment a l ly measured spectrum is made up 

of components whose spectra may be determ ined ind iv idua l ly . 

This cond it ion is often me t in radioact ivat ion analysis , and 

Kuykendal l  and Wa inerdi2 1 • 22  have inves t igated the use of a 

digital  computer in an automa t ic ac t ivat ion ana lys is system . 

The ir programs requ ire a l ibrary of standard spectra and w i l l  

not identify  any gamma-ray peak whose response func t ion does 

not appear in the l ibrary . Two computer programs have been 
2 1  wr itten : ( 1)  The half - l ife  and gamma-ray energy are used to 

ident ify each stat ist ica l ly s ignif icant peak in the spectrum . 

S tart ing at the h igh-energy end of the spectrum , the ordinate 

scale of each appropriate standard response func t ion is normal

ized at the full-energy peak and subtracted from the total  

spectrum in sequence . ( 2 ) Another program2 2  c ompares the 

unknown spectrum with the automat ical ly se lected l ibrary spec tra 

in  a s imultaneous matr ix so lut ion . 

Although programs us ing a spectrum l ibrary appear straight

forward , they suff er from two defects . F irst , they cannot 

correct for ca l ibrat ion shifts , as has already been ment ioned . 

A lso , certain nuc l ides ( e . g . , many f iss ion products) always 

occur in mixtur es , and so the needed indiv idual spec tra cannot 

be determined . Therefore , a versat ile  gamma-ray unscrambl ing 

program must be capable of generat ing the required response 

3 7 

Copyright © National Academy of Sciences. All rights reserved.

Detection and Measurement of Nuclear Radiation
http://www.nap.edu/catalog.php?record_id=18670

http://www.nap.edu/catalog.php?record_id=18670


1 0  �- - ----+-- -------- ------�------�,--------�-------+-------1 

0. 1� 

0.835 � 
I 5 

�- h 
r------�--------;-------+ 

) < COMPOSITE SAMPLE-
sc 47- B e  7 - M n  54 -

2 

1 0  

c 

.QOU' 11 

0.478 
Q. 

l 
'W - - � 

) 

-�----+-------�------� 
�----�+---._--4-------�------� 

�--��+-- ------ - -� ---_11�----�--�--��------+-------1 

0 5 � -

� - r---· -- - - -- --- '-- - - - .  h,..,_---&-+---+----+-------t------t ...... 
u 

.- 2  
ILl ...... 
z 

1 0  

-- r-- ---- --

-. -

o- composite sample 
•- subtracted pasnts 
- indiv i dual sample 

data  

- · - - - - - - ___ _  ._ __ +--t�---il---4-------+----._-+------+- ----
� �- - -- -- --- ,_.. r-- -��+-------+----+--+------___., ____ __, ' 

• � 5 h. ��+---fi---�+-�--�-+------�--��+-----�-------t 

2 

' 
• 

� �'-----�----���--�-+-----4-------�-----+-----� 

�----�.----.-�---��-----+-----�-------�------
• 

0 400 
PULSE HEIGHT 

I I 
600 800 1000 1 200 

F ig .  16 . Decompos it ion of a compos ite gamma-ray spectrum 
into its components by success ive subtrac t ion of standard 
spectral shapes (Heath2 0 ) .  

38 

Copyright © National Academy of Sciences. All rights reserved.

Detection and Measurement of Nuclear Radiation
http://www.nap.edu/catalog.php?record_id=18670

http://www.nap.edu/catalog.php?record_id=18670


Ill 
1-
z ::;) 
0 u 

"' ...J -.l) � 
0 1-

� 

5 11 104 

2 

! 04 

.... 
_, 

5 ; 
� 

2 

! 03 
f---
--

5 f---
f---

f---

2 

t OZ 
20 

I I 
! 

' 1 
"- I 

"'- 4 
"---·· ... ......... ...... ...... 1 . "'\ 1 

\ I 
1\. J " lo'-

� 

F ig .  17 . Compar i s o n  b e t we e n  c a l c u l a t ed and me asured 
r e s p o n s e  f unc t i o n s  f o r  a Mns • sour c e  on a 3 x 3 - in c h  Na i (T l ) 
c r y s t a l . T h e  po i n t s  a r e  exper ime n t a l ,  a n d  t h e  l i ne w a s  c a l c u -
l a t ed by u s e  of an emp i r i c a l  equa t i o n  who s e  par ame t e r s  were 
d e t ermzged f r om a s e r i e s  of s t a nd a r d  spec t r a  ( Ch e s t e r  a n d  
B u r r u s  ) . 

-· ·------ - --·--

\ 

... 
\ \ \ 
"{ 

--

--

--

30 40 50 60 70 80 90 tOO 
C H A N N E L  N U M B E R  

1 1 0  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D e t e c t i o n  a n d  M e a s u r e m e n t  o f  N u c l e a r  R a d i a t i o n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 7 0

http://www.nap.edu/catalog.php?record_id=18670


funct ions by us ing analyt ical express ions der ived from standard 

spectra . Mathemat ical techn iques for generat ing gamma-ray 

r esponse funct ions have been descr ibed by West and Johnson , 2 3  

Chester , 24 • 2 5  and Heath . 26  A n  example o f  a computed response 

f unct ion which accurately reproduces the exper imental data is 

shown in F ig .  17 . 

The ana lyt ical methods for generat ing response funct ions 

have been used by West and Johnson , 2 3  Str ickfaden and Kloepper , 27  

and Heath26  in the ir computer programs , which c losely s imulate 

the manual "peel-off" techn ique . These programs f irst make a 

gauss ian f it to the highest-energy peak ; the appropr iate 

response f unc t ion is calculated and subtracted f rom the total 

spectrum ,  and the process is repeated with the next h ighest 

energy peak . Cont inuous spectra are not suited to this type 

of analys is . 

Some workers24 • 2 5 • 2 8 • 2 9  have invest igated the use of the 

so-cal led incremental  methods , wh ich are capable of analyz ing 

both l ine spec tra and cont inua . The method cons ists  of con

struc t ing a response matr ix whose kth column is the response 

func t ion if the full-energy peak is centered in the kth channel .  

The input data from the gamma-ray spectrometer are mul t ip l ied 

by the smoothed inverse of the response matr ix . The smoothing 

of the inverse matrix is needed to prevent large osc i llat ions 

in  the output data ar is ing f rom sma l l  f luctuat ions in the input 

data . 2 8  When proper ly applied ,  the matr ix invers ion method 

should y ie ld a smoothed vers ion of the true gamma-ray spectrum ; 

that is , a s ingle gamma-ray component would appear in the output , 

not as a l ine , but rather as a s ingle gauss ian curve . 

Although the programs j us t  descr ibed are but a beginning , 

the results are encourag ing . In view of the great need for 

pract ical  solutions to the data analys is problem,  it is to be 

hoped that more versat i le computer programs w i l l  be ava i lable 

soon . 

Determinat ion of Gamma-Ray Intens it ies . To obtain the intens ity 

of gamma radiat ion emitted from the source ,  it is necessary to 

know the probabi l ity that a gamma ray from the source w i l l  

str ike the crystal , and the probab i l ity that a n  inc ident gamma 

ray w i l l  cause an event in the full-energy peak . The former 

probabi l ity is j us t  the sol id angle n for the part icular geo

metry , and the latter is often cal led the " intr ins ic peak 

eff ic iency" E p (y) . Although it is very diff icult  to compute 
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E p (y) exact ly because of the mult iple processes occurring within 

a large crystal , it  is easy to compute the total  intr ins ic 

ef f ic iency E T (y) , which is s imply the probab i l ity that a gamma 

ray denoted by y will  produce a count once it str ikes the 

crystal . The fract ion of a l l  counts in the spectrum which con

tr ibute to the ful l-energy peak is cal led the "peak-to-total" 

rat io ,  or "photofract ion , " and may be denoted by f ( see F ig . 1 8 ) . 
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F ig .  1 8 . I l lustrat ion of a measurement of the "peak-to
total" rat io f .  Note that the backscatter peak is exc luded 
from the total area . 
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Then , f p (y) = f e T (y) .  I t  is very important that in the exper i

mental determinat ion of f ,  spec tra be measured under cond it ions 

which reduce the effects of scatter ing as much as poss ible ; 

otherwise , env ironmental scatter ing w i l l  add to the Compton 

e lectron spectrum and y ield a high value for the area of the 

total spectrum . 

Ear l ier it was ment ioned that the f ul l-energy peak was 

chosen for use in obtain ing intens it ies because its area was 

free of spur ious responses ar is ing from the environment . Thus , 

once f p (y) has been determined by the process j ust descr ibed , 

it may be appl ied to exper iments hav ing cons iderable differences 

in energy reso lut ion and scatter ing cond it ions , j us t  so the 

crystal d imens ions and source-to-crystal  d istance remain the same . 

F igure 19  presents values of f p (y) for Nai (Tl )  from the 
3 0 work of Lazar , et  al . ,  for 1-1/2 x l - in .  and 3 x 3 - in .  cy l in-

ders and a 3 x 3 - in . cyl inder with the top beve led at 4 5 ° ,  

1/2 in . from the edge . Values o f  e T (y ) computed a t  Oak Ridge 

and the values of n e T (y ) computed by Wa l ick i ,  Jastrow , and 

Brooks3 1  are compi led in a rev iew by Mott  and Sutton . 3 Heath20  

3 2 and Vegors , et al . , extended these calculat ions of n eT (y ) 
to inc lude point , l ine , and disk sources located on the axis of 

several s izes of Nai (T l )  cyl inders ; they a lso inc luded measure

ments of f for use in the calculat ion of f p · 
The number of gamma rays of a given energy emitted from 

the source N (y)  may be obtained from 

N (y) � ( 2 )  

where P (y) , f p (y) , and n have the same meaning a s  above ; the 

f ac tor A corrects for gamma absorpt ion in any mater ial between 

source and detector , and in the absence of exper imental cor

rect ions it may be approximated by A - e�d . 

I t often happens that the gamma ray of interest is coinc i 

dent with another gamma ray ; in this instance the ful l-energy 

peak area w i l l  be decreased by coinc ident summing . This s itu

at ion has been treated by Lazar and Klema , 3 3  who derived the 

following equat ion for the emiss ion rate : 

( 3 )  
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["' 

Here , y1 denotes the gamma ray of interest ; q is the number 

I" 

1 0.0 

0 z 1 
of Y z in coinc idence with y1 ; W( O ) is the angular distr ibut ion 

func t ion of the two gamma rays integrated over the surface of 

the crystal . 3 4  S ince the correct ion n € T ( y z ) W( 0
°

) q  is smal l  
z 1 

under most cond i t ions , only a sma l l  error results frbm sett ing 
W( 0

°
) = 1 ,  if the sp in changes of the gamma trans it ions needed 

for the exact ca lculat ion of W ( 0
°) are not known .  

Coinc ident summ ing of gamma rays leads to another 

impor tant exper imental imp l icat ion . The gamma rays wh ich are 

lost to the ir respect ive f u l l -energy peaks appear in  a " sum 

peak , " whose apparent energy is the total energy of both gamma 
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rays . S ince the crossover trans it ion for a s imple gamma cas

cade w i l l  a lso be detected at th is energy , such a peak must be 

0 t d fo th f th k Which is g iven by : 3 3  c rrec e r e area o e sum pea , 

P ( yl ) 0 E p ( y z ) W( 0
°) q z

, l 

1 - n e T ( y z ) W ( 0°) q z
,

1 
( 4 )  

The notat ion is the  same as  above , and the term Nr represents 

the contr ibut ion from random summing w ithin the res�lving t ime 

of the e lectron ic system : 

(5)  

where P (y1 ) and P (y z ) are the areas of the f u l l -energy peaks 

due to y1 and Yz · The resolv ing t ime 2 T  is usua l ly about 

1 �sec , and with the complex ity of modern mult ichannel ana

lyzer systems th is quant ity is very diff icu lt to compute . It  

may be  determined quite eas i ly by  measur ing the  random co inc i

dence peak from a source wh ich conta ins no true coinc idences . 

An example of such a source is Mn5 • , wh ich emits only a s ingle 

gamma ray at 0 . 8 3 8  Mev ; consequently , the random sum peak will  

be  found at about 1 . 7  Mev . From Eq . 5 ,  

Nr 2 T  - (P ( 0 . 8 3 8 )  ]z ( 6 )  

Once 2 T  has been determined b y  th is method it  can b e  used for 

any exper iments with the same electron ic system . Note a lso 

that 2 T ,  Nr ' and P ( y)  must  have the same t ime un its . 

4 .  Detect ion of Heavy Charged Part ic les 

As has been ment ioned , the ear l iest app l icat ion of the 

scint i l lat ion method was to the detect ion of alpha part ic les . 

I n  its modern form the sc int i l lat ion counter has found 

extens ive use in count ing and spec trometry of other heavy 

charged par t ic les as we l l .  

Because of the short range of alpha part ic les , the 

sc int i l lator may be made very th in . This also insures that the 

response to more penetrat ing rad iations such as electrons and 
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gamma rays w i l l  be smal l .  The usual sc int i l lator for count ing 

is Z nS ,  act i vated by Ag .  Although the l ight output is high ,  

ZnS (Ag)  i s  only avai lable a s  a mult icrystal l ine powder whose 

l ight transm iss ion is poor ; therefore , it is not used for 

measur ing energy spec tra . 

The sc int i l lator is usually  depos ited3 5 • 36 by al lowing 

ZnS (Ag )  par t ic les , - ZO � in s iz e ,  to set tle  f rom a water or 

alcohol suspens ion onto a glass or plast ic d isk wh ich w i l l  

serve a s  a l ight guide . Typ ical sc int il lators made by this 

technique have a surface dens ity of 5 -2 5  mg/cm2 • When the 

depos it  is dry , it is  usua l ly sprayed with clear plas t ic or 

covered w ith a th in plast ic f i lm . Aluminiz ing the cover ing 

f i lm inproves the l ight col lect ion eff ic iency and may be used 

to protec t the phototube from ambient l ight . The total th ick

ness of mater ial cover ing the scint i l lator proper should be 

< 1 mg/cm2 • Scint i l lator assembl ies very s imilar to the above 

may be obta ined from several manuf acturers . The sc int i l lator 

assembly is mounted by us ing s i l icon o i l  or grease as an opt i

cal  coup l ing between the photomult ipl ier faceplate and the 

uncoated s ide of the glass or plast ic l ight guide . 

When it is des irable to  use a sc int i l lat ion device for 

determinat ion of charged-part ic le energies , some inorganic 

scint i l lato r  other than ZnS (Ag) must be used . Thin c lear 

disks of Nai (T l )  or Cs i (T l )  are often emp loyed . The resolut ion 

of these dev ices cannot compare with the resolut ion obtained 

with a gas -ionizat ion or semiconductor detector , and so are not 

of ten used except in spec ial s ituat ions . Further informat ion 

on this subj ect may be found in recent rev iews . 4 • 5 

I I I . IONIZAT ION CHAMBERS* 

1 .  Ionizat ion in Gases 

Mos t  of the exper imental informat ion about the stopp ing 
of charged part ic les in matter bas been obta ined from a s tudy 
of the ionizat ion produced . A very useful class of counters 
makes use of the ionizat ion produced in a gas by co l lect ing 
either the electron which is formed , or the ion pair , i . e . , the 
electron and pos it i ve ion . 

* 
See references ( 3 7 ) , ( 3 8 ) , ( 3 9 ) , ( 4 0 ) , and ( 4 1 ) . 

4 5  
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I t w i l l  be recal led that the spec if ic ionizat ion of a 

charged part ic le in ion pa irs per em of path , d�/dx , increases 

s lowly to a max imum value a few mm from the end of the particle 

r ange , and then drops sharply . Spec if ic ion izat ion is related 

to the stopp ing power -dE/dx by 

� /dx = - ( 1/w) dE/dx ( 7 ) 

where w is the average energy to produce one ion pa ir ( " total 

ion izat ion" ) .  The total ion izat ion is of cons iderable practi

cal importance , because the appropr iate value of w can be used 

to pred ict whether a part icular energy loss w i l l  render 

detect ion poss ible . 
The value of w var ies for different stopp ing mater ials , 

but is remarkably constant for gases . Some typical values of 

w in gases are l isted in Table 3 for electrons as pr imar ies . 

I t  w i l l  be noted that w is always greater than the f irst ioni-

Gas 

Hz 
Nz 
Oz 
He 

Ne 

Ar 

Kr 

Xe 

COz 
Air 

CH4 

TABLE 3 .  S INGLE IONIZATION POTENTIALS �0 
COMPARED WITH AVERAGE VALUES OF w FOR 

ELECTRONS IRRAD IAT I NG VARIOUS GASES 

� 0 ' eva 

15 . 6  

1 5 . 7  

12 . 5  

24 . 6  

2 1 . 6  

15 . 8 

14 . 0  

12 . 1  

1 3 . 7  

13 . 1  

3 6 . 9  

3 4 . 9  

3 1 . 3 

4 1 . 3  

3 5 . 9  

26 . 3  

24 . 4  

22 . 1  

3 2 . 7  

3 4 . 2  

2 8 . 1 

aS ingle ion izat ion potent ials of monatomic gases , from D ieke ; 42 

data on other gases from Craggs and Massey . 4 3  
bAverage o f  va lues fr�W recent l iterature , summar ized i n  a 

rev iew by Fu lbr ight . 
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zat ion potent ial . Th is probably happens because the e lectrons 

produced in pr imary ionizat ion frequent ly have suff ic ient 

energy to cause fur ther , or secondary ion izat ion ; also energy 

may be absorbed which is lost by exc itat ion and d issoc iat ion . 

The energy loss per ion pair is very near ly independent 

of part icle energy and part ic le type . This immediately suggests 

t hat the integrated ionizat ion � produced when an energy E is 

transferred , is g iven by � D E/w . Although in most cases this 

propor t iona l ity can be assumed , there is some ev idence that a 

nonlinear relat ionship between � and E ex ists for alpha 

par t ic les hav ing energ ies less than about 0 . 1  Mev . 3 8  

Once free e lectrons and pos it ive ions are formed , the ir 

behavior depends upon the nature of the gas and the e lectr ic 

f ie ld present . An electron makes many coll isions w ith gas 

molecules , and although its d irect ion of mot ion is randomized 

by such col l is ions , there is a net dr if t in an electr ic f ie ld 

along a d irect ion paral lel to the f ie ld l ines . The dr ift 

ve locity  depends on the type of gas , its pressur e ,  and the 

e l ectr ic f ield strength . 

Pos it ive and negat ive ions move much more s lowly through 

gases than do electrons . Further , ionic mob i l i t ies are rela

t ively insens it ive to changes in the appl ied electr ic f ield 

strength and the gas pressure . Therefore , in the interest of 

f ast response , pulse ionizat ion chambers are a lmost invar iably 

arranged for e lectron co l lect ion . 

Electrons may form negat ive ions by attach ing themse lves 

to neutral atoms or molecules--th is ef fect is espec ially harmful 

in pulse ionizat ion chambers us ing fast electron col lect ion . 

Of the common gases , the halogens , oxygen , and water vapor are 

the most ser ious off enders . The rare gases , hydrogen ,  nitrogen , 

c arbon d iox ide , and methane have attachment coeff ic ients 103  

t imes smaller than the halogens , and are cons idered acceptable 

f i l l ing gases for ionizat ion detectors . 

2 .  Current Chambers 

The essent ial par� of a gas ionizat ion chamber are two 

e lectrodes insulated from each other , def ining a gas-f i l led 

space between them . A paralle l-plate ion izat ion chamber oper

a t ed as a current chamber is sketched in F ig . 2 0 . The f igure 

shows ideal ized current-vo ltage curves for a low- and a h igh-
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LOW I N T E N S I TY SOU RCE 

A PP L I E D  POT E N T I A L , � 
F ig .  2 0 .  I l lustrat ion of ionizat ion chamber operat ion . 

Typ ical current-voltage curves are shown for d ifferent source 
intens it ies . The insert shows how a parallel-p late chamber is 
arranged for current measurement by the " IR-drop" method ; for 
measurements by the " rate-of -dr if t" technique , both switches S1 and S2 mus t be opened ( see text) . 
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intens ity source . At low appl ied voltage , there is a loss of 

charge through recombinat ion of e lectrons and pos it ive ions . 

As the potent ial is increased , the current f lowing through 

r es istance R from the col lect ion of charge r ises unt i l  it 

r eaches a l imit ing value , the saturat ion current . At very h igh 

potent ial the current beg ins to r ise agai n ,  due to the onset of 

g as mul t ip l icat ion (see Sect ion V . l . ) . 

The number of ion pairs formed per second n may be calcu

lated from N, the rate at wh ich par t ic les are absorbed in the 

chamber , the average energy per par t ic le E, and w :  

n = N E 
w ( 8 ) 

The steady-state saturat ion current I is  obtained by mul t iply ing 

by the e lectronic charge e ( 1 . 6 0 x 1 0 - 1 9 coulomb) : I =  en . 

Thus , if sources hav ing ident ical energy spectra ( i . e . , 

the same �) are compared , the saturat ion current is proport ional 

to the source strength N .  This is the bas is of the many ion i

zat ion chamber instruments used for mon itor ing and assay 

purposes . 

As shown in F ig .  2 0 , the current is always measured in 

terms of a vo ltage , us ing an e lectrometer . For th is reason , 

the method j ust descr ibed is cal led the " IR-drop" method , 

because the voltage across R is g iven by the product IR .  

The currents of interest l ie i n  a range o f  about 10 - s  to 

l0- 1 4 amp . The IR-drop method requires very h igh res istances 

for h igh sens i t i v ity ; however , in mos t  cases it is not adv isable 

to use res istors larger than 10 1 2 ohms if spec ial techn iques 

are to be avoided . When the rate N is very low , the stat ist i

cal var iat ions in the measured vo ltage requ ire careful ana lys is 

if h igh accuracy is required . For these reasons the rate-of

dr ift method is used for small  currents ( <  10 - 1 2 amp . ) . 

In the rate-of-dr ift  method , the load res istance R is 

removed by opening 81 ( see F ig . 2 0 ) . The col lect ing e lectrode 

is grounded by c los ing S2 ; thus the voltage across C is zero . 

At the start of the measurement 82 is opened , and the voltage 

after a t ime t is given by 

t 
V - 1/C j Idt 0 I t/C • ( 9 ) 
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The value used for C must inc lude the combined capac itance 

of the chamber , leads , and e lec trometer input , and it typ ically 

l ies in the range of 10-3 0 p icofarads ; therefore , the sens i

t ivity  is very h igh . Further , because the rate-of -dr ift makes 

available to the electrometer a l l  the charge produced in the 
t ime t ,  this method is fundamental ly more sens it ive than the 

IR-drop method , in  wh ich charge is cont inuous ly consumed by 

the load . 

The theory and des ign of electrometers and the propert ies 

of insulators suitable for ionizat ion chambers have been 

reviewed by Fa irs tein . 3 7  Helpful suggest ions on these tech

n iques as app l ied to the determinat ion of rad ioact ive gases 

are g iven by To lbert and S ir i .
1 5 

3 .  Pulse-Type Chambers 

When the rate of arr ival of ioniz ing pulses is too low for 

convenient de measurements , or when it is necessary to deter

m ine the energy distr ibut ion of par t ic les stopped in the gas , 

the ion izat ion chamber is operated as a pulse instrument . Here , 

the deta i ls of the col lect ion process and the trans ient response 

of the anc i l l ary equipment are both very important , s ince the 

comp l icated s ignal from the chamber is a lways observed d istorted 

by the measur ing system . 

Cons ider a paral lel-p late ion izat ion chamber in wh ich a 

s ingle ion pair has j ust been formed ( cf . ,  F ig . 2 1) . I f  the 

produc t RC is very large , the current through R can be neg

lected dur ing the ion col lect ion , and V ( t )  = q ( t ) /C ,  where q ( t) 

is the net charge col lected and C is the total c ircuit capac i

tance . The ion pair inf luences the net charge not only by being 

col lected , but also by e lectrostat ic induc t ion .  At t ime t after 

the pair is formed,  a charge -q ( t )  and -q ( t ) is induced on + -
the col lect ing e lectrode by the pos it ive ion and the e lectron, 

respect ively . The poten t ial  is 

q+ ( t) + q_ ( t) 
V ( t ) = ( 10 )  c 

At  the t ime of format ion , the ion and elec tron are both at x0 , 

and induce equal  charges of oppos ite s ign ; therefore, V ( O) = o .  
The e lec tron moves rapidly toward the co l lect ing e lectrode , 
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F ig .  Z l .  Schemat ic representat ion of a par a l lel-plate 
ionizat ion chamber in wh ich one ion pair has j us t  been formed . 

c aus ing a l inear increase in q_ ( t) unt i l  the e lectron is col

lec ted . Dur ing this interval the effect of the pos it ive ion 

is neg l ig ible , as its trans it  t ime is about 103 that of the 

e lectron . The potent ial now is 

V ( t )  ( 1 1) 

The important fact to note is that the expec ted f inal potent ial 

of -e/C is not atta ined when the electron is col lected , but 

only  when the pos it ive ion ceases to induce a charge , i . e . , 

when the ion str ikes the high-voltage electrode . 

The col lector potent ial for the process j us t  descr ibed 

is sketched in F ig .  ZZ . The pulse prof ile  shown makes the 

s imp l ify ing assumpt ion that n ion pairs were formed at a po int 

x0 ; actual ly the ion izat ion is produced a long a track , and the 

qua l itat ive pulse shape in the f igure w i l l  be d istorted by the 

spac ial d istr ibut ion of ion pa irs . Electron d iffus ion w i l l  

tend to obscure the sharp changes i n  s lope . From the dis

cuss ion of ionizat ion in gases it w i l l  be apparent that the 

presence of an e lectronegat ive gas such as oxygen w i l l  ser ious ly 

d is tort the pulse . 

5 1  
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- v ( f ) 

0. 5 p sec 
t_ 

TIM E ,  f 

500 p. sec 
f+ 

F ig . 2 2 . Ideal ized voltage pulse in a parallel-p late 
ionizat ion chamber with plate spac ing d, after product ion of n 
ion pairs a d istance x0 from the col lect ing e lectrode . The 
e lectrons are co l lected at t- and the pos it ive ions at t+ . 
Note that the t ime scale is d istorted to show the initial  r ise . 

As seen in  F ig .  2 2  the potential  due to e lectron col

lect ion depends on the locat ion of the ion pair at t = o .  Th is 

is not espec ially important if  only count ing is requ ired , for 

the pulse mus t only be large enough to be recorded . However , 

some of the important app l icat ions for ionizat ion chambers 

require a pulse whose he ight is proport iona l to the number of 

ion pairs . At f irst glance it may seem that one should amp l i f y  

the pulse correspond ing t o  the total ionizat ion , i . e . , v o f  + 
F ig .  2 2 . A lthough th is approach has been used very success-

ful ly , the amp l if ier required for broad , s low-r is ing pulses i s  

prone t o  be rather no isy and is very sens i t ive t o  m icrophonics 
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and power -supply hum . The tolerable rates are only a few per 

second , because of the danger that the pulses can " p i le up . "  

The s low r ise t ime makes t iming very uncer ta in ,  so that coinc i

dence techniques are not very appl icable ( see discuss ion of 

electronic equipment in  Sect ion VI) . 

To  avoid some of the d if f icult ies encountered when total 

ionizat ion pulses are collected , only the port ion of the pulse 

due to e lectron col lect ion is employed . F igure 22 shows that 

the electrons are col lected in a much shor ter t ime ; it now 

remains to avoid the var iat ion in pulse he ight with pos it ion of 

the ion ized track . Two methods are used : e ither the col lect ing 

electrode is made very smal l ,  or it can be shie lded by a gr id . 

The add it ion of a gr id to a parallel-p late chamber is the 

most des ir able technique for remov ing the effect of pos it ive

ion induct ion . 3 8 • 4 1 • 4 4  Such a n  arrangement i s  shown i n  F ig .  23 . 

The sample is placed on the high -vo ltage electrode ; the gas 

pressure and geometry are so arranged that a l l  of the ioni

zat ion is produced in the  reg ion between the grid and the h igh

voltage e lectrode . The gr id shields the col lect ing e lectrode 

from the inf luence of the pos it ive charges , but the electrons 

are acce lerated toward the co l lector . Then the charge at the 

col lector is equal to the total ion izat ion induced by the 

primary part icle . 

Co l l ecting 
E lectrode 

- V2 
Gr id  7 - - - -- - - - -- - - - - -
High-Vo Ita ge 
E l ect rod e R 

F ig .  2 3 . Schemat ic diagram of a gr idded ionizat ion 
chamber . 

5 3  
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4 .  Des ign Cons iderat ions 

Because comp lete saturat ion can be attained w ith rather 

modest e lectr ical  f ields , it is poss ible to des ign an ion i 

zat ion chamber t o  suit almost any exper imental arrangement . 

For current chambers the paralle l-p late geometry is preferred, 

because it is  the eas iest des ign to analyze mathemat ically . 

Coax ial cyl inder chambers are very easy to construc t ,  and most 

of the ionizat ion chambers in radiat ion survey instruments are 

of this type . Pulse-type chambers present a less cr i t ical  

des ign problem , because reg ions of weak f ie ld are of less con

cern than for current chambers .  

I n current chambers the p l acement and construct ion of the 

i nsulators are matters of the greatest importance , s ince the 

current f low ing through the insulator should be neg l igibly 

smal l  compared with the current f lowing through the conductor 

it  supports . Even mater ials of high res ist ivity  may develop 

ser ious leakage currents if the surfaces are permitted to 

acquire a charge from mechani cal stresses ; f rom rubb ing one 

surface aga inst the other ; or from the electr ic f ield ,  which 

c an induce an image charge or cause ions f rom the act ive volume 

to be co l lected on the insulat ing surfaces . 3 7  

On the other hand , ord inary surface leakage i s  not very 

important in fast pulse chambers at voltages of 1 or 2 kv . 

Sma l l  leakage currents can be to lerated , s ince the e lectronic 

system sees only fast trans ient s ignals ; natural ly , any corona 

d ischarge or other source of errat ica l ly chang ing leakage w i l l  

cause bursts o f  spur ious counts to b e  recorded . 

Current chambers should a lways use guard r ings . As shown 

in Fig . 24 , the guard r ing serves two purposes : ( a) When the 

guard r ing is grounded , any h igh vo ltage leakage is passed to 

ground instead of to the col lector . S ince only a sma l l  

potent ial  difference appears across the col lect ing e lectrode 

insulator , the co l lector leakage current is greatly reduced ; 

( b) the act ive volume of the chamber is def ined by the guard 

r ing . 

Guard r i ngs are not always required in pulse chambers 

and in some cases may lead to spur ious counts . For examp l e ,  

t h e  sens itive vo lume of a current chamber may b e  def ined b y  a 

guard r ing ; but if the same chamber is operated in  the pulse 

mode , ion izat ion produced in the volume between the guard r ing 
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H ig h  -Voltage 
E l ectrode Col l ect ing 

E l ec t rod e 

,.- - - - , • I  I 
J. : �------------�UUL I 

R 

( a ) 

Gua rd - R i n g  
I n su l a tor ----

( b ) 

I I I I 
I 
I 

I = I. + It 10n 

Gu a rd R i n g  

R 
I- lion 
i 

F ig . 24 . Importance of guard r ings in a cyl indr ical ioni
zat ion chamber . ( a) Without a guard r ing , the measured current 
through load res istance R is the sum of the ionizat ion current 
and the leakage current . ( b) A grounded guard e lectrode 
ensures that the h igh-vo ltage leakage current w i l l  not pass 
through the load res istor , so the current through R w i l l  be due 
only to ionizat ion . 

and high-vo ltage electrode can induce on the col lector a pulse 

of detectable amp l itude . 

5 .  Count ing and Assay Appl icat ions 

Ion izat ion chambers are wide ly used for measur ing the 
strengths of sources of heavy charged part ic les . Very s imple 
det�ctors can be made for rout ine alpha count ing if the energy 
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d istr ibut ion is not requ ired . Usua l ly a spher ical co l lect ing 

e lectrode concentr ic with a c y l indr ical h igh-vo ltage electrode 

wi l l  suf f ice . To avo id random summing of low-amp l itude pulses 

when  a h igh beta- or gamma-ray ac t i v ity is present i n  the 

a lpha-particle  source ,  a short c l ipp ing t ime is needed . A use

ful shortening of the detec tor r ise t ime can be obta ined by 

increas ing e lectron dr ift  veloc ity ; in  argon , a common f i l l ing 

gas , the r ise t ime is improved by the add it ion of 5% COz · 

The energy re leased in f iss ion is near ly forty t imes that 

f or a 5 -Mev a lpha part ic le , and so f iss ions may be counted to 

the exc lus ion of other events . Parallel-plate pulse chambers 

are widely used for measur ing f iss ion cross sect ions and for 

intercompar ison of f is s i le sources . I f the number of alpha 

par t ic les per f iss ion event is very h igh ,  then the " p ileup" 

of alpha pulses w i l l  cause a troublesome background ; in such 

cases it would be adv isable to use a detec tor with a more rap id 

response , such as , for example , a gas sc int i l lat ion counter5 or 

a semiconduc tor radiat ion detec tor ( Sect ion IV . ,  below) . 

I onizat ion chambers a lso may be used for neutron detec t ion . 

Fiss ion chambers conta in ing uz l s  are widely used as neutron

sens it ive dev ices in reactor contro l  and personnel protection . 

I n  some app l icat ions , chambers are f i l led with BF3 gas , or 

l ined with boron or l ith ium . The ionizat ion is produced by the 

a lpha partic les and reco i l  nuc lei  f rom the ( n , a) react ion on 

B 1 0 or Li6 • 

Low-energy beta emitters may be introduced as gases into 

a cal ibrated chamber for quant itat ive assay ( Sect ion IX . S . ) . 

Ionizat ion chambers may be used for relat ive assay of either 

gas or sol id samp les , even if the partic les are not comp letely 

stopped in the gas . 4 5  I n this app l icat ion the chamber must be 

cal ibrated for the part icular beta act ivity and type of source 

mount ing . 

Current ion izat ion chambers are part icularly wel l  suited 

to the assay of gamma-ray emit ters . A chamber des igned with 

the proper regard for insulator cons iderat ions and mechanica l 

r ig id i ty shoul"d reta in its cal ibrat ion to within a fract ion of  

a per cent for years . V ibrat ing-reed e lectrometers are capable 

of measur ing the saturat ion current w ith h igh prec is ion 

( -0 . 0 5%) .  I f standard gamma sources of known d is integrat ion 

rate are used for eff ic iency cal ibrat ion , the chamber may be 

used as a prec ise secondary standard . F igure 2 5  shows the 
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COLL ECT I N G  
E L E C T ROD E 
( Copper Screen ) --

PRESS U R E  
TEST AT 
1 500 lbs/sq. in. 

NEOPR E N E  
GASK E T -

BOLTS 
( 16 Req u i red ) 

STEE L 

BAK E L I T E ---� 

TO V I B R AT I N G  R E E D  E LECTROM E 

0 

F I L L I N G VA LV E 

5 10cm 

GUA R D  R I NG 
CON N E C TO R  
( To Grou n d ) 

F ig .  2 5 . Des ign for a h igh-prec is ion ion izat ion chamber 
for secondary standardizat ion of gamma-ray emitters . The 
chamber is f i l led with dry argon to a pressure of 40 atmospheres . 
Samp les are introduced v ia the re-entrant tube 12gated ins ide 
the cyl indr ical col lect ing e lectrode (Stephenson ) .  
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deta i ls of such a gamma-ray assay chamber , which is f il led with 

40  atmospheres of dry argon for h igh gamma-ray eff ic iency . 46 

Sources may be loaded as so l ids or as l iqu ids in sma l l  bot t les , 

wh ich makes the arrangement free of comp l icated sample

preparat ion procedures . Because of the high sens it ivity of the 

chamber , it is necessary to enc lose it in a 4 - i n . -thick lead 

hous ing as a means of reduc ing env ironmental background effects . 

6 .  Energy Spectra 

In several  laborator ies , gr idded ionization chambers are 

used rout inely for analyzing energy spectra of charged part ic les , 

espec ia l ly alpha par t ic les from radioact ive samples . Th is 

method has been espec ially  important in research on the trans

uranium e lements . Good energy resolut ion ( better than 1%)  can 

be attained with large-area sources ; background effects are 

very low ; and the h igh geometry ( near ly 5 0% )  y i elds a h igh 

eff ic iency . 

by Hanna . 47 
The present " state of the art" has been reviewed 

S ince the advent of the s imple , h igh-resolut ion 

semiconductor detectors , many of the f avorable arguments for 

gr id chambers have been v i t iated ; however , the ionizat ion 

chamber is st i l l  useful where both large sources and high geo

metr ical eff ic iency are required . 

IV . SEMICONDUCTOR RADIAT ION DETECTORS 

Bas ic understand ing of the phys ics of semiconductors has 

evolved , for the most part , dur ing the years fol lowing the 

i nvent ion of the trans istor in 194 8 . The technology of semi

conductor devices has proceeded hand in hand w i th the advances 

in bas ic science , and this combined effor t  of theor ists and 

technologists has made a s ignif icant contr ibut ion to the 

detect ion and measurement of nuc lear radiat ion . In this sect ion 

we will  d iscuss the use of p -n j unct i ons and surfac e  barr iers 

as charged-part ic le detectors , an appl icat ion which promises to 

become the most important innovat ion in radiation detectors 

s ince the deve lopment of the modern sc int i llat ion counter . 
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1 .  
* 

Pr inc iples and Descr ipt ion 

The semiconduc tor radiat ion detector behaves qu ite analo

gous ly to the gas ionizat ion chamber , except that the charge is 

carr ied by e lectrons and e lectron vacanc ies (holes) , instead of by 
e lectrons and pos it ive ions . Because of this s imi lar ity the 

device is often termed a sol id-state ionizat ion chamber . The 

use of a sol id as a detec tor is very attrac t ive , because the 

sens i t ive layer can be very th in and yet possess a high stop

p i ng power . Another advantage results from the low energy to 

produce one hole-e lectron pair ( 3 . 5  ev in S i) :  near ly e ight 

t imes as much charge is produced for a g i ven  energy loss in 

s i l icon as in argon gas , which leads to sma l l  stat i s t ical  

f luctuat ions in the number of pairs and improved energy reso

lut i on over gas-f i l led counters . The intr ins ical ly h igh speed 

of the device is due to the h igh mob i l ity of the carr iers in 

the e lectric f ie ld ,  coup led with the short distance between 

e l e ctrodes . 

A .  Introduct ion to Sem iconductor Theory . Except at very 

low temperatures , a h ighly pur if ied semiconduc tor exhib its 

intr ins ic conduc t i v i ty , as dist inct from impur ity conduct ivity 

of spec imens wh ich contain fore ign atoms at some of the lat t ice  

s ites . The e lectronic band scheme wh ich explains this behavior 

c an be discussed with reference to F ig .  26 . At absolute zero 

the conduct ion band is vacant , wh ile the valence band is f i l led . 

As the temperature is raised , e lectrons in the valence  band are 

transf erred by thermal act ivat ion across the energy gap and 

into the conduct ion band . Both the vacanc ies ( i . e . , holes) in 

the valence band and the e lectrons in the conduct ion band 

contr ibute to the e lectr ical conduc t ivity and are cal led 

carr iers . 

Apart from the intr ins ic method of carr ier exc itat ion , 

e l ectrons and holes may be introduced extr ins ically from 

impur it ies or imperfect ions . Cons ider in part icular the effect 

o f  impur it ies on s i l icon and german ium , which crystal l ize in 

the diamond structure with the chemical valence four . If a 

pentavalent atom such as P ,  As , or Sb is subst ituted for a S i 

* 
For an introduct ion to the theory of semiconductor radiat ion 
detectors , see Brown , 4 8  and for an intro��c t ion to semicon
duc t or deyices in  general , see Jonscher , Shive , S O and 
Henisch . s 
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atom , there w i l l  be one valence e lectron left over . Such a 

pentava lent impur ity is cal led a donor , because the energy 

leve l of the extra e lectron l ies near the energy of the con

duct ion band ( see F ig .  2 6 ) ; at most temperatures there is a 

CON D UCTION BAN D f///////////1// E o.o• ":i.;o,;-,;;,-,.;,o;;,- c;vE,s-

T 
c 

FOR B I D D E N 
GA P 

1 . 1 1 ev 

ACC EPTO R I M PU R I TY LEVELS 
o.os ev r;;;;;;;;;;-;;;; -...L..-- Ev VA L E NC E  B A N D  

F ig .  26 . Electronic band scheme for s i l icon . 

h igh probab i l ity  that the e lectron w i l l  be ra ised into the con

duct ion band . Since the conduct ivity in this case is by nega

t ive charges , the mater ial is said to be �-type . A tr ivalent 

atom such as B, Al ,  Ga , or In  is cal led an acceptor because it 

can take on an electron from the va lence band , leaving a hole ; 

the result ing conductiv ity can be ascr ibed to the mot ion of 

the pos itive ho les , and the mater ial  is said to be £-type . 

The Fermi-D irac probab i l ity distr ibut ion func t ion g ives 

the probabi l ity that a g iven state is occup ied at a par t icular 

t emperature . The energy about which the probab i l i ty curve is  

symmetrical ( i . e . , the  probab i l ity = 1/2 ) is cal led the Fermi 

energy or the Fermi leve l . Without resort ing to a mathemat ical 

treatment , it is suf f ic ient to state qua l itat ively that in a 

p-type semiconductor , the Ferm i leve l l ies in the energy gap , 

near the valence band ; on the other hand , because n-type 

mater ial contr ibutes a large number of elec trons into the con

duct ion band , the Fermi leve l is disp laced to an energy near 

the conduct ion band . 

The process of stopp ing a charged par t ic le in a semi

conductor results in l ift ing e lectrons from the valence and 
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other low- l y ing , occup ied bands to h igher , unoccup ied bands . 

Thus , e lectrons appear in nominal ly unoccupied bands , and holes 

are created in nom inally full  bands . Interact ions between 

electrons and holes cause the e lectrons to f al l  to the lowest 

avai lable leve ls in the conduc t ion band , wh ile the holes r ise 

to the h ighest levels of the valence band . The many states of 

this process , which are comp lete in about 1 o - 1 z sec , result in 

an overa l l  expenditure of 3 . 5  ev to produce one bole-electron 

pair in  S i .  It may be noted that this is about three t imes the 

1 . 1-ev energy gap in S i ,  which is the min imum energy to produce a 

bole-e lectron pair . The addit ional energy is bel ieved to be 

lost through strong coup l ing between e lectrons and lattice 

vibrat ions of the so l id . 

The energy to produce one bole-electron pair in a S i  

detector i s  independent o f  partic le type , within the accuracy 

of ex ist ing measurements . Th is is a notable advantage over the 

usual Nai (T l )  or Csi (Tl)  sc int il lat ion spec trometer , for which 

the l ight output per Mev of energy transferred to the crys tal 

depends great ly on the ionizat ion dens ity of the heavy par t ic le 

involved . Recent data on the response of surface barrier and 

dif fused j unc t ion diodes to f iss ion fragments does g ive some 

evidence for a defect . I t  is likely that this iso lated case of 

nonproport ional ity of pulse he ight with energy invo lves a fai lure 

to co l lect all  the current carr iers formed in h igh dens ity by 

the intense ly ioniz ing fragments . 

The reader quite reasonably might ask why detectors are 

not made from mater ials with a smal ler forbidden gap and hence 

a smal ler energy requ irement for produc ing a hole-electron pa ir . 

I n  general , a mater ial with a sma l l  forb idden gap c an only be 

used at low temperatures ; otherwise , thermal exc itat ion of 

carr iers w i l l  obv iate its usefulness . Good low-temperature 

detectors of Ge (w = 2 . 9 ) have indeed been made . 5 2  

B .  Product ion o f  High F ields in  a Semiconductor . I t  is 

easy in princ ip le to arrange the sol id-state equ ivalent of a 

uniform-f ie ld , par a l l el -plate ion izat ion chamber ; however , due 

to the smal l electrode spac ing and the necessity for a h igh 

elec tr ic  f ield to col lect a l l  of the charge , the res ist ivity of 

the mater ial must be very h igh . Even the h ighest res ist ivity 

mater i a l  passes such a large current that the power diss ipat ion 

at several thousand volts/em would reach a l arm ing proport ions . 

More important are the random f luctuat ions in the current , 
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which would be very large in proport ion to the minute s ignal 

ar is ing from the col lect ion of hole-e lectron pairs at the 

e lectrodes . Thus , it is necessary to f ind some other way of 

sus taining a h igh e lectric f ie ld ins ide a sol id without the use 

of h igh appl ied vo ltages and without requir ing mater ial of very 

h igh res ist iv i ty . 

p -n Junct ions . One way in wh ich the necessary  f ie ld may be 

obtained is by means of a reversed-biased , p-n j unct ion . Th is 

device is f abr icated from h igh-res ist ivity p-type mater ial 

( somet imes cal led �-type) , into which a sma l l  amount of donor 

impur ity such as phosphorus has been diffused . A high donor 

dens ity exists in this surface layer which is only a micron or 

less in thickness . The equi l ibr ium condit ion for such a s i tu

at ion is shown in F ig .  27 ( a) . The e lectrons at the n-type 

surf ace tend to diffuse to the lef t , and the holes in the p-type 

bulk mater ial  tend to diffuse to the r ight . Thus , the p-type 

reg ion acquires a negat ive charge and the n-type reg ion becomes 

pos it ively charged , uat i l  the two reg ions are al igned about the 

constant Fermi leve l energy of the system . The result  of this equi

l ibr ium is that a potential  barr ier is establ ished wh ich opposes 

any further f low of e lectrons or ho les across the j unct ion . 

A space-charge reg ion or deplet ion layer now ex ists , in 

wh ich the acceptors are completely f i l led and the donors are 

comp letely empty . There must be an overal l balance of pos it ive 

and negat ive charge. Since the dens ity of  acceptors is low in 

the h igh-res i s t i v ity p-type mater ial , the space charge region 

extends much fur ther into the p-type reg ion than into the n-type 

layer . The potent ial  d ifference is about 0 . 6  vol t ,  and may 

extend over l 0 - 3 em . The resu lt ing e lectr ic f ie ld is not uni

form but averages several  hundred vo lts in S i  at room temperature . 

I f  a vo ltage is appl ied to the j unct ion by connect ing the 

negat ive terminal to the p-type reg ion and the pos it ive termi

nal to the n-type reg ion , the j unct ion is said to be reverse

b iased . As this reverse b ias vo ltage is increased , the barr ier 

he ight increases and the space-charge reg ion is extended [ see 

F ig .  2 7 (b) ] .  The exhaust ion-layer theory of Schot tky5 3  has 

been very successful in account ing for the propert ies of 

potent ial barr iers and space-charge reg ions in semiconductors .  

The nomograph of F ig .  2 8  is useful for app ly ing the Schottky 

theory to pract ical s i l icon diodes . If the app l ied bias voltage 
and the res ist ivity of the base mater ial (p-type s i l icon in the 
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BI ASED 

n - TYPE 

F ig . 27 . Band scheme for a p-n j unct ion . Er represents 
the energy of the Fermi leve l ; Ec and Ey indicate the lower 
edge of the conduct ion band and the upper edge of the valence 
band , respectively . 

case j us t  descr ibed) are known, the barr ier depth x may be 

quickly determined . S ince the deplet ion layer is the only 

reg ion conta ining a h igh f ie ld for col lect ion of charge , the 

exper imenter must be able to est imate x in order to be certain 

that inc ident part ic les w i l l  be stopped within the sens it ive 

part of the counter . 

Note that the nomograph in F ig .  2 8  inc ludes va lues for the 

dynamic capac itance in pf/cm2 • This capac itance ar ises because 

the space-charge reg ion resembles two charge sheets of f inite  

thickness , separated by  a th in , high-res ist ivity layer , the 

barr ier itself . 

A modif icat ion of the p-n j unct ion detec tor , which promises 

to y ield sens i t ive reg ions deep enough even for beta par t icles 
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F ig .  2 8 .  Nomograph which re lates the appl ied reverse 
b ias voltage , barr ier depth , dynamic capac itance , and impur ity 
concentrat ion for a Schottky-type barr ier in s i l icon . The 
impur ity concentrat ion may be found by us ing the res is t ivity 
in  ohm-em of the base mater ial used . A lso inc luded are ranges 
of charged part ic les in s i l icon corresponding to part icular 
barr ier depths (B lankenship and Borkowsk i54) . 
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of  several Mev , makes use of the " ion-dr ift" technique investi

gated by Pe l l . 5 5  A j unct ion is formed on  p-type s i l icon by 

d iffus ing l ithium into the surface ; the l ith ium finds its way 

i nto interst i t ial  pos itions and acts as a h igh ly mobile  donor . 

A plot of the donor and acceptor concentrat ions in the j unct ion 

are shown in F ig . 2 9 (a) . If reverse bias is app l ied to this 

j unc tion , the electr ic f ield in the reg ion around the po int c 

will  exert a force which wi l l  move the pos i t ive ly  charged Li+ 

ions from the Li-r ich s ide of the j unc t ion to the Li-def ic ient 

s ide . Th is effect  requ ires that the temperature be suf f ic ient ly 

h igh to impart apprec iable mob i l ity to the Li+ ions . The result 

of such an ion dr if t is shown in F ig .  2 9 ( b) . Over a cons ider

able reg ion the donor concentrat ion has been adj usted to compen

sate prec isely for the acceptor concentrat ion ; in effect , a 

reg ion of intr ins ic s i l icon has been formed . Pe1 15 5  has shown 

that xz is approx imately proport ional to the t ime of dr i f t  at 

constant �emperature and b ias vo ltage . 

( a )  

I 
I 

( b ) 

: I IE- INTR INS IC� 

F ig .  2 9 . I l lustrat ion of the  ion-dr if t techn ique . 
(a)  Dens ity of donor and acceptor atoms as a funct ion of depth 
from the surface , af ter forming the p-n j unc t ion . (b)  Fol low
ing ion dr ift , · the donor concentrat ion equals the acceptor 
concentrat ion over a s ignif icant reg ion (Pe l l5 5 ) .  

Ell iott 56  has repor ted on the fabr icat ion and evaluat ion 

of detectors made by ion dr if t . He was successful in produc ing 
detectors with x = 0 . 3 3 8  em , which corresponds to the range of 

96 -Mev alpha part icles , 24-Mev protons , or 1 . 7 -Mev e lectrons . 

A Li-dr if ted d iode having a deplet ion layer 0 . 20 em thick (or 

a n  e lectron range of 1 . 1  Mev) gave an energy reso lut ion of 2 . 5% 

fu l l  width at half -max imum at 6 24 kev e lectron energy ; most  of 
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this width was due to e lectronic noise . The ion-dr ift technique 

therefore appears to be a very promis ing method for attaining 
* 

thick deplet ion layers at room temperatur e . 

Surface Barriers . A second general  c lass of semiconductor 

device which can bui ld up a high e lec tr ic f ie ld for the col

lect ion of charge is the sur f ace barr ier detector , which is 

usually made from h igh-res ist ivity , n-type s i l icon . Although 

the detailed mechanism is not wel l  understood , the nature and 

format ion of the surface barr ier is be l ieved to ar ise from 

surface states , whose ex istence is wel l  establ ished for s i l icon 

and german ium . 5 7  

A s  shown i n  F ig .  3 0 ( a) , the surface states are able to 

trap e lectrons from the crystal unt i l  the Fermi level at the 

surface is equal to the Fermi level in the inter ior . The high 

dens ity of electrons on the surface and the pos itive charge on 

the semiconductor wh ich y ie lded the electrons combine to dis

tor t  the energy leve ls Ey and Ec near the surface , and a 

potent ial barr ier results . The pos itive space charge within 

the barr ier ar ises because the donor s ites are near ly completely 

ionized , and there are few if any e lectrons to compensate . 

Fur ther , the space charge is enhanced near the sur f ace by the 

presence of minor ity carr iers ( holes) . Note that in establ ish

ing the condi t ions for a sur f ace barr ier , the Fermi leve l 

approaches the top of the valence band j us t  as it would f or a 

p-type semiconductor . The reg ion bounded by the surface and 

,-su r face 
,J..... Loyer 

Ec ...-=-:....:-::..:-:...::-:....:-:....+-""" 

Ev 1---+�----.,.+--+-",... 

* 

( o )  EQU I L I B R I U M  ( b )  R E V E R S E  B I A S E D  
F ig .  3 0 .  Electron-energy-band scheme at the surface of 

n-type s i l icon , showing the format ion of a surface barr ier . 

Developmental l i thium ion-dr ift detec tors are avai l able from 
Sol id State Rad iations , I nc . , Z Z 6 1 South Carmel ina Avenue , 
Los Ange les 6 4 , Cal ifornia . 
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the point where the Fermi level crosses the center of the gap 

is often called an invers ion layer , because its propert ies 

closely resemble a semiconductor of the type oppos ite to that 

of the inter ior . In a sense , therefor e ,  the invers ion layer 

forms a p-n j unct ion with the bulk mater ial . 

With reverse bias appl ied [ F ig . 3 0 ( b) ] ,  the deplet ion 

reg ion widens very much as was observed for the p-n j unct ion . 

In fact , the theoret ical treatment used to obtain the nomograph 

in Fig . 28 does not dist inguish between barr iers formed at p-n 

j unctions or at surf aces . 

c .  Col lect ion of Charge . Many of the general remarks on 

the operation of gas ionizat ion chambers apply equal ly to the 

semiconductor type as we l l . It w i l l  be recal led that , in gas 

ionizat ion chambers , the low mobi l ity of heavy pos itive ions 

gives r ise to several  problems assoc iated with the col lection 

of charge ; on the other hand , the semiconductor detector 

possesses the great advantage that both the hole and the e lectron 

are highly mobi le current carr iers . In s i l icon at room tempera

ture the e lectron mob i l ity �n � 1200  cm2 /volt-sec and the hole 

aobility �p • 500  cmZ /volt-sec . This s ituat ion makes it 

poss ible to collect a l l  the charge in a short t ime , regardless 

of the locat ion of the event within the deplet ion layer , and so 

the output pulse height is large ly independent of such geo

metr ical effec ts , a lthough the r is ing port ion of the pulse may 

show some variat ion in shape . 

The charge q col lected for an average energy E diss ipated 

in the sens it ive region is 

( lZ )  

where w is the energy t o  produce one hole-electron pair ( 3 . 5  e v  

for s i l icon) , and ij i s  the col lect ion eff ic iency . I n  a good 

diode , it should be poss ible to increase the bias to the 

saturation value ( to a bias for which ij - 1) . 

Even when the bias is suf f ic ient to sustain a dep let ion 

layer deep enough to contain the ent ire charged-par t ic le track , 
the charge collect ion s t i l l  may not be comp lete . Th is loss of 

charge carr iers may occur in two ways . F irst , ho les and 

electrons can be trapped by structural imperfect ions and chemi

cal impurit ies which have s ignif icant capture cross sect ions 

for the current carr iers . An electron , for examp le ,  may be 

immobilized at one such locat ion for a per iod of t ime and then 

6 7  
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be re leased ; it  may go through this process several t imes on 

its way to the pos it ive e lectrode . The charge col lected in 

such a case w i l l  cons ist of a band of pulses , randomly dis

tr ibuted in t ime but with an  integral of one electronic charge . 

Fortunately , this effect is usua l ly not large , and so it is 

unnecessary to use very long c l ipp ing t imes in the amplif ier to 
be certain of complete charge collect ion from traps . 

The movement of carr iers through the f ie ld can also be 

af fected by recomb ination . The elec trons and ho les produced 

along a charged-par t i c le track w i l l  dr ift  in oppos ite d irect ions 

in the e lectr ic f ield ,  and so before the two charge c louds 

separate , they must pass through each other . Dur ing this t ime 

recombinat ion centers are be ing exposed to both electrons and 

holes , and occas iona l ly the condit ions are met for the e l imi

nat ion of  one ho le and one e lec tron at  one of these s ites . 

Both trapp ing and recombinat ion effects depend upon the 

presence of impur it ies in the h igh f ield region . The most 

important reg ions for charge col lect ion are those with h igh 

e lectr ic f ie lds ; in semiconduc tor detec tors the h igh e lectric 

f ield is at the surface . Unfortunate ly , the surface reg ion is  

most l ikely to  contain impur it ies , espec ially in p-n  j unc t ions 

formed by h igh-temperature diffus ion . Surface-barr ier diodes 

and j unc t ions formed at low temperature have advantages in th i s  

respect .  

Recomb inat ion and trapp ing effects should be re lat ive ly 

small  for work with e lectrons and most heavy charged par t ic les . 

However , f iss ion fragments , wh ich produce intense ionizat ion 

along a very short track , exh ibit measurab le loss of charge . 

The loss of charge by recomb inat ion and trapp ing has been 

invest igated and rev iewed by M i l ler and Gibson . 5 8  

The s ignal vo ltage appear ing across the detector is 

read i ly obtained from the charge q ,  and the sum of the barr ier 

capac itance Cb and the stray capac itance Cs : 

( 1 3 )  
Note that for a strict ly proport iona l re lat ionsh ip between V 

and q ,  both Cb and Cs mus t be constants . 

2 .  Fabr icat ion Techn iques 

Semiconduc tor radiat ion detectors resemble convent ional 

photovo ltaic ce lls , and the usual semiconduc tor f abricat ion 
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methods5 9  are fol lowed . In  th is sect ion , emphas is w i l l  be 

g iven to s i l icon diodes , because they are suitable for room

temperature operat ion ; however , excel lent detectors for oper

at ion at  l iqu id-n itrogen or l iqu id-he l ium temperatures have 

been made by us ing german ium as the base mater ial . 5 2  

A .  Dif fused Junct ions . A typ ical  diffused j unc t ion diode 

is shown in F ig .  3 l ( a) . The general  procedure to be descr ibed 

here resembles the technique of Donovan . 6 0  Wafers of p-type 

s i l icon are cut to squares 5 x 5 mm, and about 1 mm th ick , 

us ing a diamond saw ;  they are then lapped and etch pol ished . 

The heav ily doped n+ layer is prepared by phosphorus 

d iffus ion . The phosphorus may be introduced by painting a 

suspens ion of P z Os in an organ ic l iquid on the top surface and 

beat ing for 10 minutes at 9 0 0°C .  A more un iform layer , wh ich 

is a lso freer from trace impur it ies , can be diffused by exposure 
0 to gaseous P z Os at 9 0 0  C for a few minutes . In both cases , the 

resuLt ing n+ layers are about 0 . 1  micron thick . 

The sens it ive area des ired is masked by paint ing with 

Apiezon W wax disso lved in tr ichloroethy lene . A deep etch ing 

is made which removes not only the excess n+ mater ial , but also 

the p- type substrate to a cons iderab le depth . Th is leave the 

so-ca l led "mesa" conf igurat ion shown in the f igure . Junct ion 

edges must be protected from amb ient effects e i ther by a cover ing 

of wax or an ox ide layer . 

n -TY PE S I L I CON 
n• LAY ER 

M ETA L CONTACT PLATE 

( a ) J U N C T I O N  ( b )  SU R FACE BA R R I E R  
Fig . 3 1 .  Sketches show ing semiconductor radiat ion detector 

construct ion ( not to scale) .  ( a) p-n j unc t ion detector .  
( b) Surface barr ier detector . 

A metal  contact to the h igh-res ist i v i ty p-type s i l icon mus t 

be careful ly des igned , otherwise an inj ect ing contac t may 

develop , produc ing erratic results . One of the s imp lest contacts 

is made by amalgamat ing a metal p late to the s i l icon with indium 

amalgam . I f  a pressure contact is to be used , an al loy j unc t ion 
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is made by al loy ing an acceptor metal such as aluminum with the 

h igh-res istiv ity base . Th is may be done immediately following 
the phosphorus d if fus ion .  About 0 . 0 5 m icron of aluminum i s  evapo

rated onto the lower face of the wafer ,  followed by heat ing to 

6 5 0°C for a few minutes . This forms a heavi ly doped , or p+ 

layer , to wh ich a pressure contact may be made with ease . During 

the f inal etching , both the sens it ive n+ f ace  and the p+ a lloy 

must be protected by wax . 

Because of the heavy dop ing of the n+ layer , an ohmic 

contact to it is readily made . A gold , or even a copper wire 

is put in pressure contac t with the n+ layer . The contact is 

improved if a 0 . 0 1 �fd  capac itor , charged to several hundred 

vo l ts , is discharged through the d iode in the forward b ias 

d irect ion . Th is we lding operat ion is known as " forming , "  or to 

the init iated as ••zapp ing" the d iode . 

Junct ion detectors s imi lar to the des ign j ust  descr ibed 

may be obtained from several manufac turers . * 

B .  Surface Barr iers . The surface-barr ier detector shown 

in F ig .  3 l (b)  resemb les the des ign of B lankensh ip and Borkowsk i , 5 4  

w ith some mod if icat ions b y  Chetham-Strode , et a1 . 6 1  

The wafers of n-type s il icon are cut to about 5 x 5 x 1 am 

and then lapped . The lapped wafer is nicke l  p lated , 5 9  and the 

ohmic contac t is made by soldering a w ire  to the nickel . The 

solder j o int is painted with Apiezon W wax , and the ent ire 

crystal  is immersed in the e tch ing bath . After the etch ing is 

complete , the wafer is laid on an epoxy disk ,  with the e lectrical 

lead protruding through a small  bole . Mount ing is accomp l ished 

by f lowing a smooth gusset of epoxy res in around the wafer so 

that all  edges are protected . A thin layer of go ld ( -100 �gm/cmZ ) 

is then depos ited by vacuum evaporat ion over the ent ire top face  

of the assembly , to form a conducting layer . Electr ical con

nect ion to th is layer is made by pressure contac t to the top 

f ace  of the epoxy d isk . Lower leakage currents and higher 

*some manufac turers are : 

Harshaw Chemical Company , 1945 East 9 7 th Street , C leveland 6 ,  
Ohio . 

Hughes Aircraft Company , P .  0 .  Box 9 0 5 15 , Internat ional 
A irport Stat ion ,  Los Ange les 4 5 , Cal ifornia . 

RCA V ictor Company , Ltd . ,  Montreal 3 0  Canada . 

Sol id State Radiat ions , Inc . , 2 2 6 1 South Carme l ina Avenue , 
Los Ange les 64 , Cal ifornia . 
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inverse vo ltage breakdowns w i l l  be obtained if the f inished 

detec tors are baked for 48 hours at 1 10°C .  Because of their 

sens i t i v ity to amb ients , surf ace barrier detectors should be 

stored in a vacuum dess icator before use . 

S i l icon surface  barr ier detectors s imilar to the type j ust  

descr ibed are avai lable from commerc ial sources . * 

c .  Guard-Ring Detectors . Surface  leakage currents at the 

edge of a semiconductor rad iat ion detector are often much 

greater than leakage currents through the bulk , and so they 

cons t itute an important source of noise . This edge leakage 

becomes qu ite ser ious when it is des ired to f abr icate detec tors 

of large sens it ive area , because the increase of exposed surface 

area causes an attendant increase in the detector noise . Also , 

the leakage no ise increases with the reverse b ias appl ied , and 

the no ise may l imit the usable bias to an unacceptably low value 

in  cases where a deep deplet ion layer , and hence a h igh reverse 

b ias , is required . 

As was ment ioned ear l ier , some form of edge protect ion is 

requ ired ; var ious mater ials have been suggested for th is 

purpose ,  e . g . , Apiezon W, epoxy res ins , ox ide f i lms , and s i l ica 

or g lass f ilms . 

A technique wh ich promises to be very useful in some appli

cat ions is  the use of  a guard r ing ,  s imilar in  pr inc iple to the 

guard r ing of a gas ionizat ion chamber (Sect ion 1 1 1 . 4 . , above) . 
6 l  A guard-r ing p-n j unc t ion detector used b y  Hansen and Goulding 

is shown in F ig .  3 l . The sens it ive detector area is the center 

• 

+ 
.-------- B I AS VOLTAG E  

f--- SIGNAL OUTPUT 

r � j ETCH ED R I N G l-ETC H E O  ! p - TY P E  S I L I C O N  i AWAY 
i ; •'=======::;;;;o=====:ll-- p• A LLOY LAY E R  

( O H M IC CONTACT ) 

F ig .  3 l . Guard-r ing det�!ls for a p-n j unct ion rad iat ion 
detector (Hansen and Gouldingb ) • 

For examp le ,  from Oak Ridge Techn ical Enterpr ises Corp . ,  
P .  0 .  Box 5 2 4 ,  Oak R idge , Tennessee . 
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d isk-shaped reg ion def ined by the etched r ing . The guard r ing 

formed at the per iphery is connected d irect ly to the b ias 

voltage source ; therefore , leakage currents at the edge of the 

detector f low from the b ias supp ly to ground and do not pass 

through the load res is tor RL . S ince the potent ials of the 

guard r ing and center d isk d if fer on ly  by the amount of the 

s igna l vo ltage , leakage across the etched r ing is extremely 

smal l .  For best results , however , good surface treatments must 

be used on a l l  etched surfaces . 

Prototype versions of guard-r ing p-n j unc t ion detectors 
* are now ava ilable commerc ially . 

3 .  App l icat ion to Spec trometry 

A .  Electronics . A typ ical e lectron ic system for use with 

a s i l icon surface barr ier detector is sketched in F ig . 3 3 .  The 

b ias supp ly must be we l l  f i ltered , and it is usua l ly helpful t o  

mon itor the leakage current and the rms no ise a s  the b ias 

vo ltage is var ied . 

0.1 � f  ( LO W ) 
LEAKA G E  

M A I N  

A M P L I F I E R 

P U L S E  
H E I G H T  

A N A L Y Z E R  

F ig .  3 3 . Func t ional block diagram of equ ipment used with 
a surface-barr ier detector . 

Because s ignals f rom the detec tor are of such low amp l i

tude , the pr eamp l if ier should be very carefu l ly des igned for 

low input noise . It is also recommended that the preamplif ier 

be of the " charge-sens it ive" type ( Sect ion V I . 2 . D . , below) , 

* so l id State Radiat ions , I nc . , 2 2 6 1 South Carme l ina Avenue , 
Los Ange les 6 4 , Cal ifornia . 
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which produces an output pulse whose amp l itude is proport ional 

to charge and not vo ltage . A vo ltage-sens it ive amp l if ier w i l l  

ref lect any var iat ions in the input capac itance result ing f rom 

var iat ions in the barr ier propert ies ( cf . ,  Eq .  1 3 ) ; such 

irregular changes in capac itance can occur but are not ser ious 

if the amp l if ier is charge sens i t ive .  

A test-pulse generator w ith low- impedance output may be 

used for check ing the operat ion of the sys tem . When used as 

shown in F ig .  3 3 , the generator may be cal ibrated in terms of 

energy and wil l ,  for a given generator amp l itude sett ing 

del iver the same amount of charge to the preamp l if ier even 

though the input capac itance may vary great ly . I ts output is a 

useful subs t itute for a detec tor pulse . The no ise of the system 

w ith an equivalent capac itance subst ituted for the detector may 

be measured by inj ect ing an amount of charge corresponding to 

some g iven energy , and from the width of the peak obta ined the 

amp l if ier noise may be calculated . The equ ivalent noise from 

s uch a measurement typ ical ly is 3 -10  kev full-width at half 

max imum . 

The c l ipping t ime of the ma in amp l if ier may be chosen for 

opt imum s ignal  to noise rat io , s ince the col lect ion t ime is 

extremely rap id compared to gas ion izat ion chambers . Recommended 
· 54  c l ipp ing t imes are 0 . 5  to 2 �sec . 

I f  the sens i t ive depth is determined w ith par t ic les of 

known energy , i t  is found6 3  that the measured depth exceeds the 

value of x obtained from F ig .  2 8 . Further , the exper imental 

value increases with an increase in the c l ipp ing t ime . This 

behavior ar ises because the elec tron-hole pairs created outs ide 

the space charge reg ion do not contr ibute to the current immedi

ately . They dif fuse about in the f ie ld-free reg ion and may reach 

the edge of the space-charge reg ion ,  where one of the carriers 

w i l l  be swept across and col lected . S ince this is a s low process 

c ompared with the normal co l lect ion of charge formed within the 

f ield ,  the probabi l ity of collec t i ng charge by dif fus ion is 

enhanced by s lowing down the amp l if ier response . Natural ly ,  this 

is an art ifac t  and is of no prac t ical importance if  the space

charge reg ion always extends beyond the inc ident par t ic le range . 

B .  Exper imental Arrangement . Semiconductor detectors 

have been appl ied to the study of many types of charged parti

c les . Perhaps the most successful app l icat ion of  interest to 

chemists is in h igh-reso lut ion a lpha spectroscopy , although 
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A L  P L AT E  
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o------- R U B B E R  GAS K E T  

S l  DE T E C TOR 

AU P L AT E D  B R AS S  

J !!� 
�- 1-----2�--�--------�.�,�=·=�Jl;:��l______==========� 

AI R TO VAC U U M -

I N L ET 

c u  

>------ B AK E L I T E  

H . V. 

F ig .  3 4 . Exploded view of a chamber for study of alpha
par t i c le spectra with a surface -barr ier detector 
( Chetham-Strode , et a l . 6 1) .  

recent advances in technique indicate that these detectors  may 

eventua l ly f ind even more w idespread use in electron and beta

ray energy studies . 

F igure 34  shows the counting chamber des igned by 

Chetham-Strode , et a1 . , 6 1  for prec is ion a lpha spectrometry with 

s i licon surface-barr ier detectors . The relat ively large 

internal d imens ions were chosen to remove scatter ing surfaces 

from the source and detector . The detector was recessed so 

that the sens it ive par t of the detector could not " see" the 

scatter ing surfaces . S ince the surface- barr ier detector is 

rather sens it ive to air ambient� and the alpha-par t icle energy 

is degraded by air , provis ion was made for evacuat ing the chamber . 
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The techn ique to be fol lowed was treated in deta il  by 

Chetbam-Strode , et a1 . , 6 1  who d iscussed the problem of 
el iminat ing background counts in order to rea l ize the inherently 

low background poss ible with s i l icon detectors . Mater ials of 

construc tion used in the count ing chamber should have very smal l  

alpha contaminat ion . In  cases where the reco i l  daughter nuc le i  

formed i n  alpha decay are rad ioact ive and may contaminate the 

s i l icon detector these authors suggest introduc ing a low gas 

pressure into the chamber to s low the recoi ls to an energy such 

that they can be returned to the source plate by appl icat ion of 

an e lectr ic f ie ld .  

An alpha spec trum of emz • •  obtained with a surface barr ier 

detector is shown in Fig . 3 5 . The ful l-w idth at half -max imum 

count ing rate is only 16 kev , and so the two main alpha groups , 

4 3  kev apar t , are we l l  resolved . In  addit ion to the groups 

shown , a third group , 14Z  kev be low the intense peak (a1 , 2 ) is 

known64 to be present in an abundance of 0 . 0 1 7% .  S ince the 

resolut ion is adequate it would be hoped that measurement of 

such low-abundance groups could be accomplished on sources with 

too low an intens ity to  measure by magnetic def lect ion . Such 

weak alpha groups may of ten be obscured by a non-gauss ian , low

energy tail  on the peaks . The he ight of this tai l  at the 

expec ted pOS it iOn for the al f Z peak Of CmZ f f  iS 0 . 15% the he ight 

of the a0 peak . From informat ion avai lable to date , it  appears 

that a substant ial port ion of this tail  is assoc iated with 

processes within the detector and not with env ironmental effects 

such as source propert ies , scatter ing , or energy loss in the go ld 

detector f i lm . 

V .  GAS MULTIPLICAT ION COUNTERS 

1 .  Introduc t ion 

The operat ion of an ionizat ion chamber depends upon the 

collect ion of the charge produced when an ioniz ing par t ic le 

traverses the sens i t ive vo lume . Any enhancement of the electri

cal s ignal produced mus t be done in the electron ic amp l if ier 

system , as the chamber possesses no internal amp l if icat ion 

proper t ies . On the other band , proport ional counters and 

Ge iger counters make use of gas mult ipl icat ion , wh ich enables 

them to produce output pulses many t imes larger than would be 
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F ig .  3 5 . Pulse-he ight d istr ibut ion measurgd w i th a 
5 x 5 -mm s i l icon surface-barrier detector at 2 5  C and 9 0  vol t s  
reverse b ias . The energ ies and abundances of the alpha groups 
to the ground and 4 3 -kev states of the Puz • o daughter nuc leus 
are l iterature values (A . Chetham-Strode , Oak Ridge Nat ional 
Laboratory) . 

obtained if  only the pr imary ionizat ion were co l lected . 

The dist inct ion between s imple ionizat ion chambers and gas 

mult ipl icat ion counters may be seen by cons ider ing the number of 
ion pa ir col lected ( or pulse height)  as a func t ion of appl ied 

vo ltage . For example , F ig .  36 shows the behavior of a gas

f i l led counter w ith coax ial  e lec trodes ; the inner e lectrode is 

a f ine wire , which serves as the anode . As was shown in 

Sec t ion 1 1 1 . 2 . , the number of ion pairs co l lected r ises w ith 

appl ied voltage , unt i l  a saturat ion region (B of F ig . 3 6 )  is 

reached . When the voltage is advanced beyond reg ion B, the 

electrons acqu ire suf f ic ient energy near the anode to produce 
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F ig .  3 6 . I l lustrat ion of the relat ive number of ion pairs 
col lected in a counter as a func t ion of the app l ied vo ltage , 
showing the re lat ionship between the ion izat ion chamber , 
proport ional counter , and Ge iger-MUl ler counter reg ions of 
operat ion . 

add it ional ionizat ion of the gas by col l is ion , and the pulse 

he ight r ises . Throughout reg ion C, each e lectron produced 

init ially w i l l  produce an avalanche of rr secondary e l ec trons ; 

m is cal led the gas mult ipl icat ion . Reg ion C is referred to 

as the proport ional counter reg ion , because the pulse s ize is 

proport ional to the initial  ionizat ion ; hence , the pulse he ight 

from the alpha par t ic le of F ig . 36 remains a fac tor of 10 

h igher than the elec tron pulse he ight . This suggests that alpha 

part ic les can be counted in the presence of electrons wh ich 

usually  have a lower energy : a pulse-he ight d iscr imina tor 

( cf . ,  Sect ion VI . be low ) may be set to rej ect the low-amp l itude 

e lectron pulses and count only the alpha par t ic les . 

Eventual ly ,  a further increase in voltage creates such a 
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F ig .  3 7 . Shape of a proport ional counter pulse . The 
dotted curve shows the shape obtained with an input t ime 
constant RC - 5 �sec (Staub44 ) . 

dens ity of secondary charges near the anode that the pos it ive

ion space charge from one pr imary e lectron beg ins to interfere 

with the format ion of an avalanche by a ne ighbor ing electron . 

This effec t  leads to the s ituat ion in  D of F ig .  3 6 where the 

different amounts of pr imary ionizat ion produce s l ight ly 

differ ing pulse he ights , but the str ic t proport ional ity is los t . 

Reg ion E is the Ge iger-MUl ler reg ion , in which the 

detector produces a pulse of almost constant he ight , 

regardless of the init ial ionizat ion . IQ  this mode of operat ion 

the d ischarge is not loc a l ized , but rather a s i ng le e lectron 

init iates an avalanche which propagates throughout the anode ' s  

length . Although the Ge iger-Mnl ler counter , or Geiger counter 

as it is often cal led , cannot be used for spectrometr y ,  its 

large-amp l itude output pulse makes it useful for many app l i

cat ions where s imple count ing w i l l  suf f ice . 

* 
Z .  Proport ional Counters 

Proport ional counters are espec ial ly useful where pulse 

count ing of beta radiat ion is required . Because of the ir 

shorter resolving t ime , proport ional counters can be used at 

much higher count ing rates than a Ge iger counter , and they 

* 
. 

See references 3 9 ,  4 0 ,  4 1 ,  6 5 , 66 , and 6 7 . 
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exh ib it excellent long-term stab i l ity . When used as a 

spectrometer f or low-energy beta rays and X-rays , the pro

port ional counter is capable of much better resolut ion than a 

scint illat ion spec trometer . 

A .  Condit ions for Gas Mult ipl icat ion . · To ach ieve gas 

mult ipl icat ion it is necessary to provide an e lectr ic f ield 

strength capable of accelerating the pr imary e lectrons to an 

energy suf f ic ient to produce addit ional ion izat ion . In a typ i

cal geometry , the anode is a f ine w ire of rad ius a ,  coax ial with 

a cyl indr ical cathode of r ad ius b .  The electr ic f ie ld strength 

E , at a rad ial d istance r ,  and an app l ied voltage v, is 

E - V 
r loge ( b/a) 

( 14 )  

It i s  apparent f rom Eq . 1 4  that the h igh f ield i s  conf ined to 

the reg ion near the central wire ; hence , most  of the gas 

mult ip l ica t ion occurs within a few mean free paths of the anode . 

Since the electrons move such a short distance before they are 

collected , the voltage pulse wh ich appears on the anode ar ises 

from induct ion by the pos it ive ions as they move away from the 

central  reg ion . The format ion of a vo ltage pulse in th is way 

is not as s low as might be expected , because the pos it ive ions 

move through mos t of the voltage drop wh ile st ill  in the h igh

f ield region near the central wir e .  The t ime to co llect all  of 

the ions depends on the geometry , appl ied voltage , the gas 

chosen , and its pr essure ; 4 1  generally , col lect ion t imes are a 

few hundred �sec . 

The pulse shape44 for a s ingle ion or a group of ions pro

duced at the same place is shown in F ig .  3 7 .  The output voltage 

r ises very r ap idly at f irst , be ing near ly l inear with t ime ; 

later , the pulse shape becomes logar ithmic . I n  the example of 

Fig .  3 7 ,  the pulse reaches half of its max imum ampl itude in 

about 5 �sec ; the total co llect ion t ime in th is case would be 

5 9 0 �sec . If  the t ime cons tant is reduced to 5 �sec , the maxi
mum pulse he ight drops to about 1/3 of the former value but is 

much narrower . By " c l ipp ing" or " different iat ing" the pulses in 

this way , the pulse width can be made smal l enough to permit  
high count ing rates ( c . f . ,  Sect ion VI . 2 . ) .  Note that in this 
procedur e  all pulses are reduced by the same f actor , s ince the 
f inal pulse he ight in a proport ional counter does not depend on 
the locat ion of the pr imary ionizat ion . However , there w i l l  be 
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some var iat ion in the r is ing part of the vo ltage pulse if the 

pr imary electrons are distr ibuted radial ly through the chamber , 

s ince the pr imary electrons wi l l  then require a vary ing amount 

of t ime to dr ift  into the mult ipl icat ion reg ion . For this 

reason , i t  is customary to integrate the s ignal with a t ime 

constant equal to several t imes the s ignal r ise t ime to reduce 

the effect of r ise t ime var iat ions on output amp l itude . 6 8  

The gas mult ipl icat ion fac tor for a proport ional counter 

may vary over a wide range . Ac tua l values for part icular f i l l 

ing gases are obta ined exper imental ly as a funct ion o f  appl ied 

voltage , chamber geometry , and gas pressure . Usual ly , gas 

mul t ipl icat ions range from un ity up to about 104 , with values 

as h igh as 1 06 poss ible for events with low pr imary ion izat ion ; 

the onset of nonpropor t ional ity is observed to occur w ith par t i 

cles o f  h igh pr imary ion izat ion a t  lower mult ipl icat ions than 

minimum ioniz ing par t ic les (see F ig .  3 6 ) .  

B . Construc t ion and Use . Many pract ical forms of propor

t ional counters have been employed . The des ign chosen usua l ly 

depends on the appl icat ion - for spectroscopy , the requirements 

may be qu ite exact ing ,  wh ile  for beta count ing , the des ign is 

not so cr i t ical . 

When the proport ional counter is to be used for spec 

troscopy of low-energy elec trons or x-rays , the elec tric f ield 

should be uniform and the electr ical no ise generated by insu

lator leakage must be very  small . The former requirement can 

best be met by us ing a cy l indr ical geometry , and then only if 

the central wire diameter is very uniform . It can be seen from 

Eq .  13 that small  var iations in the diameter of the central 

w ire w i l l  cause large var iat ions in the e lectric  f ie ld strength . 

Any prac t ical des ign w i l l  lead to some d istort io.1  of the 

e lectr ic f ie ld at the ends , the so-cal led end ef fect . However , 

if  the rad iat ion to be analyzed can be coll imated so that only 

the center port ion of the sens it ive vo lume is i l luminated , then 

the end effect w i l l  not be very ser ious , prov iding that the 

counter tube is long with respect to its diameter . Such a 

des ign is shown in F ig .  3 8 ;  low-energy X-rays are permitted to 

enter the counter through a bery l l ium window , midway along the 

wal l .  

Occas ional ly i t  may be inconven ient t o  make a long counter ; 

a cons iderable lat i tude in d imens ions is poss ible without f ield 

d istort ion if  e lectr ica l ly insulated f ield tubes6 6  are placed 
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F ig .  3 8 .  Proport iona l counter for X-ray spectrometry , showing deta i ls of con
struct ion (C . J .  Borkowski ,  Oak Ridge Nat ional Laboratory) .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D e t e c t i o n  a n d  M e a s u r e m e n t  o f  N u c l e a r  R a d i a t i o n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 7 0

http://www.nap.edu/catalog.php?record_id=18670


over the guard tubes . The ir voltage is adj usted so that the 

l ines of force are rad ial  at the end of the sens it ive volume . 

F igure 3 8  a lso serves to il lustrate how the requirement of 

low leakage noise is met . F irst , a guard electrode is used in 

the same way as for ionizat ion chambers . A lso , the anode is 

operated at ground potent ial , so there is no need for a h igh

voltage block ing capac itor , which often can become a source of 

noise . 

Because they are so much more convenient and rel iable than 

Ge iger counters , most rout ine beta assay work is performed w ith 

proport ional counters . Often it  is ne ither prac t ical  nor neces

sar y  to approx imate a cy lindr ical  geometry for an end-window 

counter ; in th is case , the des ign of F ig .  3 9 is useful . A w ire 

loop is the anode and may be placed ins ide a cyl inder as shown , 

or ins ide a hemisphere [ F ig .  S l (b) ] .  These counters are usual ly 

�s OD 
COPPE R TU B E  

ss 
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' 

C A PI L L A RY 

T U B E ------t7------�1 

1 -m i l  
S S  W I R E  
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CO N N ECTO R  

1 - - - -- - - -
I N C H  

�8 0D COPPER 

TU B E  

7Al�--""" - GAS 

�&---r-�� 
A L U M I N I Z E D M Y L A R  

W I N DOW, 1 mg /cm 2 
F ig .  3 9 . End-window propor t ional counter for rout ine 

beta-ray count ing . 
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operated at one atmosphere pressure of f il l ing gas , which f lows 

cont inuous ly . I f  pure methane is used as the counter gas , a 

rather h igh voltage ( typ ically 3 5 0 0  vo lts ) is needed ; a mixture 

of 90% argon and 1 0% methane ( "P-10  Gas" ) permits operat ion at 

about half the methane voltage . 
I n  a f low counter the window may be el iminated ent irely . 

This is  espec ially helpful in the count ing of alpha par t ic les 

and low-energy e lectrons . The sample is introduced into the 

chamber by means of a s l ide . 

The 4� counter has enj oyed increas ingly w idespread use in 

the s t andardizat ion of radioact ive sources ( c . f . , Sect ion 

VI I I . l . D . ) . A usefu l  vers ion of th is type of counter is shown 

in F ig .  4 0 . Two ident ical  proportional counters view the 

source with almost an exact 4� geometry . The chambers are of 

the "pil lbox" type with 1-mi l stainless steel anode w ires . When 

used for absolute beta count ing , the anodes of the two halves are 

connected together and operated as a s ingle counter . A s l ide is 

prov ided for rap id chang ing of samples . The carr ier-free source 

is mounted on a th in plas t ic f i lm , metall ized to ensure e lectr i

cal  conduct iv i ty ; thus , the source f ilm cannot acquire an 

electrostat ic charge but rema ins a part  of the ground plane 

div iding the two counters . 

SOURCE 
R I N G  

SU PPORT 

�c:r"....____,l_. H I G H  VOLT A G E  
CONN ECTORS 

SL I D E  

Fig . 40 . Proporti onal counter for 4W beta counting (Oak Ridge 
National Laboratory !Jodel Q-1632 ) .  
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c .  Plateau Character ist ics . For alpha and beta count ing 

the required voltage sens it ivity is about 1 mv . Th is is 

obta ined , for example , if the amp l if ier voltage gain is 2 5 0 , 

and the scaler or other recording equipment records a l l  pulses 

above 0 . 2 5 v .  As the voltage is increased , the count ing rate 

r ises unt i l  all part ic les y ield a pulse large enough to count ; 

increas ing the h igh vo ltage st i l l  further produces an essent i 

a l ly constant count ing rate , s ince a l l  part ic les are now be ing 

recorded . Th is reg ion of almost constant count ing rate is 

cal led the p lateau . 

I n  F ig . 41  is  shown a count ing rate-voltage cur ve obta ined 

w ith a source containing both an a lpha and a beta emitter . The 

BETA PLATEAU ..,.; V" 

r-- / ALPHA PLATEAU ./ 
I - - � - � - r- - - - -

v 
2200 2600 3000 3400 4200 

APPLIED VOLTAGE 

F ig .  41 . A count ing rate-voltage curve obtained with an 
end-window proport ional counter , and a source containing both 
an alpha and a beta emitter . 

alpha part ic les depos it more initial  ion izat ion than the beta 

part ic les , and so a smal ler gas mult ip l icat ion is needed to 

count them . The f igure shows that the alpha-par t icle  plateau 

is reached several  hundred volts before the beta-par t icle 

plateau . 

A we l l -des igned proport ional counter w i l l  have a plateau 

of neg l ig ible s lope (< 0 . 2%/ 100  volts ) for several  hundred 

vo lts , when count ing beta part ic les hav ing energ ies greater 

than about 2 0 0  kev . This performance can be obtained only with 

an ampl if ier hav ing low no ise and good over load propert ies . 

( See Sect ion V I . 2 . , below) . 
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3 .  * Ge iger Counters 

The Ge iger counter once was the most popular type of radi

at ion detector , s ince it  was capable of detec t ing any ion iz ing 

radiat ion with adequate sens it ivity , and because of its large 

pulse s ize , it did not require a h igh-gain amp l if ier . Now , how

ever , Ge iger counters are not often used in laboratory count ing 

for a number of reasons : the ir p lateaus have a greater s lope 

than proport ional counters , and so a Ge iger count ing setup is 

not as stable as the proport ional type ; they possess a long 

dead t ime which ar ises from the mechan ism of the discharge , and 

cannot be reduced ; f inal ly , they produce a pulse of constant 

amp l itude regardless of the in i t ial  ion izat ion , and therefore 

cannot d istinguish between alpha and beta part ic les . Ge iger 

counters can be made into very rugged assembl ies , and, because 

they r equire only very s imp le anc i llary equ ipment , they are 

widely used for survey dev ices and other f ield app l ic at ions . 

I n  general appearance the Ge iger counters resemble their 

relat ives , the proport ional counters , but they differ in the 

nature of  the f i l l ing gas and the pressure . Des ign require

ments for a Ge iger coun ter are rather cr i t ical , and a cyl indr i

cal  geometry is almost always used because the necessary 

parameters are eas ily control led . 

A .  Mechanism of the Geiger Counter . As ment ioned above 

in Par t  V . I . , if the vo ltage appl ied to a propor t ional counter 

is increased , all pulses eventually become of the same h igh 

ampl itude , regard less of the init ial ionizat ion ( see Fig . 3 6 ) . 

This reg ion of operat ion is cal led the Ge iger reg ion , and w i l l  

be discussed br ief ly .  Deta i led treatments o f  the subj ect have 

been g iven by W i lk inson4 1 and by Korff . 6 9 

Just as in a proport ional counter , the electrons dr ift  

toward the anode and become acce lerated in the elec t r ic f ield 

Their h igh energy enables them to release more e lectrons by 

ionization , each new electron releas ing fur ther ion izat ion . 

Some of the exc ited atoms emi t  photons , and occas ionally a 

photoe lectron is produced . As the electric f ie ld strength 

increases , the number of photons produced in  an avalanche grows 

unt i l  each avalanche produces a photoelectron . S ince a s ing le 

electron can start a new avalanche , the avalanche reg ion spreads 

unt i l  it enve lops the ent ire central wire . 

See references 3 9 ,  4 1 ,  6 5, and 6 9 . 
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As in a proport ional counter , col lect ion of a l l  the 

electrons is a fast but sma l l  contr ibut ion to the voltage 

pulse . The larger part comes from e lectrostat ic induct ion by 

the posi t ive -ion sheath as it crosses the h igh-f ield reg ion on 

its way to the cathode . 

I f  a pos i t ively charged rare-gas ion str ikes the cathode , 

a secondary electron may be produced . This addit ional e lectron 

w i l l  result  in another discharge unless provis ion is made to 

prevent mul t iple d ischarges by quenching . Almost all  modern 

Ge iger tubes are self -quenching ; that is , they contain some 

polyatomic gas which br ings a halt to the process when the 

pos i t ive- ion sheath reaches the cathode . Argon-f i l led Ge iger 

tubes frequently use a lcohol as the quench ing gas ; in such a 

tube , an argon ion makes frequent coll is ions with argon atoms 

and alcohol molecules on its way to the cathode . The proba

b i l ity is very h igh that an argon ion w i l l  be neutral ized in an 

encounter w ith an alcohol molecule , but the oppos ite transfer 

of charge is not energet ical ly poss ible . Therefore , the 

pos it ive- ion sheath which f inal ly reaches the cathode is 

composed only of alcohol molecular ions . These ions cannot 

release secondary e lectrons ; instead , they become neutral ized 

at the cathode sur f ace  and d issoc iate harmless ly . The organic 

gas eventua l ly becomes dep leted af ter about 1 0' counts have 

occurred , and the counter is no longer usable . The consumption 

of quenching gas increases with operat ing voltage . 

The l ife of Geiger counters bas been extended great ly 

through the use of halogens as quenching gases . A common f il l 

ing is about 0 . 1% chlor ine in neon . The quench ing mechanism i s  

the same a s  j ust descr ibed for organics , except that after the 

d iatomic chlor ine mo lecules d issoc iate at the cathode , they 

eventual ly recombine ; thus , the quench ing gas is cont inua l ly 

replenished . This makes it  poss ible to operate the tube at 

very h igh voltages without harm , and so very large s ignal 

pulses are obtainable . 

B .  Plateaus . The count ing rate-voltage plateaus for 

Ge iger counters do not ,  as a rule , have a very sma l l  s lope . The 

organic a l ly quenched tubes exhibit p lateaus 2 0 0 - 3 0 0  volts long , 

w ith a s lope of 1-2% per 1 0 0  vo lts . Because of the organic 

quench ing gas , the ir l ife is l imited to only about 1 0' counts , 

and therefore should not be subj ec ted to h igh count ing rates 

for extended per iods . The halogen-quenched tubes are character-
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ized by shorter p lateaus ( 10 0 - 2 0 0  volts) , and steeper s lopes of 

3 -4% per 1 0 0  volts . Halogen-quenched tubes have a much longer 

count ing l ife , extending to perhaps 10 1 1  counts . An early 

obj ec t ion to the halogen-quenched tubes was that , because of 

the l arge anode used , the detect ion ef f ic iency was not un iform 

over the w indow area . Recent improvements in des ign have 

large ly e l iminated th is effect and have improved the plateau 

performance to the extent quoted above . 

c .  Resolving T ime . Although the t ime constant of the 

count ing equipment may be made quite short so that only the initial  

part of  the output pulse is ut i l ized , the  Ge iger tube does not 

immed iately recover from the discharge . Unl ike the proport ional 

counter , the pos it ive ions form a near ly cy l indr ical sheath 

around the anode , which profoundly d isrupts the e lectr ic f ield 
and prevents the init iat ion of new avalanches near the anode . 

This s ituat ion prevai ls unt i l  the ion sheath has migrated out 

of the h igh-f ield reg ion . The t ime interval dur ing wh ich the 

tube is comp letely insens it ive to addit ional ioniz ing par t i-

c les i s  cal led the dead t ime ; the t ime interval which fol lows 

is cal led the recovery t ime , because once the tube beg ins to 

count aga in ,  it requires a cons iderable  per iod before the 

pulse s ize regains the or iginal ampl itude . This is i l lustrated 

in F ig . 4 2 . 

In  a pr ac t ical  measur ing system ,  it  is necessary to know 

the r esolv ing t ime ,  or average t ime interval for which the 

IX � 

1---- RESOLVING T IME --""l 

� 1--f---�-
w 
(/) 

� 

1--- DE;AD T IME ___,,.___ 

F ig .  4 2 . I l lustrat ion of pulse shapes in a typ ical 
Geiger tube operat ing at a h igh counting rate . The dead t ime 
and recovery t imes are determined by the Ge iger tube charac
ter ist ics , but the resolving t ime depends on the tr igger ing 
leve l  of the e lectron ic r ecording system . 

8 7  

..... 
... Copyright © National Academy of Sciences. All rights reserved.

Detection and Measurement of Nuclear Radiation
http://www.nap.edu/catalog.php?record_id=18670

http://www.nap.edu/catalog.php?record_id=18670


recording equ ipment is insens it ive . For a system wh ich has 

the sens it ivity to count al l pu lses , the reso lving t ime wil l be 

equal to the dead t ime . F igure 42  shows that a system wh ich 

tr iggers on h igh-amp l itude pulses w i l l  exhibit  a resolv ing t ime 

greater than the dead t ime . Typ ical  dead t imes for Ge iger 

tubes are from 1 0 0  to 3 0 0  �sec . 

Correct ions appl ied to counting data because of the 

resolv ing t ime are espec ia l ly large and , therefore ,  important 

when us ing Ge iger tubes . A prec ise value for the resolving 

t ime of a part icu lar tube can be de term ined only by exper iment . 

Such a determinat ion can be made by us ing the mult iple-source 

compar ison method . 70 Another method wh ich of fers some 

advantages is to count repeatedly a sample of some shor t - l ived 

nuc l ide as it  decays from a h igh rate to a very low rate . The 

known half l ife  may be f itted accur ate ly to the points at low 

rates , for wh ich the correct ions are sma l l  or neg l ig ible , and 

the decay curve is extrapolated to t ime zero . The differences 

between the decay curve and the exper imental  po ints may be used 

to construct a correct ion curve direc t ly or to compute the 

resolv ing t ime . 

The uncertaint ies in apply ing a reso lv ing-t ime correct ion 

may be avo ided by f ix ing the reso lv ing t ime of the detect ion 

system e lectron ically  at a value somewhat greater than the 

Ge iger-tube dead t ime . 

Once the resolv ing t ime T is known , the correc ted counting 

rate N0 can be approx imated for any measured rate N ,  by 

N = 
N 0 

1 - NT 

The t ime unit for T, N, and N0 must be the same . 

VI . AUXILIARY ELECTRONIC INSTRUMENTATION 

1 .  Genera l  Introduct ion 

( 15 )  

s o  far ,  this monograph has been concerned with the de

tectors used in a nuc lear measur ement system . From t ime to 

t ime it  has seemed advisable to remark upon some of the consider

at ions wh ich are important in selec t i ng the electronic accesso

r ies to be used with a part icular detector . The ensuing 
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discuss ion w i l l  be devoted to a more general treatment of some 

of the avai lable electron ic equipment . 

These devices w i l l  not be treated in detai l ,  but rather 

their nature and appl icat ion w i l l  be descr ibed in the hope that 

an exper imenter w i l l  be gu ided to se lec t the measur ing system 

best sui t ed to his  needs . 

A nuc lear measur ing system capable of performing a var iety 

of tasks is diagrammed in F ig .  4 3 . If integral  count ing is the 

only requirement , the pulse-he ight selector may be set to pro

duce an output pulse for every input pulse whose amp l i tude 

exceeds a des ired value . The scaler may record the number of 

pulses in a standard t ime interval , or the counting-rate meter 

may be used to indicate cont inuous ly the average count ing rate . 

Should the exper iment require data on the pulse-he ight distr i 

but ion , the amp l if ier s ignals are f e d  t o  a pulse-he ight 

analyzer for sort ing and informat ion storage . 

Before descr ibing the var ious components themse lves , i t  

may be noted that trans istor ized electron ic devices are now 

avai lable which are essent ial ly equivalent to equipment us ing 

vacuum tubes . Thus , l inear amp l if iers , scalers , and pulse

he ight analyzers generally may be obta ined in e i ther trans istor

ized or vacuum-tube vers ions . On the bas is of exper ience to 

date , it  appears that trans istor ized un its are to be preferred , 

even though they may be cons iderably more expens ive in some 

cases . The chief advantage of trans istor c ircu i ts is the ir 

greater reliab i l ity ; less maintenance is requ ired , a par

ticular benef it for laborator ies not equipped with extens i ve 

repa ir f ac i l it ies . Other advantages of trans istors are sma l l  

s ize and low-heat d iss ipat ion . 

SHORT 

S H I E LDED 

LEAD 

r------,�------

N G  

w - z  
BLE 

MA I N  tr AM PLI FI E R  

-

'-

SCA L E R  

PU LSE 
H E I G H T  

S E L ECTOR 

COU N T I N G  

RATE 

M E TE R  

PU L S E  

H E I G H T  

A N A LYZ E R  

F ig .  4 3 . Typ ical nuc lear measur ing system ,  with pro
v is ions for either integral count ing or different ial  pulse
he ight analys is . 
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2 .  
• 

Amp l if iers 

The s ignal from a rad iat ion detect ion is produced by 

de l iver ing an amount of charge q onto an input capac itance c .  
Typ ical values for the output voltages (g iven by q/C) from 

several detectors are l isted in Tab le 4 .  I t  is readily seen 

TABLE 4 .  DETECTOR PULSE CHARACTERIST ICS 

Typical 
Output Energy 

Detector S ignal a Dependent 

G-M 0 - 1 0  volts No 

Proport ional 0 - 1 0 0  mv Yes 

Pulse Ion Chamber 0-3  mv Yes 

Semiconductor 0 - 2 5  mv Yes 

Scint i l lat ion 0 -2 volts Yes 

aFor a c ircui t  capac i tance of 2 0  pf . 

Rise T ime 

S low 

S low 

S low 

Fast  

Fast 

that the pulse he ights obtained are very sma l l ,  and so an 

amp l if ier is needed between the detector and measur ing appa

ratus . For spectrometry , where a prec ise analys is of the 

pulse-he ight distr ibut ion is to be made , vacuum-tube amp l i

f iers with pos it ive output pulses of 0 - 1 0 0  volts are often 

used ; by contrast ,  trans istor ized amp l if iers general ly produce 

negat ive output pulses in the range 0-10  volts . 

To accommodate a wide range of detector operat ing con

d i t ions , vacuum-tube amp l if iers for sc int i l lat ion and pro

port ional counters commonly have a max imum gain of 5 , 0 0 0  to 

5 0 , 0 0 0 , with attenuators for sett ing the gain over a range of 

at least a fac tor of 1 0 0 . Trans istor ized ampl if iers require a 

vo ltage gain only about 0 . 1  as great . 

The word amp l if ier as used here w i l l  be taken to mean a 

l inear amplif ier , i . e . , one whose output amp l itude is quite 

accurately proport ional to the input ampl itude . However , there 

are count ing appl icat ions where nonl inear operat ion may be 

des ired if the part icular ampl itude dependence can be kept 

reproduc ible and stable • 

• 
See references 3 7 ,  6 8 ,  7 1 ,  and 7 2 .  
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A .  Pulse Shaping . The general ized detec tor waveform 

shown in F ig . 44 ( a) def ines the terms of ten used to descr ibe 

such pulses . The r ise t ime tr depends on the part icular 

-V (t)  

1 .0 
0.9 

Q1 
0 

-V ( t )  

( b ) 

F ig .  44 . Radiat ion detector pulses . ( a) S ingle pulse 
plotted on an expanded scale to show def init ions of r ise t ime 
tr , and fall  t ime , tf • (b) Pulses appear ing at the input of an 
ampl if ier . All  pulses have the same f ast  r ise t ime , fol lowed 
by a s low fall  t ime . The high pulse rate causes the pulses to 
sum .  

detector ; for example , the r ise t ime o f  a sc int i l lat ion detector 

pulse depends on the decay t ime of the f luorescent l ight and the 

photomult iplier charac ter ist ics . The f a l l  t ime tf of the pulse 

depends on the load res istance R and the capac itance C of the 

s ignal lead to ground : tf - z . z RC . 

Usual ly the fall  t ime must be quite long relat ive to the 

r ise t ime ; this leads to the s ituat ion sketched in F ig .  44 (b) , 

which shows the pulses appear ing at the input of an amp l if ier ,  

all  with the same character ist ic f a l l  t ime .  Because of the h igh 

9 1  
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rate , the " ta i l" of one pulse does not decay to the base l ine 

before another pulse appears . Such a state of affairs w i l l  not 

permit  an accurate pulse-he ight analys is to be made . Fur ther , 

s ince the useful  informat ion is conta ined in the lead ing edge 

of the pulse and its top , the tail  only comp l icates the problem 

to no purpose . 

The des ired ear ly port ion of the detector pulse is 

extracted by us ing a c l ipp ing , or different iat ing c ircuit . 3 7 • 74 

Several e lectr ical networks wi l l  perform the mathemat ical oper

at ion of differentiat ion ; the most obv ious approach is to use a 
s ingle coupl ing stage in the amp l if ier whose RC product ( or t ime 

constant) is much less than the others . This system suffers from 

two defects : there is a s ignal present in the amp l if ier long 

af ter the peak is reached [ F ig .  4 5 ( a ) ] ,  even though the fall  t ime 

now is about 1 0 0  t imes faster than for the detector pulse ; 

therefor e ,  the c l ipp ing is not complete . In  addit ion , prac t i

cal  amp l if iers have many stages, and so there are , in effect , many 

different iat ing c ircuits . An analys is shows that when only one 

RC t ime constant is short , every output pulse w i l l  be followed 

by a low-amp l itude s ignal  of oppos ite polar ity ( undershoot) ,  

wh ich las ts for a very long t ime and whose area equals the area 

of the s ignal pulse . If add it ional pulses are processed dur ing 

the recovery from an undershoot ,  the amp l itude of such s ignals 

may be ser iously a ltered . Fur ther , the average vo ltage or 

base l ine w i l l  no longer be zero but w i l l  vary with changes in 

count ing rate . 

Clearly , it  is des irable to reduce the durat ion of the 
undershoot so that the probab i l ity of pulse over lap is sma l l . 

If two t ime constants in the amp l if ier are equal to each other 

and are smal ler than the remaining networks , then the undershoot 

w i l l  have the largest ampl itude and the shortest durat ion . This 

pulse shaping is known as double different iat ion or double 

c l ipp ing ; a typ ical waveform is shown in F ig .  45 ( b) . Although 

the areas under the main pulse and its undershoot are equal 

under the condit ions of F ig .  4 5 (b) , the amp l itudes are not . As 

a result , there may be ser ious d iff icult ies if the amp l if ier is 

dr iven out of its l inear range by very large detector pulses . 

For examp l e ,  when the amp l if ier is set for h igh gain in order 

to study low-energy radiat ion , then h igh-energy pulses which 

are also detected w i l l  dr ive the amp l if ier to its saturat ion 

output value . Under this over load cond it ion , it  is unl ikely 

9l 
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(a ) (b )  

V (f) V(f) 

I -- 1 -

( c )  ( d) 

V (f) 

1 - I -

F ig .  4 5 . Output pulses from amp l if iers us ing ( a) RC c l ipp ing , 
(b) Double RC c l ipp ing , ( c )  S ingle delay-l ine c l ipping , and ( d) 
Double  delay-l ine c l ipping . 

that the undershoot w i l l  be distorted in the same way as the 

main pulse , and so at h igh count ing rates , base l ine shifts can 

s t i l l  occur . 

C lipping w ith a delay l ine is to be preferred over the RC 

c l ipp ing techniques j ust  descr ibed . An example of an amp l if ier 

which uses a shorted delay l ine c l ipper (with provis ions for RC 

c l ipping if des ired) is the Oak R idge Nat ional Laboratory 

Model AlD ,  des igned by Bell , Kel ley , and Goss , and descr ibed in 

reference 3 9 ; the AlD output waveform is sketched in Fig . 4 5 (c ) . 

The advantages of delay-l ine c l ipping over RC c l ipping are : 

the pulse is almost rectangular , and so the long tail  charac

ter ist ic of RC c l ipping is el iminated ; also , the top of the 

pulse is more nearly f lat ,  a des irable c ircumstance when certain 

types of pulse-he ight analyzers are to be employed . A d isad

vantage is that the delay- l ine c ircuits often used g ive r ise to 

a sma l l  undershoot , which causes a base l ine sh if t at h igh 

count ing rates . 

The best pulse shape for most work is obtained by double 

c l ipping with delay l ines . The symmetry of such a puls e ,  shown 

9 3  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

D e t e c t i o n  a n d  M e a s u r e m e n t  o f  N u c l e a r  R a d i a t i o n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 6 7 0

http://www.nap.edu/catalog.php?record_id=18670


in F ig .  4 5 ( d) , leads to exce l lent over load and count ing rate 

propert ies , s ince the area balance between pos it ive and nega

t ive halves is essent ially unchanged by over load . Double 

different iat ion as a means of pulse shap ing in a l inear amp l i 

f ier was proposed b y  E .  Fa irs tein and R . A .  Dand l . Pract ica l 

app l icat ions of th is techn ique are the Oak Ridge amp l if iers 

mode l DD-2 7 5 and model A-8 . 76 A trans istor ized des ign by 

Gou ld ing , et a 1 . , 7 7  has recent ly appeared . 

The over load performance of an amp l if ier is extremely 

important in modern exper iments , where it may be necessary to 

study low-energy radiat ions in the presence of a h igh-energy 

background . For example , the gain of an amp l i f ier may be set 

so that max imum output is  obta ined for 50 kev of energy 

detec ted ; if 5 -Mev detector pulses are a lso present , they are 

sa id to dr ive the amp l if ier to 1 0 0  t imes over load . Such harsh 

treatment can lead to block ing , or a temporary amp l if ier 

paralys is fol lowing an over load pulse . Natural ly , if h igh 

count ing rates are to be tolerated , the amp l if ier should 

recover quick ly af ter an over load . Double delay l ine d if fer

ent iat ion and careful  attent ion to block ing make it  poss ible 

for the A-8  to recover af ter a 4 0 0 0  t imes over load in less than 

10 �sec , with no pos it ive base-l ine excurs ion af ter the ma in 

pulse . 

B .  No ise . The extent to wh ich amp l if ier noise is 

import ant w i l l  depend on the k ind of measurement be ing made . 

I f  the amp l if ier is part of a s imple counter , noise introduces 

spur ious counts ; thus , the lowest ampl itude of usable s ignal is 

approx imately equal to the no ise leve l . If the ampl i f ier is 

part of a spectrometer , the no ise s ignals are not counted 

d irec t ly but appear as a broadening inf luence on spectral 

l ines . As mentioned in Sect ion IV . 3 . A . , the noise is often 

stated in energy un its such as kev . This is an exper imenter ' s  

way of express ing the more fundamental noise unit , the equiva

lent charge , 7 8 wh ich is a convenient concept because nuc lear 

detector s ignals cons ist of bursts of charge collected on the 

input capac itance . By the use of un its of charge instead of 

voltage , the capac itance need not be known . 

The main sources of noise i n  a well-des igned amplif ier are 

those aris ing from the thermal mot ion of electrons in the input 

gr id res istor and the noise f rom the input tube due to f l icker 

effec t ,  gr id current ,  and shot effec t . The last two of these 
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are usua l ly the dominant contr ibut ions . The general trend is 

that noise increases with input capac itance . 

the reader may consult  the recent reviews by 

the ear l ier book by G i l lesp ie . 6 8  

For more details , 

Fairstein3 7 • 7 8  and 

In a measur ing system ,  sources of noise other than those 

assoc iated with the amp l if ier must be evaluated . The photo-

cathode of a photomult ip l ier tube releases electrons by thermal 

ag itation which appear as random noise ; if  a sc int i l lat ion 

counter is to be useful at low energ ies ( and therefor e ,  low

l ight intens it ies) , this source of noise is usual ly f ar more 

important that the amp l if ier noise . At present , no ise from the 

leakag e current of a semiconductor radiat ion detector , rather 

than amplif ier no ise , l imits the energy resolut ion of this 

device . 

The noise problem becomes acute when an amp l if ier must be 

used for spectrometry w ith detectors of low output amp l itude 

but with h igh-energy resolut ion . Examples of th is case would 

be a semiconductor radiat ion detector or pulse ion izat ion 

chamber . These detectors usual ly are not required to accom

modate a large range of s ignal amp l i tudes , so overload per

formance is not very cr i t ical . An analys is  shows that these 

condit ions can best be sat isf ied with s ingle RC c l ipping if 

the count ing rates are not very h igh . Double different iat ion 

g i ves a relat ively h igher noise contr ibut ion but may be j ust i

f ied if the count ing rates are to be h igh . 

Sc int il lat ion detec tors produce large s ignals ( see Table 4 )  

but exh ibit  rather poor resolut ion . Therefor e ,  the s l ight 

worsening of the noise level by double different iat ion is 

negl igible . On the other hand , the wide range of detector 

s ignal amp l itudes requires double dif ferent iat ion to ach ieve 

good over load charac terist ics . 

Presently  avai lable trans istors cannot equal the low noise 

performance of vacuum tubes at low input capac itances . With 

input capac itances of 15  to ZO pf , trans istor ampl if iers exh ibit 
3 to 10  t imes more noise than the best vacuum-tube amp l if iers . 

At input capac itances of about 1 0 0 0  pf the two systems are 

equa1 . 7 9  The poorer no ise level for trans istor amp l if iers , 

while  ser ious in the most cr i t ical h igh-reso lut ion appl icat ions , 

is wel l  within the acceptable l imits for Nai (Tl )  sc int i l lat ion 

spectrometry . 

C . Window Amp l if iers . I n  many exper iments i t  may not be 

9 5  
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des irable to  cover the energy range start ing at zero . For 

examp le , alpha part ic les from heavy nuc l ides all  have energies 

greater than about 4 Mev , and thus some way of sh ift ing the 

amp l if ier threshold is ind icated . This is accomp l ished by 

f irst  amp l ify ing the pulses in the usual way and then subtrac t ing 

a constant amount of he ight from each pulse . The result ing 

pulses then are amp l if ied to the requ ired s ize by an amp l if ier 

w ith good over load propert ies . Such output amp l if iers are 

var ious ly known as expander amp l if ier s ,  window amp l if iers , or 

more recentl y ,  as post amp l i f iers . Th is technique , espec ially 

as regards its app l icat ion in improv ing the prec is ion of pulse

he ight ana lyzers , is  reviewed by van Rennes ; 80' some cons ider

at ions based on recent deve lopments in a lpha spec troscopy were 

d iscussed by Fairste in . 7 8  The Oak R idge Mode l Q-2 06 9 amp l if ier 

system8 1  is a good examp le of a low-noise amp l if ier for alpha 

spectrometry and inc ludes a convenient post-amp l i f ier 

arrangement . 

D .  Preamp l if iers . An amp l if ier system usua l ly is div ided 

into a preamp l if ier and the ma in amp l if ier (F ig .  4 3 ) . I t  is 

undes irable to couple  the detec tor to a voltage-sens it ive 

amp l if ier through a long cable because of the attendant s ignal 

losses and the increase in no ise leve l assoc iated with 

h igh cable capac i tance . The use of a preamp l if ier mounted 

on or near the detector prov ides the shortest poss ible 

detector leads . A preamp l if ier may have a gain rang ing 

from 1 to 3 0  and should have as its output stage a cathode 

fol lower capable of dr iving long sect ions of low- impedance 

cable , such as 9 3 -ohm RG-6 2/U, with good l inear ity . 

This permits the detec tor and preamp l if ier to be located 
5 00 feet or more from the complex of measur ing equ ipment with 

good results . 

As was stressed ear l ier ,  nuc lear par t icle  detectors pro

duce a packet of charge . Unt i l  recent ly , a l l  preamp l if iers 

were of the voltage-sens it ive type , i . e . , the output pulse 

he ight is propor t ional to q/C . However , it  is  now real ized 

that a charge-sens itive amp l if ier is to be preferred in most 

appl icat ions . S ince the output is essent ially proport ional to 

q alone , the pulse he ight does not vary with input capac itance ,  

as  has already been ment ioned in connect ion with semiconductor 

radiat ion detec tors (Sect ion IV . 3 . A . ) . Therefore , the exper i

menter is able to  al ter the input c ircuit and s t i l l  reta in 
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approximately the same ga in cal ibrat ion . I t  is not necessary 

to comprom ise on noise spec if icat ions , s ince for the same input 

capac itance as for a voltage-sens i t ive ampl if ier , the charge

sens it ive device exh ibits nearly the same noise contr ibut ion . 

In v iew of its convenience , it  is l ikely that most new 

preamplif iers w i l l  be of the charge-sens it ive type . 

3 .  Tr igger C ircuits 

• 

Nuc lear detec t ion systems make frequent use of dev ices 

known as tr igger c ircuits , which produce a pulse of constant 

height and w idth for each incoming pulse whose he ight exceeds 

a set va lue . A tr igger which is adj usted by a front panel 

contro l is cal led an integral pulse-he ight selec tor (PHS) or 

integra l  d iscr iminator . As shown in F ig .  4 3 , i t  may be used to 

produce pulses of standard he ight  for operat ing a scaler or 

count ing-rate meter . Also , a PHS is needed in most  integral 

count ing work for discr iminat ion aga inst amp l if ier no ise , or 

low-ampl itude pulses from unwanted rad iat ions . 

4 .  Scalers 

It is essent ial  that a count ing system be capable of 

accurate count ing at high rates . Electromechanical reg isters 
can only accommodate count ing rates up to 60 per sec , wh ile  
many exper iments demand record ing data at rates of  3 0 , 0 0 0  

counts/sec o r  more . T h is is  accompl ished by d i v id ing the 

number of incom ing pulses by a known f actor ( the scal ing 

factor ) , so that a reg ister w i l l  fol low the reduced rate . 

The e lectron ic dev ice for performing th is d i v is ion is cal led 

a scaler . 

A . Binary Sca lers . The s implest h igh-speed scal ing 

device is the scale-of - 2 , of ten cal led a binary , because it is 

a c ircuit hav ing two stable states represent ing the binary 

numbers 0 and 1 .  The f irst input pulse transfers the state 

from 0 to 1 ;  the second event w i l l  reset the b inary to the 0 

state an d  also generate an output , or carry pu lse . Thus , only 

one output pulse is produced for two input pulses , so for a 

ser ies of n such stages , a scal ing fac tor of 2n is obta ined . 

An array of 4 binar ies in cascade to give a scale-of -16  

is  shown in F ig .  46 ( a) . Each stage is connec ted to an indi-
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cator such as a lamp , which func t ions when the stage is switched 

to the 1 state . I n  F ig . 46 ( a) , the f irst pulse causes the lamp 

labeled " 1" to 1 ight . The second pulse resets the f irst b inary 

to 0 and sets the second b inary to 1 ;  this bas the effect of 

ext inguishing the " 1" lamp and l ight ing the " 2" lamp . A third 

pulse causes the " 1" lamp to l ight also ; a fourth w i l l  

ext inguish these but w i l l  l ight the "4"  lamp , and so on unt i l  

15  events have been recorded and a l l  lamps are l ighted 

( 1  + 2 + d  + 8 = 1 5 ) . The next pulse resets a l l  b inary stages , 

ext inguishing the indicator lamps , and produces a carry pulse 

at the output . This latter pulse can be used to dr ive a 

reg ister , or fur ther b inaries . 

B .  Dec imal Scalers . When many binary stages are con

nec ted in cascade to form a large electronic register , it 

becomes tedious for the exper imenter to translate the binary 

informat ion into dec imal form . Obvious ly , it  is desirable to 

employ dec imal scalers wherever poss ible . Improvements in 

e lectronic components and c ircuitry dur ing the past few years 

have made it poss ible to construct dec imal scalers which are as 

rel iable as the b inary ones . 

A f unct ional d iagram for a trans istor ized dec imal scaling 

stage usable to a pulse rate of 1 Me is shown in F ig .  46 ( b) . 

I t  is composed of four binaries and a " feedback" c ircuit  to 

modify the scale-of -16 to a scale-of-10 as fol lows : The f irst 

7 counts are recorded as descr ibed above for a binary scaler ; 

on the 8th count , the last binary swi tches to indicate an " 8 , "  
but also a short pulse is fed to the second and th ird b inaries , 

sett ing up a " 2 "  and a " 4 , "  respect ively . Thus , on the 8th 

count the b inar ies are switched as though 14 ( 2 + 4 + 8 )  counts 

had been rece ived . The 9th count records normally , and on the 

lOth ,  a l l  binar ies are reset , and a carry pulse emerges from 

the output . 

The leads A0 , A1 , B0 , B1 , etc . , sense the state of each 

b inary , and may be used to indicate the number of stored counts . 

However , indicators cannot be connec ted directly to these leads ; 

unl ike the binary scaler , a trans lat ing c ircuit  is required . 

For v isual presentat ion and automat ic recording on punched cards , 

it  is useful to translate the informat ion into dec imal form ,  

i . e . , the d ig its 0-9 ; however , for many automat ic recording 

systems , it is more economical to employ binary-coded dec imal 

(BCD) format , in which the numbers 0-9  are expressed as combi-
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F ig .  46 . Func t ional diagram of scalers . ( a) A casc ade 
of 4 b inar ies , y ie lding a scal ing f ac tor of 1 6 . ( b) A sca ler 
made up of 4 b inar ies w ired f or dec ima l count ing . 

nat ions of the digits 1 ,  2 ,  4 ,  and � ,  or 1 ,  2 ,  2 ,  and 4 .  Some

t imes the dec ima l code is c a l led a " 1 0 - l ine" f ormat , and the 

BCD is c a l led a " 4 - l ine" format . 

Other r e l iable decade scalers have been dev ised and are in 

everyday use . The co ld-cathode , g low-d ischarge sca ler tubes 

aade by several manuf ac turers (Eric sson Telephone Company , 

Sylvan ia Elec t r ic Produc ts Comp any , and Ray theon Manuf actur ing 

Company) are capab le of oper at ion between 2 0 - 1 0 0  kc . The 

e lectron beam-sw itch ing tubes made by the Burroughs Corpor at ion 

w i l l  f unc t ion above 1 Me . Of ten a beam-sw itch ing tube is used 

as a h igh-speed scal ing s t age , fo l lowed by a series of g low 
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tubes . The operat ion and use of some of these devices have been 

descr ibed by M i l lman and Taub . 8 2  

5 .  Count ing-Rate Meters 

It is extremely convenient to be able to  measure the 

count ing rate cont inuous ly , without the necess ity of count ing 

w ith a scaler for a measured amount of t ime . A device wh ich 

ind icates cont inuous ly the average counting rate is cal led a 

count ing-rate meter . This is the indicator most  often used on 

portable survey ins truments . 

Most count ing-rate meters exhibit a linear relat ionship 

between output and count ing rate . This is obtained by coupl i ng 

a pulse of constant amp l itude from a pulse-he ight selector onto 

a " tank , "  or storag e ,  capac itor wh ich is shunted by a res istor . 

Each pulse transfers a known charge to the tank capac itor ; the 

steady-state voltage developed across the tank capac itor is 

reached when the rate of charge loss through the shunt res istor 

equals the rate of charge input from the pulses . A good 

qua l ity vacuum-tube voltmeter is used to ind icate the vo ltage 

across the RC tank c ircuit . Linear count ing-rate meters have 

been d iscussed by Elmore and Sands , 7 2  and by Pr ice . 3 9  

When w ide ranges o f  count ing rate must be measured , a loga

r ithmic response is des irable . Usual ly th is is done by us ing a 

logar ithmic vacuum-tube vo l tmeter to read the voltage . I t  is  

very diff icult to achieve very h igh accuracy or stab i l ity w ith 

such a technique , although adequate logar ithmic count ing-rate 

meters have been des igned for survey purposes . Pr ice3 9  has 

reviewed the var ious approaches to this problem . 

6 .  Pulse-He ight Analyzers 

Several of the detectors used in nuc lear stud ies y ield 

pul ses whose he ights depend on the energy depos ited in the 

detector . This suggests that if  these energy-dependent pulses 

can be sorted according to the ir height , energy spectra can be 

obtained . The device for performing this sort ing is usua l ly 

cal led a pulse-he ight analyzer . 

A s imple i l lustrat ion of the problem is shown in F ig .  47 . 

In  (a ) , a ser ies of pulses from a detector are viewed very much 
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as they would appear as vol tage-t ime waveforms on an osc i l lo

scope . The example shows the pulse-he ight scale div ided into 
f ive channels of equal w idth .  Over the count ing interval 

shown , a f ive-channe l pulse-he ight analyzer would record no 

events in channels  1 and 5 ;  two events in channe ls 2 and 4 ;  and 

f ive events in channe l 3 .  Thus , the data from such an analys is 

may be p lotted as the histogram shown in Fig . 4 7 ( b) ; usually , 

it is  more convenient to p lot the number of events per channe l 

as a point at each channel number . A smooth curve drawn 

through these exper imental points is eas ier to interpret . 

A .  S ing le-Channel Ana lyzers . The number o f  events shown 

in F i g .  47 is , of course , a r id iculous ly sma l l  sample of a 

random source of pulses . Although it is more effic ient to 

record the events in all channe ls at onc e ,  it  requires only 

very s imple equipment to look through an electronic "window" at 

a s ing le port ion of the spectrum at a t ime .  The window might 

be adj usted to the width of a channel in Fig . 4 7 ( a) and set to 

the pos it ion of each channe l shown . At each sett ing , a count 

would be taken for suf f ic ient t ime to obtain a val id statist ical 

sample of the spectrum . The data may be plotted as in 

Fig . 47 ( b) . 

The operat ion of such a s ingle-channe l pulse-he ight 

analyzer is s imp le in pr inc iple although f a ir ly comp lex in 

pract ice . F igure 4 8  shows the general arrangement and mode of 

operat ion for three pulses . Two pulse-he ight selectors (PHS ) 
un its are used : a lower PHS is b iased to tr igger on a pulse 

of he ight E, and an upper PHS biased to E + AE .  The ant icoinc i

dence  c ircu it  wi l l  permit an output pulse only if  the lower PHS 

is triggered w ithout a pulse f rom the upper PHS . The E dial  in 

the c ase shown is set at 200 dial  d ivis ions ; pulse " 1" does not 

have suf f ic ient amp l itude to affect e i ther PHS . Pulse " 2" 

fal ls within  the AE w indow , which causes the lower PHS to 

tr igger ; as there is no accompany ing pulse from the upper PHS , 

an output pulse is recorded . The th ird pulse is h igh enough 

to tr igger both PHS units , so the ant icoinc idence c ircuit 

prevents an output . 

Several  vers ions of vacuum-tube s ing le-channe l analyzers 

have been descr ibed ( see , for examp le ,  the rev iews by Chase7 1  

and van Rennes . 8 0  Trans istor ized vers ions are also in use 

which are compat ible with the trans istor ized l inear amp l if iers . 8 3 • 84 

B .  Mul t ichanne l Analyzers . Many app l icat ions require 
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f aster data acquis it ion rates than are poss ible with s ingle

channel analyzers . A notable example  is found in the f ie ld of 

radioac t ivat ion analysi s , where it  has become increas ingly 

important to measure sho�t-l ived nuc l ides for highest sens i

t �v i ty . Not  only is there a great increase in speed and con

venience if the pulses are sorted in  a s ingle count i ng interval , 

but there is also an improvement in the prec is ion of the data 

obta ined, because many instrumenta l  drifts  will  af fect a l l  

channels o f  a mult ichannel pulse-height analyzer in  the same 

way . For c ircuits used in these instruments , the reader is 

d irected to the excel lent d iscuss ion by Chase . 7 1  
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F ig .  47 . I l lustrat ion of the pulse-he ight analysis 
problem . (a)  Ideal ized pulses from a l inear amp l if ier are 
shown , plotted on a pulse-height scale which is divided into 
f ive equal channe ls . (b) The pulse-he ight distr ibut ion from 
( a) is shown plotted as a smooth curve through the po ints . 

The most  obvious approach to the des ign of a mult ichannel 

analyzer is to construc t a number of pulse-height selectors , 

whose tr igger ( or bias) leve ls are progress ively increased . 

Anticoinc idence c ircu itry is provided , so that , in  eff ec t ,  the 

array cons ists of a ser ies of s ingle-channel analyzers , 
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"stacked" up in terms of pulse height . A successful vers ion 

of this scheme is the Z O-channel analyzer des igned by Be l l , 

Kel l ey , and Goss . This analyzer , together w ith a review of 

the general problem of pulse-height analys is , is d iscussed by 

Van Rennes . 80  

Improvements in  detector resolut ion and the growing need 

for more automated data recording have created a need for 

mul t ichanne l analyzers with a very large number of channe ls .  

The 20-channel analyzer j us t  ment ioned costs about $3 5 0/channe l ; 

hence , a stacked-discr iminator type of analyzer is too expen

s ive to build in large conf igurat ions . By mak ing use of 

techniques developed for dig ital computers , it is poss ible to 

construc t mul t ichannel analyzers having hundreds of channels 
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F ig .  4 8 . Funct ional diagram of a s ingle-channel pulse
height analyzer . Pulse shapes for the d ifferent parts of the 
c ircuit  are shown be low the block d iagram . 
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and very l arge storage capac it ies per channe l . A s imp l if ied 

d i agram i l lustrat ing the general method of operat ion of such 

an analyzer , as we l l  as some of the methods of handl ing the 

dat a ,  is sketched in F ig .  49 . 

The hear t of the analyzer is the ana log-to-d ig ital  

converter (ADC) , wh ich converts the pulse he ight to a train 

of pulses . The number of pulses produced determines the 

channe l number in which the pulse is to be stored . These 

address pulses are counted by the address scaler , which may be 

either a binary or a binary-coded dec imal (BCD) type . 

The informat ion is stored in a f err i te-core memory unit , 

which resembles the memory of a modern d ig ital  computer . The 

memory usually  stores data in BCD format , as this is most use

ful for operating readout equipment . Some of the ear ly instru

ments used a l l  b inary log ic ,  wh ich is more economical but a 

l it t le more troublesome for the exper imenter . Once the address 

scaler has selected a memory address ( channel  number ) , the 

number of counts a lready s tored in the memory at that address 

is read out into a scaler cal led the data reg ister , or add-one 

scaler . Then , the '�tore' command is g iven , the data reg ister 

increases the o ld number by one , and the new number is wr itten 

back into the memory . This memory cycle requires 10 to Z O  �sec 

for most analyzers . 

Ana lys is of a pulse-he ight distr ibut ion in th is way 

requires a rather long t ime . A typ ical analyzer might have an 

1 8 �sec memory cycle and a 0 . 5  �sec spac ing between address 

pulses (Z Me address pulse rate) ; th is leads to an analys is 

t ime for each pulse ( dur ing wh ich the analyzer is incapable of 

recording any further pulses ) of ( 18 + 0 . 5  v )  �sec , where v 
is the channe l number . 

The dependence of the rather long "dead t ime" on channel 

number shows that the average dead t ime is a func t ion of the 

spec trum under measurement . However , it can be shown that the 

spectrum shape is und istorted under th is cond i t ion , and so it 

i s  only necessary to correct for the dead t ime to obtain accu

rate count ing rates . Instead of work ing with dead t ime ,  it is 

more convenient to count for a given amount of " l ive t ime , "  
that is , t ime dur ing wh ich the analyzer was free to analyze 

incom ing pulses . The device for measur ing l ive t ime , a l ive 

t imer , is an e lectronic c lock wh ich counts standard-frequency 

pulses .  When the analyzer is process ing a count , the ADC pro-
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Fig . 49. Multichannel puls e-height analyzer, showing relation
ship s between principal subassemblies and accessory equipment. 

duces a busy s igna l , which stops the c lock . Therefore , only 

l ive t ime is recorded . 

Because the analyzer operates on computer pr inc iples , it  

bas the abil ity to subtract  as wel l  as add . It  is qui te help

f u l  to subtract background spectra us ing the analyzer . Some 

commerc ial analyzers have provis ions for stor ing a spectrum in 

one part of the memory ;  the intens ity of this spectrum may be 

mul t ip l ied by norma l izing factors and then added to or sub

trac ted from the contents of another port ion of the memory .  

A var iety of readout equipment is poss ible . The dec imal 

numbers may be recorded by us ing a typewr iter or pr inter ; BCD 

informat ion may be recorded in computer format on punched paper 

tape or on magnet ic tape . Digital informat ion a lso may be 

converted to analog voltages , which are used to display spectra 

on a cathode-ray tube and may a lso be used to dr ive an X-Y 

curve p lotter . 

7 .  Coinc idence Measurements 

In many nuc lear count ing problems , it  is necessary to 

dec ide whether two events are t ime-correlated . Such infor-
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mat ion may be requ ired for invest igat ions of nuc lear decay 

schemes , for which it  may be necessary to know whether two 

r ad iat ions are emitted at the same t ime . Also in many types of 

count ing , impos ing the cond it ion that two events must be coinc i 

dent in  t ime w i l l  serve to d iscr im inate effec t i vely against 

no ise pulses , which are randomly d istr ibuted in t ime . Electron ic 

c ircuits which make such dec is ions are cal led coinc idence 

c ircu i ts and produce an output pulse only if a l l  inputs to the 

dev ice rece ive a pulse s imultaneous ly . 

A .  Resolving T ime . Coinc idence equipments may be c lass i

f ied accord ing to the ir resolving t ime . If a two-channel  system 

is used , each channe l appl ies a gate pulse of width T to the 

mixer c ircuit ; therefore , to be in co inc idence , the two gate 
pulses must f a l l  within the t ime interval Z T ,  the resolving 

t ime . A reso lv ing t ime of less than a few tenths of a �sec is 

termed " f ast , " and longer resolv ing t imes are cal led " s low . "  

With spec ial-purpose photomu l t ipl ier tubes and h igh-speed 

c ircuitry , reso lving t imes of less than 10 - 9 sec ( 1  nanosec) 

have been obta ined . The esoter ic subj ect of fast coinc idence 

measurements in the nanosecond reg ion w i l l  not be treated here 

but has been reviewed extens ively by De Benedett i and Findley8 5  

and b y  Lewis and We l ls . 86 Resolving t imes of > 5 0  nanosec are 

poss ible , however , with r ather convent ional equipment . 

Short reso lv ing t imes are requ ired wherever h igh counting 

rates are involved , because the random nature of radioact ive 

decay leads to a chance that two uncorrelated pulses w i l l  happen 

to occur within the coinc idence reso lv ing t ime . The random 

coinc idence rate Nr is g i ven by · 

( 16 ) 

where N1 and Nz are the count ing rates in the two channels . 

Note that , because N1 and N2 are related to the dis integrat ion 

r ate N0 by count ing eff ic ienc ies E 1 and E z , the random coinc i

dence rate is  proport ional to the square of  the d is integration 

rate : 

( 17 )  

T h e  relat ionships of Eqs . 16 and 17  a r e  correct to the f irst 

order in most co inc idence systems . I f  the rates N1 and N2 are 
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very h igh , it may be necessary to make h igher order random 

coinc idence correct ions . The equat ions to be used for comput ing 

such correct ions are d iscussed by Pau1 . 87  

A criter ion for the feas ibil ity of  a co inc idence exper i

ment is the rat io of real  co inc idences to random co inc idences . 

S ince the real co inc idence rate is g iven by 

then 

1 

� ( 18 )  

Thus , the real-to-random rat io increases only a s  the rec iprocal  

of the f irst power of  the resolving t ime and dis integrat ion 

rate . 

B .  Electronics . A block d iagram of a typ ical coinc idence 

system is given in F ig .  S O . The co inc idence c ircu i t  requires 

that , to be quant itat ive , the t iming pulses should not "walk , "  

i . e . , change their pos it ion in t ime as the pulse he ight varies . 

The output from the usual tr igger c ircuits w i l l  exh ibit such a 

walk , because low-ampl itude pulses w i l l  tr igger near their peaks , 

whi le high-amp l itude pulses w i l l  tr igger proport ionately nearer 

the base l ine . The output pulses w i l l  be distr ibuted through a 

t ime range about equal to the amp l if ier r ise t ime ( - 0 . 2  �sec 

for Nai (Tl)  sc int i llat ion counter systems) . A convenient solut ion 

to this problem was proposed by Love , who showed that the cross

over point (A  in F ig .  5 0 )  of the pulse f rom an amp l if ier with 

double delay-line different iat ion ( Sect ion VI . l . A . )  exhibits 

neg l ig ible walk with pulse height , s ince the point is only 

determined by the delay - l ine parameters . Several  t iming c ircuits  

based on this  idea have been construc ted by  Pee le and Love , 8 8  

and b y  Fairstein . 89  Trans istor ized vers ions o f  such a system 

have also been des igned . 8 3 • 84 

All pulses are subj ected to a f ast coinc idence ( l T � 0 . 1  

�sec) in F ig .  S O . Then , if co inc idence measurements are des ired 

between two energy bands , these are selected by the two s ingle

channel pulse-height analyzers . Thus , of all the integral  

coinc idences recorded by  the fast unit , only a few will  be 

selected by the analyzers . The s low coinc idence un it , wh ich may 
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have a reso lving t ime of Z to 5 �sec , imposes these addit ional 

pulse-height condit ions . As a result  of th is arrangement ,  the 

resol ving t ime of the system is determined by the fast coinc i

dence ; the relat ively low rates and less sharply t imed s ignals 

f rom the s ingle-channel analyzers can be mixed quite accurately 

w ith the fast coinc idence output in a s low coinc idence unit . 

�!!!!1"-�=�--l MULTICH A N N E L GATE �- - -- A N A LY Z E R  
I 
I 
I 
I 
I 

S LOW 
COI NC I D E N C E  

Fig . 50. Coincidence apparatus . For use wi th a multichannel 
analyzer, the connection to singl e-channel analyzer 111 11 is broken 
at "X, "  and the connec tion shown as a dotted line is used. 

Often , it is des irable to inc lude a mult ichannel analyzer 

in a coinc idence arrangement in order to measure the spectrum 

at one detector in coinc idence with a selected energy from 

another detector . As shown in F ig .  s o ,  the connect ion to s ing l e 

channel analyzer " 1" is broken, and a slow coinc idence i s  demanded 

only between the "Fast" and "S low Z" channels . With the multi

channel analyzer connected to amp l if ier " 1 , " a coinc idence 

between detector " 1" and a count in the window of s ingle-channel 

analyzer "Z"  will supply a gate s ignal which commands the mult i

channel analyzer to record the pulse appear ing at  its input . 

The ideal arrangement for acquir ing coinc idence informat ion 

would record the pulse-height from both Detectors 1 and Z of 

F ig . 50 each t ime a fast co inc idence occurred , so that all  

possible co inc idence combinat ions can be recorded in a s ingle 

experiment . Further , it is des irable that the number of events 

corresponding to each possible set of coordinates be sorted and 

stored in a fast-access memory device (such as a ferr ite-core 

memory) .  The instrument j ust  descr ibed is really a pulse-height 
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analyzer with two ADC units ( Sect ion VI . 6 . B . ) , c apable of gener

at ing an "X" and "Y" address for stor ing each coinc idence event 

in a matr ix whose "Z" axis is the number of events . The concept 

of a storage matr ix leads to the term " three-dimens ional  pulse

he ight analyzer" for this device . 

A much less versat ile but less expens ive instrument may be 

constructed from two ADC un its which record the two addresses 

for each event on magnet ic or punched tape as they occur . In 

this case the data must be sorted by reading the tape with a 

modif ied pulse-he ight ana lyzer storage unit or with a computer . 

This procedure is very t ime consuming and has the disadvantage 

that because of the addit ional sort ing step , the condit ion of 

the data cannot be determined dur ing the exper iment , or even 

very soon thereaf ter . 

The deve lopment of the three-dimens iona l analyzer approach 

to coinc idence spectrometry is s t i l l  in the ear ly stages but 

promises to be extremely useful . The general problem was 

reviewed by Chase7 1  and a 2 0 , 0 00 -channe l ,  three-dimens ional 

analyzer with a ferr ite-core memory was descr ibed by Goodman , 

et a l . 9 0  

A re lated technique makes use of a s ignal wh ich inhibits 

the mul t ichanne l analyzer or other apparatus from recording 

part icular events . One appl icat ion of this ant icoinc idence 

arrangement is d iscussed be low in  Sect ion VI I . 2 .  

c .  Delayed Coinc idence Measurements . Coinc idence tech

niques are we l l  suited to the measurement of very short half

l ives . I f  delay l ines are inserted between the t im ing c ircuit 

and f ast-coi nc idence input , f irst in one channe l and then the 

other , a de lay curve can be obtained , wh ich is j ust  the coinc i

dence count ing rate as a funct ion of  added de lay . This  curve 

w i l l  have a w idth at half -max imum count ing rate of 2 T ,  if the 

two radiat ions are prompt ; however , should one of the radiat ions 

be delayed , the delay curve w i l l  be steep on one s ide but w i l l  

exhibit a smal ler s lope o n  the other s ide . The analys is o f  such 

data to obtain l ifet imes of nuc lear states is discussed in 

references 8 5 , 9 1 ,  and 9 2 . 

D .  Calculat ion of I ntens it ies . Quant itat ive coinc idence 

measurements , espec ial ly gamma-gamma co inc idence spectrometry ,  

have become essent ial i n  the study of nuc lear decay schemes . 

Relat ive intens it ies are eas i ly determined , and if  the decay 

scheme inc ludes two or more gamma rays with the same energy , it 
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may be poss ible to determine the relat ive intensity of each by 

a ser ies of co inc idence exper iments involving the gamma-ray 

cascades in  quest ion . 

I t  is important to emphas ize that all  peaks in a coinc i

dence gamma-ray spectrum are not necessar i ly due to coinc idences 

with the gamma peak on wh ich the s ing le-channe l window is set ; 

indeed , an intense coinc idence peak may be due to random 

co inc idences (Part A . , above) , or to true coinc idences with 

events in the s ing le-channel window ar is ing from Compton-electron , 

gamma-ray scatter ing , or bremsstrahlung spectra . Thus , it  is 

usua l ly not enough merely to observe that a ser ies of peaks 

appears in the coinc idence spec trum ; rather , a quant itat ive 

exam ination of the gamma-ray intens it ies is required to obtain 

a meaningful interpretat ion of the exper iment . 

Cons ider f irst an exper iment in which a peak of area P (y1 ) 
due to y1 is observed in coinc idence with counts of y 2  in the 

s ing le-channe l w indow :  

09 )  

The quant ity q1 , 2 , the " co inc idence quot ient , "  is  the number of 

events of y1 , the gamma ray of interest , in coinc idence with y2 , 
div ided by the number of counts due to y2 in  the s ingle-channel 

w indow ; e�d corrects for absorption of y1 in the beta absorber ; 

Cw is the number of counts in the window of the s ingle-channe l 

analyzer ; E p (y1 ) and o are the peak eff ic iency and sol id angle 

for detect ion of y1 ; and W1 , 2 ( 8 )  i s  the angular distr ibut ion 

funct ion for the ind icated pairs of coinc ident gamma rays 
3 4  i ntegrated over the face of the crysta l . 

Although Eq .  ( 19 )  is useful in many s i tuat ions , two 

addit ional correct ions are needed : one to correct for the fact 

that only a fract ion of the counts in the window may be due to 

y 2 ; i t  is also very important to remove the coinc idence contri

but ion from h igher-energy gamma rays which g ive Compton-electron 

events f a l l ing in the s ing le-channe l window . When these effec ts 

are taken into account , the fol lowing express ion93 for q1 , 2  
results : 

, ( Z O) 
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where D2 is the fract ion of counts in the window due to y2 ; 
f rom the w indow width , this fract ion can be obtained from the 

s ingle-crystal spectrum ,  analyzed as descr ibed in Sect ion I I . 3 . D .  
The term � q1 , i  Di W1 , i  ( 9 )  corrects for coinc idences 

ar is ing from " gat ing" events in the w indow from any gamma ray 

(y i) other than y2 • Here Di is the fract ion of counts in the 

w indow due to Yi 1 and q1 , i  is the relat ive number of y1 coinc i
dent w ith Yi • I n  most decay-scheme stud ies , the necessary q1 , i 
values can e ither be measured d irectly in other co inc idence 

exper iments or deduced from the decay scheme . 

Once the "q" values have been obtained for a ser ies of 

gamma-gamma coinc idence exper iments , they are used in  conj unct ion 

w ith the s ingle-crystal intens it ies and the decay scheme to 

calculate the intens ity of each gamma-ray trans it ion . Th is 

procedure usua l ly involves a series of success ive approximat ions 

unt i l  internal consistency is achieved , espec ial ly if the decay 

scheme is complex . 

Other quant itat ive aspects of coinc idence count ing which 

relate to the determinat ion of dis integrat ion rates wi l l  be 

f ound below in Sect ion V I I I . Z . E . 

VI I .  LOW-LEVEL COUNT ING 

-

1 .  Genera l  Remarks 

Many chemical exper iments lead to very sma l l  amounts of 

radioac t ive sample , e ither because of the low y ield of the 

r eact ion under study , or because of the sma l l  amount of sample 

available . It may be found that if a convent ional detector is 

used for count ing such low-intens ity samp les , the sample count

ing rate is comparable to the background rate from cosmic rays 

and other environmental radiati on sources . 

When choos ing between detector systems , the cr iter ion for 

opt imum counting prec is ion in a g iven t ime is the " f igure of 

merit" N�/N8 , where N 
the background rate . 9; 
f igure of merit is the 

is the sample count ing rate , and N8 is 

The system which g ives the largest 

most sens it ive for the measurement of a 

part icular nuc l ide .  Therefore , the reduct ion in the background 

rate must be large in order to be effect ive , s ince the sample 

count ing rate appears to the second power and the background 

only as the f irst . I ncreas ing the samp le count ing rate by 
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improvement of geome try , reduc t ion of absorpt ion , or some other 

means is f ar more valuable . The other pract ical  cr i ter ion for 

low- leve l count ing is  stab i l ity , because a s ingle determinat ion 

may extend over days or weeks . 

Detectors used for low- leve l count ing are s im i lar to the 

ones a lready discussed but d if fer in the ir app l icat ion . The 

cho ice of a part icular detector , which mus t  be cons idered 

separately from the var ious ways of reduc ing the background , 

w i l l  depend upon the spec if ic act iv ity of the mater ial  to be 

counted . When the spec if ic ac t iv ity  is low , as in radiocarbon 

dat ing ,  there is no point in cons ider ing a method which w i l l  

not permit  introduc ing a large sample and count ing w i t h  h igh 

eff ic iency . The beta-part ic le energy is a lso invo lved in the 

choice of a detector , s ince absorpt ion effects in the sample 

and counter w indow are extremely acute for beta-part icle 

energ ies be low about Z OO  kev . On the other hand , absorpt ion is  

a relat ive ly m inor cons iderat ion for h igh-energy beta par t ic les . 

The most diff icult count ing s ituat ion is encountered when 

the samples of interest comb ine a low spec if ic act ivity with 

a low bet a-par t ic le energy . Typ ical samples of t r i t ium (H3 ) and 

c• •  f a l l  in this category . The usual techn iques for low- level 

count ing of these nuc l ides are gas count ing and l iqu id sc int il

l at ion count ing . 

The gener a l  problem of low-level count ing has been reviewed 

by Arnold , 94 Kulp , 9 5  and DeVoe . 96  The report by DeVoe96  is 

espec ial ly valuable bec ause of the wealth of informat ion it 

contains about the r ad ioact ive contam inat ion of mater ials needed 

by workers attempt ing to detect minimal amounts  of radioact ivity . 

l .  Apparatus 

A .  Large-Volume Counters . A typ ical arrangement of a low

background large-volume counter is shown in F ig .  S l ( a) . The 

detector is s ituated at the center of a steel shield ; lead is 
usua l ly avoided because of its assoc iated radioact ivity . The 

mercury shield around the detector is to stop any radiat ion 

produced in the wal ls of the tubes compr is ing the ant icoinc i

dence mant le . 

The most important s i ng le feature is the ant icoinc idence 

mantle. T h is dev ice , a lthough shown in the f igure as a r ing of 

Ge iger tubes , may a lso be a hol low cy l inder of sc int i l lator , 

l l l 
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GAS 
INLET 

ANTICOINCIDENCE MANTLE 
l GEIGER TUBES ) 

( 0 )  

GUARD COUNTER ( + HV ) 

METALLIZED PLASTIC FILM WINDOW 

( b ) 

Fig . 5 1 .  Low-background counters . ( a) Typical arrangement 
for obtaining very low backgrounds . ( b) Low-background pro
port ional counter covered by an ant icoinc idence , or guard counter . 
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coupled to one or more photomu l t ip l ier tubes . An anticoinc i

dence c ircuit  uses the s ignal f rom the  man t le to exc lude events 

in which the detector and the mant le s imultaneously produce a 

count , s ince an event in both detectors would indicate the 

detect ion of a part ic le from outs ide the source reg ion . The 

ant icoinc idence r ing may effect a reduct ion in the background 

of a beta-ray counter of about 5 0 .  The overall  reduct ion in 

background over a bare detector by the apparatus of F ig .  S l ( a) 

is of ten between 1 0 0  and 15 0 .  

I t  is diff icult to reduce the background of a large Nai (Tl)  

gamma-ray detector by us ing an ant icoinc idence mant le . I n  the 

energy reg ion of 0-3 Mev , the background of such a gamma-ray 

detector may be reduced by a factor of only l to 5 through the 

use of a l iqu id or a plas t ic sc int i l lator ant icoinc idence mant le . 

For the h igh-energy range above 3 Mev , in  which the background 

is chief ly due to mesons , the background is reduced9 7  by a 

factor of 103 to los . 

B .  Sma l l -Volume Counters . When the counter can be made 

very smal l ,  the exper imental  arrangement is much s impler . For 

instance , because the sens it ive vo lume of a l iquid sc inti l lat ion 

counter can be so sma l l , the shield ing is of ten accompl ished by 

a mercury shield so thick that an ant icoinc idence mant le is not 

required . 

An end-w indow beta proport ional counter of sma l l  

d imens ions w i l l  have a low background s imply because i t s  sens i

t ive volume is sma l l . I f  this sma l l  counter is placed ins ide a 

l arger detector [ F ig .  S l (b) ] and the two are p laced in  ant i

coinc idence , a reduct ion in the background of  at  least a f actor 

of 10  may be obta ined . This ent ire assembly may be inserted 

into a mass ive shie ld for a further background reduct ion . The 

"Omni/Guard" detector manufactured by Tracerlab ,  Inc . , is 

des igned in th is way and bas a background of < 0 . 5  c/m . 

VI I I . DEI'ERMINATION OF THE DIS INTEGRAT ION RATE 

In  this Part we w i l l  d iscuss the spec ial techniques for 

determinat ion of the d is integrat ion rate , often cal led absolute 

count ing to dist inguish it from relat i ve count ing procedures . 

Absolute count ing may be performed d irectly as in 4uP count ing ; 

more often,  abso lute count ing involves equ ipment normal ly 

employed for relat ive count ing which bas been cal ibrated by use 
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of a standard source . For details of the techniques to be 

descr ibed , the reader may consult the excel lent rev iew by 

Ste inberg , 9 8 and proceedings of several conferences on this 

subj ect . 99 • 1 0 0  

1 .  Absolute Alpha Count ing 

A .  General Cons iderat ions . Alpha par t ic les have a short 

range in matter , so a good a lpha source must be very thin . By 

the same token , counter w indows or other mater ial through wh ich 

the a lpha part ic les must pass also should be thin ; it is common 

to use windowless counters for such purposes . 

Scatter ing in the sample itself is not a serious problem 

w ith alpha part icles , s ince the par t ic les scatter only s l ight ly 

in thin sources . Scatter ing from the source mount is apprec i

able at sma l l  angles to the source p lane but is negl ig ible at 

angles normal to the source plane . The amount of backscattering 

increases with the atomic number of the scatterer and with 

decreas ing energy of the par t icles . 

A var iety of geometr ies are used . The usual one for 

moderate prec is ion is the internal sample counter (a pro

port ional counter or ionizat ion chamber )  with  2�  geometry . 

Here , the backscattered part ic les are a lso counted , so the 

effect ive geometry for sources on pol ished p lat inum p lates is 
found to be in the range of 5 1  to 5 2% ,  depend ing on the energy . 

Work of the h ighest prec is ion with sources on metal p lates 

requires col l imat ion to e l iminate the backscattered par t ic les ; 

both low- and medium-geometry counters have been used very 

successfully . I f the source to be standardized can be mounted 

on a thi n ,  essent ial ly weight less , f i lm ,  then a 4� proport ional 

counter may be used for accurate assay . 1 0 1 • 102  

Many alpha sources must be  counted in the  presence of 

intense beta act iv it ies ; therefore , it is essent ial that the 

detector and e lectronic system have a short resolv ing t ime ,  

lest beta-induced pulses p i le up and be counted as though they 

were alpha pulses . Fast detectors suitable for prec is ion a lpha 

count ing are scint i l lat ion counters , semiconductor detectors , 

and propor t ional counters . 

B .  Low-Geometry Counters . When very accurate assays are 

required , or when the source intens ity is very h igh , a low

geometry a lpha counter is used . The general techn ique has been 
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d iscussed by Cur t is , et a 1 . , 1 0 3  and Robinson . 3 6  

A des ign by Rob inson i s  shown in F ig .  5 2 . The chamber has 

a f ac tor of about 1/2 6 0 0  of 4 �  geometry . The chamber must be 

evacuated to a pressure of about 2 0 0  microns or less . Because 

the wa l l  d i ameter is  so near the co l l imator d i ameter , the e ight 

baf f les are requ ired to prevent scat ter ing par t i c les off the 

wa l ls and into the detec tor ; w ithout baff les , scatter ing amounts 

to about 1% of the total  count . The h igh degree of  co l l imat ion 

ef fec t ive ly e l iminates backscattered part ic les from the source . 

Many low-geome try chambers use a proport ional counter as 

a detec tor , wh ich requires a gas - t ight window between it  and 

the evacuated chamber . Some proport ional counters a lso may 

require ef f ic iency correct ions because of the anode w ire 

supports . The sc int i l lat ion counter sketched in F ig .  52 is 

f ree of these problems . 

I f  a l l  important d imens ions are known to 1 part in  10 , 00 0 , 

then the accuracy is mainly l imi ted by count ing statist ics . 

The p lateaus can be held f lat to 0 . 0 5% with proper attent ion to 

the e lectronic equ ipment , and the inf luence of sample s ize on 

the geometry is not great because of the large distance between 

source and detector . As an examp le of the accuracy of the 

method , assays of the same samp le by workers at the AERE 

(Harwe l l , England) , and LRL (Berke ley , Cal if ornia) agreed within 

0 . 1% ,  us ing low-geometry chambers of dif ferent des ign . 104 

c .  Prec is ion , High-Geometry Counters . When the amount of 

ac t iv ity to be assayed is sma l l , it is necessary to use some 

sort of h igh-geometry conf igurat ion to obtain good count ing 

stat ist ics in a reasonable t ime . Although the 4� counter is a 

very attrac t ive arrangement , the requ ired source must be mounted 

on a near ly we ight less backing . Most alpha sources are mounted 

on back ing p l ates , for wh ich the 4� method is not suitable . For 

re lat ive count ing it is  quite convenient to use an internal 

samp le counter with 2�  geometry , for which the overal l  

eff ic iency , o r  count ing y ie l d ,  may be cal ibrated with standards 

if des ired . 

When count ing at h igh geometry , it  is  advisable to e l imi

nate the backscattered a lpha par t ic les by reduc ing the geometry 

to about one � sterad ian , which leads to an acceptance ang le of 
0 1 2 0  . When this is done , the geometry f ac tor becomes very 

sens it ive to the s ize and pos it ion of the source . 

Th is sens it iv ity to samp le pos it ion is greatly  improved by 
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masking the detector of a high-geometry counter with a stop of 

the proper shape . F igure 5 3  shows the des ign by Robinson . 1 0 0  

The chamber has a calculated geometry o f  0 . 19748 . A 2 mm 

diameter source on plat i num gave an essent ial ly cons tant count ing 

rate for displacements up to several mm from the center of the 

source bolder . That this dev ice is indeed a h ighly prec ise 

counter was establ ished by a cross compar ison w ith a low-geometry 

counter - -the two agreed to w ithin � 0 . 0 3% .  

FILLE D WITH 
M I NE R A L  OIL 

SI LVE R TYGON 

RE F LECTOR 

P H OTOTU BE AND 
P RE AM P L I FIE R 

PAINTED W H I TE 

GLA S S  PL ATE 
W I T H  SCINTILLATOR 
Z n  S ( Ag )  

B BA FFLES 

1;16 x 3 �6- i n .  

F ig . 5 2 . Low-geometry alpha counter for h igh-prec is ion 
absolute alpha count ing (Robinson3 ° ) .  

2 .  Absolute Beta Count ing 

A .  Introduc t ion to Beta Count ing Techn iques . I f  an 

exper imenter is so unfor tunate as to be faced w ith the problem 

of determining the disintegrat ion rate of a beta emitter , h is 
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... . 

PHOTOM U LT I PL I E R  
T UB E  AND 

P R E A M P L I F I E R  

4 52 - mm-D I A .  
COL L I MATOR 

�-- PA I N T E D  

G L A S S  P L AT E  

W H I T E  

ZnS ( Ag )  
SCINTILLATOR 

F ig .  5 3 . Prec is ion h igh-geometry alpha counter which uses 
a stop to reduc� the effect of sample pos it ion on geometry ( Robinson , in reference 1 0 0) . 

problem is much more compl icated than the a lpha assay problem 

a lready discussed . The comp l icat ions ar ise from the effects 

of scatter ing and absorpt ion of e lectrons in matter , comb ined 

w ith the distr ibut ion in energy of the beta par t ic les . I t  is 

usual to combine a l l  exper imental quant it ies which af fect the 
count ing rate into a count ing y ield E ,  which relates the 

observed count ing rate N and the d is integrat ion rate N0 : 

N E • ND 
( Z l) 
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A lthough E is usual ly determ ined exper imenta l ly , it  can , 

in pr inc ip le , be separated into the fol lowing f actors : 9 8 the 

geometry ; the intr ins ic eff ic iency of the detec tor ; an 

absorpt ion factor for the air between source and detector , in 

addit ion to the detector window ; a correct ion for air scatter

ing ; a f actor for the backscatter ing by the source support ; a 

factor to correct for scatter ing by env ironment ; and a correct ion 

for the self-absorpt ion and self -scatter ing by the f in ite mass 

of the source . The review article  by Steinberg9 8  discusses the 

magnitudes and dependences of the var ious f actors on the experi

mental  s ituat ion . 

I t  is usually poss ible to determine a beta  dis integrat ion 

rate with an end-window counter to better than 5% . The count ing 

y ield of an essent ially we ight less source on a thin back ing can 

be standardized to this accuracy e ither by use of an absolute 

standard , or by use of exper imentally determined values of geo

metry , absorpt ion , and scatter ing effects . 

Calibrat ion standards must  be used for the assay of  thick 

bet a  sources to an accuracy of better than � 10% . A carrier

free sample of the des ired act iv ity is prepared and its dis inte

grat ion rate determined . Al iquots of the samp le are then 

processed , tak ing c are that the amounts of carr ier , mount ing 

procedures , and other details are the same as for the unknown . 

In this way , the c ount ing y ield is measured directly for the 

part icular exper iment .  

B .  End-Window Counters . By f ar the most common detector 

in use at present is the end-window counter . Much of the ear ly 

informat ion on beta count ing was obta ined w ith end-window 

Ge iger tubes , although they have now been largely supplanted by 

end-window proport ional counters (Sect ion v . Z . B . ) . The pro

port ional counters are more stable and r e l iable , and because 

they usua l ly are f i l led to one atmosphere pressure , their 

windows can be made very thin ( 0 . 2  to 1 mg/cmZ ) for good sensi

t ivity to low-energy beta part ic les . The mechanical dimens ions 

of end-window Geiger and proport ional counters are s imi lar , as 

are the dimens ions of their source holders ; therefor e ,  some of 

the publ ished data for Ge iger counters can s t i l l  be used in 

modern count ing app l icat ions . 

C .  Zu Counters . For count ing e ither low-intens ity 
samples , where a high geometry is needed,  or low-energy beta 
partic les , where it is des irable to e l iminate the detector 

1 1 9 
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window , a 2 �  counter is very convenient . An addit ional 

advantage of th is arrangement is that anisotrop ic scatter ing 

effects are less important here than in the end-window case . 

The general procedure for cal ibrat ion of the count ing 

y ield is s imi lar to that descr ibed above for end-window 

counters . A carr ier-free sample on a near ly we ight less back ing 

does not el iminate scatter ing in a 2� geometry , because some 

structural mater ial is almost certain  to be nearby ; for this 

reason , it is advisable to standardize the count ing y ield for 

sources mounted on a back ing which g ives saturat ion 

backscatter ing . 

D . 4� Count ing . The most generally used techn iques for 

pr imary standardizat ion is the 4� geometry beta counter , or 4�� 

counter . This instrument was descr ibed br ief ly in Sect ion V . 2 . 8 .  

Co inc ident gamma rays or interna l convers ion e lectrons , when 

detected , are always counted s imultaneous ly with the assoc iated 

beta par t ic le ,  and thus result  only in a s ingle count . Any 

d ischarges caused by scatter ing of the pr imary par t ic le or by 

secondary radiat ion w i l l  also f a l l  w ith in the resolving t ime 

and w i l l  not affect the measured rate . 

A we ll-des igned 4�� proport ional counter w i l l  have a geo

metr ical ef f ic iency in excess of 9 9 . 5% and a plateau whose 

s lope is less than 0 . 1$ ;  therefore , the accuracy with wh ich the 

d is integrat ion rate may be determined depends mainly on 

absorpt ion in the source and in the mount ing f i lm . Absorpt ion 

w i l l  in all  l ikel ihood remain the factor l imit ing the accuracy 

of 4�� count ing . Self-absorpt ion was studied for specif ic source 

materials by Pate and Yaf f e , 105  and by Yaff e  and F isbman , 100  who 

showed bow the ir correct ion method could be app l ied to other 

4� counter sources . 

The source-f i lm absorpt ion correct ion has been determined 

in three ways : ( 1 ) the "sandwich" procedure of Hawk ings , 

et a1 . , 106  in which the count ing rate of a source on a known 

thickness of back ing is measured , followed by a determinat ion 

w ith an ident ical f i lm cover ing the sample ; ( 2 )  a calculated 
107  

correct ion , proposed by Sel iger and co-workers , was based 

on measurements of 2� and 4� s ingle-f i lm and "sandw iched" 

count ing rates ; ( 3 ) a determinat ion of the count ing rate as a 

funct ion of actua l source f i lm thickness was made by Smith , 108  

and bas been studied exhaust ively by  Pate and Yaf f e . 109  Any of 

these methods is useful above a few hundred kev ,  but ( 3 ) , the 

1 2 0  
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absorpt ion curve technique , appears to be the most accurate , 

even at energ ies below 1 0 0  kev . 

F i lms to be used as source mounts should be rendered 

e lectr ically conduc t ing ,  preferably by vacuum evaporat ion of a 

metallic coat ing at least 2 �g/cmz thick . This coat ing w i l l  

guard aga inst d istort ion o f  the electr ic f ie ld b y  electrostat ic 

charging of the source f ilm or by a penetrat ion of the f ield 

of  one counter into the other . 

A systemat ic study of the general  technique of 4�� count ing 

has been published by Pate and Yaffe . 102 • 1 0 5 • 1 0 9 • 1 1 0  Measurements 

at the Nat ional Bureau of Standards and the results of inter

compar isons of sources by var ious laborator ies were discussed 

by Seliger and co-workers . 10 7 • 1 1 1 • 1 1 2  The proceedings of a 

sympos ium on the metrology of nuc l ides1 0 0  conta ins a ser ies of 

useful papers on the latest techniques of 4�� count ing . 

Some work has also been performed us ing as 4� detectors 

l iquid scint i l lat ion counters and counters w ith radioac t ive-gas 

f i l l ing .  These techniques , wh ich are as yet rather spec ial ized 

and of l imited app l icat ion , are descr ibed in papers inc luded in 

references 99 and 1 0 0 . 
* E .  Coinc idence Count ing . When two radiat ions are emitted 

in sequence dur ing the decay of a radionuc l ide , coinc idence 

count ing is a convenient and accurate method for determining the 

dis integrat ion rate . Cons ider the s imple case of a s ingle beta 

group fol lowed by a s ingle gamma ray . The count ing rate of the 

beta counter N� is given by 

where N0 is the d is integrat ion rate and E � the count ing y ie ld . 

S imilar ly ,  the gamma-ray counting rate N
Y 

is 

Her e ,  E is the count ing y ie ld of the gamma detector . The y 
coinc idence rate Nc is 

*A recent report of the theory and pract ice of this technique 
was made by Camp ion . l l 3  

1 2 1  
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which reduces to 

( Z 5 )  

Note that the determinat ion o f  the d is integrat ion rate b y  this 

techn ique does not require that the count ing y ields be known . 

The count ing rates in the beta , gamma , and coinc idence channels 

must be corrected for background rates and dead-t ime losses . 

Because each detector must only be sens it ive to a s ingle type 

of rad iat ion , the background correct ion in the beta channel 

must a lso inc lude the contr ibut ion ar is ing f rom the gamma 

sens i t iv ity . 

An addit ional correct ion to the coinc idence rate is the 

random coinc idence rate , Nr - ZT N� 
N

Y
; the rates in the beta 

and gamma channe ls should be total rates before background 

subtrac t ion . As prev ious l y ,  Z T  is the coinc idence resolving 

t ime . Another co inc idence "background" ar ises from the detect ion 

of  gamma-gamma cascades in the two detectors , if the decay scheme 

is complex . 

Nuc l ides with severa l  beta  groups may be assayed by the 

bet a-gamma coinc idence techn ique , if the sens it ivity of e ither 

the beta or gamma detector is the same for a l l  branches of the 
1 14 decay scheme . Because of its high ,  uniform eff ic iency , the 

4n� counter makes a very useful beta detector for coinc idence 

count ing . When count ing nuc l ides with comp lex decay schemes by 

the 4n� -y co inc idence me thod , the correct ions aris ing from the 

decay scheme usually turn out to be rather sma 1 1 . 113  

S ince the beta-gamma coinc idence technique is  insens it ive 

to count ing losses from absorpt ion in the source and its backing , 

it  offers another way of cal ibrat ing the count ing y ield for 

th ick sources in a 4n� counter . 1 1 3 • 115  W ith quant itat ive infor

mat ion about the decay scheme of a part icu lar nuc l ide ,  it should 

be poss ible to  standardize sources by 4n� -y co inc idence count ing 

to a few tenths of a per cent . 1 13 

3 .  Abso lute Gamma Count ing 

Gamma-ray count ing by the sc int i l lat ion method was dis

cussed above in Sect ion 1 1 . 3 .  Spectrometry at a def ined sol id 

ang le w i l l  y ie ld an accuracy of about � 5%--more accurate data 

l Z Z 
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requ ire cal ibrat ion with sources of known dis integrat ion rates . 

I ntegral counters , such as wel l-type sc int i l lat ion detectors , 

mus t be standardized . 

The most prec ise instrument for secondary standardizat ion 

of gamma emitters is the high-pressure ionizat ion chamber 

( Sect ion I I I . 5 . ) . A prec is ion of about � 0 . 0 5% can be obtained 

when intercompar ing sources . The co inc idence method of 

absolute count ing is not l imited to beta-gamma count ing but may 

be extended to any coinc ident pair of radiat ions , such as beta

e 1 ectron coinc idences , X ray-gamma coinc idences , and espec ially 

g amma-gamma co inc idences . The Nat ional Bureau of Standards has 

used the gamma-gamma coinc idence count ing technique for 

assay9 9 • 100 of co' o . In this s ituat ion , where two cascade 

gamma r ays are of equal intens it ies , d is integrat ion rates can 

be obtained to as good an accuracy as by other methods . 

IX . SOURCE MOUNT I NG 

1 .  Introduc t ion 

By now it is probably obv ious that the choice of a 

chemical  separat ion procedure , the choice of a r ad iat ion 

detector , and the cho ice of source mount are not independent . 

Factors such as the nature of the rad iat ion to be counted often 

w i l l  determine the type of source to be employed ; the source , 

in turn , w i l l  usual ly place restrict ions on the cho ice of 

chem ical procedure and counting equ ipment . There is so much 

variety in these interre lated f actors wh ich must be cons idered 

that this sect ion w i l l  not attempt to set down f irm rules for 

choos ing the best source-preparat ion method . Instead , some of 

the common ones w i l l  be d iscussed in a general  way so that the 

exper imenter w i l l  be g iven suf f ic ient informat ion about methods 

in use to make a cho ice for h is own problem . 

For a more extens ive discuss ion it is suggested that the 

reader cpnsult the summar ies of the source-preparat ion problem 

by Overman and Clark1 1 5  and S l�t is . 116  These authors quote 

extens ive references for further read ing . 

2 .  Des iccated Sources 

A .  Evaporat ion from Solut ion . I t  is of ten des irable to 
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prepare a source wh ich is very thin . The most straightforward 

approach is evaporat ion of an a l iquot of a carr ier-free 

so lut ion on a su itable back ing . To produce a thin source this 

way is very diff icult , because it is essent ial that the 

solut ion conta in no chemical compounds which w i l l  contr ibute 

apprec iable mass to the f inal depos it . A techn ique which 

avo ids concen trat ing impur it ies in the f inal product is the 

use of a very sma l l  bed of ion-exchange res in to wh ich the 

carr ier-free act iv ity is adsorbed ; af ter wash ing , the act ivity 

is e luted in the sma l lest poss ible vo lume of reagent . 1 1 7  

A n  unavo idable feature o f  evaporat ion from solut ion is 

that sol ids wi l l  not form a uniform depos it . In some exper i

ments , such as  4rr� count ing of  low-energy beta part ic les , 

self-absorpt ion of aggregates may be excess ive , and another 

method of depos it ing the source may be required . 

Metal Back ing P lates . Alpha par t ic les exh ibit a shor t range 

in mat ter , and sources of these par t ic les must be quite thin . 

As was seen in Sect ion VI I I . ! . ,  alpha backscatter ing is sma l l  

and is eas ily determined , s o  a metal plate makes a convenient 

source back ing . 

I f  the volume of solut ion to be evaporated on a metal 

p late is very large , it  may be helpful to conf ine the solut ion 

to the des ired region by a border of Zapon lacquer . After 

dry ing , the lacquer and any vo lat i le impur it ies can be removed 

by ignit ion in an induc t ion heater or an open f lame , prov ided 

that the samp le proper is nonvolat ile . Further informat ion on 

the use of metal f o i ls as source back ings w i l l  be found in 

reviews by Dodson , et  a1 . , 1 1 8  and by Huf ford and Scott . 1 1 9  
----

1 1  A very useful spread ing technique 8 for preparat ion of 

uniform f o i ls of heavy elements cal ls for m ix ing the n itrate of 

the des ired element , disso lved in an organ ic so lvent , with a 

d i lute solut ion of Zapon lacquer . This m ixture is painted on a 

metal plate , and , af ter drying , the p la te is heated to destroy 

the organ ic res idue and to convert the n itrate to the oxide . 

Af ter each ignition the depos it is rubbed with t issue to insure 

that success ive l ayers w i l l  adhere . Quite un iform depos its 

with smooth vitreous surf aces can be prepared by appl icat ion of 

many successive coats , each very thin . This  procedure is 

generally useful for any case where the element depos ited has 

a nonvo lat i le compound wh ich can be d issolved in an organ ic 

so lvent ; the fo i l  must have a me lt ing po int h igh enough to with-
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stand ign it ion . 

Another technique which makes use of an organ ic solut ion 

of a n i trate has been descr ibed by Carswel l  and M i lstead . 1 2 0  

In the ir method the solut ion i s  sprayed from a cap i l lary tube 

by the inf luence of a strong e lectr ic f ield . The space from 

the cap i l lary t ip to the metal plate is adj usted so that only 

f ine , dry part ic les are col lected . Th in , uniform sources may 

be prepared , even on extremely thin gold-coated plas t ic 

f i lms . 1 2 1  

Very Thin Back ings . I n  many beta count ing app l icat ions , it  is 

necessary to mount carr ier-free sources on as thin a back ing as 

poss ible . The usual techn ique is to transfer an al iquot of the 

appropriate so lut ion onto the thin f i lm by means of a micro 

p ipette . The l iquid is carefully  evaporated by gent ly  heat ing 

w ith an infrared lamp ; the process is accelerated by f lowing a 

stream of air over the source dur ing evaporat ion . 

Methods for prepar ing thin f i lms are to be reviewed in a 

monograph of this ser ies by Yaf f e . 1 2 2  The art i c le on source 

and w indow technique by S latis 1 16 rema ins a very useful 

reference on t h in f i lms and other aspects of the source problem . 

Gamma-Ray Sources . Although any of the m�thods already 

descr ibed can be used to prepare gamma-ray sources , the rela

t ively low absorpt ion of gamma rays by matter makes poss ible a 

r ather s imple and rapid procedure for mount ing an al iquot of 

solut ion for gamma-ray assay . This method uses a sma l l  d isc of 

blott ing paper or ' ' f i lter acceler ator" taped onto a card . An 

al iquot of the solut ion to be determ ined is merely al lowed to 

soak into the paper . After the samp le has been dried by us ing 

an infrared heat lamp , the source should be covered by c e l lo

phane or My lar tape . 

B .  Use of S lurr ies . Frequently , it  is convenient to 

transfer smal l  amounts of prec ip itate to a source mount and 

evaporate the solvent . The prec ipitate may , for examp le ,  l ie 

col lected in the t ip of a centr ifuge tube at the last step of 

a chemical separat ion procedure . A suitable organic l iquid 

( e . g . , alcohol or acetone) is added , and the result ing slurry 

is drawn into a transfer pipette ; when d ischarg ing the contents 

of the p ipette into a planchet , care must be exerc ised to insure 

that the spread ing of the prec ip itate is un iform . Af ter draw ing 

off excess l iquid , the sample is dr ied on the planchet an< then 

covered with a thin plas t ic f i lm to prevent spi l lage . 
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• 

There are occas ions in wh ich it  may be convenient to 

perform the f inal centr ifugat ion in a demountable centr ifuge 

tube whose bottom is a source p lanchet . Th is method has the 

advantage that the f inal depos its obtained are more uniform 

than those formed by p ipett ing s lurr ies . 

c . F i l trat ion of Prec ip itates . When large numbers of 

samples must be prepared , the most convenient method is f il 
trat ion , us ing a f i lter paper disk as a combinat ion source 

mount and f ilter . Rather large masses of prec ip itate can be 

accommodated, and with proper technique , the area and thickness 

can be control led suf f ic ient ly to insure good re l iabi l ity . 

Several  designs for f i ltrat ion devices have been publ ished115  

and a few  are  on  the market .  In  a l l  of  these a d isk of f ine

grade f i lter paper ( e . g . , Whatman No . 4 2 )  l ies on a f lat 

support ,  which may be e ither a s intered g l ass f i lter d isk or 

perforated stainless steel plate , attached to the end of a 

tube . A hol low c y l inder of g lass or stainless steel , into 

which the slurry is introduced , is c l amped f irmly over the top 

of the f i lter paper d isk . Once the prec ip itate is caught on 

the f i lter paper it may be washed and dr ied before remov ing it 

from the apparatus . I f  there is a tendency for the cake of 

prec ip itate to break up , a d i lute solut ion of organic binder 

such as col lodion may be passed through the f il ter before the 

f inal dry ing . 

When the we ight of f inal prec ip itate is needed to deter

m ine a chemical yield ,  a tare weight should be determined by 

us ing several  f i lter paper disks ident ica l  to those employed 

f or the unknown . Naturally , the tare papers should be subj ected 

to the same wash solut ions , b inder , and dry ing procedure as the 

unknown . 

3 .  Subl imat ion 

Some of the most uniform sources are prepared by subli

mat ion in vacuum . This  method is appl icable when the radio

nuc l ide of interest can be prepared in a chem ical compound whose 

vapor pressure  is at least 0 . 1  mm at a temperature be low that 

for rapid decompos it ion . Examples of this technique will  be 

found in references 1 1 8 , 119 , and 1 2 3 . 

The apparatus cons ists of a demountable vacuum chamber , in 

which are s i tuated e ither a cruc ible or a r ibbon f ilament , with 
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the co l lector plate a fract ion of an inch away . Usual ly it  is 

des irable to evaporate the source solut ion onto a shal low trough 

or depress ion in the f i lament , so when the f ilament is heated 

the subl imed mater ial is col l imated onto the col lect ing plate . 

A cruc ible , heated with electr ical res istance wire or by 

e lectron bombardment , has s imilar col l imat ing propert ies . 

For the preparat ion of thin sources , it  is helpful to be 

able to swing the co l lector away dur ing the init ial heating of 

the sample . It is then poss ible to "cook off" var ious impur i

t ies ( such as  organic r es idues) at low temperatur e ,  without 

subl iming them onto the source mount . 

Most of the procedures for vacuum subl imat ion are t ime 

consuming and have y ields of less than S O% .  P ate and Yaf fe105  

have des igned a system for  subl iming from a cruc ible onto a 

thin f i lm with near ly 100% y ield . Their results suggest that 

it should be poss ible to prepare sources which are not only 

uniform and thin , but also contain a known al iquot of a stock 

solut ion . The poss ibi l it ies of such a technique in the f ields 

of 4�� and alpha-part ic l e  count ing are very promis ing . 

4 .  Electrodepos it ion 

Perhaps the most convenient source mount ing technique , 

except for s imple evaporat ion of a solut ion , is electro

depos it ion . Although it is not , in pr inc iple , as genera l ly 

appl icable as vacuum evaporat ion , it  has enj oyed widespread use , 

espec ially for samples of the heavy-element alpha-part icle 

emitters . Very uniform f i lms can be obtained by th is method , 

rang ing from trace amounts to a few mg/cm2 • 
Because the method is so wel l  suited to the preparat ion of 

alpha-particle sources , extens ive l iterature has been publ ished 

on the electrodepos it ion of the heavy elements . Procedures for 

polon ium , thorium ,  uranium , neptun ium , and pluton ium have been 

reported in the publ ished records of the Manhattan 

Proj ect , 1 1 8 , 1 1 9 , 124  and an art icle by Ko1 2 5  g ives electro

depos it ion procedures for all the act inide elements through 

cur i um .  Where no procedures are avai lable for carr ier-free 

e lectrodepos it ion of a part icular element , informat ion in the 

standard analyt ical and electrochemical texts may be used as a 

guide ; however , as is we l l  known , the carr ier-free element may 

not behave in the same way as do we ighable amounts .  I n  such a 
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s ituat ion , it  may be he lpful to add a sma l l  amount of carr ier 

to avoid these d iff icult ies . 

The apparatus for e lectrodepos it ing on radionuc l ides 

count ing plates has been descr ibed in the l iterature ; for 

examp l e ,  in references 1 1 5 , 1 1 8 ,  1 1 9 , and 124 . Several dev ices 

are ava ilable commerc ial ly . 

5 .  Sources Contain ing Gases 

Samp les of certain nucl ides , notably the rare gases , are 

most convenient ly assayed as gases . The exper imenter may elect 

to introduce the gas into an ionizat ion chamber , proport ional 

counter , or Ge iger counter as a component of the detector gas ; 

or , he may choose to conta in the gas in some way and mount it 

externa l ly to the counter . 

The h ighly spec ial ized and wel l-developed techniques for 

internal gas count ing have been adequately descr ibed in the 

current l iterature , as the l ist  of references g iven by Overman 

and Clark1 1 5  attests . Appl icat ion of the method to the use of 

nuc l ides such as c• • ( as C02 ) has been treated by Tolbert and 

S ir i . 15  

A gas s imply may be  pumped into a conta iner having a thin 

window for the ex it of the part icles to be counted . In sp ite 

of its convenience , this technique is not of ten used for abso

lute count ing because the count ing geometry of such a diffuse 

source is not wel l def ined . If gamma-ray count ing is to be 
performed , a gas sample may be contained by adsorpt ion on a bed 

of act ivated charcoal or on one of the c l athrates . The trap 

requires such th ick construct ion mater ial that beta count ing is 

to be preferred . 

A method for prepar ing thin,  permanent s amples of rare 

gases on metals has been descr ibed by Momyer and Hyde . 126  

In  the ir method the  rare gas  is introduced , a long with nitrogen 

or air  as carrier gas , into a g lass chamber conta in ing two 

electrodes , which may be either two paral lel plat inum plates , or 

a hel ical anode surrounding a central wire col lector ( cathode) 

of p lat inum . A g low d ischarge is struck between the two 

electrodes at a pressure of 1 0 0 - 1 0 0 0  m icrons , tak ing care to 

l imit the current to only 2-3 ma . In  5 minutes it  is poss ible 

to obt a in yields of a few per cent . No detectable loss of gas 

occurs from these sources at room temperature , and they appear 

to be quite thin . 
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6 .  Liquid Sources 

For the beta counting of l iquid samples , the l iquid 

scint i l lat ion method ( Sect ion 1 1 . 2 . )  is ideal . The current 

l iterature may be consulted for the latest rec ipes for samples 

compat ible with the most common solut ion sc int il lators . 

General  informat ion on the subj ect may be found in references 

10 , 1 5 , and 1 1 5 . 

Gamma-ray emitters may be conta ined very conveniently in  

smal l ,  b iolog ical-type test tubes for count ing in a we l l-type 

Na1 (T l) sc int i l lat ion counter ( Sect ion 1 1 . 3 . C . ) . Larger a l i 

quote o f  solut ion may b e  contained i n  centr ifuge tubes o f  up to 

5 0 -ml capac ity ; these may be assayed in h igh-pressure , gamma

sens it ive ionizat ion chambers ,  such as were descr ibed in 

Sect ion 1 1 1 . 5 .  
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