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Summary

Plutonium-2 39 has been reported to emit a gamma of energy

384 KeV. Subsequent workers, using radiation of this energy as a non-

destructive measure of the plutonium content of various materials, found

that the peak obtained by sodium iodide scintillation spectrometry showed

a pronounced shoulder at about 330 KeV. This shoulder has been attrib-

uted to protactinium-233 and to uranium-237. From the width of the peak,

however, it is obvious that at least three contributors are present.

The present paper describes gamma spectrometric studies of

plutonium samples of several isotopic compositions using a sodium io-

dide detector and a lithium-drifted germanium detector. The 384 KeV

peak has been shown to be a complex peak containing 12 gamma compo-

nents due to plutonium-2 39 between 300 - 450 KeV, and their relative

intensities have been estimated. Anion exchange and solvent extraction

experiments have also demonstrated that two further contributions due

to uranium-237 are present in plutonium containing significant amounts

of plutonium-241 .
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1. Introduction

Gamma spectrometry represents a convenient method for the

non~destructive assay of plutonium-239 and the technique has been ap-

plied to sintered pellets of PuO^» UO~ by Fudge et al. [1 ], and to waste

materials by Elliot and Pearson [2], Both of these sets of workers used

the complex gamma peak at 384 KeV (as determined by sodium iodide

crystal spectrometry) which reduces the importance of self-absorption

in the specimens.

A typical gamma spectrum over the range 200 - 900 KeV for

plutonium containing 0. 59 % plutonium-<241, is shown in Fig. 1, and the

complex nature of the peak can be readily seen. The resolution of the

peak (width at half-peak height) is about 25 %, which should be compared

with a value of 10 - 11 % for a single energy gamma of 380 KeV using a

3" x 3" sodium iodide crystal. Hence at least three components contrib-

ute to the peak.

Fudge et al. demonstrated that the 206 KeV peak was due wholly

to uranium-237, (half-life 6. 75 days) the daughter of plutonium-241, and

by means of anion exchange and solvent extraction experiments separated

a daughter activity with a gamma energy of 310 KeV and a half-life of

about 30 days, and suggested that this was due to protactinium-233. He

also determined the gamma to alpha ratio for the 384 peak and obtained
-5

a value of 6. 4 • 10 , which is considerably higher than the value of
-5

1.5 • 10 reported previously [3],

Elliott and Pearson claimed that the lower energy shoulder of

the peak was due to uranium-237, and subtracted this area from the to-

tal peak area, as shown by the broken line in Fig. 1. They assumed that

the remainder of the peak was complex.

In two progress reports ["4,5] Murri and Cline have described

gamma spectrometric analysis of plutonium-2 39 purified by anion ex-

change treatment. The complex peak at 384 KeV was resolved by the

spectrum stripping process using spectra of known shapes, and the pres-

ence of five components was postulated, at energies of 315, 340, 380,

415 and 450 KeV.

The work described here wa.s undertaken in an attempt to clear

up these inconsistencies. Gamma spectrometry using both a sodium io-

dide scintillation detector and a germanium solid state detector with its
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superior resolution, combined with anion exchange and solvent extrac-

tion experiments, has been applied to plutonium samples o£ several iso-

topic compositions. The components of the complex peak have been re-

solved and assigned to various isotopes, and their branching ratios es-

timated,

2. Expe rimental

2. 1 Plutonium specimens

The isotopic compositions of the three plutonium, specimens used

are given in Table 1. Since no isotopically pure plutonium~239 was avail-

able, the use of specimens containing a range of plutonium-240 and -241

enrichments represented the only method of peak assignment. No chemi-

cal separation had been performed on sample B for at least 3 years, and

on samples A and C for 1 year.

2. 2 Sodium iodide scintillation spectrometry

A 3" x 3" sodium iodide scintillation detector was employed, the

spectra being examined by a Nuclear Data 512 channel analyser. 256 chan-

nels were used for the spectra, the second half of the memory serving

for background storage and subtraction. The detector was situated imme-

diately under the floor of a low-background glove-box, and maintained at

a constant temperature of 2 8 - 0 . 1 C. A lead cap, 1 mm thick, was

placed over the detector to flatten the spectra at the low energy end.

The photopeak counting efficiency of the detector was determined

over the range 1 44 - 1330 KeV by means of 2 ml aliquots of a series of

standardized isotope solutions.

2. 3 Solid state detector spectrometry

The detector used was a RCA germanium lithium-drifted diode

unit SJGG-2; diameter 18.5 mm, lithium diffused layer 0. 5 mm, deple-

tion layer 2 mm, A liquid nitrogen cryostat was used to maintain the de-

tector at a low temperature. The spectra were- analysed by the Nuclear

Data analyser using all 512 channels; no background subtraction was

carried out. A 2 mm thick lead plate was placed over the detector to

harden the spectra and to reduce dead time due to the intense 60 KeV

X-ray emission from the Am-241 present in some samples.
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With the electronic equipment used, a resolution of 3. 5 KeV

was routinely obtained with the 355 KeV" peak from Ba-1 33. Energy

calibration was based on the 279 KeV peak from mercury-203, the peaks

at 274, 302, 355 and 380 KeV from barium-133 [6], and the 511 KeV

peak from sodium-22.

2. 4 Separation methods

During experiments carried out to determine daughter activi-

ties, and to attempt to detect protactinium-233, several techniques were

applied.

a) Anion exchange: Plutonium as the plutonium(lV) nitrate complex was

adsorbed on a Dowex-1 column, and the daughter activities eluted off

with 8 M nitric acid. The course of elution was followed by scintillation

spectrometry and in certain cases, eluate samples were examined by

means of the germanium detector.

b) Solvent extraction: Partition experiments were performed with

TTA/xylene, and with Hyamine 1622(nitrate)/Benzene. (Hyamine 1622

has the formula p. diisobutyl phenoxy ethoxy ethyl dimethyl benzyl am-

monium chloride monohydrate, and in the nitrate form, has been demon-

strated to be a specific extractant for plutonium(lV) from 4 - 6 M nitric

acid solutions).

3. Results

3, 1 Scintillation spectrometry

3. 1.1

In order to investigate the presence of daughter or impurity ac-

tivities contributing to the 384 KeV peak, a number of separation experi-

ments were performed.

About 1 gm of plutonium sample C was adsorbed on a Dowex-1

anion exchange column from 8 M nitric acid and elution carried out with

the same strength acid. The eluent fractions were examined by gamma

spectrometry. Americium-241 was eluted first (60 KeV peak) followed

by uranium-237 which gave peaks at 208 and 330 KeV. The ratios of
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these latter peaks were determined for each fraction, a constant ratio

being obtained, which demonstrated that no other isotope was present.

Only Am-241 and U-237 were detected in the eluent samples.

The purified plutonium was examined on the resin and after re-

moval with hydroxylamine. The spectra were identical, showing a small

residual peak at about 200 KeV, and a complex 384 KeV peak which was

only slightly lower on the low energy side than that from the original

untreated plutoxiium. The high energy shoulder at about 410 KeV re-

mained. The very low amounts of activity left on the resin after pluto-

nium removal was due only to small.traces of plutonium. Hence no pro-

tactinium-2 33 or other gamma emitter in significant amounts were pres-

ent in this plutonium sample.

This result was confirmed by solvent extraction experiments

using TTA/xylene, and Hyamine 1622/Benzene. Only Am-241 and

U-237 were left in the aqueous phases, and on reduction of the pluto-

nium and back extraction, only traces of plutonium activity remained

in the organic phases.

3j.J_,_2 G -̂FH?1-̂  —°

2 ml aliquots of solutions of plutonium -C, in equil ibrium with

its U-237 daughter, were o repa red over the concentration range 25 -

~ 250 m g / m l . Each specimen was counted 5 t imes using the efficiency-

cal ibra ted sodium iodide detector . The counts under the 208 and 384 KeV

peaks were summed, the compton contribution being subtracted graph-

ical ly. Curves were then drawn relating counting ra te per mg Pu-2 39

to plutonium concentrat ion and extrapolated to zero sel f -absorpt ion.

F r o m the exper iments on pure U-237 descr ibed under 3 .1 .1

it was known that the ra t io of the counts at 330 KeV to those at 208 KeV

was 0 .085, and using this figure and the activity for ze ro se l f - absorp -

tion at 208 KeV, the counting ra te at 384 KeV was cor rec ted for the

U-237 contribution.

The resu l t was then cor rec ted for the photopeak counting effi-

ciency of the detector , and compared with the Pu-239 alpha counting rate

using a half-life value of 24. 360 years [ 7 ] . A gamma to alpha rat io of
-56. 6 • 10 was obtained which agrees very closely with the value of

6. 4 * 10 repor ted by Fudge et al.
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The precision (3a) of the result was 5 %; the accuracy is not

known since it depends upon the accuracy of the crystal calibration and

accuracy of the correction for the compton background, but is thought

to be about -10%.

3. 2 Germanium detector spectrometry

The spectra over the energy range 180 - 480 KeV of the pluto-

nium samples A, B and C are shown in Figs, 2, 3 and 4. Sample sizes

ranged from 400 mgm to 1 gm and because of the low gamma branch-

ing ratio of Pu-2 39, and the small counting efficiency of the germanium

detector, long counting times (16 - 18 hours), were required. In spite of

this, instrument stability was good and a peak resolution of 4 KeV was

obtained.

The peak energy values given in the figures are in KeV, and

represent the mean of at least three measurements, the energy calibra-

tion being carried out before and after each measurement as described

earlier. Except for those values marked in parentheses, the measure-

ments are probably accurate to ~ 2 KeV.

For each spectrum the counts under the peaks were summed

using a smooth curve as the base lins. The ratio of each peak to the

412 KeV peak way then calculated; the poorly resolved peaks at 367,

374 and 381 KeV were considered ?ts one peak. The results are given

in Table 2.

On considering the spectra and the relative intensity values,

several conclusions are suggested:

a) There are gamma emissions from, plutonium-239 at 202, 254, 296,

311, 321, 333, 344, 367, 374, 381, 392, 412, 421 and 449 KeV. Twelve

of these, 296 - 449 KeV', are components of the "384" KeV gamma peak

as resolved by a sodium iodide detector. Although the accuracy of meas-

urement of the low intensity gammas is poor (- 50 %), it is unlikely that

these originate in plutonium-240.

b) The peaks at 208 and 265 KeV are due to uranium-237, the daughter

of plutonium-241, and the 333 KeV peak also contains a contribution

from this isotope.
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To check the last point, a sample of uranium-2 37 obtained by

a further anion exchange column experiment was examined on the de-

tector. The spectrum is shown in Fig. 5, and the relative peak intensi-

ties are given in Table 3. The peak at 236 KeV is also visible in the

spectra of plutonnim samples B and C but is poorly x'esolved. It is seen

that there is a further contribution to the 384 KeV plutonium peak at

370 KeV in samples containing plutonium~241 due to the uranium-237

daughter activity.

3. 3 Correction for detector efficiency

The values for relative intensities reported in Tables 2 and 3

are not valid for calculation of the absolute branching ratios of the peaks

but can only be used for comparison purposes. To obtain quantitative val-

ues corrections must be applied for the variation of the germanium detec-

tors counting efficiency with photopeak energy.

In an attempt to effect such a calibration, IAEA gamma counting

standards of raercury-203, s odium - 2 2, caesium-137 and manganese-54

were counted for appropriate times at approximately the same counting

geometry as the plutonium specimens.

The calibration curve is given in Fig. 6. Since no suitable stand-

ard was available for that portion of the curve of greatest interest (350 -

450 KeV), an unstandardized barium-13 3 sample was counted and the rel~

ative intensities of the four gamma peaks (274, 302, 355 and 380 KeV)

were determined. Values for the absolute intensities were taken from ref-

erence 6. The value for the 355 KeV peak wao normalized to fit the curve

passing through the standard points, and normalized values for the other

three peaks were calculated. The normalized points are shown as crosses

in Fig. 6.

Although the process is rather arbitrary, the good agreement ob-

tained suggests an accuracy of 10 - 15 %.

Values of the corrected relative intensities of the peaks contribut-

ing to the "384" KeV complex peak are given in Table 4. The mean values

for all plutonium samples results were used. An uncorrected relative in-

tensity of 55 for the 333 KeV peak due to plutonium-239 was assumed, since

sample A contained little plutonium-241. (No uranium-237 contribution.)



Using the results for plutonium sample C (0. 59 % plutonium-

-241) it was calculated that the 384 KeV peak counts as measured by the

sodium iodide detector method are augmented by 5.9 % due to the urani-

um-2 37 gamma peaks at 333 and 370 KeV» This agrees extremely well

with the value of 6. 2 % obtained during the work described in section

3.1.1.

4. Conclusions

The complex gamma peak, usually referred to as the 384 KeV

peak, of plutonium-239 has been shown to have 12 components, and the

energies and relative intensities have been determined. In plutonium

used in fuel element production, which contains varying amounts of the

higher plutonium isotopes, it has been shown that an error can arise in

the gamma spectrometric method for determination of plutonium content,

due to contributions to the peak from uranium-237.
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Table 1

Plutonium spec imens : Isotopic composition (w/o)

239 240 ' 241

Plutonium A 98.76 1.21 0.025

B 94.45 5.24 0.31

C 91.69 7.72 0.59

Table 2

Relative peak intensi t ies of the plutonium specimens

KeV 202/208 254 265 296 311 321 333 344 "374" 392 412 421 449

Pu-A 42 11 ~ 4 3 12 56 52 180 38 100 8 11

Pu-B 260 9 10 6 5 13 77 53 180 37 100 6 11

Pu-C 380 11 25 5 4 13 86 50 178 36 100 8 11

Table 3

Relative peak in tens i t ies : Uranium-2 37

KeV 207 236 265 333 370

1450 30 60 100 8

Table 4

Cor rec ted re la t ive intensi t ies of the plutonium-239 gammas

KeV 296

3

31 0

2

321

8

333

40

344

40

367/374/381

155

392

35

412

100

421

8

449

13
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