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Abstract:

The capability of the FRAM software to accurately
determine the isotopic composition of shielded plutonium
was tested by the Joint Research Centre in Karlsruhe to
support the use of FRAM for the verification of plutonium-
bearing items by safeguards inspectors in the field. More
than ten thousand spectra of eight certified reference-
material items were analysed using different FRAM
parameter sets. The spectra were recorded by the
“ORTEC microDetective” portable electrically cooled
coaxial gamma spectrometer. The performance of FRAM
was evaluated as a function of shielding thickness,
measurement time, sample composition and “spectrum
quality”. The spectrum quality was quantified using
a numerical figure of merit that included the uncertainties
of the peak areas relevant for the isotopic analysis.
Thereby, it combined the effects of shielding,
measurement time and sample isotopic composition into
a single indicator. It was confirmed that using FRAM’s
automatic analysis option improves the isotopic results,
especially in the case of lower quality spectra. The results
of this work will help safeguards inspectors to optimize the
use of electrically cooled gamma-spectrometers and to
improve the accuracy of plutonium isotopic composition
measurements in the field.
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1. Introduction

The purpose of this work was to study and possibly im-
prove the capability of the FRAM software to determine
the isotopic composition of shielded plutonium by portable
electrically cooled HPGe detectors. This work, focused on
plutonium, is a follow-up of previous work [1] that was fo-
cused on uranium. Both tasks were carried out within the
European Commission’s support programme to the Inter-
national Atomic Energy Agency (IAEA). For the sake of
completeness, some introductory remarks about the task
and about FRAM are repeated here.

FRAM is software that calculates uranium and plutonium
isotopic composition from the gamma spectra of these
materials [2], [3]. It has been developed at Los Alamos

National Laboratory (USA) and it has been commercialized
by ORTEC and Canberra. The version used in this study
was 5.2, which has minor changes compared to ver-
sion 5.1 [4], which was used in the study on uranium [1].

The so-called parameter sets determine what FRAM ex-
actly does. They define the type of material (U, Pu, MOX)
and the type of detector. They also contain information
about the isotopes and gamma peaks to be analysed,
peak fitting parameters, energy calibration, relative effi-
ciency constraints, etc. FRAM contains a number of de-
fault parameter sets built into the software, which cover
a large number of typical measurement configurations.
However, users can also prepare modified or new parame-
ter sets to suit their specific measurement configuration. In
this work we focused on parameter sets for plutonium.

More than 7000 high-resolution gamma spectra of various
certified reference materials were taken by the ORTEC mi-
croDetective electrically cooled spectrometer under
well-defined measurement conditions with different steel,
cadmium and lead screens. These spectra were used to
check the performance of FRAM v5.2 for determining the
isotopic composition of shielded plutonium. In this paper
the results calculated using different parameter sets are
compared to each other and the influence of shielding
thickness, measurement time and plutonium burn-up is
discussed. This way the capabilities and limitations of
FRAM became better understood.

2. Method and equipment

The ORTEC microDetective electrically cooled spectrome-
ter [5] was used to record the gamma spectra. It has
a high-purity coaxial germanium (HPGe) crystal of 50 mm
diameter and 30 mm depth (length). The conversion gain of
its amplifier was set to 0.125 keV/channel, to match the gain
in the default FRAM parameter sets. The amplifier rise time
was set to 3.4 us, and flattop to 0.8 ps. (Note that for the
uranium study [1] an older version of the ORTEC detective
was used, having fixed settings, set in the factory.) The
measured peak resolution (full with at half-maximum) was
approximately 1.5 keV at 122 keV and 2.0 keV at 1001 keV.

A total of 8 Pu reference items from the “CBNM” [6] and “PI-
DIE” [7], [8], [9] sets were used in this study. Their isotopic
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Isotope
Reference Sample 238Pu 239Pu 240Pu 241 PU 242Pu 241Am
i (o)
CBNM PU93 weight % 0.0117 93.4123 6.3131 0.2235 0.0395 0.1047
2s 0.00003 0.004 0.0039 0.0004 0.0003 0.0021
ight 9 .07 4.3377 14.2 1.027 .357 217
CBNM Pus4 weight % 0.0703 84.33 069 0275 0.3576 0.2173
2s 0.0006 0.0084 0.0085 0.0018 0.001 0.0022
ight 9 .84 73.3191 18.294 4634 2.0772 1.17
CBNM PU70 weight % 0.8458 3.319 8.2945 5.463 0 05
2s 0.0018 0.0098 0.0087 0.0034 0.0023 0.0117
i (o)
CBNM PUG weight % 1.1969 62.5255 25.4058 6.6793 41925 1.4452
2s 0.0025 0.0283 0.0241 0.0087 0.0064 0.0144

Table 1: Isotopic composition of the “CBNM” reference samples in weight % with 2s absolute uncertainty for reference date 20.6.1986.

Reference sample BisEe
238Pu 239Pu 240PU 241 PU 242Pu 241Am
PIDIE 1 weight % 0.01101 93.7650 5.99025 0.19920 0.0346 0.2304
2s 0.00033 0.0065 0.0052 0.00255 0.0015 0.0060
PIDIE 3 weight % 0.04716 84.5795 14.1442 0.9953 0.2338 0.6282
2s 0.00038 0.0094 0.0052 0.0036 0.0075 0.0151
PIDIE 5 weight % 0.1314 75.8862 21.2169 2.0638 0.7017 1.7488
2s 0.0011 0.0147 0.0115 0.0042 0.0015 0.0387
PIDIE 7 weight % 1.253 61.9848 25.5941 6.4919 4.6763 3.5287
2s 0.016 0.0420 0.0195 0.0132 0.0081 0.1111

Table 2: Isotopic composition of PIDIE reference samples in weight % (normalized to sum of Pu isotopes) with 2s absolute uncertainty for

reference date 1.1.1988.

composition is shown in Table 1 and Table 2. The CBNM
set consists of four sintered plutonium oxide pellets en-
cased in stainless steel and protected by a plastic cap.
Each pellet in the CBNM set contains 6.65+0.06 g of PuO,,.
The items in the PIDIE set contain ca. 0.425g Pu in the form
of a pressed PuO, pellet in a welded steel container.

The spectra of each item were recorded using a tungsten
collimator and combinations of Fe screens of up to 16 mm
thickness, Cd screens up to 2 mm thickness and a Pb
screen of 4 mm thickness. This means 5 shielding config-
urations for each sample (Table 3). The sample to detector
distance was 10 cm. There were two exceptions meas-
ured at 20 cm. These were the configurations with the
CBNM Pu61 source and low shielding (2 mm Cd with no
Fe and 1 mm Cd with 4 mm Fe). These two configurations
could not be measured at 10cm because the count rate
was too high and it saturated the spectrometer.

CBNM PIDIE
Effective Effective
Fe | Cd | Pb Fe Fe | Cd | Pb Fe
0 2 0 4 0 |15 |0 |3
4 1 0 6 4 |05 |0 |5
8 05 |0 9 8 |0 0 |8
16 |0 0 16 16 |0 0 16
0 0 4 27 0 |0 4 |27

Table 3: Shielding thicknesses in mm. (“Effective Fe” is defined
below.)

In Figure 1 the dependence of the dead time on the effec-
tive iron shielding thickness is shown for each sample. The
total count rate ranged from about 200 cps (e.g. for PIDIET
with 4 mm Pb) to about 6000 (e.g. for CBNM 61 with
2 mm Cd).
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Figure 1: Dead time as a function of effective iron shielding. The
two first points for CBNMPu61 have lower dead time than the
third point in this series, because they were measured at a 20 cm
distance, instead of 10 cm, to avoid saturating the detector.

In each of the 5 shielding configurations, for each sample
192 spectra of 5 minutes real time were recorded (that is
5x8x192=7680 spectra). Sum spectra of 15 minutes,
90 minutes, 2 hours, 4 hours, 6 hours and 16 hours real
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time were prepared from the 5-minute spectra. This gives
a total of 11240 spectra, distributed into 7 sets according
to their real time.

The spectra within each set are independent from each
other. The sets are not independent from each other, be-
cause each set was prepared from the same base set of
5-minute spectra. Therefore, comparing FRAM results ob-
tained with different sets shows the dependence of the re-
sults on the measurement time, without interference of
other factors.

All spectra were analysed with 3 parameter sets, with and
without the “autoanalysis” option:

e Pu_Cx_120-460, no autoanalysis

e Pu_Cx_180-1010, no autoanalysis

e Pu_Cx_120-460, with autoanalysis

e Py_Cx_180-1010, with autoanalysis

e det_coax_120_800_1_ecgs, no autoanalysis

The parameter sets Pu_Cx_120-460 and Pu_Cx_180-1010
are defaults in FRAM v5.2, while det_coax_120_800_1_ecgs

was provided to us by the IAEA. For the parameter set det_
coax_120_800_1_ecgs the auto analysis option is not appli-
cable. The numbers in the names of the parameter sets indi-
cate the energy range in keV used in the analysis. With the
auto analysis option the analysis is repeated with another pa-
rameter set if during the first analysis certain criteria are met
(e.g. ratio of selected peaks). This makes it possible, for ex-
ample, to automatically reanalyse spectra of shielded sam-
ples with a parameter set that uses the higher energy range.

Scripts written in the Python 3.6 programming language
were used for

e adding the spectra,

e running FRAM on 11240 spectra with different parameter
sets,

extracting the results of interest from the FRAM result files,
e calculating performance indicators, such as relative bias,
"MARD" and "CBD", defined below,

e visualizing the performance of FRAM through the use of
various graphs. The FRAM results plotter received
a graphical user interface shown in Figure 2.
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Figure 2: Screenshot of the FRAM results plotter




ESARDA BULLETIN, No. 60, June 2020

Several quantities were calculated for the statistical inter-
pretation of the results.

e Average relative bias (ARB):
o0 The systematic component of FRAM’s bias, or the
expected accuracy of many (n) measurements. It can
be either positive or negative.

e Relative standard deviation (RSD):
0 The random component of FRAM'’s bias.

e Combined average relative bias and relative standard
deviation (CBD):
o0 The overall performance of FRAM, or the expected
accuracy of a single measurement.

e Mean absolute value of the relative difference (MARD):

o Similar to, but different from CBD. It also describes
overall performance of FRAM, or the expected accura-
cy of a single measurement, but using it in error prop-
agation is not straightforward. Here it is only used for
comparison with previous work on uranium [1].

All these quantities are calculated for each sample, for
each shielding configuration for each measurement time.
They are defined as follows:

" Xi = Xper
, ) = X
Average Relative Bias = ARB = —————H¢L |
n

Relative Standard Deviation =

| Jz,:(x,v-xmf

n-1

=RSD =

)

XAvg

Combined Bias and standard Deviation =

=CBD =+ ARB? + RSD?,

Mean Absolute value of Relative

n |X/_XFief|
=X

Difference = MARD = —— ~Fel ()
n

where n is the number of spectra analysed (e.g. n=192 for
the 5-minute spectra), x, is the value calculated by FRAM,
Xper 1S the certified reference value and x,,, is the average
of the FRAM results for the given measurement time and

shielding configuration. For the 16 h spectra n=1, so RSD
is not calculated for the 16 h spectra.

In this work all isotopic data (declared data and FRAM re-
sults) were decay-corrected to 1% January 2019 and alll
quantities were calculated for this reference date.

Two especially important variables used for plotting were
the effective iron shielding and the statistical quality indica-
tor of the spectra. The effective iron shielding is the equiv-
alent shielding based on thickness of the shielding screens
used and the mean values of the linear attenuation coeffi-
cients in the energy range 180-433 keV. It is calculated as:

. i K H
Effective iron shielding =d,, + =%¢d,, ++22d,,, )
Fe Fe

where d,, is the thickness of the Fe, Cd or Pb screens
used and o, is the average of 14 equidistant values of the
linear attenuation coefficient of these materials in the ener-
gy range 180-433 keV. The values for linear attenuation
coefficients were taken from the online NIST database [10].

For example, 4 mm of Pb corresponds to 26.8 mm effec-
tive iron shielding, while 2 mm of Cd corresponds to
3.6 mm effective iron shielding, according to the above
definition.

The indicator of the statistical quality of the spectra (“mag-
ic number”) is the inverse of the combined relative uncer-
tainty of the “magic peaks”

1

5o

where ¢, is the relative uncertainty of the " peak and the
sum goes over all magic peaks. The “magic peaks” are
those peaks which are used in all parameter sets investi-
gated in this study. In particular, they were the peaks of
9Py, *'Pu and *'Am at 413.712, 208.000 and
335.432 keV, respectively.

statistical indicator ( magic number") -

The statistical indicator depends on the following:

® measurement time,

e shielding,

e sample activity

e and isotopic composition.

Figure 3 shows the dependence of the statistical indicator

(averaged over all shieldings and samples) on the mea-
surement time, for all investigated parameter sets.
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Figure 3: Left: statistical quality of the spectra ("magic number") averaged over all shieldings and samples as a function of real
measurement time, for all investigated parameter sets. Right: statistical quality of the spectra ("magic number") as a function of real
measurement time for all samples calculated using the parameter set Pu_Cx_120-460 with auto analysis turned on.

The statistical indicator also slightly depends on the pa-
rameter set, due to small differences in peak fitting. It in-
creases with measurement time, but for some samples
(e.g. PIDIE1, which has low activity) its stays quite low even
for long measurement times, especially in the case of thick
shielding. As it will be seen later, "good" spectrum quality
means that the value of this indicator is around 1 or
above 1. Note that, although the isotopic composition of,
e.g., CBNMPu61 and PIDIE7 is very similar, their activity is
very different. Therefore, their statistical indicators are very
different.

Three different types of plots were prepared from the cal-
culated statistical quantitates:

1. “Category plots”: The performance indicators (average
relative bias, RSD, CBD and MARD) of the isotope ratios
relative to “Pu and of the ***Pu isotope fraction were cal-
culated for each configuration, each measurement time,
each sample and each parameter set. These values were
plotted as a function of various variables for all values of
a selected category on a separate graph for each param-
eter set. For example, the dependence of **°Pu CBD on
spectrum quality for each value of the declared **Pu
fraction is plotted on a separate graph for a given param-
eter set (Figure 14). This gives (5 configurations) x (7 dif-
ferent measurement times) x (8 samples) = 280 points on
each “category plot”.

2. “Average plots”: To visualize FRAM’s performance in
a more compact form, the average of the above quanti-
ties was calculated as a function of selected variables
and all parameter sets were plotted on the same graph.
For example, the **Pu average CBD as a function of sta-
tistical quality of the spectra (Figure 13) plotted on the
same graph for all parameter sets. In this case the num-
ber of points on the graph depends on the number of dif-
ferent values that the independent parameter may take.

3. “Grand average plots” (bar charts)”: To have an even
more compact comparison of the parameter sets, the
grand averages of all the values of selected quantities
calculated by a given parameter set were plotted on
a bar chart. An example is the bar chart showing the
grand average of the *'Pu CBD for all parameter sets
(Figure 6).

These plots demonstrate the performance of the different
FRAM parameter sets for different situations and might be
used for improving the parameter sets.

3. Results
3.1 General comments on the results

The presentation of the results starts by comparing the pa-
rameter sets using the grand average plots for each inves-
tigated quantity, and then goes into more detail using the
average plots. There is no separate section for category
plots, but category plots are present in Figure 14 and Fig-
ure 16, to better illustrate some conclusions from the aver-
age plots.

The results for *?Pu were not investigated in this work, be-
cause ““Pu cannot be directly obtained from the gamma
spectrum and empirical correlations have to be used. The
discussion of these empirical correlations will be the subject
of further work. That is why only isotope ratios to **°Pu are
studied in this work, and not the ratios to total Pu, because
the ratios to total Pu are affected by the calculation of *“Pu.
Nevertheless, due to its importance for safeguards, the ratio
of #°Pu to total Pu is also presented in this work. The ?*°Pu
results obtained in two different ways are shown: using the
default **Pu correlation in the FRAM parameter set, and
also by using the declared **Pu content.
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Figure 4: The CBD as a function of MARD for **Pu (left) and for the **Pu/**Pu ratio right, for all investigates parameter sets.
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In certain situations FRAM reports zero for some isotope
ratios. Those results are removed from the averages pre-
sented in the graphs.

As the MARD used in previous work is no longer used
here for the presentation of the results, it is worth to com-
pare it to the CBD, which is used instead of it. The MARD
and the CBD are mathematically NOT equivalent, but if all
the biases are positive, then for large n (number of spec-
tra) the values of the MARD and CBD are very close to
each other. This is demonstrated in Figure 4, where the
CBD for #*°Pu and for the #**Pu/***Pu ratio are plotted as
a function of MARD.

3.2 Overall FRAM performance

To investigate overall FRAM performance, the grand aver-
age plots are best suited. They are supplemented with
some average plots to explain in more detail the conclu-
sions drawn from the grand average plots.

For the **Pu fraction the lowest grand average bias and
the lowest grand average CBD are achieved using the
parameter set det_coax_120_800_1_ecgs (Figure 5). This
is true regardless of whether the built-in **?Pu correlation
or the declared ?*Pu values are used in the calculation.
For mass ratios the best results are achieved with the
two default parameter sets used in “autoanalysis” mode,
and not with the det_coax_120_800_1_ecgs (Figure 6).
These two observations seem to contradict each other.
To resolve this seeming contradiction one has to notice
two things:

e The ?**Pu biases with the parameter set det_
coax_120_800_1_ecgs are both positive and negative,

while with the default parameter sets they are mostly
positive (except a few points) as seen on Figure 7. This
way the individual ***Pu biases for det_
coax_120_800_1_ecgs cancel out, while for the other
parameter set they do not, so the grand average is the
lowest for det_coax_120_800_1_ecgs.

e From Figure 7 one can also see that the ***Pu bias is
correlated to the *°Pu/**°Pu bias. For other mass ratios
there is no such evident correlation. This is understand-
able, as *°Pu is the second most abundant isotope af-
ter #°Pu in all samples. This means that parameter sets
which have lower absolute bias for °Pu/Z**Pu will also
have lower bias for 2°Pu. The correlation between the
2Py bias and #°Pu/?*°Pu bias is not linear: even
a small negative bias of *°Pu/**°Pu leads to a high ***Pu
bias, while relatively large positive *°Pu/***Pu biases
lead to relatively low ?**Pu biases. For the parameter
set det_coax_120_800_1_ecgs the **°Pu/***Pu biases
are mostly positive, leading to small **°Pu bias.

Therefore, the above points explain why from all investi-
gated parameter sets the set det_coax_120_800_1_ecgs
gives the lowest bias for the ?*°Pu fraction, despite not
giving the best results for the isotope ratios.

The above points also show that, to improve the results
for ?*°Pu, one should concentrate on improving the re-
sults for *°Pu/?**Pu.

The grand average relative bias and CBD of the mass ra-
tios relative to ***Pu are shown for all parameter sets in
Figure 6.
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Figure 6: The grand average of the relative bias and CBD of the mass ratios for all parameter sets
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Figure 7: The average relative bias of the ***Pu fraction as a function of the bias of the individual mass ratios, calculated using the ***Pu
correlation built in into the parameter sets. The plots calculated using the declared **Pu value are very similar.

3.3 FRAM performance in more detail

The “average plots” show the dependence of a selected
quantity as a function of a measurement parameter, aver-
aged over all identical values of that parameter in all
spectra for which the selected parameter has the same
value. For example, one of the points on an average plot
can be the average of all spectra for which the effective
shielding thickness is 16 mm, for all measurement times,
for a given parameter set. The average depends on the
grouping: e.g. grouping according to shielding, grouping
according to spectrum quality, or grouping according to
any other quantity. The parameters (groupings) investigat-
ed here are the shielding thickness and spectrum statisti-
cal quality.

3.3.1 Dependence of FRAM performance on spectrum
statistical quality

The dependence of the CBD of the mass ratios on spec-
trum quality is shown in Figure 8. The relationship between
FRAM'’s reported uncertainty and spectrum quality is

demonstrated in Figure 9 to Figure 12. The CBD of ***Pu/
Pu mass fraction is shown in Figure 13 and Figure 14.

The measurement uncertainty is related to the spectrum
quality. The counting uncertainties reported by FRAM for
the mass ratios are shown in Figure 9 as a function of
spectrum statistical quality. To illustrate how the CBD and
RSD are related to the counting uncertainty Figure 10 to
Figure 12 show the RSD, CBD and average bias for the
#%py/Pu mass ratio, as a function of the reported counting
uncertainty. These figures confirm that the counting uncer-
tainty reported by FRAM mostly covers the calculated
RSD, as long as one considers “reasonable” measure-
ments, with good spectrum quality leading to uncertainties
below approximately 60%. The CBD is slightly higher than
the reported counting uncertainty, due to the bias of the
results. The bias can be accounted for in the FRAM pa-
rameter sets by adding a constant systematic uncertainty
term. Unfortunately, the bias is not constant and depends
on the measurement uncertainty (that is, on spectrum
quality), as illustrated in Figure 11.
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in to higher spectrum quality.
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Figure 13: Average plot of the CBD of **Pu fraction as a function of statistical quality of the spectra: entire range (left) and zoomed-in to
higher spectrum quality (right). The upper plots show the results using the algorithm for 2**Pu calculation built in into the parameter sets,
while the lower plots show the results using the (decay-corrected) declared ?*Pu.

The average plots of the CBD of the mass ratios relative
0 ?*°Pu as a function of statistical quality of the spectra
show that all parameter sets give very bad results for low
spectrum quality (meaning short measurement time and/
or low sample activity and/or thick shielding). If the statis-
tical indicator is above 1, then for most parameter sets
the average CBD of ***Pu/***Pu becomes lower than
20%, the CBD of **°Pu/?*°Pu lower than 15%, the CBD of
“Pu/”*Pu lower than 10 % and the CBD of *'Am/***Pu
lower than 5 %. The CBD for Pu_Cx_120-460_noAuto
and sometimes for det_coax_120_800_1_ecgs_noAuto is
relatively high even for good spectrum quality. The rea-
son is that these two parameter sets make use of the

lower energy lines, which for shielded samples have high
uncertainties even if the overall spectrum quality is rela-
tively good.

The CBD of the ***Pu/Pu fraction for good quality spectra
is lower than 10 % for most parameter sets. However,
Figure 13 shows two distinct groups of points: the points
denoting higher CBD belong to high-burnup Pu (lower
#39py fraction), while the lower CBD belongs to low-bur-
nup Pu. This is confirmed by Figure 14, showing the de-
pendence of ***Pu CBD on spectrum quality for each val-
ue of the declared **Pu fraction (a “category plot”) for the
parameter set det_coax_120_800_1_ecgs.
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Figure 14: Dependence of **Pu CBD on spectrum quality for each value of the declared **Pu fraction (a “category plot”) for the
parameter set det_coax_120_800_1_ecgs. The left plot shows the results using the algorithm for ?**Pu calculation built in into the
parameter sets, while the right plot shows the results using the (decay-corrected) declared ***Pu.

3.3.2 Dependence of FRAM performance on shielding

The best results for the mass ratios are mostly obtained
between 4-10 mm of effective iron (Figure 15). For effective
iron shielding of 27 mm (i.e. a 4 mm sheet of Pb), the
mass ratios calculated by the parameter sets that rely on
lower energy peaks are biased by a few orders of magni-
tude, because in this case the low energy peaks cannot
be reasonably analysed.

Contrary to the mass ratios, the results for the **°Pu frac-
tion are the best for the lowest shielding thickness (Figure
16). For all other shielding thicknesses the **°Pu results are
biased between about 2 and 5 % for all parameter sets.
The #*°Pu fraction is calculated from the mass ratios, so
why are the **Pu results best for the lowest shielding,
when for the mass ratios the best results are obtained be-
tween 4-10 mm shielding? This is explained in the next
paragraph.

Notice that **°Pu/Pu, which has the strongest influence on
Py, has a small positive bias for the lowest shielding. As
discussed in section 3.2 about grand average plots, a pos-
itive bias in *°Pu/Pu leads to a small bias in ?**Pu, while
a negative bias in *°Pu/Pu leads to a large **°Pu bias.
Therefore, out of the available results, the best **°Pu re-
sults are those for which *°Pu/Pu has a small positive
bias.

In Figure 16 there are two distinct sets of points for each
parameter set, just like in Figure 13 and Figure 14. The ex-
planation for having these two groups is given by the “cat-
egory plot” on the right of Figure 16 showing the **°Pu rel-
ative bias as a function of effective iron shielding, for all
values of the declared ***Pu for the parameter set Pu_
Cx_180-1010 with auto analysis turned on. On the right we
see that the points with higher burnup (lower ***Pu) have
higher bias, resulting in the distinct groups on the left.
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Figure 15: The average relative bias of the mass ratios as a function of effective iron shielding thickness: entire range (left) and zoomed-in
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Figure 16: Top left: Average relative bias of the **Pu fraction as a function of effective iron shielding thickness for all parameter sets. Top
right: Average relative bias of the **Pu fraction as a function of effective iron shielding, calculated using the parameter set Pu_Cx_180-
1010 with auto analysis turned on, categorized according to the value of the declared **Pu. Bottom left and bottom right: the same as

above, but using declared ***Pu values.

3.4 When FRAM analysis fails

In some situations, especially for low quality spectra and
for thick shielding, FRAM is not able to calculate one or
more mass ratios and reports a zero for that mass ratio.
The spectra for which FRAM gives a zero result were not
included in the averages. Figure 17 shows the number of
spectra for which a given parameter set failed to calcu-
late a given mass ratio, that is, reported a zero result. Fig-
ure 18 shows the average number of zeros as a function
of statistical quality.

From Figure 6 to Figure 16 one can see that for good
quality spectra the best results for the various mass ra-
tios are reported by the one of the two default parameter

sets Pu_Cx_120-460 and Pu_Cx_180-1010 with auto
analysis turned on. However, in case of low spectrum
quality the default parameter sets often fail (i.e., report
zero mass ratio) and in that case the parameter set det_
coax_120_800_1_ecgs, which uses simultaneously the
high and low energy region, provides the optimum re-
sults, as seen on Figure 17 and Figure 18.

As mentioned above, and as shown in Figure 18, FRAM
failures happen with low quality spectra. Most FRAM fail-
ures happen with the 5 minute spectra and PIDIE sam-
ples as illustrated in Figure 19, showing, as an example,
the average number of zeros for the #**Pu/***Pu ratio.
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Figure 17: The sum of zeros (failures), out of 11240 analysed spectra, for the various mass ratios for different parameter sets. For *'Am

FRAM never fails with

zero results.
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Figure 18: The average number of zeros of the various mass ratios as a function of statistical quality of the spectra, for all parameter sets

+* ® det_coax_120_800_1_ecgs_noAuto
B B Pu_Cx_120-460_auto -
¥  Pu_Cx_120-460_noAuto : ® det_coax_120_800_1_ecgs_noAuto +
30 4 *  Pu_Cx_180-1010_auto Py Cx_120-460_auto
- - 15.0
4 Pu_Cx_180-1010_noAuto ¥ Pu_Cx_120-460_nofuta
E— - +  Pu_Cx_180-1010_auto
257 1254 * Pu_Cx_180-1010_noAuto *
w
g 20
N - w
o £ 100 *
o E
g 151 g 1.5 - +
o -
R I .
u = -
J ]
3 * 25 =
‘ v
. ]
0 o N - - 0o{ ® . . . . s u
v . T . T v v
o 10000 20000 30000 40000 s0000 60000 CBNMPUE] CENMPUT0 CBNMPuS4 CBNMPU93  PIDIEL PIDIES PIDIES PIDIET
Real Time [s] Sample name

Figure 19: Average number of zeros for the ***Pu/**°Pu ratio, as a function of real time (left) and sample name (right).
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4. Conclusion

The auto analysis option significantly improves the perfor-
mance of the default parameter sets Pu_Cx_120-460 and
Pu_Cx_180-1010, especially in the case of lower quality
spectra. This option enables FRAM to distinguish, e.g.,
shielded and unshielded samples and automatically re-
analyse the spectrum using a parameter set that is better
suited for the particular setup.

For the mass ratios relative to **°Pu the default parameter
sets (with auto analysis on) provide similar results, better
than the set det_coax_120_800_1_ecgs. However, for the
9Py fraction the set det_coax_120_800_1_ecgs is superi-
or to both default sets.

FRAM results heavily depend on the statistical quality of
the spectra, as expected. A statistical indicator, called the
“magic number”, was used in this work to measure the
statistical quality of the spectra. If this number is below 1,
then the bias of the results can go up several orders of
magnitude, especially for the **Pu/**Pu mass ratio. For
some of the measured samples the “magic number” does
not go above 1, even for long measurement times and thin
shielding, due to their low activity.

To improve the results for the *°Pu fraction, it would be es-
sential to improve the calculation of the **°Pu/***Pu ratio.
Another step forward could be to create parameter sets
accompanying the set det_coax_120_800_1_ecgs, in or-
der to benefit from the possibilities offered by auto
analysis.

These conclusions are valid for very old (>20 years), pure
Pu samples. The extension of the studies to 1-2 years old
MOX samples is planned.
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