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ABSTRACT

Research and development of partitioning and transmutation (P&T) cycle with accelerator-
drive systems (ADSs) transmuting minor actinides (MAs) separated from the commercial cycles
has been continuously conducted to reduce the high-level radioactive waste (HLW) contained in
spent fuel discharged from nuclear power plants. The Japan Atomic Energy Agency has proposed
a pyrochemical process for reprocessing ADS spent fuel with high decay heat and radioactivity
due to the large amount of MA. Since the chemical form and composition of the fuels are different
from those of the current commercial cycles, it is necessary to examine the inspection goal of the
safeguards (SGs) and the design level of physical protections (PPs) which are required for the
P&T cycle. In this study, the material attractiveness was evaluated assuming the diversion of the
Cd cathode and the nitride powder from the pyroprocessing in terms of non-proliferation.
Additionally, they were compared with the material attractiveness of the MOX fuel assemblies
(fresh and spent fuels) for a conventional boiling water reactor (BWR). The Cd cathode used to
recover actinides from ADS spent fuel by molten salt electrolysis in the pyroprocessing facility of
P&T cycle was less attractive than the MOX fuel assembly for the BWR because the Cd cathode
included 2*®Pu having high decay heat. The nitride powder electrorefined from the ADS spent fuel
was also less attractiveness than the MOX fuel assembly for the BWR because of the same reasons
of the Cd cathode.

INTRODUCTION

Research and development of partitioning and transmutation (P&T) cycle with
accelerator-drive systems (ADSs) transmuting minor actinides (MAs) separated from the
commercial cycles has been continuously conducted to reduce the high-level radioactive waste
(HLW) contained in spent fuel discharged from nuclear power plants [1-5]. The Japan Atomic
Energy Agency has proposed a pyrochemical process for reprocessing ADS spent nitride fuel with
high decay heat and radioactivity due to the large amount of MA.

In the pyroprocessing for the ADS spent nitride fuel, the electrorefining step is carried
out using a LiCIl-KCl eutectic melt at 773 K to recover actinides (Ans) separated from the fission
products (FPs), which is based on the latest electrorefining design for reprocessing of spent metal
fuel [6]. A basket filled with the ADS spent nitride fuel serves as an anode. A liquid Cd is used as
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cathode to recover Ans. Ans recovered in the liquid Cd cathode via electrorefining are converted
to nitride by heating in a '’N2 gas stream [7,8]. Ans nitride powder produced via the electrorefining
is mixed with MA nitrides fabricated from the partitioned MA generated in a commercial reactor
fuel cycle and used as the ADS fuel for the next burn-up cycle [9].

Since the chemical form and composition of the fuels are different from those of the
current commercial fuel cycles, it is necessary to examine the inspection goal of the safeguards
(SGs) and the design level of physical protections (PPs) which are required for the P&T cycle. In
this study, the material attractiveness was evaluated assuming the diversion of some items in the
pyroprocessing facility. On the basis of the results, quantitative components based on the
fundamental material property were created as an important factor for deciding the inspection goal
for SGs and the design level for PPs required for the pyroprocessing facility. In addition, each
material attractiveness of some items in the pyroprocessing facility was compared with that of the

MOX fuel assemblies (fresh and spent fuels) for a conventional boiling water reactor (BWR).

EVALUATION METHOD

The material attractiveness evaluation for nuclear non-proliferation was conducted for the
inherent features of the ADS fuel in pyroprocessing using the method developed by Aoki et al [10],
which had been extended based on that for nuclear security developed by Bathke et al [11]. Here, it
was assumed that the adversary would eventually achieve the manufacture of an NED made of pure
Pu (Pu-NED). Additionally, the attractiveness of mixed oxide (MOX) fuel assemblies stored in the
commercial boiling water reactor (BWR) facility for the Pu-NED manufacturing case was
evaluated for comparison with that of the materials in the pyroprocessing. State actor was assumed
as an adversary in this study to evaluate the material attractiveness in terms of non-proliferation.
For material attractiveness assessment for state actors, a proliferating state intending to divert the
safeguarded nuclear material into Pu-NED was assumed to have the following characteristics: (1)
having advanced technology, well-developed industries, and abundant capital; (2) having no
natural U resources; (3) accepting of the Non-Proliferation Treaty, comprehensive safeguards
agreement, and additional safeguards agreements; (4) requiring 50% reliability for the NED; and
(5) requiring production of one NED [12,13]. In the evaluation for state actors, the physical
properties of important nuclear materials were evaluated in each phase, i.e., processing and
utilization, as shown in Figure 1. In the processing phase, the conversion times defined by IAEA
[14] were used as indicators for the evaluation in the processing phase. The indicators of the
utilization phase were the bare critical mass (BCM), heat content per BCM (HC), and the
spontaneous fission neutron per BCM (SFN). The BCM was calculated using the Monte Carlo
calculation code MCNP-6.1.1 [15] with the nuclear data library JENDL-4.0 [16] as well. The
MCNP calculations employed 1,050 generations of neutrons, with 500,000 histories per

generation. The first 50 generations were excluded from the statistics for each case, yielding
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500,000,000 active histories in each calculation. The standard deviation with respect to the
multiplication factor was 0.03%. For the radius, the number of effective digits after the decimal
point was set as 3, and the case exceeding the criticality was surveyed while increasing the radius
in increments of 0.001 cm. The BCM was calculated using the radius immediately before the
multiplication factor exceeded 1.00001. The HC and SFN were obtained from calculation using
the isotope generation and depletion calculation code ORIGEN2.2 [17] with the set of cross
section library ORLIBJ40 [18]. Table 2 present a metric of categorization for the material
attractiveness for state actors [10,11,19]. The metric of attractiveness of SFN was defined with
thresholds of 10% and 30% of the doping fraction of 2*°Pu to **Pu [19].

In this study, the evaluation target items were Cd cathode and nitride powder including
Ans. The Pu compositions of the ADS burnup calculation result [20] were used for the material
attractiveness evaluation regarding the Pu-NED. The isotopic ratios of 2**Pu and >*’Pu reached
equilibrium after the 5™ cycle, and there was no significant fluctuation. Thus, the Pu isotopic
fractions of the 1 cycle of the launching stage and the 5™ cycle in which the composition was in
the equilibrium stage were the attractiveness evaluation targets of the Pu-NED (Table 1). In
addition, the MA and rare-earth elements (REs) are always conducted in fuel component during

pyroprocessing. So, the removing the MA and RE are also evaluation target in processing phase.

B
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Pyroprocessing
Official facility

Figure 1. Processing and Utilization phases.

Table 1. Pu isotopic fraction [20].

: Atomic ratio (at.%)
Nuclide -
Spent fuel of 1% cycle Spent fuel of 5" cycle
Pu-238 26.2 49.6
Pu-239 35.8 15.0
Pu-240 24.1 23.4
Pu-241 5.8 2.2
Pu-242 8.1 9.7
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Table 2. Metrics of categorization for material attractiveness for state actors [10,11,19].

Processing phase Utilization phase
Class L BCM HC” SFN"
Conversion time
(kg) (kW/BCM) (neutrons/s/BCM)
1 1 week
L <80 <0.45 <9.89 x 10°
(Preferred) (Non-irradiated metal)
2 1-3 weeks
. L 80-800 0.45-4.5 9.89 x 10°—3.58 x 10°
(Potentially) | (Non-irradiated compound)
3 1-3 months 800—
. . : >4.5 >3.58 x 10°
(Impractical) | (Irradiated material) 4000
4 3—12 months
. : >4000
(Impossible) (Low enriched U)

"HC and SFN are indices calculated under the assumption of the o phase.

RESULTS

The evaluation results for the material attractiveness for nuclear non-proliferation are
presented in Table 3 [21]. First, the processing times and complexities of the Cd cathode including
components obtained by the ADS spent fuel of the 1% and 5" cycle were categorized into the same
class as those of the BWR spent fuel. While alkali metals (ALs) and alkaline earth metals (ALEs)
in FPs remained in the molten salt, REs and M As are recovered in the Cd cathode. Extracting pure
Pu from a mixture of RE and Ans requires complex processing steps whereas separation of Cd is
relatively easy due to the difference in boiling point between Cd and the others. Second, the BCM
of the Cd cathode including components obtained by the ADS spent fuel of the 1%t and 5% cycle
were categorized into the same class as those of the BWR fresh and spent fuels although there is
small difference in exact BCM value owing to >**Pu. Third, the HC of the Cd cathode including
components obtained by the ADS spent fuel of the 1% and 5" cycle were categorized into class 2,
which was lower than those of the BWR fresh and spent fuels owing to the accumulation of **Pu
having a large decay heat. Fourth, the category of SFN of the Cd cathode including components
obtained by the ADS spent fuel of the 1% and 5™ cycle were class 3, which was same as those of
the BWR fresh and spent fuels although there is small difference in calculated SFN value owing
to 2**Pu. Finally, the evaluation results of the nitride powder will be explained in the same way as
the Cd cathode. The separation of nitrogen from nitride fuel is as complex as that of oxygen from
MOX, but the extraction of pure Pu from materials containing REs and MAs requires more
complex processing steps. So, the processing times and complexities of the nitride powder
including components obtained by the ADS spent fuel of the 1° and 5™ cycle were categorized
into class 3, which is the same class as those of the BWR spent fuel. In the evaluation results of
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the other indicators, BCM, HC, and SFN, the nitride powder electrorefined from the ADS spent
fuel of the 1%t and 5 cycle presented the same tendency as the Cd cathode for the same reasons.
Therefore, in terms of the nuclear non-proliferation regarding Pu, each material attractiveness of
the Cd cathode and the nitride powder electrorefined from the ADS spent fuel was smaller than
that of the BWR.

Table 3. Evaluation results for the material attractiveness for nuclear non-proliferation [21].

Theft target Processing phase Utilization phase
. |Chemical form Processing time | BCM |Heat content| SFN (neutron
Facility . Cycle .
of theft item and complexity | (kg) |(kW/BCM)| /sec/BCM)
BWR MOX (Fresh) [2]* 13.6[1] | 0.14[1] 4.8x10° [3]
An-RE-Cd Ist [3] 13.5[1] | 2.03[2] 1.4x107 [3]
alloy 5th [3] 133111 | 3.75[2] | 2.3x107[3]
PYRO
An-RE-N Ist [3] 13.5[1] | 2.03[2] 1.4x107 [3]
powder Sth [3] 13.371] | 3.75[2] 2.3x107 [3]
BWR MOX (Spent) [3] 15.8[1] | 0.30[1] 8.3x10° [3]

* The number in [ | indicates the attractiveness class.

CONCLUSIONS

Considering the diversion of the Cd cathode and the nitride powder from the pyroprocessing
facility, the material attractiveness was evaluated with regard to non-proliferation. On the basis of
the result, quantitative components based on the fundamental material properties, such as BCM,
HC, and SFN, were created as an important factor for deciding the inspection goal for SGs and
the design level for PPs required for the pyroprocessing facility. In addition, the material
attractiveness of the Cd cathode and the nitride powder in the pyroprocessing facility compared
with that of the MOX fuel assemblies (fresh and spent fuels) for the BWR because the chemical
form and composition of the fuels in P&T cycle were different from those of the current
commercial cycles. The Cd cathode and the nitride powder were less attractive than the MOX fuel

assembly for the BWR because they included a large amount of >**Pu having high decay heat.
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