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FOREWORD 

The Committee on N uclear and Radiochemistry Is  one of a n u m ber of 
committees working under the Board on Chemical Sciences and Technology 
of the Commission on Physical Sciences , Mathematics , and Resources of 
the National Academy of Sciences-National Research Counci l .  Its members 
are drawn from academic , Industrial , and government laboratories and 
represent the areas of n uclear chemistry ,  rad iochemistry ,  and n uclear 
medicine. 

The Committee has concerned Itself with those areas of nuclear science 
wh ich  involve the chemist ,  such as the col lect ion and d i str i but ion of 
rad iochemical procedures, specialized techniques and Instrumentation , the 
place of nuclear and radiochemistry In college and u niversity programs , 
the train ing of nuclear and radlochemlsts , radiochemistry In environmental 
science , and radlonucl ldes In nuclear medicine. A major Interest of the 
Committee Is the publication of the Nuclear Science Series of monographs 
on Radiochemistry and on Radiochemical Techniques. In 1982 a third series 
o n  N u c l e a r  M ed i c i n e  was I n i t i ate d .  

The Committee has endeavored to present monographs that will be of maximum 
use to the working scientist. Each monograph presents pertinent Information 
required for radiochemical work with an lndiYtdual element or with a specialized 
tec h n i q u e  o r  w i t h  t h e  u s e  of rad l o n u c l l d e s  I n  n u c l e a r  m ed i c i n e .  

Experts I n  the various subjects have been recruited to write the monographs. 
The U . S .  Department of Energy sponsors the pr int ing of the se ries . 

The current monograph Is one of the series on Radiochemical Techniques 
which grew out of the need for compilations of specialized techniques and 
instrumentation In this field . The Committee Is confident these publications 
wil l  be useful  not only to nuclear and radiochemist& but also to research 
workers In other fields such as physics , biochemistry, or nuclear medicine 
who wish to u se radiochemical  tech n i q ues to solve specific problems.  

Edward S. M a c ia s , C h a i rman 
Co m m i ttee on  N uc l e a r  and Rad ioche m i stry 

iii 
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PREFACE 

Accurate quantitative assay of an alpha- or beta-emitting nuclide by radiometric 

methods has been a problem since the first use of radiation detection methods 

and remains a problem today. Both alpha and beta radiation are 

non-penetrating and are easily absorbed by any sample matrix with which 

the nuclide is mixed or, sometimes, by the nuclide itself. For beta-emitting 

nuclides the problems of sample self-absorption and sample/ detector geometry 

have been attacked by a number of methods including sample dilution, 471 
beta-gamma coincidence counting, internal gas counting, and liquid 

scintillation counting. The use of liquid scintillation for beta counting Is 
very convenient and has been particularly valuable for low-energy beta emitters 

such as tritium and 14c .  These nuclides are extremely valuable tracers 

in biological and biomedical fields, and liquid scintillation Is perhaps the 

most acccurate and certainly the most convenient way to quantify them. 

An Industry has developed around the supplying of equipment and reagents 

for beta liquid scintillation work, and, Indeed, liquid scintillation has become 
Identified with tritium and 14c co unting. 

Attempts to solve the counting problems of alpha-emitting nuclides have 

been concentrated on plate counting methods because excellent alpha energy 

resolution is available with these methods but also because It was possible 

to make the detectors used, gas Ionization chambers and surface-barrier 

devices, insensitive to beta and gamma radiation. Although clean, 

laboratory-generated samples can be counted using beta liquid scintillation 

equipment and techniques, yielding nearly l OOIMI counting efficiency and 

good accuracy, In most other types of samples there are problems with 

energy resolution and with separating the often unpredictable beta- and 

gamma-produced background. However, recent advances In detector design, 

sample preparation methods, and electronic pulse-shape discrimination now 

allow useful alpha spectra to be collected and beta-gamma backgrounds 

to be rejected. Coupling the technology of liquid-liquid extraction with that 

of liquid scintillation has allowed the development of the "extractive" scintillator 

with which the nuclide-of-Interest can be phase-transferred Into the scintillator, 

often without appreciably changing the composition or response characteristics 

of the scintillator. With these developments, practical application of liquid 

scintillation methods to alpha spectrometry is possible, and a broad range 

of potential applications exists for alpha liquid scintillation spectrometry. 

iv 
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I. INTRODUCTION 

Uquid scintillation is an effective method tor alpha counting and is attractive 

for that application because it is a 471 counting method, there are no problems 

of sample self-absorption ( thus counting efficiency for alphas Is virtual ly 

1 OO�Mt> , and because relatively simple methods of sample preparation can 

often be used . However, l iquid scinti l lation has not been used much for 

alpha counting for a number of reasons. First, It was Initially developed 

for beta counting , and the commercially available liquid scintillation equipment 

Is almost exclusively designed for beta counting . Second, because of the 

ways in which alpha, beta, and gamma radiation Interact with the scintil lator 

there Is a problem In controlling the background count level and In knowing 

accurately what that background count Is. Thi rd, there has not been an 

effective way of Introducing the nuclide of Interest to the scintillator without, 

at the same time , Introducing variable amounts of undesirable materials, 

such as water, acids or salts, all  of which have deleterious effects on the 

performance of the scinti l lator. In recent years, however, techniques and 

equipment have been developed for alpha l iquid scinti l lation counting and 

spectrometry that solve many of the above problems, and these methods 

w i l l  be d e s c r i bed I n  l a t e r  sect i o n s .  

It has been known that l iqu id sclntl l lators could be used for the detection 

of a lpha em itters a l most from the i n i t ia l  development  of the method . 

H. P. Kal lmann first demonstrated the use of aromatic solvents contain ing 

dissolved scinti l lator solutes ( fluors>  as detectors for nuclear rad iation In  

1 94 7 .  ( 1 >  Three years later M .  Age no and co-workers reported alpha as 

well as beta and gamma radiation produced scintil lations In xylene solutions 

of naphthalene. (2) In 1 954 Sasson and Steyn further demonstrated the 

u sefulness of l iquid scinti l lation for alpha counti ng .  (3) They devised a 

method of obtaining the absolute disintegration rate of an alpha emitter by 
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taking advantage of the virtual ly 1 001t. alpha counting efficiency of l iquid 

scinti l lation and correcting the accompanying beta-gamma continuum by 

extrapol'!tlng to zero phototube voltage . A brief review of these 

early developments Is g iven in a previous Nuclear Science Series 

publ ication . < 4> 

I n  the years fol lowing , the usefu lness of l iqu id scinti l lation as a method 

of alpha counting and spectrometry has been demonstrated repeatedly and 

with Increasing degrees of sophistication . A common approach to alpha 

l iquid scintil lation counting has been to use the readily available beta l iquid 

sc inti l lation equ ipment. This method Is extremely usefu l  for samples of 

known nuclide purity and known , preferably invariant , matrix composition , 

but samples of u n known composit ion suffer from u n known and variable 

quenching and background. Minimum backgrounds on beta l iquid scintillation 

counters are usual ly of the order of 10 to 20 counts per minute < cpm) 

making this the approximate lower limit of detection with this equipment under 

the best conditions.  Uncertainties In counting alphas by l iquid scintil lation 

methods due to background and quenching are much greater with samples 

of unknown composition. Although some standardization of sample composition 

can be effected by chemical pretreatment , this Is not a practical solution 

In all cases or for all problems associated with alpha counting using beta 

l i q u i d sc i n t i l l at i o n  m e t h od s .  

I n  addition to the variable quenching and background problems of beta l iquid 

scinti l lation spectrometers , the alpha energy resol ution encountered with 

such instruments Is generally poor 1 and methods of Improving energy resolution 
by l iquid scintil lation were sought. This quest has resulted In considerable 

success and has led to the development of detectors and electronics designed 
especially for alpha l iquid scintil lation spectrometry. Using such equipment 

It has been demonstrated < S-7) that useful alpha energy spectra can be 

obtained . although the energy resolution Is not equal to that possible with 

surface barrier detectors and grldded ion chambers using properly prepared 

samples. F igure 1 shows the alpha spectrum of 232-rh and Its daughters 

< not in secular equi l ibrium> obtained by the use of equipment and methods 

for alpha l iquid scinti llation spectrometry of the type to be described In later 

s e ct i o n s  of th is  m o n og ra p h . 
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With appropriate detectors and electronics the l ight output <and alpha peak 

pos ition> of a l iqu id scintillator has been shown to be directly proportional 

to alpha energy to a useful degree over the range 4 to 7 MeV, an energy 

range that Inc ludes the alpha energies of most of the common nuclides 

(see Fig. 2> , 
< 6-S) 

providing the sample/scintillator mixture Is of constant 
compos ition . The use of an organic-phase-soluble complex to Introduce 

the alpha-emitting nuclide to the scintillator provides a method of assuring 
constant sample composition even though the original sample matrices may 

be very different and also al lows a samp le havi ng advantages In energy 

resolution. < 6-9> Even better energy resolution results from the use of an 

all-organic scintillator containing no aqueous-phase-accepting components 

but containing a solvent extraction or phase-transfer reagent. Thus, the 

nucl ide can be Introduced to the scinti l lator via l iqu id-l iqu id extraction 

techniques. < S-7 • 10• 11> 

The use of a sample of optimum size has been shown to be desirable for 

effective alpha energy resolution ( 6, 7 • 12> along with efficient light collec1ion 

and reflection to the phototube . Also , min imizat ion of refractive Index 

Interfaces In the l ight col lection system contr ibute markedly to the abi lity 
to obtain useful energy resolution. <5-7, 12-14) 

Because of the fact that beta and gamma radiation also produce l ight i n  

l iquid scintil lation systems, and more effectively than does alpha rad iation , 

the background contribution from accompanying beta-gamma radiation, from 

beta-gamma emitting nucl ides Inadvertently Incorporated Into the scintillator 

with the alpha nucl ide , and from gamma radiation from externa l sources 
has a lways been a serious problem in alpha l iqu id scinti l lation methods.  

Resulting beta-gamma backgrounds are variable , and rel iable methods of 

predicting and subtracting them are not available. Chemical separations 
of unwanted nuclides and graphic or computer-aided stripping of the beta

and gamma-produced continuum from the alpha peak are both useful aids 

in dealing with beta-gamma background, but effective use of liquid scintillation 

for low- level count ing was not possib le  unt i l  methods of electron ical ly  

discriminating between beta- and gamma-produced pulses and alpha-produced 

pulses and reject ing the former were developed. < 1 3• 15-17> Electron ic  

Copy r i gh t  ©  Na t i ona l  Academy  o f  Sc iences .  A l l  r i gh t s  r ese rved .
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pulse-shape discrimination allows controlled background count levels 

a p proaching those a t ta inab le  with surface-barrier d etectors. 

A variety of levels of sophistication In alpha counting and spectrometry are 

possible using the developments referred to above. With beta liquid scintillation 

equipment and methods, energy resolution of about 1 .  o MeV full peak width 
at half maximum height ( FWHM> and a lower limit of detection of about 

1 0  cpm is possible. With detectors and electronics designed for alpha 

liquid scintil lation work, energy resolution of about 250 keV FWHM (for 

a 5 MeV alpha> and a lower limit of detection of 1 cpm is currently attainable. 

The addition of electronic pulse-shape discrimination allows the limit of 

detection to be lowered to 0 .  0 1  cpm or lower. These methods, and the 

results obtainable from them, will be examined in more detail in Sect. Ill 

of this monograph. 

The material In the following sections Is Intended to be a practical Introduction 

and guide to the use of liquid scintillation for alpha counting and spectrometry. 

Other works devoted to the development of the theory of liquid scintil lation 

exist (see for example Refs. 1 9-2 1 > and a minimum of such material is 

repeated here. Much remains to be learned and many improvements remain 

to be made I n  the use of liquid scintillation for alpha counting and 

spectrometry. It Is hoped that this modest work will encourage others to 

co n t i n ue developme n t  in  the fie ld. 
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I I .  FACTORS INFLUENCING THE EFFECTIVENESS 

OF LIQUID SCINTILLATION FOR ALPHA SPECTROMETRY 

A .  RA D I AT I O N  I NT E RACT I O N  WITH T H E  S C I NT I LLATO R  

The scintillator, basically a solution of a fluor I n  a n  organic solvent, responds 

differently to alpha radiation than to beta or gamma radiation . Ionizing 

radiation passing through a liquid scintillator leaves a trail of excited molecules , 

ionized molecules , radicals , and molecular fragments .  Interactions are 

primarily with solvent molecules since they comprise by far the largest mole 

fraction in the solution and therefore the largest fraction of molecules in  

the path of  the radiation . As soon as the ionized trai l  is produced in the 

solution , processes beg in that dissipate the deposited energy. These include 

ion recombinations,  ion-molecule reactions,  and energy transfer. Energy 

transfer can be to a molecule that emits l ight < either directly or indirectly 

through other molecules> or to molecules that dissipate energy In nonradlative 

processes such as molecular vibration . Excited molecules can exist In any 

of several energy levels  depending on the kind and degree of electron 

promotion , and these are referred to as s,, S2, Ss, etc . i n  o rd e r  o f  

I n c reas i n g  exc i ta t i o n . 

1 .  D i ffere n ces Due to Type of Rad l a tjo n 

The type of excitation produced and the density of the Ionized molecules 

or fragments produced Is different < 1 > for the d i fferent  kinds of Ioniz ing 

rad iation . Beta and gamma radiation tend to produce excited or Ionized 

molecules while alpha radiation tends to produce more radicals and molecular 

fragments . The specif ic ion ization < n u m ber of Ions produced per un i t  

path-length> for gamma radiation and beta particles Is  much lower than 

Is that of alpha particles. The path length within the scintillator for penetrating 

gamma radiation is  usua l ly determined by the boundaries of the sample 

container. The path length for 0. 48 MeV beta particles < electrons> In the 

scinti l lator Is approximately 1 650 micrometers and that for 5. 0 MeV alpha 

particles Is approximately 50 micrometers. Gamma radiation and beta particles 

produce mainly s inglet cs, > exc i ted molecules whereas a lpha partic les 
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produce a larger proportion of triplet excited < Ss> molecules and other 

charged molecular fragments and Ions. Triplet-excited molecules, molecular 

fragments, and Ions discharge their energy more slowly than do singlet-excited 

molecules. The process appears to be diffusion controlled and requires 

200 to 300 nsec while energy discharge by singlet-excited molecules requires 

only 1 to 2 nsec. These effects result In a situation In which a much larger 

part of the energy produced by alpha particles Is lost to nonradlative processes 

than of that produced by beta or gamma radiation. Losses of this type have 

been referred to as "dynamic quenching".  ( 2, 3) 

The phenomena referred to above produce two effects that are Important 

In  alpha liquid scintil lation methods. First, the l ight-output/particle-energy 

relationship Is different for the different radiation types. Gamma radiation 

and most beta particles are more effective In producing l ight  than alpha 

particles. If  we compare a 5 MeV alpha and a 0.  5 MeV beta, we find that 

they produce about the same amount of l ight In a l iquid scintil lator ( Fig . 

3 >  . Second , the durations and shapes of alpha-produced l ight pulses 

..J 
LU 
z 
z 
<X 
:I: u 
a: 
LU 
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� 
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ORNL·DWG 115-111080 

5 MeV a 

CHANNEL NUMBER 

Fig. a Comparison of the Spectra Produced by a 5.0 MeV Alpha and a o.s MeV 
Beta. 
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are different from those produced by beta and gamma rad iation . The 

alpha-produced pulse dies away and returns to zero more slowly than the 

beta- or gamma-produced pulse.  This latter d ifference al lows electronic 

discrimination between alpha-produced and beta- or gamma-produced pulses, 

a very Important capability in alpha liquid scintillation spectrometry . It should 

be noted, however, that below about 200 keV the efficiency of light production 

by beta particles decreases ( see Sect. 5 below> . Thus the interference 

from low-energy betas and conversion electrons is not as severe as it 

o t h e rwi se  m i g h t  be . 

2 .  E n e rgy Tran sfer to F l uor 

After production of the Ionized material by the charged particle, the energy 

of ionization , in itially largely in the solvent molecules, must be transferred 

to the fluor molecules where light can be produced. Although energy transfer 

can occur directly from solvent to fluor, the addition of a substance containing 

a h igh concentration of 11 electrons , such as naphthalene , Improves the 

efficiency of energy transfer. Even with an energy transfer promoter, the 

total energy transfer is only a small fraction of that deposited In the scintillator. 

The energy output as light amounts to only about 0. 041M1 of the total energy 

deposited by beta or gamma radiation in the 0 .  4 to 0 .  7 MeV energy range 

or 0. 0041M1 of that deposited by alpha radiation in the 4 to 7 MeV alpha 

r a n g e .  

Gamma energy: Because of the difference in interaction and light production 

by the three types of radiation , the effective pulse-height distribution produced 

by each is different. Penetrating gamma radiation deposits a quantity of 

energy depending on the gamma-ray path length and energy. Low energy 

gammas deposit a larger fraction of their  energy in  the scinti l lator than 

do high energy gammas. The general type of pulse-height ( energy> spectrum 
produced In a l iqu id scinti l lator by gamma energy Is shown in Fig . 4a . 

The exact shape of the curve will depend on the energy distribution of the 

gamma source and whether It Is internal or external to the scintillator, that 

I s ,  the amount of energy absorbed before It reaches the scintil lator; but 

the general shape Is that shown , and the entire range of ordinary alpha 

e n e r g y  re s p o n se Is covered . 
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Beta energy is usual ly completely absorbed withi n  the sci nt i l lator and Its 

container.  The l ight output is proportional to the beta energy with in the 

range of energies of usual Interest; thus, a meaningful energy or pulse-height 

spectrum is obtained; however, the energy distribution for individual betas 

Is from zero to Its maximum energy producing a pulse-height spectrum l ike 

that shown in Fig . 4b.  Some beta pulses are always of such low energy 

that they do not produce sufficient l ight to be detected by the phototube ; 

thus, the spectrum falls to zero before zero beta energy is reached . Note 

that the scale on the abscissa covers 0 to 6 MeV alpha energy response , 

and we have shown the spectrum produced by a 0 .  6 MeV beta . Thus , 

as  was the case with the gamma-produced spectrum, the alpha response 

r e g i o n  i s  c ove red . 
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Alpha energy is  a lso completely dissipated within the scinti l lator and Its 

conta iner , and as was noted in the introduction ,  the pulse-height in a n  

alpha l iqu id scinti l lation spectrometer Is  proportional to the alpha energy 

In the energy range of the common alpha-emitting nuclides within experimental 

accuracy of the detection system . Al l  of the a lpha decays that occur In 
the scintillator are detected. Some of the alpha decays that occur within 

50 micrometers of the sample vessel wail and go toward the wall wil l  deposit 

some or all of their energy in the glass. The magnitude of this ''wall effect'' 

has been estimated for various size conta iners .  For a 1 .  5 em diameter 

vessel with 1 em depth of scinti l lator , a partia l and total energy loss of 

0. 4% of the alphas has been estimated . < 4> For smaller containers , -a 
mm in diameter by 2 em high , the wall  effect can be estimated at 0. 6%; 

however, some of these events are found in the low-energy tail  of the alpha 

peak , and these can be inc luded by integrating that ta i l .  l h le < 4> h a s  

reported experimental wall losses less than 0 .  liM!. At Oak Ridge an attempt 

was made to determine the experimental wall loss using a Bureau of Standards 

sample of u3o8 c Standard Reference Material 950b> • Six separate weighed 

aliquots of a gravimetrically prepared solution of this standard were equilibrated 

with an extractive scintil lator C see Sect. I l l  C>  in the vessel shown In Fig . 

1 9 . The results of the average of the 6 samples was 0 .  321M! less tha n  

the standard value g iven . The standard deviation of this set of samples 

was 0.  058% of their mean . The accuracy with which the standard sample 

value was known was given as :t:O. 02% . Taking a l inear combination of 

the uncertainty of both the standard and the counting indicates that between 

0.  3 1 1M!  and 0.  46% of the counts are lost in  col lisions with the wall of the 

sample tube. This gives an efficiency of counting between 99 . 69% and 

99. 54% .  Using the mean of both the standard and experimental  values 

gives a c o u n t i n g  eff i c i e ncy of 9 9 .  6 8 % . 

3 .  A l p h a  Energy Resolution 

On Fig . 4c the l iquid scintil lation spectrum of a hypothetical 5 MeV alpha 

is plotted as it would appear on an alpha l iquid scintil lation spectrometer. 

The ful l  peak width at half maximum height C FWHM> shown here Is 250 

keV, a degree of alpha energy resolution attainable with presently available 

scint l l lators , phototubes , and electronics . It is not known whether this 

is the ultimate resolution possible with liquid scinti l lators or not , but It i s  

about the  best obtained by several workers . < S-B> F u rt h e r , I t  I s  n ot 
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certain  what factors l im it the attainable resolution . Percentage-wise , the 

200 to 300 keV resolution for 4. o to 6. o MeV a lpha radiation is sl ightly 
better than that attainable for gamma radiation with a sodium Iodide crystal 

and phototube suggesting that the reproducibi l ity of the phototube output 

for a g iven l ight input determines the peak width . The characteristics of 

the phototube that may l imit pulse reproducibility for a given amount of l ight 

are photocathode nonuniformlty and the statistical scatter of size of the electron 
cascade initiated by photons striking the photocathode. The latter is known 
to be an I mportant factor l im it ing the Intrinsic response variations In the 

phototube. < 9> These considerations suggest that better resolution could 

be obta ined with a more sensitive photocathode despite the fact that the 

extra sensitivity Is not needed for detection of the large,  a lpha-produced 

l ight pulse. They a lso suggest that the development of a photocathode 

of more uniform sensitivity would allow improved resolution . Gamma, X-ray, 

and conversion electron < see 5 below> radiation In  coincidence with alpha 

pulses can change the shape of the observed a lpha peak somewhat and 
affect the FWHM slightly , usually less than 1 01ft .  Peak position appears 
to be affected ve ry l i t t le. 

4. Composite S pect r um 
The d ifferent Interactions of the three types of rad iation with the l iqu id  

scintillator that are described above produce an effect that is  very unfortunate 

for alpha spectrometry by l iquid scinti l lation . Fig . 4d shows the effect of 

combining In one scintil lator-sample a gamma emitter , a beta emitter , and 

an  alpha emitter. The a lpha peak now sits atop of what may be cal led 
a beta-gamma conti n u u m .  Th is  phenomenon Is the or i g i n  of serious 
beta-gamma I nterference with a lpha cou nting and spectrometry by l iqu id 

scint i l lat ion methods and Is  perhaps thei r most serious s ingle problem . 
Meth o d s  of d ea l i n g  wit h  t h i s  p ro b l e m  w i l l  be d e s c r i b e d  l ate r .  

5. Conve r s i o n  E l ectro ns 

I n  the majority of a lpha-emitt ing nucl ides not a l l  of the a lpha emissions 
a re of sufficient energy to leave the daughter nucl ide Immediately In the 

ground state < see Appendix lv> . Thus , most alpha spectra consist of a 

group of alpha energies that differ by a few KeV. These may be seen using 

careful ly prepared samples and high-resolution surface-barrier or grldded 

ion chamber detectors. Typical ly ,  a small fraction of the a lpha decays 

leave the daughter nuclide In the ground state while a much larger fraction 

leads to various excited states of the daughter nuclide. The excited nuclei 
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then go to the ground state with the release of gamma radiation , conversion 

and Auger electrons , and x-rays. The half- l ives of these excited states 

are very short, usually of the order of a few nanoseconds or less and thus 

are within the time resolution period of the scintillator and detector. Under 

these cond itions one cou ld expect that whatever l ight output resulted from 

the photon and electron components of the decay would be combined with 

that produced by the alpha decay. Since photon and electron decays produce 

l ight more effectively than do alpha particles , these summation pulses would 

be expected to be larger < co l lected in h i g her-energy channels  of the  

multi-channel analyzer , MCA> than the primary < ground-state-going> alpha 

p u l se .  

lol n 
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Fig. 5. Experimental and calculated Liquid Scintillation Alpha Spectra of 2l49cf: 
a. Experimental (PERALS) spectrum. b. calculated using a semi-theoretical model 
for conversion and Auger electrons, which assumes that they are u effective 
In l ight production u are beta particles (photons Ignored). c. catculated with 

a similar model In which the curve of (a) was uaed to evaluate the parameters 

(photons Ignored). d. The same model for the electrons u In (c). with abo a 

semi-theoretical model for gammas and x-rays, the curve of (a) again being 

used to evaluate the parameters. 
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This "conversion electron effect" would be expected to produce shoulders 

or tailing on the high energy side of the liquid scintillation peak. Many 

actual liquid scintillation alpha peaks are slightly skewed to the high energy 

Crlght> side, but It Is often difficult to detect this skew by observation of 

the spectrum on the MCA. 

Observation of actual liquid scintillation alpha spectra suggested that the 

light produced by conversion electrons was not as great as that which 

might be expected assuming the conversion electrons were as effective as 

beta particles In the 0. 4 to 1. 0 MeV energy range. The Information available 

In the literature on the actual light-producing efficiency of low-energy 

electrons or betas Is scant. It Is known, however, that light production 

efficiency In anthracene decreases below 200 keV, OO> and at 1 keV the 

efficiency Is about the same as that of a 4 MeV alpha. C 11 • 12> 

Figure 5 shows actual and calculated( 13> peaks for 249Cf, a nuclide In 

which the effect of conversion electrons Is large. In this figure, the ordinate 

"Relative Intensity'' is scaled so that the area under the peak Is approximately 

unity. Figure Sa Is the actual experimental c PERALS spectrometer> 

spectrum. The other three spectra were calculated from 

compiled( 14• 15> decay diagrams and data by means of a computer program 

written to develop the cascade of all significant paths to the ground state 

in terms of subdivided probability fractions and accumulated "effective energy'' 

increments. The Guasslan curve for the Individual Cfractlon, energy>-palrs 

were then summed by the program to give the total peak. Figure Sb Includes 

the calculated effects of conversion and Auger electrons C but not photons> 

by means of a model based on the electron/ anthracene data compiled 

by Brooks 0956, quoted In Fig. 6. 1 of BlrksC16>>. The satelite peaks 

that result from shifts of electron-affected pulses to unrealistically high energies 

show that the conversion and Auger electrons must be considerably less 

effective than "Independent'' beta particles in light production. It seems 

reasonable that the explanation for this low light-producing efficiency Is the 

same as for alpha particles, I. e., "Ionization quenching"; C2,3> that Is, 

quenching by the same high density cloud of Ionized and excited molecules 

produced by the nearly coincident alpha particle. Since the foregoing model 
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does not reproduce a realistic spectrum, It was modified by adjusting its 

parameters In an attempt to fit the actual spectrum. In Fig. 5c the ratio 

of light-producing effectiveness of electrons to that of alphas was taken 

as: 

1 forE • 0 . 0 0 1 M eV, 

C 1 000E> 0 . 29 1 49 for  E = 0 . 00 1 to 0 . 2 5 0 , Inclusive, 

and 5 for E � 0 .  2 50 . 

Comparison of the resuhlng curve, Fig. 5c, with 5a shows that the shoulder 

is not high enough nor flat enough, presumably because the contribution 

from photons Is still missing. It is almost certain that high-energy gammas 

escape from the small sample vial without much interaction. A model 

for the fraction absorbed was developed from attenuation data In water 

and carbonC14> and adjusted quantitatively to fit the actual spectrum: 

Fraction of photons absorbed: 

= 1 - C 0 . 67 + 0 . 02 5 In e < L-0. 8E> , E • 0 . 4 M eV 

= o. ooa 5 ce-1 · 86> ,  o. 4 1. e 
Effective Ephoton I Ealpha = 2. 5 

where L Is the mean path length within the scintillation sample; with the 

vial and sample size used for 5a It Is estimated to be 0. 43 em. A spectrum 

calculated from the completed model is shown In 5d. It Is considered 

that this model reasonably satisfactorily "postdicts" the actual spectrum. 

The following general observations about the effect of conversion electrons 

<etc . > on alpha liquid scintil lation spectra can be made: 

1 > For a single pure nuclide there will be no effect on the total alpha 

count recorded. The gamma- or electron-produced pulse either adds light 

to that of the "parent" alpha pulse, making no change In the count, or 

the light appears as separate low-energy beta-gamma-type pulses. If the 

latter Is true it is rejected either by energy or pulse-shape discrimination. 

2> The alpha liquid scintillation peak for each nuclide will have Its own 

unique shape. While several alpha liquid scintillation curves have been 
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calculated, the result of these calculations must, so far, be considered 

tentative. C 13> The semi-theoretical model developed for approximating the 

shape of liquid scintillation spectra has not yet been refined by fitting to 

a sufficient number of actual spectra. 

3) It Is often difficult to judge visually whether an alpha liquid scintillation 

peak Is  symmetrical or not. 

4> In estimating the areas of partially merged peaks by doubling the outer 

half of each peak, a larger error Is usually Incurred In locating the peak 

maximum than Is contributed by the peak asymmetry. 

In practical analytical work we have never encountered a situation In which 

conversion electrons caused a problem, although It seems reasonable that 

shoulders like those on 249et could be mistaken for a contaminating alpha. 

For analyses based on standards, It does not appear likely that conversion 

electron effects will produce problems. In the Identification of nuclides, 

they could cause problems If comparison spectra of pure nuclides are not 

available. At present, obtaining standard spectra is hindered by difficulties 

i n  obtaining C radiometrically> pure nuclides. A program of obtaining and 

publishing high-resolution liquid scintillation spectra of all the alpha-emitting 

nuclides would be a valuable project.  

The values of calculated percent peak assymmetry given In Appendix iv will 

be of value in the Interpretation of some liquid scintillation spectra, although 

it should be noted that not all the calculations were done using the model 

tested against actual spectra. The assymmetrles calculated by the simple 

model considering only conversion electrons will be larger than those shown 

by experim entally produce d spectra. 
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B. S C I N TI L LATO R / SA M P L E  CO M POS I TI O N  

1 .  Aqu e o u s  Accept i n g Sci n ti l lato r 

A g reat variety of l iqu id  scint i l lat ion "cockta i ls"  exist , the i r  composit ion 

depending on their purpose. Aqueous-accepting sclntillators generally contain 

alcohol or dioxane to facil itate the incorporation of aqueous samples In  the 

toluene solution of organic fluor. Sometimes they also contain a detergent 

for th is  purpose . Such sclntl l lators can be successfu l ly used for alpha 

liquid scintillation work when aqueous samples of known composition containing 

a single nuclide are to be assayed. The best energy resolution is not poss ible 

with these sclntll lators nor is effective electronic beta-gamma discrimination 

p o ss i b l e .  

2 .  Aqu e o us I m m i s c ibl e Scjn t i l l ators  

All-organic sclnti l lators contain no aqueous-accepting components and are 

therefore usual ly more efficient l ight-producers . Radlonuclides must be 

Introduced to these sclnti l lators as organic-soluble compounds . A number 

of workers have Introduced alpha-active nuclides to all-organic sclntillators 

as complexes with compounds normally used as liquid-liquid extraction 

reagents . <4-8, 1 1- 1 9> Examples of such organic-phase solu ble 

complexers are bis C 2-ethylhexyl >  phosphoric acid , trioctylphosphlne oxide , 

various high molecular weight amine salts, and high molecular weight branched 

c a r b oxy l ic  a c i d s . 

A further development arising naturally from I ntroducing nucl ides Into the 

scintillator via extractants was to Include the extractant as part of the scintillator 

solution . C 5 ,  2o-23> This al lows extraction of the nuclide directly Into the 

scinti l lator from an aqueous sample. Such extractions can be quantitative, 

can concentrate the nuclide 1 0-fold or more , and can often be reasonably 

selective for the nuclides or group of nucl ides of Interest. These effects 

a l low reduction of backg round a n d / or quenching problems and permit  

I n c re a s e d  se n s i t i vity of  n u c l i d e  d etect i o n .  

Quenching : In any sample-conta in ing scint i l lator solut ion , any of the 

components I n  the  mixture can  profo u n d ly affect Its l i g ht-p rod u c i n g  

characteristics. In  the scintil lator solution , energy I s  first Imparted to the 

solvent molecules by Ionizing radiation and then must be transferred to the 
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fluor,  and the fluor must emit l ight which must leave the sample and act 

upon the photocathode of the multiplier phototube to produce the pulse that 

is counted. Quenching , as the term is commonly used, refers to interference 

with any of the steps of energy transfer. Some,  but not al l , of the ways 
i n  w h i c h  t h i s  c a n  occ u r  a r e :  

1 > the solvent molecu le  fa i l s  t o  transfer energy t o  the scint i l l ato r ;  

2>  the excited scint i l lator transfers its energy to a non-light-producing 

m o l e c u l e ; 
3> the light is absorbed in the solution before it can reach the phototube. 

C Processes 1 and 2 can be cal led chemical quenching while process 3> 

c a n  be c a l l e d  c o l o r  q u e n c hi n g . >  
4> energy transfer is interferred with by a high concentration of ionized 

or fragmented molecules. This has been referred to as "dynamic or ionization 

q uench ing .  C 2 , 3 ,  1 6> 

A fifth kind of quench ing , less commonly mentioned , may be cal led 

"Inclusion quenching" and occurs when radioactive atoms are included inside 

solid particulate or colloidal material .  This phenomenon does not occur  
often but  can  result i n  count loss in  alpha as wel l  as beta counting . It 

should be suspected when alpha counting does not approach very close 

to 1 00IMI efficiency. Al l  of the other quenching mechanisms resu lt only 

in  a shift of the alpha peak to the left on the energy or pulse-height scale. 

Interference with energy transfer to the fluor ,  l ight production by the fluor, 

or l ight transmission to the phototu be by the extractants themselves can 

be minimal . In general , cation exchangers such as alkyl/aryl phosphoric 

and  carboxylic acids produce almost negligible quenching effects , amine 

sulfates are low quenchers , but amine nitrates and chlorides are very severe 

quenchers. The quenching properties of neutral extractants such as tributyl 

phosphate and trioctylphosphlne oxide depend strongly on the aqueous medium 

from which the extraction is made since they extract acids; and if that 

med ium is acid nitrate or ch loride , these acid anions introduced to the 

scinti l lator can cause severe quenching . Fig . eC 24> shows the 
q u e n c h i n g  c h a ract e ris t ics  of seve ra l  u sefu l ext ra c t a n t s. 

Water,  oxygen , heavy metals,  most chlorine-containing compounds , and 

many oxygen-containing compounds are usually called chemical quenchers; 

colored compounds, especially blue and uv absorbers, are color quenchers. 

I n  addition to causing a decrease In  l ight output , most chemical 
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quenchers affect the l ight pu lse duration and tend to shorten the pu lses 

and decrease the difference between beta- and gamma-produced pu lses 
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Fig. 6. The Quenching Effect of Various Extractants: TBP = tributylphosphate. 

TOPO = trioctylphosph ine oxide, OOAS = didecylamine sulfate, 1NDS = 

1 -nonytdecylamine sulfate, TOACI = trioctylamine chloride, and TOAN� = 

trioctylam ine n itrate. 

and a lpha-produced pulses. This occurs partly because the triplet-excited 

molecules interact preferentially with quenching molecules because of their 
long half- life . Thus , chemical quenching is  detrimenta l  to any attempt 

to separate alpha from beta-gamma pulses by pulse-shape discrimination .  

I n  alpha counting and spectrometry by liquid scintil lation , quenching usually 

does not result in  a loss of counts as it does in beta counting < although 

this can happen in very severe chemical and color quenching and in inclusion 

quenching> ; but the light output, and consequently the pulse-height response ,  

of th e  scintillator i s  decreased , and i n  addition , th e  alpha energy resolution 

and pulse-shape resolution capabil ities of the scinti l lator are decreased. 

Thus in order to obtain  the maximum amount of information < pulse-height 
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2 1  

and pulse-shape> from the scintil lator,  the amount of quenching substances 

I n  a sci n t i l l a t o r  s h o u l d  b e  kept to a n  a b so l u te mi ni m u m .  

3 .  E ffects  o f  F l u o r s  

Th e  quantity of useful light produced by a scintillator for a given alpha energy 

is strongly dependent on the type of fluor and Its concentration. Increasing 

the concentration of the fluor Increases the light output up to a point , after 

which adding additional fluor often results In less light production , an effect 

u s ual ly attributed to self quenching by the fluor < see Fig . 7 > . <25> The 

a: 1 80 
It! 
i 
...J 1 60 

� 5 1 40 
� 
<l 
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1 20 
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FLUOR CONCENTRAT ION ( g / L l  

Fig. 7. Relative Pulse-Height Produced by Three Sctntlllators u a Function of 

Scintillator (Fluor) Concentration: The nuclide used wu 233u. 

relative light-producing efficiency of severa l sclntl l lators , < 26> with and 

without naphthalene present as an energy transfer promoter Is  Indicated 

by relative peak position In Table 1 .  These comparisons were a l l  made 

at the same Instrument gain settings . Thus , these numbers are a direct 

measure of the relative l ight production by the various sclntl l lators and have 

a direct relationship to the energy resolution obtainable with that scintillator 

s ince energy resolution Is d i rectly proportional to the square root of the 

q u antity of light col lected by the phototube < see fol lowing section >  . A 

somewhat more direct measure of differences In  resolution produced by 
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FQr 

FQr 

Fluor 

TABLE 1 

Peak Position and Peak Separation Comparison 

for some Commercial ly Available F luors based on 

238-ZMu Alpha Peaks 

Normalized Relative Peak/Val ley 

Peak Position C Ch .  No. > Height Ratio 

FI!,!Qr fiiQnl C 4 g/ U In  TQI!.!Inl 

PBBO 2 . 82 2. 70 

Butyl PBD 2. 76 2 . 6 1  

PBD 2. 76 2 . 60 

PPO 2 . 82 2. 1 1  

aN PO 2 . 00 2 . 27 

BBOT 1 .  7 1  1 .  72 

PO POP 1 .  00 1. 30 

Bis MSA 1 .  59 1 .  62 

DPA 1 .  23 1 .  35 

FI!,!Qr C 4g/!.,) + NaehU!flllnl ( 2QQ g/!.,) jn IQI!.!Inl 

PBBO 3 .  1 8  3 .  78 

Butyl PBD 2 . 53 2 . 83 

PBD 2 .  1 2  1 .  9 1  

PPO 2 . 47 2 . 50 

aN PO 2 . 4 1  2 . 5 1  

BBOT 2 . 29 2 . 6 1  

PO POP 2 . 4 1  2 . 76 

Bls MSA 1 .  7 1  1 .  73 

DPA 1 .  7 1  1 .  73 
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the various sclntl l lators I s  the peak t o  valley height ratio In  the spectra . 

1 hese ratios are also shown In  Table 1 .  This work was done about 1 5  

yea rs ago . a n d  I t  I s  poss i b l e  that  more effective f luors now exi st .  

4. E n e rgy T ra n sf e r  Age n ts 

The . addition of naphthalene. substituted naphthalenes . and similar aromatic 

compounds to the scinti l lator solution Increases the efficiency of the transfer 

of energy from the solvent to the fluor. In the case of naphthalene. the 

l ight output of the scintillator solution c at constant Instrument gain> Increases 

up to saturation c Fig . 8> . From the relationship between l ight Intensity 

and resolution c see Sect . C> • an increase In resolution with I ncreased 

180 
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i Z I&O  
.J 

I 
� 150 
;: 

� 
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Fig. 8. The Effect of Naphthalene on the L ight Output of a Fluor 
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l i ght  i ntens ity wou ld  be expected . There Is  a smal l  I ncrease i n  peak 

separation varying from 26 channels with no naphthalene to about 33 channels 

at high naphthalene concentration ; however,  it Is not possible to attribute 

this increase in peak separation solely to a resolution increase since there 

I s  a n  ove ra l l  i n c rease I n  g a i n  that can a lso p rod uce I n c reased peak 

separation . There does , however,  also appear to  be an improvement in  

the abi l ity to resolve alpha pulses from beta and gamma pulses due to the 

naphthalene. The time spectra shown In Fig . 9 show the time separation 

in a scinti l lator without naphthalene < Fig. 9a> compared with one containing 

2 0 0  g /  L of n a p ht h a l e n e  < F i g .  9 b > . 
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I t  should be  remem bered , however ,  that under  the best cond itions ,  the 

overall transfer of energy from the ionizing radiation to the fluor Is not efficient; 

and the factor of approximately 1 0  In the efficiency of l ight production by 

betas and gammas over that by alphas remains a serious problem in l iquid 

scinti l lation counting in that alpha , beta , and gamma radiation al l  produce 

pu lses that over lap In the same reg ion < see Sect. II A> • Scint i l l ator 

com positions appear to have l ittle or no effect on the ab i l ity to separate 

alpha pulses from beta or gamma pulses by energy resolution . As noted 

above , however ,  the add ition of naphthalene does improve the abi l ity to 

electron ical ly d iscrim inate between a lpha and beta or gamma pu lses on 

the b a s i s  of  p u l se d u ra t i o n . 

5 .  D l l u e n ts 

In  general , aromatic d i luents appear to be m uch superior to other types 

In l iquid scinti l lation systems. A variety of aromatic compounds have been 

tested as re p lacements  for to l u e n e .  These have i n c l uded xy l e n e s , 

trlmethylbenzenes , and various substituted naphthalenes . < 26-28> These 

solvents showed small Improvements over disti l led-In-glass toluene saturated 

with naphthalene In solvent and energy transfer characteristics . Since pure 

toluene Is readi ly avai lable , the advantages In Improved performance have 

generally not been considered worth the additional expense and trouble In  

m o st p ra c t i c a l  a p p l i cat i o n s .  

6 .  M ixed F l yo r s  

Sclnti l lators containing mixtures of fluors that have been tested were always 

less effective In pulse-height response than the best single-fluor sclntl l lators. 

Thus , mixed fluors are probably not an advantage In alpha liquid scintil lation. 

Their  purpose Is to shift more l ight Into the sensitive region of the phototube 

when the amount of l ight ava i lable Is very smal l , as In tritium counting .  

Alpha particles produce much more light than tritium betas, and In addition , 

modern phototubes respond to shorter wavelength light than those that were 

ava i l ab l e  when most beta l i q u id scint i l l at ion cockta i l s  were developed . 
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C. SAMPLE/ REFLECTOR/ PHOTOTUBE GEOMETRY 

Efficient l ight production is not as necessary for alpha counting as for soft 

beta counting from the viewpoint of counting efficiency. It is relatively easy 

to obta in  l ight col lection sufficient to a pproach 1 00% counting efficiency 

with a lphas ; but s ince the energy resol ution depends on the amount of 

l i g ht per p u l se received by the phototu be , accord i n g  to the equ ation : 

A =  k ..pi  

where n represents the number of photons col lected , efficient l ight collection 

is Important In l iquid scinti l lation alpha spectra if spectra of useful resolution 

are to be obtained . Thus , in  order to obtain the best energy resolution 

In l iqu id  scinti l l ation an efficient sci nti l l ator and reflector are necessary. 

1 .  P h otot u be C h a racte r i s t i c s  a n d  P o s i t i o n i ng 

Commercial beta l iqu id scinti l lation equ ipment usual ly has dual phototubes 

facing each other with the sample supported between them < F ig . 1 0> . 
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Fig. 10. The Uaual Sample/Phototube Armlgement in a Beta Liquid Scintillation 

Spectrometer 
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A clear plastic material commonly serves a s  a light pipe between the sample 

and the phototubes , and sample changing mechanisms usually necessitate 
an  air gap between the l ight pipe and the sample vial .  Refractive Index 

discontinuities with the attendant light refraction and scattering at these points 

causes the loss of some light resulting in broadening of line width and loss 

of pulse-shape information . These losses do not appear to cause problems 

in beta counting and spectrometry but do cause serious peak broadening 

and pulse-shape d istortion if alpha spectrometry Is  attempted with th is 
equipment. Numerous attempts to modify beta l iquid scintil lation equipment 

to o b ta i n  g ood e n e rgy a n d  p u l se - s h a pe reso l u t i o n  h ave fa i le d . 

Whereas dual phototubes and phototube cool ing are a necessity for very 
soft beta counting < such as tritium betas> by l iqu id scinti l lation , they are 

not necessary for alpha counting and spectrometry. Random , low-energy 

pu lses produced by thermal electrons interfere with tritium counting , but 
such pulses lie below the pulses produced by even 3 MeV atphas. Thus 

a simple detector comprised of one phototube and a reflector/sample-holder 

a p pears to be q u ite adequate for a lpha l i qu id scinti l lation spectrometry .  

A cross-section drawing of such an arrangement may be seen in Fig . 1 1 . 

SLOT OR HOLE 
TO RELEASE 
TRAPPED A I R  

PHOTOTUBE 

RTV S I L I CONE SEAL 

RESE RVOI R FOR 
OI L OVERFLOW 

SAMPLE I N  
75 -mm x 10 -mm 

CULTURE TUBE 

PA I R  OF POS I T I ON I NG 

P I NS I N  REFLECTOR 

WHITE REFLECTI NG 

SURFACE 

CAVITY FI LLED 
W I TH SI L I CONE OI L 

Fig. 11. Crose Section ot a Single-Phototube Detector/Reflector/Sample Holder 

fou n d  Su itable tor Alpha L iq u id  Scint i l lation Spectrometry 
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Two fac ing phototubes can be sl ightly more effective in l ight collection 

than a s ingle phototube , but the difference between two phototubes and 

a s ingle phototube with a wel l-designed reflector is very smal l .  < 29> 

Dual  phototubes involve problems of phototube matching and summation 

circuits that are best avoided since they can cause degradation of spectral 

a n d  t i m i n g  i n fo r m a t i o n . 

The spectral  match between the l ight output of the fluor and the sensitivity 

of the phototube is a lso very i m portant .  As much of the fl uorescence 

spectrum of the fluor should fall within the sensitivity curve of the phototube 

as possib le.  This is not as difficult  to accompl ish as formerly because 

of the wide spectral response of phototubes now avai lable.  Suppliers of 

phototubes generally provide spectral response curves for their products , 

and fl uorescence em ission curves are usual ly avai lable from the vendors 

of  f l u o rs .  

As was mentioned in Sect. A ,  certain characteristics of the phototube may 

l imit pulse reproducibil ity and thus the resolution that the system can attain .  

These include the  lack of  photocathode un iform ity and  the statistical 

reprod ucib i l i ty of the electron cascade in itiated by photons strik ing the 

photocathode. < 9 • 30 , 3 1 > It is possib le that better resolution cou ld be 

obta ined with a more sensitive photocathode and by the development of 

a p h otot u be w i t h  a m o re u n i fo r m l y  s e n s i t i ve p h otocathod e .  

2 . Ref l ector  

I n  addition to  the effective col lection of  l ight ,  the reflector for alpha l iquid 

scinti l lation spectrometry appears to be requ i red to spread l ight from each 

sc inti l l at ion event as even ly as possib le over the face of the phototube 

< photocathode area> • This is necessary because the photocathode d iffers 

in response from one reg ion to another.  < 7 ' 30-32> Fig u re 1 2  shows a 

plot of the sensitivity of two typical 52 mm photocathodes produced by scanning 

with a 1 .  5 mm l ight spot. Variations in sensitivity by factors of 2 to 3 
are seen . Thus , if l ight from an  a lpha event interacts pr imari ly with a 

small area of the photocathode , differences in  pulse-height of up to 200% 
are possible for the same amount of l ight,  resulting in serious alpha peak 

broadening . Variations of 20 to 30% are easily seen by placing a scintillation 

s o u rce  at va r i o u s  l oc a t i o n s  o n  t h e  face of a p h otot u b e .  
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Fig. 1 2. Variat ions In Sen sitivity of two Typical 5 2  m m  Phototu bes 

In general , a highly reflective diffuse white surface has been found desirable 

for good alpha energy and pulse-height resolution . All pol ished specular 

reflectors have been found to give poorer energy resolution than diffuse 

white reflectors where energy resolution was a consideration . The reason 

for this effect probably derives from the uneven response of photocathodes 

and the tendency of the specular reflectors to focus l ight on a small area . 

Tests of a variety of white reflective materials have indicated that the nature 

of the reflective surface is critical to good energy resolution and pulse-shape 

discrimination . Both magnesium oxide and barium sulfate surfaces have 

been found su itable when prepared from finely d ivided , h igh ly pu rified 

material . < 26> Barium sulfate has sl ightly better reflectivity and has the 

added advantage that a white reflective coating composed of barium sulfate 

in an ethyl alcohol and water vehicle with a small amount of polyester resin 

b inder is commercial ly avai lable from Eastman Organic Chemicals . This 

m ateria l  can be sprayed onto the reflector with an  air b rush or s imi lar  
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aspi rator .  Three to six coats are requ i red . Magnesium oxide surfaces 

can be prepared by coating the reflector with sodium si l icate , covering the 

sodium si l icate with finely powdered magnesium oxide and then dusting off 

the excess. This process also must be repeated four  to six times to build 

up a suitable reflective surface. No commercial white paint gives the effective 

reflectivity of these two coatings , the reason probably being that the binder 

i n  m o s t  p a i n ts  a b s o r b s  b l u e a n d  u v  l i g h t .  

The shape of the reflector surface also appears to play a n  Important role 

In  energy and t ime resolution . < 26 ,  32> Ag a i n  I t  a p pears  I m porta nt  to 

spread the l ight evenly over the photocathode i rrespective of the position 

of the alpha event within the sample. A section of a spherical cavity appears 

to be a near optimum , if not a 

with a flat circular photocathode. 

and m athematical ly.  < 7 ' 29 • 32> 

3 .  S a m p l e  G e o m e t ry 

precisely optimum , reflector shape for use 

This has been demonstrated both empirically 

Sample size and shape must also be considered when attempting to optimize 

the collection of pulse-height and pulse-shape information from alpha l iquid 

scinti l lation samples . Basically the sample needs to be small enough so 

that l ight from alpha events burled most deeply in the sample wil l  not suffer 

appreciable absorption on its way to the photocathode and wi l l  thus show 

an intensity not measurably different from that of an event very near the 

sample surface. A very smal l  spherical sample volume Is probably Ideal 

for these considerations < 7 >  but Is d ifficult to prepare on a routine practical 

basis . Large samples and thin samples spread out over the phototube face 

suffer from l ight  absorption and photocathode Inhomogeneity problems , 

respectively , as would be expected . A number of sample container sizes 

and shapes have been tested in combination with a variety of reflector 

configurations .  A detector-reflector arrangement l i ke that shown in 

Fig . 1 1  appears to give optimum pulse-height and pulse-shape 

resolution and Is consistant with the theoretical evaluation of the 

problem by Hanschke .  < 7> The use of a 1 0  X 75 mm pyrex culture 

tube is a practical compromise between an Ideal smal l , spherical sample 

cel l  and a larger ,  perhaps easier-to-prepare sample . The d ifference In 
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performance between a spherical sample and the 1 ml sample i n  the culture 

tube Is sl ight, and the culture tubes are available and easy to pipette into 

and handle .  One ml fi l l s  the tu be to a depth of about 2 em and is a 

convenient sample size that can be conveniently and accurately measured . 

The volume of sample In a 1 ml culture tube as described above has no 

effect on the counting efficiency of the sample If It Is less than 1 .  5 ml, 

i . e .  with in  the area of the reflector < see F ig .  1 1  > .  The pulse-height 

response produced by a g iven alpha energy Is ,  however ,  affected sl ightly 

by the volume and/or the vertical positioning of the sample In the detector. 

Maximum variations of 9 channels < with one channel • 1 0 keV> have been 

observed . For work In wh ich accurate cal ibration of the energy scale is 

required , It Is recommended that the same sample volume always be used 

and that a pair  of 0. 5 mm d iameter positioning pins be instal led In the 

reflector < and coated with reflectance material>  so that the bottom of the 

culture tube is supported in a reproducible position and the 1 ml sample 

I s  a p p roxi m ate l y  i n  the cente r  of the  reflecto r- photot u be asse m b l y .  
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0 ,  E LE C T RO N I C S / P U LS E - H E I G H T  C E N E RG Y >  R E S O L U T I O N  

The l ight pu lse produced by the In teraction of the ion izing a lpha , beta , 

or gamma rad iation with the sci nti l lator must be processed electronical ly 

i n  a manner to derive the desi red i nformation from it .  For beta l i qu id 

scinti l l ation counters and spectrometers , there Is l ittle need for superior 

energy resolution because beta spectra are broad curves from zero to e-max. 

Stab i l ity and reprod ucib i l i ty are req u i red , but  narrow peak width is not. 

Thus , circuits for beta l iquid scinti l lation counting are generally stable and 

reproducible but are not designed for energy resolution . Simi larly , since 

there is no need for pulse-shape information in beta counting , no provisions 

are made to retain and process time C or pulse-width> information . Largely 

because of the electron ics l im itations , commercial beta l iqu id scinti l lation 

counters are su itable for a lpha counting only If: 1 .  the nucl ide is known 

c as in  laboratory designed experiments> or It Is known from prior chemistry 

that only a lpha emitters are present, 2. the count rate Is 50 counts per 

m inute c cpm> or greater ,  and 3. quenching Is constant for a l l  samples . 

Some attempts have been made to Improve the electronics of commercial 

beta l iquid scintil lation spectrometers. These efforts have usually been limited 

in success in improving pulse-height c energy> resolution by the limits Imposed 

by scinti l lator composition and sample-reflector-phototube geometry. < 2 1 >  

The electron ics requ i rements for optimum pulse-height resolution from a 

l iqu id scinti l lation detector are easily met. Standard l inear amplifiers and 

preampl ifiers in the Nuclear Instrumentation Module c NIM> configuration are 

available from a number of manufacturers.  The units designed for gamma 

spectrometry with sod i u m  Iod ide crysta l detectors work wel l  with l i q u i d  

scinti l lation detectors . A b in c NIM bin>  with power supply Is required to 

operate such units . A block diagram of the Interconnection of the detector, 
p re a m p l i f i e r ,  a n d  l i n e a r  a m p l i f i e r  i s  s h ow n  I n  F i g . 1 3 .  

Although this arrangement can operate a scaler alone , It is much more 

usefu l to send the ampl ifier output to a multichannel analyzer c MCA> with 

spectrum-region-Integrating abi l ity. This al lows the position of the desired 

alpha peak to be observed and the possibi l i ty of other lnterferrlng alpha , 

beta , or gamma rad iation to be monitored routinely as samples are run 

s i n ce a s pe c t r u m  Is c o l l e cted fo r e a c h  sa m p l e .  
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The electronic system outl ined above wi l l  a l low the col lection of spectra 

with energy resolution as good as can be produced by the detector and 

sc i nti l l ato r ;  however ,  it does not provide any ab i l i ty to reject beta- or 

g a m ma-produced pulses , and spectra freq uently look l i ke that shown in  

Fig . 1 4  < see also Fig. 4d, Sect. I I  A>  in which the alpha peak is underlain 

by a continuun produced by the beta and gamma radiation . If count rates 

a re sufficiently long so that counting statistics in both the alpha peak and 

the beta-gamma continuum are good , the beta-gamma background may 

be estimated by averaging the counts per channel on each side of the peak 

c reg ions b and c in F ig .  1 4> and mu lt iplying that value  by the number 

of channels in region a. This method is described in more detail in Sect. 

I l l  B .  
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Because beta- and gamma-produced pulses are slightly shorter In duration 

than a lpha-produced pu lses < see Fig . 2 1 , Sect. I l l  D> , It Is possible to 

sort the two types of pulses electronical ly and count whichever Is desired. 

E lectronic pulse-shape d iscrimination can be very efficient In rejection of 

beta and  g a m m a  pu lses . I t  has been used extens ively I n  separat i ng 
neutron-produced and gamma-produced pulses and In nuclear time-of-fl ight 

experiments ; so the technology Is , I n  genera l , wel l  developed . Certain 

mod ifications In electron ics are necessary for efficient rejection of beta

and gamma-produced pulses from alpha spectra , and some of these wi l l  

be  d e s c r i b e d  In  Sect .  I l l  D .  
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I l l  DISCUSSION OF METHODS 

A. USING BETA LIQU ID  SCINTILLATION INSTRUMENTATION AND 

AQUEOUS-ACCEPTING SCINTI LLATORS FOR ALPHA COUNTING 

1 .  I n st r u m e n ta t i o n  

3 7 

The commercially available Instruments and aqueous-accepting scintl l lators 

that are designed for beta counting can be used without mod ification for 

a lpha counting , and the resu lts are satisfactory for certa in  appl ications .  

The ampl ifier gain on the beta l iquid scinti l lation counter should be set at 
about 1 / 1 0 the setting used for 14c counting.  The use of an MCA on the 
output of the counter Is extremely useful for determining if the alpha peak 

Is  In  the region being counted. Such an arrangement Is virtually a necessity 
for careful work and for situations In which quenching may vary from sample 

to sample.  In many Instruments the pulse-height output does not come 

through the upper and lower d iscriminators , so the spectral energy range 

observed on the MCA does not reflect the discriminator settings. The abi l ity 
to visually monitor the effect of discriminator settings Is very valuable ; thus , 

i t  is  desirable to try to acquire this capabi l ity.  Usually , In such cases , 

It i s  possible to take the log ic pu lse sent to the scaler < often output as 

a "ratemeter'' signal> and shape and delay it  appropriately for the MCA gate 

Input. Since these logic signals have passed the discriminators , this wi l l  
a l low on ly those pu lses to  record that are with in  the window defined by 
t h e  d i s c r i m i n a tors . 

2 .  P ro c e d u re s  

Alpha counting I n  a beta liquid scintillation spectrometer I s  most useful where 

samples are known to contain a single nuclide , the count rate Is relatively 

h ig h ( >  50 cpm> , and the sample matrix Is relatively free of quenchers 

and of constant composition . Assuming that the gain and windows are 

set correctly on the counter , the procedure for alpha counting with beta 

l iqu id  scint i l lation equ ipment Is  essential ly the same as beta counting ; a 
sample In solution Is plpetted into the scinti l lation vial , the scintillator added , 

the vial Is shaken and then placed In  the counter and counted . Adding 

a known amount of the same alpha emitting nuclide and recounting is usually 

a reliable method of checking for count loss due to quenching. The simplicity 
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of th is procedure makes it very attractive , and it can be used effectively 

in a variety of situations especially for samples generated in laboratory research 
projects . Under ideal conditions counting accuracy is  better than that of 

p late-counting methods.  Accuracy of a lpha counting by l iquid scinti l lation 

methods is often l im ited only by counting statistics .  Errors due to sample 

placement and sample se lf absorption usual ly do not exist. Perhaps the 

most useful area of appl ication for this method of alpha counting is in the 
assay of sam ples from exper imental work in the laboratory in which the 

identity and purity of the nuc l ide are known , in which the sample count 
rates wi l l  always be relatively high C a few hundred cpm or more> , in which 

the half-life of the nuclide is consistent with the time-scale of the experiment, 
and in which daughters of the nucl ide wi l l  not add background beta-gamma 
o r  C othe r >  a l pha-em i tters that  behave d i ffe rent ly  i n  the exper i m e nt .  

3 .  L i m i ta t i o n s  

The principal l imitations and disadvantages of alpha counting with beta liquid 

s c i n t i l l a t i o n  eq u i p m e n t  a n d  s o l u t i o n s a re :  

a .  The real background count C counts recorded other than those from 

the a lpha-emitting nucl ide of Interest during the sample count period) wi l l  

always be h igh C 15  to 2 5  cpm or  more> and wi l l  vary as the  quench ing 

changes , as the amount of al l  other radionucl ides added with the sample 

c h a n g e s , a n d  as t h e  p u r i ty of t h e  a l p h a  n u c l i d e  c h a n g e s . 

b .  Energy resolution abi l ity Is relatively l im ited . I n  general , resolution 
of 0 .  6 to 1 M e V  FWH M c a n  be expected . 

c .  Quenching resulting In a shift of the peak from a given alpha energy 
and possib le loss of a lpha counts under extreme conditions .  These wi l l  
vary widely with sample composition . The n i trate and  ch loride Ions are 

particularly severe quenchers. Water, alcohol and acetone are among other 
s u bstances commonly occur ing in samples that a lso q uench severely. 

Because of the above basic l imitations of alpha counting using beta l iquid 

scinti l lation equipment and solutions ,  low count-rate samples or samp les 

in  which the identity of the nuclide is unknown cannot be assayed with much 

rel iab i l ity . Further , the purity and decay characteristics of a l l  nuc l ides 
counted in  th is  way should be examined careful ly for potential problems. 

Methods have been devised that deal with background problem to some 
degree , C l -4> but they are limited In what they can accomplish. In addition 
q u e n c h i n g  a n d  n u c l i d e  I d e n t i f i c a t i o n  p ro b l e m s  rem a i n . 
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B .  USING BETA LIQUID SCINTILLATION INSTRUMENTATION 

AND AN AQUEOUS-IMMISCIBLE EXTRACTIVE SCINTILLATOR 

1 .  Meth o d s  a n d  Adya n tages 

3 9  

Several of the problems associated with the procedure outl ined In Part A 

above are made less severe by the use of a water-Immiscible scinti l lator 

containing an extractant or phase-transfer agent to transfer the nuclide of 

Interest Into the scintillator by solvent extraction techniques followed by counting 

In the beta liquid scintil lation spectrometer. If , for example , an extractant 

reasonably selective for actinides Is used , the aqueous phase can generally 

be separated from the scinti l lator or al lowed to remain In the scinti l lation 

vial as experimental conditions require ,  whichever Is practical considering 

the aqueous sample volume. Moderate levels of beta activity In the aqueous 

phase have l i ttle effect on the scinti l lator;  however ,  unextracted gamma 

activity Is a problem since It can Interact strongly with the scintil lator and 

a d d  to  t h e  b a c kg rou n d .  

If the extractant Is chosen so as to be more or less selective for the ion 

or molecule of Interest , other materials that cause variable quenching or 

variable background can often be rejected. Also, l ittle or no acid or water, 

salt or other solutes are added to the scinti l lator in this way, thus allowing 

the scinti l lator-sample to be more constant and reproducible In composition . 

Although energy resolution Is not Improved much due to the l imitations of 

the equ ipment , energy response Is more reproducible sample to sample. 

Thus , an alpha peak for the same nuclide can usually be expected to produce 

the same l ight-pulse response , i . e. , to appear In the same place on the 

energy sca le , I n  every sam p l e .  A n u m ber o f  workers have used the 

combination of extractive scintil lator and beta l iquid scintil lation spectrometer 

with good. results .  C S-7>  

2 .  L i m i tat i o n s  

T h e  l i m itat ions a n d  d isadvantages o f  us ing  an extractive sc in ti l lator I n  

c o m b i n a t i o n  w i t h  b e ta l i q u i d sc i n t i l l a t i o n s p ec t r o m e t e r  are : 

a .  Energy resolution abil ity Is very l imited and possibi l ities for Identifying 

n u c l i d e s  by e n e rg y  a re a l most  n o n - ex i ste n t .  

b .  Pu lse-shape d iscrim ination between alpha and beta-gamma pulses 

Is  not possible , and a variable background due to co-extracted beta-gamma 

emitters and/ or daughter nucl ides wi l l  exist C background Is always h igh , 
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1 o-20 cpm> . This problem can be dealt with to some extent by extrapolation 

of the beta-gamma continuum under the alpha peak and subtraction as 

is seen in Fig . 1 4. The alpha-peak region is Integrated using the same 

number of channels on either side of the midpoint. This Is the total alpha 

count plus background , TC. A region of 1 0  to 20 channels on either side 

of the integrated alpha peak is then chosen < same number on each side> 

and integrated . The average count per channel Is calculated from the sum 
of the counts In each side region . These two values are then averaged . 

This average is then mu lt ip l ied by the number of channels In the reg ion 

integrated for the alpha peak. This number, derived from the two side-region 

counts , can be used as a background count ,  BC. The net alpha count 

Is then TC - BC. The statistical uncertainty of the value obtained contains 

the uncertainties in both the alpha region count and the side region count 

< u sed  as a bac k g ro u n d >  a c c o rd i n g  to t h e  e q u at i o n : 

0 = 1 /T .J TC + B C  

where T C  = tota l a l p h a  reg ion cou n t  < sa m p l e  + backg round > ,  BC = 

backg round count derived from the s ide reg ions , and T = count t ime.  

I t  should be remembered that such a procedure introduces additional statistical 

error due to the background and always requires collection of a full spectrum 

w i t h  i n teg r a t i o n  of t h ree a re a s  of t h a t  s p e c t r u m .  

One other l imitation with this counting method occurs when samples contain 

relatively large amounts of non-extractable gamma emitters. In such samples , 

the aqueous phase must always be cleanly separated from the scinti l lator 

s ince th is gamma activity can produce pu lses in the scint i l lator that wi l l  

record in  t h e  a l p h a  reg i o n  of the s pectru m .  

The procedure using an extractive scinti l lator in  a beta l iqu id scinti l lation 

counter is effective for the laboratory-generated samples in which the nuclide 

is known but in which the matrix may vary, in other samples in which chemical 

separation steps < including extraction into the scinti l lator> give a sufficient 

separation and perhaps identification , and in  samples in which only gross 

alpha is required . In all cases , the total count must be equal to or greater 

than  the co u n te r  backg rou n d  < u s u a l ly 1 0-20 c p m >  and beta-gam ma 

b a c k g ro u n d  c o n t r i b u t i o n  m u st  be l o w .  
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C .  USING ALPHA LIQUI D  SCINTILLATION INSTRUMENTATION AND 

AN AQUEOUS-IMMISCIBLE EXTRACTIVE SCINTILLATOR 

4 1  

The use of Instrumentation designed for alpha liquid scintillation spectrometry 

In  conjunction with a scintillator/sample of the proper composition and size 

wi l l  al low the collection of alpha energy spectra of usefu l resolution C 200 

to 300 keV FWHM> and Improved background Identification and quantification. 

I f  I nstru mentation c detector and electronics>  desig ned for a lpha l iqu id  

scintillation Is  used , I t  i s  desirable to use an  "extractive" scintil lator C a  water 

I m m iscible organic solvent in which both a fluor and a solvent extraction 

or phase-transfer agent are dissolved> • The use of such a scintil lator allows 

one to place the nuclide in solution In the small volume of scinti l lator and 

to control the composition of the scintil lator/sample. The scintil lator/sample 

can thus be expected to be reproducible In both pulse-height reponae and 

a lpha energy resolution . The combination of aqueous-accepting scinti l lator 

and alpha liquid scintil lation Instrumentation is not considered here because 

the superior performance of the extractive scinti llator Is necessary to obtain 

t h e  a d va n ta g e s  of t h e  i m p roved i n s t ru m e n tat i o n . 

1 .  E g u j p m e n t  

The types of detector and electron ics su itable for alpha l iquid scinti l lation 

s pectrometry have been d iscussed In  Sect. II C and D.  The detector ,  

complete with the light-tight enclosure , I s  shown in Fig . 1 5 ; and a drawing 

of the detector is shown In Fig . 1 1 ,  Sect. II C. Appropriate electronics 

for connection to this detector may be seen In the block diagram in Fig . 

1 3 .  The detector Is not commercially available at this writing but Is easily 

constructed . The cost of parts and material is about $500 , and the cost 

of labor wi l l  vary but should not be more than $ 1 000 . Shop drawings are 

avai lable C as report No.  CAPE-2825 from : DOE Office of Scientific and 

Techn ical Information , Techn ical Information Center ,  P .  0.  Box 62 , Oak 

Ridge , TN 3783 1 > . Actual ly ,  any l ight-tight box with a l id wi l l  serve as 

a detector enclosure . High voltage cut-off switches actuated by the latch 

and  door are h ighly desirable as bright l ight can damage the phototube 

if it is exposed wh i l e  vo l t a g e  is a p p l i e d . 

The immersion flu id between the phototube and reflector I s  important In  

obtain ing good energy resolution . A non-volati le , non-aqueous fluid with 
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4 2  

Fig. 15. A Photog raph o f  an Alpha L iq u id  Scinti l lation Detector 

uv-transmltting properties and a refractive Index near that of the sample 

tube and phototube face is desirable for th is appl ication . Low-viscosity 

< 50 cs. > si l icone oils < polysiloxanes> and some mineral oils are suitable , 

a lthough the refractive Indices of m ineral oi ls do not match that of g lass 

as we l l  as t h o s e  of s i l i c o n e  o i l s .  

A sample changer has been designed < 8 >  for th is  type of detector ; and 

other designs are no doubt possible , but a better solution to counting large 

numbers of samples may be to multiplex several detectors to a data collecting 

point, a method frequently used in plate alpha counting methods. Sample 

c hangers are not effective with low count-rate samples requiring several 

hours of counting , and manual sample changing of Intermediate and high 

count-rate samples Is not a serious chore. Further ,  observation of spectra 

as they accumulate can probably detect enough errors In sample preparation 

and Instrument setting to save as much time In  the long-run as does the 

sa m p l e  c h a n g e r .  
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2 .  C o u nt jng- S a m o le P repa rat i o n  

Sam ples for the alpha l iqu id scinti l lation detector are best prepared by 

l iqu id-l iquid extraction techniques . An aqueous solution of the nuclide up 

to 1 0 ml in volume is contacted with 1 to 1 .  5 ml of an extractive scintillator; 

and  a measured volume of the scinti l lator , usually 1 ml,  is placed in  a 

1 0  X 75 mm Pyrex culture tube for counting .  An effective scinti l lator 

com positlon C 9> i s :  

P B B O , [2- C 4 ' - b l p h e n y ly l-6- p h e n y l b e nzoxazo l e >  J 4 g 

5g 

1 6 0 to 200g 
o r  aN PO , [2- C 1 - n a p h thy l > - 5 - p h e n y l oxazo l e >  J 

N a p h t h a l e n e , s c i n t i l l a t i o n  g ra d e  -----

Extracta n t  0 .  1 to 0 .  3 gram m o l ec u l a r  we i g h t  

To l u e n e  o r  p -xy l e n e , d i s t i l l e d  i n  g l a s s , t o  m a ke 1 l i te r .  

The scintil lator aNPO is slightly less effective than PBBO in l ight production 

c and thus presumably in energy resolution> abi l ity C 9> but is slightly more 

so luble in  toluene than is PBBO. The final  steps in sample preparation 

are i l lustrated in Fig . 1 6 .  Equilibrations are usually carried out In a small 

EQUIUBRATE 
PIPETTE 

SCINTILLATOR 

SPARGE 
PLACE IN 

DETECTOR 

Fig. 16. The Final Stepe In Preparing a Sample for Alpha Liquid Scintillation 
Speclrometry. The .rrowa Indicate the adtKIMt 8Cintlu.tor In the \Wtoua at.pa. 
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separatory funnel , the aqueous phase drained away, the scinti l lator-sam ple 

transferred to a vial and then plpetted Into the culture tube for deoxygenation 
and counting .  All of the components of the extractive scintil lator and the 
substances extracted into the scintil lator should be color-free to avoid any 

color quenching and should be free of any substances that produce chemical 
q uench ing  in order to obta in  good energy resol ution with the I m proved 
detector. A discussion of quenching has been g iven In Sect. I I , but the 
importance of minimizing quenching in a system where alpha energy separation 

and identification Is an object should be emphasized . Many reagents used 
in the extractive scinti l lator are avai lable In a sufficiently pure form to use 
as received . Others wi l l  require purification . For most of the extraction 

reagents , molecular disti l lation using a spinning-cone molecular sti l l  is  the 
recommended method of purification . In  th is type of sti l l  the substance 
to be disti l led is heated only briefly as It Is spun across the heated surface 
of the cone thus min imizing thermal degradation of high molecular weight 
compounds. Bis C 2-ethylhexyl> phosphoric acid can be purified by precipitation 

of the copper salt < 1 °> i f  i t  i s  n o t  s u ff i c i e n t ly  p u re a s  rec e i ve d . 

Sparglng the sample with an oxygen-free gas for 1 to 2 min  Is important 

to Improve energy resolution and to al low pulse-shape d iscrimination c see 
next section> .  Disposable , 9-inch Pasteur pipettes make excellent sparging 
lances and are also very usefu l for the non-q uantitative transfer of the 
scintil lator and small  amounts of other l iquids. Any of several gases can 
be used for deoxygenation of the scintil lator. Gases having a density near, 

or sl ightly greater than , that of a ir  are desirable since there is a greater 
tendency for such gases to remain In the tube over the sample while the 
sparging lance Is withdrawn and tho culture tube is stoppered ; thus , helium 

is not recommended . Gases that have been used successfully are argon , 

nitrogen , methane, carbon monoxide and acetylene. It Is desirable to saturate 
the sparglng gas with the solvent used In the scintillator, toluene or p-xylene, 
so that sparglng will not evaporate solvent from the sample. An arrangement 

l ike that shown in Fig. 1 7  Is suggested for this purpose. Multiple , automatic 
sparg lng  un its l i ke that shown In Fig . 1 8  would be desirable where a 

large number of samples are to be prepared . Tubes that have been 
deoxygenated and sealed with corks covered with a th in  fi lm of RTV· 
c room-temperature-vulcan izing> si l icone sealer usually remain unchanged 

i n  the i r  pu lse-height and pulse-shape response for periods of about 24 
to 48 hours .  Samples sealed In glass wi l l  remain unchanged for years. 
A simple closure for the sample tube made of a material less permeable 
to  oxyg e n  th a n  c o r k  wo u l d  be a d e s i ra b l e  I m p rove m e n t .  
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Where I t  Is  Important to recover a l l  of the nuclide In the scintillator, a special 

equil ibration vessel l ike that shown In Fig . 1 9  may be used. In this vessel, 
the oxygen-free sparglng gas Is used to bring about the 

STANDARD 
TRANSFER 
PI PETTE 

SCI NTILLATOR PHASE 

AQUEOUS PHASE 

IO mm 

Fig. 19. A Special Vessel In which Equilibration and Deoxygenation can be 
Accomplished Simultaneously and In which the Sample can also be Counted. 

equ i l i bration and deoxygenation of the sam ple at the same time.  After 

equi l ibration , the aqueous phase Is removed by connecting a hypodermic 

syringe to the transfer pipette that had been used as a sparg lng lance. 

Final ly,  the wal ls of the vessel and the transfer pipette are washed down 
with a few drops of scintillator. The vessel may be broken off just underneath 

the enlarged portion for counting , or an extended counting chamber can 
be bui lt on the detector to accomodate the enlarged top If the procedure 

is to be routine. Preliminary designs have been made for such a detector. 

The vessel and procedure described allow the recovery of lOOIMt of the activity 

In the sample and the removal of the possibility of one volumetric < pi petting> 

error from the procedure. Ten dupl icate aliquots of a uranlum-233 sample 

with a count rate of 42 cpm that were extracted and deoxygenated In this 

way gave a standard deviation of 0. 42 or l iNt .  An automatic sparglng unit, 

a conceptual design of which Is shown In Fig . 1 8 , could be used for the 
c o m b i n e d  eq u i l i b ra t i o n / d e oxyg e n a t i o n . 
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Sam ples In their orig inal solutions may o r  may not be suitable for d irect 

extraction Into the scinti l lator. In some cases preliminary separations are 

necessary. These preliminary separations can be precipitations, ion exchange 
separations,  or any of the quantitative separations of analytical chemistry; 

however, solvent extraction techniques have been found rapid , accurate , 

and convenient. Several useful extractants and typical elements that they 
extract are l isted In Table 2 ,  Appendix I ,  part Sa.  All the compounds l isted 

can be used in preliminary separations , and several of them < marked with 

•> have been used successful ly In sclntil lators. The extractants found most 

usefu l in extractive sclnti l lators are bls < 2-ethylhexyl> phosphoric acid , the 

amines In the sulfate form , and trloctyl phosphine oxide . Any extractant 

can be used In the scintil lator so long as It does not cause quenching of 
the scinti l lator.  More specific Information on the use of extractants can 

be obtained from the l iterature . A l ist of usefu l references Is g iven in  

A p p e n d ix I l l .  

Extraction Into the scinti l lator presupposes that the nuclide is In true Ionic 

solution In an aqueous med ium.  The nucl ide cannot be extracted from 

suspended solid or colloidal material . Extractions also wil l  not be successful 

i n  many cases If the aqueous phase contains organic < or In some cases 

inorganic> complexlng materials. In many cases obtaining a complete ionic 
solution Is the most difficult part of the analytical procedure ;  but this problem 

is ,  of course , not unique for alpha liquid scintil lation procedures. All good 
q u antitative alpha assay methods < in which the alpha is counted> require 

complete sample dissolution . Most standard methods of sample d issolution 
are applicable to this problem , and these methods can be found In standard 
a n a l yt i c a l  c h e m i stry texts a n d  refe re n c e s . 

3 .  P r i n c i P l e s  of  S o l ve n t  Extrac t i o n  
Solvent extraction is an integral and very Important part of the alpha nuclide 

a ssay scheme with l iquid scintil lation methods ; and it is important to pay 

attention to the conditions under which an extractant is effective , In general 

and for a given substance. The concentration of the organic phase extractant 
Is Important. The distribution coefficient, D, is the ratio of the concentration 

of the extracted element in the organic phase to that in the aqueous phase 
< [Mlorg/ [Mlaq> . It Is d i rectly dependent on the extractant concentration , 

sometimes on a power of the extractant concentration if more than one 

extractant molecule is involved in the organic phase complex. For the cation 

exchange extractants , such as the alkyl phosphoric acids , the equi l ibrium 
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aqueous phase pH is usually an important controlling factor. The distribution 

coefficient , D, varies inversely with the equi l ibrium aqueous hydrogen ion 

concentration . Th is may be read i ly seen from the fol lowing equations In 

wh i c h  H A  i s  u sed to i n d i c ate a n  o rg a n i c - p h a s e- s o l u b l e  a c i d . 

{ 1 ) 

T h e  c o n c e n trat i o n  q u ot i e n t , Q ,  of  t h i s  react i o n  i s :  

Q = 
[MAi](H+J 1 

< 2> 

But the ratio £MAjJ /lM
+1J h a s  b e e n  d ef i n e d  as D a n d  th u s , 

DlH,..J1 
Q = 

(HAJI < S >  

or ( 4) 

In  this very simple case It may be seen that D Is d irectly proportional to 
the extractant concentration to the I power and Inversely proportional to 
the hydrogen ion concentration to the I power .  In many actual systems 
the power dependence of the extractant concentration is not I but Is modlfl8d 
by dlmerlzation or higher order association of the extractant and by lnvolvment 
of the acid form of the extractant ,  HA , In the organic phase complex. 
T h e  hyd rog e n  i o n  d e p e n d e n c e  I s  u s u a l l y s tra i g h tfo rwa rd . 

E q u a t i o n  4 m a y  b e  rewr i tte n to g i ve ;  

log  D = log  Q + i l og £HAJ - i log £H+l 

f r o m  w h i c h  I t  i s  s e e n  t h a t  

l o g  0 = l o g  Q + i l og [HAJ  + l p H  

( 5) 

( 6 )  

Thus for each unit change in pH , D would be expected to  change 
2t by a factor of 1 0  to the I power.  Thus for the uranyl ion , uo2 , a 

change of 1 pH unit would change D by 1 00 while for thorium or plutonium 
< IV >  t h e  s a m e  c h a n g e  wo u l d  c h a n g e  D by 1 0 ,  0 0 0 . 

The neutral and anionic species extractants , such as TBP, TOPO, and the 
amine salts, are not sensitive to pH In the same way but do suffer a decrease 

In extraction power with increasing acidity, generally because of the competing 
extraction of the acid . Reagent dependences of these extractants behave 
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general ly the same a s  those of the cation exchangers .  Since the neutral 
species and anion exchange extractants extract a complex molecule or ion 
composed of the metal ion and aqueous anions,  extraction Is usually highest 
when the concentration of the appropriate complex ion is a maxi mu m .  
This i s  typically 2 to 6 M nitrate , 4 to 8 M chloride,  o r  1 to 2 M sulfate . 
Phosphate and  fl uor ide do  not u s u a l ly form com plex species that are 
extractable. Perchlorate forms only extremely weak associations with metal 
ions ; thu s ,  extractions from perchlorate with neutral and anionic species 
extractants are not usual ly possib le except with another complexlng an ion 
present. The neutral extractants are generally more selective than the cation 
exchangers , although a considerable degree of selectivity can often be 
obta i ned with the cat ion exchange extracta n ts by aqueous-phase pH 
adjustment. 

The degree to which the rad lonucl lde I s  quantitatively transferred to the 
scinti l lator depends both on the value of the distribution coefficient , D , and 
the ratio of the extractive scintil lator volume to the aqueous sample volume, 
Vsclnt I Vaq · If the phase ratio is 1 ,  for example, a distribution coefficient 
of 1 00 wi l l  g ive a recovery of 99,.. since the concentration ratio < and the 
total quantity ratio> scintil lator/sample wi l l  be 1 001 1 ; thus ,  the amount in 
the scintil lator over the total wil l  be 1 001 1 0 1  = 0. 99. An equal phase ratio 
is not usually desirable , however, since the scinti l lator volume to be used 
is ca. 1 ml. With a sample size of 1 0  ml the distribution coefficient needs 
to be 1 000 to obtain the same ,.. recovery since the ,.. recovery Is equal 
to the tota l amount In  the organic phase d ivided by the total amount In 
both phases . In  terms of the d istri bution coefficient and volume th is  is: 

,.. recovery = 1 OODVorg 

DV0rg + Vaq 
( 7 ) 

It Is usually not difficult to chose an extractant and the conditions to obtain 

the desired recovery since extraction coefficients of over 1 000 , In fact over 

1 O ,  0 0 0 , a re rea s o n a b ly c o m m o n  fo r m o s t  of t h e  a c t i n i d e s . 

4 . Adv a n taaes 

The Improved energy resolution obtainable with a lpha spectrometry using 

a sam p l e  prepared via the extractive scinti l l ator and the detector and 

electro n i c s  d e s i g ned fo r a l p h a  s pectro m etry I s  s h own In  F i g . 2 0 .  
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Fig. 20. A Direct Compari80fl on a Same-Scale Bula ot Relolutlon Obtained bv 
a Beta Liquid Scintillation Spectrometer (a) and an Alpha Liquid Sctntlllation 

Spectrometer (b) (From Ret. 2) 

In this i l lustration the spectra from the alpha liquid scintil lation spectrometer 

and a beta l i q u id scint i l lat ion spectrometer are d i rectly compared on a 

same-scale basis . The high-performance extractive scinti l lator was used 

in both cases.  The resolution with the beta l iquid scinti l lation equipment 

would have been even worse If the usual aqueous-phase-accepting scintillator 

a n d  a q u e o u s  s a m p l e  h a d  b e e n  u sed . 

In  add ition to al lowing a useful degree of nuclide Identification by energy 

cal ibration of the MCA scale , the more narrow wel l-defined a lpha peaks 

al low better determination of the presence of any Interfering radiation and 

50 
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better quantification of the background count arising from the beta-gamma 

continuum. The technique for background subtraction used Is that shown 

In Fig . 1 4 ,  Sect. II D. With reasonable shielding a blank background of 

about 1 .  0 cpm Is normal If Pyrex cul.
ture tubes are used. The use of quartz 

tubes will reduce this background to 0. S cpm , and a quartz-faced phototube 

wi l l  red u c e  t h e  b a c kg ro u n d  o n e  to two te n t h s  m o re .  

5 .  R e m a i n i ng Pro b le m s  

Th e  d isadvantages of alpha spectrometry using th e  extractive scintil lator and 

alpha l iquid scinti l lation Instrumentation compared to the approach using 

beta liquid scintillation equipment and an aqueous-accepting scintillator might 

be considered to be the necessity for special  Instrumentation and more 

chemical steps In  sample preparation , but such a comparison of the two 

liquid scinti l lation methods as appl ied to alpha assay is not val id .  Much 

more information is obta ined by the extra steps and special  equ ipment. 

The appropriate appl ications for the two methods are qu ite d ifferent. In 

com parison with other alpha assay methods , al l  methods of d i rect alpha 

assay require solids to be placed In solution and the alpha-emitting nuclide 

to be Isolated , and all require special Instrumentation . Sample preparation 

procedures for the l iquid scinti l lation methods are often less complicated 

and time-consuming than those for methods using solid samples. The really 

valid d isadvantage that one can attribute to alpha counting and spectrometry 

by the combined extractive scinti l lator - alpha l iquid scinti l lation methods 

described above is the presence of the beta-gamma background that must 

be dealt with by graphical or other Indirect methods. This problem Is largely 

el iminated by the use of electronic pulse-shape d iscrimination techn iques 

that  w i l l  be d e s c r i bed I n  t h e  fo l l ow i n g  sect i o n . 
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The most troublesome problem In alpha counting and spectrometry using 

l iqu id scinti l lation methods is the Interference of beta and gamma pulses 

with the alpha count and spectrum .  As has been Ind icated before , beta 

and gamma radiation produce pulses overlapping the alpha-response region 

and come from a variety of sources , sometimes as part of the decay chain 

of the nuclide of Interest Itself. Electronic pulse-shape discrimination ( PSD> 

provides a satisfactory solution to this problem.  The fact that the pulse 

decay time or pulse-shape of the alpha pulses Is different from that of beta
a n d  g a m m a - p rod u c ed p u l s e s  < s ee F i g u re 2 1  > a l l ows e l ectro n i c  

(f) 
� 
0 
> 

ORN L- DWG 8 1 - 204 88 

P U L S E - S H A P E  D I S C R I M I N AT I O N  
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Fig. 21. Pulse-Shape Discrimination. This Ia possible because the detectable 

portion of alpha-produced light pulses (upper left) last about 30 nanoMCOnda 
longer than beta- or gamma-produced pul8as. Since the integrated puleea (upper 

right) are about a microsecond long. the beginning of timing Ia delayad for about 
800 nanoseconds. A voltage ramp (lower left) is then started and riaM linearly 

with time until the pulse crosses zero. The spectrum of these voltage puleea 

( l ower r i g ht) represents a l p h a  ( r i g ht) a n d  beta-ga m m a pulses ( lett). 
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rejection of beta and gamma pu lses . However,  It should be noted that 

conversion electrons that are part of many alpha decay schemes In some 

cases cannot be rejected by pulse-!Shape discrimination because they occur 

with i n  very short times < SOO nsec or less> after the alpha decay. Light 

from these conversion electrons Is  thus a potential source of asymmetry 

i n  the l iqu id scinti l lation a lpha peak because the l ight produced by the 

more-efficient-l ight-producing electron may be added to that produced by 

the alpha particle. Practice does not Indicate that the problem Is as serious 

as theory would predict, however. This will be discussed further In following 

p a ra g ra p h s .  

1 .  P u l se - s h a o e  D i sc r i m i n a t i o n < P S P >  

T h e  use o f  the detector ,  extractive scinti l lator, a n d  preampl ifier I ampl ifier 

described In the previous section In conjunction with pulse-shape discrimination 

provides what Is currently the most effective method of alpha counting and 

spectrometry by l iquid scintil lation methods. This combination of approaches 

Is cal led PERALS spectrometry for Photon-Electron Rejecting Alpha Liquid 

Sci nt i l lation spectrometry. < 2> The technology of pulse t iming and 

pulse-shape discrimination < PSD> Is well established , having been developed 

for neutron spectrometry In the presence of Intense gamma fields . Liquid 

scintl l lators are used for detectors in th is appl ication also. Appl ications to 

the separation of alpha-produced and beta- or gamma-produced pulses 

h ave been made only recently , < 1 1 - 1 5> however ,  and com mercial  un its 

designed specifically for that purpose are not available at this writing . Existing 

commercia l  u n its can be adapted to provide the necessary pulse-shape 

discr imination , however.  F igure 22 shows a block d iagram of such an 

a r r a n g e m e n t .  

The t ime pick-off unit  senses the beg inn ing of each pulse and sends a 

log i c  s ignal  to the logic shaper and delay. Because the 30 to 40 nsec 

time-difference between the amplifier-Integrated beta/gamma-produced and 

a l pha-produced pulses is Incorporated ln. a total pulse time of about one 

m icrosecond , the start s ignal  to the time ana lyzer < time-to- pu lse-height 

converter> must be delayed for approximately 0 .  8 microseconds < see Fig . 

2 1 > .  After delay , the start s ignal  i n itiates a voltage ramp in  the t ime 

analyzer that is stopped when the energy analog pulse falls to zero. The 

voltage on the time analyzer ramp at th is time is then taken as a voltage 

a n a log of t ime. The resu lti ng voltage pu lses can then be displayed on 
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an MCA as a time spectrum representing the relative pulse lengths of the 

beta-gamma and alpha pulses ( see Fig . 23> • A single channel analyzer 

( lower level discriminator> In the time analyzer ,  or following It ,  can then 

be adjusted to reject the beta- and gamma-produced pulses and accept 

on ly  the a lpha-prod uced pu lses ; thus , the logic s igna l  generated wi l l  

correspond only to alpha pulses. Sent to the gate Input of a n  MCA, these 

logic pulses wi l l  al low only the alpha pulses to be recorded . Because time 

is consumed in deriving the voltage analog of pulse width , the gating signal 

will arrive at the MCA slightly later than the alpha energy pulse It is supposed 

to gate ; thus , the energy analog pulse must be delayed by 1 00 to 200 

n a n o se c o n d s  In o rd e r  to a r r i ve a t  t h e  p r o p e r  t i m e .  

There have been numerous variations on the electronics arrangement described 

above for pulse-shape discrimination , most of them for gamma rejection 

in neutron spectrometry. Some of these time the pulse width at a smal l  

amou nt above zero crossing of  the descending pulse and some time the 

rising portion of an Integrated pulse. The basic principle In most of them 

is the same, however. In general , pulse-shape discrimination for quantitative 

alpha counting and spectrometry such as Is being described here needs 

to be somewhat more precise and reliable than that normally used for neutron 

spectrometry. Improvements In pulse shape discrimination would make alpha 

l iq u i d  s c i n t i l l a t i o n  m o re u s efu l for  very l o w  c o u n t  rate s a m p les . 

Beca use the pu lse-shape d i scri m ination equ i pment described above I s  

somewhat difficult to maintain I n  efficient operation by persons Inexperienced 

with electronic timing equipment of th is type ( careful a l ign ing of several 

pieces of electronic equ ipment Is required > , a s imple one-NIM-wlde 

pu lse-shape d iscrim ination un it has been designed by Thorngate .  ( 1 5> 

Thi s  un it was designed specifical ly to do beta-gamma/alpha pulse-shape 

discrimination for a liquid scintil lation system. Several useful Improvements 

on th is  design were made by 0. G .  prater In 1 98 1 . A circuit diagram 

of the Improved version may be seen In Fig . 29 , Appendix I .  M inor errors 

In  the c ircui t  shown In reference 1 5  a re corrected In Fig . 29 .  Th is  

discriminator operates by converting each pulse to a square wave that retains 

the time Information In the pulse width . A standard pulse , slightly shorter 

in duration than the beta-gamma pulses, Is then subtracted from each pulse 

leaving remainders In which the fractional differences between the alpha 

and the beta-gamma pulses are larger than In the orig inal  pulses . The 
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time-widths of these shortened pu lses are then converted to voltage analogs 

that can be displayed on an MCA. As before , a lower level d iscriminator 

a l lows the a lpha-produced pu lses to be selected and their correspondi ng 

l o g i c  p u l s e s  to be  s e n t  to a n  M CA fo r g a t i n g . 

The PSD u n it designed by Thorngate < l 5> and Prater is simpler to operate 

and keep al igned than systems assembled from available electronic tim ing 

components but is not commercially available at the present time. A number 

of these units have been bui lt by the Instrumentation and Controls Division 

of ORNL,  and it Is possible that arrangements cou ld be made to have them 

bu i ld  the u n its . If the I ntended users themselves have had electron ics 

experience , they should bo able to bui ld their own PSD unit ;  alternatively ,  

any  competent electron ics shop should be  ab le  to bu i ld  the PSD un it .  It 

is a lmost certain  that fu rther development could produce a PSD unit that 

Is even more effective , rel iable and convenient to use than those that are 

presently avai lable. A small  effort in th is d i rection Is currently In progress 

at O a k  R i d g e  N a t i o n a l  La b o ra to ry .  

Pulse-shape d iscrimination requires that the PSD electronics work properly 

and that the detector,  preampl ifier , ampl ifier , PSD un i t ,  delays , and the 

mu ltichannel analyzer<  s> are al l  connected in the proper manner and are 

wo r k i n g  correct ly .  P u l se t i m i n g  Is  a n  i m porta nt part of the set- u p  

requirements. Start and stop pulses must arrive at the time-to-pulse-height 

converter at the right times , and the information and gating pulses must 

arrive at the MCA within the interval specified for that particular instrument; 

thus ,  the use of an osci l loscope Is necessary in  placing the PSD set-up  

In  p r o p e r  wo r k i n g  o rd e r .  

S ince the PSD characteristics of a l iquid scinti l lator may vary slightly from 

sample to sample , it is desirable to be able to observe the PSD-generated 

time analog spectrum when necessary In order to adjust the discriminators 

for effective beta-gamma pulse rejection . For this purpose It is convenient 

to have two MCAs , one to record the energy < pulse-height> spectrum and 

one to record the time < pulse-shape> spectrum as Is shown in the diagram 

in Fig . 24 ; however , a single MCA with a switching mechanism wil l  serve . 

Some I l lustrative time spectra are shown In  Fig . 25 . The spectrum 25a 

does not show pulse-shape discrimination sufficiently effective for quantitative 
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rejection of beta and gamma pulses from an alpha spectrum while spectrum 

25b shows a separation sufficient to select only alpha-produced pulses and 

reject others effectively. Assuming good Instrumentation , Ineffective PSD 

is usual ly due to oxygen , n itrate , chloride , alcohol , acetone ,  or other 

quenching material in  the sample.  If oxygen Is the problem , add itional 

sparglng with an oxygen-free gas will usually solve the problem. If other 

quenching materials are present , the use of some other procedure In order 

to p re p a re a q u e n c h - free s a m p l e  I s  I n d i cated . 

2 .  P u l s e - S h ape D i s c r i m i n a t o r  Ad l u st m e n t  

In adjusting the cut-off for pulse-shape discrimination from a time spectrum 

< F i g .  25b> , the count-rate of the sample may be too low to al low one 

to observe the time spectrum and adjust the setting of single-channel analyzer 

on the pulse-shape discriminator In any reasonable length of time. In such 

cases It Is effective to bring a gamma source near the outside of the detector 

with the sample In place and set the pulse-shape d iscriminator so as to 

reject the pulses produced . Experience has shown that with this setting 

of the single-channel analyzer internal ly-produced beta and gamma pulses 

w i l l  a l s o  be  rej ecte d . 

With properly prepared samples and a properly functioning PSD system , 

the rejection of beta-gamma pu lses < with the exception of coinc ident 

conversion electrons> can be expected to be greater than 99. 971Jlt without 

measurable loss of alpha counts . A background blank ,  with a scintil lator 

but no sample In the detector, wi l l  be between 0. 002 and 0 .  02 cpm u nder 

a region corresponding to a 5 MeV alpha peak. The latter number is easy 

to obtain ;  the former requires careful Instrument adjustment. A background 

taken In  this way Is  a usefu l measure of how wel l  the system Is working 

and al lows some comparison with background counts In other systems but 

can be mis lead ing if appl ied to an actual sample , especial ly If the real 

sample contains any beta or gamma activity. Backgrounds obtained during 

sample counting with pulse-shape discrimination usually contribute less to 

the count error than the error due to counting statistics ; however,  for the 

best accuracy on very low count rate samples < < o .  1 cpm> , an average 

b a se l i n e  cou nt per c h a n n e l  s h o u l d  be c o m puted from reg i o n s  taken 

sym metrica l l y  on either s ide of the a l pha peak <  s>  , and a backg round 

calculated from this value times the number of channels under the Integrated 

a l p h a  p ea k .  
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3. SPectr u m  A n a lys i s  and I n teg rat i on 

It should be emphasized here that every alpha event In a correctly prepared 

sample except for the 0 .  3211b lost In the wall  effect Is counted , and the 

only other losses to be concerned with are those in sample preparation . 

Although in some cases It Is possible to choose an Isotope of the element 

to be determined that can be used as an Internal standard , we have never 

used this approach to sample control. Instead , we have followed the protocol 

usual in many other analytical methods and developed procedures for l OOIMI 
recovery with standard samples to be run at regular Intervals to assure that 

the recovery remains what it should be. The integrated alpha peak < with 

wall-loss correction appl ied if desired> is then the total alpha count for 

t h a t  n u c l i d e  i n  t h a t  s a m p l e . 

For samples with count rates higher than 1 .  0 cpm , background contributions 

wil l  be 211b or less if the PSD equipment Is working properly. Under these 

conditions single alpha peaks or peaks separated to the baseline may simply 

be integrated to give disintegrations per minute in the sample . Peaks that 

are not completely resolved may be hand led by one of two methods that 

h a ve b e e n  d e m o n strated to be s u c c e s sf u l .  

a >  Peaks produced by a s ingle energy alpha < as for exam ple 

from 
210Po> are perfectly Gaussian. Alpha decay schemes involving several 

alpha energies, x-rays, and conversion electrons may not produce absolutely 

symmetrical l iquid scintil lation peaks , but several common nuclides produce 

peaks that are approximately symmetrical .  Theoretical calculations show 

< see Appendix iv> the nucl ides 233u and 238u to be skewed about l llb ,  but 

this amount of assymmetry cannot be detected by integration on a multichannel 

analyzer. The uran iums 234 and 236 both give a calculated amount of 

skew of about SIMI , but again the assymmetry cannot be detected in  the 

spectrum . For these < and possibly other> nucl ides Integration from the 

mid-point to the outside base of any unresolved peak wil l  give approximately 

half of the total count; thus , it is often possible to resolve merged peaks 

like those shown in Fig . 26a with acceptable accuracy and very little trouble. 

Usually the use of the integrating function of modern multichannel analyzers 

wi l l  g ives accurate resu lts although it should be noted that considerable 

error, often the largest error, arises from the choice of the peak maximum. 

I n  fact , th is  uncertainty probably l im its the accuracy of  th is  method more 
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severely than the assym metry of the l i qu id  scint i l lat ion peak caused by 

conversion electrons. Taking this technique one step further,  three peaks 

such as are shown In Fig . 26b can be resolved by finding the total count 

under the outermost peaks as above and subtracting their sum from the 

total count under all three. Errors with this procedure are larger, of course, 

and errors also increase the larger the difference In size of the peaks and 

i n  t h e  d i ff i c u l ty of i d e n t i fy i n g  t h e  a p ex of t h e  pea ks . 

b> For complex spectra that cannot be resolved by the above simple 

approaches , computer curve resolution programs of the type commonly used 

for uv, visible , and Infrared absorption spectra are sometimes applicable. 

The degree of assymmetry of the peaks ( see Appendix lv and Sect. I I  A> 

s h o u l d  be t a k e n  I n to c o n s i d e ra t i o n  I n  a n y  s u c h  a ttem pt .  

4 .  N yc l l d e  I d e n t i f i c at i o n  

I n  many procedures the chemical steps used wi l l  assure that on ly one or 

a few nuclides are transferred to the scinti l lator ;  for example , a tertiary 

amine will extract plutonlum C M  very selectively from nitrate systems ( Procedure 

6, Appendix II> or polonium can be separated easily from most other elements 

( Proced u re 5 ,  Appendix I I > . I n  procedu res designed to extract several 
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nucl ides , such as in the use of d i  < 2-ethylhexyl> phosphoric acid < HDEHP> 

from sol ut ions of pH 2, it is  often des i rable to identify the a lpha peaks 

found . If the extractive scinti l lator and the aqueous phase from which the 

extraction is made are consistent from sample to sample and to standards,  

c o n s i d e ra b l e  re l i a nce can be p l aced on  the pea k posi t ion - energy 

relationsh ip ,  and energ ies can be estimated directly from channel number. 

If d ifferences in sample or scinti l lator composition have shifted the scintil lator 

response , an effective way to calibrate the scale Is to introduce two nuclides 

with widely separated a lpha energ ies to the scinti l lator/sample In a smal l  

volume of extractive scinti l lator. If the added spike Is less than 1 to 21Jf1 

of the volume of the sample < 1 0  to 20 microl i ters for a 1 ml sample> , 

no c hange in  scinti l lator response wi l l  occur  due to the added material . 

The scale can then be cal ibrated for that sample d irectly from the position 

of t h e  two kn own pea ks . 

If further refinement in nuclide Identification is required ,  some of the sample 

in the scinti l lator may be dried on a planchette,  the naphthalene , extractant 

and fluor driven off by heating and flaming , and a surface-barrier spectrum 

of the nucl ides present obta ined . Also , it may be possib le to plate the 

n u c l ide  from the sci nti l l ator onto a p lanchette by one of the fo l lowing 

procedures . Where amines are the extractants , the add ition of  twice the 

sample volume of dimethylsulfoxide and 1 to 2 drops of 6 M HCI wi l l  usually 

produce a med ium from wh ich the triva lent and tetravalent act in ides can 

be electroplated onto sta in less steel by a current of 2 .  5 mi l l iamps with a 

250 to 300 volt potential .  When HDEHP is the extractant, the addition of 

ethyl or isopropyl alcohol plus HCI wil l  al low plating under similar conditions. 

A surface barrier spectrum from preparations on plates as described above 

can have energy resolution of the order of 20 keV FWHM. From this spectrum 

one can obtain more accurate nucl ide identification by a lpha energy. With 

n ucl ides of the same type , such as the trivalent actin ides , activity ratios 

should be rel iable. Thus,  with the combination of the accurate total count 

from l iqu id  scinti l lat ion and the Identification and activity ratio from the 

surface-barrier detector spectrum,  a combined quantification and Identification 

b e tte r t h a n  by e i t h e r  m e t h o d  a l o n e  w i l l  be p o ss i b l e .  
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E.  A C C U RA C Y  A N D  R E P RO D U C I B I L I T Y  

Reproducibi l ity:  Reproducibi l ity of repetitive counting of  the same prepared 

alpha sample by al l  l iquid scinti l lation methods is determined by the statistics 

of counting . That is ,  if one has the mean of a large number of individual 

counts or a very long sing le count, the result of subsequent counts ::1: their 

square roots wil l  include the original ''true" value 681Jf1 of the time. Of course, 

since rad ioactive decay is  itself a random process , we can never know 

an absolute rate of decay, only a very close approach to it. Stated another 

way ;  for a g iven count ,  n, the "true" va lue wi l l  fa l l  with in  n ::1: vn 
681Jf1 of the t ime < the probabi l ity of it being outside these l im its is on ly 

32IMI > . The quantity vn i s  cal led the  standard deviation o .  The 

probabi l ity of  the  "true" va lue being outside 2o is only S IMI  
wh i l e  t h e  p ro b a b i l i ty of  b e i n g  o u t s i d e  1 / 2 o i s  64 1Jf1 .  

Because there is  no problem of sample geometry reproducibi l ity in  most 

l iqu id scinti l lation detectors , the reproducibi l ity of counts described above 

holds even when a sample is removed from the detector and replaced between 
counts . This is general ly not true of surface barrier counting of alpha 

plates . Variations due to removing and replacing the plate are commonly 

5 to 1 OIMI . Gas-flow proportional counters are much less sensitive to sample 

position.  The reproducibi l ity of  a series of  samples prepared separately 

and counted by l iqu id  scinti l lation methods wi l l  depend primari ly on the 

reproducib i l ity of the chemical and volumetric steps used In the sample 

preparation If the count taken Is large enough to give good counting statistics. 

An example of the reproducibi l ity of multiple samples Is g iven on page 46 , 

S e ct . I l l  C .  

Accuracy: The absolute accuracy of an alpha count can only be approached 

as was Ind icated above . With a total count of a s ingle , pure nucl ide 

sufficiently large that the standard deviation Is  only a small  fraction of the 

total count ;  e. g. , v n 1 n < 1 0 - 3 , the accuracy of the 

determination depends primarily on sample preparation and on the counting 

efficiency. Losses In  sample preparation vary with the procedure .  With 

the procedures described In Appendix li recoveries are h ig h .  Extraction 

Into the scinti l lator in a l l  the procedures described is > 99. 91Jf1 If  conditions 
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are right .  Recoveries by the prel im inary extractions are of the same 

magn itude.  Thus,  with al l  optimum conditions , losses In the separation 

procedures should be < 0. l iM. .  However, the appropriate way to determine 

recovery under any specific set of conditions Is to run standard samples 

of known nuclide concentration through the procedure .  Th is , however,  

poses a prob lem beca use verif ied sta n dards  d o  not exi st fo r many 

alpha-emitting nucl ides. In fact , the highest accuracy quoted on an alpha 

emitting < solution> standard by the National Bureau of Standards is ::t: l iM..  

Better standards can be obtained by the use of weighable amounts of purified 

nuclides or mixtures of nucl ides assayed by mass spectrometric methods. 

In an  attempt at this laboratory to determine the overal l  accuracy of the 

extraction and counting procedure, a NBS sample of uranium oxide < Reference 

Material 950b> was used. Six weighed aliquots of a gravimetrically prepared 

solution were equilibrated with an extractive scintillator in the apparatus shown 

in Fig . 1 9. The aqueous phase was removed , and the total organic phase 

was counted. The mean of these determinations was 99. 681Mt of the
· 
standard 

value with a standard deviation of ±0.  0581Mt of the mean . The absolute 

assay of the u ra n i u m  oxide was q u oted as be i n g  kn own to ±0 . 020 IMI .  
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IV. SUMMARY 

Uquid scinti l lation techniques al low counting < detection and quantification> 

of non-penetrating alpha and beta radiation in ways that are usually more 

accurate and reproducible and are often easier than other methods.  When 

the radlonuclide is In homogeneous true solution in an appropriate organic 

l iquid contain ing a compound < fluor> that produces l ight when excited by 

ionizing rad i ation , every ioniz ing event that produces a q uantity of l ight 

sufficient to be detected by the multlplier-phototube Is recorded . For alpha 

radiation th is  is virtual ly 1 00IMI < 99. 68% >  of the events . The advantages 

of l i q u i d  sc int i l l ators have been exp lo ited fo r beta count ing  beca u se 

self-absorption problems for some of these nuclides are so severe In other • 
counting methods that beta counting by these methods Is of limited usefulness. 

The use of l iquid scinti l lation for a lpha counting has been much less used 

because other usable methods were developed , because both beta and gamma 

radiation interfere with a lpha counting in l iqu id  scinti l lation , and because 

equipment and methods to take fu l l  advantage of the capabi l ities of l iquid 

scinti l lation in alpha counting and spectrometry have not been readily available. 

In the past 1 0 to 1 5  years there have been many advances in alpha l iquid 

scinti l lation methods.  There are now several approaches to choose from: 

1 .  A l p h a - e m i tt i n g  n u c l i d e s  c a n  b e  i n t ro d u ced  to the type of  

aqueous-accepting scinti l lator commonly used for beta counting and the 

resulting sample placed in a beta liquid scinti l lation counter. Many samples 

of reasonably h igh  cou nt-rate and of known nucl ide composition can be 

assayed in th is  way. Variab le interference by beta and gamma emitting 

nucl ides and ambient gamma radiation is  a problem as is the alpha-peak 

sh ift due to quench ing materia l s  added with the samp le .  A lpha energy 

d i s c r i m i n a t i o n  is u s u a l l y  n o t p o s s i b l e .  

2 .  Alpha-emitting nuclides can be transferred by liquid-liquid partitioning 

< solvent extraction> to an aqueous-immiscible solvent containing a solvent 

extraction reagent and th is solution then mixed with an aqueous-Immiscible 

scinti l lator solution . Alternatively, the extracting reagent and the fluor can 

be in  the same solution in itial ly and th is "extractive scintil lator" equi l ibrated 

with the aqueous sample. The resulting scintil lator/sample from either method 
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is then counted in a beta liquid scintillation spectrometer. These procedures 

min imize problems of peak-sh ift due to quench ing material  In  the sample 

C as In 1 above> and often , by selective extraction of the nuclide of interest, 

reduce problems of high background due to beta and gamma emitting nuclides 

in the scinti l lator/ sample. Alpha energy separation/determination Is sti l l  

n o t  p o s s i b l e a n d  some b a c kg ro u n d  p ro b l e m s  re m a i n . 

3. The alpha emitting nuclide In an extractive scinti l lator can be counted 

In a detector designed for alpha liquid scintil lation spectrometry. Background 

count is lowered by th is  method by a factor of - 20 ,  a n d  the a b i l i ty to 

deal with remain ing background Is improved . A useful degree of alpha 

energy resolution < 200 to 300 keV, FWHM> is achieved , and spectra collected 

on a multichannel analyzer are useful for nuclide Identification and for obtaining 

I n d i v i d u a l  c o n c e n trat i o n s  of m ixed n u c l i d e s .  

4 .  With electronic pulse-shape discrimination added to the system described 

above in 3, It is possible to reject most of the beta and gamma background 

< >99. 9+IMI> and drastically lower the detection l imit of alpha liquid scintillation . 

Detection l imits and backgrounds approaching < or In some cases exceeding> 

t h o s e  of  s u rface - b a r r i e r  d e te ctors  a re a c h i eved . 

The alpha assay methods described above , especially In 3 and 4 ,  can be 

much more accurate and reproducible than plate counting methods. Since 

there Is no geometry reproducibi l ity problem , accuracy Is l imited only by 

s a m p l e  p r e p a r a t i o n  a n d  by c o u n t i n g  s ta t i s t i c s . 

The work Involved In sample preparation , even In methods 3 and 4 above, 

I s  usual ly less than that  requ ired for quantitative alpha counting by plate 

methods .  The combination o f  l iqu id  scinti l lat ion a n d  solvent extraction 

a l lows many simple and effective nuclide separations to be made as a part 

of sample preparation . Opportun ities for the development of many new 

a n d  u s e f u l p roced u re s  ex i s t .  

Equipment for alpha liquid scintil lation spectrometry I s  stil l  I n  th e  development 

stages . Opportu n it ies for I m p rovements I n  energy resol ut ion and I n  

pulse-shape discrimination exist. These Improvements are expected to occur 

a s  t h e  d e m a n d  fo r t h e m  I n c reases . 

Copyright © National Academy of Sciences. All rights reserved.

Alpha Counting and Spectrometry Using Liquid Scintillation Methods
http://www.nap.edu/catalog.php?record_id=19228

http://www.nap.edu/catalog.php?record_id=19228


6 7 

V. APPENDIXES 

APPE N D IX i :  E Q U I P M E N T  A N D  REAG E N TS 

1 .  Beta Liq u i d  S c i n t i l l at i o n  Spectro m e te r  

Usts of current manufacturers of beta liquid scintillation counters/spectrometers 

may be found in any of several guides to scientific Instruments. For use 

in a l p h a  c o u n t i n g  t h e  fo l l ow i n g  featu res a re d e s i ra b l e :  

1 .  The Instrument should contain provisions for manually and continuously 

adj u st i n g  a m p l i f ier  g a i n  a n d  u p p e r  a n d  lower l eve l d i s c r i m i n ators . 

2. Provisions for the output of pulses containing pulse-height or energy 

i n fo r m a t i o n  s h o u l d  be prese n t .  

S .  An output should be present that contains Information a s  to whether 

the energy-analog pulse has passed the upper and lower d iscriminators 

or n o t .  

The energy analog pulses may have already been selected by passing the 

discriminator ,  or the information as to which energy analog pulses have 

passed the discriminators may be contained in a separate pulse such as 

a scaler or ratemeter pulse. The purpose of having such outputs Is to 

be able to see on a multichannel analyzer the energy spectrum that Is being 

counted and to see the amount of unwanted background from beta-gamma 

or other alpha that has been eliminated by the discriminators. Alpha counting 

on beta l iquid scinti l lation equipment without a multichannel analyzer < or 

without manually taking the spectrum of each sample> Is subject to many 

errors because of peak shift due to quenching and because of unknown 

beta - g a m m a  b a c kg ro u n d . 

A linear relationship between pulse-height and alpha energy Is to be desired 

over a logarithmic relationship. A l inear scale Is easier to cal ibrate and 

elimination of unwanted low energy beta-gamma pulses Is less troublesome. 
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2 .  A l p h a  L i q u i d  S c i n t i l l a t i o n  S p e c t r o m e t e r 

< P E RALS Spectro m et e r >  

68 

A PERALS spectrometer consists of a detector ,  a h igh-voltage supply for 

the detector , a pu lse-shape d iscrim inator ,  a preampl ifie r ,  an ampl i fier , 

and a multichannel analyzer.  The detector Is presently not commercia l ly 

available. A pulse-shape discriminator can be assembled from commercially 

ava i lable components or a more compact and convenient-to-operate uni t  

can be constructed . A variety of su itable preampl ifiers , ampl ifiers , and 

mu ltichannel  analyzers are on the market . Although large Improvements 

in a lpha energy resolution can be obtained through the use of the a lpha 

liquid scinti l lation detector,  the fu l l  potential of the alpha liquid scinti l lation 

method cannot be realized without the use of the pulse-shape discriminator. 

Descr i pt i o n s  of  the detector and a p u l se- s h a pe d i sc r i m i nator fo l lo w .  

a .  D etect o r : 

A cross-section of a su itable detector Is shown In  Fig . 1 1 ,  Sect. I I  C ,  

and a photograph of a model presently used In  the author 's  laboratory Is 

shown In  F ig . 1 5 , Sect.  I l l  C .  Presented on the fol lowing pages < Fig . 

27> are reductions of shop drawings from which the detector shown In Fig . 

1 5  was constructed . Fu l l-s ize drawings can be obta ined as report No . 

CAPE-2825 from DOE Office of Scientific and Technical Information , Technical 

Information Center,  PO Box 62 , Oak Ridge ,  TN 3783 1 . The critical parts 

of th is device are the reflector and the phototube. A phototube having 

a h igh photocathode sensitivity is desirable s ince the  statistical scatter of 
photoelectron production introduces the most variation In pulse reproducibil ity 

and consequently the largest contribution to the l ine width . Thus a sensitive 

photocathode contributes to improved energy resolution even though this 

degree of sensitivity Is not needed for detecting the large light pulses produced 

by a l p h a  p a rt i c l e s . 

The shape and the coating of the reflector are also Important for reasons 
of optim izing a lpha energy resolution ( see Sect. II C> • High reflectivity 

and even ly d iffuse reflectivity contribute markedly to the energy resolution 

of the d etector . Eastma n  wh i te reflectance coati n g  I s  presently the 

recommended reflecting materia l . The l ight-coupl ing material < oi l >  used 
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I n  the space between the reflector and the phototu be face a lso a ids  

significantly i n  alpha energy resolution. The oil presently used In  the author's 

laboratory Is Dow-Corn ing 200 si l icone o i l  having a viscosity of 50 cs.  

The shape of the box enclosing the detector and the manner of access 

to It are not Important except that the box be l ight-tight, have high-voltage 

I n te r l o c k s  a n d  be rea s o n a b ly c o n ve n i e n t .  

b . P u l se- S h a pe Q l s c r l m l nato r 

The general principles of the application of pulse-shape discrimination c PSD> 

have been presented In Sect. Ill D, and a block diagram of a PSD system 

assembled from commercial electronic components Is shown In Fig . 22 . 

Such PSD circu its are , however ,  somewhat cumbersome and d ifficult  to 

keep adjusted . A circuit was designed specifically for beta-gamma/alpha 

pulse-shape discrimination by J. H. Thorngate C present address Lawrence 

Livermore National Laboratory> , and Improvements were made by D. G. Prater 

of ORNL. Circuit d iagrams for this PSD unit are shown below In Fig . 28 , 

and a set of fu l l-size prints and shop drawings may be obtained as report 

No . C A P E - 2 8 2 6  fro m :  

D O E  Off i c e  of S c i e n t i f i c  a n d  Tec h n i c a l  I n fo r m a t i o n  

Tec h n i c a l  I n fo r m a t i o n  C e n t e r  

PO B ox 6 2  

O a k  R i d g e , T N  3 7 8 3 1 
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3 .  A l u m i n u m - B l o c k  a n d  H eat Lam p Evaporators  

The most t ime-consuming  steps i n  sample preparation for a lpha l iq u id 

sci nti l l at ion assay < as for any  other a l pha  assay method > are sample 

d issolution and sample volume reduction . M uch operator t ime is saved 

in these operations by the use of heat lamps or a controlled-temperature 

a luminum heating block l ike that shown in  Fig . 29. The walls of beakers 

can thus be kept at nearly the same temperature as the bottom , and l ittle 

or no refluxing occurs so that evaporation is faster. Also, it is often possible 

to control evaporation temperatures to avoid spattering . The temperature 

of the block or lamps can be adjusted to rapidly remove nitric , hydrochloric 

and hydrofluoric acids while leaving sulfuric , phosphoric and P,rchloric acids 

l ittle affected . This makes the often necessary task of changing anions 

m u c h  s i m p l e r  to a c c o m p l i s h .  

LEADS TO THERMOCOUPLE 
I NS I DE BLOCK 

ORNL- DWG 81 - 1 7509 

ALUMI NUM BLOCK 
DR I LLED FOR BEAKERS 

PYROMETER CONTROLLER 

Fig. 2B. A Thermoatatlcall Controlled Aluminum Block for Controlled. Reproducllle 
Evaporations  

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.
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4. S a m p l e  Q!sso l u t l o n  Eq u i pment 

Samples of organic materials or samples containing large quantities of organic 

materials must be Ignited or wet-oxidized to destroy the organic material 

before dissolution . All of these samples may be ignited at 600 to 7oo • c  
after which th e  ash Is dissolved. care should be taken not to exceed goo• c. 
Refractory oxides of plutonium are produced at th is  temperature. Plant 

and animal tissues may be d issolved in concentrated nitric acid and smal l  

amounts of 304M� hydrogen peroxide.  < 1 >  Mineral samples and sol! samples 

containing minimal amounts of organic materials may be placed In solution 

In a m ixture of concentrated n itric , hydrochloric , and hydrofluoric acids 

in a teflon-l ined pressure vessel .  < 2> The Bureau of Mines has developed 

two methods of placing mineral samples In solution . Both use mild pressure 

In a plastic < polycarbonate> bottle and heating either in  a bol l ing water 

bath < 3> or In  a microwave oven . < 4> 

5 .  R eage n ts 

The Importance of haYing all reagents that go Into the extractive scintillator 

pu re and  free of color I n  order  to obta i n  opti m u m  pu lse- he ight  and  

pulse-shape response of the scintil lator has been mentioned before < Sect. 

I I  B> i however,  It should be stressed here aga in .  In  addition , purity of 

the analytical separation reagents Is Important from on analytical accuracy 

standpoint. As with any analytical procedure ,  the smaller the amount of 

material to be determined and the more accurate the determination Is desired 

to be the purer must be the reagents .  Smal l  amounts of Impu rities In 

extroctants can cause the extraction of elements other than those desired . 

As on example , one or two percent of a primary amine In a tertiary amine 

extractant con cause the loss of pluton ium In the procedure described in 

Appendix I I , Sect. 6 .  Amlnes purified to this degree hove not been readily 

ava i lable from com mercial  sources unt i l  recently. Now some reagents 

produced for process use ore sufficiently pure for analytical pu rposes . 

Bis C 2-ethylhexyl> phosphoric acid , trloctylphosphlne oxide , and some alkyl 

amines are In this group.  Fortunately , purification of the other reagents 

needed In the separations and In the sclnti l lotors Is not d ifficult. Molecular 
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d isti l lation in  a spinn ing-cone molecular sti l l  has been fou nd adequate in  

most cases and is  recommended for distil lation of the high molecular weight 
extractants to avoid decomposition . The material  being disti l led is heated 

for only a fraction of a second whi le it is on the dist i l lation cone ;  thu s , 

thermal degradation of the material is min imized . Most of the extractants 

undergo appreciable degradation in a sti l l  in which the entire batch remains 

heated in a sti l l  pot during the disti l lation even i f  vacuum disti l lation reduces 

the boi l i ng point  to 40 to 50 o c .  

Scinti l lation grade naphthalene i s  sufficiently pure as purchased as are the 

f luors and the solvent to luene.  I t  is hoped that  chemica l  suppl iers wi l l  

find i t  profitable to make avai lable more highly purified versions of some 

of the oth er  reagents needed in these proced u res in the near futu re . 

a . Ext rac t a n t s : 

Table 2 l ists some selected solvent extraction reagents and gives an indication 

< necessarily incomplete> of their extraction behavior. Some of these are 

su i table for use in the sc i nti l lator and are ma rked with " a " .  Some others 

are colored or quench for other reason s .  Table 3 l i sts some suppl iers 

from which these reagents may be obta i ned . Other suppl iers may exist 

of which we are not aware . 
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TABLE 2 

General  Properties of Selected Extraction Reagents 

Type Examples 

Cation Dinonyl or d idodecyl 

Exchange naphthalene 

su l fonic acid 

Bis < 2-ethylhexyl > 

phosphoric acid c a> • 

Meta ls  Extracted 

Al l  cations extracted even 

from acidic solutions ; 

not selective . 

A lkal is  and a lka l ine earths 

weakly extracted ; pH 4-6.  
Lanthan ides/actin ides < I l l >  

strong ly extracted ; pH 3-5 .  
Actin ides c IV> very strong ly 

extracted ; pH to 0 .  5 .  

Neo-tridecanoic acid Weak  extractant at p H  4-7 ; 
< branched carboxylic> • Multivalent ions s l ig htly better .  

Thenoyltrifl uoro

acetone 

Hydroxyoximes 

a- Hydroxyquinol ine 

Pu ( IV> from 1 -3 M HN03 

Th C IV) at pH > 1 , U C VI > at pH > 2 

N p C IV) at pH > 0 .  5 
Triva lent lanthan ides at pH > 3 

Many other Elem . C l l l >  extracted . 

Not selective for acti n ides ; 

Most used as extractants for Cu . 

Extracts many ions pH 3-6.  
Not very selective . Quench ing . 

C a> compound successfu l ly used in  author ' s  laboratory.  
•

Reagents usable in  sci nt i l lator .  

7 7 
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TABLE 2 < Continued> 

Type 

Jon Pair  
coord
inators 

Examples 

Primary alkyl 
amine of 
MW ill 3oo < b> • 

Secondary alkyl 
amine of 
MW ill 300• 
< Much variation in  
extraction with 
structure> 

Tertiary alkyl 
amine of 
MW ill 3oo < c> * 

Quat. ammonium 
compound 
MW ill 300• 

No extraction from perchlorlc acid . 

Metals Extracted 

From n i trate ; Au C I I I >  

From ch loride ; Po C IV> 

From sulfate ; Fe<  I l l >  1 Y1 Zr1 Nb C V> 
Tc < VI I >  1 Pd C I I )  1 In  < I l l >  1 Sn < l l >  1 Eu 1 Hf 
Ta C V> 1 Re < VI I >  I Os < IV> I MoC VI>  
Pu C IV> 1 U <  IV> 1 Th 

From n itrate ; Au < I l l >  

Fe < I l l >  I G a <  I l l >  
Sb < V> , Au C I I I >  I Cd 

From sulfate ; Zr 1 N b C V> 1 MoC VI > 
Tc < VI I>  1 Pd < I I >  1 Ta < V> 1 Re C VI I >  1 OsC IV> 

From N itrate ; Tc < VI I >  1 Au < I l l > 1 Th 1 
U C VI>  1 Pu C IV> 

From sulfate ; U C VI >  

From nitrate ; Mo C VI>  1 Tc C VI I >  1 Eu , 
Au C I I I >  1 Hg < l l >  1 Bi C I I I >  1 Th 1 U C VI>  

From chlorid e ;  Fe < I l l >  1 Zn 1 Ga < l l l > . 
Mo C VI>  1 Pd C I I >  1 Cd 1 ln C I I I >  1 Sn C IV> . 
Sb C V> 1 SbC I I I > , Au C I I I > 1 HgC I I > 1 
Po C IV> I U C VI>  

From sulfate ; Mo C VI >  1 Tc < VI I >  1 
Ta < V> I Re< VI I>  1 OsC IV> I Pd < ll >  

Perch lorlc acid can be used to strip al l  amlnes .  
C b> 1 -nonyldecylamlne a n d  "Prlmene-JMT" used successful ly.  � c> Trl octyl a m l n e  1 "Ai a m i n e-336" 1 and "Adogen-464" used successfu l ly • 

Rea g e nts u s a b l e  I n  sc i n t i l la tor  

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 .
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TABLE 2 < Continued> 

Type 

Neutra l 

coord . 

Examples 

Trloctyl 

phosphine oxlde < d > • 

Trlbutyl 

phosphate 

Diethyl ether 

Polyethers 

Methyl Isobutyl 

ketone 

Metals extracted 

From nitrate ; U C VI> , Zr , Tc C VI I > , 

Au < I l l > ,  Th , N p C  IV> C VI > , 

Pu C IV> C VI> , Pa , Hf 

From chloride ; Au C I I I > , Zn , Zr , Sn C IV> , 

Sb C I l l > , Cr C VI> , Mo C VI> , Fe < I l l > , Th , 

U C IV> C VI > , Pu C IV) C VI > , Ga C I I I > , Nb ,  81 

From su lfate + minimal  nitrate 

or ch loride 

U C IV> , In C I l l > , Cr C VI> , 

CeC IV> 

From nitrate ; U C VI> , Pu C VI>  C IV> , 

Np C VI >  C IV> , Os C VI > , W ,  Th , Sc , 

Lu , Y 

From chloride ; Au C I I I > , TH i l l > , Fe C I I I > , 

Zr , N b ,  Ga , Ta , Te C IV> , W,  Np , S b ,  

Mo,  H f ,  Sc , Re , I n ,  Pa 

From su lfate ; Re , Tc , Os 

From Nitrate ; U C VI >  lcoef. • l J  

From nitrate ; Hg , Th , Pa ,  U C VI >  

From n itrate ; U C VI ) , Tc C VI I > , Hg 

From ch loride ; Au C I I I > , Ga 

< d> Compound used successful ly In author 's  laboratory . 

• 
Reagents used In scintil lator. 
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Table 3 .  Some Sou rces of Solvent Extraction Reagents 

Reagent 

Type 

Name 

Carboxyl ic acids 

Versatic 

Naphthenic 

Su lfon ic Acids 

Phosphorus Ac ids 

Bis c 2-ethylhexyl > phosphoric 

2-Ethylhexyl phosphon ic 

acid mon o C  2-ethyl hexyl > 

ester 

Beta-Diketones 

Thenoyltrifluoacetone 

Primary Amines 

1 -Nonyldecylamine 

P ri mene J MT 

Source 

Shel l  Chemicals 

Exxon Chemicals 

c Various Sales Offices> 

King Ind ustries 

P. 0. Box 588 

Sc ience Road 

Norwa lk ,  CO 06852 

Mobi l  Chem ical Co. 

Ind ustr ia l  Chem . Div.  

Richmond , VA 2326 1 

Diahach i  Chemical Co. 

Ltd . JAPAN 

General Chemical  Suppl iers 

Armak Chemicals 

Custom Preparation 

Rohm and Haas 

8 0  
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Reaaent 

Type 

Name 

Secondary Amines 

Amberl ite 

LA- 1 ,  LA-2 

Adogen 283 

Others 

Tertiary Amines 

Alamlne 336 

Azamlne 1 0B 

Adogen 364 , 363 

Phosphine Oxides 

Trloctyl 

Table 3 C continued> 

Source 

Rohn and Haas 

Sherex Chemical Co . 

P .  0.  Box 646 

Dubl in , OH 430 1 7  

Mars Chemical Co . 

762 Marietta Blvd .  

Atlanta ,  GA 303 1 8  

Armak Chemicals 

Box 1 805 

Chicago , I L  60690 

Henkel Corp. 

1 30 1  Jefferson Street 

Hoboken , NJ 07030 

General M i l ls 

Mars Chemical Co . 

Sherex Chemical Co 

General Chem . Suppl iers 
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b .  F l u o rs 

Listed below in  Table 4 are several useful fluors for l iquid scintil lation . Both 
the commonly-used acronyms and the chemical names are Included . There 

appears to be considerable d ifference In  the fluors In  regard to the amount of 
energy resolution they can produce , the over-all pulse height they produce, and 
the Improvement that the addition of an energy transfer agent such as 
naphthalene can produce. Some of the comparisons done at ORNL 

are shown In  Table 1 ,  Sect . II B ;  however ,  these results were obtained several 

years ago , C 5> and better fluors and better methods of comparing them may be 
available today. A recent recheck of the comparison between PBBO and butyi-PBD, 

h oweve r ,  c o n f i r m e d  t h e  s u pe r i o r  per fo r m a n c e  of P BBO . 

Acronym 

PBBO 

Butyi-PBD 

aN PO 

PBD 

DPA 

PPO 

BBOT 

BlsMSB 

PO POP 

Table 4. Fluors 

Chemical Name 

2- C 4 '-blphenylyl> -6-phenylbenzoxazole 

2- C 4 '-tert .  -butyl phenyl > -5- C 4"-biphenylyl > - 1 , S ,  4-oxadlazole 

2- C 1 -Naphthyl > -5-phenyloxazole 

2- c 4-blphenylyl > -5-phenyl- 1 , S ,  4-oxadlazole 

9 ,  1 0-d l phenylanthracene 

2 ,  5-d lphenyloxazole 

2 ,  5-bls C 5 '-tert . -butyl-2-benzoxazole> thiophene 

p-bls c o-methylstyryl> benzene 

2 ,  2'-p-phenylenebls(5-phenyloxazole] 
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APPENDIX I I :  SELECTED PROCEDURES 

There appear to be many potential applications for alpha liquid scintillation 

techniques, even In their present state of development. Although the energy 

resolution atta inable with l iquid scinti l lation Is not as good at present as 

that which can be produced under good conditions by some plate counting 

methods , quantification of the alpha cou.nt will nearly always be better with 

l iquid scintil lation because there are no problems of sample self-absorption 

or sample geometry. Improvements In energy resolution and In pulse-shape 

discrim ination , both of which appear achievable with moderate additional 

re s e a rc h  a n d  d e ve l o p m e n t , wo u l d  a l low m a ny m o re u se s . 

Many of the procedures below use perchlorlc acid . It Is an ideal reagent 

from several viewpoints ; < 1 > Nitric,  hydrochloric and hydrofluoric acids can 

be d riven off from the sample by heating to perch lorlc acid fumes. C 2> 

Perchlorlc and nitric acid together wi l l  effectively and safely destroy small 

amoun1s of organic material in the samples that would otherwise cause serious 

quench ing  prob lems I n  the sc i nt i l lator.  C 3> Perch lorate systems are 

non-complexlng and provide the ideal system from which to extract Into 

the H DEHP and other cation exchange extractive scintl l lators . Those who 

have developed these procedures are aware of the potential hazards of 

perch loric acid , as those who use them should be . However,  with due 

care the risk Is minimal , and the advantages to be gained are great. No 

acceptable substitute for the use of perchlorlc acid has been found In many 

p roced u re s . 

Commercial ly-available 724MI perchlorlc acid more properly called perchloric 
ac id d ihydrate , HCI04• 2H� ,  Is  a perfectly stable chemical that wi l l  not 

explode , detonate , or deteriorate on storage. The boi l ing temperature of 

this composition is 203 • C.  More di lute solutions will expel water until this 
composition and this boiling temperature is reached. Perchloric acid dihydrate 

or solut ions of It are not strong oxidizing agents at room temperature . 

Ferrous ion Is stable In  perchlorate solutions at these temperatures . Hot 

perchlorlc acid solutions are,  however, strong oxidants and react explosively 
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with many organic materia ls .  Alcohols In  particular should not be  heated 

with perchloric acids. In using perchlorlc acid to destroy organic materials , 

the in itia l reaction mixture should contain more concentrated n itric acid than 

perch loric acid . An excess of nitric acid should be ma intained unti l  the 

solution is clear and only small amounts of organ ic matter remain. If organic 

sol ids are present, the sample should be digested with concentrated nitric 

acid and 304111 hydrogen peroxide unti l  a l l  sol ids are d issolved into a clear 

s o l u t i o n  b e f o r e  p e rc h l o r i c  ac i d  i s a d d e d . 

All of the procedures described below are designed to be quantitative with 

1 004111 of the nuclide expected to to be extracted Into the extractive scintillator. 

B e c a u s e  o f  t h i s , n o n e  of t h e  p roc ed u re s  u s e  a n  I n te r n a l  t r a c e r  

although i n  some cases this would be possible. Quality control of the analyses 

is expected to be maintained by the use of standard samples run at Intervals 

as Is usual for many other kinds of assays . Accuracy and reproduc ibility 

in al l  cases are expected to be determined by the accuracy of the volumetric 

m a n i p u l a t i o n s  a n d  by  c o u n t i n g  s ta t i s t i c s . 
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1 .  Act i n i d es I n  La bo ratory S a m p l e s  

8 5  

Alpha emitting nucl ides of known purity that are used a s  tracers can often 

be assayed using a beta l iqu id scinti l lation spectrometer.  The ease and 

the accuracy with which this can be done depend on the level of activity 

being assayed , the nature of the other ions present, and the physical and 

c h e m i c a l  fo r m  of t h e  s a m p l e .  

a .  Reag e n ts : 

Aaueous-accept!ng scinti l lator; Any commercial scintillator that is compatible 

with the aqueous sam ples . 

Extractive scintil lator: Prepare a solution of 60 g bls C 2-ethylhexyl> phosphoric 

acid , 1 80 g naphthalene and 4 to 6 g PBBO, PPO, or a-NPO fluor In toluene 

d i lut ing to 1 L. After the solution has been stirred for 1 -2 hours allow It 

to set for several hours or overnight and filter to remove any undissolved 

f l u o r .  

b .  P ro c e d u re :  

For l iqu ids , aq ueous o r  organic , that are of the same composition over 

a sample set, that contain little or no quenching materials c nitrates , chlorides, 

alcohols , acetone , organic chlorides> , and that all have a count rate higher 

than the blank background , counting can be done by pi petting an appropriate 

amount c Ideally the same for every sample in order to keep the scinti l lator 

composition constant> of sample Into the scinti l lator and counting at 

a gain that Is about 1 OCMI of that used for 14c . Solids or samples 

containing solids cannot be assayed with any reliability. Some method 

must be used to assure that the gain used places the alpha peak within 

the region detected by the spectrometer. A multichannel analyzer c MCA> 

connected to the beta liquid scintil lator spectrometer as described In Sect. 

I l l  A is useful for th is purpose . Without an MCA the spectra should be 

taken by hand through a narrow window. These procedures are necessary 

for re l i a b l e  count i n g  s i n ce , if e i ther  edge of the peak  Is cut  by the 

spectrometer detection l im its , s l ight changes In  the peak position due to 

Instru ment voltage change or to the sample due to quenching wi l l  cause 

l a r g e r  c h a n g e s  I n  t h e  c o u n t .  

For l iquids containing quenching materials ,  counting can sti ll be successful 

if; 1 .  The same amount of quencher Is added to each sample. In  th is 
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case , the ga in  general ly must be raised . Sometimes additional quencher 

must be added to the least-quenched samples . 2 .  The gain Is readjusted 

for each d ifferent degree of quenching to bring the pulse within the region 

where it can be detected . Quenching must be severe in order to depress 

the a lpha-produced l ight pu lse to the point where It cannot be detected . 

If beta or gamma emitters are present in  the sample either as Impurities 

or as daug hters of the n uc l ide of in terest , su btraction of a separately 

determined background wi l l  not be correct , and a method of determining 

the background for each sample wi l l  be necessary.  Graphic or computer 

analysis of a spectrum from each sample Is often helpful C see Sect. I l l  

0 ) . 

As a general  rule the net alpha count rate of the sample must be at least 

as large as the blank background count of the spectrometer C at the same 

gain and window settings> In order to be able to have meaningful counting 

statistics. This requirement usual ly l imits the practical lower counting l imit 

f o r  a beta- l i q u i d s c i n t i l l a t i o n  s p ectro meter  to a bo u t  2 0  c p m . 

Many of the problems associated with quenching in assaying laboratory samples 

can be eliminated by the use of an aqueous-Immiscible extractive scintillator 

C see Sect. II B> . An aqueous sample of up to 8 ml adjusted to pH 3 may 
be added to a 20-ml scinti l lation vial containing 1 0  ml of the scinti l lator. 

The two phases are then equi l ibrated , and the sample Is counted In the 

beta- l iq u id scint i l lation spectrometer.  Beta emitting Impurities that are 

unextracted do not Interfere ; however ,  unextracted gamma emitters do. 

Most problems associated with the assay of laboratory-produced samples 

can be avoided by the use of extraction and the PERALS spectrometer as 

d e s c r i bed  I n  S e c t .  I l l  C .  

Sol id samples must be placed I n  solution before a pplying  any of these 

procedures. Alpha particles emitted In the Interior of plant or animal tissue, 

soi l or dust particulates , or even col loidal materials , wil l  not be counted 

because the . alpha particle will be absorbed before it reaches the scintillator. 
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2.  C o u n t i n g  o n  G l as s- F i be r  F i l ters 

Alpha activity on glass fiber fi lters can sometimes be counted with good 

accuracy , and even with fai r  a l pha energy resolution and beta-gamma 

retectlon , In liquid scintillation media. If the alpha activity Is present without 

beta-gamma activity and without much Inert sol ids , a rough Idea of the 

alpha activity present can be obtained by placing the fi lter material In an 

all-purpose scintil lator and counting It In  a beta liquid scinti l lation counter. 

This techn ique Is usefu l for assay of relatively clean "swipe" samples to 

check for suspected surface contamination . Relatively clean < only very 

l i g h t  g rey>  a i r  f i l te r  s a m p l es  c a n  a l so be c o u n ted I n  t h i s  way . 

The same c lean  sa m ples ment ioned a bove can be run on a PERALS 

spectrometer and yield an energy spectrum good enough for some Identification 

of nuclides and for excellent nuclide quantification. In addition , pulse-shape 

discri m ination is usual ly good enough to reject most of the beta-gam ma 

background . Filter discs up to 4. 5 em In diameter can be counted In this 

way. Push the fi lter material Into a 1 0  x 75 mm culture tube using a glass 

rod. Add 1 ml of scintillator solution. HDEHP extract!Ye scintillator appears 

to have some advantage In that It may dissolve some of the alpha-emltlng 

material . Attach the culture tube to a short piece of rubber tubing on the 

outlet side of a th ree-way stopcock.  Attach the other two sides to the 

Inert gas supply shown in  Fig . 1 7  and a water aspirator ,  respectively. 

Apply aspi rator vacuum to the culture tube to remove air trapped In  the 

filter fibers and then admit the inert gas. The filter should become transparent 

and virtual ly d isappear.  Repeat this procedure 2 or S times. Count the 

sample in a PERALS spectrometer. Samples count with nearly 1 004MI efficiency 

apparently because the activity is on the surface of the fi lter fibers In a 

very thin layer. Answers are obtained quickly although accuracies and energy 

reso l u t i o n s  u s u a l ly a re n o t  a s  g ood a s  w i t h  s a m p l e s  I n  s o l u t i o n .  
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3 .  G ro s s  A l p h a  in E nv i ro n m e nt a l  M a t e r i a l s  

Most alpha-emitting nuclides , with the notable exception of radium and radon, 

can be separated and counted with this procedure after the sample Is placed 

I n  s o l u t i o n .  

a .  Reag e n ts :  

The extractive scinti l lator containing bls C 2-ethylhexyl> phosphoric acid C HDEHP> 

Is the only special reagent required for this procedure.  The mixture is 60 

g of HDEHP , 1 80 g of scintil lation-grade naphthalene and 4 .  0 g of PBBO 

in  1 l iter of d isti l led-in-glass toluene. After the solution has been stirred 

for 1 to 2 hours allow it to sit several hours or overnight and filter to remove 

a n y  u n d i s s o lved  P B B O .  

b .  P ro c e d u re :  

Place the sample I n  solution by a su itable method that leaves the system 

primarily In the ch loride , nitrate or perchlorate anion form . Wet oxidation 

is often su itable for organic materials although d rying , ash lng and acid 

dissolution of the residue may be better In some cases , especial ly where 

the sample conta ins  res i nous materia ls  that h i nder  the attack of acids 

( especially hydrofluoric acid> and oxidizing agents . Hydrogen peroxide and 

nitric acid are recommended as oxidizing agents rather than perchlorlc acid 

since a control led amount of perchloric acid Is to be added later. Soils 

and some ores also are often easier to dissolve If Ignited first for the reasons 

cited above . Where the use of hydrofluoric acid Is necessary to d issolve 

sil icates , the use of a pressure vessel Is recommended C see Appendix I > . 

When the sample Is completely dissolved , add approximately 0. 5 g of lith ium 

perchlorate and 1 .  0 to 1 .  5 ml of 0 .  1 M  perch loric acid and evaporate at 

1 60 ° C ,  using heat lamps or an aluminum block until boi l ing and evolution 

of hydroch loric or n itric acid ceases and the first signs of perchloric acid 

fumes appear C near 200 ° C> . Be sure that the upper parts of the beaker 

are heated In order to drive off any perchlorlc acid condensed there. Cool 

the beaker and add 5 to 7 ml of water .  When the sample d issolves , 

measure the pH of the solution . The pH should not be lower than 2 .  0 .  

I f  I t  i s ,  re-evaporate and heat to perchloric acid fumes again , then redissolve 

and again measure the p H .  It is I mportant that the chemist be a ble to 

recog n ize the fumes of perch lorlc acid and d istingu ish them from steam 
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and n itric or  hydroch loric acid fumes. I t  Is recommended that a few trial 

runs be made that contain about a mil l i l iter of concentrated perchlorlc acid 

before samples are attempted If one Is not familiar with the use of perchlorlc 

acid . Since the only oxid izable organ ics present at this point wou ld be 

the organic material entrained In the aqueous phase during the extraction 1 

there would be little concern about the safety of this operation with perchloric 

acid ; however 1 due care should a lways be taken when perch loric acid Is 

u s e d . 

When the sample pH Is between 2 and 3, transfer the sample to a separatory 

funnel. Do not Increase the volume to more than 1 0  mi .  Add a measured 

volume between 1 .  2 to 1 .  5 ml of HDEHP extractive scinti l lator and equilibrate 

for 1 to 2 minutes .  Pipette 1 ml of the scintil lator/sample Into a culture 

tube and count. The special equi l ibration/counting vessel < Fig . 1 9> can 

be used here instead of a separatory funnel In which case 1 .  0 ml of extractive 

s c i n t i l l a t o r  w i l l  be  u s ed a n d  t h e  tota l sa m p l e  w i l l  be cou nted . 

Exact procedures for placing In solution , evaporating to perchlortc acid fumes 

and adjusting pH wi l l  vary with the sample material and wi l l  need to be 

adj usted and refi ned for each case . Extraction of a l l  the a lpha-emitt ing 

nucl ide Ions < except rad ium>  wi l l  be quantitative at pH 2 to 3.  The pH 

should not be h igher than 3.  5 or hydrolysis of some of the Ions wi l l  occur. 

At pH lower than 1 .  51 i ncomplete extraction of some Ions wi l l  occur.  If 

pluton ium is not present,  the pH can be adjusted with sod ium hydroxide , 

but plutonium wil l  precipitate in local basic regions and wil l  not be redissolved 

m a k i n g  t h at p o r t i o n  of t h e  p l u ton i u m  i n extracta b l e .  
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4.  U ra n i u m a n d  T h o r i u m  in P h o s P h ates 

Uranium and thorium can be separated from phosphate-containing materials , 

such as fertil izers , bone , teeth , animal tissues and wastes, and phosphate 

chemica ls  i n c l u d i n g  phosphor ic  acid , and counted separately by th i s  

proced ure .  

a .  Reage n ts :  

Uranium-extracting scintil lator: Dissolve 98 g of Adogen 384 ( molecularly 

disti l led > in 800 ml of d isti l led-in-glass toluene and contact with 1 00 ml 
of o .  9 to 1 .  0 N H�04• To the equilibrated and separated organic phase 

add 180 to 1 90 g of scintillation-grade naphthalene and 4. 0 grams of PBBO. 

Make to 1 liter with toluene. Stir for 1 to 2 hours and allow to sit overnight. 

F i l te r  i f  a n y  s o l i d s  rem a i n . 

Thoriym-ptracting scinti l lator: Prepare as for uranium-extracting scintillator 

except use 70 to 75 g of 1 -nonyldecylamlne or other branched primary amine 

of similar molecular weight. ( Solution should be 0. 25 N In amine.  > Most 

a m lnes wi l l  req u i re molecular  d i sti l lat ion to pur ify and remove color.  

!riOC\Yiphosphlne oxide < TOPO> extractant: Dissolve 77 g of TOPO In toluene 

to m a ke a o .  2 M s o l u t i o n . 

b . P roced u re :  

I n  general , the procedure involves six steps: 1 .  d issolution of the sample 

in n itric and perchlorlc acids , using hydrofluoric acid if necessary to break 

down s i l icates ( In some cases perchloric acid can be replaced by so-. 
hyd rogen peroxide If desired > , 2 .  conversion of the result ing solution to 

a n itrate-perchlorate system containing sufficient aluminum to complex the 

phosphate, 3. extraction of the thorium and uranium with TOPO, 4. stripping 

of the thorium and uranium into an aqueous ammonium carbonate sofution ,  

5 .  conversion of this solution to a sulfate system , and 8 .  extraction i nto 

the separate scintll lators and counting . A more detailed description of the 

a n a ly t i c a l  p roced u re fo l l ows . 

Dissolve a measured quantity of phosphate-conta in ing material ( amount 

depending on the concentrations of uranium and thorium expected> In 8.  0 
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to complete solution and then bol l  down to ca. 25 ml. 
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Heat, i f  necessary, 

Add about 25 ml 

of concentrated perchlorlc acid and heat the solution until perchlorlc acid 

fumes appear.  Fi lter  the warm solution through a glass frlt and transfer  

It to a 1 25-ml separatory funnel . Dilute I t  to approximately 6 M acid and 

neutral ize It to between 1 and 2 M acid with sod ium hydroxide.  In  some 

sam ples , a precipitate of calcium sulfate Is noted at this point, but It does 

not appear to affect the results. Add aluminum nitrate ( ca .  25 g> to enhance 

the primary extraction for uranium and thorium and to complex phosphate 

and other lnterferrlng Ions so as to ensure quantitative uranium and thorium 

recoveries . ( For samples al ready In  solution , such as phosphoric acid 

samples , the d issolution procedu re Is bypassed ; enough aluminum nitrate 

is added to approach saturation , and the acidity Is adjusted to 1 to 2 M. > 

Next , add a volume of o .  2 M TOPO In  toluene equal to about one-half 

the aq ueous-phase volume and equ i l ibrate the two phases for 5 m in .  After 

phase separation Is complete , d iscard the aqueous phase 

and wash the organic phase once with an equal volume of 

0. 5 M HN03 to remove extracted acid and undesirable salts . Double the 

volume of the organic phase by adding an alcohol such as lsobutanol or 

2-ethylhexanol to prevent solids formation In the subsequent stripping step. 

Strip both the uranium and thorium from the organic phase by adding an 

equal volume of o. 5 M ammonium carbonate solution , shaking the separatory 

funnel for 1 0  min , and allowing the phases to separate. Drain the ammonium 

carbonate strip solution Into a clean 1 00-ml beaker  and boll down to 5 

ml In  a fume hood . Any excess ammonium carbonate Is decomposed by 

heat to ammonia and carbon d ioxide. To oxid ize any organics add 2-ml 

volumes each of concentrated nitric and perchlorlc acids .  The presence 

of nitric acid while the organic materials are being oxidized prevents possible 

formation of an explosive mixture of chlorlc and perchlorlc acids with oxidizable 
organic matter.  Boi l ing with n itric acid present should continue ( adding 

additional n itric acid If necessary> until the solution Is  water clear before 

It Is al lowed to evaporate to concentrated perchlorlc acid . It is helpful to 

place a ribbed watch g lass on the beaker and al low the system to reflux 

to el iminate the remaining small amounts of colored organ ics ( suspected 

to be humic acids In phosphate ores> that are present. These organic 

materials are d ifficult to destroy; however, the final solution must be colorless 
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for effective pu lse- height and pu lse-shape resolution . When the refluxing 
solut ion becomes colorless , wash down the sides of the beaker with wate,. 

a nd add 5 to 7 m l  of 6 .  o M H�O+ Heat the beaker to 3oo • c  to drive 

off all of the n itric and perchloric acids , leaving only a thin layer of sulfuric 

acid .  Th is  fi na l  evaporation procedure may be done in a m uffle fu rnace 

or an aluminum block or , if care is exercised , over a flame. The uranium 

and thori um are now contained in  a small volume of concentrated sulfuric 

a c i d  s o l u t i o n . 

Transfer the aqueous su lfate solut ion with a water rinse to a small  v ial  

< ca. 20 mU , l imiting the total volume in the vial to less than 7 ml. Adjust 
the pH of this solution to between 0. 7 and 1 .  0 with sodium hydroxide ( see 

Figs. 30 and 3 1  > , then transfer this aqueous sample to a 3o-mL separatory 

fun nel  us ing 0 .  05 M H�04 a s  a r i n se .  Extract  t h e  u ra n i u m  i n to a 

measured volume between 1 .  2 and 1 .  5 ml of the 0. 25 M Adogen-364 sulfate 

extractive scintil lator. F i lter the remaining aqueous phase , now containing 

only thorium , and extract the thorium into the 0 .  25 M 1 -nonyldecylamine 

sulfate extractive scintil lator. A pi petted volume of the particular scinti l lator , 

now containing either the uranium or the thorium , is placed In a 1 0  X 75-mm 

ORNL·DWG 78 · 2032 R2  

2 

5 

2 

I 02 L---�--��----L---�----�--� 
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Fig. 3D. Extraction of Uranium from a sulfate System by Adogen-364 Extractive 
Scint i l lator •• a Fu nction of Aq ueoua-Phaae pH 
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Fig. 31. Extraction of Thorium from a SUlfate System by 1 -Nonyldeeylamine SUlfate 
Extractive Sci n t i l l ator as a Fu nction of Aqueous-Phase pH 
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cu ltu re tube and bubbled with toluene-saturated argon for 2 m in  

to  m i n i m ize oxygen quench ing to  Improve pulse-shape d iscrim ination . 

Seal the sample with a cork covered with a th in  fi lm  of 

room-temperature-vulcanizing silicone sealer and place It in a PERALS detector 

for counting . Accumulate a spectrum for a sufficient length of time to give 

co u nt i n g  stat i s t i c s  co n s i s te n t  w i th  the d eg ree of a c c u racy d e s i red . 

If the sample Is normal uranium in  secular equi l ibrium < It should be noted 

that In many cases uranium wi ll not be in secular equi l ibrium because either 

it has been through an Isotope separation process or because aggregate 

recoil coupled with natural geolog ic processes has d isturbed the Isotopic 

ratio .  > , exactly as many of the a lpha decays should come from 234u as 

from 238u. I n  add it ion , each gram of  natural  uran i u m  contains about 

o .  007 g of 235u . In counting and i ntegrating both peaks the 235u wil l  

be included s ince It can not be resolved . For most uses the total count  
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can be converted to mass units by dividing 1he net count by two and employing 

the specific activity of the 238u If the counts from 235U are accounted for 

s ince the mass of 234u is negl ig ib le.  It can usually be considered that 

the calcu lated amount of uranium Is 1 . 5.._ high because of the 235U and 

the appropriate correction appl ied ; however ,  for more accurate results a 

portion of the extracted sample should be dried on a planchette , flamed 

and counted on a surface barrier detector to establish the exact 

238/235/234 ratio. To convert the net thorium alpha dpm per gram of 

sample to mass un its ,  the specific activity of the respective thorium 

Isotope < zm,-h or 232-rh> Is employed . The separate peaks for these two 
thorium Isotopes can usually be Integrated Individual ly since their energies 

are  0 .  6 7  M eV a p a rt .  

I nitial d issolution of a solid sample may be the most time-consuming step 

of the analysis , requiring a few minutes to a few hours , depending on the 

nature of the sample . Primary extraction , stripping , volume reduction , 

and the two extractions Into appropriate sclntl l lators require 2 to 3 h ;  of 

c o u r s e , seve r a l  sa m p l e s  c a n  be r u n  s i m u l ta n e o u s l y .  

Counting times of about 1 0  m i n  are sufficient to determine the uranium 

activity In  a 1-g  sample of  superphosphate fertil izer or apatite. 

The zm,-h activity associated with superphosphate ferti l izer Is lower,  and 

50- m i n  counting  ti mes a re necessary.  Longer counting  t imes wil l  be 
necessary to obtain statistical ly meaningful  results for samples containing 

s m a l l e r  a m o u n ts of  u ra n i u m  a n d  t h o r i u m .  

Usi ng a statistical treatment for low-activity samples , < 6 >  detection 

thresholds and counting accuracies were determined at a 97.  5.._ level of 
confidence from data given in reference 7. Without pulse-shape discrimination , 

the beta-gamma background Is about 1 cpm. Assuming a 50-min counting 

time yields a minimum detectable true activity of 0. 62 cprn. This corresponds 
to o. 28 pCI of u ran ium or thorium . With pulse-shape d iscrimination and 

1 000 min counting times , this detection threshold can be lowered 

to 0. 0 1 7 cpm correspond ing to 1 .  1 part/ 1 08 for 238U , 6. 9 part/ 1 08 for 
232-rh in  a 1 -g sample . Concentration factors of at least 1 0  are easily 

ac h i eved i n  t h e  ext ract i o n  a n d  s e p a ra t i o n  s te p s . 
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5 .  Po l o n i u m  

210Po , the daughter of natural ly occurring 238u , Is a common 

alpha-emitting radlonucllde found In biological and environmental materials. 

It Is rated as a Class 1 radlonucllde < very high radlotoxiclty> , yet few methods 

for accurately determin ing 210Po have been developed. Most prior methods 

Involve lengthy chemical separations and depend on auto-deposition onto 

sliver disks and counting on a surface barrier detector. They also require 

the use of 208Po or 208Po tracers to determine 210Po recovery and 

counting efficiency. The method described here using PERALS spectrometry 

In conjunction with solvent extraction separation Is selective for polonium , 

is quantitative, Is simple to apply, and avoids many of the problems present 

In previously described methods for polonium assay.  < 2> 

a .  Reage n t s : 

The extractive scinti l lator Is composed of trloctylphosphlne oxide ( TOPO> , 
7 7  g / L; naphthalene , scintil lation grade , 1 80 g/L  and PBBO , -4. 0 g/L  In 

d is t i l l e d - I n- g l a s s  t o l u e n e . 

b .  P roced u re :  

1 > • Inorganic sol ids: Place approximately o .  5 g of the sample < accurately 

weighed) in a Teflon-lined pressure vessel and add 2 ml each of concentrated 

hydrochloric , hydrofluoric and n itric acids. Seal the vessel and heat It in  

an oven to 1 4o • c  for about 2 hr. Remove the vessel from the oven , let 

it cool for about 1 hr and transfer the dissolved sample to a 250-ml Teflon 

beaker with about 5 m l  of water.  Add 5 ml of concentrated phosphoric 

acid . Us i ng a hot-plate with a heat control , evaporate the solut ion to 

approximately 5 ml. Rinse down the beaker with about 5 ml of water and 

again evaporate to about 5 ml. The acid remaining in the sample should 

now mainly be phosphoric acid . Retention of hydrochloric acid wil l  Increase 

the extraction of uranium < see Fig . 32> , but the uranium can be removed 

by a scrub < see below> . Transfer the sample to a 3Q-ml separatory funnel 

with about 5 ml of water and add 1 ml of 0. 1 M HCI . The solution should 

now be approxi mately 7. 0 M H3P04 - 0. 01 M HCI . Add by pipette a known 
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volume < usual ly in  the range of 1 .  2 to 1 .  5 mU of the extractive scinti l lator 

and shaka the funnel on a wrist-action shaker for at least 30 m i n .  Run 

off t h e  a q u e o u s  p h a s e  a n d  s c r u b t h e  o rg a n i c p h a s e  w i t h  a b o u 1 

Fig. 32. Uranium Extraction from 7 M H3PO 4 by TOPO Extr.atve SdntHiator aa 
a Fu nction of Chloride Concentration (From Ref. 2) 

5 ml of 7 .  4 M H3P04- 0. 001 M HCI to remove any co-extracted uranium. 

After the phases have separated , pipette 1 .  o ml of the organic phase Into 

a 1 0 X 75 mm culture tube.  Deoxygenate the solution by bubbling argon , 

methane,  propane or acetylene < presaturated with toluene> through It for 

about 2 m i n  us ing a d isposable transfer  p ipette as a sparg lng lance . 

< Deoxygenat ion Is  necessa ry If the beta and gamma pu lses are to be 

discriminated from alpha pulses by the electronics . > Seal the sample with 
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a cork coated with a room-temperatu re-vu lcanizing s i l icone 

sea ler and cou nt the 210Po with a beta- gamma- rejecting PERALS 

spectrometer.  Samples are genera l ly stable for 48 hr when sealed as 

described . Good pulse-shape characteristics can be restored by repeating 

t h e  s p a rg i n g .  

2> • Organic solids :  Plant and animal tissues and other materials that are 

organ ic  or that conta in  organic materials can be dealt with as fol lows : 

evaporate excess water at low tem peratures C near 1 oo • c > in  an  oven or 

under heat lamps. Ignite the dried material at 600 to eoo • c  and d issolve 

the residue in HCI or as In  "Inorganic sol ids" above If required . Once the 

sample Is In  solution , continue as In the main procedu re.  At present It 

is not known whether or not there Is a risk of volati l izing polon ium In the 

ignition step,  but it is believed that the ash and salts retain any volati le 

f o r m s  of  p o l o n i u m .  

3> . Samples in aaueous solution: Combine measured quantity of the aqueous 

sample with 5 ml of concentrated phosphoric acid and 2 ml of concentrated 

hydrochloric acid In a 250-ml Teflon beaker. Apply the procedu re given 

above for solid samples , starting wtth the evaporation step. Some aqueous 

samples may require or permit modified procedures: for example , analysis 

of a sample of about 6 M commercial  C wet-process> H3P04 needs on ly 

the addition of o.  1 M HCI , extraction , etc. before the scinti l lation counting .  

Low level polon ium samples can be  counted with good accuracy even in  

the presence of  h igh  beta-gamma background as  Is  demonstrated in Fig . 

3 3 . 
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Fig. 33. An Il lustration of Low-Level Polonium Counting with the PERALS 

Spectrometer 
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6.  P l uton i u m  

Plutonium can be chemically separated from a l l  other elements except 

neptunium and counted quantitatively by this procedure , and Z17N p c a n  

be separated by Its energy difference from Dtpu and 340P u .  

a .  Reage n ts :  

Tert!arv amine n itrate : The in itial extractant In  th is procedure Is 

0.  3 M high molecular weight tertiary amine n itrate C TAN03> In  tol uene . 

Trioctylamine or one of the proprietary tertiary amlnes In the 300 or greater 

molecular weight range Is suitable. It is Important that there be no primary 

or seco n d a ry a m i ne I n  the reagent .  Pr i m a ry a m l nes  w i l l  prod uce 

nltrosoamines In the nitrite valence adjustment step , and these compounds 

will complex plutonium so that It cannot be recovered in the stripping step. 

Both primary and secondary amine nitrates wi l l  extract unwanted elements. 

Prepare the amine solut ion and eq u i l i b rate it with a 1 o ... excess of an 

equivalent concentration of n itric acid . Do not use acid more concentrated 

than 1 M .  I f  the amine n itrate solution Is brown o r  pink ,  discard it and 

p u r i fy t h e  a m i n e rea g e n t  by m o l ec u l a r  d i s t i l l a t i o n .  

Extractive scinti l lator C HDEHP> : The preparation of this reagent is described 

i n  P roced u re 3 .  

Sodium persulfate solution : Dissolve 2 .  5 grams of sod ium persulfate In  

5 0  ml of d i s t i l l e d  water  a n d  add - 1 0  mg of  s i l v e r  c h l o r i d e .  

Alternative Extractive Sc in ti l lator C 1 NDAS > : T h i s  s c i n t i l la tor , u s i ng 

1 - n o n y l d e c y l a m i n e , I s  d e s c r i bed I n  p roced u re 4 .  

b .  P roced u re :  

Place the sam ple i n  solution In  a med ium that is  3 to 4 M tota l n itrate 
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and o .  5 to 1 .  o M acid . Perchlorate should not be present. Small amounts 

of sulfate C less than • 0 1  M> do not Interfere. Amounts of phosphate and 

fluoride to a few hundredths molar can be tolerated If 1 to 2 M of aluminum 

n i t rate Is p r es e n t .  

Add 5 0  to 1 o o  m g  of ferrous su lfate to the solution and warm. Allow the 

solution to cool to room temperature . At th is point the plutonium should 

be reduced to valence Il l . Add 50 to 1 00 mg of sodium nitrite to the cooled 
sol ution and swirl . The oxidation state of the p lutonium should now be 

IV, its most extractable form . Transfer the solution to a separatory funnel 

and contact It with not less than 1 / 4 of Its volume of 0 .  3 M TAN03• 

Equilibrate for 1 min by hand shaking or by turning at 30 rpm on an lrwerting 

rack. Drain away the aqueous phase. Retain If uranium analysis or other 

actinide analysis Is desired . Wash the organic phase twice with not less 

than 1 / 4 I ts volume of 0 .  7 M HN03• Add these washes to the original 

aqueous phase If uranium analysis Is desired . The distribution coefficient 

for uranium Is approximately 1 In the original solution but Is < 0. 0 1  In this 

system ; so any extracted uran ium Is repartltloned to the aqueous phase. 

Add to the organ ic  phase In the separatory fu nnel  an equal  volume of 

2-ethylhexanol  and contact with a measured volu me of 0. 5 M HCI04 -

o .  5 M LICI04 equal to the original amine nitrate volume. Drain this aqueous 

solution Into a beaker. Wash the organic phase In the separatory funnel 

twice with a solution that is  0 .  5 M UCI04 and 0 .  1 M HCI04• Add these 

wash solutions to the orig inal strip solution . Add a volume of concentrated 

nitric acid equal to 1 /4 the volume of the total aqueous phase In the beaker. 

Evaporate In an a luminum block unti l nitric acid and water boi l ing ceases 

and the fi rst dense , white fumes of perch loric acid appear. Rinse the 

sides of the beaker with a few drops of water and repeat the evaporation . 

c If the chemist Is not fami l iar with the appearance of perchlorlc acid fumes 

a few trial runs of n i tr ic and perch lorlc acid wou ld  be val uable.  > Add 

1 mL of the sodium persulfate solution and warm the beaker. This operation 

should place a l l  of the p luton ium In oxidation state VI . Make the volume 

to 5 ml with water. Measure the pH of th is solution . If It Is  less than 
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1 ,  re-evaporate , red issolve , and remeasure the pH . When pH Is 1 to 

2. 5, extract with extractive scinti l lator. There should be no delay between 

th is  f ina l  evaporat ion and  extraction I nto the sc in t i l lator .  Plutonium 
dlsproportlonates to a sign ificant degree into oxidation states 1 1 1 , IV, v,  
and VI  on standing in di lute acids for more than a very few minutes. The 

extraction coefficient of Pu C I l l> Is much lower than Is that of Pu C JV> and 

Pu C VI > , and Pu C V> Is not extractable < although the amount of C V> formed 

is small > . Counting of the sample is performed as described elsewhere. 

An alternative procedure for stripping the plutonium and re-extracting into 

the scinti l lator that does not use perch loric acid and Is perhaps s impler 

fo l l ows : 

Dilute the tertiary amine nitrate solution with an equal volume of 2-ethyfhexanol 

or simi lar h igh molecular weight alcohol . Strip the di luted organic phase 

with 1 / 3 its total volume of 1 N H:zS04• Draw off the aqueous phase and 

evaporate to the first white sulfuric acid fumes. If any color is visible from 

charred organ ics that have been entrained in  the organic phase , add 1 

to 2 ml each of 301b H202 and concentrated HN03 a n d  heat .  Repeat 

until the final solution is free of color. Transfer with approximately 10 mL 

of water to a 30 ml seperatory funnel and extract with a measured quantity, 

1 .  2 to 1 .  5 ml of the 1 NDAS scinti llator C see "Thorium extracting scintillator'' 

i n  P r o c e d u re 4 > . 
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7 . N u c l e a r  F u e l  Reproce s s i ng St re a m s  

Although a t  this writing l i ttle actual experimental work has been been done 

on the appl ication of l iquid scintil lation to the determination of alpha activity 

in nuclear fuel reprocessing streams, it seems reasonable that with effectiVe 

beta-gamma rejection and , In some cases, good chemical separation , very 
accurate determination of uranium and plutonium in fuel reprocessing streams 

can be made. In many cases accuracy wi l l  be l imited only by counting 

statistics and by the accuracy with which the sample can be taken C weight 

or volume measured> . Thus the accuracy of the counting procedure can 

a p p ro a c h  t h e  a cc u ra c y  of g ra v i m et r i c  d ete r m i n at i o n s .  

The most d ifficult stream to analyze will probably be the first waste stream 

in the trlbutylphosphate extraction C PUAEX> reprocessing scheme. This 

stream ,  usually called the " lAW' stream ,  contains most of the fission product 

beta and gamma activity and only small amounts of uranium and plutonium 

Isotopes . It is I mportant I n  fuel reprocessing accountab i l ity to know as 

accurately as possible the quantity of fissionable material in  this  stream .  

Presently used counting methods use surface-barrier detectors and g ive 

accurate ratios of several alpha energ ies but cannot determi ne the total 

quantity of a n ucl ide more accurately than :t51b because of 

sample-geometry-reproducibil ity and self-absorption problems. Calculations 

b a sed  o n  t h e  a m o u n t  of a l p h a  a n d  beta-g a m m a  a c t i v i t i e s  i n  t h e  

PUAEX l AW stream resulting from processing 1 60-day cooled pressurized 

water reactor c PWA> fuel C 8> show that even under these severe conditions, 

alpha activity can be determined accurately. The ratio, curies of beta-gamma 

to c uries of uran ium , pluton ium , and neptun ium alpha activity, 

is  1 .  0 X 1 06 i n  the orig inal  solution . After extraction with a tertiary 

amine n i trate as described in  the preceeding procedure ,  stripping , and 

re-extraction Into the HDEHP extractive scinti l lator , the beta-gamma/ alpha 

ratio Is less than 1 00 ,  a ratio that can easily be managed by pulse-shape 

discrimination. With a PEAALS spectrometer, the spectrum obtained Is expected 

to look similar to that shown In Fig . 34. Integration of the main peak and 

subtraction of the curve-fit or estimated contributions from the side peaks 

should al low determination of DB-240Pu with errors of tess than 1 "- from 
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Interferences by other alpha and beta-gamma energ ies. The energies of 
239Pu and 240Pu cannot be resolved even with surface barrier detector 

resolution . 

Plutonium in PUREX dissolver solutions , product streams, and waste streams 

other than lAW can be assayed In the same way as described above but 

with less severe chemical separation or pulse-shape discrimination problems. 

In general , alpha activity levels are such that count rates sufficient to g ive 

/3-y 
4.5 

ORNL-DWG 83-43247 

300 keV 

239 - 240 pu 

5.0 5.5 
ALPHA ENERGY 

6.0 

Fig. 34. Plutonium Alpha Spectrum Expected to be Obtained Ualng PERALS 

Spectrometry Baaed on Known Sepllratlon Factora In Extr.ctlon with Tertiary 

Amine Nitrate from PUREX 1AW Waate followed by Extraction Into HDEHP 

Extractive Scint i l lator 

a statistical accuracy of counting of better than l iMa  is possible In a counting 

time of 1 0  min or less either by appropriate di lution of the original sample 
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< for  d issolver solutions , product stream s ,  etc . > or extraction 

relatively large sample < as in waste streams to be released> . 

rates of 1 06 cpm can be easi ly counted without loss of 

and count rates of 0. 02 cpm can be easily and accurately counted. 

104 

of a 

Count 

count  

There 

are corrections for counting efficiency of 99. 681M» at most in either case . 

A further refinement that makes use of both the good count ing accuracy 

of liquid scintillation and the good energy resolution abil ities of surface barrier 

detectors depends on the use of these two methods in tandem on the same 

sample.  Using a separation method that removes monovalent and divalent 

elements wi l l  reduce beta-gamma activity in many sample solutions to the 

point where pulse- shape discrimination can reject this activity component 

effectively. Extraction Into a scinti llator and use of pulse-shape discrimination 

wil l  now al low accurate determination of the total alpha activity but probably 

not reso l ut ion  of the separate a l p has  If there a re severa l .  A s m a l l  

unmeasured portion of this extract dried o n  a planchette and heated to drive 

off volati le solids in the scintillator will provide a sample from which a surface 

barrier detector can accurately determine alpha energy ratios In the sample. 

The two assays , taken together , wi l l  a l low more accurate determination 

of the quantities of the various nucl ides than Is possible with either method 

a l o n e .  
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R e v i e ws In A n a lyti c a l C h e m is try , 1 ,  4 7  < 1 9 7 0 > . 

G .  H .  Morrison and H .  Frelser , "Extraction" , Anal. Chem. , 30 632 < 1 958> . 

H .  F re iser  and  G .  H .  Morr ison , "Solvent Extract ion i n  Rad iochemica l  
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a n d  A pp l i c a tio n s , D e k ke r ,  N e w  Y o r k  C 1 9 7 7 > . 
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Zolotov , Boduya , and Zagruzina , "Appl ications of Extraction Methods for 
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A n a lyti c a l  C h e m is try, 1 4 ,  C 2 ) ,  c 1 9 8 2 > . 

Solvent Extraction Chemistry Symposium , Gatlinburg , TN , 1 962 Nuclear Science 

and Engineering, 1 6 C 4> 38 1 -455 , 1 7  C 2> 234-308 ; 1 7 C 4> 557-650 c 1 963> 
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Ex t ra c t i o n  C o n fe re n c e . 
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APPENDIX lv: PROPERTIES OF SOME ALPHA-EMITTING NUCLIDES 

ENERGY AT PERCENT 
CALC . PEAK PEAK 

108 

NUCLIDE 
HALF 
LIF E ,  yr 

PRINCI PLE 
a ENERGY,  
MeV < 1b >  MAXIMUM8 ASSYMMETRY 

222Rn 
2216Ra 

ZiGrh 
232Th 

233u 
234u 
•u 
236u 
238u 
237N p  
238Pu 
239pu 
240pu 
241Am 
XI Am 
244

cm 
249Cf 
210Cf 

0 . 0 1 0  

1 600 

80000 

1 . 4X 1 o10 

1 .  6X 1 o5 
2 . 5X 1 05 

7 .  1 X 1 o8 

2 . 4X 1 07 

4 .  5X 1 09 

2 .  1 X 1 06 

86 

24400 

6580 

458 

7400 

1 7 . 6  

360 

1 3  

5 . 49 ( 99 . 9 )  

4 . 78 ( 94 . 5)  

4 . 69 ( 76 . 3) 

4 .  01  ( 7 7 )  

4 . 82 ( 84 . 4)  

4 . 7 7 < 72 . 5)  

4 . 40 ( 55) 

4 .  49 ( 75)  

4 .  20 ( 77) 

4. 79 ( 47 )  

5 .  50 ( 7 1 . 6 )  

5 .  1 6 ( 73 . 3)  

5 .  1 7 ( 73 . 5) 

5 . 49 ( 85 . 2)  

5 . 28 ( 8 7 . 9 )  

5 . 80 ( 76 . 4)  

5 .  8 1 < 84 .  4) . 

6 . 03 ( 84 . 5)  

5 . 490 

4 . 783 

4 . 696 

4 . 020 * 

4 . 83 1 

4 . 7 8 1 * 

4 . 426 * 

4 . 508 * 

4 . 200 

4 . 824 

5 . 5 1 3 * 

5 .  1 62 

5 .  1 90 *  

5 . 580 

5 . 279* 

5 . 8 1 5 * 

5 . 834 

6 . 036 * 

- 0 . 26 

+0. 14 b 

+ 9 . 25 

+ 1 2 . 6 

+ 0 . 5 1  

+ 7 . 9 

+25. 8 

+4 . 6 

+ 1 . 1 

+ 9 . 8 

+ 2 . 0 

+ 1 . 7 

+ 2 . 8 

- 0 . 25 

+ 1 7 . 3 

- 1 . 2  

not appl . 

+ 0 . 49 

8 Calcu lated using parameters fitted to 249Cf experimental spectrum 

< see Sect. I I  AS> except those marked with • which were calculated 

with a s imple model considering only conversion electrons.  

b calcu lated ignoring the sate l l ite peak . 
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