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I.1 Plasma Confinement Properties Learnt from Experiments on JT-60/JT-60U

Shunji Tsuji-lio

1. Introduction

Since most of the studies I have conducted at Tokyo
Tech since I joined the faculty in March, 1995 have been
reported in these bulletin series, I briefly review the results
of experiments on the JT-60/JT-60U tokamak in which I
directly involved. I believe it is instructive to present those
obtained in the late years of the 20th century including
unpublished figures to young researchers on tokamaks.

2. JT-60 tokamak

JT (JAERI Torus) -60 was one of three large tokamaks
in the world. It was designed to achieve the break-even
condition required for the scientific demonstration of
possible realization of fusion reactors. Its standard plasmas
with nearly circular cross-sections were bounded by
limiters made of initially TiC coated molybdenum, and
later-on of graphite. When JT-60 was designed in 1970s,
conventional circular cross-section with sizes shown in Fig.
1(a) was considered to be enough to confine plasmas
satisfying the break-even condition. The approximate
plasma volume of 60 m> was the origin of the number in
the device name.

Exploiting the spacious volume in the outer side of
tours in the bore of toroidal field (TF) coils left to reduce
the TF ripple at the plasma edge, a set of divertor coils
were installed in the vacuum vessel so that a divertor
configuration with an outer X-point as illustrated in Fig. 1
(b) was uniquely possible in JT-60. Another divertor coil
was added in the lower side of torus in 1990. Hence, the
plasma confinement in three configurations, limiter and
outer or lower X-points could be compared in the same
device, the volume of the last configuration were smaller
than those of the others though.

Graphite
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Fig. 1 Three plasma configurations could be formed in
JT-60 with respective parameters at B; < 4.8 T.

3. Diamagnetic measurement
3.1. Diamagnetic loop and Rogowski coil used for JT60

The energy confinement time, which is defined as the
decay time of the plasma stored energy, is one of the three
important parameters such as the ion temperature to
evaluate the plasma confinement performance. It is
calculated by dividing the plasma stored energy by the
plasma heating power. The diamagnetic measurement is
conventional and the most powerful method to evaluate the
plasma stored energy since it measures both the ion and
electron components together. Even when ion and electron
temperature profiles and the electron density profile are
obtained, it is not easy to estimate the ion component of the
plasma stored energy since there is ambiguity to speculate
the ion density distribution since it requires information not
only on fuel density but also on impurity ion density
profiles. The diamagnetic diagnostics however, is not easy
to implement since the variation in the toroidal magnetic
flux due to the plasma is less than one thousandth of the
vacuum toroidal flux. That why good confinement reported
on early tokamaks measured with diamagnetic loops in
1960s had been received suspiciously until it was
confirmed by Thompson scattering diagnostics on electron
temperature and density profiles by a U.K. team from the
Culham laboratory.

The diamagnetic loop and a Rogowski coil for effective
TF coil current including eddy currents flowing in the TF
coil case made of manganese steel installed on JT-60 is
shown in Fig. 2 [1]. Initially JT-t60 was not equipped with
any diamagnetic loops. A return loop of a backup
Rogowski coil for plasma current was converted as
diamagnetic loop whose plane was tilted from the
toroidally symmetric plane the torus axis by 5 degrees as
shown in Fig, 2(b). So that not only it picked horizontal
component of poloidal magnetic fields but also it coupled
with plasma current depending on the vertical position of
the current centroid. Hence numerical correction of them is
a key to obtain accurate values of the diamagnetic flux.

Although it is common to use two loops with different
linkage areas to cancel the vacuum toroidal magnetic flux,
it was not possible to wind another loop inside the vacuum
vessel. Accordingly, the effects of eddy currents flowing in
the structures between the diamagnetic loop and the
Rogowski coil such as the vacuum vessel and poloidal field
coil supports were corrected with a circuit added to an
analogue integrator with ultra-low drift.

3.2. Energy confinement in JT-60
The plasma stored energy of neutral beam (NB) heated
hydrogen plasma in limiter configuration is plotted as a
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function of absorbed heating power in Fig. 3 [2]. Note that
the data points increase linearly with the heating power
when the plasma current is kept constant and that its slope
does not depend on the plasma current. The offsets rise
with the plasma current. Power law scalings such as the
Goldston scaling indicated by dashed curves in the figure
do not fit well in low heating power ranges. Although
power low scalings expressed by the products of
operational parameters such as ITER scalings are useful to
design tokamaks, they hide confinement physics in
tokamaks. Since anomalous plasma transport has not been
fully understood, the offset linear increase in the plasma
stored energy with the heating power in L-mode should be
revisited.
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Fig. 3 Offset-linear increase in the plasma stored
energy observed by diamagnetic measurements.

3.3. Plasma pressure anisotropy in JT-60

The diamagnetic flux reflects the plasma pressure
perpendicular to magnetic fields and the poloidal beta
separated from the internal inductance both contained in
the Shafranov lambda from MHD equilibrium analysis
gives the average value of parallel and perpendicular
components of the poloidal beta. Consequently the plasma
pressure anisotropy can be examined by subtracting the
both values. Figure 4 shows example plots of shots in high
Bp mode in JT-60 [3]. The pressure anisotropy rises with
poloidal beta and drops with increasing line averaged
electron density. Hence the anisotropy is interpreted to be
caused by beam components supplied by NB injection.
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Fig. 4 Plasma pressure anisotropy evaluated in

combination of diamagnetic measurement and MHD
equilibrium analysis.

3. Particle confinement and divertor performance
3.1. Particle confinement

Particle confinement is an important aspect for
evaluating plasma confinement properties as well as energy
confinement. However, it has received less attention partly
because quantitative measurements on particle confinement
are scarce compared with those on energy confinement.
Nevertheless, it is impossible to design realistic reactors
without a quantitative evaluation of particle confinement.
Suppression of the erosion of divertor plates and helium
pumping are crucial issues for future reacting plasmas.

The main fueling source is particle recycling and its
amount can be estimated from the intensity of Hoa line
emission since there is not much difference between the
ionization energy and the energy to excite hydrogen atoms
to a state with principal quantum number three. Moreover,
absorption by atoms can be neglected in tokamak plasmas
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since the Ha emission belongs to the Balmer series. It can
be measured with interference filters and photodiodes.
Hence multi-channel measurements are easily imple-
mented. The line-integral nature of the measurement,
however, necessitates tomographic tomographic analysis.
Unless we subtract the fraction of the Ha emission
radiating in the SOL, we estimate the particle confinement
time slightly shifted to that defined at first walls [4].

The Ho emission was measured along three vertical
chords in the outer X-point divertor configuration. The
particle recycling in the divertor configurations is more
axisymmetric than that in limiter ones, so that the errors in
evaluating the total emission from one poloidal cross-
section measurement are not so large. We used a two-
dimetional and up-down symmetric neutral transport code
[5] to evaluate the two-dimensional distribution from three
chord data. The neutral particle distribution was determined
by fitting the three-chord integrals of Ha emission to the
experimental data. The collisional radiative model was
adopted to estimate the number of ionizing hydrogen atoms
from the Ha emission intensity.
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Fig. 5 Density dependence of particle confinement.
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Fig. 6 Particle confinement time as a function
of peaking parameter of electron density
profile where <> means volume average.

Figure 5 shows the particle confinement tome drops
with increasing electron density both in ohmic and beam-
heated (PNB > 10 MW) plasmas. The time is about a few
tens of milliseconds at high densities. The particle
confinement time correlates well with the peaking of
electron density profiles as indicated in Fig. 6, which can
be explained by the observation that the particle recycling
localizes more near the edge with increasing line-averaged
density. Although the dependence on plasma current is
weak, the particle confinement time tens to be longer with
higher plasma current. Its values of NB plasmas are about
one third of those of ohmic plasmas when compared with
the same peaking factor of electron density.

The heating power dependence of the particle
confinement time is plotted in Fig. 7. The particle
confinement time falls in approximately inverse proportion
to the square root of the heating power when the electron
density peaking factor is nearly the same. This behavior is
also the same as that of the energy confinement time.
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Fig. 7 Particle confinement degradation with

heating power similar to energy confinement.

3.2. Particle exhaust

The anomalous particle confinement of plasmas
heated by auxiliary is preferable with respect to the particle
pumping. The neutral pressure in the divertor chamber
monitored with an ion gauge shown in Fig. 8 increases
approximately in proportion to the square of the
line-averaged density because of the inversely linear
dependence of the particle confinement time on density.
The compression ratio of the neutral gas pressure of the
divertor chamber to the main chamber was about 45 in
outer X-point divertor configuration as can be seen from
Fig. 9 for both Ohmic and NB heated discharges [6].



6 BULL. LAB. ADV. NUCL. ENERGY, Vol.5, 2020

 Bolometer (2ch)
Phato Dicde (2¢h)

Fig. 8 Cross-sectional view of diagnostics and
pumping ports for outer X-point divertor.
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Fig. 9 Neutral pressures in the main and divertor
chambers as a function of the line-averaged
electron density. The particle exhaust rate is
proportional to the divertor neutral pressure.

Owing to the high neutral pressure, the particles
fueled by 75-keV NBI at a rate of about 3 Pa m%/s was
demonstrated to be pumped out by the pumping system
connected to the divertor chamber combined with
absorption on the divertor plates. Although the latter
effects cannot be expected in steady-state operation
since the plates saturate with particles, particle pumping
is possible with pumping systems alone provided that
the operational density is slightly raised.

3.3. Improved divertor confinement in JT-60

Improvement of both energy and particle confinement
was observed in beam heated hydrogen plasmas in JT-60
when the heating power and the line averaged density
exceeded thresholds. This regime was termed improved
divertor confinement (IDC) [7]. The discharges with
improvement of the energy confinement by up to 20% and
enhanced divertor radiation lasted for several seconds in a
quasi-steady  state  without  significant  impurity
accumulation in the core. The improvement was observed
only when the ion grad-B drift was towards the X-point.
The behavior of light impurities and in-out asymmetries in
particle recycling changed with reversal of the toroidal
magnetic field as shown in Fig. 10. As plotted in Fig. 11,
the radiation power from the divertor plasma increased to
as much as 50% of the heating power in the IDC regime.
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The threshold of line averaged electron density for the IDC
regime increased linearly with power and dropped with
increasing safety factor. These findings are consistent with
the theoretical model in which collisional transport near the
separatrix is connected with the onset of the IDC regime.

3.3. Field reversal effects on divertor plasmas in JT-60U
Reversal effects of the toroidal magnetic field on the
divertor plasma parameters were investigated in detail
under radiative and detached divertor conditions in L mode
discharges of JT-60U. The ion flux to the inboard
separatrix strike point decreased before a MARFE occurred,
irrespective of the ion grad-B drift direction. The maximum
fraction of power radiated in the divertor was comparable
between the two B directions. With the power flowing into
the two divertor fans being slightly larger on the outboard
than on the inboard, a nearly symmetric in-out heat load
was observed for the ion grad-B drift away from the target
as shown in Fig. 12. This was caused by enhanced
asymmetries in the particle flux and radiation loss
distributions. From the viewpoint of in-out symmetry in the
target heat load and T.giv, operation with the ion grad-B
drift away from the target plate is desirable as long as the
attached divertor condition is maintained. On the contrary,
during the MARFE, although deterioration of the energy
confinement as well as the increase in the fueling
efficiency were comparable, for the ion grad-B drift
towards the target the plasma did not detach completely,
and the strong in-out asymmetry in the particle recycling
was relaxed to a relatively symmetric distribution. From
the viewpoint of particle exhaust to the divertor, operation
with the ion grad-B drift towards the target is favorable [8].
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Fig. 12 Fractions of (a) radiation power loss; (b)
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divertor compared with B; reversal. Radiation
losses affect the in-out asymmetry in Pige: With
increasing electron density.

4. Limiter H mode with lower-hybrid current drive
4.1. H mode characteristics

The H mode was achieved in limiter discharges of a
tokamak with lower-hybrid current drive (LHCD) for the
first time [9]. Simultaneous application of RF powers at
two different frequencies such as 1.74 and 2.23 GHz or
1.74 and 2.0 GHz appeared to be effective in the attainment
of the H mode. The threshold lower-hybrid power was as
low as the Ohmic-heating power with hydrogen plasmas.
Typical plasmas had R = 3.04 m, a = 0.89 m, and nearly
circular cross section which contacted inner bumper-type
limiters. The gap between the outermost flux surface and
the outside limiters was about 5 cm. Graphite first walls
were conditioned by Taylor-type discharge cleaning. LH
power was applied from two launchers located at the outer
(low field) side of the torus at an upward angle of 40 deg.
from the midplane.

In JT-60, the H mode was obtained in the outer or
lower divertor configuration with NBI heating and
combined heating with NBI and ICRH or NBI and LH. The
threshold heating power was about 16 MW. In contrast to
the beam-heated H mode with frequent edge localized
modes (ELM) in the divertor configuration, the limiter H
mode with LHCD produced ELM-free H phases longer
than 3 s. Typical time traces are shown in Fig. 13.

E11295
asm
- 12
T
0'..,_.1‘-...1.. P'FHI(MW)._.’}.... 0
3 « TMe(10®m?)
11

Pt ooty Aoty

Fig. 13 Time evolution of plasma stored energy
evaluated by diamagnetics, injected LH power,
line-averaged electron  density, one-turn loop
voltage, Ho emission, ratio of soft-x-ray signals
through Be foils, reflection coefficient of the
conventional launcher, and CVI line signals along
chords near the edgeand through the center.

The properties of energy confinement are summarized
in Fig. 14. The plasma stored energy increases almost
linearly with the total input power as shown in Fig. 14(a).
Here we assumed that the injected LH power was
completely absorbed by the plasma. The scatter of the data
points is mainly due to the variation of the electron density.
The energy confinement is enhanced by up to 30% by the
H mode. The increment in the plasma stored energy,
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however, is primarily gained by the increase in the electron
density as plotted in Fig. 14(b). The L-mode plasmas with
LHCD have almost the same electron density dependence
as the Ohmic stored energy indicated by the broken curve
presumably because the total input power does not greatly
exceed the Ohmic input. Although the difference is small,
the H-mode data points appear to have a little stronger ne
dependence than Ohmic.

(a) o8 T '
H mode
= 06F o%%‘gg 4
: > dd
;é 0.4r L mode . 1
0.2t Bi=45T
lp=1.5MA
0.0 ' . A
0 1 2 3 4
Ptot (MW)
(b) 08 M Y T
2.7 S Piot <29 MW go _-
3 o6} g
ga 0.4r _ ’.”
0.2} - eTe082
0'00 1 2 3 4
Me (10" m3)

Fig. 14 (a) Plasma stored energy as a function of
Piot = Pon +Pra. Open and solid circles represent
data from the H and L mode, respectively.

(b) Electron-density dependence of plasma stored
energy when the total power is restricted.

The threshold power for the limiter H mode with LH
is extremely low compared with that under NB heating
even in divertor configurations which have an almost linear
dependence on By as illustrated in Fig. 15. Although the
mechanism for the isotopic dependence has not been
understood, the power required for H mode in hydrogen
plasmas is commonly observed to be higher than that in
deuterium ones even in limiter configurations, where H
mode transitions with NBI are hard to occur.

0.2

limiter
config.

diverter
config.

Minimum heating power /
surface area (MW/mz2)
o
-

w

B¢ (T)

Fig. 15 Threshold heating power for H mode
normalized to the plasma surface area in tokamaks
as a function of toroidal magnetic field.

Figures 16 and 17 show that a transport barrier is
formed near the edge, accompanied by a quench of density
fluctuations. Changes of the temperature profile were little
in the case of H-mode transition by LHCD [10].

Tig (10" m) -»

e g
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© fio Ampltude (AU.)
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Fig. 16 Reduction in electron density fluctuations
near the edge measured by reflectometry during
the H mode with LHCD.

Ng(10%¥m?)

Fig. 17 Electron density profiles from Thomson
scattering during the L mode (closed circles) and
H mode (open circles). Triangles represent the ne
profile at 6.5 s of the shot shown with Fig. 13.
Horizontal dotted lines indicate the location of the
reflectometry measurement layers.

4.2. Presence of fast electrons for H mode

Figure 18 shows an example shot where an H phase
with LHCD was destroyed by NB injection. The trace of
the electron cyclotron emission at 1.5 .. multiplied by ne,
which is a measure of LH coupling to fast electrons,
dropped at the L-mode transition. The hard X-ray emission
measured with a 3-channel array viewing the plasma
perpendicularly to the magnetic field as shown in Fig. 19
also dropped at the L-mode transition. The time resolution
of the hard X-ray data is 0.2 s since they were recorded
with pulse height analysers. The traces represent the time
evolution of the total photon counts in the energy range
from 70 keV to 1 MeV.

During the L phase with NBI, beam acceleration by the
LH waves was observed in the neutral spectra shown in Fig.
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20 beyond the injection energy at 65 keV. These facts
suggest that the H mode could not be sustained when the
LH power was absorbed by the beam ions.

The hard X-ray spectra were different depending on the
frequency combination. Open and closed symbols in Fig.
21 show the distinction on the hard X-ray intensity during
the L-mode phases which led to the H mode from those
which remained in the L mode, respectively. The broken
line indicates that the threshold intensity drops with
increasing photon temperature. The effectiveness of
applying LH power at two different frequencies may be
explained by the effective generation of suprathermal
electrons (> 100 keV). The reason why no H mode with LH
has ever been obtained in divertor configurations may be
explained by the fact that there are much more peaked hard
X-ray profiles than in limiter discharges. Considering that
the current drive efficiency is higher in divertor discharges,
LH power may drive fast electrons more inside than the
case in limiter discharges.

n M I B | 0
lECE“-wxﬁe (AU)

Pr—— L
ch1 (AU) ~_ . Hard X ray photon count
0l e P 1 1 |--‘. 1
ch2 (au)
0= “' 1 1. T .-.
ch3 (AU)
[v] L ----l -I— --I—\- --|
3 4 5 6 7 8

t(s)

Fig. 18 Time evolution of a discharge where the H
mode with LHCD was destroyed by NBI.

Hard X ray amay

4 5

L8]
wh
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Fig. 19 Limiter plasma configuration for LHCD
and three chords of hard X-ray diagnostics.

The H mode in tokamaks is theoretically interpretated
as the bifurcation of the radial electric field at the plasma
edge [11]. The electric field is determined by the balance of
the non-ambipolar fluxes of ions and electrons at the edge.
There was a controversy concerning whether the polarity of
the radial electric field is a key to the H mode or not. The
ion loss in the loss cone generates radially inward electric
field in beam heated plasmas. In contrast, the loss of fast
electrons causes outward electric field. Hence, the H mode
with LHCD provided an evidence to settle the argument.

5 T T T T T
3
;( 5
- LH+NB (at7.4s)
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ENERGY (keV)

Fig. 20 Beam acceleration observe in neutral
particle spectrum (closed circles) and no ion
tail with LHCD alone.
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Fig. 21 Fitted photon temperature of hard X ray
under LHCD with four frequency combinations;
O: (1.74 + 2.23), [I: (1.74 + 2.00), A: (2.00 +
2.00) and V: (2.00 + 2.23) GHz. Open symbols
indicate that the H mode was triggered.
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Study on Innovative Nuclear Reactor Designs and Criticality Safety in

Fukushima Daiichi NPS Decommissioning

Toru Obara

Studies on innovative nuclear reactor designs and
criticality safety in Fukushima Daiichi Nuclear Power
Station (NPS) decommissioning have been performed. The
studies were focused on the stational wave Breed-and-Burn
(B&B) reactors, CANDLE burning reactors,
time-dependent criticality analysis during fuel debris
falling down in water, and space dependent kinetic analysis
method.

1. Study on stationary wave Breed-and-Burn reactor

The B&B reactor is once-through fuel cycle fast reactor.
In the reactor, fertile material is converted into fissile
material by neutron irradiation. The produced fissile
material is consumed in the reactor. It dose not require
reprocessing facility and is possible to achieve high
utilization of natural uranium resources. In the previous
study, the rotational fuel-shuffling scheme was proposed. In
this study, a spiral fuel-shuffling scheme was proposed to
establish an advantageous neutron-economy B&B
operation mode, in which high-reactivity fuels are placed
stably in a region of high neutron importance. To reduce
the maximum displacements per atom (dpa) value without
a fuel reconditioning process, B&B operation mode with
smaller burnup core was also considered as a requirement.
In this shuffling scheme, fresh fuel assemblies composed of
natural uranium are loaded from the core periphery and
moved toward the center along a spiral path, then
discharged from the core center (Figure 1). Calculation
results found that the core with spiral fuel shuffling
achieved an equilibrium state at criticality [1].

Breeding state

Neutron producer state

Figure 1. (a) Schematic diagram of spiral fuel shuffling; (b) The
states in the core [1]

2. Study on CANDLE burning fast reactor

CANDLE burning reactor is one of the B&B fast
reactor concepts. One of the issues to be solved in the
concept is to establish a measure against irradiation
damage of fuel cladding in high burnup. In the study, a
melt-refining process was applied to the transition state
of a CANDLE burning fast reactor in order to solve the
fuel integrity problem at high burnup condition. The

melt-refining process was applied before cladding
damage exceeded 200 dpa of criteria. In the analysis, the
effect of cooling, homogenization, FP removal, mass
loss, and waiting were considered. The CANDLE
burning analysis including the effect showed that the
reactor was able to maintain criticality during the
transition period. It was shown that the melt-refining
process was able to solve the cladding damage problem
and improve nuclear resource usability [2].

3. Criticality simulation of fuel debris falling in water

In the decommissioning process of Fukushima-Daiich
NPS, the fuel debris removal is one of the important
process. In the removal, the solid fuel debris must be bitten
into small fragments. One of the possibilities of the
accident is the fragmented fuel debris fall down in to water.
It can be a possibility of criticality accidents during debris
removal. Hence, accurate evaluations of criticality that
consider the dynamic behavior of fuel debris in water are
an essential part of the decommissioning process. In this
study, a calculation system that combines the moving
particle semi-implicit method and Monte Carlo neutron
transport calculation code was developed. It is possible to
evaluate criticality using the actual dynamic behavior of
fuel debris in water. Some numerical simulations of fuel
debris falling in water were performed after he validation
of numerical simulation with experiments (Figure 2). It

(0s)

(0.2s) (0.8s)

Figure 2. Snapshots of simulation of fuel debris falling down in
water [3]
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can also evaluate criticality during the sedimentation of
cubic fuel debris. Moreover, in the case of fundamental
conditions such as a large amount of cubic debris falling in
water, it is possible to analyze that the effective
multiplication factor can be maximized in the state of
falling in water rather than with complete sedimentation

[3].

4. Development space-dependent supercritical
analysis method

It is important to establish measures for the safety in fuel
debris removal. To evaluate fission energy in the case of
criticality accidents is one of the key issues for that. The
accident can be happened when the fuel debris are in water.
In the case, the geometry of critical system can be very
complicated. It is needed to perform space dependent
kinetic analysis based on the neutron transport theory.
Multiregion integral kinetic (MIK) code based on the
integral kinetic model and a Monte Carlo neutron
transport method has been developed with a new
time-dependent feedback modeling capability. The
current MIK code is applicable to the supercritical
power transient following reactivity insertion in a
fissile system of arbitrary geometry and composition,
taking its feedback mechanisms into account. The new
time-dependent feedback modeling capability allows a
more direct and accurate treatment of complicated and
nonlinear feedback mechanisms in a given system [4].
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High-Temperature Thermochemical Energy Storage

using Calcium Hydroxide and Porous Ceramic Composite

Yukitaka Kato, Shigehiko Funayama, Hiroki Takasu

1. INTRODUCTION

An increase in the demand and utilization of primary
energy requires the promotion of renewable energy sources,
and an improvement in energy efficiency. Thermal energy
storage can contribute to the cost-effective deployment of
the gigawatt-hours scale storage of thermal energy or
electricity generated intermittently by renewables, e.g.
concentrated solar power (CSP) and wind power. Thermal
energy storage is also an important technology in waste heat
recovery, which can improve the energy efficiency of
thermal processes. There are several types of thermal energy
storage: sensible heat storage, latent heat storage, and
thermochemical energy storage.

Thermochemical energy storage uses reversible gas-
solid reactions to store thermal energy in the form of
chemical energy. This system has a higher energy density
than other types of thermal energy storage and has longer-
term storage capability. As a reaction system for the
thermochemical energy storage, a calcium
oxide/water/calcium  hydroxide  (CaO/H,O/Ca(OH),)
reaction system has received intense attention from
researchers because of its high reactivity, the low cost and
environmentally friendly reaction materials. The gas-solid
reaction the system uses is described in Eq. (1):

Ca(OH)y(s) = CaO(s) + HoO(g): AH: =104 kI mol™' (1)

The forward endothermic reaction is known as

dehydration and the reverse exothermic reaction is hydration.

The heat absorbed during dehydration is stored, with the
energy storage density of 1.4 MJ/kg-Ca(OH)., as long as the
calcium oxide and the water are separated from each other.
The heat output occurs during hydration. A thermochemical
energy storage system based on the CaO/H,O/Ca(OH),
reaction, can be utilized at high temperatures with operating
temperatures between 400 °C and 600 °C, depending on the
water vapor pressure.

The reaction system has been studied experimentally by
other researchers for thermal applications such as thermal
energy storage systems in CSP plants, chemical heat pumps,
waste heat recovery, and the reactivation of CaO materials
as sorbents for CO; capture.

Practical packed bed reactors require fast thermal
responses during the heat storage/output process and the
durability for repetitive operations. In terms of the
CaO/H,0/Ca(OH); reaction system, previous studies using
laboratory-scale packed bed reactors have reported several
problems of pure CaO/Ca(OH), materials that need to be
solved in order to meet the requirements: low thermal
conductivity of the powder beds, the formation of

centimeter-scale agglomerates inside the reactors and the
change in the bulk volume during repetitive reactions.
Therefore, the need to develop suitable materials for the
CaO/H,0/Ca(OH);, reaction system remains.

In the literature, previous studies employed ceramic
honeycombs and foams for redox reaction systems. Kariya
et al. focused on a composite material using a silicon carbide
honeycomb for the CaO/H,O/Ca(OH); system [1]. However,
a very few studies have focused on a composite material
using a ceramic foam for thermochemical energy storage
based on the CaO/H,O/Ca(OH), reaction system. This use
of a ceramic foam is expected to facilitate solving the
problems described previously.

The objectives of this study were to develop a novel
composite material using a silicon-silicon carbide (SiSiC)
ceramic foam support for the CaO/H>O/Ca(OH), reaction
system, and to investigate whether the foam support enhance
the heat transfer in a packed bed reactor and the cycle
durability of the composite.

2. Composite material and experimental apparatus
2.1 Materials

Calcium hydroxide pellets (Ca(OH), >99.9%, reagent
grade) were used to provide the powdered Ca(OH), for the
preparation of the composite material.

The silicon-silicon carbide (SiSiC) ceramic foam used is
shown in Fig. 1 (a) (AIRSIC® PD 0.4, NGK Insulators, Ltd.,
Japan). Fig. 1 (b) shows a scanning electron microscope
(SM-200, Topcon, Japan) image of the surface of the
ceramic foam. According to the datasheet provided by the
company, the ceramic foams were composed of 58% silicon
carbide and 42% silicon. The porosity was 92%, the average
pore size was 400 um and the flexural strength was 1 MPa.
A cylindrical ceramic foam (mean diameter: 45 mm, height:
52 mm) consisting of disk-shapes cut into quarters, was used
for the packed bed reactor experiment.

BFMs - LR - ] sl ll 0um 2 3 ) ) :

Fig. 1 SiSiC foam support and composite material: (a) the

ceramic foam support; (b) reticulate structure of the foam; (c) the
composite material combining the foam with calcium

hydroxide.[2]

A composite material was prepared using a vacuum
impregnation method in which a Ca(OH), sample was
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embedded inside the SiSiC foam support. A calcium
hydroxide powder was prepared by crushing the pure pellets
with a mortar and pestle. The powdered calcium hydroxide
was dispersed in a 20% mixture of ethanol in deionized
water. The solid content concentration of the prepared slurry
was 61 wt%. The SiSiC foam support was desiccated under
vacuum for at least 15 min. The foam sample was then
impregnated by pouring the calcium hydroxide slurry into
the foam support in the desiccator and kept under vacuum
for another hour. The sample was dried at 120 °C for more
than 12 hours. In order to make the volume of the composite
the same as the SiSiC foam support, surplus deposits of
Ca(OH); on the surface of the samples were removed.

2.2 Experimental Apparatus

Packed bed experimental apparatus for composite material
reactivity demonstration is shown in Fig. 2. Seven
thermocouples (1.0 mm diameter, K-type) were used to
measure the bed temperatures during the dehydration and
hydration reactions. The target temperature at 74 was preset
on a temperature controller, then regulated and maintained
using a 500 W sheath heater coiled around the reactor wall.
The packed bed reactor was enveloped by reflectors to
enhance the thermal insulation. Apertures located on the
reflectors and the cover allowed water vapor to flow in and
out of the reactor.

The packed bed reactor was installed inside of the
reaction chamber that was connected to the water reservoir.
In the reservoir, the water vapor was condensed
(dehydration reaction) and generated (hydration reaction)
during the experiment. The external surfaces of the reaction
chamber and the connecting pipes between the chamber and
reservoir were kept at a constant temperature (over 120 °C)
by heaters and insulators to prevent condensation. The
pressure in the system was measured by two pressure gauges
(+0.2 kPa, PA-750-302R, Nidec Copal Electronics, Japan)
denoted as P; and P, in Fig. 2. The mass change of the
reaction chamber during the dehydration and hydration
experiments was measured by an electronic balance (£ 0.1 g,
MS16001L/02, Mettler Toledo, U.S.).

Electronic balance

‘Water reservalr
Fig. 2 Schematic diagram of experimental apparatus [3].

3. Experimental results and discussion
The heat output rates per unit volume of the composite bed
under different hydration pressures are shown in Fig. 3. The
heat output rate was enhanced by increasing hydration
pressure.

The heat output rates per unit volume for 5 min under

different hydration pressures are shown in Fig. 10. The heat
output rate of the bed of the composite under 85 kPa was 1.3
kW L-bed !, which was 1.4 times higher than that of the pure
pellet bed, which indicated that the heat transfer through the
reaction bed was enhanced. The composite bed showed
comparable heat output rates to that of the pure pellet bed
with pressures of 39 and 58 kPa, and the heat output rates of
the pure pellet bed exceeded the rates of the composite bed
at 16 and 25 kPa. Further study should focus on heat transfer
enhancement in the composite bed at higher hydration
pressures, where the reaction rate is large enough and the
heat transfer inside the bed can be the rate-determining
process for the heat output process.
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volume of the beds of the composite (ASCHO0.65) under a series
of hydration pressures [2].

4. Conclusions

A novel composite material using calcium hydroxide
and SiSiC ceramic foam support to overcome the limitations
of pure CaO/Ca(OH), powder or pellet beds reported in
previous studies, such as: low thermal conductivity, the
formation of centimeter-scale agglomerates and a change in
the bulk volume. To evaluate the performance of the
developed composite at a laboratory scale, a packed bed
reactor was used. The storage energy density of the
composite per unit volume and per unit mass was 440 kJ L-
bed ! and 550 kJ kg-material !, respectively. The heat output
rate per unit volume of the bed for the first 5 min under a
hydration pressure of 85 kPa was 1.3 kW L-bed™!, which
was 1.4 times higher than that of the bed of pure calcium
hydroxide pellets studied previously, even though the heat
storage density of the composite was only 43% of that of the
pure pellet bed. This result suggested that the heat transfer
through the packed bed was enhanced by the SiSiC foam
support. The cycle stability and high reactivity of the
composite during 10-cycle reactions were also confirmed. It
was observed that the calcium hydroxide sample was kept
subdivided inside the pores of the foam support and the bulk
volume was remained. These results demonstrated that the
developed composite has a high durability and scalability.
The composite material was shown to be a practical material
for high-temperature thermochemical energy storage.
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A3

Thermodynamic investigation on cesium oxide binary systems

by chemical equilibrium techniques

Yoshinao Kobayashi

1. Introduction

After the severe accident of Fukushima Daiichi Nuclear
Power Station (FDNPS), the release of radioactive
materials to the environment due to the cladding failure and
core meltdown is caused serious problem in Japan. Under
high temperature environment and oxidation atmosphere,
fission product cesium was formed several binary systems
inside reactor. Such as Cs;0-SiO;[1] and Cs;0-B,03[2]
binary system. Based on the findings regarding Cs-bearing
particle by some researchers, the particles are mainly
composed of silicate (Si02) as major component as well as
radioactive Cs in the form of oxide (Cs;O). According to
this knowledge, chemical properties of this radioactive
particle should be clarified to elucidate the formation
mechanism of how this particle could be formed. For the
Cs,0-B»0; binary system, it was formed by fission product
cesium oxide and control rod degradation product boron
oxide. During the decommissioning of FDNPS, it is
important to make clear that the distribution of cesium
inside reactor. Thermodynamic properties such as activity
and activity coefficient are necessary to solve this problem
and thermodynamic characterization by chemical
equilibrium technique has been employed to derive the
thermodynamic properties of each components in
Cs,0-Si0; and Cs;0-B,03 binary system.
2. Experimental
2.1 Chemical Equilibrium Technique

An electric resistance furnace made by helical silicon
carbide heating element is used for the high-temperature
experiments. The maximum temperature of this furnace
about 1600°C. An alumina reaction tube was positioned
inside the furnace as furnace tube. The furnace was
equipped with a proportional-integral-differential (PID)
controller with a Pt/Pt-6%Rh thermocouple for controlling
the furnace temperature. The temperature difference across
the height of the melt was not more than 2°C.The powders
were weighted by digital balance and mixed by pestle and
porcelain mortal. Then put mixed powder in a graphite
crucible with reference metal shot. A high flow rate o¥f
argon gas was used for flushing out air from the electric
furnace about 15mins. Then the graphite crucible was
placed in the hot zone of the furnace and equilibrated under
carbon monoxide atmosphere. The cesium carbonate
powder will decomposition under high temperature (more
than 600°C) to form cesium oxide. It will react with boron
oxide powder. Their liquid phases will infiltrate into the
reference metal. Graphite crucible and carbon monoxide
gas will control the partial pressure of oxygen in the
furnace. After keeping the sample in the furnace for a given
period, it was quenched by withdrawing from the furnace
and flushing with argon gas on a copper plate to cool it

down. Those reference metal shots were melted and
become on metal grain. The metal sample was polished by
a micro grinder to remove the oxide layer, then cut into
small pieces (about 0.1g). These small pieces were
dissolved by nitric acid for elemental analysis.

2.2 Chemical Analysis

For Cs20-SiO; binary system, we use ICP-OES as the
elemental analysis method to measure silicon and copper
concentration in copper sample. Copper sample obtained
from the chemical equilibrium experiment was separated
from the slag and was ground to remove the oxide on the
surface and cut into 0.1 g. To analyze Si in copper sample,
firstly, 0.1 g copper sample was dissolved by 10 ml nitric
acid (1.5 M) at around 950C for several hours until solid
copper fully dissolved into blue liquid (Cu(NO3),)[3]. Then,
1 ml of liquid copper and 9 ml of 2 M NaOH was heated at
high temperature (~2000C) by magnetic stirrer hotplate for
around 1 h[4]. During the reaction, the solution was stirred
to prevent the evaporation of liquid sodium silicate. Black
colored CuO solid will be formed by this reaction. Liquid
was separated from solid by filtering using filter paper. One
milliliter of liquid then diluted 10 times by adding distilled
water and subjected to be analyzed by ICP-OES. Standard
solution containing 1.5 ppm and 6 ppm as well as blank
solution were prepared to perform quantitative analysis. To
analyze copper concentration, Cu(NOs3), solution was used
and diluted 100 times by adding distilled water and
subjected to be analyzed by ICP-OES. Standard solution
containing 100 ppm and 200 ppm as well as blank solution
were prepared to perform quantitative analysis.

For Cs20-B203 binary system, we use ICP-MS as the
primary elemental analysis method to measure cesium
concentration in the reference metal samples. After cutting
the metal sample to 0.lgram small piece, it will be
dissolved in 10mL nitric acid solution (32wt%). Because
the cesium concentration in the metal sample is very low,
we assume that all the solutes of this solution is reference
metal. The metal concentration in this solution is about
10,000 ppm. According to the ICP-MS instrument sample
pass upper limit (about 10ppm). We need to dilute the
sample solution 1000x.

3. Result and Conclusion

3.1 Determination of Equilibrium Time and Cesium Molar
Fraction in Equilibrium State.

The most important part of high-temperature equilibrium
experiment is to make sure that the experimental system
reaches the equilibrium state. The experimental system
reaches the equilibrium state when reactant concentration
shows no significant change. Here we use cesium
concentration as a maker, and the cesium molar fraction in
equilibrium state will be used for calculating the
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thermodynamic activity of cesium oxide. Table 1 shown
the cesium molar fraction of different holding time in 1150
and 1250°C. The cesium molar fraction was derived by
analyzing cesium and reference metal concentration. From
these results, we can conclude that after holding on high
temperature for 48 hours, the experimental system becomes
an equilibrium state. The cesium molar fraction at
equilibrium state are about 0.00013 in 1150°C and
0.000118 in 1250°C.

Table 1. Cesium molar fraction change with the holding
time

No. Temperature/C  Holding Time/h ~ Reference Metal ~ Cesium Molar Fraction
1 1150 24 Ag 0.0001091
2 48 Ag 0.0001305
3 72 Ag 0.0001290
4 1250 24 Cu 0.0000821
5 36 Cu 0.0001105
6 48 Cu 0.0001183
7 60 Cu 0.0001009
8 72 Cu 0.0000982

3.2 Activity and Activity Coefficient of Components in
Binary Alkali System

The activity and activity coefficient of cesium oxide and
boron oxide in the CsO-B,03 binary system was derived
by thermodynamic calculation and Gibbs-Duhem equation.
Results shown in Table 2.

Table 2 Thermodynamic functions of different
compositions in Cs;0-B,03 system
Temp/°C  Xcs,0 X805 acs,0 ap,0, Ycs,0 V8,05
1150 1.0 0 1.000 0 1 /
0.9 0.1 0.931 0.018 1.035 0.184
0.8 0.2 0.805 0.037 1.006 0.183
0.7 0.3 0.674 0.055 0.963 0.183
0.6 0.4 0.544 0.075 0.906 0.187
0.5 0.5 0381 0100 0761 0199
0.4 0.6 0313 0.136 0.784 0.226
0.3 0.7 0239 0194 079 0278
1250 1.0 0 1.000 0 1 /
0.9 0.1 0945 0013 1050 032
0.8 0.2 0.678 0.026 0.847 0.131
0.7 0.3 0575 0040 0821 0132
0.6 0.4 0.513 0.055 0.856 0.137
0.5 0.5 0.408 0.074 0.816 0.149
0.4 0.6 0.363 0.104 0.906 0.174
0.3 0.7 0.305 0.156 1.017 0.223

From the cesium oxide activity result, the activity curve of
cesium oxide in binary system at 1150 and 1250°C were
shown in Figs. 1 and 2. The activity curves in both
temperatures show negative deviation from ideal solution,
it indicates the strong affinity between cesium oxide and
boron oxide in this binary system. From experimental
result, activity coefficient of Si in liquid copper at 1350°C
is 0.006.
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Figure 1. acs,0 in Cs;0-B,0; binary system in 1150°C
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Figure 2. acs,0 in Cs,0-B,0; binary system in 1150°C

The result of [ISi in this present study shows quite good
agreement with the value reported by Kato et.al.[S], which
is 0.0071, while Kato et al. determined the [ISi by using
Cu-Si-Fe alloy with SiO; pellet to make the activity of SiO,
to be unity, but in present study the composition with SiO,
saturated phase (95% Si0,-5%Cs>0) is used to make the
activity of SiO» to be unity. From the SiO; activity data in
Table 3, activity curve of SiO, could be established.
Activity curve of SiO; is established with abscissa is molar
fraction of SiO; and ordinate is activity of SiO». The curve
shows negative deviation from ideal solution, which means
the strong affinity between SiO, and Cs,O in this system.
3.3 Enthalpy Change of Mixing and Partial Molar
Enthalpy of SiO: in Binary Alkali System

The enthalpy of mixing change between two
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compositions (SiO, and Cs;O; B,03 and Cs;0) can be
determined by using following equation:

AHp = x;4H, = X¢s,00Hcs,0 + X5,0,0Hg,0, (17)
AHpir = x;4H, = Xcs,08Hcs, 0 + Xsi0,AHs 0, (18)

Table 4 shows the value of enthalpy change of mixing
with Cs,O compositions at 1150 and 1250°C. From the
results shown in table 5, all value of enthalpy change of
mixing is negative. When the enthalpy of mixing is
negative, mixing is signifying exothermic mixing.

Table 4. Enthalpy change of mixing in the Cs;0-B»0s at
1150 and 1250°C

Cesium oxide molar fraction Enthalpy change of mixing(kJ/mol)

1150°C 1250°C
0.9 -16.36 -20.08
0.8 -39.62 -68.29
0.7 -63.40 -94.40
0.6 -86.35 -112.49
0.5 -111.66 -133.41
0.4 -117.09 -137.85
0.3 -114.11 -132.36
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A4

Improvement of Velocity Vector Measurement System with UVP

Hiroshige Kikura and Hideharu Takahashi

1. Introduction

Recently, an ultrasonic velocity profiler (UVP) is
utilized on various flow, e.g. industrial piping flows, flows
in food processing and two-phase (three-phase) flows. In
our research group, the UVP method has been applied to
Fukushima-daiichi nuclear power plant to detect a leakage
point of contaminated water. the UVP method, however,
has a measurable velocity limit; it is limited to utilize the
UVP depending on flow conditions. Therefore, an
extension of the measurable velocity limit in the UVP is
contribute for a diffusion and a development of the UVP.
We developed a velocity limit extension method, wideband
phase difference method (WPD), as a novel flow velocity
estimation method [1-2].

2. Development of Measurement System
2.1. Detectable Velocity Limit in UVP

An ultrasonic velocity profiler (UVP) can measure
instantaneous velocity profiles by detecting Doppler
frequencies on an ultrasonic beam path. To detect the
Doppler frequency, the UVP method uses the pulse
repetition method. The velocity information can be
obtained from following equation.

_ _Twet 1

dnf sina M

where ¢ is the speed of sound in the medium, f. is the
ultrasonic basic frequency, and ferr is the pulse repetition
frequency. The phase shift, A, is limited from -n to © by
Nyquist theorem. Thus, the maximum measurable velocity
along the flow direction, viimit, is expressed as

Vimt= T @)

Therefore, a velocity aliasing is occurred when velocities
over the Vimir.
2.2. Wideband Phase Difference Method

To measure higher velocities, the wideband phase
difference method (WPD) was developed as a de-aliasing
method. This method employs the phase difference pattern
within the signal bandwidth to modify the phase folding by
the Nyquist theorem. Here, we consider the consecutive
two echo signals, fi (f) and f; (¢), from the reflector. The
second echo signal, 5 (¢), can be expressed as f>(f) = fi(t +
Af) due to the Doppler shift. Furthermore, the Fourier
transforms of each echo signal are expressed as F; (o) and
F> (o), respectively. F> () can be expressed as following
equation using the relationship of f> (¢) = fi (t + Af).

Fyl(m) =& - Fy (). 3)
Namely, the time shift of the echo signal in the time
domain reflect to the phase shift in the frequency domain.
The phase difference, AB(®), between the two echo signals
is expressed as

Ao} =arg. [Fg {e) - F; f.:o:n]] = mAi 4

where the mark of * means the complex conjugate. As Eq.
(4), the phase differences in the frequency domain are
proportional to @ with Az as a coefficient. The gradient
coefficient, At, is preserved even if the aliasing is occurred.
Therefore, we can get a higher velocity information from a
phase difference pattern within the signal bandwidth.

3. Demonstration of WPD Method

To verify the performance of WPD method, a piping
flow measurement was carried out. Figure 1 shows the
results of velocity profiler measurement in the horizontal
pipe by WPD method. The velocity profiles over the
conventional vy, were obtained. In addition, water leakage
detection was conducted with the WPD and phased array
sensor for the application. Figure 2 shows the results of the
velocity vector measurement around the simulated water
leakage.
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Fig. 2 Simulated leakage detection with WPD method.

4. Conclusion

To develop the wide velocity range flow measurement
system, UVP system implemented the WPD method was
constructed and the flow measurement was demonstrated.
As the result, the velocities over the conventional vy, were
obtained by WPD method.
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Application of UVP for 2D Velocity Vector Profile Measurement

on Bubbly Flow

Hiroshige Kikura, Takao Ishizuka, Kazumi Kitayama and Hideharu Takahashi

1. Introduction

Two-phase bubbly flow is a fundamental phenomenon
occurred in the coolant of Boiling Water Reactor (BWR).
For the designing of BWR, the boiling two phase bubbly
flow occurs on the coolant; gas and liquid phases. In order
to optimize the reactor design according to the safety
aspect, the multi-scale models have utilized to analyze and
predict the flow characteristics which affected by the
coolant in multi-dimensional pattern on the nuclear fuel
assembly. The model employs numerous empirical
correlations and consecutive equation. To validate and
confirm analyzed data, the experimental data by conducting
experimental work is needed for the wvalidation.
Indispensably, phase distribution of the gas and liquid
phase and momentum transfer in the coolant affect to the
design criteria. It directly related to multi-dimensional
velocity distribution or velocity vector of the both phases in
the bubbly flow. Consequently, experimental data of this
parameter is needed to be obtained. The Ultrasonic
Velocity Profiler (UVP) method was utilized in this study.
It is a nonintrusive measurement. It can be applied to do the
measurement even in the complex test section or less of
optical access as the nuclear fuel assembly structure. This
method uses a pulsed echography of an ultrasonic wave
reflected from moving reflector such as particles dispersed
in a liquid to obtain the velocity profile of the liquid. In
bubbly flow, the multi-dimensional velocity vector of
bubble and liquid can be measured simultaneously if the
multiple transducers is applied to reconstruct the velocity
vector and the information of both phases can be classified.
This study proposes the development of UVP method for
obtaining the multi-dimensional velocity vector profile of

bubbly flow [1-2]. It is called Developed-UVP in this study.

The development is focused on the two-dimensional
velocity vector profile measurement.

2. Methodology and experiment
The schematic of Developed-UVP and experimental
apparatus is shown in Figure 1. The multiple transducers

consists of one transmitter and two receivers was employed.

The Doppler signal that reflected from the moving reflector
is obtained by two receivers. Hence, the 2D velocity vector
profile can be reconstructed. Secondly, in the bubbly flow,
the frequency and amplitude of the Doppler signal reflected
by bubble and particle inform the velocity and the identity
of each reflector. Therefore, the velocity information of
bubble and particle (liquid) can be classified by phase
separation algorithm which is the integration of
time-frequency  analysis and Doppler amplitude
classification. By applying the multiple transducers and the
phase separation technique into the UVP system, the 2D
velocity vector profile of both phases can be obtained

separately. To confirm the applicability of Developed-UVP,
the experiment was conducted on a rectangular bubble
column flow loop. The 2D wvelocity vector profile
measurement in bubbly flow was demonstrated. In the
experiment, the flow loop was set at 14L/min. The bubble
was generated by bubble generator. The performance
evaluation was done by comparing with the PIV method.
Then, the measurement was executed in there difference
locations.

Reconstrustion
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Bubkble vector
Particle vector]
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Fig 1. Experimental apparatus and measurement system
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3. Result and discussion

The measurement comparison with the PIV was done
with the discrepancy £15% [2]. Figure 2 shows the result
of the average velocity vector profile (5000 instantaneous
profiles) on bubbly flow obtained by Developed-UVP. The
velocity vector profiles obtained at three difference levels
was reasonable. It informs that the bubbles motion was
mostly in a vertical direction and the liquid moved to the
outlet of the loop.
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Fig 2. The measurement result of 2D velocity vector profile

4. Conclusion

The UVP method with the integration of multiple
transducers and phase separation technique was developed
can obtain 2D velocity vector profiles of bubbles and liquid
in the two-phase bubbly flow.
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A.6

Measurement of Two-phase Flow Behavior

in the Wet-type Filtered Containment Venting System

Hiroshige Kikura, Tadashi Narabayashi and Hideharu Takahashi

1. Introduction

In this study, the two-phase flow pattern in the the
Wet-type scrubbing filter of the Filtered Containment
Venting System (FCVS) was visualized using a
High-Speed Camera (HSC) [1]. The important parameters
of the flow were measured such as the interfacial area
concentration, the bubble velocity, and the bubble diameter
distribution, etc. These are the key parameters that directly
affect the efficiency of the wet-type aerosol filter.

2. Measurement
2.1. Experimental Apparatus
For the experiment, a test facility that simulated a

FCVS was constructed in the Tokyo Institute of Technology.

The schematic of the test facility is shown in Fig. 1. It
simulated as the combination of multi-layer filtration
including a wet-type aerosol filter and a multi-stage
dry-type filter. The wet-type filter is the vertical cylindrical
scrubbing pool with an inner diameter of 20 cm, the wall
thickness of 1 cm and the total length of 2 m. The working
liquid that was used in the wet-type filter is water. The
square cross-section Venturi Scrubber Nozzle was installed
at the bottom of pool to generate bubbles. At the
downstream of the scrubbing pool, a metallic vane mist
eliminator was installed to remove the water entrainment
droplets in the airflow before it enters the second filter layer.
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Fig. 1 Schematic diagram of the test facility.

2.2. Measurement Method

The flow pattern in the scrubbing pool of the wet-type
filter was visualized using a high-speed camera. The
backlight illumination was applied for visualization.

The recorded images of the High-Speed camera were
processed using MATLAB R2018b programming software.
By analyses, the parameters of each bubble such as the
cross-section areas, boundaries, and centroid positions were
derived. Using a tracking algorithm, the bubble diameter,
bubble velocity and the average interfacial area
concentration of the air-water interphase were calculated.

2.3. Measurement Results

Figure 2 shows that the interfacial area concentration
increased as the increasing of the air injection flow rate.
This increasing of the interfacial area concentration is
expected for the increasing of the decontamination factor of
the wet-type filter because it means that the probability that
aerosol particles in the gas-phase come to contact with the
gas-liquid interfacial surface will be increased, and; the
aerosol particles will easier to be absorbed into the
liquid-phase.
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Fig. 2 Interfacial area concentration at different conditions

of the air injection flow rate.

3. Conclusions

The behavior of the two-phase flow in the scrubbing
pool of the wet-type filter was visualized at low conditions
of air injection flow rate. The important parameters that
able to affect the decontamination factor were measured
such as the bubble size distribution, the gas-phasic velocity,
and the gas-liquid interfacial area concentration.
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Microscopic hydrodynamic bubble behaviour in suppression pool

during wetwell venting

Hideharu Takahashi, Hideo Nagasaka and Hiroshige Kikura

1. Introduction

The severe accident in Fukushima Daiichi NPP
increased the need for better understanding of an accident
progression. A lot of attention has been paid on the
integrity of Primary Containment Vessel (PCV) and
minimization of fission products (FPs) release to the
environment. However, the monitoring post radiation
measurements showed increase after wetwell venting used
to minimize the release of FPs to the environment as the
efficiency pool scrubbing was deteriorated. Pool scrubbing
codes combining bubble hydrodynamics and aerosol
transport models are used to determine the pool scrubbing
efficiency. However, the effect of bubble parameters,
diameter and bubble rising velocity, on retention efficiency
was not yet analysed much in detail. Therefore, data base is
needed for hydrodynamic models in pool scrubbing codes
under prototypical W/W venting conditions in Fukushima
Daiichi accident to evaluate correlations for aerosol
retention mechanisms in pool scrubbing codes from
hydrodynamic point of view. In this study, we investigated
the microscopic hydrodynamic bubble behaviour in
suppression pool during wetwell venting [1-2].

2. Bubble parameters for pool scrubbing codes

Pool scrubbing codes adopted single bubble model
based on average bubble diameter (BUSCA) or volume
mean diameter (SPARC). In SUPRA, bubble diameter is
depended on gas Re number and outlet diameter. In this
study, bubble diameter distribution is represented using
Sauter mean diameter (SMD), also called the
surface—volume mean diameter. SMD is proportional to the
ratio of total volume and total surface area calculated. For
pool scrubbing phenomenon, the total bubble volume is
proportional to the number of FP aerosols contained inside
the bubble, and total bubble surface area is proportional to
the removal rate of FPs aerosol. Therefore, SMD could be
more appropriate than average bubble diameter, volume
mean diameter or used correlation. However, SMD data for
pool scrubbing are not available thus far.

3. Results and discussion

In this experimental study, the effects of air content,
S/P temperature, submergence, and downcomer diameter
on bubble parameters at the pool surface are evaluated
under wetwell venting conditions applying the backlit
shadowgraphy technique observing bubbles at the surface
of the suppression pool in the test facility.

Results show that air content had small effect on SMD
while rising velocity decreased with increasing air content.
Under the lower submergence, SMD values were scattered
more widely, and rising velocity showed dependency on
temperature. SMD was not strongly affected by

downcomer size, while bubble rising velocity tended to
increase with increasing downcomer diameter. While
thermal stratification did not have significant effect under
tested range of conditions, with increasing S/P temperature
SMD and bubble rising velocity decreased as a result of
bubble break-up due to surface tension.

Bubble parameter effect on deposition velocity of
aerosol retention mechanisms under atmospheric pressure
was investigated (Fig. 1). Measured SMD and the
corresponding v, have a fair agreement with the values
adopted in the pool scrubbing codes; thus, calculated
values of several deposition velocities demonstrate fair
agreement with those based on the measured data. Steam
condensation is the dominant retention mechanisms except
for low subcooling conditions. However, actual steam
condensation driving force is not uniform. Therefore,
modelling of steam condensation retention mechanism
should be further carefully examined.
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Fig. 1 Comparison of deposition velocities magnitudes

based on measured SMD and v,

4. Conclusion

Experimental results of bubble diameter represented by
SMD and bubble rising velocity corresponding to SMD
were obtained. The effects of varied parameters (air content,
submergence, Dy, Tsp) on SMD and bubble rising velocity
were investigated. Furthermore, bubble parameter effect on
deposition velocity of aerosol retention mechanisms was
investigated. The collected database on SMD and bubble
rising velocity and the physical explanation of varied
parameters effect could be used for the update of pool
scrubbing codes.
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A.8

Hideharu Takahashi and Hiroshige Kikura

1. Introduction

Stakeholders of nuclear power plant are aiming to
strengthen risk communication through visualization of
safety improvements of their equipments. The nuclear
regulation authority incorporates risk-informed and
performance-based ideas into their regulatory inspections.
In this report, an advanced failure mode effect analysis
method was developed that evaluates the priority of
maintenance management for the risk of equipment
repairability by combining failure mode effect analysis
and probabilistic fracture mechanics in order to contribute
to improving the safety of nuclear power plant equipments

[1].

2. Advanced failure mode effect analysis

An trial analysis was performed for a failure mode of
stress corrosion cracking in primary loop recirculation
piping welds which was frequently reported to regulatory
authority in Japan. The conditions of ultrasonic testing
examiners capability, piping material, piping nominal
diameter, operation period after stress corrosion cracking
occurrence, and inspection interval were changed in the
analysis. The effectiveness and usefulness of the advanced
failure mode effect analysis method was demonstrated in
the trial analysis. The evaluation results shown that the
maintenance risk can be reduced by improving the
capability of ultrasonic testing examiners and the
inspection interval even when the potential risks related to
piping repairability are high. Fig. 1 shows the result of
potential risk. Fig. 2 shows one of the results of risk
priority number.

3. Risk visualization of equipment

An evaluation method based on risk visualization of
the equipment was developed in order to promote risk
communication among stakeholders. It was shown that a
radar chart for risk are the best visualization method. The
results of the developed visualization method were
compared with the results of the advanced failure mode
effect analysis method. In addition, the results between the
section 2 and the visualizetion of risk are compared. Fig. 3
shows one of the visualization results of the risk.

4. Conclusion

The developed risk visualization method enabled
evaluation based on a comprehensive observation of safety
and risk. In addition, it was clarified that the visualization
method facilitates risk communication for reducing risk of
equipments.
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Fundamental Study and Application on Stone Heat Storage System

Hideharu Takahashi, Susumu Ozaki and Hiroshige Kikura

1. Introduction

Since the Great East Japan Earthquake, Japan's energy
problems have becoming a social problem that deeply
affected people's living and businesses due to damage to
nuclear power plants. Securing core energy, such as nuclear
power generation and thermal power generation and
reconstruction of the living energy for the local area is
desirable.

For one of the methods to secure living energy, an TES
(thermal energy storage) system which using air as HTF
(heat transfer fluid) and stone as the storage material have
been developed. By constructing a stone heat storage
system, it gives a possibility of securing the basic living
energy of disaster area residents.

In this study, the influencing factors of TES, which
affect the thermal stratification, related to the performance
of a stone heat storage tank, such as the porosity and mass
flow rate, were investigated [1].

2. Numerical method and TES geometry

Geometry of the pilot-scale experiment TES (shown in
Fig.1) was used for the numerical simulation. The TES tank
is cylindrical shape and was made from stainless steel, with
a diameter of 260mm and a height of 850mm. As it is
shown in Fig.1, region number is the upper air zone, region
number 2 is the porous zone and region number 3 is the
lower air zone. In this study, the CFD simulation results
will be focus only on the porous zone.

Air Zone 1

-Porous Zone 2

— B Air Zone 3 -
L = g
Fig. 1 Experimental tank and its 2D axisymmetric geometry

3. Results and Discussions

Fig. 2 presents the CFD simulation results during 8
hours charging and discharging process. The CFD
simulation results were presented by the solid line. X axis
shows the packed bed height in dimensionless form and Y
axis shows the temperature in dimensionless form. The
changing of thermal stratification for charging process
seems moderate and for the discharging process is high.
The mass flow rate seems too low for the charging process.

From the result of discharging process, we found that
the thermocline zone is located in a part of the length of the
heat store which indicates that the mass flow rate for the
discharging process is suitable. The reason of trend
difference of thermocline thickness between charging and
discharging process is that smaller mass flow rate is more
suitable for the discharging process and large mass flow
rate is more suitable for the charging process.
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(b) Discharging process

Fig. 2 Numerical simulation result at the beginning of charging
and discharging process

4. Conclusion

In this study, as one of the methods to secure living
energy, an TES operating parameters, using stone as the
storage material, during both charging and discharging
cycle, was investigated using CFD simulations. An
analytical evaluation for the thickness of the thermocline
was discussed based on the CFD result. The changing of
thermal stratification for charging shows moderate and
discharging process shows high. From the result we found
that the mass flow rate seems too low for the charging
process and the mass flow rate for the discharging process
is suitable.
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Innovative liquid metal technology for fusion reactors

Masatoshi Kondo

1. Liquid tin (Sn) technology

Liquid tin (Sn) is a promising coolant for liquid
surface divertor of fusion reactors due to its extremely
low vapor pressure. The chemical compatibility of
liquid Sn with structural materials is one of the
important issues. Corrosion behaviors of candidate
structural and/or functional materials such as reduced
activation ferritic martensitic (RAFM) steels, austenitic
steels, Al-bearing steels (Fe-18Cr-3.3Al-1Si and
Fe-15Cr-7A1-0.4Zr-0.21Ex.0), tungsten (W) alloys
(pure W, W-4Ni-2Cu, and W-5Ni-2Fe), silicon carbide
(SiC), and oxide ceramic materials (e.g. AI203, Fe203,
and Cr203) in liquid Sn were investigated by means of
corrosion tests in various ways at 773K and 873K. In
addition to conventional corrosion tests such as static
pot tests and flowing tests, corrosion tests under
electron irradiation (8MeV, 100Hz) were also
performed in the test facility of KURNS-LINAK. The
corrosion characteristics of these materials were
metallurgically analyzed by SEM/EDS, EPMA, XRD,
and STEM/EDS. The corrosion mitigation measures by
surface modification technologies (such as Al rich
oxide layer and surface carbonization treatment) were
also investigated. The corrosion was mainly caused
through an alloying reaction in liquid Sn and was
strongly influenced by the temperature. Al-rich and
Cr-rich oxide layers of steels revealed an excellent
corrosion resistance. Pure W and W alloys with surface
carbonization treatment also revealed a corrosion
resistance. The corrosion was promoted by the electron
irradiation because of electron migration of steel
alloying elements in liquid Sn. However, the
electrically insulating layer such as Al,O; layer can
suppress the electro migration corrosion.

2. Liquid alkali metal (NaK, Na, Li) technology
Advanced fusion neutron source (A-FNS) is a key
facility to investigate the irradiation effect of
high-energy neutron on the material properties of
F82H steel. The temperature condition of F82H
specimens during the irradiation tests is one of the

important parameters. The specimens are installed in

the irradiation capsules with a thermal bonding fluid.

Liquid  lithium (Li), sodium (Na), and
sodium-potassium alloy (NaK) are the candidate
thermal bonding fluids. Their thermal properties are
summarized in Table 1. The corrosion of the
specimens by the thermal bonding fluids must be
minimized in order to clarify the change of material
properties due to the effect of neutron irradiation.
The experimental study was performed to make clear
the corrosion characteristics of F82H in the
candidate thermal bonding fluids.

F82H steel corroded in liquid NaK due to the
surface oxidation. Fe oxide was formed on the steel
surface during the exposure to liquid NaK. The steel
formed Fe-Cr-O in liquid Na. These different oxidation
behaviors were based on the different chemical
potential of oxygen dissolved in the liquid metals. The
steel corroded in liquid Li mainly by the depletion of
Cr. The carbides precipitated in its matrix also
dissolved in liquid Li.

3. Liquid lead alloy technology

Liquid lead-lithium alloy (Pb-16Li) is a promising
trittium breeder of fusion reactors. However, its
chemical compatibility with structural and functional
materials is one of the important issues. The
compatibility study was performed to investigate the
corrosion characteristics of various materials in
high-purity liquid Pb-16Li alloy. The corrosion test
was performed at 873K for 750 hours. The test
materials are FeCrAl-ODS alloy, RAFM steel, and
alumina forming steel (APMT). The preoxidation
treatment on the Al bearing steels was performed at
1073K for 100 hours in air atmosphere before the
corrosion test. Al bearing steels revealed corrosion
resistance in liquid Pb-Li, since they were protected by
Al-rich oxide layer which was formed by the
preoxidation treatment.

Table 1 Thermal properties of thermal bonding fluids

25

Melting point (°C) Boiling point (°C) Thermal conductivity (W/(m-K)) at 800K
NaK(22Na-78K) -11 784 28.7
Na 98 881 62.9
Li 180 1342 53.7
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B.1

Cross-disciplinary nuclear system research for load reduction of

radioactive waste management

Hidekazu Asano, Tomohiro Okamura, Eriko Minari, Masahiko Nakase, Hiroshi Sagara
and Kenji Takeshita

1. Introduction

The geological disposal of high-level radioactive waste,
in which radioactive waste is buried deep underground and
the long-term radiation safety is ensured after the disposal
site is closed by the isolation and containment of
radionuclides, is a topic that has been discussed and
recognized internationally[1,2], and the most advanced
country, Finland, has reached the stage of construction of
disposal site[3]. In Japan, activities to select candidate sites
are currently underway[4]. On the other hand, research on
partitioning and transmutation of nuclides is underway
from the viewpoint of volume reducing and mitigation of
the harmfulness of radioactive wastes. From the research
on recovery of 99-99.9% of minor actinides (MA) such as
Am and transmutation using fast reactor or accelerator
drive system (ADS), possibility of reducing the
radiological toxicity of the waste and downsizing the
disposal area has been shown [5].

As can be seen from the term of back-end, the
treatment and disposal of radioactive wastes are located at
the most downstream side of the use of nuclear power. On
the other hand, the characteristics of the radioactive waste
to be disposed of are determined by burn-up of nuclear fuel,
that is, the front-end process, which is the upstream side of
the utilization of nuclear power. Therefore, in order to
present effective and rational measures for reducing waste
volume and mitigating harmfulness, it is desirable to take a
bird's-eye view of the entire nuclear system from upstream
to downstream. It can be said that this is a perspective that
leads to overall optimization of waste management.
However, since there are various processes and parameters
in the fuel cycle, it is expected that the answer will change
depending on the selection, that is, the combination of
conditions, and where the viewpoint is taken from the
overall perspective. Through such research, it is possible to
present effective, rational, and highly feasible measures for
reduction of volume and toxicity of vitrified waste, as an
option. Radioactive waste management is the issues of the
basis of nuclear power use. Therefore, it is necessary to
establish the path leading to this option as a research
method for overall optimization from the viewpoint of
waste disposal located at the most downstream of the
nuclear system.

2.Joint research program between Tokyo Tech and
RWMC

A joint research program between Tokyo Tech and
Radioactive Waste Management Funding and Research
Center(RWMC), which started in fiscal year of 2015,
evaluates the effect of reducing the waste-occupied area in

the geological disposal of high-level radioactive waste
(vitrified waste) considering various fuel cycle
conditions(fuel type, fuel burn-up, spent fuel cooling
period, nuclide separation ratio, waste loading of vitrified
waste, etc.) in nuclear power use. Introducing an evaluation
indexes that comprehensively consider the fuel cycle
conditions, including separation of MA, Cs/Sr, Mo, and
platinum group metals(PGM), the relationship with the
maximum temperature of the buffer material in contact
with the vitrified waste at the repository was evaluated.
From the results for the vitrified waste derived from UO:
fuel, it is possible to reduce the waste occupied area (in
other words, the amount of waste) by combining various
process conditions such as the cooling period of spent fuel,
nuclide separation ratio and waste loading of vitrified waste.
And it has been confirmed that the waste occupied area can
be reduced to about 1/2 due to the relatively low nuclide
separation ratio of 70 to 90% [6].

Since then, this joint research program has expanded
the scope of the works to the evaluation of burn-up
calculation of fast reactor incorporating MA separation, and
the geological disposal evaluation of vitrified waste derived
from MOX fuel [7-14].

3. Nuclear system research based on the environmental
impact of waste disposal
3.1 Start of a new research program and its outline

Based on the results of the joint research in 1. above,
overlooking the entire nuclear system and assuming the
introduction of a simplified MA separation process with
70% to 90% MA(Am) separation, a new research program
regarding an environmental load in waste disposal,
evaluation of various quantities of the entire fuel cycle,
engineering feasibility of separation technology, and
advancement of fast reactor burn-up mode was started in
this fiscal year of 2019. As a result of this new research, a
cycle condition combination that contributes to reduce the
environmental impact caused by heat generation and
radiation in waste disposal will be presented as an option
for nuclear power systems. At the same time, the research
method for presenting this option will be established as a
basis for the global optimization research of the nuclear
system.

This research is carried out as a nuclear system research
and development project, which is a publicly recruited in
the first year of Reiwa by the Ministry of Education,
Culture, Sports, Science and Technology. And it belongs to
the latter of the two application fields for safety-basis
technology and volume reduction and mitigation of
harmfulness of radioactive waste, which will carry out the
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research for four years from this fiscal year of 2019.

Tokyo Tech is in charge of research on quantity
evaluation of entire nuclear fuel cycle and MA separation
mechanism, while RWMC, which is mainly responsible for
research and development of radioactive waste disposal, as
the research institute for this program. In addition, JAEA
and Hokkaido University are participating in the research
on engineering feasibility of MA separation process and
improvement of burn-up model of fast reactor, respectively.

3.2 Research items and results in fiscal year 2019
(1) Environmental impact assessment research on waste
disposal
(D Evaluation and derivation of evaluation index

The environmental impacts of waste disposal were
categorized into two categories: environmental load
focusing on the amount of wastes and radiation effects, and
contribution of nuclear power use, and the research results
of past studies were investigated and analyzed. Radiation
effects are divided into two categories: a dynamic
evaluation that evaluates long-term safety after closure of
repository on the premise of nuclide migration, and a static
evaluation that is the radiotoxicity itself of the radioactive
waste to be disposed.

@ Quantitative evaluation of nuclear fuel cycle

In order to calculate fuel cycle quantities with
consideration for the separation of MA nuclides, survey on
the calculation conditions and calculation functions of the
Nuclear Fuel Cycle Simulation System (NFCSS) code of
the International Atomic Energy Agency (IAEA), and trial
calculations were performed.

(2) Engineering design study of Am separation process
(DVerification of separation mechanism
In order to evaluate the simplified MA separation
process, we investigated published papers and research
institute reports on batch recovery of MA-RE (rare earth
elements) and extractant for MA isolation and flow sheet of
extraction. The engineering feasibility of simplified
separation and the flow sheet in that case were examined.
@ Engineering feasibility —of separation process
corresponding to the separation ratio based on various
quantity evaluations
Using the existing calculation code for solvent
extraction, process simulation was performed on the basic
configuration of the simplified MA separation process, and
the number of separation stages of the MA/RE mutual
separation process under low Am recovery rate conditions
was compared to the case of conventional high recovery
rate conditions.

(3) Advancement of fast reactor
corresponding to various preconditions

Input data on fuel burn-up, cooling of spent fuel,
reprocessing, etc. were prepared for the core setting of the
fast reactor for the evaluation of MA nuclide recycling and
the burn-up calculation.

burn-up model

From the viewpoint of simplified MA separation,
deepened discussion and information exchange on the
interface between the concept of long-term safety of
geological disposal and reduction of harmfulness of radio
toxicity, the evaluation of the balance of various quantities
of the entire nuclear fuel cycle, the method of rationalizing
the MA separation process, and advancement of fast reactor
burn-up model are discussed.

3.3 Works in fiscal year of 2020
From the viewpoint of rational integration of nuclear
systems, it is necessary to keep in mind the following items
and deepen mutual cooperation among research items.
* Mitigation effect of radiological toxicity in simplified MA
separation
* Presentation of environmental impact assessment index
* Cooperation of Simplified MA separation and fast reactor
burn-up conditions
* Expansion of calculation functions based on NFCSS for
MA separation ratio, vitrified waste specifications, and
geological repository area[15]
+ Concept of transition period, introduction period, and
equilibrium period in fast reactor core design

4. Towards the integration of nuclear systems

In order to further advance cross-disciplinary nuclear
system research, it is necessary to pay attention to the
following points.
(1) Spent MOX fuel management
Evaluation of geological disposal of MOX fuel-derived
vitrified materials considering related process conditions
such as fuel specifications, reprocessing, and vitrification
conditions.
(2) Effect of harmfulness reduction in waste disposal

It is necessary to evaluate the effect of nuclear system
options presented under various cycle conditions for
harmfulness reduction. At that time, attention should be
paid to the long-term safety assessment by nuclide
migration at the repository system and the selection of the
scenario in the assessment.
(3) Nuclear utilization scenario

It is required to investigate and create nuclear power
utilization scenarios they are closely related to the
qualitative and quantitative conditions such as process
configuration, conditions/parameters, and quantity from
front to back-end systems.
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B.2

Study on Degradation of Fuel Debris by Radiation, Chemical,

and Biological Damage

Toshihiko Ohnuki, Masahiko Nakase, Satoshi Chiba, Yoshiyuki Oguri, Takehiko Tsukahara,
Koichiro Takao, and Kenji Takeshita

1. Background

Weathering is known to alter a primary mineral to
secondary ones, being occurred in the environments'. Even
though the fuel debris produced during sever accident at
Fukushima Daiichi Nuclear Power Plant (FDNPP) are hard,
the fuel debris may be degraded by weathering. One of the
fastest weathering of the fuel debris is observed at
Chernobyl Nuclear Power Plant (CNPP), where so called
elephant foot was degraded in the period from 1986 to
1996, and fuel dusts containing U and Pu have produced.

Environmental condition of the reactor zone, defined as
the zone accumulating fuel debris, between FDNPP and
CNPP is very different. In the reactor zone of FDNPP,
most of the fuel debris are soaked with cooling water which
is mixture of groundwater and the circulated water treated
by ALPS system to remove radionuclides. On the contrary,
in the reactor zone of CNPP, they are contacting with air.
This discrepancy may result in different degradation
processes in FDNPP from in CNPP. However, we have no
information of degradation of fuel debris under such
condition as in FDNPP.

Weathering of minerals is divided into two processes?.
One is congruent dissolution of minerals, in which minerals
are completely dissolved in water. The other is incongruent
dissolution of minerals, in which part or all of the dissolved
minerals are precipitated to form secondary minerals.
Weathering of uranium bearing minerals is reported to be
formed secondary minerals even it is present as tetra-valent
and/or hexa-valent.

The fuel debris is mainly composed of U, Zr, and Fe. It
also contains fission products including '*’Cs and *°Sr. If
the fuel debris is congruently dissolved, some components
are detected in the contaminated water circulating between
the reactor zone and the treatment system of ALPS.
TEPCO reported that concentration of U in the
contaminated water is very low’. Low solubility of
actinides suppresses leaching of actinides from the
simulants of fuel debris*®. These indicate that the fuel
debris may be incongruently dissolved, if some part of the
debris is dissolved in the circulating water.

It is well known that inorganic and organic chelating
substances are associated with the dissolved actinides.
Microorganisms exudate organic materials to associate
transient elements for metabolism. Corroding materials
accumulated in the reactor zone may sorb the dissolved
actinides. So, chemical® and biological effects®’ may affect
the degradation of the fuel debris. Therefore, chemical and
biological effects on the degradation of the fuel debris
should be studied under irradiation condition proceeding in
the reactor zone.

2. Outline of research project

Research scientists in LANE and JAEA including the
experts in radiochemistry, nuclear chemistry, nuclear
physics, and fuel materials science, as well as the experts in
environmental microbiology, conducts the project to clarify
the effects of irradiation, and chemical and biological
effects on the fuel debris in the reactor zone (Fig. 1). In the
project, dissolution experiments of simulants of fuel debris
are planned. The samples obtained by the experiments are
analyzed by the advanced analytical equipment of JAEA in
the international collaborative research building in
Tomioka Town, Fukushima. In the experiments and the
following analyses, the changes in debris properties and
element elution behavior, and use the combined effects of
radiation damage and chemical and biological damage
under oxidizing environment are analyzed. For the purpose
of elucidating the mechanism of debris deterioration, the
final goal is to express the deterioration due to the
combined functions in the presence of oxygen as a function
of time.
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B.3

Development of mass balance analysis code for various waste

management scenario
Tomohiro Okamura', Akito Ohizumi?, Kenji Nishihara?, Masahiko Nakase' and Kenji Takeshita!
1. Tokyo Institute of Technology, 2. Japan Atomic Energy Agency

1. Introduction

In recent nuclear technology development, the research
and development (R&D) in the field of waste management
such as reprocessing, vitrification and geological disposal
have remarkably promoted. Furthermore, the R&D of
partitioning and transmutation technologies for the purpose
of the less-impacted waste disposal. Therefore, it is
important to evaluate the impact of those technical options
on the waste management. It is additionally significant to
consider the combinations of technical options that will
contribute to establish the rational waste management and
nuclear fuel cycle.

The Japan Atomic Energy Agency (JAEA) has
developed the Nuclear Material Balance (NMB) code [1]
for the mass balance analysis in nuclear fuel cycle. The
some of the functions of NMB code were shown in below:

(1) Running on Microsoft Excel®

(2) Analysis of various mass balances in the nuclear fuel
cycle from uranium mining amount to geological
disposal area

(3) Handling 26 actinides and 2 fission products (FP)

(4) The burn-up and decay calculation are as accurate as
ORIGEN-2 code.

(5) Possible to calculate the various reactor types and fuels

Since the NMB code was developed specifically for
the mass balance analysis of actinides, the function of
waste management scenario analysis was not sufficient.
The Takeshita Lab., which has studied the waste
management scenario, started to improve the NMB code in
collaboration ~with Research group for Nuclear
Transmutation System in JAEA from 2019. This research
activities were presented at the 15" reprocessing and
recycle division seminar of AESJ, and the presenter
received the award of excellence. This report summarized
the research by Takeshita Lab. and JAEA in 2019.

2. Improvement of NMB code
2.1 Selection of FP nuclides

In order to improve the waste management scenario
analysis system in NMB code, it was necessary to be able
to explicitly calculate FP nuclides in the code. However,
ORIGEN code, which widely used for burn-up and decay
calculation, handled about 1200 FP nuclides, and it was
necessary to select the FP nuclides required for NMB code.
In this study, the selection of FP nuclides was conducted
under 4 burn-up conditions and 5 criteria such as mass,
heat generation rate, radioactivity, exposure dose,
vitrification inhibitor and using the index of “recall ratio of
ORIGEN calculation”.

As a result, the FP data set with recall ratios of 99.9%,
95% and 90% was created. Furthermore, we created a FP
data set (cross section, decay chain, etc.) that can be
implemented in the NMB code

2.2 Preparation of nuclear data library in NMB code

In order to implement the mass balance analysis of FP
nuclides in NMB code, it was necessary to update the
nuclear data library. The nuclear data library in NMB code
is constructed by specially converting from the nuclear data
such as JENDL4.0 and ORLIBJ40. Therefore, we have
developed a tool that quickly converts various nuclear data
into a nuclear data library for NMB code. A schematic
function of this tool is shown in the Fig.1. This tool works
in Microsoft Excel®. Given any nuclides and library name
as input, it outputs nuclear data for NMB code. This tool
has a function of automatically constructing a burn-up and
decay chain correcting loss of neglected FPs. With the
development of this tool, it has become possible to
implement the burn-up conditions calculated by various
core calculation codes such as SRAC and MARBLE into
NMB.

INPUT
Muclides. Nuclear data library
DATA Base

Cross section, Decay, Fission yield etc. |

Fig.1 A schematic function of the tool

QUTPUT
Nuclear data for NMB code

2.3 Update of the waste management scenario analysis
system in NMB code
The back-end scenario analysis system in NMB code was
updated for more flexible analysis of nuclear fuel cycle
scenarios. In particular, it became possible to flexibly study
the conditions of immobilization and disposal of waste. We
will continue to update the back-end scenario analysis
system.
3. Future Work
The NMB code will be updated and the nuclear fuel
cycle scenario analysis will be carried out by the
collaboration research between Takeshita Lab. and JAEA
in 2020. The main items to be implemented in 2020 are as
follows:
(1) Implementation of FP data set on NMB code
(2) Error evaluation and correction of burn-up calculation
by NMB code and ORIGEN
(3) Update of waste management scenario analysis system
in NMB code
(4) Analysis the various nuclear fuel cycle scenarios
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B.4

Investigation of adsorption mechanism of PGMs by Alminium

Hexaferrocyanide

Masahiko Nakase, Ria Mishima, Sotaro Tachioka, Koji Kato, Miki Harigai and Kenji Takeshita

1. Introduction

In nuclear fuel cycle, spent nuclear fuels (SNFs) are
reprocessed to recover U and Pu after a cooling period.
During the reprocessing, high-level liquid waste (HLLW),
which contains various kinds of radioactive nuclei such as
minor actinide (MA), lanthanides (Ln), and platinum group
elements (PGM; Pd, Ru, and Rh), is generated. The HLLW
is planned to be vitrified in borosilicate glasses and
disposed in deep underground. To guarantee the quality of
the vitrified objects, amount of PGMs and Mo are limited.
Separation of Pd is not a difficult task, but other PGM, Ru
and Rh are known as difficult. Also, simultaneous
separation of PGM and Mo is challenging. To enable such
separations, we study the Aluminum hexacyanoferrate
(AIHCF) as a candidate sorbent. The adsorption and
calculation studies of Pd with various metal HCFs were
done at our lab and Nagoya university supported by MEXT.
In addition, some attempts were made to understand the
adsorption mechanism of other PGMs in FY2019. AIHCF
has different properties from other HCFs; instability against
acid and capability of simultaneous Ru, Rh and Mo
removal. We noticed that without Pd, AIHCF is eluted by
nitric acid of wide concentration range, but when Pd is
existed, elution of structure is minimized and Ru, Rh, and
Mo were removed from solution. Therefore, we anticipated
that quick Pd adsorption to AIHCF triggers the unique
separation performance of AIHCF. To prove this hypothesis,
adsorption experiments with single PGMs and competitive
adsorption of Ru and Rh respectively with existence of Pd
were implemented. Extended X-ray Adsorption Fine
Structure (EXAFS) and synchrotron XRD and Pair
Distribution Function (PDF) analysis were also done at
SPring-8 and Photon Factory. In this manuscript, several
new insights obtained in FY2019 are summarized.
2. Preparation of AIHCF and characterization

The synthetic procedure is summarized in Figure 1 and
its XRD pattern and photograph is shown in Figure 2 [1].
The diffraction pattern was not sharp due to the defective
synthesized AIHCF. The color was initially whitish blue
but gradually turned into pale blue. This is due to the
moisture or bulk water inside AIHCF even after dryness.

Round bottom flask (300 mL)

«———K,[Fe(CN),] : 10 mmol
<«———Distilled water

:25C (24h)
Adddropwise 71 AJNO;); *9H,0 : 20 mmol

stirring

Centrifugation 2 Distilled water
* . - .
Washing : Several times by distilled water

v (monitor pH and conductivity)

Drying 175 C_(12h), and vacuum (24 h)
v

Crushing

Figure 1 Synthetic scheme of AIHCF [1]
However, this slight color change has no big impact on the
chemical composition and adsorption behavior of PGMs
greatly, though big change in UV-Vis spectrum was seen.
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Figure 2 XRD patterns and picture of synthesized AIHCF

3. Result and discussion
3.1. Robustness against HNO3

The elution against the different concentration of
HNO; was implemented as compiled in Figure 3. With
increase in HNO; concentration, the amount of remained
solid became less and total dissolution was observed with
2.5 M HNOj. With further increase in HNO3 concentration,
dissolution turned into less. This may be explained that the
higher concentration of HNO3 can elute AIHCF more but
higher concentration allows to form protective film such as
oxide layer which hinders the elution of AIHCF. To prove
this hypothesis, soft x-ray experiments such as XPS and
soft X-ray XAFS (and XANES) are effective, hence, we
proposed PAC to Photon Factory and the proposal was
accepted. These new experiments will be done in FY2020.

8x10°% | NAl B8 Fe EK

7X10% - 99.7% 97.3%
6%10°%
5X10%
4X10°%
3IX10%
2X10%
1X10°%
0

Elution amount, mol

5
dissolution 2 5

Nitric acid concentration [M]

Initial

Figure 3 Effect of HNOs concentration on AIHCF dilution [1]

3.1. Adsorption of PGMs
The adsorption of single Pd, Ru, Rh (5 mM each), and
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competitive adsorption of Ru, Rh (3 mM each) with Pd (2
mM) were compared in Table 1 and 2. In both the cases, 20
mg AIHCF were added into 10 mL of 1.5 M HNO; and
contacted for up to almost one month. Adsorption of Ru
and Rh were enhanced from single adsorption cases. The
XRD patterns before and after the adsorption of Pd, Pd +
Ru and Pd + Rh are summarized in Figure 4. Initial AIHCF
and AIHCF + Pd show similar diffraction patterns. Pd** is
replaced into Fe?* of the AIHCF and the structure is stable.
On the other hand, when Ru or Rh exist, XRD diffraction
drastically changed and the both the spectra are similar.
The radial structural function (RSF) obtained by EXAFS
experiments after the competitive adsorption of PGMs
clearly indicated that Ru and Rh are not the same chemical
forms as HCF. Ru and Rh may adsorbed by the formed
structure by Pd and AIHCF, or precipitated with eluted
component of AIHCF. The detailed analysis and
identification will be done.

Table 1 Sorption percentage of single Pd, Ru and Rh [1]

Time (d) Pd Ru Rh
5.2 99.9 72.2
11.2 100.2 85.7 17.6
19.2 100.2 90.3 37.9
26.2 100.2 93.4 51.2

Table 2 Sorption percentage of Ru and Rh with Pd [1]

Contact time (d) Pd-Ru Pd-Rh
Pd Ru Pd Rh
5.2 100.0 97.5 99.9 48.3
11.2 101.8 100.0 102.0 54.8
19.2 101.1 100.4 101.6 63.9
26.2 100.6 100.4 101.6 65.4
60
—— AIHCF
50 — Pd+Ru'
—— Pd+Rh
40 Pd
30
20
10
o ¥ ™ .m&';ﬁ-w_-.-. itz ity Mol
10 20 30 40 50 60
20

Figure 4 XRD patterns of PGM adsorbed AIHCF samples

4. Conclusion and plan

To understand the adsorption mechanism of not only
Pd which have been intensively studied already, but also
other PGMs, Ru and Rh, by AIHCF from HLLW, elution
behavior of AIHCF by HNO3 and adsorption behavior of

PGMs were done in FY2019. Some of the important results
are obtained by XRD and its PDF analysis, XAFS data by
both hard and soft x-ray. Detailed discussion based on the
experimental results will be continued in FY2020.
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B.S

Study of Cs desorption from vermiculite by in-situ observation of soil in

subcritical condition

Masahiko Nakase, Tatsuya Fukuda, Ryo Takahashi and Kenji Takeshita

1. Introduction

We have been studying the decontamination process of
radioactive Cs from soil by hydrothermal treatment (HTT).
By utilizing the rapid cation exchange in subcritical water
condition created by HTT, more efficient removal of Cs is
possible. The HTT technique in batchwise system was
updated to continuous column system to enable the
decontamination process more efficient and applicable to
the actual field. This study is successful supported by some
funds. On the other hand, the mechanism study is still
needed to fully understand the HTT process. Therefore, we
firstly tested the in-situ X-ray diffraction (in-situ XRD) and
Pair Distribution Function (PDF) analysis, and Extended
X-ray Adsorption Fine Structure (EXAFS) under
subcritical water condition at Super Photon-ring 8 GeV.

2. Experimental Setups

Fig.1 and Fig2 illustrate the schematics of
experimental setup and pictures of detectors equipped at
SPring-8 BL4B2. Cs-loaded vermiculite was packed into
the small container made of stainless with sight glasses.
The synchrotron light is penetrated through the glasses
which enables to the in-situ experiments. Firstly, the
pressurized water is pumped in the column and then, the
solution is switched to water with 0.5 M of MgCl,. The Cs
desorption is occurred gradually and before the total
desorption of Cs, XRD and XAFS spectra are collected.
The EXAFS spectra are also obtained with the same
container using Cs-K adsorption edge at BL1 of SPring-8.

Glass window |

o SN

Filling s-soil in column
with window

.
AAANAAAAN

Passing subecritical water

High-energy L
L X-ray p ';_\_\
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Figure 1 Experimental setup of in-situ experimen

LCqumn
—

Passing high-energy X-ray
through the window

Glass window 4 f
= | L. - | Detectors

SPring-8 BLAB2

Column with window

Figure 2 Pictures of experimental setup

3. Result and Discussions

The XRD patterns of Cs-loaded vermiculite at 150C
before and after flowing MgCl; solution in time course are
summarized in Fig 3. The Cs layer is gradually shifted to

Mg layer, indicating the ion-exchange of Cs and Mg. Then
PDF analysis is done based on the XRD data with chemical
composition and density of vermiculite as shown in Fig.4.
The broadening of the peak around 3-6 A is attributed to
the increased distance and distortion of the interlayers.
Both the structural changes are triggered by the ion
exchange reactions of Mg?" and Cs". The EXAFS
experiments reveals that the ratio of hydrated Cs in
interlayer is increased which enables the diffusion of Cs
ions efficient at 150 C. Our theoratica calculation also
supported this phenomena. The detailed discussion is
compiled our upcoming paper (1).
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Figure 3 XRD patternd®¥ Cs-loaded Vermiculite
during the pressurized water flow at 150 C
with and without MgCl, solution
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' N U .
Figure 4 Pair dlstrlioutlon function of
Verm-Cs at 150 C with and without MgCl, solution
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Separation of f-block elements by extractant-immobilized hydrogel

- Relation between complexation and polymeric characteristics -

Masahiko Nakase', Miki Harigai', Daiju Matsumura?, Takashi Kajitani!, Tomoo Yamamura®,

3

Kenji Shirasaki* and Kenji Takeshita'
Toyko Tech, 2JAEA, *Kyoto Univ., “Tohoku Univ.

1. Introduction

We are studying many separation technique and the
target elements are wide; Minor Actinide(MA), Lanthanide
(Ln), Platinum Group Metal(PGM; Pd, Ru, Rh (important
in nuclear reprocessing), Ir, Pt (important in a general
industry)), fission products (FPs; Cs, Sr) and other metals
such as Zr, Mo and Ag. Especially, MA/Ln separation is
important in advanced nuclear fuel cycle, hence, we put
more effort to enable this separation by applying gel/liquid
extraction as well as development of extractants for
conventional solvent extraction. Not only understanding
of coordination chemistry of f-block elements (MA and Ln)
in solution, but also the polymeric characteristics is
important to upgrade the separation. Recently, general
adsorption behavior of UO,?", Th*" and Ln3" by extractant
-immobilized hydrogels were implemented. In FY2019, we
newly started some experiments to understand more about
the polymeric characteristics of hydrogel adsorbents.
2. Concept of gel/liquid extraction

The most reliable separation technique of metal ions
should be solvent extraction and is widely used in industry.
However, the separation is based on thermodynamics and
not much parameters can be tuned. Under such restriction,
recognition of slight difference between MA and Ln is
difficult. By introducing extractant into stimuli-sensitive
hydrogel, more parameters can be tuned and the new
concept, “Control of Coordination Field” is applied as
shown in Fig.1 [1,2]. However, too complicated chemistry
makes the understanding of the coordination field difficult,
and reproducibility is sometimes worse than conventional
solvent extraction. To solve this problem, the gels were
thin-coated onto porous silica as shown in Fig.2. Due to
application of this technique, reproducibility of adsorption
experiments was greatly enhanced and in some cases,
adsorption performance was beyond the performance by
bulk gel may be attributed the increased surface area and
kinetics.

Tiaui Reuse e,
Ligquid/liquid i r
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Org. Org. Org. 1 *Structural and free waters
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| at ‘. i - | : ! __.I-P o-chemical property:
°,® a . .\ Steric fiinderance '
Ag. & Ag. Stripping sol. H
® Desired Metal  Selective recover | \ H
& Undesired Metal. e ) A\
¢« Ligand T /

Gel/liquid extraction
* Mo need of organic sclvent
* Mo concern of third phase formation
+ Controllability of complexatien behavior
+ Ligand is pretected from radiation
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Figure 1 Concept of gel/liquid extraction.
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Figure 2 SEM images of gel thin-coated on porous silica.

3. Polymeric characterization

We have been studying the difference between solvent
extraction and gel/liquid extraction and the results were
reported elsewhere [1,2]. We have already started the
time-dispersive X-ray Adsorption Fine Structure (DXAFS).
DXAFS can provide the changing of the local structure of
the metal ions in hydrogel when the external stimuli is
induced. In FY2019, investigation of polymeric
characteristics was started. Small Angle X-ray Scattering
(SAXS) and Wide Angle X-ray Diffraction (WAXD),
where SAXS can provide the conformational information
of polymer chains and WAXD can provide information
such as orientation of polymers and crystallinity, namely,
shorter order structure than SAXS were started. By our first
experiment, the conformational change of polymer was
detected and there was a correlation between the change of
the metal ion in the gel obtained by DXAFS for the first
time. The obtained data was now under analysing. Figure 4
illustrates the experimental setups of SAXS at PF BL6A

Figure 3 Experimental setup of SAXS; (1) Photon Factory
BL6C and (2) Lab-SAXS at Suzukake-dai Campus.
4. Conclusion and plan
We started new approach to understand the mechanism
of gel/liquid extraction and upgraded the materials and this
activity will be continues for several years.
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Development of stable solidification technique

of ALPS sediment wastes by apatite ceramics

Masahiko Nakase, Shun Kanagawa, Ayumu Masuda, Miki Harigai, Kazuo Utsumi
and Kenji Takeshita

1. Introduction

In FY 2019, we got a grant-in-aid from MEXT and
started collaborative research with CREIPI, JAEA,
Hitachi-GE and Nanyang Technological University
(Singapore) for development of solidification method of
ALPS sediment wastes into apatite ceramics. ALPS process
can decontaminate the contaminated water from Fukushima
Daiichi nuclear power plant but it generates sediment
wastes which are difficult to deal with. In FY 2019, we
started some basic studies.

2. Preparation of Simulated ALPS sediment waste

In FY2019, we began with synthesizing two kinds of
simulated ALPS sediment wastes; Iron co-precipitation and
Calcium carbonate wastes. Iron co-precipitation was
synthesized by adding NaOH solution into FeCls solution
containing small amount of Cs and Sr, and Calcium
carbonate waste are synthesized by adding Na,CO3 solution
into CaCOs; and Mg(OH), solution containing small
amount of Cs and Sr, as well. The synthesized wastes are
shown in Fig.1. Both the wastes were vacuum-dried and
SEM images were collected (Fig.2). The structures were
quite similar to the actual wastes reported by TEPCO. Both
the wastes were analyzed by some methods such as XRD,
FT-IR and XAFS. Next year, the apatite ceramics will be
synthesized by using these synthesized wastes.

Figure 1 Synthesis of simulated LPS wastes; (1) Iron
precipitation and (2) Calcium carbonate

Figure 2 SEM images of ALPS wastes;
(1) Iron co-precipitation and (2) Calcium carbonate

3. Synthesis and characterization of apatite waste forms

Synthesis of apatite ceramics containing Fe, Ca, Mg
and FPs(Cs and Sr) were implemented with three methods;
solid method, sol/gel method and hydrothermal method.
Frist of all, FeSI‘gCS(PO4)6(OH)2 and FeQSr6Csz(PO4)6(OH)2

were synthesized by solid method with nitric acid and
methanol by following our previous study [1]. The
synthesis was successful and pure products were obtained.
The SEM image of Fe>SrsCs2(PO4)s(OH), is shown in Fig
3. On the other hand, Mg and Ca were difficult to be
immobilized into apatite structure may be due to the
inappropriate ionic radii of Mg and Ca. Therefore, sol/gel
method and hydrothermal method (both methods are done
in basic solution) were tested.
The synthetic procedure and
result of characterization will
be reports elsewhere in
detailed, but the synthesis
was rather successful and
better phosphate compounds
suitable for ALPS sediment
wastes were determined.
Elution tests of the
synthesized apatite was also done with different pH water.
As a result, elution behavior of each element was different
indicating that bond strengths affect greatly on the stability
of apatite; Sr was quite stable in apatite, but the stability of
Cs was relatively weaker compared with Fe. The
compression experiments of apatite were also carried out
with varying the pressure and temperature to find the
appropriate condition to mold the apatite ceramixs.

206V X1,0000 A0pm

Figure 3 SEM image of
FeZSr6Csz(PO4)6(OH)2

4. Conclusion and plan

In FY2019, we have successfully launched the new
project of ALPS sediment wastes disposal. The preliminary
attempts to synthesize apatite ceramics were done with
some methods and characterization study were started.
Next year, we are planning to carry out DFT calculation to
understand the chemical property of synthesized apatite
and its stability. The engineering-scale apparatus will be
designed and large-scale synthesis will be done to enhance
the applicability of the proposed solidification method.
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B.8

Crystal Structure of Regularly 7x,-Symmetric [U(NO3)q]>~ Salts with

Hydrogen Bond Polymers of Diamide Building Blocks

Koichiro Takao, Hiroyuki Kazama, Yasuhisa Ikeda, and Satoru Tsushima

1. Introduction

A tetravalent actinide (An*") shows complicated
complexation behaviour arising from its spherical shape
that may allow accepting coordination interactions from
any orientations unlike the typical equatorial coordination
commonly observed in actinyl species (AnO>>*, An = U,
Np, Pu).! In the reprocessing process for the spent nuclear
fuels, the chemical behaviour of An*" in HNOs aq is highly
relevant,> however NO;™ is not always strong enough to
give a single predominant species. As a result, the
coordination chemistry of An*" in such a system is further
complicated despite the importance in the nuclear
engineering.

A limiting complex of An*" with NO;™ is known to be
[An(NO3)s]>” (An = Thj37 U3 ° Np,!® ! PulZ!%) which
shows 12 coordination number to fully occupy the
coordination sphere of the centre An*".!"> According to Jin
et al.,’ formation of this hexanitrato cornplex at least for
Th‘”, is mainly governed by hydration enthalpy of a
counter cation. Indeed, the reported [An(NOs)g]?” structures
were usually isolated as salts of heavy alkali metals (e.g.,
Rb" Cs") or NR4s" (R = H, alkyl), which exhibit lower
hydration enthalpies than lighter cations like Li* and Na*.

(
LXK 0) S O
d\ ( %N}j U d?w
Fig. 1. Schematic structures of diamide building blocks
employed in this study (L1, L2). An (R,R)-enantiomer of

L2 is only displayed in this figure, while its racemate has
been used in this work.

In contrast, H" has not been employed as a counter
cation for [An(NOs)s]>” so far. This smallest cation shows
the highest charge density in monovalent cations. Therefore,
it should exclusively tend to form strong electrostatic
interactions with anions. On the other hand, hydration of
H" is the most exothermic,’ and therefore, usually occurs to
give an oxonium ion (H30"), moderating the ionic
interactions significantly. As a result, an acidic salt
involving H3;O" is often fragile and hygroscopic unless
somehow being stabilized.* > If dehydration of H' is
successfully achieved, an avenue to prepare novel
crystalline materials will be explored. In this
communication, we demonstrate quantitative preparation of
a regularly Tj-symmetric [U(NOs)s]>, which shows
intrinsic colour of U*" never reported before. The most
critical point here is selection of appropriate diamide

building blocks (L1 and L2, Fig. 1),'%'® which form
hydrogen bond polymers to successfully liberate H* from
its strongest hydration tendency
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Fig. 2. Photomicrographs of (a) (HL1),[U(NO3)s] (1), (b)
(HL2),[UNNO3)s] (2), and (c) (NPrs)2[UNO3)s] under
illumination of white LED light.

2. Results & Discussion

A U* stock solution (0.15 M, 100 uL) containing 3 M
HNOs and 0.15 M N,H4 was layered with 3 M HNOs aq
(30 uL) and 3 M HNO; solution of the diamide building
block (L1 or L2, 0.30 M, 100 pL) in a ¢$5 mm glass tube.
Slow diffusion of U*" and the diamide resulted in crystals
with remarkably diminished colour (Fig. 2) in nearly
quantitative yields (> 98%) as well as fading the green
colour of the solution part. The green colour of the initial
solution is believed to be a typical nature of U*" arising
from its 5f2 configuration. Nevertheless, the elemental
analysis determined the chemical formulae of these
compounds to be (HL),[UNO3)s] (L = L1 (1), L2 (2)),
where U*' is actually present. Furthermore, both compound
1 and 2 clearly exhibit the characteristic absorption bands
of U(IV) in the solid state UV-vis-NIR absorption spectra.
Crawford et al. reported that [U(NOs)s]?>~ crystallizes with
tetrapropylammonium  (NPrs*)  cations to  give
(NPr4)2[U(NOs)6],> which has typical green colour as
shown in Fig. 2. Although the absorption bands of 1 and 2
have been actually detected, it is difficult to quantitatively
discuss differences in the absorption intensities of the solid
samples. Anyway, as clearly demonstrated in Fig. 2, 1 and
2 are not green at all despite being U(IV) compounds.
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Fig. 3. ORTEP views of (a) (HL1),[U(NOs)s] (1) and (b)
(HL2):[U(NO3)s] (2) at the 50% probability level. H and
disordering C atoms are omitted for clarity. Both (R, R)-
and (S, S)-enantiomers of L2 are present in the crystal
structure of 2 to make it racemic, although only the (R,
R)-form is displayed here.

Molecular and crystal structures of 1 and 2 have been
determined by single crystal X-ray diffraction.!” 2° The
ORTEP drawings of them are displayed in Fig. 3.
Consequently, these compounds were found to consist of
hexanitratouranate(IV), [U(NOs)s]?", together with two H*
and two L molecules in agreement with the formulae
determined by the elemental analysis. The selected
structural parameters are summarized in Table 1. The
centre U*" is dodecacoordinated by 6 bidentate NO;™ to
form a regularly T)-symmetric [U(NOs)s]*>~ with a centre of
inversion. The interatomic distances between U and O of
NO;™ ligands are 2.51-2.53 A in 1 and 2.50-2.53 A in 2,
which are similar to those found in the other [M(NO;)s]*"
(M = Ce, Th, U, Np, Pu)*"® species reported so far. There
are no other possible counter cations except for H in
accordance with the experimental conditions. Any isolated
O atoms implying either H3O" or hydrated water molecules
were not found in the Fourier maps through the structure
refinement process for each compounds despite its
deposition from the aqueous solutions.

Location of H' in these crystal structures is of great
interest at this stage. In the structure refinement process for

each compound, a residual electron density has been found
near to the carbonyl O atom, implying H*. The final
least-squares refinement after the H' attachment was
successfully converged in both 1 and 2. We may also make
a discussion for the occurrence of H' in these compounds
from a viewpoint of other structure-related data. In each
compound, the coordination sphere of U*" is fully occupied
by bidentate NOs~ to offer 12 coordination bonds in total.
Accordingly, L1 and L2 are free from any direct
coordination interactions with U* in 1 and 2, respectively.
Nevertheless, the C=0 bond distances in the 2-pyrrolidone
rings (1.26 A in 1, 1.27 A in 2) are slightly longer than
those of free L1 (1.23 A) and L2 (1.23 A). Furthermore,
the C=0 stretching frequencies (1518 cm™! in 1 and 1528
cm™' in 2) are clearly lower than those of free L1 (1659
cm!) and L2 (1675 cm™). These results indicate that the
C=0 moieties of L suffered from additional non-covalent
bonds in compound 1 and 2. It is most plausible to consider

Table 1. Structural Parameters of (HL)>[U(NOs)¢] (L = L1
1), L2 (2))

(HL1):JUNOs)s] (1)  (HL2),[UNO3)s] (2)

interatomic distances /A

U-Onos  2.514(2),2.515(2),  2.499(3),2.511(4),
2.518(2),2.521(2),  2.516(4), 2.524(4),
2.523(2), 2.525(2) 2.525(4), 2.531(4)

Cc=0 C(1)-0(11) 1.261(5)  C(1)-O(10) 1.268(6)
C(14)-0(10) C(14)-0(11)
1.255(5) 1.270(6)

C-N C(1)-N(5) 1.323(4)  C(1)-N(4) 1.314(6)

C(14)-N(4) 1.303(5)
H-bond parameters

C(14)-N(5) 1.313(6)

D-H dist. O(10)-H(1) 1.13 0(10)-H(1) 0.94
/}11&---/1 dist. H(1)-O(11) 1.28 H(11)---O(10) 1.48
/5&---/1 dist. O(10)-0(11)241  O(11)--0(10) 2.41
/DAfH---A O(11)-H(1)--0(10)  O(11)-H(11)---0(10)
angle ° 1783 167.9

that H" in 1 and 2 interact with a negatively polarized O
atom of the C=0 moiety of L to afford weakening of the
C=0 bonds compared with the free ones. In connection
with this, the C—N bonds in the amide moieties (1.30-1.32
A'in 1, 1.31 A in 2) are slightly shorter than those of free
L1 (1.35 A) and L2 (1.35-1.36 A). This situation is
ascribed to an increase in its bond order through the
induced electron delocalization.

In compound 1, the C(1)-O(11) bond (1.261(5) A) is
not largely different from C(14)-O(10) (1.255(5) A),
implying that H" stays between O(10) and O(11). As a
result, a 1-dimensional hydrogen bond polymer [H*--L1],
is formed in 1. In compound 2, both C=0O bond distances
(C(1)-0(10), C(14)—0O(11)) are close to each other. The
C—N bonds in the amide groups (C(1)-N(4), C(11)—-N(5))
of 2 are also quite similar to each other. These results
suggest that H* interacts with both C=0 moieties in nearly
equal extents to give the 1-D hydrogen bond polymer like
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[H*--L2], in 2. All the related parameters in 1 and 2
(Table 1) indicate that the hydrogen bonds formed in the
current compounds are strongly covalent (15-40 kJ-mol™")
in accordance with the criteria summarized in a review by
Steiner.?! The C=0 bond distances in 1 and 2 are actually
longer than those in free L1 and L2, but clearly indicate
that these moieties still show double bonding characters
rather than that of a single bond arising from the
protonation to give a C—OH unit on the basis of covalent
radii (C=0: 1.24 A, C-0O: 1.43 A).?*> Indeed, any O-H
stretching modes have not been detected around 3200-3500
cm ! in the IR spectra of 1 and 2.2* Consequently, H" in 1
and 2 are dehydrated and stabilized by formation of the
hydrogen bond polymers [H™---L], through crystallization
of these compounds as schematically displayed in Fig. 4.

The closest contact between the U*" centre and H' in 1
and 2 are 5.85 A and 6.14 A, respectively. These distances
are much longer than those found in reported alkali and
NH4* salts of [M(NOs)s]>™ (M = U, Th, Rb" salt: 4.66 A,
Cs" salt: 4.86 A, NH4" salt: 4.71 A).>° The longer distance
remarkably weakens the electrostatic attraction between
[U(NOs)s]*> and counter cations. Furthermore, the positive
charge of H" is exclusively moderated through the
hydrogen bonds with L1 and L2. As a result, the molecular
structure of [U(NOs)g]>” remains regularly 7,-symmetric
even in the crystallization driven by the ionic interactions.

Despite having the same [U(NOs)¢]*>" anion complex,
colour of U(IV) is remarkably diminished in both 1 and 2,
while (NPr4)2[U(NOs3)s] are clearly green-coloured as
shown in Fig. 2. Essentially, the f-f transitions in 5f
electronic configuration of U*" is forbidden by Laporte
selection rule, which is still applicable in a
centrosymmetric system like the regularly Tj)-symmetric
[U(NOs)s]>. This is the reason why the typical green
colour of U*" disappears in 1 and 2. In contrast, the
molecular structure of [U(NOs)s]?>” is somewhat distorted in
the NPr4" salt, where the Laporte selection rule is no longer
strictly applicable. Therefore, (NPr4):[U(NO3)s] shows the
usual green colour of U*",

In order to theoretically estimate the sensitivity of the
U{V) absorption spectra related to the ligand field
transitions, the electronic absorption spectra stemming
from the formally Laporte forbidden f-f transitions were
calculated by CASSCF/sc-NEVPT?2 approach using ORCA
program.>* Four complexes have been selected;
[U(H20)s]*,% [U(H20)9]*",® [U(NO3)s]* (from Crawford
et al.,’ referred as C) and [U(NOs)s]>” (from 1 obtained in
this work, referred as K). The first two complexes were
included as references since the absorption spectra of U
hydrates are widely available. For U*" hydrates, the
experimental absorption spectrum?® is nicely reproduced by
CASSCF calculations, although transition energies are
overall somewhat overestimated, i.e., blue-shifted. This is
presumably because of using an isolated highly charged
cation and thereby overestimating the effective positive
charge on the uranium centre. Closer look into the
CASSCEF results reveals that the electronic transitions to
3P,, I states show up at around 350 to 450 nm, whereas
3Py, 3Py, 'D», and 'Gy states are observed at around 550 to

600 nm. These absorption bands contribute to the greenish
colour of aqueous U(IV) solution. Remind that only the
states stemming from 5f2 configuration are included in the
calculations and neither 5f — 6d transition nor the LMCT
states are included here. By contrast, there is by far much
weaker absorption in [U(NQOs)s]>” complexes. Especially, in
the case of the regularly T),-symmetric [U(NOs)g]?>
complex (K) synthesized in this work, there is no
absorption at all throughout the whole spectral range. This
situation is exclusively related to the strict preservation of
the centrosymmetry of [U(NOs)s]*>, and is the reason why
compound 1 and 2 do not show the typical green colour of
U* as shown in Fig. 2. The intensities experimentally
observed in the solid state absorption spectra of 1 and 2
should be ascribed to perturbation from the
centrosymmetry of [U(NOs)¢]*” through thermal vibrations.
(¢]
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Fig. 4. Schematic structures of [UNO;)¢]* and [H*---L],
hydrogen bond polymer in 1 (a) and 2 (b).

In conclusion, the regularly 7)-symmetric [U(NO3)6]*~
was successfully crystallized together with the anhydrous
H*-involving hydrogen bond polymers even in the aqueous
systems. The diamide building blocks, L1 and L2,
employed here have been originally designed by our group
to develop precipitation-based simple reprocessing
processes for the spent nuclear fuels.!®%:27-28 As described
above, compound 1 and 2 have been obtained from the
HNO; aq in nearly quantitative yields, so that the current
findings can also be applied to the efficient recovery of
An*" from the feed HNO; solution in the spent nuclear fuel
reprocessing.

3. Experimental
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Caution! 233U is an alpha emitter, and therefore
standard precautions for handling radioactive materials
should be followed.

Characterization of (HL1),[U(NO3)¢] (1). Anal. Calcd
for CasHaeNi9O22U: C 30.22, H 4.17, N 12.59. Found: C
29.87, H 4.19, N 12.30. Crystallographic data for 1: fw =
1112.75, 0.414 x 0.300 x 0.286 mm?’, monoclinic, C2/c
(No.15), a = 18.1738(6) A, b = 11.0137(3) A, ¢ =
21.8047(7) A, p=109.958(8)°, ¥ =4102.33) A%, Z=4,T
=123 K, Deaied = 1.802 g-em™, 1 = 40.54 cm™!, GOF =
1.082, R (I > 20) = 0.0228, wR (all) = 0.0549. IR (ATR,
cm ') 1518 (vc-o), 1286 (NO3).

Characterization of (HL2),[U(NO3)¢] (2). Anal. Calcd
for CasHaeNi9O22U: C 30.22, H 4.17, N 12.59. Found: C
30.12, H 4.10, N 12.27. Crystallographic data for 2: fw =
1112.75, 0.335 x 0.276 x 0.266 mm?, monoclinic, P2;/n
(No.14), a = 9.8222(4) A, b = 10.7334(4) A, ¢ =
19.5516(8) A, B=103.185(7)°, V = 2006.89(15) A3, Z= 2,
T =123 K, Decatca = 1.841 grem™, = 41.43 cm™!, GOF =
1.078, R (I > 20) = 0.0433, wR (all) = 0.0821. IR (ATR,
cem ) 1512 (ve-o), 1288 (NO3Y).
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C.1

An innovative fast reactor core design for rapid reduction of

separated Pu and its proliferation concerns

Shigeki Shiba and Hiroshi Sagara

1. Overview

Continuous research and development (R&D) efforts in
prospering new verification tools are essential to improve
verification capacity in safeguards. The International
Atomic Energy Agency (IAEA) Safety Department
Long-Term R&D Plan 2012-2023 focused on more
delicate and few intrusive solutions to current
nondestructive assay (NDA) tools to conduct a partial
defect test on a spent fuel assembly. Currently, as a
promising candidate for a solution, passive gamma
emission tomography (PGET) has been developed to detect
the substitute of a single fuel rod in a light-water reactor
and is being studied to check the number of fuel pins in a
spent nuclear fuel assembly (Fig.1). Fuel pins appear as
bright spots in a reconstructed image using PGET, and
missing-pin positions appear as dark regions.

Median root prior expectation maximization (MRPEM)
algorithm that belongs to the Bayesian iterative
approximation is used in PGET to reconstruct passive
gamma emitter distribution. The algorithm converges
slowly and may involve iterations of 50-200. Fast
processing of the algorithm was integrated into MRPEM to
accelerate the convergence. Then, the integrated MRPEM
reconstructed a passive distribution of gamma emissions
within a mock-up boiling water reactor (BWR)-type 10 x
10 fuel assembly. It was found that the reconstructions in
GET using the integrated MRPEM could result in a 20%
reduction in the mean absolute error (MAE) compared to
the standard MRPEM.

As results, fast reconstruction algorithm was
successfully integrated into MRPEM, and then the passive
gamma emitter distribution was rebuilt using sinogram data
of 10 x 10 BWR mock-up fuel assembly. Compared to
standard MRPEM, the integrated MRPEM made it possible
to achieve 20% reduced MAE spatial distributions of
passive gamma-ray intensity. With W(x;), the fast
reconstruction processing led to reduce of iteration number
for the GET using MRPEM, which also suppressed noise
components except for ®*Co pin regions. However, it was
found that MAEs in reconstructed distributions might
increase slightly after 30 iterations due to #; in W(x;) (Fig.
2). Thus, passive gamma-ray distributions could be
recreated within 10 iterations after using W(y;) was
introduced into the MRPEM algorithm.

Fig. 1 Principle of tomographicacquisition and geometric
considerations [1]

10™ jteration 20™ iteration

40" iteration

30™ iteration

Fig. 2 The relative intensity distribution of °Co using the
integrated MRPEM. (Iteration number:10, 20, 30 and 40)

(1]

Reference
1. Shigeki Shiba and Hiroshi Sagara, Fast reconstruction of
Bayesian iterative approximation in passive gamma-ray

tomography, Volume 57, No. 5, Pages 546-552, 2019.
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C.2

Material attractiveness evaluation of inert matrix fuel for nuclear

security and non-proliferation

Takeshi Aoki, Hiroshi Sagara and Chi Young Han

1. Overview

The material attractiveness of inert matrix fuel (IMF)
was evaluated for states and non-state actors aiming for a
nuclear explosive device manufacturing in the High
Temperature Gas-cooled Reactor (HTGR) system using
Trans-Uranium (TRU) oxide target to reveal the impact of
its chemical stability.

The methodology for material attractiveness evaluation
was developed to assess material attractiveness for states
and treat IMF which is chemically inert for nitric acid
solution (Fig.1). For the material attractiveness evaluation
for non-state actors revealed that non-irradiated TRISO fuel
particles and IMF kernels in the fuel cycle using IMF in the
HTGR, and the non-irradiated Mixed Oxide (MOX)
powder in the fuel cycle using MOX fuel in Light Water
Reactor (LWR) (Fig. 2) were the most vulnerable targets.
The TRISO fuel particle and the IMF kernel had less
material attractiveness than the MOX powder for use
because of their greater processing time and complexity
due to their chemical stability (Fig. 3). Even assuming a 10
wt% of plutonium extraction from the chemically stable
IMF kernel, these still have less material attractiveness
because approximately 10 times more net weight would be
required in the acquisition phase. The irradiated fuel in
HTGR had lower material attractiveness than unirradiated
one because of higher decay heat hindering Nuclear
Explosive Device (NED) manufacturing in the utilization
phase.

The evaluation of material attractiveness for states
assuming the concealed diversion of declared material
reveal that nonirradiated TRISO fuel particles and IMF
kernels, the nonirradiated MOX powder were the most
vulnerable targets in each fuel cycle. The TRISO fuel
particle and the IMF kernel had less material attractiveness
as a target than the MOX powder because of their greater
conversion time due to their chemical stability, and were
regarded as irradiated uranium fuel grade in material
attractiveness. The irradiated fuel in the HTGR had lower
material attractiveness than unirradiated one because of
high decay heat generation hindering NED manufacturing
and its nominal yield generation in the utilization phase.

Utilization phase

NED
assembly

( Measures
« Bare critical mass
+ Heat content
* Spontaneous fission

\__ emission rate J

Processing phase

Acquisition phase

Border,+ Nulea

“Assuming o physical protection

{Measures Measures
= Net weight * Processing time
+ Acquisition time and complexity

\_ * Dose rate at Im + Conversion time

=,

Fig. 1 Discrete phases in NED development and relevant
measures applied in each phase[1].

Nuclear facilities

| IMF_HTGR fuel cycle | | MOX_LWR fuel cycle

Target materials

U-Pu nitric solution

TRU nitric solution

MOX powder
IMF kernel
TRISO fuel particle ::?,: ‘;"‘rd“;
_ Carbide fuel compact V™ WELIO0
F.F. storage F.F. block F.F. assembly
Reactor core LF. block I.F. assembly
S.F storage LF. block LF. bly
Research subjects
| | 1F block

Fig. 2 Target materials in the nuclear fuel cycle for two
process flows: the IMF use in a HTGR and the MOX fuel
use ina LWR [1].
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Fig. 3 Relative attractiveness for the processing phase [1]
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C3

Densification of Yttrium Oxyfluoride Ceramics by Rate Controlled

Sintering and Their Mechanical Properties

Katsumi Yoshida, Riku Akatsu, Toru Tsunoura, Anna Gubarevich

1. Introduction

Semiconductor manufacturers are improving yields and
operating time of manufacturing to reduce the cost of large
scale integrated (LSI) chip. If the yields are reduced, a
semiconductor manufacturer cannot keep manufacturing or
start to manufacture new semiconductor devices. However,
the yields have recently decreased as semiconductor devices
have been higher integrated. There are many causes of yield
reduction. Particulate contamination on a wafer in the
etching process is currently the most important issue among
them. Fluorocarbon plasmas have been extensively used in
the semiconductor industry to etch silicon wafers. However,
chamber walls are also eroded by the fluorocarbon plasmas.
Particles are generated from the surfaces of the plasma
chamber in the manufacturing equipment. Therefore, the
chamber walls need to be coated with corrosion-resistant
materials such as silicon, silica, alumina (Al,O3) and yttria
(Y203). They are conventional corrosion-resistant materials
for the plasma processing equipments. The Y>03; and Al,O3
coatings exposed to CF4 plasma form fluorinated layer such
as AlF; and YFs. These AlF; and YF; act as the protective
layer to prevent the surface from further erosion with
fluorocarbon plasma. Therefore yttrium fluoride (YF3)
coating with high chemical stability under fluorocarbon
plasma was proposed as a new candidate material for plasma
processing equipments. Our previous study showed that
YOF ceramics sintered by hot-pressing had superior
resistance against fluorine-plasma exposure as compared
with the Y,03 ceramics.” Therefore yttrium oxyfluoride
(YxOyF,) ceramics can be considered as a next-generation
corrosion-resistant material. However, YOF ceramics are
difficult to handle industrially, because YOF ceramics have
a high sintering temperature of around 1600°C and a phase
transition between the rhombohedral and tetragonal phases
at around 560°C.> On the other hand, YsO4F; and YF;
ceramics have low sintering temperatures and no phase
transition under 1000°C.? Moreover, YsO4F; + YF3
ceramics show approximately equivalent mechanical
properties to YOF ceramics due to the dispersion
strengthening.? Therefore, we have paid attention to the
Y;504F7 + YF3 ceramics.

There are several sintering methods for ceramics.
Pressureless-sintering is conventional method to fabricate
ceramic parts of complicated shapes, compared with hot-
pressing. However, it is difficult to densify ceramics by
pressureless-sintering. It was found that, for many ceramic
materials, the high rate of shrinkage and densification can be
realized by using a low heating rate. On the other hand, for
industrial applications, fast heating programs for sintering
processes are required to save time and energy. As a method
to solve this problem, a rate controlled sintering (RCS) is

known. RCS is defined as a sintering method with a
controlled heating rate in this study. In RCS, fast heating
rates when no shrinkage occurs and low heating rates when
shrinkage and densification are facilitated are combined.
Ceramics show densification behavior with a constant
shrinkage rate by RCS. It is reported that grain growth of
ceramics is suppressed by RCS. It is also possible that size
and number of pores are reduced by RCS, compared with a
constant heating rate sintering (CHRS). From these reports
the improvement of mechanical properties of ceramics
sintered by RCS method can be expected.

In this study, densification behavior of the YsO4F7 + YF;
ceramics by pressureless-sintering was evaluated with a
dilatometer and a RCS temperature program was determined
based on the thermal measurements. The YsO4F7; + YF3
ceramics were pressureless-sintered according to the heating
program and their mechanical properties were evaluated.

2. Experimental Procedures
2.1. Shrinkage Behavior of YsO.F; + YF3 Ceramics and
Thermokinetic Analysis

Mixture of Ys04F7 + YF3 powder (Nippon Yttrium Co.
Ltd., Japan, oxygen content: 6 wt%, median particle size: 0.7
pm) was used as starting materials. Green bodies were
prepared under a uniaxial pressure of 10 MPa, and then they
were pressed under cold isostatic pressing (CIP) of 200 MPa
for 1 min. The size of the green bodies was 5 x 5 x 15 mm?.
The shrinkage behavior of the ceramics was measured with
a dilatometer. Green bodies were put between thin graphite
plates on graphite sample carrier. Shrinkage measurements
were carried out at different heating rates of 5 °C/min,
10 °C/min and 20 °C/min under He flow. Thermokinetic
analysis to obtain a RCS temperature program was
conducted using a software (ThermoKinetics3.1,
NETZSCH). Sintering of ceramics contains several different
reactions and each reaction is independent, subsequent or
parallel to other reactions. Reaction model of ceramics
samples can be estimated from the results of dilatometry.
Based on the reaction model, the parameters of the reaction
model can be optimized using the thermokinetic software by
multivariate nonlinear regression. RCS temperature
program can be calculated using the reaction model and
kinetic parameters.

The best reaction model and kinetic parameters were
determined with the software based on the shrinkage
behavior of YsO4F7 + YF3 ceramics at different heating rates.
Then RCS temperature program for YsO4F7 + YF3 ceramics
was calculated and the shrinkage behavior of YsO4F7 + YF;
ceramics was actually measured with a dilatometer
according to the RCS temperature program.
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2.2. Fabrication of YsO4F; + YF3 Ceramics

Green bodies were prepared in the same way described
in Section 2.1. The diameter of the green bodies was 60 mm.
The green bodies were sintered under Ar flow using two
different temperature programs, shown in Fig. 1. One
temperature program was RCS temperature program
calculated in Section 2.1. Another program was the
temperature program with a constant heating rate. The
temperature was raised to 930 °C at the rate of 30 °C/min
and kept at 930 °C for 1 h.

2.3 Mechanical Properties

The specimens (3* x 4* x 35/ mm?) were mirror-polished
with diamond slurry. Their bulk density and open porosity
were measured by Archimedes method according to JIS-
R1634. To measure the grain size of samples, the mirror-
polished specimens were thermally etched in Ar flow. The
temperature was raised to 830 °C at the rate of 30 °C/min
and kept at 830 °C for 1 h. The surface of YsO4F; + YF3
ceramics after thermal etching was observed by scanning
electron microscopy (SEM) after they were coated with a
thin Pt—Pd layer with a sputtering apparatus. The grain size
was measured from SEM images. The three-point bending
strength of specimens fabricated by CHRS and RCS was
measured at room temperature using a testing machine
according to JIS-R1601. Observation of fracture surface of
bended specimens was conducted using SEM after they were
coated with a thin Pt—Pd layer. Micro-Vickers hardness tests
were carried out at room temperature with an applied load of
4.904 N for 15 s according to JIS-R1610.

3. Results and Discussion
3.1. Shrinkage Behavior of YsO4F; + YF3 Ceramics

Figure 2 shows shrinkage behavior of YsO4F7; + YF3
ceramics under the heating rates of 5 °C/min, 10 °C/min and
20 °C/min. From the results, fittings were attempted using
nonlinear regression with several kinetic models, and the
best reaction model with four competing reactions was
chosen. The RCS temperature program was calculated based
on the reaction model and parameters, shown by the solid
line in Fig. 1. Figure 3 shows the comparison between
calculated and experimental shrinkage behavior, and the
RCS temperature program of YsO4F; + YF3 ceramics. The
experimental shrinkage behavior almost agreed with the
calculated shrinkage behavior.

3.2. Mechanical Properties of YsO4F; + YF3 Ceramics

The theoretical densities of YsO4F7 and YF3 are 5.14 and
5.06 g/cm® from ICDD 00-025-1012 and ICDD 01-070-
1935, respectively. Thus, theoretical density of YsO4F; +
YF; ceramics was calculated as 5.11 g/cm?, and their relative
density was calculated. Every relative density was more than
95 % and open porosity was less than 1 %. These results
show that YsO4F7 + YF3 ceramics were enough densified by
CHRS and RCS. The closed porosity of YsO4F; + YF3
ceramics obtained by RCS was approximately three times
smaller than that obtained by CHRS and approached to that
sintered by hot-pressing. That is, RCS, in spite of
pressureless-sintering, enabled YsO4F; + YF3 ceramics to be
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Fig. 1 Two kinds of temperature programs of YsO4F7 + YF3
ceramics used in this study.
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Fig. 2 Shrinkage behavior of YsO4F7 + YF3 ceramics with the
heating rates of 5 °C/min, 10 °C/min and 20 °C/min.
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Fig. 3 The comparison between calculated and experimental
shrinkage behavior, and the RCS temperature program of
Y504F7 + YF3 ceramics.

densified almost equivalently to hot-pressing. This result
implies that pores of ceramics bulk might be confined inside
during CHRS when ceramics are densified. On the other
hand, pores might be released outside during RCS due to
slower densification.

Figure 4 shows SEM images of surface of YsO4F7 + YF3
ceramics after thermal etching. The median grain size of
CHRS and RCS samples was 0.85 pum and 0.89 pm,
respectively. In other words, the grain size of CHRS sample
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Fig. 4 SEM images of surface of YsO4F7 + YF3 ceramics
sintered by (a) CHRS and (b) RCS after thermal etching.

was smaller than that of RCS sample. This result indicates
that grain growth was caused by prolonged heating under
RCS.

Y504F7 + YF; ceramics prepared by RCS showed better
mechanical properties than those sintered by CHRS.
Moreover, YsO4F7 + YF3 ceramics sintered by RCS showed
superior bending strength compared to the ceramics
prepared by CHRS and hot-pressing. YsO4F7 + YF; ceramics
sintered by RCS showed lower Vickers hardness than that
densified by hot-pressing. However, as a result, through
application of RCS, Vickers hardness of presureless-sintered
Ys04F7 + YF3 ceramics can approach the value of the
samples sintered by hot-pressing.

Figure 5 shows SEM images of fracture surface of the
Y504F7 + YF3; ceramics after three-point bending test. As
seen in Fig. 6, the grain size of CHRS samples seems to be
smaller than that of RCS sample. On the other hand, a larger
number of pores was observed on the cross-section of
Y504F7 + YF3 ceramics prepared by CHRS, compared with
RCS sample. Existence of a large number of these pores in
the CHRS sample agrees with the value of porosity. It is
known that the strength of ceramics decreases as the porosity
increases. It can be the reason why YsO4F; + YF3 ceramics
prepared by RCS were superior in bending strength to that
sintered under CHRS.

The results show that mechanical properties of YsO4F7 +
YF3 ceramics are greatly influenced by pores in their bulk.
It is considered that lower heating rate at temperature higher
than 650 °C led to decreased porosity in RCS samples
compared with CHRS samples. It means that YsO4F7 + YF;

Fig.5 SEM images of fracture surface of YsO4F7 + YF3
ceramics sintered by (a) CHRS and (b) RCS after
three-point bending test.

ceramics sintered at lower heating rate may have smaller
porosity. However, setting low heating rate from room
temperature means time and energy-consuming process.
Thermokinetic analysis permits to define optimal heating
rate and perform efficient sintering.

4. Conclusion

The Y504F7 + YF3 ceramics were sintered at an almost
constant shrinkage rate by application of RCS temperature
program. The experimental shrinkage behavior was
consistent with the shrinkage behavior simulated by
thermokinetic analysis in advance. The three-point bending
strength of YsO4F; + YFs; ceramics densified by
pressureless-sintering was higher than that sintered by hot-
pressing. Sintered by RCS, Y5O4F7 + YF3 ceramics showed
much higher bending strength than that sintered by hot-
pressing. Then, YsO4F7 + YF3 ceramics by RCS showed high
Vickers hardness approaching to that measured for hot-
pressed samples. It is concluded that the RCS represents a
simple and effective method to manufacture corrosion-
resistant materials with high strength.
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C4

Combustion Synthesis of Ceramic Powders with Induction Heating

Assistance

Anna Gubarevich, Tsubasa Watanabe, Katsumi Yoshida

1. Introduction

Current applications of ceramics in nuclear reactor
systems include oxide fuels, ceramic-glassy waste
compacts, graphite moderators, and B4C control rods.
Future nuclear ceramics will potentially include non-oxide
fuels, fuel cladding (metal carbides, MAX phases),
SiC/SiC composites, inert matrix fuel systems, ceramic
superconductors and so on.

Combustion synthesis (or self-propagating
high-temperature synthesis) method is well known method
of synthesis of high-temperature ceramic materials. It has
been applied to fabricate numerous carbides, nitrides,
borides, oxides, intermetallics and so on. Combustion
synthesis is based on utilization of highly exothermic
chemical reactions, when the heat released during the
reaction is used to promote the reaction further. In a
self-propagating mode, the reaction is initiated by a
high-energy pulse, such as a short-duration heating by
passing electric current through tungsten filament. After
ignition the reaction propagates without any additional
supply of energy from outside. Calculation of the adiabatic
temperature, which represents a maximum value of
temperature possible to reach when all the heat released
during the reaction is kept inside, can give approximate
estimation of possibility of reaction propagation. When
value of adiabatic temperature is not high enough (lower
than 1800 K as a rule), and propagation of reaction cannot
be achieved, techniques of volume combustion (or thermal
explosion), chemical oven or combustion under elevated
temperatures can be applied. From the other side, it is
known that preheating for a long time can inhibit ignition
due to partial chemical conversion of the reactants,
therefore choice of the method of preheating is important.
In the present research we put our attention on induction
heating (IH) technique.

IH provides fast, contactless and efficient heating of
conductive materials, moreover the power applied by the
IH system can be carefully controlled and speed of heating
can be easily varied in a wide range. The experimental set
up is simple and permits to reduce time, temperature and
energy necessary for synthesis.

2. Examples of synthesis
2.1. Aluminum silicon carbide Al,SiC4V

Aluminum silicon carbide (AlsSiC4) has been
attracting an increasing attention not only in the field of
refractory and high-temperature materials due to its low
density, high melting temperature, high compressive stress,
good thermal conductivity, ductility and excellent
oxidation resistance, but also in the fields of
photocatalysis, power and optoelectronics as a new

wide-gap semiconductor material. AlSiCs can be
synthesized by various methods; elemental powders of Al,
Si, and C or oxide powders such as Al,O3; and SiO,, and C
are often used as starting materials. Despite very attractive
properties of AlsSiCy, its application is still restricted by
the difficulty to fabricate single phase. Therefore, a new
and effective method is highly required.

The heat of formation of Al4SiCs at room temperature
is relatively low (A =-203 kJ/mol), and as a result
adiabatic temperature T.q (300K) is only 1320 K; this
value is too low to achieve self-propagation of the reaction.
To the best of our knowledge, there are no reports in the
literature regarding combustion synthesis of pure Al4SiCy4
either in self-propagating or volume combustion mode.
Calculations using thermodynamic data show that
preheating of the starting mixture to temperatures higher
than melting point of aluminum makes possible synthesis
of ALSiICs4 from elemental powders by combustion
synthesis method.

In our work, we show for the first time that
single-phase Al4SiCs powders can be synthesized from
elemental Al, Si, and C by combustion synthesis method
with IH assistance. Commercially available powders of Al,
Si, and carbon black were used as starting materials. The
powders were mixed by ball milling for 24 hours using
silicon carbide balls as milling media and ethanol as the
dispersive medium. After mixing ethanol was removed
using a rotary evaporator, and the powder was dried at
60°C for 12 hours. After drying, powders were formed
into pellets by uniaxial pressing and then by cold isostatic
pressing. The pellet was placed into a graphite crucible
and covered with a graphite lid. The crucible was set in
high-frequency induction heating (HF IH) apparatus
(MU-alV, SK Medical Electron, Japan) and heated under
Ar flow. Basic set-up is shown in Fig. 1. The heating
program, expressed as power of HF IH vs time, has three
steps. Finally, the sample is cooled down naturally under
Ar flow. To measure temperature of the samples, an
infrared optical pyrometer (working range 600~3000°C)
focused on the top surface of the samples was used. In that
case, the graphite lid was taken off. After cooling down to
room temperature under Ar flow, the yellow product was
obtained. Synthesized product was hand-milled in an agate
mortar with pestle for the further characterization. Crystal
phases of the powder were identified using X-ray
diffraction (XRD). The morphology and composition of
the synthesized Al4SiCs4 powder was examined after Pt
coating using scanning electron microscopy (SEM).

XRD analysis of the synthesized powders showed that
a single-phase product of Al:SiCs was obtained. SEM
observation revealed formation of particles with size less
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than 1 micron.

2.2. Boron carbide B,C?

Boron carbide has outstanding properties such as high
hardness, low density, high melting point, high
temperature stability, and high neutron absorption. It is
commonly used in nuclear applications as a neutron
absorber. Boron carbide is commercially produced by
carbo-thermic reduction of boric acid or magnesiothermy
in the presence of carbon. For specialized applications
boron carbide is synthesized from elements. High
temperatures and long duration of heating are required,
and as a result, course products are formed, which are then
ground to get fine particles suitable for processing and
sintering. The direct reaction between boron and carbon is
exothermic, but enthalpy is low, therefore combustion
synthesis from elements is not self-sustainable.

In our research, we applied induction heating to
develop a new facile, energy-saving and environmentally
friendly method for synthesis of fine boron carbide
powders.

Experimental procedure includes mixing of amorphous
boron and carbon black powders in stoichiometric
proportion, pressing of mixture into pellet, and then
heating in HFIH furnace under Ar flow. Sintered porous
bodies obtained after heating were crushed into powders
and analyzed by XRD, SEM, N, gas adsorption and
TG-DTA.

As a result, combustion reaction between B and C with
formation of B4C was confirmed. Depending of
post-heating conditions B4C powders ranging from
sub-micron (0.4~0.5 micron, BET specific surface area
(SSA) 5.4 m*g) to several microns (1~3 microns, BET
SSA 1.1 m%g) were obtained (Fig. 2). Thermogravimetry
study in air showed that the synthesized boron carbide
powders showed higher onset temperature of oxidation
than commercial B4C powders.

3. Conclusions

Combination of combustion synthesis with induction
heating technique can be successfully applied for synthesis
of ceramic powders with low enthalpies such as Al4SiCy
and B4C. Despite the time of heating is very short (5~10
min), single-phase powders with high crystallinity can be
synthesized. By varying post-heating conditions, particle
size of the powders can be tuned. It is expected, that
induction heating assisted combustion synthesis technique
can be developed further as a promising method to
synthesize various ceramic powders.
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Fig. 2 SEM images of synthesized B4+C powders: (a)
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D.1

Time-of-Flight Laser Velocimetry

for an Electromagnetically Driven Shock Tube

Yoshiyuki Oguri and Hiroki Kawada

1. Introduction

An electromagnetically driven shock tube is being
developed to produce fully dissociated atomic hydrogen
gas[1]. The dissociation degree is uniquely determined by
the shock velocity in the tube. To measure the shock
velocity precisely, we constructed a velocimeter based on
time of flight (TOF) method. In this note, preliminary
results on this setup are presented.

2. Experimental methods

Figure 1 illustrates a schematic of the shock
velocimetry. Arrival of the shock front at two different
longitudinal positions along the tube was detected by
observing refraction of laser (633-nm He-Ne, 5 mW,
05-LHP-111, Melles Griot) beams induced by the shock.
Si-PIN  photodiodes  (S5972, 500 MHz, ¢0.8 mm,
Hamamatsu Photonics) were used as the fast light sensor.
The detector waveforms were recorded by a digital
oscilloscope (WaveSurfer 510, 1 GHz, 10 GS/s, Teledyne
LeCroy). A shock can be detected as a negative pulse in the
signal waveform. To increase the sensitivity, the diameter
of the laser beams in the tube were reduced using a lens
system. The detectors were placed away from the tube (=
1 m from the final lens) to amplify the displacement of the
laser beams.
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Fig. 1 Setup of the TOF laser velocimeter
The shock velocity us is given by

u =24, 8

where #; and #, are the measured arrival time of the shock at
the upstream- and the downstream position, respectively.
The distance between the laser beams (50 mm) is denoted
by L.

Details of the shock tube and the driver circuit have

been reported elsewhere [Y.Hakozaki, Master thesis,
Graduate Major in Nuclear Engineering, Tokyo Tech
(2020)]. The total capacity of the capacitor bank was
3.52 pF. The discharge voltage was varied from 13 to
17 kV. The measurement was performed at different initial
hydrogen gas pressures ranging from 400 to 1000 Pa.

3. Results and discussion

Figure 2 shows the shock velocity calculated from the
measured ¢1, © and L at different discharge voltages and
initial hydrogen gas pressures. We see the shock velocity
increases with increasing the voltage. In contrast, the shock
velocity is low when the pressure in the tube is high.

2
=T T T T T T
7 M -
1S L
<
- 0
: -
2
5 % -
k=)
2 L
x - 7]
5] L
o
< b -
(2]
| | | | |

Discharge voltage (kV)

Fig. 2 Measured shock velocity as a function of
the discharge voltage for different initial
hydrogen gas pressures

4. Conclusions

By means of the velocimeter developed in this work,
dependences of the shock speed on the discharge voltage
and on the initial gas pressure were successfully measured.

This velocimeter is expected to be used for examining
the performance of the shock tube after a modification of
the capacitor bank in the driver circuit, where the
connection between capacitors is changed so that the stray
inductance is reduced and the discharge can be faster.
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D.2

Study on Age-dependency of DNA Repair Ability Using Mice

Aoi Okawa and Yoshihisa Matsumoto

1. Background

It is generally thought that younger people, especially
infants and children, are more susceptible to cancer
development after exposure to ionizing radiation in
reference to epidemiological studies of atomic bomb
survivors of Hiroshima and Nagasaki. There are also a
number of studies showing age-dependent changes in
radiation-induced carcinogenesis in animal experiments.

DNA double-strand breaks (DSBs) are thought the most
deleterious type of DNA damage among those induced by
radiation and most intimately associated with the biological
effects of radiation, including carcinogenesis. In eukaryotic
cells, DSBs are repaired mainly through two pathways, i.e.
non-homologous end joining (NHEJ) and homologous
recombination (HR). NHEJ is generally considered less
accurate than HR. Nevertheless, NHEJ has a merit of
operating throughout the cell cycle, whereas HR is available
only late S and G2 phases, where sister chromatids exist. The
abundance of DNA repair proteins may be an important
determinant of genomic stability, which in turn prevents
carcinogenesis. There have been only a few studies on age-
dependent alteration in DNA repair ability and the
abundance of DNA repair proteins in mice.

In this study, we examined the age-dependency of the
expression level of proteins that are involved in DSB repair
through NHEJ, i.e., DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), X-ray repair cross-complementing
group 4 (XRCC4), and XRCC4-like factor (XLF). We
focused on brain tissues, because NHEJ factors are
implicated in the development of the brain.

2. Materials and methods
2.1. Mice

All animal experiments in this study were approved by
the Institutional Animal Care and Use Committee of the
National Institute of Radiological Sciences (NIRS), National
Institutes for Quantum and Radiological Science and
Technology (QST) and conducted in accordance with
national and institutional guidelines. Males and female
offsprings of crosses between CS57BL/6NCrICrlj female
mice and C3H/HeNCrlCrlj male mice (B6C3FI) (Charles
River Japan) were used for experiment.

2.2. Methods

The abundance of the proteins was measured by western
blotting. The spatial distribution of the proteins was
examined by immunohistochemistry. DNA repair kinetics
and apoptosis induction were also examined by
immunohistochemistry, using y-H2AX and cleaved- caspase
3 as the marker.
3. Results
3.1. Differential expression of DNA-PKcs in the brain of

neonatal mice and young adult mice

We first compared the expression level of NHEJ-related
proteins in the brain tissues of mice at 1 week of age (1w;
neonatal) and 7 weeks of age (7w; young adult) by western
blotting. For each age, 2 male mice and 2 female mice were
examined. It was found that the expression level of DNA-
PKcs was much higher in the cerebrum and the cerebellum
of 1w mice than in those of 7w mice (Fig. 1). In contrast, the
expression level of XLF was higher in the cerebrum and the
cerebellum of 7w mice than in those of 1w mice. The
expression level of XRCC4 was not statistically different
between 1w and 7w mice in the same brain regions.
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Fig. 1 Western blotting analyses of NHEJ-related proteins in
the cerebrum and cerebellum of mice at different ages (ref.1).

To examine the spatial expression patterns of DNA-
PKecs, sections of brain tissue were prepared from 1w and
7w mice with or without y-ray irradiation and examined by
immunostaining using anti-DNA-PKcs antibody. In
agreement with the results of the above western blotting
experiments, DNA-PKcs expression in the cerebrum and
cerebellum was higher in 1w mice than in 7w mice (Fig. 2).

To assess the functionality of DNA-PKcs, the sections
were also examined for the autophosphorylation of DNA-
PKcs at Ser2056 (pS2056). Although DNA-PKcs Ser2056
phosphorylation increased after y-ray irradiation in both of
Iw and 7w mice, 1w mice exhibited higher levels of DNA-
PKcs Ser2056 phosphorylation than 7w mice (Fig. 3).

2.2. Differential DNA double-strand break repair kinetics in
the brain of neonatal mice and young adult mice

We next examined the kinetics of DSB repair in the brain
tissues of 1w and 7w mice by immunostaining of y-H2AX,
which is a widely used DSB marker. In 1w mice, y-H2AX
declined considerably by 3 hr after irradiation (Figure 4c)
and mostly diminished by 6 hr after irradiation (Figure 4d).
On the other hand, in the cerebella of 7w mice, y-H2AX was
retained even 6 hr after irradiation (Figure 4j). This
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observation indicated that DSBs were repaired more rapidly
in the cerebella of 1w mice than in 7w mice.

Negative
Control

Fig. 2 Expression and spatial distribution of DNA-PKcs in
the cerebellum of mice examined by immunostaining (ref.1).
E: EGL, I: IGL.

distribution in the cerebellum of mice examined by
immunostaining (ref.1). E: EGL, I: IGL.

It is also noted that, in the cerebella of 1w mice, more y-
H2AX-positive nuclei remained 3 hr after irradiation in the
external granular layer (EGL) than in the internal granular
layer (IGL) and that y-H2AX increased at 12 and 24 hr after
irradiation. In conjunction with this, the thickness of the
EGL was considerably decreased 24 hr after irradiation. We
examined the appearance of apoptosis by immunostaining of
cleaved-caspase-3, which is commonly used as a marker for
apoptosis. In 1w mice, cleaved-caspase-3-positive cells were
seen most evidently on the outer edge of the EGL and in the
middle and/or inner part of the EGL at later time points, in
accordance with the distribution of y-H2AX. This
observation suggested that y-H2AX-positive nuclei
persisted in the EGL might represent cells undergoing
apoptosis and most DSBs might have been repaired within 3
hr after irradiation in the EGL as well as the IGL.

Fig. 4 Spatio-temporal kinetics of DNA double-strand
breaks in the cerebellum of mice examined by y-H2AX
immunostaining. a-f, Iw mice; g-1, 7w mice (ref.1). E: EGL,
I: IGL.

4. Conclusion

In this study, we demonstrated that DNA-PKcs is
expressed at higher level in the brain tissues of neonatal mice
than in young adult mice. Accordingly, DSBs were repaired
more rapidly in the brains of neonatal mice than in the brains
of young adult mice. These findings are contradictory to
prevailing expectation that infants and children might be
more susceptible to DNA damage and/or have lower DNA
repair capability than adults, in consideration of higher
susceptibility to cancer. The present finding suggested the
alertness and preparedness for DNA damage in the
developing neuronal system. This may be also applicable to
humans and would be important in the consideration of
cancer risk for radioprotection.
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D.3  Analysis of ionizing radiation dependent gene expression alteration in
human induced pluripotent stem cells

Mikio Shimada

1. Introduction

Pluripotent stem cells (PSCs) such as embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs)
possess ability to differentiate to the all organs, and are
expected to use for application of regenerative medicine.
However, the presence of genetic mutation in PSCs is
concern for their safe use in medical application. DNA
damage response (DDR) machinery play a central role for
genomic maintenance to prevent genetic mutation and
aneuploidy. DDR machinery consists of DNA repair, cell
cycle checkpoint, and apoptosis. Meanwhile, ionizing
radiation (IR) induces several DNA damages, such as base
damage, DNA single strand breaks and DNA double
strand breaks. Despite there are many reports that DDR
machinery is strictly regulated in PSCs, molecular
mechanism of DDR machinery in PSCs remains largely
unknown. In this study, to address IR dependent DDR
genes expression alteration in iPSCs, we performed
RNA-seq analysis using next generation sequencer.

2. Materials and Methods
2.1. Generation of iPSCs and neural stem cells

iPSCs were derived from NBIRGB by messenger
RNA (mRNA) integration-free methods using the
Stemgent® StemRNATM-NM Reprogramming Kit for
Reprogramming Adult and Neonatal Human Fibroblasts
(Stemgent, Cambridge, MA, USA). iPSC induction was
performed according to the manufacturer’s instructions.

NPCs were derived from iPSCs using the PSC neural

induction medium (Gibco, Thermo Fisher Scientific) and
maintained with a neural basal medium (Gibco, Thermo
Fisher Scientific) according to the manufacturer’s
instructions with small modifications.

2.2. RNA sequencing

An hour after the 5 Gy IR treatment had been applied
to the NBIRGB, NB1RGB C2 and NBIRGB NPCs C2,
total RNA was extracted using the Fast Gene RNA
premium kit (Nippon Genetics Co. Ltd., Tokyo, Japan).
RNA-seq was done by Eurofins Genomics (Tokyo, Japan).
For RNA-seq data analysis, FASTQ data were uploaded
on the Illumina BaseSpace Sequence Hub. Gene
differential expression profiles were obtained using
Cufflinks Assembly & DE and indicated as fragments per
kilobase of exon per million reads mapped (FPKM).
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Fig. 1 Gene expression analysis in human fibroblasts,
iPSCs, NPCs after IR exposure by next generation
sequencer
DDR genes expression analysis by RNA -seq in human
fibroblasts, iPSCs, NPCs after IR exposure. DDR
pathways were classified as DNA repair, cell cycle

checkpoint and apoptosis.

3. Results and Discussion
3.1. DDR in iPSCs and NPCs

To address gene expression alteration in iPSCs and
PSCs after DNA damage, we established iPSCs from
human neonatal skin fibroblasts NBIRGB using mRNA
integration free methods. Pluripotency of iPSCs were
confirmed by differentiation to the germ layer as ectoderm,
mesoderm, and endoderm. NPCs were derived from iPSCs
using the PSC neural induction medium.

NBI1RGB, iPSCs and PSCs were exposed to the
gamma ray at 5Gy and lh after incubation, mRNA was
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extracted and applied for RNA-seq analysis. Several DDR
genes were highly upregulated after IR exposure in iPSCs
compared with fibroblasts (Fig 1). Especially, apoptosis
related genes such as TP53, CASP3 and BID were
dominantly expressed. These results are consistent with
high sensitivity to the IR exposure in iPSCs suggesting
hyper-activation of apoptosis get rid of mutated cells from
iPSCs population. Meanwhile, DNA repair and cell cycle
checkpoint genes also upregulated in iPSCs. These results
were consistent with protein level confirmed by western
blotting analysis. Our results might be suggested that
genome stability of PSCs is maintained by several DDR
machinery and the cells having much DNA damage may
remove from cell population for genome maintenance.
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D.4

Investigation of Plasma Particle Dynamics in a Magnetic Nozzle by

Two-dimensional Spectroscopic Imaging

Jun Hasegawa

1. Introduction

In the laser ion source, ions are extracted from a drifting
source plasma, which is initially generated by pulsed laser
as a tiny, dense plasma and then expanded freely into
vacuum. This feature of the laser ion source has significant
advantage in suppling low-emittance ion beams to high-
energy accelerators. On the other hand, the source plasma
density decreases rapidly accompanying with three-
dimensional expansion, which makes it difficult to supply
high-flux ions efficiently to the extraction gap. Although the
magnetic confinement of the source plasma using a long
solenoid has been tested to improve the plasma
transportation, ion momentum mixing due to the Larmor
motion of ions in the magnetic field obviously degrades the
point-source-like feature of the laser plasma. To solve this
problem, we proposed to compress the laser-produced
plasma hydrodynamically and increase the ion flux by
applying a magnetic nozzle to the plasma before it expands
largely.

We have so far clarified that the directivity of ions in the
laser-produced plasma that has passed through the magnetic
nozzle is improved and the ion flux measured downstream
is significantly increased [1]. On the other hand, in these
previous experiments, it was difficult to investigate the
effect of the magnetic nozzle on the behavior of each ion
species separately. Since only ions having a specific charge-
to-mass ratio are finally injected into the accelerator, it is
important to observe the behavior of those ions in the
magnetic nozzle. The purpose of this study is to develop a
two-dimensional spectroscopic imaging system and clarify
its applicability to the investigation of the behavior of ions
having a specific charge.

2. Experimental Setup and Analysis Method

Figure 1 shows a schematic of a test stand for the laser
ion source and the two-dimensional spectroscopic imaging
system developed in this study. A plane copper target was
mounted on a motorized XY linear motion stage in a vacuum
chamber (~107 Pa). To produce a plasma, the target was
irradiated by a frequency-doubled Nd: YAG laser (A=532 nm,
~200 mJ, 10 ns FWHM) with an incidence angle of
30 degrees. The produced plasma expanded into vacuum in
the direction perpendicular to the target surface and passed
through a pulsed solenoid having an inner radius of 13 mm
and a length of 1.5 mm. A divergent magnetic field was
induced by driving the solenoid with an LCR circuit. The
maximum field strength on the center axis of the solenoid
was typically 90 mT with a driving current of 1 kA.

The plasma light was extracted in the x direction and
focused by a condenser lens (/=100 mm, ¢50 mm) at the
entrance of an optical fiber (g1 mm). Then it was introduced

to a monochromator to observe the spectral intensity of a
specific transition of atoms or ions in the plasma. The time
evolution of light intensity at the outlet of the
monochromator was recorded on an oscilloscope after signal
amplification by a photomultiplier. Both the condenser lens
and the inlet of the optical fiber were rigidly mounted on a
motorized two-axis (y-z) linear motion stage to change the
observation point. Figure 2 shows the positions of the laser
target, the solenoid, and the observation points on the y-z
plane. The solenoid was located 5 mm downstream from the
target. The spectroscopic measurement was performed with
respect to 209 different observation points, which were
located at z= 10 to 20 mm and y =-9 to 9 mm with 1-mm
spacings. At each observation point, the laser shot and
measurement was repeated three times to reduce statistical
errors. Ignitions of the laser and pulsed solenoid, change in
observation points, and data acquisition were automatically
synchronized by a computer program.

In Fig. 2, the method employed in this study to
reconstruct two-dimensional distribution of emission
intensity of a specific spectral line is also shown. By
repeating laser plasma generation and spectroscopic
measurement at each observation point, we obtain a series of
waveforms corresponding to the time evolution of emission
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intensity as shown in Fig. 2. The observed waveform differs
depending on the position of the observation point because
the plasma plume expands three-dimensionally while
drifting downstream. By reading the height of each
waveform at a given time ¢, we reconstruct a two-
dimensional distribution of emission intensity at this time.
This process is repeated to obtain the snapshots for other
elapsed times (¢ = f,, £, ...), thereby imaging the behavior of
specific atoms or ions in the plasma.

3. Results and Discussion
3.1 Reproducibility of the laser plasma

Figure 4 shows the change in the maximum value of the
emission intensity (averaged for every 8 laser irradiations)
of each spectral line. During the measurement, the position
of the laser spot on the target was fixed. The measured
spectral lines originate from Cu?* (A=437.0 nm), Cu'

(A=491.0 nm), and Cu (A=521.8 nm), respectively. From Fig.

3, one can see that the emission intensity from copper ions
increases with the number of laser shots and decreases after
reaching a peak at 300 to 400 shots. On the other hand, the
emission from neutral atoms increases monotonically with
the number of shots. Furthermore, the variation in emission
intensity between shots increases with the number of shots.
From the results in Fig. 4, we considered that it is possible
to perform two-dimensional spectroscopic imaging with an
error of about + 10% by acquiring data when the number of
laser irradiation ranges from 300 to 700. The change in
plasma emission intensity with the number of laser
irradiations is considered due to the change in the shape of
the laser spot on the target, but it is still unclear why these
tendencies were observed.

3.2 Two-dimensional spectroscopic image

The reconstructed images of emission intensity
distribution of Cu?* ions observed 328 ns and 408 ns after
laser irradiation are compared in Fig. 5. The upper images
were taken without applying a magnetic field to the
magnetic nozzle, and the lower ones were taken with a
maximum magnetic field of 90 mT. As shown in the figure,
the plasma expands freely without a magnetic field, but
when the magnetic nozzle is turned on, the plasma is
strongly compressed radially. The expansion of the plasma
in the axial direction also seems to be suppressed. This is a
result that was not particularly observed in the previous
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measurement of the ion flux using a Faraday cup. This trend
may not have been seen in the previous measurement
because all ion species were measured at the same time with
the Faraday cup. From this result, the application of
magnetic nozzles may not always be good for improving ion
flux densities if axial expansion suppression and associated
reduction in ion drift velocity actually occurs. The results for
Cu” ions are shown in Fig. 5. Although overall tendencies
are similar to those for Cu?*, the radial compression and the
axial expansion suppression effects seems to be relatively
moderate. This result is reasonable because it is natural that
ions having higher charge are affected more strongly by the
magnetic field. However, if the radial compression of the
plasma occurs due to the jxB force, here j is the diamagnetic
current flowing on the plasma surface, the compression
effect should not be so sensitive to the charge state of the
ions. To discuss the charge-state dependency of the plasma
compression effect more precisely, we need to reduce the
systematic errors in the laser plasma production and improve
the spatial resolution of the two-dimensional scanning in the
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spectral intensity measurement.

Finally, Fig. 6 shows the results for the copper atoms.
The measurement conditions are the same as for ions. The
effect of the magnetic nozzle is much smaller than that of
ions, but the expansion of the plasma appears to be slightly
suppressed. Since the neutral atoms do not interact directly
with the magnetic field, they were considered to be
indirectly affected by the magnetic nozzle. One possible
explanation for this result is that the strong compression of
ions by the magnetic nozzle increased the plasma pressure
significantly, and as a result the behavior of the neutral atoms
also changed due to hydrodynamic effects. However, the
frequency of collisions between particles in the laser-
produced plasma was considered to be quite low by the time
they passed through the magnetic nozzle, and the classical
fluid effect, i.e. the momentum exchange between particles
is considered less pronounced. Another explanation is that
increased plasma density may have facilitated collisional
deexcitation of excited atoms, resulting in a reduced amount
of light emission. In fact, the same is true for the ions. In
other words, the particle density distributions reconstructed
in this study are nothing more than the density distributions
of excited ions and atoms, and they do not necessarily reflect
the behavior of the entire particles including the ground state
particles. For more accurate analysis, it should be combined
with the analysis of atomic processes using the CR model.

4. Conclusions

In this study, we have developed a spectroscopic imaging
system for investigating the behavior of specific ions and
atoms in plasma. The preliminary experiments clarified that
the radial compression of the copper ion distribution in the
laser-produced plasma that passed through the magnetic
nozzle depends weakly on the ion charge state. In addition,
it is found that the behavior of neutral atoms was also
slightly affected by the magnetic nozzle. However, we need
to note that only excited ion and atoms are observed in these
results, and the atomic processes in the plasma should be
considered more carefully to analyze the behavior of the

entire plasma particles including ground state ions and atoms.
In any case, there is no doubt that this method will be a very
powerful tool for optimizing the control of laser-produced
plasma by magnetic nozzles.
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E.1 Study for nuclear fission and its application

Chikako Ishizuka and Chiba Satoshi

1. Introduction

Nuclear fission has been studied for eighty years since
its discovery. However, we still cannot explain the whole
property of nuclear fission even of 23U with sufficient
predictive power, although experimental data and/or
empirical models have been applied for practical use. Such
practical methods may work properly in the case of well
examined n-induce fission of 2**U and *°Pu. On the other
hand, in order to develop a new system such as
Accelerator-driven Systems (ADS) and Fast Reactors (FR)
which may act as a transmuter of the TRU wastes, we
need high quality nuclear data on minor actinides (MA).
Experiments to obtain fission data for MA and long-lived
fission products (LLFP) have been performed in various
facilities. But it is still difficult to cover whole fission data,
such as fission fragment mass distributions (FFMDs), total
kinetic energy; TKE, number of prompt and delayed
neutrons, and decay heat from the fission products. Chiba
laboratory has developed nuclear models which can
reproduce and predict these physical quantities on nuclear
fission.

In addition to the above fundamental approaches, we
are also working on the reduction of long-lived nuclear
wastes by studying the whole mechanism of nuclear
fission process from scission to [-decay, and by
developing high-quality nuclear data. In our laboratory,
we have also investigated the influence of nuclear data on
the clearance problem of decommissioning. In Fig.1, we
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Fig.1 Schematic view of the whole process of nuclear
fission and applicable theoretical models.

show the schematic view of nuclear fission process. The
aim of Chiba laboratory is the improvement of fission
nuclear data such as fission product yields, prompt
neutrons and decay heats, by eludidating the fundamental
mechanism of nuclear fission.

2. Fundamental studies for nuclear fission

Nuclear fission is a motion of a many-body quantum
system. It is still very difficult to describe the whole
feature of a nuclear fission process with a single model.
Indeed, there is no theoretical model which can
completely simulate the whole process of nuclear fission
shown in Fig.1. Therefore, we have adopted different
models depending on our purpose. In our laboratory, we
have studied the fundamental mechanism of nuclear
fission at low energies using various nuclear-physics
theories such as multidimensional Langevin models, the
Anti-symmetrized Molecular Dynamics model, and
Time-dependent Hartree Fock model. Furthermore, we
have used the statistical models to study prompt neutron
emission from the fission fragments, and the gross theory
of beta-decay and summation method to investigate the
anti-neutrinos emitted from nuclear reactors. We also
carried out experiments at tandem accelerator facility at
JAEA Tokai to determine the fission barrier height.

2.1. Fission properties before prompt neutron emission

Langevin models can reproduce and predict not only the
fission fragment mass yields but also the total kinetic
energies of the fission fragments of various actinides very
accurately. That is the strong point of this model. In the
Langevin model, a nuclear fission process is regarded as a
time-evolution of the nuclear shape of a compound
nucleus, which is formed via neutron absorption by a
target in a neutron-induced reaction, following the
equation of motion under the friction force and the random
force (so called the Langevin equation). We have
developed the Langevin model by extending degree of
freedom to describe a realistic fission-nuclear-shape, and
by introduction of the microscopic transport coefficients
based on the linear response theory. Recently, we
performed the systematic survey of the nuclear fission
pattern from actinide to super heavy nuclei [1]. Then we
found fission patterns of super heavy nuclei are
completely different from those of actinide, because the
different nuclear shells dominate the fission.

2.2.  Determination of fission-barrier
multi-nucleon transfer reactions

Height of the fission barrier is the most important physics
quantity to be comprehended accurately in order make any
predictions on nuclear fission. Many theoretical models
fail to predict the fission barrier height with a good
accuracy. On the other hand, experiment is also difficult

heights by
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to be performed for many of the minor actinides for which
preparation of samples is not easy. We have proposed a
new method to determine the fission barrier height by
using multi-nucleon transfer reactions. This method allows
us to reach many nuclei which otherwise cannot be
reached. As our first evidence that such a method works,
we have applied this method for '®0 on #*’Np case, and
derived the fission barrier heights for a few actinide nuclei

[2].

2.3. Microscopic approach to develop a suitable
effective-interaction to describe nuclear fissions

Microscopic approach such as Skyrme Hartree-Fock
model and time-dependent Hartree-Fock model has been
used to describe nuclear reaction, because it can provide
the detailed information on nuclear deformations at
scission (just after fission-fragment formation), and on
fission barrier height etc. Nevertheless, there is no
effective interaction designed for nuclear fission itself. In
our laboratory, we have investigated fission properties of a
few representative interactions to develop a brand-new
effective instruction for fission, based on the constrained
Hartree-Fock + BCS pairing [2] assuming the axial
symmetry, and also on Skyrme Hartree-Fock model with
BCS pairing without any symmetry assumptions which are
often used to reduce computing cost. As a result, we found
Skyrme type interactions overestimate the fission barrier
heights independent on parameter sets of effective
interactions and the axial symmetry assumption. Hence,
we have investigated which term in the Skyrme parameter
is effective to control the barrier height.

3. Beta decay of fission products

After prompt neutrons and gammas emitted from the
fission fragments, the beta-decays of these nuclei will
occur. Neutrinos produced by the beta-decay process play
a significant role in the surveillance and in-service
inspection in nuclear power plants. In our laboratory, we
have studied the anti-neutrino spectrum from aggregate
fission products beta-decays based on the gross theory.

4. Evaluation of nuclear data
4.1: Development of fission yield data library for various
applications

High precision nuclear data is necessary to evaluate the
total heat from the fission products and their toxicity.
Major nuclear data libraries such as JENDL-4.0 contain
ambiguity due to the experimental data and their analysis.
Fortunately, a number of measurements of fission products
yields (FPYs) have been accumulated, since the last major
evaluation was performed in ENDF library which has
provided the most of FPY data to JENDL/FPY library.

In our laboratory, we have developed FPY library
based on original evaluation method of experimental data.
Our FPY library contains not only yields such as
independent yields and cumulative yields, but also the
covariance information on uncertainty in each data.
Recently, such covariance data is necessitated significantly.
To develop the new library, we first gathered and

evaluated experimental data from EXFOR database, and
then developed a semi-phenomenological FPY model
based on the recent knowledge of the shell effects
including the even-odd staggering. The
semi-phenomenological model is necessary to estimate the
FPYs where no measured data exist. Hauser-Fechbach
model was also applied to estimate unknown isomar ratios,
and to obtain the covariance.

Thus, we constructed a brand-new FPY library for the
first time in Japan. Our FPY library will be adopted in the
next version of JENDL library as a national nuclear
database.

4.2: Estimation of uncertainty of nuclear data

The uncertainty in various quantities relating to
nuclear reactors becomes necessary information.
Especially, the uncertainty in the evaluation for
radioactivity due to neutron irradiation is strongly required
by nuclear regulation procedures.

We have evaluated the uncertainty of the cross sections
of some LLFP nuclides in JENDL-4.0 by use of T6 code
which evaluate the nuclear data employing the Bayesian
Monte Carlo calculations. Using these results, we have
investigated the uncertainty of the nuclear transmutation
of LLFP nuclides, and the uncertainty of radioactivity for
decommissioning.
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E.2

Radial Dependence of Rotational Temperature of N; and N;*

Molecules in Microwave Discharge Nitrogen Plasma

Hiroshi Akatsuka, Atsushi Nezu

1. Introduction

Spectroscopic measurement of the plasma in a
discharge tube is to find the integrated value along the line
of sight. In an axially symmetric system, intensity of
observed spectrum of optical emission spectroscopy (OES)
can be re-determined as a function of each radial position r
by applying Abel inversion. In this study, the radial
dependence of the rotational temperature of molecules will
be discussed. The objective of this study is to find the
radial dependence of the rotational temperature 7; of
neutral N, molecule with 2PS band, and that of molecular
ion N,* with INS band in nitrogen plasma by Abel
inversion, and to discuss the dependence and its difference
if any.

2. Experiment

Experimental apparatus applied in this study is the
same one as used in the authors’ previous studies [1]. The
microwave frequency is 2.45 GHz and the power applied to
the plasma is 400 W. The discharge tube is made of quartz
with an inner diameter of 26 mm. A nitrogen plasma is
generated inside this discharge tube, and the gas pressure at
discharge is set at 1.0 Torr [1].

3. Results and Discussion

It is found that the vibrational temperature 7, of N> C
state ranges from 0.6 to 0.9 eV, while that of N, B state
from 1.1 — 3 eV, which are considered to be rather common
for microwave discharge 1-Torr N, plasma. Almost no
remarkable radial dependence was found for them.

Meanwhile, a remarkable difference in the radial
distribution is found in the rotational temperatures. Figure
1 shows radial distributions of the rotational temperature 7;
of 2PS and that of INS. The rotational temperature of 2PS
was found to be 7. = 0.04 — 0.06 eV, which was
monotonically decreasing function of the radial position .
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Fig. 1. Radial dependence of rotational temperatures 7:(r) of
2PS (N2 in Fig.) and INS (N2+ in Fig.).

In many discharge experiments close to this condition, the
rotation temperature of 2PS is widely applied to gas
temperature measurement. Since the heat is removed from
the wall by air cooling in this microwave discharge
experiment, it is a reasonable result that the 7; of N, C state
(or 2PS) becomes a monotonically decreasing function of
the radial position 7.

On the other hand, for the rotational temperature 7; of
INS, which is the emission from the excited B 2, state of
the N> molecular ion, as shown in Fig. 1, it is found that it
ranges from 0.04 to 0.13 eV. It is already found that the
rotational temperature of molecular ions shows higher
value than that of neutral molecules under the present
discharge conditions, and consequently, the ranges of
observed values are reasonable [4].

However, the most remarkable finding is the following.
That is, the minimum value of rotational temperature of
INS was found at the central portion of the discharge tube,
and a completely opposite radial dependence was found as
monotonous rising as going radially outward. The reason is
considered as follows. The rotational temperature of 1NS,
which is the emission from the excited state of the nitrogen
molecular ion N>, does not simply reflect the neutral gas
temperature. It is considered that the rotational temperature
of the molecular ion reflects the temperature information of
the ion, although the absolute value may not be accurately
represented.

It was numerically found that the ion temperature
becomes higher at the outer peripheral part than the axially
central position in the steady DC discharge plasma sealed
in the discharge tube when the direct simulation Monte
Carlo (DSMC) method is performed on the particle kinetics
not only of neutrals but also ions, although such a
simulation is conducted only for monatomic discharge
species, i.e., rare gases. In these simulations, the radial
dependence of neutral gas temperature observed as
rotational temperature of N, 2PS is also found to agree
qualitatively well with Ichiki et al.’s simulation [5]. By
measuring the rotational temperature of molecular ions,
there is a possibility to obtain information on ion
temperature, at least qualitatively.
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E.3

Spectroscopic Study of CO Excited States in Microwave

Discharge CO:; Plasma

Hiroshi Akatsuka, Atsushi Nezu

1. Introduction

Carbon dioxide plasmas are widely applied in the
decomposition of CO, into CO for energy storage, CO, laser
technologies, etc. It should also be mentioned that CO
molecules are sometimes added to the semiconductor
processing plasmas for the improvement of the selection
ratio in etching processes. However, the excitation kinetics
of electronically excited states of the CO molecule are not
fully understood yet. Particularly, the excitation processes of
CO are not well investigated. In this study, spectroscopic
characteristics of the Angstrom band (B 'S* — A 'IT) and
the third positive system (3PS) band (b 3Z* — a *II) of CO
molecule in microwave discharge CO, plasma will be
investigated.

2. Experiments

Experimental apparatus applied in this study is the same
one as used in the authors’ previous studies [1]. Microwave
with its power 400 W is generated with a magnetron
protected with an isolator, and guided to the discharge
section through waveguides. As a discharge gaseous media,
CO; gas is applied to the quartz discharge tube with an inner
diameter 26 mm. CO; plasma is generated inside the quartz
tube. After the spectrum with OES measurement is acquired,
the rotational and vibrational temperatures, 7 and 7., are
determined. Further details are described in [1].

3. Results and Discussion

The CO 3rd PS can be identified between 280 and 360
nm, while the Angstrom band can be observed between 410
and 660 nm. In the present study, 7, and T of the CO
Angstrom band of (v’, v”) = (0, 1), (1, 2) are chosen such
that the theoretical calculation fits the OES spectrum best,
while (v, v”) = (0, 2), (1, 3) are adopted for CO 3PS band.

Concerning the 3PS band, general curve fitting method
of diatomic molecular band spectrum [2] gave successful
results of 7, and T; as best fitting parameters. An example of
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T: = 0.17 and 0.04 eV for double- 7: fitting with their
component-ratio 1:3.

spectral fitting is shown in Fig. 1.

In the meantime, although the same procedure was
applied to the Angstrom band, the discrepancy of the
spectral shape between experiments and calculations was
not acceptable. Therefore, to improve the theoretical fitting
to the experimental data, two-rotational temperature
components are considered: a low and a high 7; components
with weights of 3/4 and 1/4 respectively. As a result,
calculated Angstrom band spectra are fitted to OES
measurement. The result of the theoretical fitting is shown
in Fig. 2. The double-T; fitting can successfully work for
other Av bands of the CO Angstrom band [3].

Table 1 summarize the present results of 7, and T for
3PS and Angstrom bands. Together with the non-
equilibrium characteristics between 3PS and Angstrom
bands due to the difference in spin-multiplicity, the two
rotational temperature distribution was newly found for the
CO Angstrom band. The discussion on origin of this two- T;
distribution remains as future issues [4].

Table 1. Summary of vibrational and rotational temperatures of CO
molecule obtained in the present CO2 microwave discharge plasma.

3PS Angstrom bulk Angstrom tail
Ty [eV] ~0.24 ~0.30
T: [eV] ~0.15 0.03 -0.05 0.13-0.17
Reference

1. Y. Yamashita, F. Yamazaki, A. Nezu and H. Akatsuka, Jpn. J.
Appl. Phys. 58, 016004 (2019).

2.Y. Morita, A. Nezu, H. Akatsuka, Proc. DPS2018, 108 (2018).
3.S. Yamada, A. Nezu, H. Akatsuka, Proc. XXXIV ICPIG & ICRP-
10, PO18AM-029 (2019).

4. S. Yamada, A. Nezu, H. Akatsuka, Proc. 72-GEC, FT1.15 (2019).
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E.4

Optical Emission Spectroscopic Measurement of Electron

Temperature of Atmospheric-Pressure Non-Equilibrium Ar-CO; Plasma

Hiroshi Akatsuka, Atsushi Nezu

1. Introduction

Atmospheric-pressure nonequilibrium plasma has been
widely applied However, there are few reports on their
electron temperature. The authors measured its electron
temperature 7. of the pure Ar atmospheric-pressure plasma

by fitting the theoretical equation of the continuous spectrum.

As a result, it was found that its electron temperature 7. =
(0.8-0.9) eV, which almost coincided with the one obtained
by Ar I line intensities and the Collisional Radiative (CR)
model [1].

However, in practice, it seems normal to mix some
reactive gases. Therefore, in this study, the same
measurement as Ref. [1] will be conducted for CO;-Ar
plasma. LXcat database was used as the momentum transfer
cross section of Ar and CO, required in this study.

2. Experiments

Figure 1 shows the schematic diagram of the discharge
apparatus [2]. The 50-Hz AC discharge power was supplied
by a transformer with its maximum voltage ~ 9 kVp-p.

The spectroscopic characteristics of the plasma can be
observed through the optical window equipped with the
discharge tube. Figure 2 shows the OES result observed
experimentally as a time average over a discharge period.
The electron temperature can be determined for the
Maxwellian or Druyvesteynian EEDF as the best fitting
parameter [2].

3. Results and Discussions

It was found that when CO; is mixed into atmospheric-
pressure Ar discharge plasma, the emission gradually
weakens as the mixing ratio increases. When the volume
ratio of CO; was about 4.8%, the measurement was almost
impossible due to its darkness. The volumetric fraction of
CO; was varied in the range of (0 — 4)%.

Figure 2 also includes an example of theoretical fitting

Rare Gas OUT

Rare Gas IN

High-Voltage
Power Supply ‘

Supporting Plate |

Optical Fiber Inlet Tube ‘
Fig. 1 Schematic diagram of the discharge tube. The
electrodes are immersed in water in doubly sealed quartz
tube. The outer tube is filled with the discharge rare gas.

10! 4

T —— 0.700000 eV
—— 0.800000 eV
— 0.900000 eV
—— 1.000000 eV

y 1.100000 eV

/ —— 1.200000 eV

emissivity (Wim*~2)

300 350 400 450 500 550 600 G50 700
Wavelength (nm)
Fig. 2 Effective electron temperature plotted against CO2
volumetric ratio. Flow rate of Ar is fixed at 4000 mL/min.
EEDF is assumed to be Druyvesteynian.
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Fig. 3 Emissivity of the continuum spectrum of the Ar-CO2
atmospheric-pressure  non-equilibrium plasma and its
theoretical fitting. Flow rate of Ar and CO:z is set at 4000 and
20 [mL/minl.
of continuum spectrum when the CO, volumetric ratio is
0.5%. Druyvesteyn EEDF is assumed and the fitting is
performed with “effective electron temperature” equivalent
to 2/3 times the average electron energy. The fitting is
applied to the wavelength range from 300 — 45 nm. In the
case of Fig. 1, the electron temperature can be obtained as Tt
=0.78 £0.01 eV by optimal fitting at 300 — 450 nm.

Next, Fig. 3 shows the relationship between the
volumetric fraction of CO; and the electron temperature. As
the volumetric ratio of CO; increases, a slight decrease in
electron temperature is observed. This is considered a
reasonable result, since electron energy is consumed in
excitation processes such as vibration and rotation of CO;
molecules [3, 4].

Electren Temperature
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E.5 Horizontal Error Field Caused by Stray Toroidal Magnetic Flux through
Iron Transformer in the PHiX Tokamak

Shunji Tsuji-lio, Shin Naito, Hiroaki Tsutsui

1. Introduction

A small tokamak, PHiX, with an iron transformer
suffers from horizontal error magnetic field. The main
contributors to error fields in tokamaks are deviations of
the toroidal field and poloidal field coils from their design
positions [1]. As an example, correlation between
systematic measurement error in radial field and toroidal
field has been observed in the HT-2 tokamak [2]. Although
we rearranged the set of toroidal field coils (TFCs) to make
the major radii of their outer edges nearly the same and the
central axis agrees with that of poloidal field coils (PFCs),
the reduction in the strength of the error field was small.

By examining the time evolution of the error field, we
found that it was generated with the excitation of the TFCs
and the strength and distribution of error field change with
the initial magnetization of the iron core. Some fraction of
toroidal magnetic flux is considered to be attracted into the
central iron core and to pass through the yokes. The leak of
magnetic flux from side yokes which return to the iron core
was identified to be the horizontal error field.

2. Experimental observation
2.1. PFC currents

An example of the time traces of PFC currents of a
feedback controlled tokamak discharge is shown in Fig. 1.
Four PFCs (PF1, PF2, PF5, PF6) at the outer side of torus
shown in Fig. 2 generate vertical magnetic field and vary
its curvature to shape the plasma cross section. The
negative polarity of the currents means the counter
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Fig. 1 A set of four current waveforms of PF1,

PF2, PF5 and PF6 shown in Fig. 2

Fig. 2 The cross section of the PHiX tokamak with four
PFCs devoted to generate vertical and horizontal
magnetic fields. The ocherous cross section on the
left-hand side indicates an iron core.

direction to that of the plasma current so that it produces
required vertical magnetic field for the MHD equilibrium.
A set of bias currents like Fig. 1 is required for the plasma
breakdown and it occurred around 0.237 s in this case.
Note that the polarity of Iprs current is opposite to the
others and that its absolute value is nearly the same with
those of the others. The PF1 and PF6 coil pair currents
produces horizontal field comparable to the vertical field.

2.2. Poloidal magnetic fluxes

We examined the distribution of poloidal magnetic
fluxes with 14 flux loops equipped in the vacuum vessel of
PHiX. Its distribution after TFC excitation in the initial
phase of the experiments are plotted in Fig. 3. When we
subtract the fluxes between adjacent loops, we can see the
average normal component of the magnetic flux between

|||||||

1 2 3 4567 8 91011121314
Flux loop number

Fig. 3 Poloidal magnetic fluxes measured with
14 flux loops shown in Fig. 4



BULL. LAB. ADV. NUCL. ENERGY, Vol.5, 2020 63

them as plotted in Fig. 4, which shows almost uniform
horizontal magnetic field in the aperture of a D-shaped
limiter.

Fig. 4 The directions and widths of arrows illustrate
the normal components of magnetic fluxes pass
through adjacent poloidal magnetic flux loops
shown by green circles which are hooked
through notches of limiters.

Employing laser optics, we measured the outer major
radii of the top and bottom semicircular rings on which
TFCs were bolted and found that they differ by up 3.8 mm.
And the center of the upper ones was displaced from that of
the vacuum vessel by 4.0 mm. Consequently, we re-
positioned the top and bottom rings to make them installed

nearly on the same circumference of a circle within 0.5 mm.

The concentricity between them and the outer PFCs were
also secured within 0.5 mm.

Then we measured the distribution of poloidal magnetic
fluxes with 14 flux loops after TFC excitation. The result
shown in Fig. 5 means that the absolute values were
reduced only by about one third. Although the polarity of
the poloidal magnetic fluxes remeasured on the other day
was reversed as shown in Fig. 6, the fluxes of loops at the
inner side of torus from No. 5 to No. 10 drop mono-
tonically in both cases, which imply that downward
magnetic fluxes are added along the iron core.

Magnetic flux [10-7 Whb/A]
5 r

T T e B e B |

1 1 11 |

1 1 1 1
1 2 3 4 5 6 7 8B 91011121314
Flux loop number

Fig. 5 Poloidal magnetic fluxes measured with
14 flux loops after rearrangement of TFCs

Magnetic flux [10"7 Wb/A]
20

i | | L | [ 1l
1 2 3 456 7 8 91011121314
Flux loop number

Fig. 6 Poloidal magnetic fluxes measured on
another day after rearrangement of TFCs

2.3. Variation of magnetic flux inside iron transformer

We wound one-turn loops at upper and lower parts of
the iron core and around the yokes to check the distribution
of the changes in magnetization by excitation of TFCs. An
example of results is shown in Fig. 7, where relative values
of magnetic flux changes are plotted at the loop locations.
Positive values indicate upward increase in the iron core
and anti-clockwise one in the yokes. We confirmed that the
magnetization in the transformer changes by excitation of
TFCs. The opposite directions at the both ends of the iron
core mean that magnetic fluxes were absorbed between
them and the drops in magnetizations between adjacent
loops imply a leak of magnetic flux as shown by the arrows
in the apertures of the transformer. The overall directions
of arrows explain the inward horizontal error field.

19 == 459

— 459

Fig. 7 Magnetic flux changes in the transformer by
TFC excitation. The width of white arrows
roughly indicates their relative magnitudes.
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III.  Co-operative Researches
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of Mongolia.
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Agency of Natural Resources and Energy, METI,
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(18) Development of  cyano-group bridge-type
coordination polymer with a high sorption
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containing high-level radioactive nuclear wastes,
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Japan Science and Technology Agency (JST).

(19) Development of apatite ceramics for stabilization of
ALPS precipitation wastes, Advanced Research and
Education Program for Nuclear Decommissioning,
Ministry of Education, Culture, Sports, science and
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reduction of radioactive waste management,
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Science and Technology Agency (JST)
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Radioactive Waste Management Funding and
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September 22-26, 2019.

(22) T. Matsumura, Y. Ban, H. Suzuki, Shinobu Hotoku,
N. Tsutsui, T. Toigawa, K. Morita, Y. Tsubata:
Development of SELECT Process Using CHON
Extractants for Partitioning and Transmutation;
GLOBAL2019, Seattle, USA, September 22-26,
2019.

(23) E. Minari, Ki Seob Sim, R. Yoshioka, H. Asano, K.
Takeshita: Scenario analysis tool Nuclear Fuel Cycle
Simulation System (NFCSS): Safety assessments in
the context of spent fuel management and disposal;
GLOBAL2019, Seattle, USA, September 22-26,
2019.

(24) Zheng, Z.; Arai, T.; Takao, K. "Rapid and Efficient
Extraction of Inert Platinum Group Metals from
HNO3(aq) at Elevated Temperature" GLOBAL2019
International Nuclear Fuel Cycle Conference, The
Westin Seattle, USA (Sep 22-26, 2019).

(25) Kubo, M.; Takao, K. "Alteration and Leaching
Behavior of Simulated Nuclear Waste Glass in
Different  Acidic Solutions" GLOBAL2019
International Nuclear Fuel Cycle Conference, The
Westin Seattle, USA (Sep 22-26, 2019).

(26) Takao, K.; Mori, T.; Kubo, M.; Ikeda, Y.
"Development of Acid Leaching Method to Retrieve
High-Level Wastes from Nuclear Waste Glass"
GLOBAL2019 International Nuclear Fuel Cycle
Conference, The Westin Seattle, USA (Sep 22-26,
2019).

(27) Inoue, T.; Kazama, H.; Tsushima, S.; Takao, K.
"Desgn of Molecular Structures of Uranyl Nitrate
Coordination Polymers Bridged by Double-Headed
2-Pyrrolidone Derivatives" Migration 2019, PA3-14,
Kyoto Univ. Japan (Sep 15-20, 2019).

(28) Takao, K.; Tsushima, S. "Photochemical Reduction
of [UO2(CO;);]* with Borohydrides" Migration 2019,
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PA4-6, Kyoto Univ. Japan (Sep 15-20, 2019).

(29) Natsumi Mitsuboshi and Hiroshi Sagara: Feasibility
study on innovative small and medium modular
reactor with inherent nuclear safety, security, and
non-proliferation features (1) Silicide fuel with MA
and/or RepU; Proc. 40th Annual Mtg. INMMJ Japan
Chapter, P4001, 2019.

(30) Tsukasa Amano, Hiroshi Sagara, Chi Young Han:
Feasibility study on light water reactor fuel with
inherent safety and non-proliferation features (2)
U-Pu Silicide Fuel; Proc. 40th Annual Mtg. INMMJ
Japan Chapter, P4002, 2019.

(31) Ryo Aoyagi, Sunil S. Chirayath, Hiroshi Sagara:
Nonproliferation features of molten salt fast reactor;
Proc. 40th Annual Mtg. INMMJ Japan Chapter,
P4003, 2019.

(32) Yuichi Kagayama, Hiroshi Sagara and Chi Young
Han: Characteristics of Nuclide Composition in
Spent Nuclear Fuel from Light Water Reactors for
Nuclear Forensics Research Plan for finding out new
discrimination indices; Proc. 40th Annual Mtg.
INMMJ Japan Chapter, P4004, 2019.

(33) Kim Wei Chin, Hiroshi Sagara, Chi Young Han and
Rei Kimura: Applicability Study of Photofission
Reaction to Identify High-Enriched Uranium by
utilizing the Bremsstrahlung Photon (2) Selection of
incident electron energies and validation of PFRR
principle; Proc. 40th Annual Mtg. INMMJ Japan
Chapter, P4005, 2019.

(34) Shigeki Shiba and Hiroshi Sagara: Development of
Image Reconstruction Technology using Passive
Gamma Emission Tomography (2) Reconstruction of
Gamma-ray Sources in Mock-up Fuel Assembly;
Proc. 40th Annual Mtg. INMMJ Japan Chapter,
P4006, 2019.

(35) Sho NAKAGUKI, Hiroshi SAGARA, and Chi
Young HAN: Feasibility of Application of DDSI
Assay Technique for Nuclear Material Quantification
in Various Radioactive Waste Forms (1)Research
Plan; Proc. 40th Annual Mtg. INMMJ Japan Chapter,
P4007, 2019.

(36) Takaya Tokuda, Shigeki Shiba, Hiroshi Sagara: A
study of the NDA Technology using Passive Gamma
and Neutron Emission Tomography (1) The research
plan of application to Passive Neutron Emission
Tomography for partial defect verification; Proc.
40th Annual Mtg. INMMJ Japan Chapter, P4008,
2019.

(37) Koji Tsutsui and Hiroshi Sagara: Institutional and
Technical Measures for Rational Nuclear Safeguards
of Next Generation Nuclear Fuel Cycle (1) Research
Plan; Proc. 40th Annual Mtg. INMMJ Japan Chapter,
P4009, 2019.

(38) Hamza El-Asaad, Hiroshi Sagara, Chi Young Han,
Haruyasu Nagai: Development of a user-friendly
interface for atmospheric dispersion database and its
application for nuclear emergency preparedness-
Application for optimizing measurement points for

effective detection of released radioactive nuclides;
Proc. 40th Annual Mtg. INMMJ Japan Chapter,
P4011, 2019.

(39) Shuichiro Ebata, Chi Young Han , Hiroshi Sagara,
Yoshihisa Matsumoto, Satoshi Chiba, Noriyosu
Hayashizakil Masako Ikegami, Akira Omoto, Kenji
Takeshita, Tatsuya Katabuchi, Hiroshige Kikura, and
Koichiro Takao: Nuclear Regulation Human
Resource Development Program in Tokyo Tech “The
Advanced Nuclear 3S Education and Training
(ANSET)” — (4) Implementation Status FY2019 -;
Proc. 40th Annual Mtg. INMMJ Japan Chapter, 4015,
2019.

(40) Chi Young HAN, Shuichiro EBATA, Tatsuya
KATABUCHI, Satoshi CHIBA, and Hiroshi
SAGARA: Nuclear Regulation Human Resource
Development Program in Tokyo Tech*“The Advanced
Nuclear 3S Education and Training (ANSET)” (5)
Radiation Disaster Response Exercise; Proc. 40th
Annual Mtg. INMMJ Japan Chapter, 4016, 2019.

(41) Katsumi Yoshida, Chin-Chet See, Anna Gubarevich,
Toyohiko Yano: Effects of aluminum, boron and
carbon additives on microstructure of porous silicon
carbide ceramics and their properties; Materials
Today; Proceedings, Vol. 16, Part 1, 65-71 (2019).

(42) Toru Tsunoura, Katsumi Yoshida, Toyohiko Yano,
Takuya Aoki, Toshio Ogasawara: High temperature
bending behavior of polycrystalline Si and SiC
particle-reinforced Si matrix composites; Materials
Today; Proceedings, Vol. 16, Part 1, 78-87 (2019).

(43) Jelena Maletaskic¢, Jelena Lukovié, Katsumi Yoshida,
Toyohiko  Yano, Ryosuke S.S. Maki, Anna
Gubarevich, Branko Matovi¢: High-temperature
synthesis and characterization of boron suboxide
(BsO) and boron containing hard materials; Materials
Today; Proceedings, Vol. 16, Part 1, 95-101 (2019).

(44) Anna V. Gubarevich, Riki Tamura, Jelena Maletaski¢,
Katsumi Yoshida, Toyohiko Yano: Effect of
aluminium addition on yield and microstructure of
Ti3SiC, prepared by combustion synthesis method;
Materials Today; Proceedings, Vol. 16, Part 1,
102-108 (2019).

(45) Branko Matovi¢, Jelena Maletaski¢, Katsumi Yoshida,
Toyohiko Yano: Synthesis, characterization and
sintering of fluorite and pyrochlore-type compounds:
Pr2Zr;,07, SmyZr,O7and  PrSmZr,O;; Materials
Today; Proceedings, Vol. 16, Part 1, 156-162 (2019).

(46) Ryosuke S.S. Maki, Muhammad Fajar, Jelena
Maletaskic, Anna V. Gubarevich, Katsumi Yoshida,
Toyohiko Yano, Tohru S. Suzuki, Tetsuo Uchikoshi:
Evaluation of thermal shock fracture resistance of
B4C/CNT composites with a high-frequency
induction-heating  furnace; = Materials  Today;
Proceedings, Vol. 16, Part 1, 137-143 (2019).

(47) Mikio Shimada, Kaima Tsukada, Tomoko Mlyake,
Norie Kanzaki, Hiromi Yanagihara, Yoshihisa
Matsumoto. Transcriptional alteration of DNA
damage response genes after ionizing radiation
exposure in induced pluripotent stem cells, Radiation
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Research Society 65th Annual International Meeting,
Nov. 2019.

(48) Mikio Shimada, Kaima Tsukada, Nozomi Kagawa,
Yoshihisa Matsumoto. Analysis of mechanism of
DNA repair machinery and cell death in induced
pluripotent stem cells, International Congress of
Radiation Research 2019, Aug. 2019.

(49) Anie Day Asa De Castro, Rujira Wanotayan, Mikio
Shimada, Mukesh Kumar Sharma, Yoshihisa
Matsumoto. Functional Analysis of
Disease-associated XRCC4 Mutations and its
implication in DNA Repair and Immune System,
International Congress of Radiation Research 2019,
Aug. 2019.

(50) Akitoshi Okino, Satoshi Kohno, Tomoko Miyake,
Yuma Suenaga, Takahiro Iwai, Mikio Shimada,
Yoshihisa Matsumoto, Koichi Chiba. Development
of Droplet Injection ICP-AES/MS and Elemental
Analysis of Single Human Cancer Cells,
ILASS-Americas, p. 56, May. 2019.

(51) K. R. Kean, T. Nishikawa, Y. Iwata: Perturbation
Scheme for the Effective Nuclear Force; JPS Conf.
Proc., 010018 (2020).

(52) Hiroshi Akatsuka: Optical Emission Spectroscopic
Analysis for Diagnostics of Electron Density and
Temperature in Non-Equilibrium Plasmas; XXXV
International Conference on Phenomena in Ionized
Gases (XXXIV ICPIG) and the 10th International
Conference on Reactive Plasmas (ICRP-10), July
14-19, 2019, Sapporo, Japan, TL-14 [Topical Invited
Lecture].

(53) Thijs van der Gaag, Hiroshi Onishi, Hiroshi
Akatsuka: Determination of the EEDF by Continuum
Spectrum Analysis of Atmospheric Pressure Plasma
Using a Genetic Algorithm; XXXIV International
Conference on Phenomena in lonized Gases (XXXIV
ICPIG) and the 10th International Conference on
Reactive Plasmas (ICRP-10), July 14-19, 2019,
Sapporo, Japan, PO16PM-024.

(54) Shota Yamada, Atsushi Nezu, Hiroshi Akatsuka:
Spectroscopic  Study of CO Excited States in
Microwave Discharge CO; Plasma; XXXIV
International Conference on Phenomena in lonized
Gases (XXXIV ICPIG) and the 10th International
Conference on Reactive Plasmas (ICRP-10), July
14-19, 2019, Sapporo, Japan, PO18AM-029.

(55) Noritsugu Kamata, Narong Mungkung, Toshifumi
Yuji, Yoshifumi Suzaki, Hiroshi Akatsuka: An
Evaluation of a Vacuum Arc Instability Phenomenon
with the Silver-Palladium Compound Material on the
Cathode Spot; 5th International Conference on
Applied Electrical and Mechanical Engineering (5"
ICAEME) 2019, September 4 — 6, 2019, Nakon
Phanom, Thailand, OP-03.

(56) Hiroshi Akatsuka, Hiroshi Onishi, Thijs van der Gaag,
Atsushi Nezu: Optical Emission Spectroscopic
(OES) Analysis of Electron Temperature and Density
in Atmospheric-Pressure Non-Equilibrium Argon
Plasmas, 3rd Asia-Pacific Conference on Plasma

Physics (AAPPS-DPP3), November 4-8, 2019, Hefei,
China, A-116 [Invited Talk].

(57) June Konami, Atsushi Nezu, Hiroshi Akatsuka:
Radial Dependence of Rotational Temperature of N
and N>" Molecules in Microwave Discharge Nitrogen
Plasma; 2019 International Symposium on Dry
Process, November 21-22, 2019, Hiroshima, Japan,
pp- 91-92, P-18.

(58) Thijs van der Gaag, Hiroshi Akatsuka: A Machine
Learning Approach to Determine Arbitrary EEDF of
Atmospheric Pressure Plasma from OES Continuum
Spectrum  Analysis; The [1ith Asia Pacific
International Symposium on the Basics and
Applications of Plasma Technology (APSPTII),
December 11-14, 2019, Kanazawa, Japan, OC-2.

(59) Fuminori Yamazaki, Atsushi Nezu, Hiroshi Akatsuka:
Diagnostics of Electron Temperature and Density of
Low-pressure Microwave Discharge Ar Plasma by
Optical Emission Spectroscopy Based on Collisional
Radiative Model; The 11th Asia Pacific International
Symposium on the Basics and Applications of Plasma

Technology (APSPT1I), December 11-14, 2019,
Kanazawa, Japan, B-14.
(60) Kiyoyuki Yambe, Naoya Kuramoto, Hiroshi

Akatsuka: Current Reflection Due to Interaction
between Plasma and Metal Conductor in
Atmospheric Pressure Non-Thermal Equilibrium
Plasma; The [1ith Asia Pacific International
Symposium on the Basics and Applications of Plasma
Technology (APSPTI11), December 11-14, 2019,
Kanazawa, Japan, P1-2.

(61) Shota Yamada, Yuki Morita, Atsushi Nezu, Hiroshi
Akatsuka: Rotational Non-Equilibrium of CO
Excited States in Microwave Discharge CO> Plasma;
72nd Annual Gaseous Electronics Conference (GEC),
October 28 — November 1, 2019, College Station, TX,
USA, FT1.00015.

(62) Thijs Van Der Gaag, Hiroshi Akatsuka:
Genetic-Algorithm-Assisted ~ Reconstruction  of
Arbitrary EEDF of Atmospheric-Pressure Plasma
Using Optical Emission Spectroscopic Measuremen;
72nd Annual Gaseous Electronics Conference (GEC),
October 28 — November 1, 2019, College Station, TX,
USA, FT1.00031.

(63) Hiroshi  Akatsuka, Hiroshi Onishi, Fuminori
Yamazaki, Atsushi Nezu: Electron Temperature
Measurement of Atmospheric-pressure

Non-Equilibrium Ar Plasma by Line Intensities with
CR Model and by Continuum Emissivity; 72nd
Annual Gaseous Electronics Conference (GEC),
October 28 — November 1, 2019, College Station, TX,
USA, FT1.00032.

(64) Shuichiro Okada, Atsushi Nezu, Hiroshi Akatsuka:
Experimental Study of  Plasma-Parameter
Dependence of High-Pressure Microwave Discharge
on External Magnetic Field,;
ISPlasma2020/IC-PLANTS2020, March 8-11, 2020,
Nagoya, Japan, 1027, 10P3-3.

(65) Kento Kishida, Takashi Ogura, Hiroshi Akatsuka:
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Analysis of the Sheath in the Weakly Ionized Plasma
by the Particle Simulation,
ISPlasma2020/IC-PLANTS2020, March 8-11, 2020,
Nagoya, Japan, 1066, 10P3-4.

(66) Hugo Lavigne, Tomohiro Shiroi, Atsushi Nezu,
Kiyoyuki Yambe, Hiroshi Akatsuka: Optical
Emission Spectroscopic Measurement of Electron
Temperature of Atmospheric-Pressure
Non-Equilibrium Ar-CO, Plasma;
ISPlasma2020/IC-PLANTS2020, March 8-11, 2020,
Nagoya, Japan, Oral 1209, 09pB010O.

Oral Presentation in international or domestic

conferences

(1) Toru Obara: Reactor Physics in SMR development;
Proc. of 2019 autumn meeting of Atomic Energy
Society of Japan,1]_PL01(2019).

(2) Anton Smirnov, Ekaterina Bogdanova, Georgy
Tikhomirov, Hiroki Takezawa, Jun Nishiyama, Toru
Obara: Criticality calculations of fuel debris in
various conditions during falling down; Proc. of
2020 Annual meeting of Atomic Energy Society of
Japan, 1101 (2020).

(3) Takeshi Muramoto, Jun Nishiyama, Toru Obara:
Criticality Safety Evaluation of Powder Fuel Debris
using DEM and MPS Method; Proc. of 2020 Annual
meeting of Atomic Energy Society of Japan, 1102
(2020).

(4) Kodai Fukuda, Jun Nishiyama, Toru Obara:
Radiolysis gas reactivity feedback effect on
prompt supercritical transient analysis of fuel
debris; Proc. of 2020 Annual meeting of Atomic
Energy Society of Japan, 1104 (2020).

(5) Kazuki Kuwagaki, Jun Nishiyama, Toru Obara:
Characteristics of spent fuel from breed and burn fast
reactor; Proc. of 2020 Annual meeting of Atomic
Energy Society of Japan, 3H06 (2020).

(6) Sergei Ryzhov, Georgy Tikhomirov, Toru Obara:
Minor actinides transmutation technology
optimization methods; Proc. of 2020 Annual
meeting of Atomic Energy Society of Japan,
3HO02 (2020).

(7) Aronne Travaglia, Kazuki Kuwagaki, Jun Nishiyama,
Toru Obara: Possibility of Sodium Cooled Breed and
Burn Fast Reactor with Rotational Fuel; Proc. of
2020 Annual meeting of Atomic Energy Society of
Japan, 1HO3 (2020).

(8) J. Kaneko, H. Takasu, Y. Kato: “Thermochemical
energy storage material for metal chloride/annmonia
reaction system”’; JSME ICMS 2019 Winter Meeting,
20 December, 2019, Tokyo.

(9) Y. Kato: [Invited Lecture] Heat storage performance
of high thermal conductivity composite using
calcium hydroxide for thermochemical energy
storage; 56th Japan Heat Transfer Symposium,
OS-1311, 31 June, 2019, Tokushima.

(10) S. Funayama, R.Guo, H. Takasu, Y. Kato: Heat
storage performance of high thermal conductivity
composite  using  calcium  hydroxide  for

thermochemical energy storage; 56th Japan Heat
Transfer Symposium, 29-31 June, 2019, Tokushima.

(11) Rui  GUO, Shigehiko FUNAYAMA, Hiroki
TAKASU,  Yukitaka KATO: Nano-modified
materials for CaO/H>O/Ca(OH), thermochemical
energy storage;56th Japan Heat Transfer Symposium,
29-31 June, 2019, Tokushima.

(12) Jiajun Li, Qianyun Li, Yoshinao Kobayashi.
Determination of Gibbs Free Energy of Formation of
Ni-rich Precipitate, Annual Meeting of Atomic
Energy Society of Japan, Sep. 2019.

(13) Henghui Chen, Rizky Dwi Septian, Yoshinao
Kobayashi. Thermodynamics of the B03-Cs;O
binary system, Annual Meeting of Atomic Energy
Society of Japan, Sep. 2019.

(14) K. Takeshita, X. Yin: Recovery of Radioactive
Cesium from Clay Minerals in Soil contaminated by
Fukushima Dai-ichi Nuclear Power Plant accident;
International Conference on Materials Research and
Nanotechnology, Rome, Italy, June 10-12, 2019.

(15) S. Kanagawa, Z. Dong, Tom Baikie, T. White, Y.
Aoyama, M. lizuka, T. Hijikata,, K. Takeshita:
Synthesis and Characterization of Simulated Nuclear
Waste in  Apatite Wasteforms; International
Conference  on  Materials  Research  and
Nanotechnology, Rome, Italy, June 10-12, 2019.

(16) T. Okamura, E. Minari, M. Nakase, H. Asano, K.
Takeshita: Reduction of geological disposal area by
introducing  partitioning  technologies  under
conditions of high burn-up fuel and high content
vitrified waste; International Conference on the
Management of Spent Fuel from Nuclear Power
Reactors (SFM) 2019, Vienna, Austria, June 24-28,
2019.

(17) H. Asano, T. Okamura, E. Minari, M. Nakase, K.
Takeshita: Cross-sectoral study on nuclear energy
system for less-impacted geological disposal of
high-level radioactive waste in consideration of
variation of spent nuclear fuel and technical
feasibility of reprocessing and vitrification
processes; International Conference on the
Management of Spent Fuel from Nuclear Power
Reactors (SFM) 2019, Vienna, Austria, June 24-28,
2019.

(18) Y. Inaba, T. Hara, M. Harigai, K. Takeshita:
Recovery and immobilization of Cs by functional
porous glasses; 8th annual meeting of the Society for
Remediation of Radioactive Contamination in
Environment, Fukushima, Japan, July 10-11, 2019.

(19) K. Takeshita, X. Yin, Y. Inaba, M. Harigai, S.
Watanabe, J. Onoe: Devlopment of subcritical water
treatment system for remediation and reuse of
contaminated soil and the volume reduction of
waste; 1. Kinetics and equilibrium of Cs desorption
by ion exchange under subcritical water condition;
8th annual meeting of the Society for Remediation of
Radioactive = Contamination in  Environment,
Fukushima, Japan, July 10-11, 2019.

(20) K. Takeshita, X. Yin, Y. Inaba, M. Harigai:
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Devlopment of subcritical water treatment system
for remediation and reuse of contaminated soil and
the volume reduction of waste; 2. Continuous
treatment of contaminated soil by column method;
8th annual meeting of the Society for Remediation of
Radioactive = Contamination in  Environment,
Fukushima, Japan, July 10-11, 2019.

(21) K. Takeshita: Separation of Platinum Group Metals
in HNO3 Using  Thiodglycolamide  and
Amide-containing Tertiary Amine Extractants; The
5th China Japan Academic Symposium on Nuclear
Fuel Cycle (ASNFC2019), China, July 24-27, 2019.

(22) M. Nakase, K. Takeshita: Development of selective
ligands for f-block elements differenciation -Relation
between complex structure and coordination-; The
5th China Japan Academic Symposium on Nuclear
Fuel Cycle (ASNFC2019), China, July 24-27, 2019.

(23) L. Zhang, M. Harigai, Y .Inaba, M. Nakase, K.
Takeshita: Removal of Cs from Clay Minerals by
Hydrothermal Treatment Using Organic Acids; The
5th China Japan Academic Symposium on Nuclear
Fuel Cycle (ASNFC2019), China, July 24-27, 2019.

(24) S. Kanagawa, Z. Dong, T. Baikie, T. White, K.
Takeshita: Synthesis and Characterization of
Simulated Apatite-type Wasteforms Containing
REE; The 5th China Japan Academic Symposium on
Nuclear Fuel Cycle (ASNFC2019), China, July
24-27,2019.

(25) R. Mishima, S. Tachioka, Y. Inaba, M. Harigai, S.
Watanabe, J. Onoe, M. Nakase, K. Takeshita:
Adsorption study of platinum group metals by
Aluminium ferrocyanide from nitric acid solution;
The 5th China Japan Academic Symposium on
Nuclear Fuel Cycle (ASNFC2019), China, July
24-27,2019.

(26) T. Hara, K. Yamashita, H. Takahashi, M. Harigai, Y.
Inaba, M. Nakase, K. Takeshita: Recovery and
immobilization of Cesium using functional porous
glass; The 5th China Japan Academic Symposium on
Nuclear Fuel Cycle (ASNFC2019), China, July
24-27,2019.

(27) X. Yin, Y. Koma, Y. Inaba, K. Takeshita: Removal of
Radioactive Cesium from Fukushima Contaminated
Soil by Hot-pressing Water Extraction in a Column;
Atomic Energy Society of Japan, 2019 Fall Meeting,
Toyama, Japan, September 11-13, 2019.

(28) K. Takeshita, Y. Inaba, X. Yin, Y. Koma: Desorption
of Cs+ from vermiculite by subcritical water
ion-exchange method; Atomic Energy Society of
Japan, 2019 Fall Meeting, Toyama, Japan,
September 11-13, 2019.

(29) S. Kanagawa, Z. Dong, T. White, T. Hijikata, Y.
Aoyama, K. Takeshita: Synthesis and
Characterization of immobilization of Cs in Apatite
Wasteforms Containing Al; Atomic Energy Society
of Japan, 2019 Fall Meeting, Toyama, Japan,
September 11-13, 2019.

(30) S. Watanabe, M. Harigai, Y. Inaba, M. Nakaya, K.
Takeshita, J. Onoe: Development of cyano-group

bridge-type coordination polymer with a high
sorption charactersitic of Platinum-group elements
for high quality and volume reduction of vitrified
objects containing high-level raditoactive nuclear
wastes (6) Analysis of Physical Factors in Metal Ion
Sorption to Hexacyanoferrate by First-principles
Calculations; Atomic Energy Society of Japan, 2019
Fall Meeting, Toyama, Japan, September 11-13,
2019.

(31) Y. Inaba, M. Harigai, S. Tachioka, R. Mishima, K.

Saito, K. Takeshita, S. Watanabe, J. Onoe:
Development of  cyano-group bridge-type
coordination polymer with a high sorption

charactersitic of Platinum-group elements for high
quality and volume reduction of vitrified objects
containing high-level raditoactive nuclear wastes (5)
Synthesis and sorption studies of aluminum
ferrocyanide; Atomic Energy Society of Japan, 2019
Fall Meeting, Toyama, Japan, September 11-13,
2019.

(32) T. Okamura, E. Minari, M. Nakase, H. Asano, K.
Takeshita: Interrelationship and the Effects of
Introducing Separation Technologies in the Nuclear
Fuel Cycle for Enhanced Radioactive Waste
Management; GLOBAL2019, Seattle, USA,
September 22-26, 2019.

(33) S. Kanagawa, Z. Dong, T. Baikie, T. White, Y.
Aoyama, M. lizuka, T. Hijikata,, K. Takeshita:
Synthesis  of  Simulated  Nuclear =~ Waste
immobilization in Apatite Wasteforms Containing
Al.; GLOBAL2019, Seattle, USA, September 22-26,
2019.

(34) Y. Sasaki, K. Morita, M. Matsumiya, M. Nakase:
Behavior of lanthanides and actinides for their mutual
separation using extractants and masking agent;
GLOBAL2019, Seattle, USA, September 22-26,
2019.

(35) N. Tsutsui, M. Nakase, S. Ito, Y. Ban, T. Matsumura,
K. Takeshita: Extraction separation of minor
actinides and lanthanides by
1,10-phenanthroline-2,9-diamide with phenyl group
in nitric acid systems; GLOBAL2019, Seattle, USA,
September 22-26, 2019.

(36) M. Nakase, T. Yamamura, Kenji Shirasaki, Mitsuie
Nagai, Daiju Matsumura, T. Kobayashi, K. Takeshita:
Study on U/Th separation by
monoamide?immobilized  hydrogel  adsorbents;
GLOBAL2019, Seattle, USA, September 22-26,
2019.

(37) T. Matsumura, Y. Ban, H. Suzuki, S. Hotoku, N.
Tsutsui, T. Toigawa, K. Morita, Y. Tsubata:
Development of SELECT Process Using CHON
Extractants for Partitioning and Transmutation;
GLOBAL2019, Seattle, USA, September 22-26,
2019.

(38) E. Minari, Ki Seob Sim, R. Yoshioka, H. Asano, K.
Takeshita: Scenario analysis tool Nuclear Fuel Cycle
Simulation System (NFCSS): Safety assessments in
the context of spent fuel management and disposal;
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GLOBAL2019, Seattle, USA, September 22-26,
2019.

(39) K. Takeshita, X. Yin, L. Zhang, T. Hara, M. Harigai,

Y. Inaba: Utilization of X-ray analysis for radioactive
Cs removal from contaminated soil in Fukushima and
its immobilization; 55th Conference on X-ray
analysis, Fukushima, Japan, October 30-31, 2019.

(40) Y. Inaba, R. Mishima, S. Tachioka, K. Saito, M.

Harigai, K. Takeshita, S. Watanabe, J. Onoe:
Adsorption of PGMs and Mo from high level liquid
waste by Aluminium hexaferrocyanide; 33th annual
meeting of the Japan Society on Adsorption,
November 14-15, 2019.

(41) M. Nakase, B.J. Mincher, T.S. Grimes, K. Takeshita:

Relation between structure of monoamide ligand and
separation behavior of americyl from lanthanide;
38th Solvent Extraction Conference, Saga, Japan,
November 20-21, 2019.

(42) K. Takeshita, X. Yin, S. Watanabe: Development of

ion-exchange process in subcritical water for
remediation of radioactive cesium from contaminated
soil; 38th Solvent Extraction Conference, Saga, Japan,
November 20-21, 2019.

(43) S. Kanagawa, Z. Dong, T. White, K. Takeshita:

Irradiation effect of apatite ceramics containing heat
generating nuclides; Atomic Energy Society of Japan,
2019 Spring Meetin, March 16-18, 2020.

(44) T. Sakuragi, H. Asano, E. Minari, T. Okamura, M.

Nakase, K. Takeshita, Y. Inagaki, Y. Niibori, S. Sato:
Technical options of radioactive waste management
for the second half of the 21st Century, in
consideration of Pu utilization and less
environmentally impacted geological disposal(13)
Challenge of waste treatment and disposal in Pu
utilization by light water reactor; Atomic Energy
Society of Japan, 2019 Spring Meeting, March 16-18,
2020.

(45) T. Okamura, E. Minari, K. Kawai, M. Nakase, H.

Asano, K. Takeshita: Technical options of radioactive
waste management for the second half of the 21st
Century, in consideration of Pu utilization and less
environmentally impacted geological disposal(14)
Thermal property of spent MOX fuel and its effect on
geological disposal; Atomic Energy Society of Japan,
2019 Spring Meeting, March 16-18, 2020.

(46) E. Minari, T. Okamura, M. Nakase, H. Asano, K.

Takeshita: Technical options of radioactive waste
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