
TABLE 6. DETECTOR EFFICIENCY (%) AT Ey = 122
keV. COMPOSITION OF SOIL SAMPLE: 68% SiO2,
3% Fe, 11%O, 1%C, 10%H2O

XA9848361

Composition (Al. Th)

7%A1. 0%Th

6%AL l%Th

5%A1. 2%Th

4%A1, 3%Th

3%A1. 4%Th

2%A1. 5%Th

1%A1, 6%Th

0%Al, 7%Th

Efficiency

5.81

5.64

5.48

5.33

5.18

5.03

4.90

4.76

Standard
Weightless
Standard Sample

Dpniity 1.15

c
a
H

Density 0.0

Nonr

Attenuation - 1 - 0<«-P>0P

(u/p) = Mass attenuation coefficient
D - Avurnge gammB-ray path
p ^ Matrix densrtv

t>cnstv 0.5 2

O^lii Al

l l feO

H20

F7G. /. Detector calibration procedure.

10. COMPARISON OF Pu ISOTOPIC COMPOSITION BETWEEN GAMMA AND
MASS SPECTROMETRY: EXPERIENCE FROM IAEA-SAL14

10.1. SUMMARY

About 2000 Pu containing samples have been analysed during the last 8 years at SAL
using gamma spectrometry (GS) in parallel with mass spectrometry (MS). Four different
detectors have been used for the measurement of gamma-ray spectra and several versions of
the MGA program have been used for spectra evaluation. The results of Pu isotopic
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composition obtained by both methods have been systematically compared. Attempts to
improve the agreement between GS and MS are described. This was done by adjustment of
the emission probabilities for some gamma energies and the development of a new correlation
equation for 242Pu. These improvements have been applied for evaluation of two sets
containing 320 and 404 samples, respectively analysed in 1991 and in 1992-93. The mean
differences and their standard deviations between MS and GS were calculated, showing mean
relative differences for 238"241Pu isotopes in the range from 0.1 to 0.5% with standard
deviations within ± 0.4 to ± 1%. For 242Pu these values are about 0.5% and ±5%, respectively.

10.2. INTRODUCTION

The MGA programme was implemented at SAL by R. Gunnink in the middle of 1986 in
the framework of the US support program to the IAEA. Since then all samples containing
plutonium without fission products have been measured as received after unpacking from
their transportation containers. In the beginning the accumulated spectra contained 4096
channels comprising the energy range from 0 to 307 keV (75 eV per channel). The planar
detector used initially had 1500 mm2 active area and 560 eV FWHM at 122 keV. The results
contained in addition to the isotopic composition of Pu, also the 241Am and 237Np
concentration in relation to plutonium. Each spectrum was evaluated twice: 1) immediately
after measurement, assuming arbitrarily a 5 year time period between discharge from the
reactor and reprocessing, and 2) after MS isotopic analysis with substitution of the 242Pu
abundance. The results of the first evaluation were delivered to the wet chemistry laboratory
and were used to select a suitable analytical scheme (DDMS vs. titration when significant
amount of 237Np was present, choice of Pu spike).

From the very beginning the results of both MGA evaluations and MS measurements
(238Pu was measured by alpha spectrometry) have been mutually compared, thus increasing
the quality of the final analytical results. The results for 241Am after validation with isotope
dilution gamma spectrometry [1], are routinely reported as analytical results.

A particular concern was to measure the isotopic composition of plutonium in
comparison to mass spectrometry. It was very important to find rather a simple mathematical
procedure to perform this comparison. After several approaches we selected the comparison
of the paired observations where a set of differences is treated as a separate distribution with a
mean, d, and a variance, sd

2.

10.3. MEASUREMENT

All measurements discussed in this paper were performed using three different HPGE
planar detectors with 1000, 800 and 500 mm2 active area and energy resolution of 530, 600
and 550 eV at 122 keV respectively with 6 |is shaping constant of the main amplifier.
Spectrum stabilisation was used throughout and the peaks of 59.5 keV and 208 keV were
selected for zero and gain stabilisation, respectively. All spectra contained 8196 channels, 75
eV/channel, covering the energy range from 0 to 614 keV. The measurement time was
variable. The region of interest (ROI) was set for 129 keV energy of 239Pu and 105 net counts
were accumulated for each spectrum. The dead time of the ADC did not exceed 15 %.
Cadmium absorbers of adequate thickness to suppress the 59.5 keV peak to approximately the
same height as the 100 keV peak grouping were applied. Most of the measurements were
performed with the use of sample changers. The shielding was sufficient to eliminate
degradation of the measured sample spectrum by the neighbouring samples. The accumulated
spectra were transferred from the MCA to the Micro VAX II computer for evaluation.
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10.4. SPECTRUM EVOLUTION

All spectra whose results are reported here have been evaluated in a batch mode and the
results of Pu isotopic composition were calculated to the date of MS measurement. For
samples containing uranium the MGA/U option was used.

10.5. SAMPLES

All samples were measured, as received, in containers doubly bagged in a plastic foil.
The description of analysed material, the sample size and the sample container are given in
Table I. Only the samples with 239Pu content below 71% are considered in this comparison.
The number of samples with 239Pu content above 71% constituted about 5% of the total
number compared (36 against 724). The deleted samples had low 242Pu content and the
relative differences against MS were very high with the algorithms used. This group of
samples should be treated separately.

TABLE 1. ANALYSED MATERIALS

Material
symbol

MNH

MOX

PNH

POX

Material characterisation Sample size Sample container

Mixed U-Pu nitrate, hydrated.
U/Pu ratios range 1:1 to 100:1

Mixed U-Pu oxide in powder
or pellet form.

U'Tu ratios range 1:1 to 100:1

Plutonium nitrate, hydrated

Plutonium oxide in powder
form

4 mg Pu Penicillin vials

1 - lOg Erlenmayer flasks,
maxl^Pu BC4.scintillation vials

4 mg Pu Penicillin vials

0.1 -1 g BC4 or Erlenmayer flasks

The analysed materials were of very different origin. The division into four groups in
Table 1 is based on chemical form in which the samples were received but does not indicate in
which chemical or physical form the material was during the sampling. For example, PNH
(plutonium nitrate hydrated) can be relatively fresh material from the spent fuel reprocessing
or a rather old Pu oxide dissolved for sampling and later evaporated.

10.6. ADJUSTMENT OF BRANCHING RATIOS

To characterise the performance of MGA, two quantities have been studied on relatively
large sets of results: 1) the mean difference between MS and GS, and 2) the standard deviation
of this difference. The former is a measure of the bias and the latter of the precision of
measurements. It was observed that the relative differences between MS and GS results were
strongly correlated for the pairs of isotopes: ^ P u / 2 4 ^ and ^Pu/^'Pu. To study these
differences in detail the 242Pu abundance was taken from the MS measurement. The set of 112
samples was used to minimize the mean differences by changing the branching ratios for
some energies [2, 3]. These differences decreased significantly with the emission probabilities
given in Table 2.
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TABLE 2. OLD AND NEW BRANCHING RATIOS

ENERGY (KEV)

99.864

129.296

104.242

ISOTOPE

238Pu

239Pu

240Pu

GUNNINK[2]

7 . 1 0 x 1 0 '

6.29 x 1 0 '

6.96x10 '

THIS WORK

7.13 x 10'

6.30 x 10'

6.92 x 10'

Using these branching ratios the average differences and their standard deviations
(RSD) for the set of 112 samples were as given in Table 3.

TABLE 3. AVERAGE DIFFERENCES AND
RELATIVE STANDARD DEVIATIONS FOR TEST
SAMPLES (112)

ISOTOPE

238Pu

239Pu

240Pu

241Pu

240Pu eff

REL. DDFF.%

0.08

-0.08

0.13

0.29

0.10

RSD%

0.93

0.40

0.92

0.60

0.69

These branching ratios were consistently used in all comparisons presented in this
paper.

10.7. CORRELATION EQUATION FOR 242Pu

As can be seen in Fig. 1, 2, 3 and 4 the atomic ratio of the ^Pu/^'Pu (1242) is strongly
correlated with the isotopic ratios of other isotopes: ^ P u / 2 3 ^ (1238), 24OPu/239Pu (1240),
24ipu/239pu ^24 ^ a n d ^ ^ ^ g p ro (juct of 1240*1241. All ratios presented in these Figures are
atomic ratios measured by MS. To find an alternative method of 1242 calculation several
simple linear equations have been devised and the regression coefficients were calculated
using multiple regression analysis. The coefficient of variation was used as a measure of fit
quality. The best equation has the following form:

1242 = ao + a, 1238 +% 1241 + % 1240 x 1241

where: ao, a,, â , a, are regression coefficients,
1238,1240,1241,1242 are respective atomic isotopic ratios.

Table 4 shows regression coefficients calculated for all 320 samples and for individual
materials.
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'242 =01032 + 2 8^99 " .238

Correlation, r = .9C61S

-0.002 0.004 0.01 0.016 0.022 0.02S 0.034

I238

Reg'ession

95% confid

FIG. 1. MS atomic ratio of242Pu/239Pu vs. 23SPu/239Pu.

1242 - -.0601 + .32468 * I240

Correlation: r = .83609

_ _ "•o-̂  Regression

0.15 02 0.25 0.3 0.35 0.4 0.45 0.5 0.55 95%con»id.

I240

FIG. 2. MS atomic ratio of:42Pu/239Pu vs. 24OPu/239Pu.

242 = .0011 2 • 48444 ' 1241

Correlation: r = .86494

0.04 0.08 0.12 0.16

Regression
95% conlid

FIG. 3. MS atomic ratio of"2Pu/239Pu vs 241Pu/239Pu.
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1242 = .01183 + 1.0478 * 1241 *I24O

Correlation: r = .93236

0.12

-0.01 0.01 0.03 0.05

1240*1241

0.07 0.09

Regression
95% confid.

FIG. 4. MS atomic ratio of242Pu/239Pu vs. (24OPu/239Pu)*(241Pu/239Pu).

TABLE 4. MULTIPLE REGRESSION COEFFICIENTS. SET I - 320 SAMPLES

Material

ALL

MNH

MOX

PNH

POX

ao
Intercept

0.0198

0.0362

0.0172

0.0218

0.0198

a,
1238

1.4424

1.0619

1.6708

1.1345

1.1426

a2

1241

-0.3886

-0.7971

-0.4332

-0.3286

-0.2582

a3
1240 x 1241

1.3530

2.2281

1.4521

1.2229

1.2078

Equation

(1)

(2)

(3)

(4)

(5)

10.8. CALCULATION OF 242Pu ABUNDANCE

All spectra were evaluated with MGA (version 8). Only for calculation with so called
"old algorithm" the discharge time of 5 years from reactor to reprocessing was assumed. Then
the atomic isotopic ratios in relation to the 239Pu abundance wore calculated for 238Pu, 240Pu,
and 241Pu isotopes. These ratios have been substituted to the correlation equations: (1) - for all
samples of the set and to equations (2), (3), (4), and (5) according to Pu-material and the
242pu/239pu r a t i o s w e r e calculated, in the next step, using the ratios for 238Pu, 240Pu, 241Pu , and
242Pu the weight percents of all five Pu isotopes were computed. Then the relative differences
between MS and GS were found and averaged and the standard deviation of the differences
calculated.

10.9. COMPARISON OF RESULTS

Two series of results from GS and MS, containing 320 and 404 measurements,
respectively, were compared in two ways:
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(1) with 242Pu, taken from MS, and

(2) with 242Pu calculated from different correlation equations.

Additionally, Pu effective values have been compared.

10.9.1. Results with 242Pu from MS

In Table 5 the relative mean differences and their relative standard deviations are shown
for 238"241Pu isotopes. The 320 sample group was split into material subgroups and was also
evaluated according to which Ge detector was used in the measurements. The smallest bias
was achieved for 239Pu and 240Pu, with the biggest detector (1000 mm2) which also had the
best energy resolution (530 eV). The mean difference for all Pu isotopes is in the range from
0.1 to 0.5% and the RSD in the range from ±0.3 to ±1%. The differences for 239Pu and 240Pu
are very strongly correlated with each other (Fig. 5) and the same is observed to a lesser
degree for 238Pu and 241Pu (Fig. 6). The mean differences and the RSDs for the group of 404
samples are similarly distributed. Only the results for the whole group are given. Figures 7, 8,
9, and 10 show the distribution of differences for all isotopes of 320 samples.

TABLE 5. RELATIVE MEAN DIFFERENCES AND RELATIVE STANDARD
DEVIATIONS (RSD) FOR 4 Pu ISOTOPES [%}. 242Pu VALUES FROM MASS
SPECTROMETRY

Samples/
Detectors

All samples
I set.

No. of
meas.

320

Mean

0.24

-Pu

RSD

0.77

Mean

-0.14

239Pu

RSD

0.39

Mean

0.25

24Cpu

RSD

0.90

-

Mean

0.36

-Pu

RSD

0.64

MNH

MOX

PNH

POX

63

151

61

45

0.29

0.29

-0.13

0.50

0.69

0.69

0.63

0.77

-0.17

-0.23

0.11

-0.11

0.34

0.36

0.31

0.51

0.32

0.45

-0.27

0.14

0.84

0.82

0.65

1.20

0.41

0.50

0.05

0.22

0.59

0.67

0.56

0.52

Detector 1
800 mm2

Detector 2
500 mm2

Detector 3
1000 mm2

85 0.30

128 0.23

107 0.19

0.75

0.82

0.75

-0.24

-0.13

-0.06

0.36

0.41

0.38

0.48

0.28

0.02

0.79

0.91

0.91

0.49

0.18

0.46

0.64

0.67

0.55

All samples
II set

404 0.16 0.78 -0.07 0.40 0.03 0.86 0.43 0.55

10.9.2. Results with calculated 242Pu abundance

The mean relative differences and their RSDs are presented in Table 6. The new-
algorithm (G), in the second row, which was used in version 8 of MGA, shows a high bias of
about 19% for 242Pu. Four remaining isotopes are all negatively biased by about 1%. The old
algorithm in MGA and the algorithm (PR) developed at SAL give comparable means and
RSDs. The algorithm (PR) applied to a second set of 404 samples shows also similar
differences.
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Bias240 = -.0589 • 2.236 ' Bias239
Correlation: r = - 9795

-2 -1.5 -1 -0.5 0

Pu-239 bias (%)

0.5 1 1.5

Regression
95% con fid.

FIG. 5. Correlation of biases, 24OPu/239Pu..

4.5

3.5

— 2.5

5: 0.5

^ -0.5

-1.5

-2.5

Bias241 - .22598 » .55078 • Bias238
Correlation: r •• .66945

-2.5 -1 0.5
Pu-238 bias {%)

Regression
95%confid.

FIG. 6. Correlation of biases, 241Puf38Pu.

50 •

40 •

!
I

1". t

'4 H*i-

-3.5 3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3

Relative difference (%)

Expected
Norma

FIG. 7. 238Pu. Distribution of differences (MS-GS) *100/MS.

105



-1.6 -1.2 -0.8 0.4 0

Relative difference (%)

0.4 0.3 1.2 Norna

F/G. 5. :jpPw. Distribution of differences (MS-GS)*100/MS.

- 2 - 1 0 1 2

Relative differences (%)

Expected
Normal

FIG. 9. 240Pu Distribution of differences (MS-GS)* 100/MS.

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

Relative differences (%)

— Expected
Normal

FIG. 10.24IPu. Distribution of differences (MS-GS)* 100/MS.
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TABLE 6. RELATIVE MEAN DIFFERENCES AND RELATIVE STANDARD
DEVIATIONS (RSD) FOR 5 Pu ISOTOPES [%]. 320 SAMPLES, VARIOUS
ALGORITHMS FOR 242Pu CALCULATION

MGA version
242Pu algorithm

81, old algorithm (G)

81, new algorithm (G)

81, algorithm (PR)
one parameter set

81, algorithm (PR)
material parameter set

81, algorithm (PR)
one parameter set

81, algorithm (PR)
material parameter set

238Pu

Mean

0.34

-0.38

0.21

0.21

0.08

0.06

RSD

0.86

0.81

0.76

0.78

0.78

0.80

239Pu

Mean

-0.20

-0.92

-0.16

-0.16

404

-0.14

-0.17

RSD

0.48

0.50

0.52

0.50

samples

0.64

0.54

240Pu

Mean

0.26

-0.46

0.22

0.22

-0.04

-0.07

RSD

0.97

0.96

0.86

0.86

0.73

0.80

241Pu

Mean

0.37

-0.35

0.33

0.33

0.34

0.32

RSD

0.70

0.70

0.65

0.64

0.63

0.61

242Pu

Mean

1.05

19.15

0.51

0.54

1.42

1.79

RSD

5.87

6.49

5.68

4.66

6.51

4.18

The distributions of differences for 242Pu in 320 samples set are presented in Figures 11-14.

10.9.3.240Pu effective

This comparison was performed only for the 320 sample set. The following mean
differences and RSDs were calculated:

(1) for 242Pu taken from MS,

(2) for 242Pu derived from our own algorithm comprising all 320 samples, and

(3) for all samples using the equations for the subgroups of materials.

The resents are presented in Table 7.

MGA8I. old algorithm (G)
y = 320 ' 1 * normal (x, 1.04522, 5.8684)

Relative difference (%)

FIG. 11. 342Pu. Distribution of differences (MS-GS)*100/MS.
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36 -

MGA8I, new aigorithn (G)

y •- 320 * 1 " normal (x, 19.14557. 6.48536)

n

"5. Zo '
5 24 -
'o -d

o .g L

1 2 !- •

S • •

4 . . . .

0 — ^

I

15 20 25 30 35

Relative difference (%)

F/G. 12. 242Pu. Distribution of differences (MS-GS)* 100/MS.

MGA8I. algorthm (PR), one paran-.:er se:

y ^ 320 " ; • normal (x. 0.507581. 5.68213i

-15 -10 -5 0 5 10

Relative differences (%)

15 20

FIG. 13. 24-Pu. Distribution of differences (MS-GS)*100/MS

MGA8I, algorithm (PR), material parameter set

y - 320 " 1 * normal (x, 0.543813. 4.663634)

-15 •10 -5 0 5

Relative differences (%)

10 15 20

FIG. 14. 242Pu. Distribution of differences (MS-GS)* 100/MS
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TABLE 7. COMPARISON OF 240Pu EFFECTIVE FROM MS AND GS

Data used

242Pu from MS
242Pu from own general
algorithm
242Pu from own material
algorithms

Mean difference (%)

0.03

-0.29

-0.29

RSDs (%)

0.64

1.34

1.19

The RSD for the calculated 242Pu content is about twice of this value when 240Pu
effective is calculated with 242Pu taken from MS. The negative bias of about 0.3% results from
the mean bias of 242Pu calculated from correlation equations which is about 0.5% (see Table
VI). The RSD calculated from equations for individual materials is about 10% lower.

10.9.4. Quality control measurements

In 1992-93 systematic measurements at regular time intervals were performed with the
same sample of NBS 947 standard reference material. The sample was evaporated in a
penicillin vial. Altogether, 452 measurements were recorded. The mean differences and RSDs
are shown in Table 8. All results were decay corrected to a common date and the 242Pu was
taken from the certificate.

TABLE 8. MEAN BIAS AND RSD FOR QUALITY CONTROL MEASUREMENTS (%)

Measurement No. of 238Pu M9Pu 240Pu 241Pu

type meas.

Mean RSD Mean RSD RSD RSD

All meas. 452 -0.37 0.86 0.28 0.18 -1.17 0.70 0.40 0.74
Detector 1
800 mm2 101 -0.33 0.96 0.29 0.19 -1.23 0.75 0.66 0.90
Detector 2

500 mm2 159 " ° - 6 6 O/78 ° - 3 0 ° - 1 7 -1-24 °-6 9 0 1 9 °-7 2

Detector 3
, 192 -0.15 0.79 0.26 0.17 -1.09 0.68 0.44 0.60

1000 mm2

There is a high negative bias for 240Pu (in routine samples it was positive and at least 4
times lower, see Table 5). Also the bias for "'Pu is negative (in Table 5 positive) and the bias
for 239Pu negative (previously positive). The RSD for 239Pu is lower (0.18 vs. 0.39) but for
other isotopes it is practically the same as for routine samples. The detector used does not
seem to have a significant influence on the quality of results.

10.10. CONCLUSION

(1) The relative differences between MS and GS for isotopes 238"24IPu are in the range of
±1% for 239Pu and ±2% for the other 3 isotopes; the differences for 242Pu are in the range
±10%.
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(2) The samples with a high abundance of 239Pu require a separate algorithm for calculation
of 242Pu. Such samples constitute no more than 5% of the total number of samples
routinely analysed at SAL.

(3) It was possible to lower the mean bias by adjusting the gamma ray emission
probabilities. The spread of differences for directly measured isotopes, except 239Pu, is,
however, 2 to 3 times larger than it would have been expected from the counting
statistics. This seems to come from the instability of the deconvoltition procedures.

(4) The presence of correlated bias for the pairs of isotopes 239Pu - 240Pu and 238Pu - 241Pu can
indicate some systematic errors in the calculation of the number of counts from
deconvoluted spectra or errors in the intrinsic efficiency calibration.

(5) In terms of bias the materials show some differences, for example, the change in sign of
the bias for PNH material (mostly freshly separated Pu with low 24IAm). However, the
fluctuations of differences (RSD) remain practically the same, independent of the
material subgroup. The same can be said when different detectors are used.

(6) The quality control measurements performed on the same sample (NBS 947), with the
same detector, in the same 2 year time-span show similar bias and RSD as the routine
samples compared for the same period of time.

(7) In a few cases the MGA calculation failed completely. Without identifiable reason the
spectra could not be evaluated.

(8) All results considered here were obtained with the version 8 of MGA. The version 9,
which is at SAL since about 1 year, was not implemented for routine work because it
produces unacceptable errors, particularly for 239Pu and 240Pu.

(9) It was assumed that the MS were free of errors. From quality control measurements with
the use of reference materials the following mean bias and RSD for isotopic ratios were
estimated (in%): 238Pu (a spectrometry): -0.21 and 0.21, 240Pu: from -0.03 to 0.02 and
0.06,241Pu: 0.08 and 0.14,242Pu: -0.36 and 0. 14.
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