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Gamma Spectroaetric Methods for Measuring Plutonium 

RAYMOND GDKNINK 
Lawrence Livermore Laboratory, University of California, Liveraere, California 94350 

ABSTRACT 

Nondestructive analyses of plutonium can be made by detecting 
and measuring the gamma rays emitted by a sample. Although quali
tative and semiquantitative assays can be performed with relative 
ease, only recently have methods been developed, using computer 
analysis techniques, that provide quantitative results. This paper 
reviews some new techniques developed for measuring plutonium* The 
features of plutonium gaama-ray spectra aire reviewed and some of the 
computer methods used for spectrum analysis are discussed. The dis
cussion includes a description of a poverliul computer method of 
unfolding complex peak multiplets that uses the standard linear least-
squares techniques of data analysis. This computer method is based 
on the generation of response profiles for the isotopes composing a 
Plutonium sample and requires a description of the peak positions, 
relative intensities, and line shapes. The principles that plutonium 
isotopic measurements are based on are also developed, followed by 
illustrations of the measurement procedures as applied io the quanti
tative analysis of plutonium liquid and solid samples. 

KEYWORDS: Plutonium analysis; gamma-ray analysis; computer analysis; 
plutonium safeguards. 

INTRODUCTION 

The accountability and safeguarding of plutonian as a special nuclear material 
continues to be an important issue. Material balance and control require that an accurate 
inventory be kept wherever plutouium is processed or handled. As a result, it is necessary 
to have methods for accurately measuring plutonium in its various forms. Not only must the 
total elemental amount be determined, but the amounts of the individual isotopes from mass 
238 to 242 must usually also be measure*?.. An assay of z 4 1 A m is also frequently of interest. 

The procedures for making these measurements have traditionally involved a combination 
of two or more destru2tive chemical methods. Although these procedures have become highly 
accurate and will undoubtedly continue to be a msinstay of the analytical laboratory, they 
havei the disadvantages of requiring considerable time and effort and of being difficult to 
implement in-line. For these reasons, nondestructive methods have beeu sought that might 
provide a more timely and more autonated -analysis, 

We have been developing techniques for nondestructive analysis methods using passive 
counting techniques by detecting and analyzing gamma rays emitted by or transmitted through 
a plutonium sample. In the following discussions, we will develop some of the bases for 
these analyses, described some applications, and present typical results we have obtained. 
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PIBTOHIUM SPECTRA 

Measurement Considerations 

Taken with a germanium detector, the spectra of plutonlua samples are very coup lex, 
as Tig* 1 shows. All of the isotopes except 242pu make detectable contributions to the 
spectrum, but to varying extents and at different energies. The gana~ra;y energies and 
absolute emission rates have been carefully studied and published in previous reports.1"3 
From a review of these data, one can deduce several important characteristics that are 
useful for spectral analysis: 

239 
• Pu exhibits significantly intense peaks over the energy region from 50 to 

800 keV. 
• The Pu and Pu Isotopes emit relatively few gamma rays, with the most intense 

ones being of low energy. 

« Only about seven or eight energy regions (see Fig. 1) exhibit contribution from 
more than one isotope.3,6 

• The energy spacing in some of these regions is such that the peaks overlap severely. 
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Fig. 1- A typical spectrum of aged plutonisna. The Jujenslfled peak regions contain 
contributions from «ore than one isotope. 



These characteristics obviously present some problems for spectrcmetric analysis. 
Before analyzing them further, we note that gamma-spectrometric analyses are also dependent 
on the physical characteristics of the sample, such i.s: 

• Physical/chemical form (e.g. solution vs solid) 

• Age of the material since chemi' si processing 

• Concentration of the plutonium in the sample 

• Homogeneity of the sample 

• Elements or isotopes contained in the sample 

• Isotopic grade of the plutonium 

The combination of these physical factors with the gamma-emission characteristics of 
the plutonium isotopes makes it impossible to have a single method or technique that can be 
used to analyze all sample types. Instead, one must tailor the method to the type of 
measurement. For this reason, it is important to establish a foundation of basic data and 
some analysis methodology that, when properly developed and understood, can be modified and 
u'̂ ed according to the prevailing circumstances. 

Spectral Analysis Techniques 

Although the plutonium gamma-ray spectra are quite complex, some of the isotopes 
exhibit single, well-resolved peaks. The amount X k of such an isotope in a sample can be 
determined by integrating to find the net area of a given peak, A-j, and dividing by the 
counting efficiency £j jc. That is 

where 

y. = counts in channel i, 

b = background counts in channel i-

If more than one gamma ray of a given isotope or if sore than one isotope contributes to 
the same peak, a more generalized expression can be written as follows 

m n 

k-1 j-1 

As long as the equations do not form an ill-conditioned set, they can readily be 
solved by the method of linear least squares. 

Some of the plutonium isotopes, however, can only be determined from spectral regions 
that happen to be quite complex. To resolve the overlapping peak multiplets in these 
regions, we must first have a description of the peak shape. Although the peaks in 
germanium-detector spectra are principally Gaussian in shape, some tailing does occur, 
particularly on the low-energy side. Therefore, the algorithms that we have formulated to 
fit the data in a peak region, such as shown in Fig. 2, usually include a central Gaussian 
component, a background continuum, a short-term tailing and sometimes a longer-term tailing. 
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Fig. 2 . Gamma-ray peak shape showing the Gaussian and 
t a i l i n g portions of the response. 

We have found that a f t e r subtraction of the background continuum, the following algorithm 
adequately describes the component elements of a peak: 

y. - y° exp [a(x. - x 0) 2] + i f c ) , (3) 
where 

y. = net counts in x,, 

= peak height at the 

= peak-width parameter, 

y = peak height at the peak position x , 

T(x.) = tailing function. 

The tailing function is given by: 

T(x) = [A exp <Bx) + C exp (Dx)] [1 - exp (0.4ax )]S C4) 
where A exp (Bx) accounts for the short-term tailing and C exp (Dx) accounts for the long-
term tailing. Also, A and C are tailing-amplitude parameters, B and D give the slope of 
tie tailing, and x : The final term involving a r«*?v«:es the effect of T(x) to 



zero at the peak position, and 6", which has a value of 1 or 0, removes the effect of T(x) 
for positive values of x. 

Although Eq. (3) is useful for describing ganma-ray peak shapes, it does not 
adequately describe the observed distribution of K-series x rays associated with the heavy 
elements.-* Because of the short lifetime of K-shell vacancies, the Lorentzian energy dis
tribution of the emitted x rays has a FWHH of about 100 eV. When this distribution is con
voluted with the instrumental dispersion, the resulting peak shape, as shown in Pig. 3, is 
substantially different from that of ar. equivalent-energy gamma ray. 

The data values, y , in an overlapping peak multiplet can be considered to be a linear 
addition of the appropriate contribution from each peak j so that 

/ y. . = 7 y. ' f(x., shape parameters). CS) 
j=l j=l 

Techniques have been developed for characterizing many of the shape paraaeters used 
in the above algorithms.** However, these techniques were first used in generalized computer 
programs, which usually also assume that the peak positions x^ ard the peak amplitudes y^ 
are always unknown and therefore must be considered as free, rather than fixed, parameters. 
These codes roust therefore treat Eq. (5) as a set of nonlinear equations and resort to some 
iterative method to solve them for the unknown parameters. 
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Fig. 3. Detail showing the convolution of the intrinsic 
x-ray distribution with, the instruaental line shape. 
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However, for a spectrum resulting from a pure plutonium sample, both the exact gamma-
ray energies and the relative intensities can be predetermined for each of the isotopes of 
interest using tables that report the gamma emissions of plutonium and its daughter 
products.3 Therefore, race an energy scaling has been established,, it is possible to calcu
late the exact posit? *i x° where each of the peaks is expected to appear in a spectrum. 
This means that all of the parameters in the exponentials of Eqs. <3) and (4) can be pre
determined and therefore held fixed in the fitting process. The resulting set of equations 
expressed by Eq. <5) then become linear in form and can be solved by a standard least-
squares method. 

The number of free parameters can be further reduced by realizing that many of the 
peaks in a complex grouping might belong to the same isotope. Therefore, the relative peak 
intensities y9 for each isotopic component k in the group can be predetermined and the 
composite spectrum profile can be expressed by: 

m n 
Y i = 2 1 * i . j . k - <6> 

k=l j-1 
This means that component response spectra can be generated from known peak positions and 
relative intensities, thereby reducing the number of unknown parameters to the number of 
isotopic components. This procedure is illustrated in Figs. 4 and 5. Figure 4 shows the 
94- to 104-keV response spectrum that can be generated from the gamma and x-ray peaks 
resulting from the 239pu component. Response profiles can be similarly calculated for each 
of the isotopes that contribute to this region, as shown in Fig. 5. When these spectra are 
properly normalized, they eajs be fitted by linear least squares to the observed composite 
spectrum to yield the amounts of the component they represent. 

10^ F 1 r- r i 1 r 1 1 1 1 1 : 

Fig. 4. The response spectrum of 'Pu in the 94- to 
104-keV region. This spectrum can be calculated from 
known energies and intensities of the five x rays and 
gaama rays contributing to this region. 
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region. Each Isotope is represented by one or more radia
tions, as illustrated in Fig. £, 

One additional feature should be noted here. Equations corresponding to integrated 
single peaks, as expressed in Eq. (2), can be added to the set of equations expressed by 
Eq. (6), provided the equations are appropriately normalized and weighted. Figure 6 illus
trates the constitution of a matrix of coefficients for such a mixed set of equations. 

A complete and quantitative measurement of the isotopes requires that tbi efficiency 
coefficiencs and normalization factors be carefully calibrated. Freqaently, however, it is 
only necessary to determine the ratios of the plutonium isotopes. Such ratios can be easily 
calculated without extensive calibrations, provided that for each pair of isotopes two or 
Tjore gamma rays of similar energy, but arising from the different isotopes, can be found and 
accurately measured. For example, the isotopic ratio A/B can be given by: 

' ' £1 Pl VE2 V ~h El Pl £B (7) 

I - , I ? = peak intensi t ies of the gaana rays arising frora isotopes A and B, respectively, 

P. , P 9 = the gatma yields or branching probabilities of the respective ga 
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Fig. 6. Illustration of a heterogeneous set of equations to be 
solved for unknown isotopic abundances. Some of the equations 
are set equal to the net peak counts while others are equated 
to the net channel counts. 

the respective half-lives for A and B. 

Although it might not be possible to obtain accurate values of ej and Pi individually, 
it is possible to obtain accurate ratios over a small energy range. The half-lives are 
veil known, and therefore the accuracy of the calculated isotypic ratio is largely limited 
by the precision with which the peak intensities I 4 c a n fce measured. 

Isotopic ratios can be calculated from a grouping of resolved peaks by multiplying 
ej kk in Eq. (2) by Pj,k. A program called RATIO was written to calculate isotopic ratios 
using data from the 94- to 104-kaV region. This program first computes response speccra for 
each of the isotopic unknowns using peak-shape information, library branching intensities, 
the detector-efficiency curve, and some estimated physical characteristics of the sample and 
its containment. Because the efficiency ratios tei/ei) can only be estimated, an additional 
parameter is allowed to be free. The coefficients of this unknown are simply the channel 
counts Y^ multiplied by the channel value. When this profile is Included in the fitting 
process, the effects of gall residual efficiency disparities are effectively removed. The 
effects of this process are shown in Fig. 7. 
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Fig. 7. tising the additional response function (a) in the 
fitting process lowers the residual efficiency disparities. 
Fart (b) shows the residual spectrum without the additional 
function; (c) shows the residual spectrum when the 
additional function is included. 

There are about eight peak groupings from which isotopic information can be obtained. 
These have been studied in some detail using computer simulation techniques.4 Because most 
of the groupings do not contain peaks from all the plutonium isotopes, it is useful to 
combine several groups so that all of the ratios can be accurately established. To do this, 
we start by modifying Eq. (2) so that it takes the following form: 

k=l 3=1 
j,k £ "k (8) 

where E. = counting efficiency for the group. 



To obtain the isotopic ratios with respect tc one component, we can write Eq. (8) as 
A n m n .„ . 

^ ' 1 \ . 3 * 1 IPJ.kft) • " W 

j=l k=2 j=l v L / 

If we let a. = X. /X. and generalize the above equation using s different peak groupings, we 
obtain fc * L 

n s A - m n 

. I p j ' , i - S if x i - 2 2 p

3,k»k- ( 1 0 ) 

j=l £=1 k=2 j=l 
From this equation, we see that one additional degree of freedom is required for each 

new grouping that is added. The set of equations can be put partially or totally into a 
response-spectrum format, as discussed earlier, rather than in the peak-area form shown in 
Eqs. (8)-(10). 

APPLICATION AND RESULTS OF THESE TECHNIQUES 

As we have indicated, the application and expected results of gamma spectrometric 
methods cannot be divorced from a consideration of the physical and chemical characteristics 
of the sample, A first: convenient divisiovi is to consider piutonium to be either in a 
solution or in a solid* 

Plutoni'jm in Solution 

Plutonium in solution form is handled in many places and ;.*ill be the principal form 
in reprocessing iaciliri.es. The design of counting cells and the method of counting and 
spectral analysis depends on such factors as time since chemical processing occurred, the 
concentration of the solution, the isotopic grade, and the presence of foreign activities. 
Recently processed solutions containing ^"Pa, ^^Pu, 2*°Pu, and 2 4 1 ^ exhibit intense peaks 
at low energies. As a result, relatively short counting periods (10-20 rain) can provide 
accurate results. Some typical results are shown in Table I. 

Solutions that have aged several days since chemical purification rapidly grow in ***-im 
content and therefore require a different procedure of spectral analysis. The computer 
analysis program is somewhat more complex, and a longer counting period is generally 
required. Typical analysis results for such samples are also shown in Table 1. 

Table I. Precision of plutonium isotopicrratlo measurements by g^maa-ray spectrometry for 
reactor-grade plutonium solutions. 

Precision (lq), 2 s 

Abundance, Recently separated Aged 
Isotope wtZ solution Solution 

2 3 S P u 0.230 0.46 0.44 
2 3 9 Vu 7C06 0.07 0.07 
2 4 0 P u 19.09 0.26 0.26 

2.98 0.45 0.23 
'0.17 = _ 

Values contained from ten or more replicate analyses, 

2 4 1 A m -0.17 - 0.38 
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Solution isotopic aPilyses of weapons-grade plutonium samples are continuously made 
at the Savannah River Plant and at Lawrence Livermore Laboratory by coasting 10-ml portions 
in a special counting vial. Also, we have performed several experiments at the Allied 
General Nuclear Services plant 8* 9 to demonstrate the feasibility of using gamma spectrometric 
methods for in-line measurement. A dual-cell system, schematically represented in Fig. 8, 
was desi^ied to permit both direct counting of the gamma r-ys emitted hy the isotopes in 
solution and a tct.il plutoniun-concentration measurement. The latter is performed by 
observing the differential attenuation of two transmitted gamma rays, one on either side of 
the K-shell absorption edge of plutonium. Figure 9 shows an assembly of the experimental 
apparatus that is now being tested. Although the experiments are not yet completed, the 
preliminary results are encouraging.'*9 

Plutonium in Solids 

The analysis of plutonium in solid samples by ga^na spectrometry presents additional 
difficulties. Some problems here are controlling or defining the counting geometry, severe 
self-attenuation oi the gamma rays by the sample, and potential sample inhoraogeneity. 

Direct counting cell 

Fig. 8. Schematic drawing of the experimental arrangi^ment used in a gamma-ray 
absorptinseter. In the top drawing, the Ge detector records only the natural 
radioactive garama rays emitted by the plutonium solution from the thin front 
cell; thio dai.3 yields the plutonium isotopic distribution. In thB hottom, 
the Ge detector records predominantly the highly collimated ?-Se and 57c 0 gamma 
rays that pass through the solution ir the long transmission cell; thi^ data 
is used to determine the plutonium concentration. 
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Fig- 9. Photograph of experimental set-up illustrated by Fig- 8. The set-up simu
lates in-line measurement of plutonium streams. The arrangement is designed 
to accommodate both a direct measurement of the solution and a K-edge differential-
attenuation measurement. The transmission source is not in place. 

One analysis method that overcomes most of these problems combines ganraa-ray spec
trometry with calorimetry. The farmer provides isotopic-ratio data and the latter measures 
total power production of the sample. Because both measurements are nondestructive, quanti
tative analyses can be made without breaching the containment of the sample. 

This method has been implemented at Lawrence Liverraore Laboratory for the routine 
assay of 1- to 2-kg lots of plutonium oxide whose isotopic content is about 93% ""pu. y e 

obtain the low-energy gamma spectrum by rotating the container in front of a small, l-cm3 
high-resolution germanium detector, as shown in Fig. 10. We use the program RATIO, 
mentioned earlier, to calculate the isotopic ratios from data found in the 94- to 104-keV 
region of the spectrum (see Fig. 5). The program generates component response spectra for 
2 3 g P u , 239p U j 2 4 0 P u > 241p U j 2 4 1 ^ f o r aipha-induced plutoniina x rays, and for small 
efficiency disparities over the region being fitted (see Fig. 7). 

Table II compares results produced by RATIO with mass-spectrometry results. Altbiugh 
counting periods of several hundred minutes are generally used, reasonably good precisa. is 
can be attained with much shorter counting periods, as Table III indicates. 

The procedure, used in RATIO, of analyzing only the 94- to 104-keV group is adequate 
for weapons-grade samples, where the 239p u c o ntent is high. To obtain sufficiently accurate 
isotopic ratios for reactor-grade materials, we will have to expand the program, using 
Eq. (10), so that more groups will be simultaneously considered. We might also need a two-
detector system. We will still need a small but very high-resolution detector for the 94-
to 104-keV region, but ve will also need a larger, more efficient detector to obtain a 
sufficient counting rate in the 300- to 400-keV region. 
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Fig. 10. Simple arrangement for measuring the plutonium 
isotopic ratios of plutonium-axide samples. 

Table II. Standard deviation between gamma-spectrometry isotopic-ratio results ,.'nd mass 
spectrometry results. 

Isotope 

Relative standard deviation, ?. 
Approximate 

abundance, wt% Solutions1 

0.01 2.5 
93.5 0.03 
6.0 0.33 
0.5 0.88 

0.01-0 2 2.7 Am 

2. 
0.03 
0.62 
1.3 
4.0 

Comparison of 24 analyses. 
Comparison of 7 analyses. 
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Table III. Precision of plutonium isotopic-ratio measurements using the RATIO program for 
analyzing weapons-grade plutonium oxide. 

Precision (la). %,a for various counting periods 
Isotope Abundance. vtZ 4 min 40 min 120 min 600 min 
23g ' Pu 0.01 5.1 3.0 2.0 0.7 239 

Pu 93.7 0.17 0.05 0.03 0.013 
•j/.n 

5.8 2.3 0.9 0.5 0.2 24: ha 0.44 1.2 0.6 0.2 0.1 
0.1 2^5 <h9 QJt 0.4 

values obtained from ten or nore replicate analyses. 

CONCLUSIONS 
Ve have established a good foundation of basic spectrometric data for the gamma emis

sions and decay properties of the plutonium isotopes and their attendant daughter produces. 
"*e have also made progress in developing techniques and algorithms for analyzing Che 
spectral data and in forming a methodology that allows the analysis programs to be tailored 
to the type of sample and measurement chat is Co be made. Although additional developmental -
work will be required, ve are now at a point where gamma spectrometric techniques can be 
used for Che routine measurement of plutonium in several forms. 
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