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a b s t r a c t

A new methodology to analyze the nuclear material accountability for pyroprocessing system is devel-
oped. The Pu-to-244Cm ratio quantification is one of the methods for Pu accountancy in pyroprocessing.
However, an uncertainty in the Pu-to-244Cm ratio due to the non-uniform composition in used fuel
assemblies can affect the accountancy of Pu. A random variable, LOPu, is developed to analyze the
probability of detection for Pu diversion of hypothetical scenarios at a pyroprocessing facility considering
the uncertainty in Pu-to-244Cm ratio estimation. The analysis is carried out by the hypothesis testing and
the event tree method. The probability of detection for diversion of 8 kg Pu is found to be less than 95% if
a large size granule consisting of small size particles gets sampled for measurements. To increase the
probability of detection more than 95%, first, a new Material Balance Area (MBA) structure consisting of
more number of Key Measurement Points (KMPs) is designed. This multiple KMP-measurement for the
MBA shows the probability of detection for 8 kg Pu diversion is greater than 96%. Increasing the granule
sample number from one to ten also shows the probability of detection is greater than 95% in the most
ranges for granule and powder sizes.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nuclear material accountancy (NMA) is a fundamental nuclear
safeguards measure instituted by the International Atomic Energy
Agency (IAEA) for nuclear facilities [1]. The material unaccounted
for (MUF) is a characteristic that needs to be quantified for any NMA
[1e6]. The MUF can be mathematically expressed as

MUF ¼ ðPBþ X � YÞ � PE (1)

where PB and PE are the physical inventory at the beginning and
ending of a given Material Balance Period (MBP), X and Y are
respectively the sum of increases to inventory and decreases from
inventory in a designated Material Balance Area (MBA) of a facility
for the respective MBP [1]. Since the terms in Eq. (1) are the
measured values, the MUF can be declared as a random variable
and can be represented by statistical parameters, for instance, the
mean (m) and variance (s2). The formulation to evaluate the

standard deviation of MUF has been developed to discuss material
accountability for a pyroprocessing system [5,6]. Fundamentally, in
those references, the recommended plutonium (Pu) material ac-
counting method is the Pu-to-244Cm ratio method [7] based on,

PuKMP ¼
�

Pu
244Cm

�
� 244CmKMP (2)

where PuKMP and 244CmKMP are the respective masses of Pu and
curium-244 (244Cm) at a key measurement point (KMP). The Pu-
to-244Cm ratio assumed to remain constant through various steps
of pyroprocessing such as the electrolytic-reduction, electro-
refining, and electro-winning processes [5,8]. There is a possibility
for this ratio not to remain constant in the electro-refining step of
pyroprocessing due to minor electrical potential difference be-
tween Pu and Cm. This aspect has been discussed by Gonzalez et al.
using a numerical approach [9]. Gonzalez et al. paper also
mentioned the necessity of experimental validation to ascertain
that the ratio need not remain a constant. However, in this study,
the Pu-to-244Cm is assumed to be a constant during pyroprocess-
ing. This ratio can be measured by measuring Pu and 244Cmmasses
in a sample [10]. In this study, it is assumed sampling is conducted
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at the granulation step of pyroprocessing. The reasons are follows:
1) the nuclide composition in granules samples could be more
uniform than that in the chopped piece samples and 2) the sam-
pling granules (a centimeter- or millimeter-scale) would be easier
than the sampling of powders after voloxidation because the size of
powders is in a micro-scale. At the final step of pyroprocessing
where a transuranic-uranium (TRU:U) ingot is obtained as the
product only 244CmKMP mass is measured using a coincidence
neutron detection system [11e15]. Even though 224Cm can vary as
functions of burnup, cooling time, type of a nuclear fuel and reactor
type, the most dominant neutron source in used nuclear fuel as-
semblies within a cooling time of 3e5 years for reprocessing is
244Cm. For instance, about 97% neutrons in a used fuel assembly
discharged by a light water reactor with 45GWd/MTU are gener-
ated by a spontaneous fission of 244Cm [7]. Therefore, the neutron
counting and 244Cm mass measurement can be applied for safe-
guarding the pyroprocessing system. With the 244CmKMP mass
estimated at the final step, the PuKMP mass can be calculated using
Eq. (2). The systematic and random uncertainties of each term in
Eq. (2) have been studied by KAERI [5]. A mere uncertainty prop-
agation presented by KAERI would not be enough. A new scheme to
evaluate the probability of Type-I error (a, false positive error) for
the Pu MUF estimation, which is a performance metric for the
safeguards assessment [16,17] has been developed by Woo et al.
[18]. In the scheme proposed by Woo et al. [15], the a value was
evaluated by the hypothesis testingmethod for representative used
nuclear fuel assemblies assuming the Pu-to-244Cm ratio (see Eq.
(2)) method recommended for Pu accounting. However, Woo
et al.’s scheme of estimating Type-I error needs modification for
analyzing Pu diversion scenarios in a pyroprocessing system.
Modified Type-I error estimation as well as the associated sensi-
tivities in Type-II error (b, false negative error) estimation for Pu
material accounting using the Pu-to-244Cm ratio under hypotheti-
cal Pu diversion scenarios for a pyroprocessing facility are pre-
sented in this study.

2. Methodology

2.1. Loss of Pu (LOPu)

A new random variable named Loss of Pu (LOPu) is defined as
the difference between the original Pu mass (PuO) with no Pu
diversion and the Pu mass after diversion has occurred (PuL) as
shown below,

LOPu ¼ Puo � PuL (3)

Eq. (3) can be rewritten by substituting Eq. (2),

LOPu ¼ ðRatioO � 244CmOÞ � ðRatioL � 244CmLÞ (4)

where RatioO and 244CmO are the original Pu-to�244Cm ratio and
244Cm mass, and RatioL and 244CmL are the Pu-to�244Cm ratio and
244Cm mass for the diversion scenario. The two random variables,
PuO and PuL, are measured values using the Pu-to-244Cm ratio
method. The Pu-to-244Cm ratio is a random variable consisting of a
ratio of two normally distributed random variables, Pu and 244Cm
masses. The Pu-to-244Cm ratio of two independent Gaussian
random variables does not follow a Gaussian distribution instead it
follows the Cauchy distribution. However, the Geary-Hinkley
transformation can be used to convert the ratio that follows a
Cauchy distribution to a Gaussian distribution [19]. The approxi-
mate mean and variance of the transformed Gaussian distribution
of the Ratio can be evaluated by solving the quadratic equation,

Ratio2
�
m2Pu � z2s2Pu

�
� 2Ratio

�
mPum244Cm

�þ �
m2244Cm � z2s2244Cm

�

¼ 0

(5)

where mPu and m244Cm are the means of Pu and 244Cm, sPu and s244Cm

are the standard deviations of Pu and 244Cm from their respective
individual Gaussian distributions. The variable, z, is the critical
value for the confidence interval. The z value is set as 1.96 for a 95%
confidence interval in this study. The mean of random variable,
Ratio, is the average of the two solutions of Eq. (5). The standard
deviation of Ratio is the sum of two solutions of Eq. (5) divided by z.
Then, the random variables, PuO and PuL can be represented by
PuO � NðmPuO

; s2PuO
Þ and PuL � NðmPuL

; s2PuL
Þ. The random variable,

LOPu, can also follow the normal distribution expressed as LOPu �
NðmLOPu;s2LOPuÞ. In this study, the uncertainties of measuring 244Cm
by using the coincidence neutron detection system denoted by
244CmO and 244CmL in Eq. (4) are ignored to focus on the effect of
non-uniform Pu and 244Cm spatial compositions in the uncertainty
of evaluating the Pu-to�244Cm ratio on the NMA. The expected
value and standard deviation for LOPu can be formulated as follows,

mLOPu ¼ mRatioO � 244CmO � mRatioL � 244CmL (6)

sLOPu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sRatioO � 244CmO

�2 þ �
sRatioL � 244CmL

�2q
(7)

In this study, a protracted diversion scenario is assumed, that is a
few hundreds of grams of Pu is diverted per day for about a month
(which is one MBP) to obtain one significant quantity (SQ) of 8 kg
Pu. Details of the protracted diversion are shown in Table 1. After
processing identical and independent multiple N used fuel as-
semblies, the expectation value (m) and standard deviation (s) of
LOPu are evaluated by the properties of error propagation using

mNLOPu ¼ mLOPu;1 þ mLOPu;2 þ mLOPu;3 þ/þ mLOPu;N ¼ mLOPu � N

(8)

sNLOPu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sLOPu;1

�2 þ �
sLOPu;2

�2 þ �
sLOPu;3

�2 þ/þ �
sLOPu;N

�2q

¼ sLOPu
ffiffiffiffi
N

p

(9)

Equations (7) and (8) are valid, if individual mLOPu and sLOPu
satisfy the following two conditions,

mLOPu;1 ¼ mLOPu;2 ¼ mLOPu;3 ¼ / ¼ mLOPu;N ¼ mLOPu and sLOPu;1

¼ sLOPu;2 ¼ sLOPu;3 ¼ ::: ¼ sLOPu;N ¼ sLOPu

These two conditions are true in this study because every fuel
assembly of same type is modeled identically. In a real scenario,
these mLOPu and sLOPu values for each assembly may not be exactly
same.

2.2. Hypothesis testing

A null (H0) and an alternative hypothesis (Ha) are defined where
the randomvariable LOPu is respectively equal to zero and 8 kg. One
SQ given by IAEA for Pu is 8 kg [1]. Since the LOPu cannot be 8 kg in
one used fuel assembly the variable N in Eqs. (8) and (9) are
calculated as the number of used fuel assemblies for which LOPu is
equal to 8 kg. The probability of Type-II error (b) for LOPu can be
then formulated as,
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b ¼ Prob

(
LOPu� mNLOPu

sNLOPu
� S� mNLOPu

sNLOPu
jHa

)
¼ F

(
S� mNLOPu
sNLOPu

)

(10)

where S is the threshold value. Therefore, the probability of
detection for LOPu when there is only a single KMP after treating N
used fuel assemblies is

1� b ¼ F

(
mNLOPu � S

sNLOPu

)
: (11)

2.3. Uncertainty for evaluating the Pu-to-244Cm ratio

In a previous study, the mean and standard deviation of the
ratio, mRatio and sRatio, caused by the non-uniformity of nuclide
composition in used fuel assemblies has been evaluated [18]. The
tasks for evaluation in that study were as follows; 1) using fuel
depletion simulations obtain the radial and axial non-uniformity
Pu and 244Cm compositions in each fuel rod in three representa-
tive used fuel assemblies as shown in Figs. 1 and 2) modify these
composition data from the simulations to depict the processing for
materials in the chopping, voloxidation and granulation processes;
3) estimate themean and standard deviation of Pu and 244Cm in the
single granule as a function of powder and granule sizes; 4) sub-
stitute the mean and standard deviation values in the quadratic
equation for the Geary-Hinkley transformation; and 5) assign the
average of two solutions from the task-4 as the mean of the Pu-
to-244Cm ratio and average of two solutions divided by the critical
value as its standard deviation. The three nuclear fuel assemblies
shown in Fig. 1 were selected because these three assembly types

were used in an equilibrium core of optimized power reactor-1000
[20,21], which is one of the representative reactor types in the
Republic of Korea.

3. Evaluation for the probability of detection

3.1. Analysis of Pu material missing scenarios

As discussed in section 2.3, the fuel depletion simulation results
using the SERPENT code are used to create the data (Table 2 in
reference [18]) needed for the analysis of Pu material missing
scenarios for a pyroprocessing facility. Among several nuclide
composition data in that paper, the 3 cycles depletion results for
Typ-0, Type-1 and Type-2 fuel assemblies are utilized in this study.
The Pu masses in each chopped fuel rod piece, powder and granule
can be obtained from this data. In order to develop Pu material
diversion scenarios, it is assumed that material is diverted from
chopped pieces of fuel rods (1 cm in length) right after the chop-
ping process, which is the first process in the head-end process of
pyroprocessing. The two different Pu material diversion scenarios
analyzed are:

� Scenario 1: diversion of 5 pieces per rod,
� Scenario 2: diversion of 10 pieces per rod.

One fuel rod on an average is chopped into 381 pieces because
the active fuel length is 381 cm. One fuel assembly consists of 236
fuel rods. Therefore, the total generated pieces by the chopping
process for one fuel assembly is 89,916 pieces. Number of diverted
pieces for two cases are 1180 (scenario 1), and 2360 (scenario 2)
pieces per fuel assembly. The chopped pieces diverted are inten-
tionally selected pieces originally located in the middle of fuel rods,
because the Pu mass in the pieces from the middle part of the fuel

Table 1
Pu masses in used fuel assemblies considered for the diversion scenarios analysis.

Fuel assembly type Pu mass for scenarios [kg]

Original Pu mass Scenario 1 Scenario 2

5 pieces per rod Pu massþ diverted per day 10 pieces per rod Pu massþ diverted per day

Type-0 4.91 4.84 (122)* 0.30 4.78 (61)* 0.61
Type-1 5.30 5.23 (113)* 0.33 5.16 (56)* 0.66
Type-2 5.32 5.25 (112)* 0.33 5.17 (56)* 0.66

þAssuming 4.6 fuel assemblies on an average is chopped per day [22].
*The number in bracket indicates the number of fuel assemblies needed to obtain one SQ for the given diversion scenario.

Fig. 1. Thee representative fuel assembly types.
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rods is generally greater than those in the pieces from other loca-
tions. For example, in the case of scenario 1, the diverted pieces are
from locations at the heights of 190 cm,189 cm,188 cm,187 cm, and
186 cm from the bottom of the fuel rod. After the diversion has
occurred, the remaining Pu masses that will be accounted for are
summarized in Table 1. Table 1 also contains the data on original Pu
masses if the diversion had not occurred. The column named
‘Original Pu mass’ in the table is the original Pu mass without
involving any diversion. Then, the next two columns show the Pu
mass for the diversion scenarios of 5 and 10 pieces per rod,
respectively. The difference between the original Pu mass and the
Pumass after diverting from one single assembly is less than 1SQ of
Pu. In this study, the objective is to consider the diversion of 8 kg of
LOPu in both scenarios. Hence, several assemblies are needed for
each scenario (5 or 10 pieces per rod) for the LOPu to be 8 kg. The
number of assemblies should be integer; therefore, a ceiling func-
tion is applied to the count and number of assemblies,N is shown in
the brackets in Table 1. The data of N is utilized in Eqs. (8)e(11).

There is no information available on the interval length of a MBP
in a commercial pyroprocessing facility. However, literature from
KAERI suggests that 4.6 fuel assemblies can be treated per day [22]
which means the largest number of fuel assemblies from Table 1
(122) could be treated in one month which could become the
MBP for the NMA. In addition to that, in a pyroprocessing facility,
the product ingot (TRU-U ingot) falls under the IAEA category of
“unirradiated direct use material” for which the suggested MBP is
one month.

3.2. MBA for the key-pyroprocessing

The single MBA type (MBA-I) consisting of five KMPs including
three main processes (the electrolytic-reduction, electro-refining,
and electro-winning processes) as shown in Fig. 2 has been utilized
in the previous study [18]. After completing the electrochemical
process reaction, the dross floating above the molten salt solution

contains rare earth elements. This dross is mechanically separated
and treated as waste [23]. U is recovered by the electro-refining
process. After this process, the molten salt contains a small
amount of U remainder and TRU elements. These elements are
recovered together by a liquid cadmium cathode (LCC) of the
electro-winning process. Then, products of the electro-winning
process are manufactured to a TRU-U ingot, which is in the ratio
1:1. The key-pyroprocessing has several KMPs which are sequen-
tially connected before and after each step. At each KMP there are
two possible outcomes which are detection and non-detection of
nuclear material diversion. If an event is detected at one KMP, it can
be determined that this event is detected, even though the previous
KMPs did not detect the event. Various possible outcomes of a given
initiating event at each KMP can be expected and developed by the
inductive logic method, the event tree method [24]. Based on the
MBA shown in Fig. 2, the probability of detection (D) for the entire
system can be computed by the event tree as shown in Fig. 3.
Among 6 possible outcomes, the pathway for non-detecting an
event is that the pathway consisting of non-detecting an event at all
KMPs which is represented by ‘ND’ in the outcome column in Fig. 3.
Except for this pathway, all other possible pathways can be judged
to detect an event. One possible pathway consists of single or
multiple components of detection or non-detection. Thesemultiple
components are connected in series, therefore, the probability of
detection for one possible pathway is the multiplication of detec-
tion or non-detection probabilities at each KMP. Each possible
pathway for detecting an event is independent. Therefore, the total
probability of detection (TDP) for the LOPu event in the system is
the summation of probabilities of detection for each possible
pathway in the MBA-I as formulated,

TDP ¼
X5
i¼1

ProbfDig (12)

Fig. 2. The MBA-I for the key-pyroprocess.
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where Prob{Di} is the probability of detection in the ith-pathway.
In a previous study, depending on the size of powder and

granule sampled, the uncertainty for evaluating the Pu-to-244Cm
ratio associated with the non-uniformity of nuclide composition in
representative used nuclear fuel assemblies was evaluated [18]. The
uncertainty of this ratio, which is mathematically a result from Eq.
(5), as a function of power and granule size is substituted into Eq.
(11) with the N values shown in the brackets of Table 1. Then, the
probability of detection is evaluated using Eq. (12). Finally, Fig. 4

shows the probability of detection for the LOPu as a function of
the radii of the granule and the powder particle sizes for both
scenarios of Pu diversionwhen i) the used fuel assembly is of Type-
0, Type-1 and Type-2 after 3 cycles of fuel depletion and ii) a single
granule is randomly selected as a sample. The current suggestion
for material accountancy is the probability of detection should be
greater than or equal to 95%, which is corresponding to the dark
orange color area in Fig. 4. From Fig. 4, it is seen that there is a high
possibility of probability of detection for the LOPu to be less than

Fig. 3. Event tree for the MBA-I.

Fig. 4. Total probability of detection for the LOPu in the key-pyroprocess for the Type-0, Type-1, and Type-2 assembly after 3 cycles depletion under scenarios 1 and 2.

S.M. Woo, S.S. Chirayath / Nuclear Engineering and Technology 51 (2019) 198e206202



95% when a single granule is sampled to evaluate to the ratio of Pu-
to-244Cm. The area for probability of detection greater than 95% is
getting greater as the number of missing pieces increase (scenario 1
to 2). This is because it is easier to detect larger amounts of diverted
material. These results show how the non-uniformity of nuclide
composition in used nuclear fuel assemblies affect the detection of
loss of Pu scenario. As shown in the previous study, increasing the
samples size (by increasing the number of granules in the sample)
significantly enhanced the material accountancy limited by the
non-uniformity of nuclide composition in used nuclear fuel as-
semblies [18]. In the next section, change of TDP for the Pu diversion
scenario are analyzed with respect to the reconfiguration of the
MBA and due to the increase in sample size.

3.3. New MBA model for the key-pyroprocessing

The new MBA type (MBA-II) for the key-pyroprocessing is
modeled in this section. The main concept is that each batch pro-
cess in the key-pyroprocessing is set as an independent MBA.
Therefore, the key-pyroprocessing consists of three individual
MBAs as shown in Fig. 5. Then, the event tree is built to evaluate the
probability of detection for the LOPu condition in the system as
shown in Fig. 6. The order of KMPs in the event tree is based on the
order of mass flow stream from the electrolytic-reduction to the
electro-winning process shown in Fig. 5. Since more number of
KMPs are employed in the MBA-II model, more outcomes are
possible compared to that of the MBA-I model shown in Fig. 3. The
probability of detection for each pathway is evaluated by taking the
product of probability of detection or non-detection in that
pathway. Finally, the TDP in the MBA-II system can be evaluated as
the summation of all detecting scenario pathways as,

TDP ¼
X7
i¼1

ProbfDig (13)

In order to compare the probability of detection for the LOPu
event between the two MBA types, the Type-2 assembly after the 3
cycles of depletion is selected for scenario 1 only. The TDP for the
MBA-I (left) and MBA-II (right) are plotted as a function of powder
and granule size when a single granule is randomly selected as a
sample in Fig. 7. The two contour plots in Fig. 7 show the effect on
TDP due to the increasing in the number of MBAs or KMPs in the
system. The color-map range for the MBA-I model is widely spread
out from 80% to 100%, in contrast, the TDPs of the 8 kg LOPu event
for theMBA-II model aremostly greater than 96%, even though only
single granule is taken as a sample to evaluate the ratio in the head-
end process. The dramatic increase in the probability of detection is
attributed to the large number of KMPs because it increases the
chances for detecting unanticipated or undesirable events. The
increasing the number of KMPs can enhance the NMA, on the other
hand, it could also increase the time for safeguards, processing, and
operating the system. These concepts and approaches could be
utilized as a methodology to design the MBA for the nuclear
facilities.

All previous results are based on the sample size of granule
being one. However, in practice the sample size can vary. In order to
investigate the effect of varying sample size, the probability of
detection for the 8 kg LOPu using the Type-0 used fuel assembly
after the 3 cycles depletionwhen one granule is taken as a sample is
compared to the results when the number of granule sample is ten
and results are shown in Fig. 8. The result for the ten granules case
shows significant increase in the area for probability of detection
greater than 95%, although the enhancement of detection proba-
bilities is not as much for the case where MBA model is changed
from MBA-I to MBA-II.

Hence, it can be concluded that increasing the number of MBAs
along with KMPs and the sample sizes can avoid the protracted Pu
diversion events. This is due to the possibility of including in the
calculations the uncertainty associated with the non-uniformity of
Pu and 244Cm nuclide composition. Moreover, the number of

Fig. 5. The new MBA type (MBA-II) for the key-pyroprocess.
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assemblies necessary for the LOPu to be 8 kg for the Pu diversion
scenario 1 is approximately 110~150 as shown in Table 1. According
to the conceptual design for Korea Advanced pyroprocessing Fa-
cility Plus, around 4.6 spent fuel assemblies are planned to be
treated per day. At that rate, it would take about 20~30 days for
processing of 110~150 assemblies. After every campaign, inspection
should be conducted by both operators and inspectors. Those in-
spection and verification works avoid the LOPu getting near 8 kg.

This approach would be supportable to decide the MBP of
pyroprocessing.

4. Summary and conclusion

A new methodology to evaluate the Pu mass accountability in
pyroprocessing is developed. Among several uncertainty sources of
material accounting in used fuel pyroprocessing, this study focused

Fig. 6. Event tree for evaluating the total probability of detection for the LOPu in the new MBA type.

Fig. 7. Probability of detection for the LOPu in the key-pyroprocess for Type-1 fuel assembly based on two MBA models (left: the MBA-I model, and right: the MBA-II model) when
the missing 5 pieces per rod case is applied.
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on how the non-uniform nuclide composition of Pu and 244Cm in
used fuel assemblies could affect the detection of Pu material loss if
a planned Pu-to-244Cm ratio is used for this purpose. To test the
feasibility of the new method proposed, results of a previous study
consisting of high fidelity reactor core physics and fuel depletion
simulations are utilized. These simulation results provided the
radial and axial spatial distributions of Pu and 244Cm for each used
fuel rod of representative fuel assemblies. Moreover, available from
that study were the uncertainties in evaluating the Pu-to-244Cm
ratio for Type-0, -1, and -2 representative used fuel assemblies.
Based on the previous study aforementioned a random variable,
LOPu, is newly defined as the difference between the original Pu
mass and the Pu mass after the protracted diversion of 1SQ Pu
material. The probability of detection for the 8 kg LOPu in the
pyroprocessing system is evaluated with respect to the size of
granule and powder using the hypothesis testing method and the
event tree analysis. It is observed that for some of the hypothetical
Pu material diversion scenarios the probability of detection for the
8 kg LOPu is less than 95%. In order to enhance the probability
detection, a new MBA scheme with more number of KMPs for the
key-pyroprocess is proposed and analyzed. The probabilities of
detection for used fuel assemblies based on this new scheme is
found to be greater than 96%. It is also observed that when the
granule sample size increases from one to ten, the probability of
detection for the LOPu significantly increased. Based on these ob-
servations, even though the material accountability could be
affected by the non-uniformity of nuclide composition, it can be
concluded that this weakness could be surmounted by decreasing
the uncertainty of the ratio by increasing the sample size and by
modestly increasing the number of MBAs and number of KMPs in
the pyroprocessing system.

The robust NMA for pyroprocessing that utilizes the MBA-II
configuration presented in this study and an increased sample
size (i.e. number of granules per sample) can alleviate the prolif-
eration risk. The provision to use the uncertainty in the Pu-
to-244Cm due to the non-uniformity of Pu and 244Cm nuclide

composition presented in this study is also helpful for making the
NMA robust. In the future, additional sources of uncertainty, such as
instrument uncertainties, will be considered along with the Pu and
244Cm nuclide composition uncertainties considered in this study.
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