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Nondestructive analysis of plutonium was attempted
by Ge(Li) y-ray spectrometry. Gamma—ray spectra were taken by
measuring plates of plutonium metal in suppression of the

241Am with lead absorber.

intense low-energy radiation from
Twelve complex peak multiplets, each consisting of Y rays

from more than one nuclide, were selected from the resulting
spectrum in the energy region covering from 200 to 800 keV to
determine relative abundances of plutonium isotopes of the

mass number from 238 to 241 besides 241Am etc. Each peak
multiplet was unfolded by the usual linear least sgquares method
on the basis of the normalized response profile of each exist-
ing nuclide generated with symmetric or asymmetric Gausslians

of given energies and relative intensities. The width of
Gaussian and the conversion from energy to channel number were
self-determined by the non-linear function minimization method.

First, the relative abundance of 241Am with respect to the
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content of 239Pu was obtained by the use of the unfolding

results of three particular peak multiplets. Then, contents

of the other nuclides relative to the content of 239Pu were

determined with fixing the abundance ratio between 241Am and

239Pu to the cbtained value in analysis of the remaining
multiplets. Finally, the effective detection efficiency curve

was constructed with elevn out of the twelve values of 239Pu

abundance plus the peak intensity of one single peak of 239Pu.
The efficiency curve can be used to re-evaluate relative con-
tents of the nuclides observed above._ Reliabilityrof the

present method shall be discussed with regard to the isotecpic

grade of plutonium samples and interference due to the

existence of fission product nuclides.

Keywords: Ge(Li) Detector, y-Ray Spectrometry, Plutonium
Isotopes, Isotopic Ratic, Nondestructive Analysis, Spectrum

Unfolding, Reliability
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1. Introduction
Accurate determination of the isotopic ratics of pluto-
nium samples has recently been attempted by means of high-

resolution y-ray spectrometry from the view point of the

1-3) | plutonium samples as isotopic

mixture generally contain decay products such as 241Am, 228T

plutonium fuel assessment
h,
and the fission products from the fissile plutonium. Of

241

those decay products, Am causes the most serious trouble

for the high-resclution y-ray spectrometry of plutonium

samples because of its tremendously intense 59-keV y-ray
among other vy rays.

There are two ways to perform plutonium assaf with the
Ge(Li) spectrometry. Gunnink has attempted to utilize the

3)

X-ray spectra”’, in which one can reduce to some extent the

241Am.

interference of the huge 59-keV y ray from. However,

one encounters another difficulty in the X-ray spectrometry

4)

that the X-ray response profile is of_b?oadened shape differ-
ent from that of y rays and there exist many satelite peaks
locating so closely to each other that the unfolding of the
spectrum is too difficult to assure a reliable result.

An alternative method of the plutonium determination is to
suppfess the low-energy y rays and X rays with thick absQrber,
so that one can measure high-energy y rays of extremelyrweak
intensities without any pile-up distortion.

There is an additional problem to be solved when one
tries to apply the above highfresolution y-ray spectrometry

to the non-destructive determination of the plutonium isotopic

ratios. It is the uncertainty in the counting efficiency and
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y-ray attenuation by the sample matrix or other absorbing
materials. Non~uniform package or inhomogeneity of the
sample would result in a significantly different counting
condition for every measurement of each sample.

As it has been pointed out by Gunninks), the above
difficﬁlty can, however, be removed to a considerable degree
by grouping appropriate neighbouring peaks in the obtained
spectrum to compute the isotopic ratios from the observed
peak intensities. By this technigue, one can assure the
least errors introduced due to the differences in the detec-
tion efficiency and the attenuation factors among the involved
peaks.

One picks up certain peak multiplets consisting of vy rays
from more than one nuclide in the obtained spectrum. The
unfolding procedure is based on the usual linear least s@uares
fit, in principle, using the normalized response profile
constructed for each nuclide by thé.uSe of the known energies
and intensities of the relevant y rays. The resulting nor-
malization factors give relative abundances among the invelved
nuclides and, if one knows the absolute detection efficiency, .
the absolute numbers of atoms can also be deduced.

Gunnink shows that he can obtain Very accurate isotopic
ratios of plutonium by the above-mentioned y-ray spectrometry
in the case of plutoniﬁm samples of high purity, i.e. of very
low 241Am content and with no fission producfss). - Gunnink's
study haé, however, been performed'under an ideal condition.

In the routine work, one must treat a large number of samples

with various types of history under much more severe counting
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conditions. The resulting spectrum would be of rather poor
statistics and the counting condition would not precisely be
reproduced from sample to sample.

We have carried out a field experiment of Ge(Li) y-ray
spectrometry of plutonium samples of various grades for find-
ing an optimum experimental set-up. Then we attempted to
establish an algorithm of complete self-determination of the
plutonium isotopic ratios by the use of thus obtained y-ray
spectra. The present work mainly concerns the latter; namely,
the construction of the algorithm and its feasibility study

with non-idealized plutonium samples.
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2. Experimental

Figure 1 shows a schematic view of the counting set-up
for the non-destructive analysis of plutonium. The sample
was placed at 40cm apart from the detector surface. As the
detector, two Ge(Li) detectors were used; one with 6.6% effi-~
ciency and 2.1 keV resolution and the other with 12.6% effici-
ency and 2.2 keV resolution. The specimens were plutonium
metal plates aged for about 10 years. Three sizes of the
specimens were used as the counting sample, namely, 1"x4"xl/
16", 2"x4"x1/16", and 4"x4"x1/16", respectively. Pluteonium
samples measured were parted in three groups with respect to
the isotopic grade; namely, 923, 81l%, and 75% for 239Pu.

A lead absorber of 2mm thick was placed just below the
sample in order to attenuate the strong 5%-keV y-ray of 241Am
and X rays. A thin lead absorber and a cadmium absorber were
also inserted just above the detector surface, the former cut
the scattered vy rays while the latter absorbed the lead fluo-
rescent X ray.

More than 40 measurements were carried out with the
above set-up, most of which were performed without the effect
of the pile-up rejector. Figure 2 shows a typical example of
the y-ray spectrum obtained. Here, the channel number in the
abscissa corresponds to four times the energy. One may
recognize that the sample contained significant amounts of
241Am and fission products which were accumulated during the
experiments at the Fast Critical Assembly of JAERI. Low energy

portion of the spectrum was strongly attenuated with the thick

lead absorber.
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The total count rate was suppressed below 5,000 cps for
avoiding pile-up distorticon because most were undertaken with-
out pile-up rejector. Furthermore, the duration of each mea-
surement was restrained to 4 kiloseconds under the specula-

tion of a practicable on-site working condition.
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3. Analyzing Program PASAY

_Thirteen peak multiplets were selected for determining
isotopic ratios of plutonium, which are designated with Roman
numerals from II to XIV in Fig.3 and listed in Table 1. The
peak grouping I almost disappeared in the present counting
condition, so that it was not used in the present work though
it is important in the analysis of pure plutconium samples.

Twelve of the above thirteen peak complexes consists of
v rays from two or more nuclides, while the peak group VII is

239Pu. The group-

a single peak of the 451.5-keV v ray from
ings coloured in red were of particular importance in the
isotopic ratio determination.

The principle of the analysis is similar to that discus-
sed by GunninkB). First, the energy calibration curve was
constructed with the twelve prominent peaks pointed in Fig.3.
Next, large peaks or peak compounds in the spectrum are picked
up and their widths are extracted by the non-linear least
sqguares fit following the algorithm of a y-ray spectrum ana-
lyzing program BOBT38). Then the relationship between the
peak width and energy is obtained with thus found values of
the peak width and channel, and the energy calibration curve.

Now, each peak multiplet was unfolded by the usual linear
least squares method on the basis of the normalized response
profile of each existing nuclide that was generated with
symmetric or asymmetric Gaussians of given energies and inten-
sities6'7). Here, the width of the Gaussian and the conversion
from energy to channel number were self-determined by the non-

)

linear function minimizing method9 .
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In the unfolding of peak groupings, evaluation of the

background continuum under the peaks was the most critical

factor as discussed elsewherelo). We have used for most peak

groupings background continua formed by superimposed step
functions, each of which was associated with the relevant

peak in its position and relative intensity; namely, the

8)

background function B(x) is given by

k . k
_ - ] :
Bx) = (hphy) I pySlx W/f p; + By (1)

where h, and h, are the counts at the boundaries of the group-

ing in the low- and high-energy sides, Ej is the height of

]
a

is the peak channel of the jth prominent peak. 8 is a sharp

the jth peak among k prominent peaks in the grouping, and x

step function defined by

4 for x <0
S(x) = { 0.5 for x = (2)
( 1.0 for x > 0

As an exceptional case, a simple exponential curve was used
as the background for group IX, with consideration of the

neighbouring Compton continuum.

The relative abundance of 241

238

Am with respect to the

content of Pu was obtained by the use of the unfolding

results of three peak groupings, IV, V, and VI. The relative
!

241 : . ,
content of PU was determined at the same time in the cases

of groups IV and V. Contents of the other nuclides were

determined relative to the content of 239

isotopic ratio between 241Am and 239Pu to the obtained value,

Pu with fixing the

in the unfolding of other peak groupings. The relative con-



JAERI—M 845190

240

tent of Pu was obtained with groups IX and XI, while that

of 238Pu was found with groups XIITI and XIV. Some decay
products were also able to be determined with appropriate
peak groupings.

Finally, the effective detection efficiency curve was
constructed with the values of the 239Pu content obtained

with twelve peak groupings through ITI to XIII, which cculd be

used, 1f necessary, for re-evaluation of the relative contents

among the nuclides observed above.
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4, Results and Discussion

Figures through 4 to 14 exemplify typical unfolding
results for various peak groupings under different situations.
Observed data after being smoothed are depicted with solid
circles, while the black solid curve glves calculated spectra
together with an appropriately taken background continuum
plotted with the dotted line. The y-ray spectrum to be attri-
buted to each nuclide is displayed with a coloured curve.

Figures 4a and 4b represent the results of the analyses
with the group IV for a 92% and a 75% 239Pu sample, respec-
tively. The group IV turned out to be a very important peak
multiplet for its various advantages. First of all, the count
rate in this region is relatively high and, therefore, one can
obtain rather good statistics. Secondly, no fission product
nuclide feeds prominent y rays interfering the unfolding of
the multiplet.

Thirdly, the y rays of the involved three nuclides
possess more or less comparable intensities to each other so
that the least sguares analysis is expected to be fairly

accurate for a wide range of the isctopic grade of 239Pu.

That is, the abundance of-239Pu can be independently found

from the right-half portion of the multiplet, and then the

41 241

contents of Pu and Am are determined from the residue of

the left-half portion subtracted by the contribution of the
239Pu Y rays, as shown in Figs.4. Moreover, it is obviously

seen that the minor fluctuation in the background continuum

little affects the result of the analysis.
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According to the above procedure of the analysis, the
error involved in the content of 239?u ceonsists of the
statistical error and the uncertainty in the background
continuum. On the other hand, the errors in the contents of

241Pu and 241Am contain the error in the evaluated contribu-

tion of 239Pu in the left-half fitting region besides the
above two sources of error.

The group V consists of the y rays from the same three
nuclides as the group IV does. Moreover, the situation is
similar concerning relétively good statistics and little
interference of the fission product nuclides. However, there
is one important difference between the groups IV and V, as
being seen in Figs.5. Namely, all y rays of 241Am in this

region are masked by anyone of the vy rays of 239Pu or 241Pu

As a consequence, the determining 368.6~keV vy ray for 241Am
is greatly affected even by minor misadjustment of the back-
ground continuum, particularly .in the case of the 92% samples
(cf. Fig.5a). Overestimation of the background results in
the underestimation of the 368.6-keV peak intensity and vice
versa. On the contrary, the content of 241Pu is expected to
be determined with sufficient accuracy ‘indifferent to the
isotopic grade or the degree of the correctness of background.
This can be seen in Table 2, in which the determined isotopic -
ratios are compared with those obtained by the mass spectrome-
tric method. Estimation of ‘the attached error was carried
out in the rsame manner as in the case of group IV.:

241

The group VI consists of the 'y '‘rays of 239Pu and Am

only, and their contents can be determined with more or less

—10—



the 696-keV y ray of

JAERI-M 8450

equal weights as seen in Figs.6. The two advantages of good
statistics and little interference of fission product nuclides
still remain with this grouping.

The group IX consists of y rays from three nuclides

239Pu, 241Am, and 240Pu. Therefore, it is used for determin-
ing the isotopic ratio between 24OPu and 239Pu using the
previously found 241Am/239Pu ratio. Unfortunately, the

statistics is relatively poor in this region and the branching

ratio of the 642.5~keV 240P

u vy ray is fairly small as shown

in Figs.7, so that the error due to the background fluctuation
and the statistical error in the above-mentioned peak area is
of considerable magnitude as indicated in Table 2. This is
the reason why the accurate determination of the fissile—td—
total plutonium ratio is difficult by vy spectrometry alone.

There are alternative peak groupings for determining the
240Pu content. One is in the energy region from 160 to 166
keV, which is denoted as the group I in Figs.3. Under our
present experimental condition, the vy attenuaticon was sc large
in this region that the peak grouping was hardly usable.

One may improve the situation to some extent by reducing
the thickness of absorber to be used and avoiding the pile-up
distortion using the pile-up rejectqr._ Even so, ohe must
still suffer from the sharp energy dependence of the effective
detection efficiency in this region, This would in turn
result in rather large error in the unfolding result.

The other peak grouping for 240Pu covers the energy range
from 684 to 711 kev. This is named group XI. There appears

144Ce, though it is not much interfering

o B
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the analysis, besides v rays from three other nuclides, 239Pu,

241 24OP

Am, and u. Shortages of this grouping for determining

240Pu/239Pu ratic are that the statistics is rather poor

240

the

in this region and that the 688-keV peak of Pu is almost

completely masked by the 689-keV peak of 239Pu as shown in

Figs.g. Therefore, one can hardly expect a better result
with group XI compared to that with group IX.

The group XII gives information on the relative amount

of 228Th,'the decay product from 232U or 236P

241Am/239Pu ratio must be known. Existence of the fission

u. Here, the

products results in the appearance of the 724-keV v ray of

95Zr in this region (cf. Figs.9). Then, four nuclides, 239Pu

228T

7

241Am h, and 95Zr, contribute this grouping. As seen

228Th

r

from Figs.9, determination of relative abundances of
and 952r may not be very difficult in spite of the rather poor

statistics.

The information on 228Th can be independently obtained

with group XIII, in which one recognizes at most five nuclides
ag shown in Figs.10. However, the 763-keV vy ray of 228Th is
weak and, in the case of high-grade sample (92%), scarecely

distinct out of the background line. Conseguently, the obtain-

228T 239

ed h/ Pu ratio is considered less reliable compared to

that determined with group XIT.

The group XIII also supplies two other isotopic ratios,

239?u 238 239P 9SZ

95 and Pu/

r, there appear one Y

Zr/ u. As for

ray from 937 (757 keV) and one from its daughter ?5ub (766

keV). We can say that the determined isctopic ratio would be

sufficiently accurate for samples containing so much amount of
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952r as to letting the above v peaks be prominent.

238 239

Accurate determination of the Pu/ Pu ratic is not

. 238 . .
always easy since Pu is a minor component. As seen from

238

Figs.10, the 766-keV peak of Pu is strongly affected by the

existence of the 95Nb 766~keV vy ray. Furthermore, the least
squares fit does not seem satisfactory, particularly in the
case of the 92% sample of low FP content (cf. Fig.l0a). This
suggests that either y ray data used are not correct or some
y rays are overlocoked in this peak grouping, for the above
misfit does not seem being caused merely by the incorrectness
in the background continuum.

A doublet between 735 and 745 keV consists of two y rays,

241 238P

one emitted from am and the other from u. This doublet

named group XIV is also utilized for determination of the

238Pu/239

Pu ratio. This doubleét is not much disturbed b& the
FP y rays, but unfortunately the statistics becomes very poor
and the peaks are very small particularly for high-grade
plutonium samples, as shown in Figs.3 and 11. Which grouping,
¥ITI or ¥XIV, gives more reliable value for the 238Pu/239Pu
ratio is a rather difficult question at present. One may neéd
more systematic experiment or an appropriate simulation work
before one can answer this gquestion.

In Table 2, results of the present work are tabulated in
comparison with those obtained by the mass-spectrometric
method. The efrors'attached to the present data were evaluat-
ed considering the result of the following simulation workll).

Fairly large errors are resulted from insufficient statistics

of the observed spectra as a whole, which was inevitable
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because of the experimental restriction. Anyhow, one may say
the two sets of data agree within the error.
There were five other peak groupings playing subsidiary

roles. The group II is an apparent doublet consisting of

239P

three y rays, one from each one of the three nuclides, a,

241P 241Am

u, and (cf. Fig.l1l2). Therefore, it should be usable

for determination of 241Pu/239

241 239P

Pu with the known value of
Am/ u. However, it turned out tolgive an obviously
higher value than the isotopic ratio obtained with either
group IV_Qr V, as shown in Table 2. The background shape
defined by Eq. (1) would probably be responsible for the
discrepancy. The desirable shape of the background is likely
of an intermediate shape bewteen the superposition of step
functions and a simple exponential curve. As a consequence,
the group II was used for obtaining the 239Pu intensity‘only
like other subsidiary groupings.

The group I;I is apparently a single peak, which actually
consists of two y rays from two nuclides, While group VII is
a genuine single peak of 2?9

lO6Ru is contained together with y rays from 23?Pu and 241Am

Pu alone. The 622-keV y ray of

in the group XIII, as shown_ig Figs.l1l3. The group X coptains
the 662-keV vy ray from 137Cs a;_shown in_Figé.lé. _These two
groupings, therefore, supply the relative abundances of the
fission product nuclides.

Quantitatively speaking,,the least squares fit is general-
ly satisfactory throughout Figs.4 to 14, except for some cases
of the group VIII §s stated befo;e,and forrthe groué XI. Dig-

agreement .between the observed and fitted spectrum profiles
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is consistently observed in the 709-keV peak of 241Am in the

case of group XI. This suggests that the given intensity of
the above y ray is not correct; if this speculation is right,

8

the true intensity should be larger than 6.41x10 ~ by 20 to

30 percent. However, this peak does not play an important
role in the least squares analysis as shown in Figs.8, so
that the change in the intensity scarecely affects the deduced
isotopic ratios. There might be some other discrepancies in
the fit of group XI. They are, however, all trivial consider-
ing that the large fluctuations in the spectrum.

Banham discusses reliability of the y ray data used in
the y-spectrometric determination of plutonium isotopic ratios,
and proposes a modified set of the y data coupled with his

12)

analyzing method In connection with the present work, we

note with particular interest Banham's data set fot the inten-

sities of the y rays belonging to the group IT; nanely, 5.70

+10~7 for the 23%wu 203-kev, 5.6x10"% for the 2%1pu 208-kev,

6 for the 24170 208-kev vy rays (cf. Table 1). It

241Pu

and 7.6x10
is true that with the above y data set we can cohktain the
/239Pu ratioc in good agreement with that deduced from the
group IV. However, we feel that one must carefully study the
y-ray spectra of pure scurces of these iscotopes before one
make the final decision on the y data.

With this reservation, the y-ray data given by GunninkG)
may be conculded to work satisfactorily for the isotopic ratio
determination. |

The presently developed analyzing method was applied to

63 spectrum data obtained with samples of three grades, 92%,
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82%, and 75% fissile plutonium contents. The_results are
shown in Figs.1l6, in which the observed contents are plotted
with s0lid circles acccmpanying the error bar in comparison
with the book values depicted with open circles. The deduced
content agrees with the becok value within the evaluated error,

except for a few cases.
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Table 2.
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spectrometric data.

Comparison of the present results with mass-

238

239

241

Pu Pu Pu Pu
1 0.0362.012 91.5+0. 7.920.7 0.560£.010
2 0.027+.013 91.5%0. 7.920.8 0.549+,011
3 0.034x.017 91.,7+x1. 7.7+£1.2 0.541+.016
4 0.023+.014 91.1£0. 8.1+0.9 0.549+,012
Average 0.030£.004 91.520.2 7.9x0.1 0.550£.,005
MS data 0.033 91.216 7.966 0.610
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Figure Captions

Fig.l. A schematic view of the counting set-up for the non-

destructive analysis of plutonium.

Fig.2. A typical example of the obtained y-ray spectrum.

The channel number in the abscissa corresponds to four

| times the energy.

Fig.3. Illustration of the prominent peaks. used for the
energy calibration which are designated with arrows, and
the peak groupings unfolded for determination of the
isotopic ratios of plutonium. The groupings coloured
in red were of particular importance in the isotopic

ratioc determinatiocn.

Fig.4. Results of the unfolding of the group IV; a) 92% and b)

239Pu, respectively.  The background

75% with respect to
continuum is depicted with dotted line.  The y-ray
spectrum to be attributed to each nuclide involved is
presented with a coloured line, respectively. Sum of the
three response profiles and the background continuum makes
the synthesized spectrum éiven with the black solid line,

while observed data after being smoothed are plotted

with circles.

Fig.5. Results of the unfolding of the group V; a) 92% and b)

75% with respect to 239Pu, respectively. For detailed
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explanation, see the caption of Fig.4.

Fig.6. Results of the unfolding of the group VI; a) 92% and

k) 75% with respect to 239P

39Pu and 241Am, are involved in this grouping

1, respectively. Only two
nuclides,
instead of three. For detailed explanation, see the

caption of Fig.4.

Fig.7. Results of the unfolding of the group IX; a) 92% and

239Pu, respectively. This grouping

240 239Pu

b) 75% with respect to

supplies the information for the pu/ ratio. For

further explanation, .see the caption of Fig.4.

Fig.8. Results of the unfolding of the group XI; a) 92% and

239P

b} 75% with respect to u, respectively. This grouping

also gives the information on the 240Pu/239Pu ratio,
though the reliability is generally poorer than that

.with the group IX. For further éxplanation, see the

caption of Fig.4.

Fig.9. Results of the unfolding of the group XII; a), b),
. 239

and c) 92% Pu samples with contamination of different
‘ 95 239

amounts of Zzr, and d) 75% Pu sample. ©One can deduce

the 228Th/239Pu ratio with this grouping. For further

explanation, see the caption of Fig.4.

Fig.10. Results of the unfolding of the group XIII; -a), b),

and c) 92% 239Pu‘samples with contamination.of different
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95 239

Zr—gSNb, and d) 75% Pu sample. Informa-

238Pu/239Pu and the 228Th/239Pu ratio is

amounts of
tion on the
obtainable with this grouping. For further explanation,

see the caption of Fig.4.

Fig.ll. Results of the unfolding of the group XIV; 75% and

2 .
92% with respect to the 39Pu content, respectively.

This doublet supplies information on the 238Pu/239Pu

241 239Pu

ratio by the use of the known value of the Am/

ratio. For further explanation, see the caption of Fig.4.

Fig.l2. Results of the unfolding of the group II; 75% and

92% with respect to the 239Pu content, respectively.

For further explanation, see the caption of Fig.4.

Fig.13. Results of the unfolding of the group VIII; at, b,

and c) 92% 239Pu sample with contamination of different

amounts of 106Ru, and d) 75% 239Pu sample, For further

explanation, see the caption of Fig.4.

Fig.l4. Results of the unfolding or the group X; a) 92% and

75% with respect to the 239Pu content, respectively.

For further explanation, see the caption of Fig.4.

Fig.15. An example of the relative detection efficiency curve

239

constructed with twelve values of ef& Pu intensity

deduced in the unfolding of the peak groupings.
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Fig.lﬁ. Comparison between the observed (filled circles with
oerror bar) and the book (open circles) value for the
content of fissile plutonium. Sixty-three spectrum data
subjected to the test were taken with plutonium samples
of three grades; namely, a) 92%, b) 8l%, and c) 75% with

respect to the fissile plutonium, respectively.
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Fig.l. A schematic view of the counting set-up for the non-

destructive analysis of plutonium.
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The channel number in the abscissa corresponds to four

‘the energy.
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Fig.1l5. An example of the relative detection efficiency curve

constructed with twelve values of e£-239Pu intensity

deduced in the unfolding of the peak groupings. .
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Fig.1l6. Comparison between the observed (filled circles with

‘error bar) and the book (open circles) value for the

content of fissile plutonium.

Sixty-three spectrum data

subjected to the test were taken with plutonium samples

of three grades; namely, a) 92%, b)

respect to the fissile plutonium, respectively.

81%, and c)

75% with
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