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a b s t r a c t

An analysis of a pyroprocessing safeguards methodology employing the Pu-to-244Cm ratio is presented.
The analysis includes characterization of representative used nuclear fuel assemblies with respect to
computed nuclide composition. The nuclide composition data computationally generated is appropri-
ately reformatted to correspond with the material conditions after each step in the head-end stage of
pyroprocessing. Uncertainty in the Pu-to-244Cm ratio is evaluated using the Geary-Hinkley trans-
formation method. This is because the Pu-to-244Cm ratio is a Cauchy distribution since it is the ratio of
two normally distributed random variables. The calculated uncertainty of the Pu-to-244Cm ratio is
propagated through the mass flow stream in the pyroprocessing steps. Finally, the probability of Type-I
error for the plutonium Material Unaccounted For (MUF) is evaluated by the hypothesis testing method
as a function of the sizes of powder particles and granules, which are dominant parameters to determine
the sample size. The results show the probability of Type-I error is occasionally greater than 5%. However,
increasing granule sample sizes could surmount the weakness of material accounting because of the
non-uniformity of nuclide composition.
© 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

The Korea Atomic Energy Research Institute (KAERI) developed
a pyroprocessing technology with the objectives: (1) to reduce the
volume of nuclear waste from Pressurized Water Reactor (PWR)
used fuels, (2) to produce transuranic (TRU) fuel from the used fuel
for recycling in fast neutron spectrum reactors, (3) to reduce heat
generation from used fuel, and (4) to reduce the toxicity of used fuel
[1,2]. Before operating the pyroprocessing system, safeguards
should be established, because a pyroprocessing system produces
inherently attractive nuclear materials. The attractiveness comes
from the fact that the TRU-U ingot product contains Pu and is free
from fission products [3]. The safeguards approach options for a
pyroprocessing system, such as curium (Cm) accounting to indi-
rectly account for plutonium (Pu) via a Pu-to-244Cm ratio, a
Destructive Assay (DA) of U/TRU product, homogenization of the
molten salt solution of used fuel for DA to obtain the Pu

composition and Pu-to-244Cm ratio, etc., are explained in Ref. [4].
One of the options for pyroprocessing safeguards is employing the
Pu-to-244Cm ratio method of Nuclear Material Accountancy (NMA)
[5] based on the equation,

Pu ¼
�

Pu
244Cm

�
� 244CmKMP; (1)

where 244CmKMP is the concentration of 244Cm at KeyMeasurement
Points (KMP) before and after the Material Balance Area (MBA) in a
pyroprocessing hot cell. This concentration can be measured by
neutron radiation measurements because the most neutron emis-
sion in sufficiently cooled used fuel is due to spontaneous fission of
244Cm. For example, around 97% neutrons from one used nuclear
fuel of 45GWd/tU with 5-year cooling time is from 244Cm [5]. That
yield can be varied with respect to burnup, a cooling time, fuel
types and reactor types. The Pu-to-244Cm ratio can be evaluated by
DA or Non-Destructive Assay (NDA) [5]. This ratio is assumed to
remain constant through the various steps of pyroprocessing such
as electrolytic-reduction, electro-refining, and electro-winning [6].
At the same time, it is worthwhile to mention that there were
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studies which reported this ratio may not be a constant because of
the differences in electrochemical potential between Cm and Pu [7].
However, it has not been proven yet experimentally that such a
small electrochemical potential difference will keep the ratio from
being not a constant. Experiments are planned to study this aspect.
Hence, for the current study, the Pu-to-244Cm ratio is assumed as a
constant throughout the pyroprocessing steps. Various studies on
the use of Pu-to-244Cm ratio method for the Pu NMA have been
reported in literature with respect to the safeguardability of pyro-
processing. Safeguardability being the ability to perform effective
NMA to meet IAEA's objectives, which are (a) timely detection of
diversion of significant quantities of nuclear material (8 kg of Pu)
from peaceful nuclear activities to the manufacture of nuclear
weapons or of other nuclear explosive devices or for purposes
unknown, and deterrence of such diversion by the risk of early
detection; and (b) the detection of undeclared nuclear material and
activities in a State. One of the studies reported is on the detection
of coincidence neutrons from used fuel assemblies to measure
244Cm. The Pu-to-244Cm ratio method proposed in this study is to
estimate the Pu mass indirectly by measuring the mass of 244Cm
through a coincidence neutron counting method [5,8]. The change
of 244Cm concentration and the Pu-to-244Cm ratio in used fuel is
numerically characterized by Richard et al. [9], which is an
important work in using this ratio method for safeguards applica-
tion. There are also studies that reported the calibration and veri-
fication aspects of the coincidence neutron detection system to
accurately measure 244Cm in used fuel and the comparison of re-
sults by a radiation transport code [10e13]. Borrelli studied and
reported the expectedmagnitude of neutron fluxes by spontaneous
fissions from 244Cm in the fuel fabrication unit of pyroprocessing
hot cell [14]. The general uncertainty, such as the systematic and
random errors of the Pu-to-244Cm ratio, was reported by Han et al.
[6]. The Pu-to-244Cm ratio sensitivity with respect to fuel burnup,
initial uranium (U) enrichments in fuel and cooling times since
irradiation were studied through simulations and reported by
Fensin et al. [15]. However, the effects of specific uncertainty
sources in the determination of the Pu-to-244Cm ratio has not been
discussed. In this study, we focus on characterizing the non-
uniformity of nuclide compositions especially Pu and 244Cm in
the used fuel and its effect on using the Pu-to-244Cm ratio method
for nuclear material accountancy in pyroprocessing.

In order to achieve a reliable nuclide composition data in used
fuel assemblies, fuel burnup simulations are conducted by
employing a detailed model of a fuel rod. Based on that, repre-
sentative used fuel assemblies which will undergo pyroprocessing
are characterized in this study. Subsequently, the uncertainty for
evaluating the Pu-to-244Cm ratio due to this non-uniformity of
compositions is analyzed and presented from a statistical uncer-
tainty perspective. Finally, the probability of Type-I (false alarm)
error for the Pu Material Unaccounted For (MUF) or also known as
Inventory Difference (ID) [16], which is a performance metric, is
evaluated for the discussion on pyroprocessing safeguards.

2. Methodology

2.1. Characterization for representative used fuel assemblies

Fuel burnup simulations are conducted using the continuous-
energy Monte Carlo neutron transport and burnup calculation
code, Serpent [17]. The following assumptions are made in order to
obtain accurate data suitable for this study: (1) burnup steps less
than or equal to 25 days; (2) xenon equilibrium calculation as
available in Serpent, (3) the axial moderator temperature and its
density distribution, and (4) 30 and 10 meshes in the axial and
radial direction for the active fuel region. The details of moderator

temperature profiles, coolant density distribution and mesh
configuration are described in the next paragraph.

The axial moderator temperature is obtained by the heat con-
servation equation between fuel and moderator [18]. That conser-
vation equation is simplified by assuming an axial extrapolation
length approximately equal to the length of fuel as shown below,

TðzÞ ¼ Tinlet þ
�
Toutlet � Tinlet

2

�
�
h
1þ sin

�pz
H

�i
; (2)

where T is a water temperature with respect to an axial location, z,
Tinlet and Toutlet are inlet and outlet water temperatures of the
reactor core, and H is the height of fuel rod. The temperature dif-
ference between the inlet and outlet is 32 �C [19]. The density of
water along the active length of the fuel rod is calculated using
IAPWS-95 assuming a constant pressure, 15.5 MPa, and the results
are shown in Fig. 1. This axial distribution for moderator density is
applied into the burnup simulations to obtain reliable nuclide
composition data for a used nuclear fuel.

The three assembly types, Type-0, -1, and -2, of the equilibrium
reactor core in Optimized Power Reactors (OPR)-1000 are selected
as representative fuel assemblies [20,21]. The main difference
among the three assemblies is the number of neutron absorbing
gadolinia (Gd2O3)-bearing fuel (GBF) and their location in the as-
sembly. The GBF consists of 6.0 % w/o Gd2O3 and natural UO2 fuel.
The representative assemblies called the PLUS-7 model are illus-
trated in Table 1 and Fig. 2, which is a quarter of a fuel assembly
[20]. Additional assumptions are as follows: (1) the capacity factor
is 90%, (2) the cycle length of each 3 cycle is 18 months, (3) the
cooling time after discharging is 5 years, (4) the thermal power per
assembly, 15.90 MW, is calculated by the total power of the reactor
core, 2815 MWth, divided by the number of assembly in the core,
177, (5) there is no boron in the moderator, (6) the number of
histories for the Serpent simulations is 150,000 for 250 active cycles
and 50 inactive cycles, (7) the ENDF/B-VII.0 neutron cross section
library is utilized, (8) the relative stochastic 1-s (standard devia-
tion) uncertainty in the neutron fluxes estimated by the Serpent
code shall be less than 10 %, and (9) the stochastic 1-s uncertainty
in the effective neutron multiplication factor shall be less than 10
pcm.

Since the simulation of the fuel rod burnupwith large number of
meshes in both the axial and radial directions is computationally
expensive, simulations to obtain the concentration of Pu and 244Cm
distribution in radial and axial directions are decoupled.

To obtain the axial distribution of Pu and 244Cm concentration,

Fig. 1. Axial distributions for water temperature and its density.
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each fuel rod is divided into 30 axial meshes each having one radial
mesh. These 30 axial meshes have the following dimensions: the
first five meshes from the bottom of the fuel rod are 1.0 cm each in
length. The next five meshes are 5.0 cm each in length. The length
of the 11th to the 15th mesh is 10.0, 20.0, 30.0, 40.0, and 60.5 cm
respectively. The dimension for rest of the meshes, 16th to 30th, are
symmetrically same to that of the 15th to the 1st meshes. The
meshes at the bottom (1st mesh) and top (30th mesh) of the fuel rod
are finer than those in the mid-plane. This type of mesh configu-
ration is used for the Class-1 (see Fig. 2) simulations, which treats
each fuel rod in the assemblies (Type-0, -1, and -2) independently
for burnup.

To obtain the radial distribution of Pu and 244Cm concentration,
each fuel rod is divided into 30 axial meshes each having 10 radial
meshes. The 30 axial meshes have the same dimensions discussed
above for the description of Class-1 simulation. The 10 radial
meshes per each axial mesh have radii 0.224, 0.317, 0.330, 0.343,
0.355, 0.366, 0.378, 0.389, 0.399, and 0.410 cm. The radial meshes
are such that for a given axial layer, the volume is same. This type of
mesh configuration is used for the Class-2 (see Fig. 2) simulations.
For these Class-2 simulations instead of treating each fuel rod
independently, same 235U enrichment fuel rods (shown in Fig. 2 as
2, 3, and 4) are treated identically for burnup. Please note numbers
1, 22, 23, and 27 in Fig. 2 are water filled locations.

Once the two sets of Class-1 and -2 completed simulations are
decoupled, the following coupling scheme is used to get the final
axial and radial distribution of Pu and 244Cm concentration in each
fuel rod for each assembly type. First step is to obtain from Class-2
simulations the average concentration of Pu and 244Cm at an axial
layer from the 10 radial meshes which is then used to normalize
each radial mesh concentration for each fuel rod of same enrich-
ment. The second step is to multiply the normalized concentration
values from the first step with the corresponding axial concentra-
tions of Class-1 simulations for each fuel rod. At the end of the
second step we can obtain Pu and 244Cm concentrations for all the
10 radial meshes per each axial mesh for every fuel rod in the
assembly.

2.2. Sampling of granule

The head-end steps in pyroprocessing consist of the chopping,
voloxidation, and granulation processes. The length of chopped
pieces has not yet been decided. However, assumed lengths re-
ported in literature are as follows. The length of the chopped piece
varied from 2.5 to 5 cm inWilliamson's paper [22]. The IAEA report
reports the length of the chopped fuel piece ranging from 3 to 5 cm
[23]. In order to calculate the necessary pyroprocessing cell size for
decladding and voloxidation process, KAERI considered that the
lengths of chopped fuel pieces are 3, 5, 7, and 10 cm [24]. However,
the length of chopped fuel pieces in the feed material for volox-
idation experiments at KAERI was 1.5 cm in 2008 [25] and 1.01 cm
in 2015 [26]. In this study, a 1 cm length is assumed for the chopped
piece, which is about the length of one fuel pellet. This is because
the latest literature assumed a 1.01 cm chopped piece length and
this smaller chopped piece length would increase the non-
uniformity of nuclide composition among pieces. This is because
of the following reason. The non-uniformity for any used nuclear
fuel assembly is computationally known. This non-uniformity in-
formation is known for the axial discretization of the fuel used in
the computations. If the chopped piece length is smaller than the
axial discretization that was used in the computations then the
non-uniformity is assumed to be same as that of the axially

Table 1
Design parameters for a fuel assembly.

Quantity Value

Specific power [kW/kgU] 36.91
Enrichments [% w/o] 4.5 and 4.0
Pellet density [g/cm3] 10.44
Pellet diameter [cm] 0.826
Clad inner diameter [cm] 0.843
Clad outer diameter [cm] 0.970
Cladding ZIRLO
Active length [cm] 381.0
Fuel pin pitch [cm] 1.285
Assembly size 16 � 16

Fig. 2. Layout of the Class-1 and -2 configurations for the Type-0, -1, and -2 fuel assemblies.

S.M. Woo et al. / Nuclear Engineering and Technology 50 (2018) 1120e11301122



discretized piece. At the same time if the chopped piece length is
larger than the axial discretization used, then an average of two
pieces will be taken, which can reduce the non-uniformity. By that
measure, the total number of chopped pieces generated for one
assembly is 89,916 because the length of one fuel rod is 381 cm and
236 fuel rods are loaded into a single fuel assembly.

It is assumed that the sampling to evaluate the Pu-to-244Cm
ratio is conducted after the granulation process. In order to depict
sampling of a granule based on the burnup simulation results, the
radial and axial non-uniformity data of each fuel rod are refor-
matted as shown in Fig. 3. In this process, spherical powder parti-
cles as well as granules are assumed to be all of the same size (same
volume). The impact of the size is determined with a parametric
study varying the diameter of powder particles from 10 to 100 mm,
and the diameter of granules from 0.5 to 2 mm. Once the size of the
two component is set, the number of powder particles in one
granule can be calculated by the ratio of each volume. For example,
if the diameters of powder particles and granules are 100 mm and
2 mm respectively, the maximum theoretical number of powder
particles in a single granule is 8000, which is utilized as the sample
size. Finally, the standard deviation of nuclide compositions, Pu and
244Cm, in the single granule is calculated by the standard deviation
of nuclides for total powder particles divided by the square root of
the sample size. This approach could be appropriate based on the
central limit theorem.

The Pu-to-244Cm ratio consisting of the ratio of two normally
distributed random variables follows the Cauchy distribution for
which the mean and variance cannot be computed. The Cauchy
distribution can be approximately transformed to the normal dis-
tribution by the Geary-Hinkley (GH) transformation [27]. The
governing equation for the random variable, Ratio, which is the
ratio of two normally distributed random variables (Pu and 244Cm),
is as follows:

Ratio2
�
m2Pu � z2s2Pu

�
� 2RatioðmPum244CmÞ

þ
�
m2244Cm � z2s2244Cm

�
¼ 0;

(3)

where mPu and m244Cm are themeanmass densities [g/cm3] of Pu and
244Cm, sPu and s244Cm are the standard deviation in the mean mass
densities [g/cm3] Pu and 244Cm, and z is the critical value for the
confidence interval. By solving the quadratic Eq. (3) with respect to

Ratio, the average of two solutions represents the mean of the
Ratio and the summation of two values divided by z is the

standard deviation of the Ratio for a given confidence interval. In
this study, z value is 1.96 for a 95% confidence interval, which
means 2.5% each on the left and right sides of the Gaussian distri-
bution are not included for obtaining the cumulative area under the
distribution. If the confidence interval need to be 90% or 99%, then
the respective z values will be 1.65 and 2.58. For these two latter
cases, 5% and 0.5% each respectively on the left and right sides of
the Gaussian distribution are not included.

2.3. Hypothesis test for Material Unaccounted For (MUF)

A MBA is a designated area in a facility used by the IAEA safe-
guards inspectors for accounting nuclear material. In general, there
is at least a KMP each at the nuclear material input and output
location at the MBA. A postulated MBA for the pyroprocessing
system is shown in the black rectangle of Fig. 4. Even though the
processes in pyroprocess include salt recycling, salt waste treat-
ment, and salt distillation, the crucial electrochemical process
containing most of the Special Nuclear Material (SNM) as shown in
blue boxes of Fig. 3 are only considered in this study. There are 5
KMPs in this MBA: (1) at the feed (FPyro), (2) the dross (PDross) of the
electrolytic-reduction process, (3) the U-deposit (PUdeposit) at the
cathode of the electro-refining process, (4) at the TRUs withdrawals
from the liquid cadmium cathode (LCC) (PLCC) and (5) at the salt
(PWSalt) of the electro-winning process. Based on themeasurements
at the KMPs, the MUF for the pyroprocessing system (MUFPyro) can
be formulated as below:

MUFPyro ¼ �FPyro�� ðPDrossÞ �
�
PUdeposit

�
� ðPLCCÞ � ðPWSaltÞ:

(4)

Because we are interested in measuring Pu using the Pu-
to-244Cm ratio method, Eq. (4) can be rewritten as follows:

where PuMUFPyro is the Pu MUF in the pyroprocessing system,
PuFPyro is the Pumass in the feed, PuPDross is the Pumass in the dorss
of the electrolytic-reduction process, PuPUdoposit is the Pu mass in
the U-deposit at the cathode in the electro-refining process, PuPLCC
and PuPWSalt are the Pu mass in the LCC and the salt of the electro-
winning process, Ratio is the Pu-to-244Cm ratio, and the 244Cmmass
at each KMP is represented by replacing the text ‘Pu’ in the names of
KMPs for Pu into ‘244Cm’. The expectation and standard deviation
for PuMUFPyro can be formulated as,

PuMUFPyro ¼ �PuFPyro�� ðPuPDrossÞ �
�
PuPUdeposit

�
� ðPuPLCCÞ � ðPuPWSaltÞ

¼ �Ratio� 244CmFPyro
�� ðRatio� 244CmPDrossÞ �

�
Ratio� 244CmPUdeposit

�
�ðRatio� 244CmPLCCÞ � ðRatio� 244CmPWSaltÞ;

(5)

E
�
PuMUFPyro

	 ¼ E
�
Ratio� 244CmFPyro

	� E½Ratio� 244CmPDross� � E
h
Ratio� 244CmPUdeposit

i
�E½Ratio� 244CmPLCC � � E½Ratio� 244CmPWSalt �;

(6)
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The uncertianty in 244Cm measurement is not negligible based
on a study by Los Alamos National Laboratory (LANL) [28]. How-
ever, in order to analyze how non-uniformity of nuclide composi-
tion affects the evalution of the ratio and material accountancy,
244Cm measurement uncertianty is not taken into account in this
study, but will be included in future study. The hypothesis is that
PuMUFPyro is zero, therefore, the probability of Type-I (a) and Type-
II (b) error is evaluated by,

a ¼ Prob

(
PuMUFPyro
sPuMUFPyro

>
S

sPuMUFPyro






PuMUFPyro ¼ 0

)

¼ 1� F

 
S

sPuMUFPyro

!
; (8)

b ¼ Prob

(
PuMUFPyro �M

sPuMUFPyro
� S�M

sPuMUFPyro






PuMUFPyro ¼ M

)

¼ 1� F

 
M � S

sPuMUFPyro

!
; (9)

where S is a significant threshold value, 4 kg, F is the cumulative
Gaussian distribution as a function with M (e.g. 8 kg (1Significant
Quantity) for Pu) as an expectation value for an alternative hy-
pothesis and sPuMUFPyro . How the significant threshold value, S is
arrived at is explained next. A significant threshold value is the
statistical critical value to evaluate various probabilities, for
instance, the false positive, false negative, true positive, and true
negative rates. In order to satisfy the Type-I and Type-II errors less
than or equal to 5 %, the variable in the brackets of the cumulative
Gaussian distribution function in Eqs. (8) and (9) should be both
1.65. By solving these two equations simultaneously for M equal to
8 kg, the S and sPuMUFPyro are 4 kg and 2.42 kg, respectively.

Fig. 4. MBA for the pyroprocessing system.

Fig. 3. Procedure for sampling scheme of granules from the mesh configuration of a fuel rod from the burnup simulations.

sPuMUFPyro ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
sRatio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmFPyro

q �2
þ
�
sRatio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmPDross

q �2 þ �sRatio ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmPUdeopsit

q �2
þ
�
sRatio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmPLCC

q �2 þ �sRatio
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmPWSalt

q �2
vuuuut

¼ sRatio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
244CmFPyro þ 244CmPDross þ 244CmPUdeopsit þ 244CmPLCC þ 244CmPWSalt

q
:

(7)
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3. Results and discussions

3.1. Characterization for representative used fuel assemblies

The Pu and 244Cm mass densities as a function of axial location
for each fuel rod in each fuel assembly type are shown in Fig. 5. The
observations are as follows. Significant axial non-uniformity of
nuclide composition can be observed, particularly, at the top and
bottom of fuel rods. The non-uniformity of 244Cm mass density is

more significant than that of Pu. From Fig. 5, it can be noted that
specifically in the GBF rods, the axial Pu and 244Cm mass density
distribution deviates significantly from the average trend (greater
than the average for Pu and smaller for 244Cm). Such deviations are
expected because Pu production potential is higher in natural U
[29] of GBF rods. Similarly, the production potential of 244Cm is
expected to be lower in natural U of GBF rods because relatively
more neutron absorptions takes place in Gd compared to the pre-
cursors of 244Cm.

Fig. 5. Axial Pu and 244Cm mass density distribution in the fuel rods in ¼ of assembly for Type-0, -1, and -2 fuel assemblies after one, two, and three burnup cycles, and five years of
cooling; the dotted lines represent average mass density in a fuel assembly.

Table 2
Statistical results for Pu and 244Cm mass density after chopping and voloxidation.

Depletion cycle Chopping Voloxidation

Pu [g/cm3] 244Cm [g/cm3] Pu [g/cm3] 244Cm [g/cm3]

m s m s m s m s

Type-0 1 5.45E-2 7.98E-3 5.52E-6 2.95E-6 5.45E-2 2.05E-2 5.52E-6 4.13E-6
2 8.49E-2 8.22E-3 1.60E-4 6.54E-5 8.49E-2 2.88E-2 1.60E-4 1.04E-4
3 1.04E-1 8.42E-3 9.28E-4 3.17E-4 1.04E-1 3.20E-2 9.28E-4 5.58E-4

Type-1 1 5.81E-2 8.69E-3 6.96E-6 3.95E-6 5.81E-2 2.22E-2 6.96E-6 5.44E-6
2 9.09E-2 1.02E-2 1.89E-4 8.44E-5 9.09E-2 3.15E-2 1.89E-4 1.30E-4
3 1.12E-1 1.33E-2 1.05E-3 4.02E-4 1.12E-1 3.62E-2 1.05E-3 6.68E-4

Type-2 1 5.98E-2 9.05E-3 7.82E-6 4.72E-6 5.98E-2 2.30E-2 7.82E-6 6.39E-6
2 9.39E-2 1.12E-2 2.06E-4 9.90E-5 9.39E-2 3.28E-2 2.06E-4 1.47E-4
3 1.12E-1 1.54E-2 1.11E-3 4.62E-4 1.12E-1 3.72E-2 1.11E-3 7.38E-4
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3.2. Quantitative material accounting in pyroprocessing

The mean and standard deviation of Pu and 244Cmmass density
of chopped pieces and powder after the voloxidation1 process are
summarized in Table 2. The relative standard deviation of 244Cm is
larger than that of Pu because the axial non-uniformity of 244Cm is
more significant than that of Pu. The relative standard deviation of

Fig. 6. Type-I error values in the single granule sampling case for the Pu MUF in used fuel assemblies Type-0, -1, and -2 after one, two, and three fuel burnup cycles, and five years
cooling.

1 Voloxidation is the process of heating the used fuel in presence of oxygen to
release the volatile fission products and also to break the fuel into powder in order
to increase its surface area for the pyroprocessing steps.
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nuclide composition in the products of the chopping and volox-
idation processes increases for lower fuel burnup levels and for
larger number of GBFs in the fuel assembly.

3.3. Probability of Type-I error for the Pu Material Unaccounted For

The yields and efficiency of each batch process in pyroprocess-
ing are referred from Yoo et al. [30]. The actinide elements

including 1% U (the other 99% U is removed into pure U-ingot)
remaining from the electro-refining process are recovered by the
electro-winning process with the 99% yield producing an TRU-U
ingot with the ratio approximately equal to 1:1. Based on Eqs. (6),
(7), and (8), the Type-I error for the Pu MUF for treating a used
fuel assembly of each type in pyroprocessing is shown in Fig. 6. The
Type-I error data shown in Fig. 6 is a function of a single granule
size versus powder particle radius obtained by employing the Pu-

Fig. 7. Number of assemblies of Type-0, -1, and -2 necessary for Type-I error on the Pu MUF to be 5% when sampling the single granule.
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to-244Cm ratio. The red color area in Fig. 6 means that the Type-I
error for the Pu MUF is greater than or equal to 5%. The dark blue
color means the probability of Type-I error is close to 0%. It can be
observed that the Type-I error increases as the granule size de-
creases and powder particle size increases. This is because the
sample size, which is determined by the number of powder

particles in the single granule, does decrease. A second observation
from Fig. 6 is that the area of red color region increases as the fuel
burnup cycle number increases from 1 to 3. Since the non-
uniformity in low burnup used fuel assemblies is significant, the
uncertainty for evaluating the ratio is large. However, Type-I error
is also influenced by the absolute mass of Pu and 244Cm in the

Fig. 8. Number of assemblies Type-0, -1, and -2 necessary for Type-I error on the Pu MUF to be 5% when sampling 20 granules.
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system. This is why Type-I error is escalated as the fuel burnup
cycle increases. A final observation from Fig. 6 is that the number of
GBFs has the proportional relationship with Type-I error, because
not only the non-uniformity of Pu and 244Cm but also the pro-
duction of Pu can increase as the number of GBFs increases in the
assembly. Those results are based on the pyroprocessing of a single
used fuel assembly of Type-0, -1, and -2.

The reporting of MUF for the MBA for a given Material Balance
Period (MBP) could be conducted after each campaign for which
multiple used fuel assemblies are treated; therefore, the error
propagation through processing of multiple assemblies should be
considered. Before we discuss the number of assemblies that meet
the Type-I and Type-II error criteria, let us discuss an example case
for the pyroprocessing facility being planned by KAERI in terms of
MBP. The MBP has not been decided yet for the KAERI facility.
However, the product of pyroprocessing is the TRU-U ingot and the
U ingot. Therefore, the detection time goal is one month per the
IAEA guidelines for materials containing Pu without fission prod-
ucts, known as the unirradiated direct use material. Based on the
conceptual design of pyroprocessing by KAERI, 4.6 assemblies per
day would be treated. Number of assemblies during one campaign
could be varied depending on the operation capacity factor of the
facility. We could roughly expect 110 (24 days) to 138 (30 days) fuel
assemblies per campaign [31]. Fig. 7 shows how many assemblies
need to be treated in a pyroprocessing system in order to achieve a
5% Type-I error rate. Regardless, the number of fuel assemblies
treated in one campaign does not affect the results of this studya.
The reason why 5% is set as a reference point is that the IAEA
safeguards glossary mentions that the probability of Type-I error is
usually set at 5% or less [32]. The log10 scale for the colormap is
applied, for instance, the orange color (numbering with 1 in the
colormap) and the green color (numbering with 3 in the colormap)
mean that 10 assemblies and 100 assemblies are necessary to be the
5% Type-I error rate for the PuMUF. The contour plots in Fig. 7 show
a weakness of material accountability due to the presence of non-
uniformity in nuclide compositions in the used fuel especially
when a granule sample consists of the large size powder particles.

In the previous part, the evaluations are based on the results for
the single granule sampling case. However, the sample size of
granules should be generally greater than one; therefore, calcu-
lating the Type-I error for the Pu MUF with the number of assem-
blies to be the 5% Type-I error rate when the sample size is 20
granules is also performed as shown in Fig. 8. By comparing these
results to the results in Fig. 7, the number of assemblies for all fuel
assembly types and all combinations of the granule and powder
sizes increases dramatically. From these results, it can be concluded
that material accountability is enhanced by increasing the sample
size.

4. Conclusions

Safeguardability of a used nuclear fuel pyroprocessing system is
discussed. Literature recommended the use of Pu-to-244Cm ratio
method for Pu material accountancy in the pyroprocessing system.
In this study, the spatial variation of Pu and 244Cm concentrations in
a used fuel assembly are estimated and analyzed using Monte Carlo
neutron transport and fuel burnup simulations, Serpent.

Based on the simulation results, the Pu and 244Cm mass flow
rates through various steps in pyroprocessing are developed to
formulate a random variable, the Pu MUF along with its statistical
uncertainty. The expected value and standard deviation of Pu MUF
are computed to estimate the Type-I error for each type of used fuel
assembly. The TypeeI error value is less than the IAEA goal of 5% for
majority of the cases, where the powder size in the fuel granules are
varied after the voloxidation and granulation steps in

pyroprocessing. However, for the case where the fuel granule
consisting of large size powder particles, the Type-I error is greater
than 5%. Analysis also shows that selecting 20 granule samples to
measure the Pu and 244Cm masses and its ratio significantly de-
creases the Type-I error rate. Hence, it is concluded that even
though the spatial non-uniformity of Pu and 244Cm concentrations
in used fuel rods introduce potential uncertainties in Pu mass ac-
counting, Type-I error associated with these uncertainties are less
than 5% in majority of the cases.

Pyroprocessing campaign duration for a batch of used fuel as-
semblies can affect the Type-I error values depending on the
number of assemblies per batch. Hence, a study on the Pu mass
balance period should be studied in the future by considering the
batch duration and number of assemblies per batch. Other uncer-
tainty parameters that should be studied in the future include the
evaluation stochastic uncertainty propagation for burnup time
steps in the burnup code and 244Cm measurement uncertainty
while employing the recommended neutron coincidence counting
method.
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