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PRECISION OF GAMMA-RAY MEASUREMENTS OF THE
EFFECTIVE SPECIF! . POWER AND EFFECTIVE 240Py FRACTION
OF PLUTONIUM®*

Thomas E. Sampson
Safeguards Assay Group N-1, MS-E540
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

ABSTRACT

This paper uses gamma-ray spectrometry daia from replicate measurements on 40
plutonium-bearing samples to examine the repeatability of the effective 240Pu fraction
(240Pu.gp) and the effective specific power (Pegr) calculated from the isotopic distribution
analyzed with gamma-ray spectrometry codes. The measurements were used to identify
the error component arising from repeatability in the determination of the isotopic
composition of plutonium in the sample and the contribution of the error component to
the uncertainty in total plutonium mass measurements from neutron coincider.ce counting
(240Puefp) and calorimetry (Pegr). The 40 samples had 240pPy,qr percentages ranging from
2 t0 39% and Pefr values ranging from 2 to 16 mW/g Pu. Four diffcent gamma-ray
spectrometry codes (FRAM, MGA, Blue Box, and PUJRC) were used to analyze the data
(not all samples were analyzed with each code).

All analyses showed that the % relative standard deviation of Pegr was smaller than
that of 240Puggr. This result coupled with a cursory examination of uncertainties in coin-
cidence counting of well-characterized samples and water-bath calorimetry errors for the
same types of samples leads to the conclusion that smaller uncertainties will be present in
the total plutonium mass determined by the combination of calorimetry/ gamma-ray
spectrometry than in the mass determined by coincidence counting/gamma-ray spec-
trometry. An additional examination of the biases arising from the 242Pu correlation used
in the gamma-ray spectrometry codes also supported this conclusion.

*This work is supported by the US Department of Energy, Office of Safeguards and Security.



1. INTRODUCTION

Two methods used ‘vorldwide for the nondestructive assay of plutonium are neutron coinci-
dence counting and calorimetric assay. One must know the isotopic composition of the pluto-
nium sample to fully interpret either measurement in units of absolute plutonium mass. Neutron
coincidence counting uses the isotopic distribution to calculate the effective 240Py fraction or
240pygr, which is divided into the coincidence measurement result of grams 240Pugy to yield
grams plutonium as

grams 2*°py crr(coincidence count)

Grams Pu = —535 - — .
fraction “*"Pu, g (isotopic distribution)

(1

(The use of isotopic distributions in the calculation of multiplication corrections for coincidence
counting will not be discussed here.) Calorimetry uses the isotopic distribution in a similar
fashion to interpret the total wattage of a sampl= measurzd in a calorimeter by

watts (calorimetry)
watts / g Pu (isotopic distribution)

Grams Pu = (2)

where watts/g Pu is the effective specific power, usually designated Peg. A definition of 240Puegy
may be found in Ref. 1 while Pegr is defined in Ref. 2. In the remainder of this paper the term
“240py.r” refers to the fraction (or percentage) of 240Puggr in the sample.

The isotopic distribution measurcments may be ovtained from mass spectrometry on a
sample* trom the bulk item or, as is coonmon in the field of nondestructive assay, from gamma-
ray spectrometry measurements on the bulk, plutonium-bearing item itself. A single isotopic
distribution measurement can supply the input for both Pegr and 240Puey.

The measurement of the isotopic composition of plutonium by gamma-ray spectrometry is a
well-developed technique. A review of this method may be found in Refs. | and 3. Reference 3,
in spite of its earlier date, is somewhat more up to date than Ref. 1. Other descriptions of pluto-
nium isotopic composition measurements and analysis codes may be found in Refs. 4-9.

Facilities using nondestructive assay techniques for assay of bulk plutonium often have the
opportunity to choose between the two techniques of coincidence counting and calorimetry.
Most US facilities use both but there are times when it is desirable to be able to designate the
better performing technique for a given type of sample. There are as many ways of defining
“better performance” as there are samples; however, we will concentrate on definitions that
characterize the overall uncertainty in the finil measurement result (grams of plutonium).

%Iy this paper the words sample and item are used interchangeably; this is common nondestruc-
tive assay termir »logy. The use of the word “sample’ here is in its chemical assay sense, con-
trary to usage throvghout the remainder of this paper.
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‘The structure of the two expressions in Egs. 1 and 2 shows that the final result is the quotient
of two independent measurements for both coincidence counting and calorimetry. The isotopic
distribution measurement is common to both methods. Each measurement result may be charac-
ierized by a systematic error and a random error. Both types of errors may be sample dependent.
This last fact makes it extremely difficult to characterize the uncertainty of either method for an
arbitrary sample. A recent paper!? has tackled this ambitious task for applications important to
IAEA safeguards.

This paper will illustrate, in some detail, just one of the error components in these measure-
ment methods—the random error contributed by the gamma-ray spectrometry measurement of
Pesf and 240Puqgr. While I will also briefly discuss some of the other error components and make
some comments on the analysis in Ref. 10, the main thrust will be to see how the precision
(sometimes referred to as repeatability) of gamma-ray isotopic measurements of Pegr ard 240Pu, g
contributes to the uncertainty in total plutcnium mass. In doing this | will examine data from
replicate measurements on a wide variety of samples analyzed with several different plutonium
isotopic analysis codes. I will look for trends in the magnitude of the precision of Pegf and
240Pygr as a function of bumup, sample size, and analysis method and to see if any blanket
statements can be made regarding the measured precision of these two quantities.

I will examine data from samples with 240Pu percentages ranging from 2 to 26% and specific
powers (Pesf ) from 2.3 to over 15 mW/gPu. The analysis includes results from four different
codes that analyze gamma-ray spectra to determine the isotopic composition of platonium in a
sample: FRAM4 used at Los Alamos; MGA3.6 used worldw ide, especially in safeguards inspec-
tions; the “Blue Box,”78 an older code for ir :pection use, now largelv replaced by MGA,; and
PUJRC,? a code developed at Ispra. Nota neasurements are analyzed by all codes and, indeed,
it is not the purpose of this paper to compare the codes under identical conditions. What 1 do
wish to illustrate, for any given sample analyzed with any code, is how the magnitudes of the
precisions of Pegr and 240Py.¢r compare.

II. A PREVIQUS STUDY

Some previous work in this area, focused on the broader issue of the total uncertainty in the
measured plutonium mass, has been presented in Ref. 10. This studv concluded that the meas-
urement etrors in the total plutonium mass wers approximately the same for the combinations of
coincidence counting/gamma-ray isotopics and calorimetry/gamma-ray isotopics. This resuit
was somewhat unexpected by workers in the areas of calorimetry and gamma-ray spectrometry
and prompted closer scrutiny of the data analysis methods uscd to obtain these results.

Several problems, mainly with assumptions in the analysis, surfaced. First, the analysis did
not rigorously treat ail of the error componeants. Only the gamma-ray spcctrometry measure-
ments were rigorously analyzed. Coincidence-counter-calibration uncertainties and sample-
dependent effects were not treated. One of 'he two sample sets studied reported no measured or
declared values for 24!Am, an unlikely situation considering the sensitivity of the MGA isotopics
software for measuring 24!1Am. This would tend to reduce the random etrors for calorime-
try/isotopics while not affecting coincidence counting. The measurement conditions for the (wo
sets of gamma-ray spectrometry data used in the ¢valuation were not knewn to the authors of
Ref. 10 and the method of treating the 242Py fraction from the gamma-ray measurements wits not
stated.

One of the greund rules of the study was the assignment of “operator-declared™ mass spec-
trometry values as being without error. ‘This meant that all differences between the ganuna-ray



measurements and the operator-declared values were assigned as uncertainties in the gamma-ray
measurements.

Closer examination of the data revealed that the between-sample deviations for 238Pu and
241Am were significantly larger than the within-sample deviations. This led to the conclusion
that the assumption of operator-declared mass spectrometry data as being without error was not
valid. Errors in the specification of these two isotopes will affect calorimetry/gamma-ray iso-
topics more than they will affect coincidence counting/gamma-ray isotopics.

These problems resulted in questioning the conclusions (not the analysis methods) of the
study and prompted the documentation of some of the error components for the gamma-ray spec-
trometry contribution to the total uncertainty in the plutonium mass obtained from these two
techniques. The study in Ref. 10 should be redone without the *“‘errorless mass spectrometry”
assumption to see if the conclusions change.

First, though, it will be appropriate to note the magnitude of typical uncertainties that arise in
the practice of coincidence counting and calorimetry.

III. COINCIDENCE COUNTING AND CALORIMETRY UNCERTAINT!ES

Coincidence Counting. Ensslin et. al.,!! have discussed coincidence counting uncertainties
for a very wide range of sample types. Sample-dependent effects are most important for coinci-
dence counting and can affect uncertainties by as much as a factor of 10. For well-characterized
samples of metal or oxide, Ensslin quotes target measurement uncertainties in the range of 1% to
3%. He considers this to be a systematic error and notes that measurement precision (random
error) for these coincidence measurements would be in the 0.3%-0.5% range {1 relative standard
deviation (RSD)]. All the samples studied in this report fall intc the general category of “well
characterized.” Measurements on other sample types are typically assigned larger uncertainties.

These values apply only to the uncertainty of the numerator in Eq. 1. They do not include
any uncertainty in the determination of the plutonium isotopic composition.

Calorimetry. J. Wetzel of EG&G Mound Applied Technologies supplied this author with
data from four recertly delivered water-bath calorimeters. The operating range of these
calorimeters varied from 0.1 to | watt at the low end up to 4 to 15 watts at the high end. Typical
measurement precision or repeatability at the low end was about 0.5% (1 RSD) while the high-
end precision was 0.05% to (0.20%. Measurement bias or systematic error from calibration is
typically less than the precision. Note that these are dcveloper’s laboratory measurements. An
idea of current facility practice in the US can be obtained from the annual reports of the US DOE
Calorimetry Exchange Program. Two such reports, for 198812 and 1990!3 show nearly ideniical
practice for measurements on the 1-wait calorimetry exchange standard. For six different labora-
tories, measurement precision averaged about (.25% within a range of 0.12-0.50%. Bias was
less than the precision in all cases. These numbers characterize the low end of the range of
calorimetry fairly well. Measurement precision (in i relative sense) improves with increased
wattage. Kilogram or larger samples of high-bumup plutonium can easily produce several tens
of watts of power.

Calorimeters have the advantage of being insensitive to effects that depend on the sample
composition. Generally it is considered that saniple-dependent effects will not produce biases
but may increase the measurement time.

This liinited discussion indicates that it may be appropriate to assign approximately equal
uncertainties from bias and precision, both on the order of ().2% (relative) to water-bath



calorimetry measurements (the numerator of Eq. 2). This is, of course, a simplification because
calorimet:y precision is a function of sample wattage.

IV. PRECISION OF GAMMA-RAY SPECTROMETRY

This section presents several examples of the precision of Pegr and 240Puggr obtained from
replicate measurements on a wide variety of samples and analyzed with several different isotopic
analysis codes.

The first example in Table I is from measurements!4 on the CBNM NRM 271 reference
material taken by this author and analyzed with both the FRAM and MGA codes. The listed
standard deviations (% RSD) are computed from 20 replicates. All samples contained about 6 g
of plutonium, not enough for calorimetry, but easily measured in a coincidence counter and
useful to start off the comparisons. The two data sets for each code and sample represent
acquisitions with diffe.ent, realistic experimental conditions. For those unfamiliar with these
standards, the number in the ID represents the approximate 239Pu percentage.

All examples in Table I indicate that the precision of Pegf is better than that of 240Pucgy for
these samples, measurements, and analysis codes.

The next example shown in Table II is an analysis by the FRAM code on three PuO;
measuremeni control standards used routinely at Los Alamos. The number of replicates was 20
for each sample. These larger samples are routinely used to control both calorimeter and

TABLE I. CBNM Standards, FRAM, and MGA
Analysis Petr 240py o % RSD
ID Code | (mW(/g Pu) (%) Pefr 230Py o

Pu93 FRAM 2.5 64 0.22 1.56
0.42 2.37

MGA 0.16 0.63

0.10 0.41

Pu84 FRAM 3.6 15.1 0.26 0.90
0.30 1.44

MGA 0.17 0.37

0.13 0.29

Pu70 FRAM 10.2 218 0.23 1.10
0.35 1.32

MGA 0.43 0.62

(.38 0.56

Pu6l FRAM 13.1 35.5 0.22 (.95
0.31 0.99

MGA 0.59 0.73

0.31 0.37

Y




TABLE II. Los Alamos Working Standards
Pu mass Peff 240Pue" % RSD
ID (®) (mW/g Pu) (%) Peff 240Puggy
CALEX 400 2.5 6.0 0.30 2.05
STD40 875 35 12.2 0.33 1.71
ILAO225BS 875 39 17.2 0.23 0.94

e e e

gamma-ray isotopic measurements. To put the absolute values on a meaningful basis, CALEX
was measured for | hour at a count rate of 24 kHz while STD40 and LAO225BS were measured
for 30 minutes at 40 kHz. All measurements were done with a 1-us shaping time.

All P¢sf precisions are less than the respective 240Pu.y precisions. The last sample in the
table (LAO225BS) was also measured (20 replicates) on the Lawrence Livermrre Actinide
Analysis System, 15 a two-detector MGA analysis system. The % RSD for Pegr was 0.22 while
that for 240Pu.g was 0.47.

Reference 4 also reports measurement-precision data for a wide variety of samples. These
analyses with the Los Alamos FRAM code arz listed for 24 different samples (including different
measurements and measurement conditions for the same thiee samples listed in Table II).

Eleven of the 24 samples had plutonium masses exceeding 60 g, large enough for calorimetry in
most cases. Replicate measurements on each sample varied from 6 to 20. The observed preci-
sion for Pyfr ranged from 0.08% to 0.33% (1 RSD) while the range for 240py¢r was 0.68% to
3.68%. All samples gave a Pegy precision that was smaller than the 240Pug precision, as is
evident from the nonoverlap of the ranges cited.

The last set of data analyzed for the precision of Pesr and “40Puesr was taken during an exer-
cise at the PERLA facility at Ispra.9 These data consisted of a single set of replicate acquisitions
on a variety of samples with 240Pu contents exceeding 20%. The dat» were analyzed by three
different isotopic codes—MGA,5:6 the *‘Blue Box,”78 and PUJIRC.S Measurement results from
the larger samples for the precision of Pegr and 240Puggr are shown in Table [II. These data had
becn analyzed for 240Pugge precision and reported in Ref. 9. Table [II makes the comparison with
Pesr precision for the first time. These data add results for higher burnup plutonium that were not
available in the previously discussed results. Regarding the comparison of Per precision and
240Py (s precision—in all cases, as before, the Pegr precision is smaller (better) than the 240Pu gy
precision, usually by a factor of two or more.

In addition to the above analysis, we also looked at the data used in the analysis presented in
Ref. 10 and briefly discussed in section Il above. This data consisted of replicate measurements
on samples from two European facilities, Alkem and Sellafield. Sixteen samples were measured
at Alkem. Only one sample had more than 6 replicates and 9 of the 16 had only 3 or 4 replicates,
Twelve samples were measured at Sellafield with from 3 to 14 replicates each. Half of the
samples had four or fewer replicates. The small number of replicates yielded precision results
that themselves had large uncertainties. Noe that the RSD of the sigma found from the distribu-
tion of 1 replicate measurements is
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TABLE Ill. PERLA Standards Results
Sample | Pu Mass No. of Analysis Pest 240Pyeff % RSD
ID (g) Replicates | Code | (mW/g) % Peff 240py g
102 50 16 MGA 5.8 26.7 0.36 0.57
111 1000 15 MGA 58 26.8 0.35 0.49
11 BLBX 5.8 275 0.67 1.32
11 PUJRC 58 273 1.24 348
118 2500 15 MGA 5.8 26.8 0.28 0.44
9 BLBX 58 274 0.85 1.66
8 PUJRC 5.7 276 1.03 1.8
105 100 15 MGA 14.1 341 0.83 1.11
112 1000 15 MGA 14.1 342 0.73 1.71
13 BLBX 13.9 354 1.53 6.34
15 PUJRC 13.9 350 2.17 8.33
119 2500 15 MGA 14.1 342 1.13 2.07
15 BLBX 13.9 35.1 1.38 7.67
13 PUJRC 14.1 344 2.56 8.83
1007 1000 15 MGA 15.6 37.1 0.74 1.71
11 BLBX 15.4 38.2 2.17 6.58
15 PUJRC 15.7 36.6 325 1.75
120 2500 15 MGA 15.5 374 0.98 1.8
16 BLBX 153 388 1.59 5.37
15 PUJRC 15.4 389 355 7.18
CBNM70 6 16 MGA 9.9 234 049 0.82
w

‘The Sellaf'eld data exhibited an average precision for all 12 samples of 0.81% (1 RSD) for
Pegr while that for 240Puegs was 1.25%. In contrast to all of the previously described measure-
ments, 2 of the 12 samples showed individual average results in which the % RSD for Perr was
larger than % RSD for 240Py¢:=. Results from the 16 Alkem samples weie similar to those from
the Sellaficld data: the average Pesr precision was 0.89% while that for 240Puggr was 1.34%. For
6 of the 16 Alkem sataples the % RSD for Pogr was larger than the % RSD for 240Pugr. We



performed a simple sign test on these results, testing the hypothesis that the 240Puggg precision
equaled the Pgsp precision. The Sellafield data set taken by itself and the two sets of data
combined yielded a statistically significant result indicating 240Pu.gr % RSD was greater than the
Petr % RSD. This test, for the Alkem data alone, did not indi. ate statistical significance. Some
additional statistical tests that also consider the varying small number of replicates may be
warranted here.

V. EFFECT OF 242Pu BIAS

Gamma-ray spectrometry cannot directly measure the 242Pu abundance because of the
isotope’s long half-life and the low abundance of the gamma rays from this isotope. Instead, a
correlation is usually used to relate the 242Pu abundance to the abundances of the other directly
measured isotopes.!6 Correlations can be a function of the reactor history as well as the reactor
type and no universal expression has been found that is best for all samples. Because of this,
large biases (10%—-50%) can be present in the 242Pu abundances reported by gamma-ray spec-
trometry measurements. These biases will, in turn, contribute to bias in both Pegr and 240Pugy.
While 242Pu does not directly influence Pegy, it affects its magnitude through the normalization
condition that all plutonium isotopic abundances must sum to 100%. Thus a bias in 242Pu prop-
agates into a bias in all the other isotopes which, in turn, causes a bias in Pegr. The situation for
240Pycr is somewhat different in that 242Pu appears directiy in the expression for 240Puggy as well
as affecting the normalization.

Figure | below shows the result of a sensitivity study using isotopic distributions from a
subset of the samples discussed in this paper. For this study the correct isotopic distribution was
used to calculate both Pegr and 240Puggr. Then the 242Pu abundance was increased by 10%, the
isotopic distribution was renormalized, and Pegr and 240Pugp were recalculated. The fractional
difference in Pegr and 240Puegr between the two cases is plotted against the magnitude of 24CPu gy
in Fig. 1. The result is that 240Pucr is more sensitive to a bias in 242Py abundance than is Pegy.
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Fig. 1. Fractional change in 2%Pu,yard Pgfor a +10% change in 42py,



Some inspection scenarios permit the inspector to use the operator’s declared value for 242Puy;
this removes 242Pu as a source of bias from both techniques. All comparisons in this paper used
mass spectrometry values for 242Pu. The 242Py bias effect discussed in this section was not
present in the analysis for Pegf and 240pyegp presented in section IV. In any case, if such bias
were present, it would not affect the precision calculated from replicate measurements.

VI. SUMMARY AND CONCLUSIONS

I have examined several error components that contribute to the total uncertainty of the
plutonium mass as determined by the combinations of coincidence counting/gamma-ray spec-
trometry and calorimetry/gamma-ray spectrometry. I have presented numerous examples, which
illustrate that the precision of Pegf from gamma-ray spectrometry is better (smaller % RSD) than
that of 240Pucgr from the sanie measurement. I have also briefly discussed some examples from
the literature that illustrate some of the typical uncertainties arising in calorimetry and neutron
coincidence counting. While this discussion was not rigorous or exhaustive, it strongly indicated
that water-bath calorimetry uncertainties (both bias and random errors) are likely to be smaller
than the corresponding uncertainties for coincidence counting on well-characterized samples of
appropriate size for calorimetry.

An examination of a recently published analysis showing roughly equal tota! plutonium
uncertainties for coincidence counting and calorimetry was found to be flawed in several areas
creating reasonable doubt about the validity of the study’s conclusions.

The sensitivity of both Pegr and 240Puefs to biases in 242Pu, often present in gamma-ray
spectrometry measurements, was also examined. Data from a representative set of samples
showed that 240Py.y is affected more than Pegy by 242Pu bias.

Taken together, these results present persuasive evidence that the uncertainties of plutonium
mass determination from water-bath calorimetry/gamma-ray spectrometry should almost always
be less than those from coincidence counting/gamma-ray spectrometry for well-characterized
samples. It must also be noted that consideraticns other than total uncertainty are often
paramount when choosing a measurement technigue for a particular problem. The generally
shorter measnrement time for coincidence counting, relative to calerimeiry, is often an over-
whelming consideration when choosing a technique.

It is also noted that while this study considered “well-behaved” materials, the nature of the
sample greatly affects coincidence counting uncertainties——newer coincidence counting methods
and analysis methods can reduce bias on “difficult” samples. The use of air-bath calorimeters
may change the error estimates for calorimetry as well as reduce measurement time. Certain
categories of scrap and waste samples adversely affect the bias of the gamma-ray isotopic meas-
urements but are not seen to change the relative differences in the % RSD between Pggr and
240pucgy. All these conditions deserve additional study for the application to difficult, heteroge-
neous samples and other special cases.!7.
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