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ADVANCES IN THE SAMPLE PREPARATION AND THE 
DETECTOR FOR A COMBINED SOLVENT EXTRACTION-LIQUID 

SCINTILLATION METHOD OF LOW-LEVEL PLUTONIUM MEASUREMENT* 

P. T. Perdue, D. J. Christian, J. H. Thomgate 
Health Physics Division 

and 

W. J. McDowell and G. N. Case 
Chemical Technology Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

A combined solvent extraction-liquid scintillation technique, de-
developed at Oak Ridge National Laboratory (ORNL), has many possible 
applications to the determination of low levels of plutonium and other 
alpha-emitting nuclides. Using these procedures, plutonium can be ex-
tracted from biological or environmental samples and introduced 
directly into a liquid scintillator. Quenching of the scintillator is 
thus minimized so that spectroscopic techniques may be employed. 
Existing chemical procedures and counting equipment were reviewed and 
improved. Purification of the di(2-ethylhexyl)phosphoric acid (used as 
the actinide extractant) was found necessary. Destruction of or-
ganic material in the sample and control of the valence state of plu-
tonium were found to be major sources of irreproducibility. Methods 
were developed to allow samples separated with commonly used ion ex-
change techniques to be extracted into the scintillator. Comparisons 
were made of a wide variety of the components and parameters of the 
detector system to find the best combination of pulse-height resolu-
tion and pulse-shape discrimination. When a single phototube was used, 
optimum performance was obtained using a hemispherical reflector-
sample holder viewed sideways by an RCA 8S75 photomultiplier tube 
used in conjunction with a special integrating preamplifier and a 
good quality linear amplifier that used delay lines to shape the 
pulses. 

*Research sponsored by the Energy Research and Development Administration 
under contract with Union Carbide Corporation. 
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INTRODUCTION 

A well recognized need exists both in radiation protection and 

radiobiological research for measuring low levels of pliitonium and other 

alpha-emitting nuclides in environmental and biological samples. There 

are several techniques available to measure low levels of plutonium. 

These include methods that provide only gross counts, such as zinc 

sulphide screens^ or commercial beta liquid scintillation counters,^ 

and spectroscopic methods, such as the Frisch gridded ionization cham-

(31 (4) 

bor, ' semiconductor diodes and high resolution liquid scintil-

lators.^ The best alpha energy resolution is usually obtained using 

semiconductor diodes and a carefully purified sample electroplated on a 

polished metal surface. However, this technique consumes considerable 

time and the detector geometry limits the efficiency to less than 50%. 

In many cases a high-resolution alpha liquid scintillation system can 

provide acceptable energy resolution with considerable savings in time. 

In addition to ease of sample preparation, liquid scintillation methods 

allow virtually 100 percent counting efficiency; only alpha particles 

from atoms absorbed on the container walls or in undissolved solids will 
f71 

be counted less efficiently. J The convenience and counting efficiency 

of alpha liquid scintillation counting has been noted by others,^ and (7) 
high resolution has been attained previously with liquid scintillators. ' 

At ORNL, high resolution (200-300 keV full width at half maximum) 

has been combined with a practical separation and sample preparation 

methodC5'6,9'10,11) and a low (1.0 to 0.01 cpm) background/123 The 

present research focuses on optimizing both the sample preparation and 
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the detector system for plutonium measurements using chemical solvent 

extraction procedures coupled with a high resolution liquid scintillator. 

Steps used in the preparation procedure to destroy organics in the 

sample and to control the plutonium valence state were found to play a 

major role in the nonreproducibility of results. Alternative procedures 

were developed and tested. Three new methods of sample preparation and 

counting were also studied: (1) introducing the Pu fraction eluted from 

an ion exchange column into the liquid scintillator by use of an extrac-

tive scintillator, (2) incorporating wet-ashed (nitrate) bone and tissue 

samples into an extractive scintillator in a standard beta-scintillation 

vial in a manner that allows semiquantitative evaluation with low quench-

ing, similar to techniques used by Keough and Powers,^ and (3) removing 

Pu quantitatively from the extractive scintillator prepared for gross 

alpha counting and reintroducing it into the high resolution extractive 

scintillator fcr low background counting. Studies of methods 2 and 3 

were in cooperation with this work, but not an intergal part of it. 

This report will discuss them briefly, but details appear in a separate 
(13) 

paper. * Ion exchange is widely used for plutonium extraction so the 

procedures for a combined ion exchange-extractive scintillator method 

will be discussed more fully. 

Essential components of the detector system for this application 

are: (1) the photomultiplier tube, (2) a reflector to concentrate the 

light from the sample onto the photocathode of a photomultiplier tube, 

(3) a preamplifier, and (4) the associated linear amplifier. Work was 

done to find an optimum combination of these components and their operat-

ing parameters. 
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A major reduction can be obtained in the background recorded by 

using the difference in the length of the pulses produced in the scin-

tillator by electrons and alpha particles as a means of discriminating 
(12") 

against unwanted courts. Therefore, the detector and electronics 

were optimized for good pulse-shape characteristics as well as good 

pulse-height response. 

OPTIMIZATION OF SAMPLE PREPARATION 

Preparation and Purification of Extractant 

The liquid cation exchanger, di(2-ethylhexyl)phosphoric acid 

(HDEHP), is one of several organic chemicals useful for incorporating (O g in 
metal ions into a liquid scintillator. ' ' The reaction is normally 

reversible and gives reproducible quantitative results. Reversibility 

may be controlled by varying conditions in the aqueous and organic 

phases. One parameter affecting the metal ion distribution is the 

hydrogen ion concentration of the aqueous solution. When the pH of thfi 

solution is between 2 and 3, HDEHP will quantitatively extract plutonium 

(IV) or (VI) while plutonium (III) is extracted very poorly. 

Commercial HDEHP varies from 90 to 99% pure, containing iron, 

several alcohols, and mono-and poly-phosphates that interfere with both 

optical and extraction properties. Purification before use in an extrac-

tive scintillator is usually desirable. Of the purification processes 

available for HDEHP, a modification of the method of Partridge and 

Jensen, using a copper precipitation, seems to produce the best material 

for incorporation into a scintillator/14,153 The resulting HDEHP has 

less than 1% optical absorption in the 300 to 500 nm band (Cary 14pm 1 
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cm cell) and, surprisingly, only about 20% absorption in the 200 to 300 

nm band—less than the toluene it replaces in the scintillator. 
2 3 9 2 4 4 

Tests using " Pu (5.15 MeV) and Cm (5.80 MeV) in a toluene 

solution of HDEHP as the alpha source and varying the total HOEHP con-

tent of the scintillator from 0.2 to 1.5 M, indicated a maximum quenching 

due to pure HDEHP of 4% at i.5 M. Extraction of other ions during the 

extraction into the HDEHP will also cause quenching. Minimum quenching 

occurs when an alpha emitter is dissolved in the scintillator in essen-

tially a carrier-free condition. Thus, some preliminary separation of 

the nuclide from unwanted ions is usually desirable before extraction 

into the scintillator. 

Extractive Scintillator 

Although several extractants can be used with scintillators to make (9) 
extractive scintillators, J in the work reported here only HDEHP was 

used. The scintillator used was 2-(4-biphenylyl)-6-phenylbenzoxazole 

(PBBO). Naphthalene was added to promote energy transfer. All of the 

scintillation chemicals, except toluene (which was available in chroma-

tography grade), were purified further to determine the effects of their 

impurities. Both recrystalized and scintillation grade naphthalenes 

were zone refined. This increased the alpha pulse-height response of 

scintillation grade naphthalene only 2-4%, but pulse-shape characteristics 

were improved markedly. Purification of commercial naphthalene is 

necessary and, if the ultimate scintillator performance is desired, zone 

refining is the method of choice since the refiner is automatic and 

efficient,*-16^ The scintillation-grade PBBO obtained had a slight 
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yellow color. This material would not zone refine, but vacuum distillation 

through chromatography grade aluminum oxide removed this color. 

Two versions of the scintillator were prepared and used routinely: 

(1) for the refrigerated automatic-beta counter; 3.6 g PBBO, 80 g 

naphthalene, and 131 g (0.4 moles) of HDEHP made up to one liter with 

toluene and (2) for the high resolution counter; 3.6 g PBBO, 180 g 

naphthalene and 82 g (0.25 moles) of HDEHP made up to oi.-* liter with 

toluene. These solutions were usually filtered through a fritted glass 

filter xJ remove any undissolved PBBO. The extra naphthalene helps both 

resolution and pulse-shape discrimination, but the higher concentration 

precipitates at the low temperature of the automatic beta counter. The 

0.4 M solution of HDEHP provides extra extractive ability for the widely 

varying samples used in the beta counter but causes increased quenching 

in the "high resolution" counter. 

The high-resolution scintillator solution was dispensed from a 

supply bottle via a gas washing bottle fitted with a fritted-glass gas-

dispenser tube. Argon gas, first dried then saturated with toluene in a 

washing tower, was bubbled continuously through the solution (sparging). 

This procedure was adopted in preference to chemical means of desorbing 

water and oxygen, the presence of which have a profound effect on pulse 

height and pulse length. 

Preparation of the Sample for Extraction into the Scintillator 

A procedure was developed earlier to destroy any residual organic 

materials, to place the plutonium in the 4 or 6 valent state, and to 

adjust the acidity of the final solution/113 The plutonium solution 
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was placed in a 150 ml beaker or flask, 100 mg of lithium chloride and 

10 ml of 2 N perchloric acid were added, and the mixture was heated 

until all of the acid evaporated (BP 200°C) leaving a lithium perchlorate 

fusion. After the clear lithium perchlorate melt cooled to about 40°C, 

it was carefully dissolved in about 4 ml of fresh sodium persulfate 

solution (25 g of sodium persulfate per liter of water*). After dissolu-

tion, the 4 ml of solution was transferred to a 30 ml pear-shaped separa-

tory funnel using a second wash of 3-4 ml of sodium persulfate solution. 
f 1 8 " ) 

In some unpublisned work by Farrar, J confirmed by the present 

work, it was determined that the above procedure, ending in a lithium 

perchlorate fusion, was sometimes responsible for incomplete plutonium 

recovery in the subsequent extraction into the scintillator. Removal of 

too much perchloric acid in this step resulted in hydrolysis of plutonium 

to an inextractable form while retention of too much acid resulted in 

incomplete extraction due to a low aqueous phase pH. Control of the 

procedure to retain the correct amount of acid was difficult. While an 

experienced operator could obtain a quantitative plutonium recovery 

about 90% of the time, the failure rate for inexperienced operators was 

much higher. Over 400 samples were rim before the nature of this diffi-

culty was defined and a remedy formulated. Daea from a portion of these 

runs are given in Table 1 to illustrate the type of variation in plutonium 

recovery encountered. 

The unsatisfactory fusion step was replaced by a controlled evapora-

tion to place the plutonium in a perchlorate solution with a known (19) amount of acid present. In a typical procedure, 20 ir.l of the 0.3 M 

•Sodium persulfate is a strong oxidizing agent, unstable in solution, 
so a fresh solution was made up each week. 
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amine nitrate extractant that contains the plutonium is stripped with an 

equal volume of a solution that is 1.5 M in lithium perchlorate and 

0.325 to 0.350 M in perchloric acid. In the stripping operation, 

the amine nitrate is converted to perchlorate, releasing an equivalent 

amount of nitric acid to the aqueous phase. The strip solution is then 

placed in a 50 ml conical centrifuge tube and heated by radiant heaters 

to remove the nitric acid. While still warm, the concentrated product 

(about one-fourth of the original volume) is diluted approximately 1:1 

with a 2.5 w/v % solution of sodium persulfate. The final solution is 

approximately 3 M in perchlorate and 0.05 to 0.10 M in perchloric acid. 

Plutonium is extracted directly from this solution into the extractive 

scintillator. 

Usually, when the centrifuge tube has boiled down to about 1.5 ml, 

a clear, colorless liquid remains. Little, if any, of the perchloric 

acid boils away. If the centrifuge tube is allowed to cool, a hard, 

white cake forms in the bottom, thus it is best to allow the tube to 

cool only to about 100°C. Then one should quickly add 3-4 ml of sodium 

persulfate solution, washing down the tube sides with a Pasteur pipet 

that is then used to transfer the liquid mixture into the separatory 

funnel for extraction into the scintillator. If a cake is formed, the 

tube is warmed to at least 50°C, and the pipet used to dissolve the 

cake, by hydraulic action. A "hair dryer"-type laboratory heater is a 

convenient method of applying heat. If the tube is washed down while 

still hot enough to rapidly evaporate the sodium persulfate solution, 

caution must be exercised to avoid dipping the pipet into the hot liquid 



g 

otherwise the liquid will solidify inside the cool pipet. This neces-

sitates the addition of more sodium persulfate solution to recover the 

sample; this would be undesirable since it is advantageous to limit the 

amount of aqueous phase in the separatory funnel to 6 ml. 

Once the perchlorate solution has cooled to room temperature, it is 

transferred quantitatively to a small O 30 ml) separatory funnel to 

v:hich a measured amount (1<4 to 1.5 ml) of extractive scintillator has 

already been added. The funnel is shaken by hand for one minute. The 

phases will normally separate in less than a minute after which the 

aqueous phase is drained through the bottom stopcock. Distribution 

coefficients, the ratio of the amount of alpha emitter in the scintil-

lator to that remaining in the aqueous (barren) phase, are as high as 

several thousand. The organic phase is picked up with a Pasteur pipet 

and transferred to a tared 10 x 75 mm culture tube waiting on a digital 

single-pan balance. Normally, either a 1 ml or a 1.2 ml aliquot is 

taken (903 or 1080 mg). Using the balance is, in our experience, a 

simpler and more reproducible procedure than the alternative of pipetting. 

Before counting, the culture tube is sparged with dry argon for 

about a minute. In order to seal the culture tubes, the corks are 

dipped in Dow-Coming 3140 RTV (a silicone rubber that does not contain 

acetic acid). This seal eliminates sample discoloring for up to a week 

and prevents oxygen reabsorption which would destroy the pulse-shape 

characteristics of the scintillator. In most cases, this procedure eli-

minates the need for more difficult glass sealing techniques. 
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This procedure is capable of introducing plutonium into the extrac-

tive scintillator while extracting almost none of the sodium or lithium 

present. Other ions, such as iron or aluminum, are not effectively re-

jected by HDEHP under these conditions; thus, a preliminary separation 

procedure such as ion exchange or solvent extraction must be used if 

high energy resolution (200 to 300 keV FWHM) and good pulse-shape charac-

teristics are to be obtained from the scintillator. 

Twelve samples were run in which a known amount of plutonium (in 1 

M HNOj) was introduced prior to the perchloric acid evaporation step. 

Results are shown in Table 2. The errors shown are within counting and 

pipetting errors. 

Combination of Ion Extraction Techniques with the High Resolution 

Scintillator 

The ion-exchange process is a popular method of extracting plu-

tonium from solutions prepared from tissue or soil samples. A generalized 

method using Dowex 1 resins was given by Kressin and Waterbury.^2°3 

Several workers have adapted ion-exchange methods to solutions prepared 

from soil and filter samples/21'22,23,243 Others have employed the 

method for bone and tissue samples/25'263 One of the factors that 

favors the use of ion-exchange methods is that ion exchange resins are 

commercial products that are well standardized in their chemical char-

acteristics. Liquid ion exchangers, such as the long-chain amines, 

pre not as reliable in their purity. 

A common method of ion-exchange separation of plutonium involves 

sorption of the plutonium from 8 K HC1 containing sufficient HNO, to 
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maintain plutonium as Pu(IV). The plutonium is stripped from the column 

by equilibration with 8-10 N HC1 containing HI. In order to extract 

plutonium from such an eluent, the plutonium must be oxidized to (IV) 

or (VI). This is accomplished by boiling the 40 to 50 ml of hydrochloric 

acid eluate with concentrated nitric acid. When only 4 to 6 ml of this 

solution (now mostly nitric acid) remains, it is added to the lithium 

perehlorate-perchloric acid mixture* in a centrifuge tube and is sub-

jected to the controlled temperature evaporation. If the volume of 

eluate plus washes is greater than can be accommodated by the tube, it 

is added, via pipette, 1 to 2 ml at a time so that the total volume of 

the centrifuge tube remains below 10 ml. With this procedure, the 

sample can be reduced to the desired volume smoothly with no bumping 

and/or attendant loss of sample. 

For the present work, a column 150 mm long was used (Kemax #58 

funnel), that had a piece of 1 mm capillary tube fused to the bottom. 

The capillary was flame polished until the column would elute no more 

than 0.5 ml per min. with the resin in place. Fine glass wool was 

placed in the bottom of the column to keep the capillary from clogging. 

Dowex 2X8 resin was installed in a water slurry until the column reached 

to within 5 mm of the bottom of the funnel cone. Once filled to this 

level, 15 ml of 10 N HC1 was used to condition the column. Normally no 

filter plug was placed over the resin. 

Plutonium is introduced into the column in 10 N HC1, to which 0.5 

ml per liter of concentrated nitric acid is added. This mixture is made 

up a day or more before use. The sample is dried down in a small beaker 

*This solution is usually made by adding the required amount of lithium 
chloride or nitrate to perchloric acid. The resulting nitric or hydro-
chloric acid is volatized in the evaporation step. 
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and picked up with the above solution in two washes of about 10 ml each. 

The beaker is warmed and swirled to assure maximum contact and complete 

solution. These washes are combined and poured over the column twice. 

The column is then washed with 15 ml of 10 N HC1 to remove thorium, if 

present. 

A fresh solution of 5 ml per liter of 48% HI, in 10 N HC1, is made 

up and 20 ml of this solution is used to strip the plutonium from the 

column. Fifteen ml of 10 N HC1 is used to wash any remaining plutonium 

from the column, and this wa;=!i is combined with the HI-HC1 strip. This 

combined solution is evaporated over low heat, in a small beaker, until 

only 4-5 ml of acid remains. Concentrated nitric acid is used in small 

quantities, near the end of the evaporation, to oxidize plutonium to 

Pu(IV). The warm acid solution is added to 5 ml of the lithium perchlo-

rste-perchloric acid mixture in the 50 ml centrifuge tube and the control-

led evaporation is started. Concentrated nitric acid in 1-2 ml quantities 

is used to wash down the walls of the beaker, and the resulting solution 

is added to the centrifuge tube. The solution is evaporated to perchlo-

ratea and extracted into the extractive scintillator as described previously. 

Typical recovery from spiked bone samples containing 1 gram of beef 
236 

bone are given in Table 3. A Pu spike would be required in this pro-

cedure to determine the quantity of plutonium in an actual unknown 

sample since the procedure is not quantitative. The spread observed in 

the yields may be due to loss of control of the plutonium valence or 

losses from absorption of plutonium by the resin since the extraction 

into the scintillator from the perohlorate solution has been demonstrated 

to be quantitative. 



13 

Gross Counting of Plutonium 

The automatic beta-scintillation counter has been in use for many 

years, by both biologists and chemists, and it is net surprising that 

several methods have been developed to use this tool for counting plu-

tonium alpha particles. Most of the work with tissue and bone samples 

has followed the work of Keough and Powers/83 Dry ashing has been 

employed, usually followed by dissolution in hot nitric acid/2^3 For 

the present studies, wet ashing with concentrated nitric acid and 30% 

hydrogen peroxide was employed. Although the method is slow, the hot 

nitric acid and the oxidizing action of the hydrogen peroxide hold the 

plutonium in the 4 valence state. A limitation is the difficulty of 

breaking down the fats and phospholipids, a step necessary for subse-

quent solvent extraction or ion exchange. An alternative dissolution 

procedure that was faster and completely destroys phospholipids is to 

add 1 ml of concentrated perchloric acid to the sample to destroy all 

traces of organic material. 

A bone sample, containing as much as 700-800 mg calcium phosphate, 

is dissolved to the extent possible in nitric acid-hydrogen peroxide 

mixture, the solution is evaporated down to 5-8 ml with low heat and 1 

ml of concentrated perchloric acid is added. The tube containing the 

mixture is transferred to a temperature controlled heater (180°C) and 

the rr.tric acid is allowed to evaporate until the volume is reduced to 

about 1.5 ml. At this temperature, little of the perchloric acid evaporates. 

Occasionally, the walls of the tubes are washed down with concentrated 

nitric acid to assure that all the organic material is broken down and 
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to prevent any violent reactions with perchloric acid. When about 1.5 

ml of clear liquid remains at the bottom of the tube, it is allowed to 

cool to about 50°C before the tube walls are washed down with 2 ml of 

saturated aluminum nitrate solution- Adding the aluminum nitrate solution 

sometimes causes a hard cake to form in the bottom of the tube; the cake 

may be redissolved by gentle heating and the hydraulic action of a 

pipet. The resulting liquid is transferred to a counting vial containing 

10 ml of extractive scintillator (the first solution described previously). 

About 2 ml of water is warmed in the tube just emptied, and the pipet is 

cleaned and used to wash down the tube walls again. This wash is also 

added to the scintillator in the vial. The vial is capped and hand 

shaken for several seconds. Samples need to be counted the day they are 

extracted since discoloration may occur on standing. 

The above method gave quantitative results, within counting statistics 

(including the statistical variation of the rather high background of 

30 cpm), for samples containing at least 1 gram of bone. Although this 

method of handling bone samples involves less time and work than that 

using a preliminary solvent extraction or ion exchange separation, the 

major advantages of the high resolution alpha liquid scintillation 

method are lost. Only gross alpha counting is practical because of the 

low inherent energy resolutions of commercial beta liquid scintillation 

instruments and low backgrounds cannot be attained because of the in-

ability to do pulse-shape discrimination. It is still necessary to use 

a multichannel analyzer to monitor the alpha peak position because of 

peak shifts due to the variu .a quenching that results from variable 

extraction of interfering ions into the scintillator. 
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Recovery of Plutonium from the Extractive Scintillator Used for Gross 
Counting 

If a low count rate is experienced or excessive quenching occurs 

when the automatic beta-scintillation counter is used, it would be 

desirable to recover the sample and count it in the "high resolution" 

scintillator, using pulse-shape discrimination to obtain a low background. 

Experiments showed that this was possible if the HDEHP concentration in 

the direct extraction was limited to 0.4 M. In this procedure the 

scintillator and aqueous phase are transferred from the counting vial 

into a 150 ml pear-shaped separatory funnel. The vial is then washed 

with 1 to 2 ml of toluene and that added to the funnel. The phases 

separate easily upon standing and the aqueous phase is drained off. To 

remove as much nitrate ion as possible,* 10 ml of a wash of 4 M lithium 

chloride and 1 normal hydrochloric acid is added to the remaining organic 

and shaken several seconds by hand. Only one wash is used to minimize 

possible plutonium loss. Any remaining aqueous phase is drained and 

discarded. Ten ml of a solution of 0.2 N 2,5-di-isobutyl hydroquinone 

made up in 2-ethylhexanol is added to the organic phase in the funnel. 

After hand shaking for several minutes, the solution is allowed to stand 

for about 15 minutes to allow time for reduction of Pu(IV) to Pu(III) by 

the hydroquinone. The Pu(III) is then stripped into 10 ml of 10 N HC1. 

Two additional hydrochloric acid washes of 5-10 ml are used to assure 

complete removal of all the plutonium from the organic mixture. These 

washes normally total about 25-30 ml and are caught in a 150 ml beaker 

and allowed to evaporate slowly on a hot plate to a volume of about 4-5 

•Nitrate interferes with subsequent reduction of Pu(IV) to Pu(III). 
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ml. This is then transferred to a 50 ml centrifuge tube. The 5 ml of 

stock solution of 2.0 molar lithium chloride in 3 molar perchloric acid 

used to wash out the beaker is also added to the centrifuge tube. The 

tube, which now has a liquid volume of about 10 ml, is placed in the 

controlled heater. As the acid boils down to ^ l.S ml, the tube walls 

are occasionally- washed down with 1-2 ml of concentrated nitric acid to 

prevent the plutonium from sticking to the walls of the tube and to aid 

in converting Pu(III) to Pu(IV). Finally, the perchlorate solution is 

transferred and extracted into the high resolution scintillator (solution 

number two described previously). Eleven samples, each containing i g 

of bone, treated in this way gave an average recovery of 97% of the 

plutonium added with a standard deviation of 1.7%. 

DETECTOR OPTIMIZATION 

General 

The quality of the data obtained from the combined solvent extrac-

tion-liquid scintillation method depends not only on the chemical pro-

cedures and the scintillator solution but also on the detector and the 

associated electronics. In general, optimizing the system to obtain a 

maximum pulse height for a given amount of energy deposited in the 

scintillator will also optimize the pulse-height resolution of the 

detector. For the most part, electron-produced pulses constitute a 

response of the detector to unwanted background radiations, either 

internal beta emitting sources or electrons produced by interactions 

with internal or external gamma-rays. Pulse-shape-discrimination (PSD) 

techniques can be applied to separate electron-produced pulses from 
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alpha-produced pulses on the basis of the time-decay of the light each 
(12) 

produces in the scintillator. ' 

A block diagram of the electronic components of the system is shown 

in Figure 1. The technique chosen to determine the pulse-shape character 

istics measured the time between the start and the zero crossing of a 

doubly-differentiated pulse from the linear amplifier. Both an extra-

polate-to- zero strobe and a time pickoff unit were used for the determina 

tion of the start of the pulse and both worked satisfactorily; however, 

the time pickoff unit gave somewhat better results. The pulse-height 

discriminators involved were normally set just high enough to prevent 

double pulses or triggering on noi.se. Another technique was tested 

where two ORTEC 455 discriminators were used to measure the time .crom 

10% below the peak to the crossover. This produced poor results. Using 

a time-to-pulse height converter allows the distribution of the length 

of the amplifier pulses to be recorded on a multichannel analyzer, a 

major convenience in setting the pulse-shape discriminator. Such a 

display is shown in Figure 2 in which the left hand peak is electron-

induced interactions with the scintillator and the right hand peak is 

the contribution of the alpha interactions. Discrimination against 

electron pulses is obtained by having the multichannel analyzer record 

the pulse-height spectrum of only those pulses that fall in the right 

hand peak. 

The effect of using PSD is seen by comparing Figure 3, which is the 

thorium spectrum, recorded for eight minutes without PSD background re-

jection and Figure 4 which is the alpha portion of the same spectrum as 
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selected by PSD. The major difference is in the lower channels, but a 

significant difference is still obvious at pu.!se heights corresponding to 

th« lower alpha peaks. 

To obtain the maximum information about pulse-shape discrimination, 

the time-to-pulse height converter (TAC) should be operated on the rr.nge 

that represents the shortest possible time interval. The length of the 

linear amplifier output pulse is typically on the order of one micro-

second while the variations in pulse length are about one-tenth as much. 

A time interval consistent with the pulse-length variations rather than 

the pulse length can be studied by delaying the signal produced by the 

start of the pulse for about a microsecond. That is the purpose of the 

delay (Canberra 1455A) shown in the diagram. When this technique is 

used for scale expansion, the TAC can be operated on the SO or 100 nsec 

range. A linear delay is required between the output of the linear 

amplifier and the input of the multichannel analyzer because the output 

of the discriminator that operates on the signal from the TAC must occur 

after the linear pulse has finished. The parameters of the detector 

system were compared by determining how they affected the pulse-height 

and pulse-shape distributions recorded from natural thorium dissolved in 

the standard scintillator solution. This source provided a number of 

alpha peaks and some beta activity making it well suited for this work. 

After careful deoxygenation by sparging with dry argon, the sample was 
40 

sealed into a Pyrex culture tube. (The K in the Pyrex tubs contributed 

as much as 1 cpm to the background.) 
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Two figures of merit were devised in order to make quantitative 

comparisions of the parameters studied. Both were designed so that a 

greater value meant better performance. For pulse height, a value was 

calculated by taking the reciprocal of the sum of the ratios of the 

full-width-at-half-maximum to the centroid of the peak for the four 

major peaks in the data. Pulse-shape comparisons were based on the 

relationship, 

C W (Pa/V] CDJ' 
where A is the area of the electron-produced time distribution, A the 6 a 
area from the alphas, P the peak height of the alpha distribution, V cL 
the height of the valley between the distributions, and 0 the separation 

of the centroids of the distributions. This figure of merit gives a 

higher weight to a good peak-to-valley ratio and separation when the 

number of electrons recorded is high compared to the number of alpha 

particles. This provides some compensation for the apparent improvement 

in separation that occurs when a pulse height discriminator is used to 

eliminate the response to the electrons below the alpha peak, a change 

that does not represent any intrinsic improvement in the detector system. 

As a small number occurring in the denominator, the counts in the valley 

will significantly affect the value of this figure of merit. For this 
3 

experiment, the figures of merit were divided by 10 to get numbers 

nearer to one. 

Reflector 

Data were taken for a number of different reflector-sample holder 

systems. The reflectors are best described by the geometry of the 
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reflector surface and whether the side or the end of the sample was 

viewed by the photomultiplier tube. In all cases, the photomultiplier 

tube was an RCA 8575. The reflectors are illustrated in Figure 5: (a) 

hemispherical, side viewing, (b) sperical, end viewing, (c) conical 

(semi-parabolic), end viewing, (d) modified hemispherical, end viewing, 

(e) two-phototubes, side viewing, and (f) a special side viewing unit 

that had a cylindrical reflector surface immediately around the sample. 

The last geometry was run primarily to get an idea of the amount of 

light attenuation that was occurring in the sample. In every case, the 

inside of the reflector was coated with Eastman white reflectance paint 

(EK 6080) and the void was filled with Dow Coming 200 silicone fluid 

(dimethylpolysiloxane) that had a viscosity of 50 centistokes. 

Figure 5a shows how the sample fits into a reflector. For normali-

zation purposes, a light-emitting diode (LED) was taped on the side of 

the photomultiplier tube, approximately 0.25 inches from the photo-

cathode face. This diode was used with a light pulser designed at this 

laboratory. ^ ^ 

Tables 4 and 5 show the results of these comparisons. The row 

labeled "original arrangement" is data obtained on the counting system 

used by W. J. McDowell and described in the referenced papers. Generally, 

the findings were that side viewing was superior to end viewing and that 

reflector geometry and source position had a marked affect on the pulse-

height response but produced much smaller changes in the pulse shape. 

For best pulse-height response, the two-phototube arrangement 

should be used with the two tubes as closely matched as possible. To 
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set up the two-phototube arrangement, the focus must first be set for 

each tube, and then the high voltage applied to eich adjusted until the 

spectra coincide. Due to the output configuration of the preamplifiers 

used, these two outputs can be combined with a coaxial "T" as the summing 

circuit with its output connected to the system as a single input would 

be. The data also show that the hemispherical, side-viewing refltctor 

can be used with similar ?11-round performance and considerable less 

complexity. The superiority of this reflector to the other single 

phototube arrangements is consistent with the results of McDowell and 

McKlveen.C29) 

Photomultiplier Tube 

The performance of three types of photomultiplier tubes was com-

pared during this study: (1) RCA 8575, a fast tube widely used for 

nuclear counting, (2) RCA 4523, the tube used in the original counter, 

and (3) RCA 6655, a tube having an S-ll response. The last was studied 

because an S-ll response should be more compatible than the bialkali 

response of the other two tubes with the spectrum of light that reaches 

the photocathode due to the absorption of the light by the naphthalene 

in the scintillator. Pulse-height response was normalized using the 

light pulser. The LED was coupled to the face of the photocathode with 

Dow Corning optical grease without a reflector attached to the tube. 

High voltages were adjusted until the light pulser peak fell in the same 

general vicinity for each tube. Results are summarized in Table 6. The 

faster 8575 gave the best overall results with as much as &• factor of 

2.5 times greater pulse-shape figure of merit than the original tube. 
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Photomultiplier High Voltage 

Table 7 shows the effect on the figure of merit caused by variation 

of the the high voltage applied to the photomultiplier tube. Increasing 

the high voltage gave a significant improvement in the pulse-height 

response, no doubt due to better focusing in the tube, but with a sub-

stantial decrease in the quality of the pulse shape data. Normally the 

improvement in focusing and decreased transit time that occurs when the 

high voltage is increased would be expected to improve the PSD character-

istics. Possible increases in the noise, affecting the quality of the 

start and cross-over signals, may be responsible for the decrease observed 

or it may be due to an effective increase in dynamic range brought about 

by the increased gain of the photomultiplier. However, the latter 

should be compensated by the figure of merit used. On the basis of this 

result, subsequent measurements were made at 1000 V, which was also the 

high voltage used for the previous comparisons. 

Preamplifier 

The performance of a commercial, low-noise, charge-sensitive pre-

amplifier and three simple preamplifiers built at this laboratory were 

compared. Figure 6 shows the circuits for the latter. The results 

obtained are summarized in Table 8. As expected, the best pulse-height 

resolution was obtained using the commercial, low-noise, charge-

sensitive preamplifier, but the best combination of pulse-shape and 

pulse-height response was obtained using an integrating preamplifier 

designed here (Figure 6A). In fact, no PSD was observed when the 
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charge-sensitive preamplifier was used. A series of preliminary runs, 

made using different integrating capacitors in circuit 6A, showed that 

the best data were obtained using the 1 pF value shown in the diagram. 

With this feedback capacitor, the circuit has an approximate gain of 3 x 

1010 volts per Coulomb. Minimum integration of the input pulse gave 

better response for both pulse height and pulse shape. To further 

minimize the integration, the preamplifier should be as close as possible 

to the anode of the photomultiplier tube so that the integration time 

constant can be controlled by the preamplifier circuit parameters. 

Stray capacitance or a fixed capacitor to ground is required to integrate 

the signal when an emitter or source follower preamplifier is used. 

Tests of preamplifiers of the latter type gave considerably poorer 

results. Experience has shown that the large signals produced by a 

photomultiplier tube may cause some commercially available integrating 

(charge sensitive) preamplifiers to overload internally in a way that is 

not obvious in the shape of the output pulse. Therefore, some care must 

be exercised in their application to this type of counting. 

Amplifier 

Active-filter and delay-line shaped amplifiers were tested. The 

variations in pulse-shape response shown in Table 9 were not accompanied 

by any significant change in the pulse-height response. A delay-line-

shaped amplifier with minimum integration of the input pulse (0.04 

microseconds) produced a remarkable increase in the pulse-shape response. 

The best case situation would give a combined figure of merit of about 

42 compared with that for the original system of about 4. 
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Set up and Operation of the Electronic System 

If someone familiar with the use of an oscilloscope for pulse 

timing makes the basic adjustments of the scintillator and electronics, 

there are only four adjustments that remain on the PSD system. There is 

the delay adjustment on the "start" pulse and a second on the single 

channel analyzer (SCA) that provides the TAC "stop" pulse. This second 

delay can be used for fine adjustments, although its use is not necessary. 

The final two adjustments are for the maximum a;, minimum pulse height 

on the SCA that operates on the output of the TAC to provide the gating 

pulse for the multichannel analyzer (MCA). 

After the initial adjustments are made, the connectors for the 

output signal from the linear amplifier and the output signal from the 

TAC should be well marked, as should the switch on the MCA that turns 

the gating requirement on and off. To check the timing, a source, such 

as a thorium sample, is placed in the counter, the linear input to the 

MCA is connected to the TAC output and the gating requirement disabled. 

After at least a thousand counts, the time distribution peaks from the 

alpha particles and electrons will be observed. The lower peak, due to 

electrons, may be quite small due to various pulse-height adjustments in 

the electronics. If the alpha peak is observed at an unexpected part of 

the MCA range, the time adjustment on the "stop" SCA should be adjusted 

no more than one division at a time until the alpha peak appears at the 

proper position. This spectrum is either stored, photographed or memo-

rized, and a second spectrum taken with the gating requirement enabled. 

When the adjustments are correct, a sharp cutoff in the second distribu-

tion measured will occur near the center of the valley between the two 
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peaks in the first distribution. If the lower side of the alpha peak is 

being cut out, the lower discriminator on the TAC-SCA is set too high. 

If the upper side is clipped, the TAC-SCA window is set too narrow. (It 

is often possible to operate a system of this type without a window 

adjustment.) 

When the electronic circuits have been operating overnight (or 

longer) and the same type of scintillator is employed, drift is usually 

no more than 5% in a week, most of this due to small scintillator 

variations. The sum of the pulses recorded in the alpha produced dis-

tribution should change no more than 1%. 

In a series of more than 200 measurements, four sums were taken: 

(1) full-time distribution without gating, (2) full-time distribution 

with gating, (3) the alpha portion of the time distributions without 

gating, and (4) the alpha time distribution with gating. With normal 

background, the nongated total was typically 5% higher than its gated 

counterpart. It was occasionally 7% or more when a high gamma background 

or a low-yield alpha count caused a larger component of the total to be 

gamma-induced. The integral of the gated alpha peak was consistently 2 

to 4% lower than ungated peak. 

The effect of "sparging" was easily observed on any sample with a 

good count rate. Due to ingassing of the sample, the time spectrum will 

change peak position about 30 channels as the sample is counted repeatedly 

for several hours. However, the sum obtained will vary no more than 1%, 

unless the TAC-SCA has been set too close to the alpha time peak. The 
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best way to set the window of the TAC-SCA for overnight counting is to 

make the adjustments several hours after the sample has been sparged. 

In this manner, a low-yield sample can be counted overnight without 

losses due to drift in the sample. To prevent drift due to oxygen 

reabsorption in the scintillator, the culture tube must be sealed. The 

seal provided by an ordinary cork is not adequate for samples counted 

more than an hour. Polyethylene corks provide a better seal or a regular 

cork sealed with 3140 RTV can be used. For stability for periods longer 

than a few weeks, the tube must be sealed by heating and melting the 

glass. 

CONCLUSIONS 

Several recommendations for use of the combined solvent extraction-

liquid scintillator technique for low-level plutonium monitoring can be 

made on the basis of this work. It was shown that care must be taken 

that the chemical reagents are as pure as possible. This applies especially 

to the extractant, HDEHP, as it can easily have major adverse affects on 

the performance of the scintillator as well as on the extraction itself. 

The tests showed that the scintillator presently in use is well suited 

to this work. There is some evidence that the large amount of naphthalene 

in it could be absorbing a significant amount of the light produced so 

that studies of alternative scintillators might be profitable. 

An important finding was that the "fusion" step in the original 

chemical procedures was a major source of irreproducibility in the 

technique. A suitable substitute procedure, the "controlled evaporation" 

step, was devised that alleviated the problems. Useful techniques were 



27 

developed to allow the output of the widely used ion exchange technique 

to be placed into an extractive scintillator for low background, good 

resolution measurements. Such a procedure requires significantly less 

time than the electroplating for measurement with a semiconductor diode 

that is now widely used. 

A brief mention was made of a means to extract the plutonium from a 

sample directly into a vial for use on an automatic beta counter. 

Generally, such a procedure is unnecessary for the type of samples 

considered in this work because low-level samples must be counted for 

considerable lengths of time and the time required to change samples is 

not significant. The procedure might could be useful for screening 

large numbers of samples that may not require low-level counting. For 

those that are found to need more detailed analysis, a technique was 

described that would satisfactorily transfer the sample from the solution 

used for gross counting to the scintillator needed for high resolution, 

low background analysis. 

The HDEHP used as an extractant is a well-known, effective and in-

expensive reagent that can extract plutonium (and other ions) from 

aqueous solutions with high distribution coefficients. Since the assay 

of alpha-emitters in environmental and biological samples uses small 

amounts of the reagent, its cost is not of primary importance; therefore, 

other extractants, such as the provolones, could be investigated for 

these applications. Some of these are known to have high extraction 

ratios, to be specific to particular elements and to be colorless--an 

important consideration for this application. 
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On the basis of the systematic study of the parameters of the 

detector itself, a recommendation can be made about the best components 

for a counting system of this type. The reflector used should be a 

hemispherical unit designed so the sample is viewed sideways by the 

photomultiplier tube. An RCA 8575 photomultiplier tube was the best 

type tested and a photomultiplier-tube potential of 1000 y was found to 

give the best overall results; this aspect of the present work should be 

investigated further. An integrating preamplifier designed as part of 

the local spectrometry program was found to be the best for this type of 

alpha spectroscopy, and a good quality linear amplifier with delay line 

shaping of the pulses gave the best combination of pulse-height resolution 

and pulse-shape separation. Although the data obtained indicated the 

complex circuits used were quite stable, further simplification of the 

pulse shape discrimination circuits is necessary before this technique 

can be used in a truly routine way. 
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TABLES 

1. Counting Results for a Known Amount of 239Pu Introduced in 1 Normal 

Nitric Acid into the Fusion Step. 

2. Counting Results for a Known Amount of 239Pu Introduced in 1 Normal 

NitTic Acid into the Controlled Evaporation Step. 

3. Typical Yields Obtained When a Known Amount of 239Pu is Introduced 

into a Bone Sample Prior to Extraction Using an Ion Exchange Column. 

4. Summary of the Pulse-shape and Pulse-height Data Recorded for the 

Reflector Geometries Studied. 

5. Figures of Merit for the Reflector Geometries Studied. 

6. Figures of Merit for the Photomultiplier Tubes Studied. 

7. Figures of Merit as a Function of High Voltage Applied to the 

Photomultiplier Tube. 

8. Figures of Merit for the Preamplifiers Studied. 

9. Figures of Merit for the Amplifiers Studied. 



32 

TABLE 1 

Counting Results When a Known Amount of Is Introduced 
in 1 Normal Nitric Acid into the Fusion Step 

2 3 9 p u Recovery 
Sample Alpha Alpha Percent 
Number (DPM) (DPM) Recovered 

2 0 1 2 0 0 0 1 9 1 2 9 6 

2 0 2 2 0 0 0 1 9 3 2 9 7 

2 0 3 2 0 0 0 1 9 1 0 9 6 

2 0 4 2 0 0 0 1 9 7 3 9 9 

2 0 5 2 0 0 0 1 9 3 9 9 7 

2 0 6 1 6 0 0 1 5 9 6 9 9 

2 0 7 1 6 0 0 1 3 4 8 8 4 

2 0 S 1 6 0 0 1 4 1 3 S8 

2 0 9 1 6 0 0 1 4 5 2 91 

2 1 0 1 6 0 0 1 3 3 1 8 3 

2 1 2 1 6 0 0 1 5 5 8 97 

2 1 3 1 6 0 0 1 5 8 9 9 9 

2 1 4 1 6 0 0 1 5 7 5 98 

2 1 5 1 6 0 0 1 5 6 2 98 

Avg 94+6 



TABLE 2 

Typical Results When a Known Amount of 239Pu is Introduced in 
1 Normal Nitric Acid into the Controlled Evaporation Step 

2 3 9 p u Recovered 
Sample Alpha Alpha Percent 
Number (DPM) (DPM) Recovered 

3 2 6 8 0 0 0 8 2 5 1 103 

5 2 ? s o o n 8 0 6 2 101 

3 2 3 8 0 0 0 8 3 3 5 104 

3 2 9 8 0 0 0 7 8 5 3 98 

5 3 0 8 0 0 0 7 7 8 6 97 

3 3 1 C A A A C UW\» 8 3 4 7 104 

3 3 2 8 0 0 0 8 1 3 5 102 

3 4 9 8 0 0 0 7 9 3 1 9 3 

3 5 0 8 0 0 0 8 2 0 1 1 0 3 

351 8 0 0 0 8 2 6 7 1 0 3 

3 5 2 8 0 0 0 7 9 5 0 9 9 

3 5 3 8 0 0 0 7 9 2 8 9 9 

Avg 101±2 
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TABU-" 3 

Typical Yields Obtained Khen 10,000 DPM of 239Pu 
Per Cram is Introduced into a Bone Sample Prior 
to Extraction Using an Ion-Exchange Column 

Sample 
Number 

Recovered Pu 
CDPM) 

Perccnt 
Recovered 

355 837S 84 

356 7817 78 

357 8952 90 

358 9254 93 

359 10031 100 

360 8759 88 

361 5314 5> 

562 8341 83 

363 S438 84 

364 7602 76 

373 8348 84 

374 9745 97 

34 i 12 



TABLE 4 

Summary of the Puise-Shape and Pulse-Height Data Recorded for the Reflector Geometries Studied 
(Response from electrons is denoted by e, from alphas by a J 

Rat io 
of Pulse Shape Pulse Height 

Areas 
e/a 

FWHM/Centroid PK/Valley Ratio FWHM/Centroid Areas 
e/a e a e 0 i Th 228Th 2 2 ° R 3 2 1 6 p 0 

hemispherical 0.3167 0.0790 0.0858 402.8 1003. 34 0 . 1721 0.1998 0.1271 0.1011 

Spherical 0.3121 0.0901 0.0992 270.92 554. 92 0 . 2063 0.1962 C.1596 0.1298 

Conical (Semi-Parabolic) 0.3144 0.0840 0.0995 294.00 573. 55 0 . 1868 0.2030 0.1486 0.1067 

Modified Hemispherical 0.3124 0.0775 0.0898 541.26 1089. 96 0 . 2635 0.2751 0.1412 0.1488 

Two-Photo Tubes 0.3197 0.1005 0.0956 403.54 837. 01 0 . 1573 0.1858 0.1065 0.0997 

Special Side Viewing Unit 0.3273 0.0941 0.0976 477.92 905. 35 0 . 1826 0.2008 0.1846 0.1276 

Original Arrangement 0.3332 0.2427 0.1882 55.54 98. 82 0 . 1543 0.1829 0.1050 0.08,r-
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TABLE 5 

Figures of Merit for the Reflector Geometries Studied 
(A larger figure of merit indicates better performance) 

Reflector 
Pulse 
Shape 

Pulse 
Height Product 

Hemispherical 20. .30 1 .68 34 .11 

Spherical 11. ,11 1 .45 16 .05 

Conical (Semi-Parabolic) 11. .54 1 .55 17 .88 

Modified Hemispherical 21. .72 1 .21 26 .21 

Two Photo Tubes 17, .34 1 .82 31 .57 

Special Side Viewing Unit 18.80 1 .44 27 .03 

Original Arrangement 2, .09 1 .90 3 .96 
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TABLE 6 

Figures of Merit for the Photomultiplier Tubes Studied 
(A larger figure of merit indicates better performance) 

P-M Tube Pulse Shape Pulse Height Product 

8575 18.2 1.50 27.4 

4523 6.28 1.54 9.70 

6655 1.20 1.30 1.56 
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TABLE 7 

Figures of Merit as a Function of High Voltage Applied to the 
Photomultiplier Tube 

(A larger figure of merit indicates better performance) 

High Voltage Pulse Shape Pulse Height Product 

1000 0.67 1.61 1.08 

1100 0.54 1.64 0.68 

1200 0.28 1.83 0.51 

1400 0.17 2.31 0.38 
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TABLE 8 

Figures of Merit for the Preamplifier Studied 
CA larger figure of merit indicates 

better performance) 

Preamplifier 

Charge Sensitive 
Darlington Emitter 
Follower 

Source Follower 

Integrating 

Pulse Pulse 
Shape Height Product 

1 . 7 4 

0 . 1 5 1 . 6 2 0 . 2 4 

0 . 2 1 1 . 5 8 0 . 3 3 

0 . 4 8 1 . 6 1 0 . 7 7 
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TABLE 9 

Figures of Merit for the Amplifiers Studied 
(A larger figure of merit indicates 

better performance) 

Amplifier Shaping Pulse 
Shape 

ORTEC 471 Active Filter 0.68 

Canberra 1417 Active Filter 0.73 

ORTEC 460(0.25y) Delay Line 1.46 

ORTEC 460(0.04y) Delay Line 27.7 
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FIGURES 

Fig. 1. Block Diagram of Electronic System used with the Alpha 

Spectrometer. 

Fig. 2. Typical Distribution of Linear Amplifier Pulse Widths 

Produced by an Organic Scintillator Irradiated with both Electrons and 

Alpha Particles. 

Fig. 3. Cross-sections of the Reflector-sample Holders Studied. 

Fig. 4. Schematic Diagrams of Three Preamplifiers Built for these 

Tests. 

Fig. 5. Pulse-Height Spectrum Recorded from a Thorium Source when 

no Pulse-Shape Discrimination is Used. 

Fig. 6. Pulse-Height Spectrum Recorded from a Thorium Source when 

Pulse-Shape Discrimination is used. 



O R T E C TE^NNELEC O R N L - D W G 75-l6»60 

Fig. 1. Block diagram of electronic system used with the alpha spectrometer. 
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Fig. Typical distribution of linear amplifier pulse widths produced 
by an organic scintillator irradiated with both electrons and 
alpha particles. 
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Fig. 3. Pulse-height spectrum recorded from a thorium source when no pulse-shape discrimination 
is used. 
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Fig. 4. Pulsc-hcight spectrum is recorded from a thorium source when pulse-shapn discrimination 
is used. 
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Fig. 5. Cross-sections of the reflector-sample holders studied. 
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Fig . 6. Schcmatic diagrams of th ree p r e a m p l i f i e r s b u i l t for these t e s t s . 


