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1.1

Nuclear Reactor Thermal Hydraulics Safety Analysis and

Thoughts on FUKUSHIMA

Hisashi NINOKATA

INTRODUCTION

I was given an honorable opportunity to contribute to
the Bulletin as I finally reached the age 65 years old of
“happy retirement.” It should have been a happy retirement,
if it were not for the accident that took place on the site of
Fukushima Daiichi Nuclear Power Station operated by the
Tokyo Electric Power Company (Tepco) as a result of the
3.11 gigantic tsunami attacks.

When I was told to write this article, I thought it
would be appropriate to make a recollection of my R&D
work of the last 18 years in the Research Laboratory for
Nuclear Reactors. However, at the same time when I
started writing this several months ago, there was
something that hindered me from starting with it while I
found myself always thinking of the accident. This thought
has never left me day and night from the beginning of the
accident. Consequently I decided I should begin with my
own evaluation of the accident.

Therefore, the first part of this article is to show my
thoughts on the accident. It is cited from a summary of my
lecture talk in Indonesia, in the beginning of the last
December, 2011. This talk was based on my previous
lecture and seminar talks including those delivered at MIT,
June 16, at the ANS Annual Meeting in Hollywood,
Florida, June 28, at NURETH-13 in Toronto, September 27,
and others. The content is based on the open and latest
information available to date in Japan. It may contain some
erroneous or uncertain information. I tried to minimize it to
my best capability. Also I tried to eliminate any critical
issues or opinions that may jeopardize some people who
were involved in.

The latter half of this article will be excerpts of my
recent R&D activities related to the safety-by-design for
sodium cooled fast reactors and light water reactors,
thermal hydraulics analysis focusing on the simulation-
based technology, in particular subchannel analysis and
computational fluid dynamics.

I. FUKUKUSHIMA DAIICHI
STATION ACCIDENT

NUCLEAR POWER

Earthquake and Tsunami: First of all, let me start
with the deepest sympathy for all those affected by the
tragic chain of events, especially the nuclear accident at
Fukushima Daiichi Nuclear Power Station (1F NPS),
following the devastating earthquake and tsunami that
struck Tohoku region of Japan, March 11, 2011.

When the earthquake took place, I happened to be in
Mito, 100 km to the north of Tokyo, 100 km to the south of
the 1F NPS . The shake in Mito city was of Shindo-6, a

seismic intensity of 6 on the Japanese scale, which disabled
me from standing upright without holding something firm
and stable. It lasted long, I did not remember how long but
I felt as if it lasted eternal. Richter scale of the East Japan
Earthquake was over 9, followed by the gigantic tsunami
that engulfed almost 20,000 lives. So devastating.

Defense-in-Depth Principle and Deterministic vs
Probabilistic Aproach: T could not believe that the 1F
NPS was so vulnerable against Tsunami. It was pointed out
clearly that the NPS was not provided with the defense-in-
depth for the unforeseen natural phenomena, i.e., gigantic
tsunami in this case, that exceeded the worst scenario. Why
it was not provided? Partly because the safety regulation
system in Japan has assumed the deterministic approach to
approve NPS safety design. The plant is designed to be
protected against the worst accidents that could be
conceived. This category of accidents is called “design-
basis-accident.” DBAs are not likely to occur but assumed
to occur 100%, just an assumption, and should be
accommodated. Therefore the public are fully protected
with more than sufficient safety systems against these
kinds of accidents.

How about the accidents with extremely low
occurrence probability, i.e., negligibly small but with a
huge magnitude of disasters once it happened? Japanese
utilities have been asked to take care of these beyond
design-basis-accidents. If the utilities trust the authority
and do not feel it mandatory to provide countermeasures
against BDBAs, there would be no defense in depth
beyond the threshold. My point here once again is that a
lack of this defense-in-depth layer was the direct cause of
the nuclear disaster in the 1F NPS accident. Counter-
measures for flooding were poor, those for station black
out and loss of DC powers were none because in Japan the
power lines are so reliable and all electronic and electric
devices are of high quality and, hence, less concerns about
the SBO than in other countries. The regulatory guide says
you don’t have to prepare for SBO. Also the ultimate heat
sink was assumed only at the ocean. No diversity was
considered in providing additional heat sinks and the
methods to transport heat from inside the primary
containment vessel (PCV).

Here I would like to emphasize that the defense-in-
depth for the unforeseen events is the response capabilities
to overcome a disaster that exceeded all worst-case
scenarios. Particular safety systems, i.e., hardware, are not
installed for the beyond design basis accidents by
definition but the accident management procedures. “How
safe” depends on the worst scenario and on how we define
it. However, no matter how the worst scenario had been
defined at the 1F NPS, the tsunami was real that exceeded
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the design basis tsunami height 5.7 m by about 10 meters.
Nothing could be done to avoid the disaster if people were
not prepared. It is true that all Tepco people in the 1F NPS
did their best in the total blackout and did almost
everything that was to be done. It is true that a total amount
of radioactive release was surprisingly low in consideration
of the magnitude of the accident and should be attributed to
and thanks to their efforts. Nevertheless if defense-in-depth
layers had been provided for the tsunami of unforeseen
scales, I am pretty much sure that the consequence of the
accident should have been of much smaller magnitude.
There should be no such if’s. The lessons should be
reflected onto the introduction of more risk-informed
regulation system. It is imperative to practice more
probability based regulation as soon as possible.

Fukushima Daiichi NPS Accident — After 9
Months Later: As of today November 2011, No.1 to No. 3
BWR units of the 1F NPS look stable and are close to cold
shutdown state. On the one hand, it is still necessary to
inject water into the reactor pressure vessel since the fuels
are still emitting decay heat although its amount is
sufficiently low, approximately 0.05% of the rated power,
and would not create any critical problems in the sense of
thermal hydraulics. On the other, these radioactive
materials are not confined in a containment system that is
supposed to be restored or re-defined. The reactor pressure
vessels of all the units lost their integrity as a result of
possible melt through of the molten core materials.
Amounts of the molten core materials that fell onto the
pedestal concrete floor would be different for reactor to
reactor. See Figs. 1 and 2. Even so, the melt-through could
have been still acceptable theoretically, should the
containment function be fully maintained anyhow and the
isolation ----- acceptable because the public would suffer
no radiological consequences.

The tragedy was due to the fact that all three units lost
the integrity of their PCVs of type Mark-I, the failure in
containing radioactive fission products released during the
core heat up, meltdown and relocation processes. Those
corium materials are now immersed in the water inside or
outside RPV, stably cooled, thus most of the fission
products have been fixed in the corium, deposited on the
structure surface and/or in the water. No large scale release
of these radioactive materials is anticipated without any
explosive mechanisms. However, we are nuclear engineers.
We are well aware that there is always a risk anywhere.
Our responsibility is to reduce the risk no matter how small
it is and to let people know that we are making everlasting
efforts in keeping them away from the risk.

The amount of water to inject is that of a make up for
the evaporation plus leakage from the RPV. Then, as of
July to August, far more than 100,000 tons of highly
contaminated water was estimated to have flown out of the
RPV/primary boundary, and then out of the PCV, and
stayed in their reactor buildings as well as the turbine
buildings. The contaminated water, also from the spent fuel
pools, was occupying a large portion of the basement
spaces. Another troublesome source is the underground

water stream. It is estimated to be flowing into the
basements at a rate of 200 to 500 tons/day (estimated).

=
|
: .*-::.:.-zh CuATD

e <
g
b ﬁ | r:
q U -
ARSI BT APAES 1 AT A

Fig. 1 The likely states of 1F1
(by World Nuclear News, December 1, 2011)
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Fig. 2 The likely states of 1F2 and 1F3
(by World Nuclear News, December 1, 2011)

Early this summer, a large chemical plant consisting
of multi-step water treatment systems was introduced on
the site. The basement water has been and is being
extracted, decontaminated, separated from oil components,
purified to a degree of potable water and re-circulated
through approx. 4km long pipe lines into the RPVs to cool
the core fuel materials. As a consequence, a semi-closed
cooling circuit has been established implying much less
increase in the amount of contaminated water. However,
unless the underground water stream is stopped, the
flooding in the basements won’t stop and will continue to
challenge all the water processing and storage capabilities.

The water temperatures are well below the saturation
temperature, i.e., below 100°C but only at the measurement
locations. Thus there remain uncertainties in exactly which
temperatures are being measured although all units look
stable.
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However always with a risk of leakage to the
environment from the system and long recirculation lines
and with the failure in containment, it is questionable to
make a statement that the reactor system is or will be under
the cold-shutdown mode soon. The cold shutdown is a
terminology for the intact NPS.

Core Exposure and Meltdown of the Unit No. 1:
The above are a consequence of the failure in removing the
decay heat generated in all three units since the gigantic
tsunami washed away all the engineered safety systems
including the emergency Diesel Generators in place and
caused station blackout (SBO) around 3:40PM, one hour
after the M9 quake. SBO has disabled every decay heat
removal capability except for the Isolation Condensers
installed in the old unit No. 1.

Unfortunately the IC was not functioning long enough
for some erratic reasons that are still not clarified yet. In
the case of unit No.l, with the IC not operating after
Tsunami until 18:18, it was reasonable to assume the safety
relief valves (SRVs) were functioning to prevent the RPV
pressure from exceeding about 8 MPa. Every time the
SRVs opened, quite large an amount of high pressure vapor
was released into the suppression chamber (S/C). All the
SRVs on the 1F units are made by Okano Valve Co and are
supposed to be highly reliable. It is hard to believe they
malfunctioned during the course of accident.

This resulted in a rapid loss of coolant in the RPV and
the water level was estimated to reach the top of active fuel
(TAF) region within about 2 hours at most. This was
estimated by a simple heat balance calculation and has
been validated by the post simulation results provided by
many organizations such as Tepco, NISA-JNES and
Institute of Applied Energy, etc. In this early phase of
accident, around 5 to 6 pm of 3.11, absolutely no
information was available on what was going on at the 1F
NPS. Post investigation by the government has revealed
that the station master did not share the information that the
IC was not functioning after tsunami. In confusion, or with
no communication tools available except for one PHS
channel which died soon, there is no way to find out
whether the on-site command and control system worked
out or not. Also it is another important point to make here
that due to the loss of DC power, almost all plant data were
not obtained (This is the situation where the accident
management should be practiced). When they found the
water level measurement was recovered, I speculate that
they might have made a fatal error. They trusted the water
level reading that indicated higher than the TAF while at
that moment the water level was much lower and the core
melt was about to take place or taking place. Many actions
were taken based on this misreading. However any
criticism should be avoided because everything said here is
based on the speculation.

After reaching the TAF, the water level went down
rapidly to the bottom of the core to uncover the whole core.
Then fuels were cooled by steam, vapor and then by super
heated vapor. At this timing, the uncovered reactor core of
the unit No. 1 started its disintegration, partly by oxidation

of the Zircalloy cladding, with weakened structural
strength, with the added heat and in the presence of
hydrogen generated as a result of the chemical reactions. In
fact, after the water level got lower than the TAF, there was
no point of return and all physical and chemical reactions
worked in a way to enhance disintegration of the core.
Without sufficient heat removals from the core, cladding
and fuel liquidus state was formed and eventually the
elevated temperatures reached the fuel melting temperature.
These sequences were considered to be irreversible, one-
way and non-stop to the core melt. The core melt took
place in a few hours after the whole core exposure. This
observation should be justified and evidenced by the very
high radiation level of 288mSv/h in the reactor building
already at 21: 50. Why so fast? The answer is clear because
the only emergency cooling device, IC, was not operated
for many hours that have never been clearly explained why
by Tepco yet.

Anything could be said if we were allowed to say
based on “if”. Nevertheless if we were allowed, I would
dare to say, the 1F1 core might have survived without the
core meltdown if the IC was kept operating without being
stopped manually before the tsunami, if the RPV wall
survived the thermal shock due to rapid temperature
decreases, if the IC tank was always filled with water by
fire engine pumps, and if the IC valves were fixed open
after the reactor pressure was lower than the specified level
at which the IC wouldn’t function. An important factor to
note here is that the ultimate heat sink (atmosphere) was
always available there. It is very sad to say there are so
many “if’s” in this case.

Core Exposure and Meltdown of the Unit No.2 and
No0.3: As for the unit No. 2 and No.3, the emergency
cooling system RCIC (Reactor Core Isolation Cooling) was
provided instead of the IC. RCIC consists of the high
pressure turbine that is specially designed to stand low
quality vapor coming from the RPV and that rotates the
pump to transport available water from the service water
tanks and/or condensate storage tanks to the core. Differing
from the IC, the RCIC can inject more water than the
evaporation and can compensate the loss of coolant but
does not remove the decay heat to the ultimate heat sink.
Operation of RCIC of the Unit No.2 lasted 72 hours, which
was much longer than the battery life of about 10 hours. At
first I thought someone in the plant volunteered the battery
management and on-off maneuver had made it possible.
However this was not likely according to the latest Tepco
hearing. It seems that the RCIC line valve did not close
when it should have and as a consequence the RCIC kept
working as long as 3 days.

DC power was available for No. 3 unit since the
batteries escaped being soaked by the sea water. Therefore
the RCIC was operating as long as battery was alive but
stopped when it died. Then the high pressure activated the
HPCI (High Pressure Coolant Injection) that uses also the
RPV high pressure vapor to operate the turbine of a 7 times
larger capacity than the RCIC turbine. RCIC stopped in 20
hours and HPCI in 14 hours.
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Once the RCIC and HPCI stopped, the event
timelines followed mostly those for the unit No.l.
Depressurized evaporation with the SRV opening,
followed by the rapid reduction of water level, core
exposures, hydrogen production and radioactive materials
release from the core fuels, and core meltdown-melt-
through, and a large scale radiological release in a few
hours.

PCVs of unit No.2 and No.3 were isolated and with
the isolation valves on the S/C to RHR (Residual Heat
Removal system) line being closed there were no
connected flow lines to the ultimate heat sink. Without any
heat sink available, i.e., in the absence of RHR functions,

the PCV pressure started increasing once the RCIC stopped.

The events sequence is the subsequent automatic SRV
opening due to overpressure in the RPV, followed by the
depressurization of the RPV with the high pressure and
high temperature vapor being released into the S/C water.
This resulted in the rapid reduction of the water level in the
RPV. Then, it was inevitable to lose the PCV
depressurization capability at the wet-well (or Suppression
Chamber) as the S/C water temperature becomes high and
saturated; the S/C water does not condensate the vapor any
longer. As a consequence, the PCV was over-pressurized
by a mixture of vapor and hydrogen. The only method for
these 2 units to survive the core meltdown was supposed to
depressurize and release the heat by opening the PCV vent
valves of either the wet vent or dry vent line.

At that time I considered that PCV flooding,
recommended in PWR accident management, was an only

way to save the RPV in the very early phase of the accident.

However, no action was taken possibly due to no electricity
and/or mobile generators/pumps available in time. I
suspected that station managers and operators were aware
that the flooding was not possible for seismic and practical

reasons and I had to agree with them if it was their thinking.

PCV Venting Issues: If the venting was mandatory
to protect the PCV, there should be no hesitation. If the
venting was required to prevent core melt and to protect
RPV, it was a very tough decision for the NPS operators to
make. Our AESJ (Atomic Energy Society of Japan) Special
Committee on the 1F NPS accident asserts that all the
existing NPS should be equipped with filtered vent system
so that the ventilation could be carried out as required.

In the 1F NPS, the PCV vent was not carried out
timely, not in time. There were many reasons reported for
this. Hydrogen explosions damaged not only the alternative
water make-up injection lines but the vent lines in place.
This is one of the multi-unit drawbacks. The high radiation
levels prevented the operators to make access to the vent
line valves. Also operators’ familiarity with the Air
Operated vent valves was not sufficient, according to
media reports. In general, the delayed venting was most
responsible for the PCV failures and there is no question
about this. Issues are why the venting was delayed and this
question will be answered sooner or later by the
government investigation.

Summary: With the PCV isolated and without any
decay heat removals and transport capabilities to outside
the PCV (Loss of Ultimate Heat Sink), the cores of the
three units have started to melt and eventually melt down
to the bottom of the RPV. The timing of the core melt has
depended on the termination of IC for Unit 1 and of RCIC
for Unit 2, and RCIC and HPCI for the Unit 3. In
alternative words, the timing was dictated by the amount of
water available inside the suppression chamber (S/C) or the
wet well of the PCV. The core melt is a rapid process and
took place before the midnight of 3.11 at 1F1, and within a
few days for 1F3 and 1F2. The venting and following
alternative make-up water injection (borated) were made
too late and hydrogen explosions followed the PCV
ventilation.

What Should Have Been Done in the Initial Phase
of the Accident: Very Personal View: Since the
beginning of the accident, in particular in the first week, I
have been thinking what could have been done to avoid the
core meltdown and to save the nuclear reactors after the
loss of ultimate heat sink was found to be inevitable. Still I
have no definite answers yet. With regard to the 1F1 it is
easy to say that it could have been saved if the IC was kept
operating but this must be based on many assumptions. So
many if’s for the 1F1 would make a thin line of escape not
realistic. What I could say right now is, it was extremely
difficult and was almost impossible to avoid the core
meltdown under the situation.

The only thin line of success to survive the event
sequence from SBO, loss of DC power, without ultimate
heat sink barely is seen. At least the following three actions
must be carried out before the water level reached the top
of active fuel (TAF):

1) depressurization,

2) immediate water make-up, and

3) heat removals out of PCV (S/C).

Those actions were required immediately after the IC and
RCIC/HPCI lost their functions. To be honest, it is easy to
say anything more than 6 months after the accident but
almost impossible to put into practice under such a chaotic
condition.

In Japan, however, new countermeasures have been
already provided against large tsunami to all the NPS
although on a temporary basis. More importantly we are
prepared for the next tsunami coming. This makes the
safety level of the current NPS in Japan much higher and
more reasonable than before. We will never repeat the
same mistake.

After Fukushima Nuclear energy is faced with
challenges by the Fukushima Daiichi accident. Of course
nuclear safety must be enhanced in a balanced way with
other challenges such as radioactive waste management,
economics, and non-proliferation. =We recognize,
nevertheless, the heightened importance of plant safety
with lessons learned from the accident is the key to the
nuclear deployment all over the world. It is more so if we
understood that there would be no other energy sources
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that can replace nuclear without intolerable cost increases
or without damaging the environment. We must assure the
people for the safe operation of nuclear plants fostering
safety culture. In view of the global nature of these nuclear
issues, it is imperative that we professionals play an
important role to unveil the true causes and understand
more about the accident and to enhance disclosure of the
information. Exchange of ideas and critical information
and encouragement of cross-fertilization of research and
development efforts are of viral importance among not
only in Japan but all nuclear countries.

(From International Forum on Nuclear Power
organized by the Hasanuddin University, Makassar,
Indonesia, December 6, 2011)

Il. NUCLEAR REACTOR SAFETY BY DESIGN

11.1 Safety by Design

The first line of defense in the currently considered
next generation reactors is to eliminate event initiators that
could potentially lead to core damage. This concept could
be implemented through the safety-by-design™ approach
[1], which could be simply described as design the plant in
such a way as to eliminate accidents from occurring, rather
than coping with their consequences. Use of the safety-by-
design™ as a defense in-depth barrier corresponds to
enhancement of and strengthening the first barrier, i.e., a
quantification of the well-known precepts of sound design,
construction and operation. If it is not possible to eliminate
certain accidents altogether by the “safety-by-design”, then
the design inherently reduces their consequences and/or
decreases their probability of occurring. This step could be
achieved by practicing PSA and risk-informed design.

In the future, in relevance to the safety design of new
advanced nuclear reactors, it would be necessary to
consider the whole spectrum of possible accidents, not just
the selected design or beyond design basis accidents. In
this case, the accidents to be evaluated are selected due to
certain criteria in relevance to a resultant core damage
frequency and their consequence. And this is quite a
challenging endeavor, but still manageable hopefully
because a number of accidents could be eliminated in
“safety-by-design” approach and, most importantly,
because of the great improvements over the last decade in
analytical and computational methods.

1.2 Next Generation Nuclear Reactor: Sodium-cooled

Fast Reactor

One of our research and development efforts has been
directed toward the progress in the simulation-based
technology and its application to design an ultimate but
realizable sodium-cooled fast breeder reactor (SFR) system
and providing much higher confidence in the public than
current Liquid Metal cooled Fast Breeder Reactor
(LMFBR) design.

The core is to be designed such that it is equipped
with self-controllability with enhanced passive and
inherent safety features where the safety-by-design is

embodied by eliminating the potentials of positive
reactivity feedbacks in case of accidents.

Why sodium? Among many conceivable choices,
the coolant should be sodium because of its excellent
compatibility with structure materials, being used under the
low pressure condition and with excellent heat transfer
characteristics. These advantages should be emphasized.
We should understand that the advantages overcome its
drawback, i.e., its chemical potential. Sodium fire is not
violent and of low energy phenomena. H, production due
to the sodium-H,O reaction can be under control even if a
H, explosion took place because of the intermediate (or
secondary) heat transport circuits inserted between the
primary sodium circuit and the steam generators. Reality is,
the drawback has been overemphasized and SFRs are not
in a good position even among some nuclear thermal-
hydraulics (TH) professionals. This is a sad situation. The
risk analysis would clearly show that SFRs render much
lower core damage frequency than LWRs that are operated
under the extremely high-pressure condition and the
corrosive environment.

Our main concern is how the risk concept is
understood by the public.

Self-Controllability of SFR Future fast reactors
would be required to have inherent and passive safety
characteristics against anticipated transients without scram
(ATWS) and to render no fear against core disruptive
accidents, even if they are extremely unlikely at the preset
knowledge. For instance, in case of unprotected loss of
flow (ULOF), transient over power (UTOP) and loss of
heat sink (ULOHS) accidents, the reactor power during the
transients should stay below a level corresponding to the
core temperatures at which sodium boiling and fuel melting
are assumed to take place. We call this specific safety
characteristic as “self-controllability.” In order to evaluate
the self-controllability, we have developed a general
method, in which we employ self-controllability limit lines
to judge whether a reactor can maintain the core integrity
under the ULOF, UTOP and ULOHS conditions. [2]

Self-controllability limit line shows a relationship
between the coolant effective reactivity percoo and fuel
effective reactivity e fel Under such extreme conditions as
sodium boiling or fuel melting initiation. The former
effective reactivity is defined as a sum of the reactivity
variations due to the coolant temperature difference AT¢
(z,0) from the core inlet and the latter as the one due to the
fuel temperature difference ATg(z,0) from the coolant
temperature at the axial elevation z and under steady-state
operating conditions:

peff,cnol = '[ KC(Z)DATC(Z, O)dZ and (1)

Pett et = f K. (2)CAT, (z,0)dz )

where K¢ and Kg are defined as:
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K.(2) = KDDp(z) + Kmp(z) + K, (D) +K_(2)+ KSA‘CW(Z) , and

Clad

K.(2) = KDOD(Z) + Kmp(z) .

In Egs. (1)-(2), K’s are the reactivity coefficients; and the
subscripts Dop, Fexp, clad, Na and SAexp are the Doppler,
fuel expansion, cladding, sodium and subassembly
expansion, respectively.

If a combination of pefcoor and pPer el Obtained for a
specific fast reactor is located blow the limit lines for those
ATWS’s, we can judge that the reactor does not suffer
from coolant boiling and fuel melting. However, in the
process of deriving these limit lines, we must carry out a
number of time-consuming transient calculations using a
transient system analysis code. The objective of the study
is to obtain the self-controllability limit lines with simple
analytical expressions.

In pursuit of the objective, we introduce the following
assumptions: (I) the extreme conditions are part of the
quasi-steady responses under ULOF, UTOP and ULOHS
conditions; (II) the total reactivity is zero under the
extreme conditions; and (II) the power transient can be
approximated by a simple exponential function in case of
ULOF and the reactor power is well reduced to a decay
power level in case of a ULOHS extreme state. Focusing
on the extreme conditions, we consider the balance of
feedback reactivates and core temperature distributions
with the assumptions. Based on these considerations, we
analytically derive self-controllability limit lines, instead of
using a system transient analysis code. In summary the
self-controllability region can be expressed as:

p.(t)> [ K (2VIAT, (z.t,,) - AT (2,0))dz

+[ K (@)TAT (2.t,,) - AT (2,0))dz

K @7, () ~T, 0dz + p,, 3)

where th is the timing of the onset of either coolant
boiling or fuel melting. It is noted that the third integral
term on the right-hand-side is the contribution of the inlet
coolant temperature change in the case of ULOHS, which
is zero in case of ULOF and UTOP.

Self-controllability limit lines under the ULOF, UTOP
and ULOHS conditions are shown in Fig. 3 in terms of
Peitcool aNd Oefrrer. There, good comparisons are made for
ULOHS between analytical model and the results
calculated by a system transient analysis code ARGO for
the MOX- and metal-fueled cores. In general, the ULOHS
line always stays above the ULOF line. This suggests that
the ULOHS does not have to be considered in evaluating
the self-controllability capabilities of fast reactors against
ATWS but the ULOF and UTOP.

We consider that the above simple analytical method
allows us to evaluate the self-controllability of any fast
reactor core without carrying out a number of time-
consuming system transient calculations for typical ULOF,
UTOP and ULOHS accidents. Also the method provides us

with clear physical insights into the complicated feedback
mechanisms related to the nuclear and thermohydraulics
coupling phenomena.

0.01 : : :

o ULOHS(ARGO)

~ < ———————— ULOHS(Present)
UTORline 1o

(v
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[ sioEime T
_/UL/[////
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Effective fuel reactivity [dk/k]

Fig. 3 Self-controllability lines for ULOF, UTOP and ULOHS
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Aluminum-Metal Fueled Fast Reactor Cores An
inherent safety fast reactor core has been proposed by
Yokoyama, et al., [3] with ternary aluminum alloy (U-Pu-
Al) fuels for large commercial reactors. Its high thermal
conductivity will provide a favorable performance during
reactor transients as illustrated by Ishizu, et al [4]. The
proposed core has an inherent safety characteristics against
ATWS events including both ULOF and UTOP events
where we can make the burn-up reactivity less than 1$ and
the sodium void reactivity negative at the same time. An
example of the core consists of short inner and tall outer
core surrounded by radial blanket and bottom axial blanket
regions as reported in the previous issue of this bulletin.
Here, we have assumed a 4 year cycle length which
corresponds to common fuel structure life time due to
neutron fluence. The minimization of the reactivity swing
has been pursued by mixing minor actinides to the fuel.
Fundamental study was carried by Yokoyama, et al [3] out
on the void reactivity of various fuel cores including metal-,
nitride and MOX cores and inter-comparisons are being
made.

11.3 Near-Term Deployment: IPSR

Should LMFBR be assumed to be in the next
generation nuclear reactor, the near term deployment in
particular in the countries with limited grid system would
be achieved by installing Small-Medium Reactors (SMRs).
Integrated Primary System Reactor (IPSR) would be the
best candidate and is pursued in the international
framework of the IRIS consortium, where IRIS is
“International Reactor, Innovative and Secure.” [1]
Application of safety-by-design is the backbone of the IRIS
design philosophy and combined with the PRA-guided
design modifications. This has been carried out as “risk-
informed-design” [5], continued into the framework of
seismic margin analysis and extended to the studies with
the seismic isolation system being implemented in the IRIS
plant.
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PRA-Based Seismic Margin Analysis IRIS is an
advanced, modular, medium power (~335 MWe) PWR
categorized in the Integrated Primary System Reactor (Fig.
4). Its compact, spherical, steel containment is able to
withstand a higher ultimate pressure than a large
cylindrical containment in a typical loop PWR. This
positively impacts safety response in hypothetical accidents,
while its small size enables a small footprint, reducing the
overall construction cost.

The success of the IRIS Safety-by-Design™ and
PRA-guided design is due to the effective interactions
between IRIS Design team and IRIS PRA team (Fig. 5).

The IRIS development started with the lead of
Westinghouse Electric Co, USA in 1999 and has since
made a continuous progress, notably in the areas of
improved safety and design simplification, as well as in
novel engineering approaches. Such progress has been
made possible by the IRIS international consortium,
leading the IRIS development, which relied not only on
world top-experts from industry but also on the academia
and students [6], effectively integrating their talent and
work into the IRIS design development. I have been a
member of the IRIS university consortium since the
beginning of its history. Our contributions include themal
hydraulics design proposals of future high-burnup core
options, putting the PRA-based risk-informed design into
practice, and the current SMA work.

CONTAINMENT

L

(a) IRIS primary system (b) IRIS containment layout

Fig. 4 IRIS Integral Layout
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PRA and SMA for IRIS The application of the PRA
guided design concept to internal events at power resulted
in a very encouraging reduction of the IRIS Core Damage
Frequency (CDF) in the range of lower 10®/RY [5]. This
brought to light such an external event as earthquake as
principal contributors to the overall plant CDF. A seismic
PRA is therefore needed to be developed. The development
of a complete seismic PRA for a plant still in its design
phase is a challenging work that also requires some update
and modification in the seismic PRA techniques, especially
under the point of view of the uncertainty reduction.

Within the framework of the IRIS risk-informed
design, a preliminary PRA-Based Seismic Margins
Assessment (SMA) has been continued to assess the ability
of the IRIS Standard Design to respond to seismic events.
This would complete a first step toward the development of
a complete IRIS seismic PRA. In the SMA model, seismic
initiating event trees and system fault trees was developed
starting from the event and system fault tress conceived for
the internal events at-power PRA. They were reviewed to
identify the types of events that might be expected to occur as
a consequence of the seismic event and screened according to
general assumptions such as the “one fails, all fail”. In a
PRA-Based SMA High Confidence of Low Probability of
Failure (HCLPF) acceleration values are calculated for
important accident sequences and for the plant as a whole.
The HCLPF values are those seismic acceleration values for
which there is a 95% confidence that the probability of failure
for the specified sequence (or component) is less than 5%.
This is the main result of an SMA; no probabilistic results in
term of CDF are then expected. A detail of the results has
been reported in Kumagai [7].

I1l. CFD and SUBCHANNEL ANALYSIS

The essential of the simulation-based design approach
consists of computational and experimental approaches. In
spite of the recent progresses in Computational Fluid
Dynamics (CFD), however, it is underlined that CFDs are
given credits for a tiny fraction of the design and safety
evaluation processes in nuclear industries and authorities
unfortunately. There experimental evidences are always
requested. This is not because the CFD is not reliable but
the nuclear reactor design requires well-established and
well-proven technology with the sufficient expertise
accumulated in the past. Therefore, the full use of CFD in
the simulation-based design procedure would be a
challenge in the future nuclear reactor development.

In fact, when thermal hydraulics in actual nuclear fuel
pin subassemblies is concerned, especially when fuel pins
are wire-wrapped, the use of CFD is limited as turbulence
models are required. Instead, subchannel analysis has been
most commonly used with appropriate wire-spacer
modeling for design purposes (Distributed Resistance
Model by Ninokata, Efthimiadis and Todreas, 1987 [8]).
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I1l. 1 Low Reynolds Number Turbulent Flows and
Tight-Lattice Configuration

As long-life core concepts with passive safety
features including natural circulation decay heat removal
options are considered for a candidate of the next
generation nuclear reactors, tight lattice fuel pin
subassembly design with the triangular pin array
configuration (Fig. 6) attracts attention of thermal
hydraulics communities. This configuration is often used in
advanced nuclear reactors including high conversion light
water reactors and sodium-cooled fast reactors. With lower
pin pitch to diameter ratio P/D, i.e., less coolant volume
fraction in the core, less neutron moderation assures harder
neutron energy spectrum leading to more neutron
population in the core and to a possibility of higher
conversion of **U to **’Pu. For example, in the Japanese
prototype sodium cooled fast breeder reactor Monju with
280 MW electricity output (JAEA website [9]), 169 wire-
wrapped fuel pins are encased in a hexagonal duct tube.
P/D is 1.21 with P = 7.9 mm and D = 6.5 mm, which is
much tighter than 1.3~1.4 of conventional light water
reactors. Sodium flows in this core fuel subassembly at
about 6.8 m/s (Re ~ 7.5x10%) on an average. Also an
inherently safe, small sodium-cooled fast reactor, 4S
(Super-Safe, Small and Simple; see Toshiba, 2007-
2008[10]) with 10MW electricity output, employs even
tighter P/D = 1.08 with P = 15.1 mm and D = 14.0 mm
with grid spacers.

Fig. 6 Triangular pin array configuration:
P is the pin pitch and D the pin diameter; i and j are the
subchannel number

Flows in fuel pin subassemblies (or in any
inhomogeneous channel geometry) are characterized, in
general, by divergence cross flow and turbulent mixing. In
the sodium-cooled fast reactor development, a large
thermal hydraulics database has been constructed for fuel
subassemblies of relatively high P/D and under highly
turbulent flow conditions. In the case of tight lattice
bundles where coolant flows at relatively low mass flow

rates, however, very few experiments have been carried out.

Therefore, no experimental data are available with respect
to detailed velocity and temperature distributions inside
fuel subassemblies or in the subchannel geometry
configuration under low Re turbulent flow conditions.
There, the flows of interest are characterized by unsteady
and irregular flows which give something of the
appearance of randomness; strong vorticity; stirring and
diffusion of heat; dissipation of energy by momentum
exchange. As the decay heat further decreases, natural

circulation mass flow rate would approach an extremely

low range. Without much experimental information, it is a

big challenge to apply CFD to these flows and obtain any

physical insights out of it.

In the fully developed turbulent flows in a fuel pin
sub-assembly without spacer effects, there are a couple of
interesting phenomena that were hardly captured in the past
by the Reynolds-Averaged Navier-Stokes (RANS)
equations approach with isotropic k-¢ turbulence models
but found theoretically or experimentally. They include

i) turbulence-driven secondary flows in subchannels;

ii) local transition between laminar and turbulent flows
near a narrow gap between two adjacent fuel pins in
particular in the case of tight lattice fuel pin
subassemblies; and

iii) the global pulsations leading to the coolant mixing
between the two subchannels,

all these phenomena being connected to the anisotropy of
turbulence. It is noted that the secondary flow effects play
an important role in the local laminar-turbulent transition
and global pulsation. Also these particular phenomena have
been considered to be less dominant for fuel subassemblies
of high P/D and at high Re because the turbulence would
be more isotropic. However, as P/D and/or Re is reduced,
these phenomena become conspicuous but the mechanisms
have not been fully understood.

111. 2 Computational Fluid Dynamics (CFD)

The simulation-based design approach consists of
computational and experimental approaches of simulation.
Nuclear reactor design requires well-established and well-
proven technology with the expertise accumulated in the
past. Therefore, it is indeed our challenge to make the
CFD’s fraction larger in the simulation-based design
approach. The approach of Reynolds Averaged Navier-
Stokes (RANS) is very useful but only when mechanisms
of the phenomena are well known and understood. While
experiments provide the information, however, CFD
including LES, DNS and Direct Simulation Monte Carlo
(DSMC), can provide us more detailed information for
better understanding the phenomena that are observed in
the experiment. With the well understood phenomena and
their modeling, large scale mock up experiments could be
replaced partially by CFD, and this would be one of our
immediate targets of the simulation-based design approach

[11].

DNS/LES of Turbulent Sodium Flows A major
objective of our research is to establish a computational
simulation-based design and safety approach in nuclear
engineering, in particular in the area of nuclear fuel pin
subassembly thermal hydraulics, design and safety.
Emphasis is placed on the delineation, in-depth
understanding and modeling of the complex turbulent flow
structure inside nuclear fuel pin subassemblies
characterized by non-homogeneous and anisotropic
turbulence.

Applications of Direct Numerical Simulation (DNS)
of turbulence and Large Eddy Simulation (LES) techniques
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are fully employed being aimed at providing higher quality
of computational data that should be equivalent to or more
detailed  information than those provided by
experimentation. Also the computational results will be
used for engineering modeling as well as the basis on
which design data base is constructed.

Most calculations were carried out using the
SPARKLE-DNS code [12], [13] on the Earth Simulator,
one of the high-end computers in the world several years
ago, for the eccentric annulus channel flows to confirm the
eddy migration behaviors in the non-uniform flow channels,
flow pulsation and flow stabilization [14], and then
establish turbulence flow data base that should be useful
for engineering applications, in particular in connection to
the turbulent flows in tight lattice nuclear fuel pin
subassemblies [15]. The targeted phenomena included the
local laminarization and global pulsation phenomena. Our
calculations have clearly delineated coherent structures and
anisotropy conditions in the narrow gap which are all
responsible for the local laminarization and the flow
pulsation phenomena.

I11. 3 Remarks on the Mechanistic Modeling

In the late 90’s, I have been involved in the advanced
subchannel analysis code development project. Two phase
flow is described by the two-fluid three-field representation.
The product of the project was represented by the NASCA
code for predicting Boiling Transition in BWR rod bundles
[16]. The following is an important point to make for code
developers as well as modelers.

In the averaging procedure to derive subchannel
analysis conservation system equations, constitutive
equations will appear that are representing the influences of
local phenomena. The local phenomena of much smaller
length- and time-scale, that may give significant influences
onto the global behaviors of fluids, cannot be explicitly
described by the macroscopic and time-averaged
independent variables, i.e., unknowns in the subchannel
analysis equations. Therefore the basic processes that are
described with local and instantaneous variables should be
converted into the fewer elementary processes. Then, the
elementary processes are to be correlated with the
macroscopic and time-averaged variables while maintains
the framework focusing on geometrical parameters. This
step is exactly the same process as for the friction factor
derivation in a pressure drop correlation and interfaces the
subchannel analysis with experimental data or CFD, in
particular with DNS/LES.

As an example: we still need practical improvement
in the cross-flow model such as divergence cross-flow,
turbulent mixing and void drift. In the following, for
single-phase turbulent flows in rod bundles, I would like to
focus on the global details of flow pulsation phenomena in
a tight lattice rod bundles. The phenomena have been
pointed out to be responsible for the inter-subchannel fluid
and energy exchanges. Nonetheless details of the
mechanisms of GFP have never been clarified by CFD
until Merzari successfully carried out the DNS/LES [13]
and then by URANS based on the DNS/LES results.

111.4 Global Flow Pulsations

Phenomena of interest are the secondary flows in
subchannels, local laminar-turbulent transitions and global
flow pulsation. All these phenomena have long been my
most attracted research and development topics and with
the Earth Simulator, have finally been resolved.

In particular the global flow pulsation phenomena
have been a difficult subject until the high-end computers
have been made available. Axial coolant flow inside a
tightly packed pin subassembly presents complex
behaviors; experimental analysis had clearly shown that
when reducing the pitch-to-diameter ratio (P/D) the
turbulence field in pin subassemblies deviates significantly
from that in a circular tube. Moreover for extremely tight
configurations, the existence of large-scale periodic flow
oscillations has been shown, which is responsible for the
high inter-subchannel heat and momentum exchanges ([17]
Moeller, 1991). Complete understanding of these
oscillations has still to be achieved; the evidence shown up
to this point in Lexmond and Van der Haagen [18] (2005)
suggests that the oscillations are connected to interactions
between eddy structures of turbulent flows in adjacent
subchannels.

The substantial failure of traditional steady state
RANS modeling in the simulation of tight fuel bundles is
not surprising. Beside turbulence itself, the actual flow
field in a fuel pin subassembly is neither steady nor stable,
and presents long-term, large scale coherent patterns. The
contribution of these structures cannot be taken into
account by a steady-state simulation, unless specific ad-hoc
models are introduced in the momentum equations. An ad-
hoc model would lack generality, and would be geometry
dependent; i.e., it is considered that the model would not
work on both triangular arrays and quadratic arrays of pins
at the same time.

First success in predicting the phenomena was
reported by Baglietto and Ninokata ([19] 2005, [20] 2006)
with a modified anisotropic k-¢ model in the CFD-code
STAR-CD 3.26. We solved the boundary layer and for this
the grid strategy includes: the first near wall mesh has been
kept at a value of y'=1; in the wall layer, wall-normal cells
have been used; and the sensitivity to the grid sizes has
been tested out for steady state calculations. A total of
more than 600,000 meshes have been used and the CFL
condition has been kept below 0.2. A periodic boundary
condition is imposed at the bottom and top of the flow
channel (Fig. 7).
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Fig. 7 Geometry and boundary conditions for an infinite array rod
bundle

Results from the modified anisotropic k-¢ model
(Baglietto, et al. 2004) have shown good agreement with
the experimental data of Krauss and Meyer [21] (1998)
including the wall shear stress, Reynolds stresses and
stream-wise velocity distributions as reported in Merzari,
Ninokata and Baglietto [22] (2008). A snapshot of the
shape of the cross-flow velocity oscillations across the
narrow gap is shown in Fig. 8. They are present also on the
periodic boundaries giving place to a truly three-
dimensional pulsation, confirming the assumption of this
oscillation to be strongly correlated spatially in the entire
subassembly. Figure 9 shows several instantaneous cross
flow distributions in one subchannl at different elevations

where thick arrows indicate the major cross flow directions.

Typically, for an air flow Re = 38,750 (~ 20 m/s in the
main stream direction) in a tight lattice bundle of P/D =
1.06 (D = 14 cm) and the hydraulic diameter = 3.35 c¢m, the
amplitude of the oscillation is 2 m/s with the wave-length
of 19 cm and the peak frequency of 95.8 Hz. The shape of
power spectra of the oscillation in the central gap is similar
to the one provided by Krauss and Meyer [21]. With the
axial velocity averaged in the gap (Wgp= 16.9 m/s), the
Strouhal number:

il

Wgap

S:

r

is 0.8, while in the experiment it is 0.93.

Fig. 8 Flow oscillation between subchannels and cross flow
velocity components shown from different angles predicted by the
URANS method
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Fig. 9  Oscillations and distributions of transverse flow

components in one subchannle at different elevations predicted by
the URANS method; thick arrows indicate the major flow
directions

111.5 Subchannel Analysis Turbulent mixing [15]

The subchannel analysis is commonly used in nuclear
reactor thermal hydraulics design and safety evaluations.
Because subchannel analysis codes solve a set of the time-
and volume-averaged Navier-Stokes and energy equations,
they include numerous constitutive equations that are
resultant from the volume- and area-integration procedures.
Among them the fluid mixing between subchannels is one
of the important phenomena that require modeling.

The coolant mixing could be explained in general by
several transport mechanisms, e.g., convection by
divergence cross-flow, turbulent and molecular diffusion,
and other macroscopic flow processes including the global
flow pulsation. Although the mixing has attracted much
attention of thermal hydraulics community for nearly half a
century, it has been well known that the single-phase
turbulent mixing model often underestimates the mixing
and cannot explain fully the phenomena taking place even
in the high Re number flow regime. Lack of modeling of
the flow pulsation has been pointed out to be one of the
reasons for this underestimation as discussed in Krauss and
Meyer [21]. In fact, in the narrow gap region, strong, large
scale flow pulsations are simulated by CFD in the
preceding sections for a wide range of geometrical and
hydraulics parameters. The mixing should be certainly
enhanced by the global pulsation. The process is important
for high Pr fluids, in particular H,O; so would be even for
low Pr fluids such as sodium.

The general form of energy mixing between two
subchannels i and j is formulated as a sum of turbulent
mixing and conduction as described by Ramm, Johannsen
and Todreas [23] (1974):
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where w;™ is defined as the energy flux per unit length

due to turbulent and molecular effects; 4 is the viscosity; s;
the gap width; AXiJF and AXJ are the subchannel laminar

and turbulent mixing lengths, respectively; Pr Prandtl
number; v the kinematic viscosity; and & is the eddy
diffusivity of energy.

To see the influence of the cross-flow pulsation, we
take a simple two subchannel i-j system without heating,
where hot and cold sodium is flowing in and mixes
between two subchannels at Re = 50,000 with the
temperature of 400°C and 500°C at the inlet of sub-
channels i and j, respectively. The hydraulic diameter is 5
mm, the gap width 2 mm and the channel length is 1 m.

Simple heat balance calculation is made with the
turbulent and molecular diffusions. Figure 10(a) shows a
result of sodium temperature distributions along the two
subchannels. Note that axial heat conduction is neglected
and the material properties are constant for simplicity. In
this case, the exit temperatures reach 438 °C and 462 °C of
subchannels i and j, respectively. Figure 10(b) implies that
the molecular effect is no longer dominant for sodium flow
at Re > 50,000. The ratio of transverse mass flux to the
main flow mass flux (mixing Stanton number)

Wij

M, =
sijGi

decreases from 0.1 at Re = 1,000 to 0.01 at Re=10,000 and
is minimum at Re~50,000.

Now we apply the cross-flow pulsation at the
subchannel boundary:

. z t
1) = 2n| ——— 6
u(z,t) =u, sin ﬂ(ﬂ Tj (6)

where u(z, t) is the pulsating cross flow component with
the amplitude Ug, A the traveling wave length and T is the
period of the oscillation. In this attempt to calculate
temperature distributions without turbulent mixing and heat
conduction, the amplitude of crossflow pulsation is
assumed to be 5% of the main flow velocity. This would be
considered reasonable in reference to the CFD simulation
results. Figure 11 shows the time-averaged temperature
distributions along the subchannel i and j where the
asymptotic temperatures at the outlet are calculated to be
455 °C and 445 °C. The rate of mixing is sensitive to the
amplitude Ug while the frequency and wave length do not
give influences onto the time averaged temperature
distributions. In comparison with Fig. 10 (a), it is obvious
that the coolant mixing is enhanced by the cross-flow
pulsation, i.e., the temperature difference at the outlet
between two subchannels is 10 °C in this case while 24 °C
with the turbulent and molecular effects.
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Fig. 10 (a) Temperature distribution along the flow subchannels i
and j due to turbulent mixing and heat conduction; (b)
contribution of molecular diffusion and mixing Stanton number
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Concluding Remarks on Subchannel Analysis It is
well understood that simulating a whole bundle by DNS is
not possible, while it could be done by LES on high-end
computers available. As a result LES would be most
promising among all CFD approaches in the near future
when one wishes to carry out thermal hydraulics design of
the nuclear fuel subassemblies solely by numerical
simulation without expensive mockup tests. DNS would be
in a position to provide LES and RANS with essential
information of equal to or even higher quality than
experiment but for an extremely small portion of a bundle
with assumptions of infinite array, periodic boundary
conditions, relatively low Re number single-phase and
fully developed flows.

Spatial resolution of the subchannel analysis is of
course low limited by the sizes of subchannel control
volumes. The method, however, has been established and
put into practice since 1960’s. Instead of associating with
the detail and complexity in the turbulent transport
processes, the constitutive equations could be those of
phenomenological modeling. It does not require refined
flow modeling. As long as the models are backed up by
experiment and/or DNS/LES, the subchannel analysis
would be still useful and reliable until LES takes its place
gradually and eventually.
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Al

Performance Test Results of a Supercritical CO2

Compressor Used in a New Gas Turbine Generating System

Masanori ARITOMI

Supercritical carbon dioxide (S-CO2) gas turbines can
generate power at high cyclethermal efficiency, even at
modest temperatures of 500-550°C, because of
themarkedly reduced compressor work near the critical
point.furthermore, the reaction between Na and CO:2 is
milder than that between H20 and Na. A more reliable and
economically advantageous power generation system could
be achieved by coupling with a sodium-cooled fast reactor.
At Tokyo Institute of Technology, numerous development
projects have been conducted for development of this
system in cooperation with JAEA. Supercritical CO:2
compressor performance test results were obtained as
described herein. Maximum design conditions of the
supercritical CO2 test apparatus are 11 MPa pressure,
150°C temperature, a 6 kg/s flow rate, and a rotation rate of
24,000 rpm. Different compressor design points are
examined using impellers of three kinds. Then test data
were obtained under steady-state conditions. The pressure
ratio (compressor outlet pressure/inlet pressure) was
obtained with the function of compressor rotation speed
and the fluid flow rate. The data, reported herein for the
first time, cover a broad region from sub-critical to
supercritical pressures. No unstable phenomenon was
observed in the area where the CO:2 properties change
sharply.Results show that enthalpy rise needed to achieve
the same pressure ratio near the critical point is smaller
than in a sub-critical condition. Compressor test data were
calculated using three-dimensional CFD code (CFX). Data
of the pressure ratio vs.flow rate agreed with those implied
by the fundamental compressor theory. A sodium-cooled
fast reactor supercritical CO2 gas turbine system is
presented in Fig. 1. In a typical design, a reactor’s thermal
power, a turbine inlet pressure and an inlet temperature are
respectively, 600 MW, 20 MPa, and 527°C.

527°C 20.0MPa

Main
Compressor

Bypass
Compressor Turbine

550°C

67°C
20.6MPa

163°C
20.5MPa

renerator

8.3MPa 423°C

8.5MPa

Na Pump

Precooler

385°C  20.4MPa

Fig.1 Cycle design using supercritical CO,
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Fig.2 Test nad calculation results with
temperature vs. entropy

Experimental and calculated results are presented in
this Fig. 24 with four different pressure cases. A
supercritical CO2 compressor used near the critical point is
a key component of sodium-cooled fast reactor
supercritical CO2 gas turbine systems. A supercritical CO2
test apparatus with a small centrifugal compressor test
model was constructed and tests data were obtained and the
digital measured values are reported. The data were also
evaluated using CFD code CFX.

1. Experimental data were obtained for a broad range from
the sub-critical to the supercritical region using three
different impellers. No unstable phenomenon was observed
for the region with sharply changing COz properties.

2. The compressor pressure ratio for the rotation rate is
expressed as a parabolic equation under a constant pressure
loss coefficient and compressor inlet fluid condition. The
loci show arc lines for a constant rotating speed.
Compressor characteristics are coincident with the
fundamental compressor theory, even if the compressor is
operating in the vicinity of the critical point.

3. Entropy, enthalpy, density, and specific heat change near
the compressor rated operating condition are very sensitive
to the temperature change. The accuracy of the measured
temperature is important for compressor performance
evaluation in the vicinity of the COzcritical point.
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A2

Experimental Study on Heat Transfer Characteritics of

Vertical 5 X5 Heated Rod Bundles around
Critical Pressure wirh R-134a

Noriyuki WATANABE and Masanori ARITOMI

Recently, the supercritical water reactor (SCWR) has
been promising as one of the next-generation light water
reactors (LWRs) in terms of high thermal efficiency,
effective use of plutonium, simplification of plant systems,
and economical competitiveness in comparison with
conventional LWRs.

From the standpoint of thermal hydraulics, as boiling
phenomena do not exist any longer above the critical
pressure, it is not necessary to be concerned about several
thermal problems (boiling transition, CHF, DNB, etc.) in
the rated operation condition of the SCWR. However, if
the system pressure rapidly decreases from supercritical to
subcritical due to abnormal-pressure transient accidents
such as loss-of-coolant accidents (LOCA), the above
thermal problems cannot be avoided.

To establish the SCWR as one of the next-generation
commercial reactors, it is required to clarify the
fundamental heat transfer characteristics in the vicinity of
the critical point (especially around critical pressure)
because the behavior of the thermal equilibrium qualities
just before the critical pressure shows quite different
tendencies according to the input thermal condition. Hence,
the objective of this paper is to investigate the heat transfer
characteristics around the critical pressure in the rod
bundle geometry related to the SCWR’s core. Specifically,
the behaviors of the heating surface temperatures of each
of the rods were experimentally investigated under
transient pressure conditions, where the pressure constantly
decreases in the vicinity of the critical point from
supercritical to subcritical or constantly increases from
subcritical to supercritical under constant inlet thermal
conditions. This experimental approach nearly simulates
the conditions of the abnormalpressure transient accidents
(LOCA) and the sliding-pressure start-up scheme during a
start-up stage. In the present study, the experiment was
performed using a forced circulation loop with 5X5 heated
rod bundles cooled by R-134a(see Fig. 1 and Fig. 2).

Representative behaviors of averaged heating surface
temperatures with respect to each of the subchannels under
transient pressure conditions, where the pressure constantly
decreases from supercritical to subcritical or constantly
increases from subcritical to supercritical under constant
inlet thermal conditions, are shown in Fig. 3. As the
pressure approaches the critical pressure, a DNB type or a
dryout type of CHF was induced, and then the post-CHF
was kept until the vicinity of the critical pressure. Under
the supercritical pressure, the post-CHF disappeared due to
the extinction of boiling phenomena, but the heat transfer

deterioration was induced in a certain pressure range. In
the

depressurizing process, the heating surface temperatures
followed the trajectory of temperature behaviors as in the
pressurizing process except for the quenching point. The
guenching point from the post-CHF moved to the lower
pressure side than the pressure as for the CHF in the
pressurizing process. This phenomenon was considered as
the hysteresis phenomenon frequently observed in pool
boiling curvecharacteristics.
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A3

The Study of Velocimetry in High Temperature Flow

Hiroshige KIKURA, Yasushi TAKEDA

A flow velocity measurement method in high-
temperature fluid is needed in controlling and monitoring
the plant in the field of atomic energy. High-temperature
flow includes feed-water flow and boiling water flow in
nuclear plant, liquid metal flow in fast breeder reactor, and
so on. Above all, a molten glass flow in a vitrification
melter of high-level radioactive wastes is one of the
difficult flows. For keeping vitrification melters in stable
operation, we focus on the subsidence of the platinum
group metals and other substance contained in high-level
radioactive wastes.

However, there are a lot of difficulties applying
conventional technics such as Hot-wire anemometer, laser
Doppler anemometry (LDA), and image flow visualization
(PIV, PTV), because of the opaque and the large radiation.
Moreover, the radiation technic that uses X-ray, gamma ray,
and neutron ray, etc. is unsuitable for a general-purpose
measurement because of a lot of difficulties and the
restrictions of the radiation treatment. In this severe
environment, ultrasonic technic is one of the applicable
methods. Due to its propagation property, ultrasound
technic is known as nondestructive evaluation of materials.
Therefore, measurement can be made from the outside of a
container, pipe etc. Ultrasonic velocity profiler monitor
(UVP) has been developed to measure a velocity profile.
This UVP can obtain velocity profile analyzing ultrasonic
signals. During its calculation, a sound velocity is needed.

We obtained sound velocities of molten glass, and built
UVP algorithm from scratch. Fig. 1 illustrates experimental
apparatus constructed in this study.

Fig. 2 shows measured temperature dependency of a
certain borosilicate glass. Because its difference is within
plus-minus 5% at this temperature condition, we conclude
that the ultrasound measurement can be applied for this
kind of molten glass. So, we conclude that the sound
velocity is almost constant from ten hundred degrees to
twelve hundred degrees.

Finally, to evaluate the accuracy of this UVP system,
the speed of moving buffer-rod was measured. Fig. 3
shows the obtained relation between actual velocities and
measured velocities from 0.5 mm/s to 18 mm/s. The dot is
the measured data and the slope of the solid line is 1. As
velocities are calculated using FFT in this method, a
measureable velocity is limited by many parameter. A
lower limit of this condition is indicated by dashed line. As
a result, the error of measured velocity within 4% when a
value remained in measurable velocity.
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A4

Basic Study of Velocity Profile Measurement

by an Air-Coupled Ultrasonic System

Hiroshige KIKURA

Velocity measurements using ultrasonic waves have
attracted much attention in the engineering fields.
Ultrasonic velocity profile monitor (UVP) especially has
been a focus of attention because of its many diagnostic
advantages. The major advantage is that UVP can obtain
instantaneous velocity distributions on the beam line by
measuring Doppler shift frequency of echo signals. Pulse
repetition method is the processing of signals in UVP.
Furthermore, UVP is easy to apply to existing pipes
because UVP performs non-contact measurements.
However, UVP is applicable to liquid flow. UVP is
difficult to apply to air flow. In order to measure air flow
by ultrasonic waves, a new ultrasonic probe for air-coupled
ultrasonic measurement is manufactured and a new data
processing program has been developed using a graphical-
based Integrated Development Environment (IDE). In this
study, for the purpose of applying UVP to air flow, air-
coupled ultrasonic velocity profile system is built by
improving the sensor and signal processing.

This system , shown in Fig.1, consists of a sensor, an
external amplifier, a pulser/receiver, a digitizer, and an
arithmetic processing unit. The sensor is controlled by the
pulser/receiver. The pulser outputs signals and sensor
transmits ultrasonic waves. Waves are reflected by tracer
particles in air flow. The sensor receives waves and
transduces echo signals. Received signals are filtered in the
amplifier. The filter is band pass filter (BPF) that passes a
certain band, and removing noise from signals. Signals are
amplified in the receiver and converted to digital signals in
the digitizer. Digital signals are processed in the arithmetic
processing unit and the velocity profile of the flow is calculated
from these echo signals. Conventional ultrasonic sensors have
a problem that ultrasonic waves reflect at the surface of the
sensor in the air and ultrasonic transmittance is less than
0.01%. Accordingly, a new air probe is manufactured. The
probe has a matching layer between the surface of the
probe and the air. Ultrasonic transmittance is improved by
this layer.

Figure 2 shows the block diagram of a signal
processing software. There are two routines, the routine of
recording data and that of calculating velocity. These two
routines run in parallel and processing time is shortened.
The routine of calculating velocity is provided with two
velocity profile methods. Ultrasound Time-Domain
Correlation method (UTDC) and pulse repetition method
are available as calculation methods of velocity profiles.
UVP is difficult to apply UVP to the measurement of air
flow. One of the problems is that the speed of sound in air
is one fourth of that in water. Pulse repetition needs to
transmit and receive ultrasonic pulses repeatedly. Then
recording time is four times in air as long as that in water.
However, in UTDC, the velocity profile is obtained by two

transmissions of ultrasonic pulses. The measurement time
is shortened. Air flow is faster than water flow in general.
Tracer particles cross ultrasonic beams in a relatively short
time in air, compared with in water. UTDC can obtain the
velocity by two echo signals and UTDC is effective for the
measurement of air flow.
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A5 Proton-Beam-Transport Experiments through a
Syringe Needle for the Development of a Cancer Therapy
Using Proton-Induced X-rays

Yoshiyuki OGURI and Jun HASEGAWA

1. Introduction

Brachytherapy[1] has widely been utilized for many
kinds of tumors such as prostate and cervical cancer, and
significant therapeutic performances have been reported
so far. However, this method poses a potential risk of lost
source accidents, since many small radioactive sources
(“seeds™) are used. Also, special care must be taken to
avoid inadvertent exposure to surgical personnel during
the seed implantation.

In order to overcome these problems, an
accelerator-based ON/OFF-switchable radiation source
illustrated in Fig. 1 is applicable. A syringe needle is
inserted into a tumor deep inside the patient’s body. A
proton beam is transported through the needle to a small
heavy-metal target at the end. Characteristic X-rays with
energies of ~ 20-30 keV emitted from the target are used
for irradiation of the cancer. Such low-energy
monochromatic X-rays are suitable for brachytherapy,
because the dose must be precisely delivered to a
well-defined small tissue volume. By choosing the target
atomic number, we can change the X-ray energy.
Moreover, the X-ray dose rate can be optimized by
adjusting the incident beam current.

The success of the above method depends strongly on
the intensity of the proton beam on the target at the needle
end. In this short note, we report preliminary experimental
results on the measurement of transport efficiency of a
proton beam through a narrow syringe needle.

Characteristic
X-ray
Syringe

Magnetic lens needle

Electrostatic
accelerator

Heavy-metal
target

Tumor

MeV proton beam

Fig. 1: Cancer treatment by proton-induced X-rays using a
syringe needle

2. Experimental method
Figure 2 shows the experimental setup at the tandem

electrostatic accelerator facility at RLNR, Tokyo Tech. We
used a commercially available stainless-steel syringe

needle for research use (Hamilton 91022). The outer
diameter, inner diameter, and the length of the needle are
0.7 mm, 0.4 mm, and 50 mm, respectively. The needle was
fixed to a movable holder for proton microprobe
experiments based on glass capillaries[2]. This holder can
also be used as a Faraday cup to estimate the beam current
injected into the needle. In front of the holder, a
rectangular beam slit (2 mmx2 mm) was placed in order to
define the beam size. The alignment of the needle was
performed by moving this holder by a pair of remote
control actuators. The beam intensity at the exit of the
needle was measured by another Faraday cup as a function
of the needle tilt angle with respect to the beam axis.
2.5-MeV protons were used as projectiles. The beam was
carefully focused and aligned using quadrupole magnets
and beam steering magnets. A picture of the setup in a
vacuum chamber is shown in Fig. 3.

Spring  Syringe needle
Plunger OD : ¢$0.7 mm

Proton beam  O-ring

Fig. 3: Setup in the vacuum chamber
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3. Results and discussion

After optimization of the parameters of the
beam-optics devices in front of the syringe needle, the
proton beam current behind the 2x2 mm? slit was 30 nA.
From this value, if the beam in front of the slit is
homogeneous, the intensity of the beam entering the
needle can be estimated to be

2
|, = FO42 L o na—090A.
2x2

Figure 4 shows the measured beam current at the exit
of the needle as a function of the needle tilt angle. The
width of the peak in the figure is ~ 10 mrad, which is
roughly equal to the angle defined by the inner diameter
and the length of the needle. As in the figure, the peak
intensity is 0.7 nA. This result shows that the maximum
beam transmission efficiency reached ~ 80% of the
expected value. The residual beam loss could be explained
by the fact that the needle was not perfectly straight, and
the trajectories of incident protons were not completely
parallel with each other.

In this experiment, we could not see the beam focusing
effect which was observed for glass capillary optics[3,4].
This could be due partially to the surface roughness of the
inner wall of the syringe needle used in this experiment.

0.8 B
0.6
0.4+

0.2+

Transmitted beam current I, (NA)

30

Needle tilt angle 6, (mrad)

Fig. 4: measured beam current at the exit of the needle as a
function of the needle tilt angle.

4. Conclusions

By means of the remote control precise alignment
technique and careful optimization of the beam optics
components, we have succeeded in transporting the
2.5-MeV proton beam through the narrow syringe needle.
The beam loss during the transport was only ~ 20%.

Nevertheless, further improvement of the beam
intensity is needed, if we employ this method for practical
cancer treatment as an alternative to the conventional
brachytherapy. A preliminary X-ray production test is
planned using a syringe needle with a small silver (Z = 47,
Eka = 22.1 keV, Exg = 24.9 keV) target at the end.
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A6

Innovative Nuclear Energy System using a Concept of

Active Carbon Recycling

Yukitaka KATO

Introduction

Energy security is critical to the industrial and economic
development of a society. Rapid changes and instability in
the market prices of primary energy sources will lead to
economic confusion in any age. This study discusses the
establishment of energy security from the standpoint of
carbon recycling. Carbon is the most important energy
medium for the manufacturing industry and in the daily life
of a human being, making carbon security essential for a
sustainable society. In Japan, the supply of fossil fuels
depends almost entirely on imports. The enthalpy of
imported fossil fuels is 82% (18.9 x 10' J) of the total
enthalpy of primary fuels used in Japan (Ministry of
Economy). 17% of fossil fuels are converted into plastics,
while the rest is consumed solely for heat generation.
Japan undertook the obligation of adhering to the Kyoto
Protocol, which came into effect in 2005, and will
therefore need to drastically reduce its carbon dioxide
(CO,) emissions. However, any limits imposed on CO,
emissions will directly restrict the use of carbon resources,
which will, in turn, severely affect the manufacturing and
service industries. The simultaneous establishment of
carbon security and lower CO, emissions is thus an
important subject for the development of a modern society.

Here, a new energy system in which carbon is reused
cyclically is discussed to reduce the emission of carbon
dioxide into atmosphere from industrial processes. A
carbon recycling system already exists in nature. In this
paper, the concept of the Active Carbon Recycling Energy
System, ACRES, is discussed. In ACRES, CO, is
converted artificially into hydrocarbons by using a primary
energy source that has no CO, emissions, allowing the
hydrocarbons to be re-used cyclically as energy carrying
media. ACRES recycles carbon and transforms energy
without CO, emission.  Carbon monoxide (CO) was the
first candidate of the recycling medium in ACRES.
Electrolysis of CO, reduction for CO regeneration utilizing
power from nuclear reactor was introduced for ACRES
process. The feasibility of ACRES under proposed
conditions was discussed thermodynamically.

2 Structure of ACRES

The structure of ACRES shown in Fig. 1 consists of
three elemental processes of carbon material usage, CO,
recovery and separation, and carbon material regeneration.
In the usage process, carbon materials can be used as both
a heat source and a material. CO, generated from carbon
material consumption is recovered by physical and
chemical sorptions. Recovered CO, in a sorption material

is separated thermally from the sorption material by a heat
input. This process produces highly concentrated CO,.
Recovered CO, is regenerated into carbon material in the
regeneration process. The regeneration process is
endothermic and requires an energy input.

Recovery and
separation

N Recov./Sep. energy

Effluent CO, Separated CO,

' Regen. energy

E“EFQY Hydrocarbon

Input E > output E LCarbon flow

Fig. 1 Structure of the concept of ACRES

If the carbon recycling system can be established
thermally and kinetically, it is expected that the system is
diffused easily into conventional industries. A natural
carbon recycle energy system already exists in the plant
kingdom and is an ideal recycling system. However, the
potential amount of bio-mass recycled by this system is not
sufficient to meet the demands of a modern society. In
particular, the domestic bio-mass potential in Japan is less
than 10% of the total domestic energy demand (Kameyama
and Kato, 2005). The natural recycling system is not
sufficient to meet the energy demands in Japan. Therefore,
an artificial active recycling system for carbon, viz.,
ACRES, is proposed in this study.

In ACRES, the total energy input at recovery and
separation (Eg), and regeneration (Er) should be larger than
the energy output of the usage process (Ey).

Es+Er>Ey (1)
ACRES is an energy consumption process; hence, a

discussion of the energy balance of the system is required
for the feasibility evaluation of the system.

3 Enthalpy evaluation of ACRES

Practical hydrocarbons are examined those availability
in ACRES by an enthalpy balance evaluation.
3.1 Availability of recycling media for ACRES

Selection of recycling carbon material in ACRES is
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the first key point. The recycling material is required to
have high-quality as energy media and high-affinity with
conventional energy consumption process. Exergy of the
material is the criteria of energy density. Exergy of
material is shown as ratio between Gibb’s free energy (AG
[kJ/mol]) and reaction enthalpy (AH [kJ/mol]). Fig. 2
shows ratios of some carbon materials having high values
(High heating Value (HHV) base). Electricity has 100% of
the ratio. Values of these carbon materials have higher
than one of hydrogen of 82%. Carbon monoxide and
carbon have similar values with electricity. =~ These
materials have higher values than hydrogen. When flow
type reactor is better for an ACRES process, gas medium is
suitable in the process. It was concluded that CO was the
best gas material as the recycling carbon material, because
CO has higher energy quality and density than hydrogen,
and high-affinity to conventional energy consumption
system such as iron-making and chemical processes.

On the other hand, carbon, C, is also good material for
ACRES, because, C had higher energy quality and density
in comparison with other carbon materials and is easily
stored and transferred in solid phase, and crucial fuel for a
blast furnace in conventional iron-making process.
However, CO was discussed mainly in this study because
of relatively ease to be produced by reduction of CO,.
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- H, = 100%
z 2
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Fig. 2 Exergy ratios for recycling energy media candidate
3.2 ACRES based on CO

(1) Enthalpy analysis of ACRES based on CO

CO has a higher energy density than H,. CO is a
popular energy material in conventional chemical, steel,
and other manufacturing industries. Therefore, ACRES
for CO is evaluated. In the usage process of CO, the
oxidation of CO (Eq. (2)) for the heat output and the shift
reaction of CO for H, production (Eq. (3)) is available.
CO can be also converted into polymeric materials by
polymerization (Eq. (4)).

CO + 120, — CO,, AH = —283.0kJ/mol  (2)
CO +H,0 — H, + CO,, AH =+412kJ/mol  (3)

xCO + sz +20, — CXH2y0(22+X) (4)

CO is regenerative from CO, by electrolysis (Eq. (5)).
CO; — CO +1/20,, AH =+283.0 kJ/mol 5)

A two-step reaction of hydrogen production by water
electrolysis and reduction of CO, with the hydrogen (Egs.
(6) and (7)) is a practical process for CO regeneration.

H,0 — H, + 1/2 0,, AH = +241.8 kJ/mol (6)
CO,+H, —> CO+H,0, AH = —41.2kJ/mol  (7)

Required enthalpies per one molecule of methane for the
processes of usage and regeneration are depicted by the
lower-heating value (LHV) as following. Thermodynamic
property values of reactions in the following were
calculated on the basis of LHV because these reactions
generally proceed at a sufficiently high temperature of
more than 100°C. The enthalpy balance of ACRES for CO
in LHV is shown in Fig. 3.

The regeneration process is assumed to use hydrogen
for CO regeneration by the two-step reaction given in Egs.
(6) and (7).

Production of H, (1 mol) requires an enthalpy of 242
kJ/mol-CO. Reduction of CO, into CO with H, is an
endothermic reaction and requires a heat input of 41
kJ/mol-CO. Because CO has a higher energy density than
H,, CO is one of the most popular media in chemical

processes.
CO is a considerably acceptable medium for
conventional chemical and manufacturing industries.

Hence, it is expected that CO is the most appropriate
candidate for a regenerative medium in ACRES.

Fe,O, CO reduction (+CO)
Co %Y 2/3Fe

+41
H2 % +35,

1 co production (+CO,) Fe,0, H, reduction (+H,)

=

-283 +275
Oxidation

electricity heat

iz

+242

H,O(9)
[LHV-kJ/mol-CO,]

1/3Fe,0,

Fig. 3 Enthalpy balance of CO recycling system

3.3 CO; electrolysis for CO regeneration in ACRES

Efficient regeneration of CO is a key technology for
ACRES based on CO. The feasibility of the regeneration
methods of CO is evaluated. CO, electrolysis is one
method of CO regeneration. Solid-oxide electrolysis cell
(SOEC) in which a reverse operation of a solid-oxide fuel
cell (SOFC) proceeds has a possibility for the electrolysis
(Jensen, 2007). SOEC has been discussed for the



BULL. RES. LAB. NUCL. REACTOR. Vol.35, 2011 23

production of a syngas, which is a mixture of H, and CO
generated from H,O and CO,. Temperature dependencies
of enthalpy and Gibb’s free energy changes, AH; [kJ/mol]
and AG; [kJ/mol], of Eq. (5) for the electrolysis of CO, and
Eq. (6) for HyO were calculated by a reaction equations
module of HSC Chemistry (Ver. 6.12), Outotec.
Electromotive forces, V; [V], for Egs. (5) and (6) were
derived from Eq. (14).

V_:iGi

, , F=9.65x10* C/mol (8)
niF

n; is the mole number of migrated electrons in a reaction.
AG; corresponds to the electrical energy for electrolysis.
Electricity consumption ratio for electrolysis, 7., is
defined as follows:

Ne-i = AG; / AH; 9

Both Vj and 7. of Egs. (5) and (6) are shown in Fig.
4. At higher temperatures, 7..coand 71> decreases. This
implies that electrical energy consumption of CO,
electrolysis becomes lower at a higher temperature like
H,O0. Vo becomes smaller than Vy, at a temperature
higher than 820°C. This implies that higher-temperature
CO, electrolysis has a smaller demand for electrolysis than
the H,O electrolysis.

1 T T T T T 2-5

CO,(g) -> CO(g) + 0.5 O,(9)

0.8
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Fig. 4 Temperature dependency on enthalpy ratio for CO2
electrolysis into CO

Conclusions

For an establishment of a practical ACRES, appropriate
selections of a recycling hydrocarbon medium and a primary
energy source for the system drive were important. CO was
the most suitable as the recycle medium in ACRES because
CO had a higher energy density and affinity than H, to

chemical processes in conventional manufacturing industries.
HTGR was a candidate of a primary energy source of
ACRES. CO, electrolysis at a high temperature had a higher
efficiency than low temperature electrolysis. ACRES with
CO driven by the heat output from HTGR was the most
applicable combination. ACRES was expected to be a
candidate of energy systems for the establishment of carbon
supply security in a modern society.
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A7

NIR Study on Hydration Reaction of Magnesium Oxide

for Chemical Heat Storage

Junichi RYU and Yukitaka KATO

Introduction

The heat storage technologies of waste heat from
industrial processes and co-generation systems will
contribute to “Energy Saving”. Especially, chemical heat
storage technology is very interesting in view of their heat
storage capacity. In recent years, the technologies of
chemical heat pump and chemical heat storage are widely
studied for the reduction of energy consumption and CO,
emission. Chemical heat pump system with the reaction
between magnesium oxide (MgO) and water vapor has
been reported by our group. [1]

MgO + H,0 = Mg(OH), AH =-81.2kJ mol™'

In this system, thermal energy above 350°C is required
for practical heat storage operation. Recently, chemically
modified magnesium hydroxide — metal salt added
magnesium hydroxide, and magnesium containing mixed
hydroxide — were proposed as new type material for
chemical heat storage by our group. These materials can
store thermal energy around 280 °C. [2,3] The heat storage
density of these materials are higher than authentic
magnesium hydroxide under 280°C of heat storage
condition. However, reaction mechanism of these
materials is not clear. Understanding of reaction
mechanism is important task to develop a new material. In
this work, hydration mechanism of LiCl added MgO as
heat output operation was studied by NIR (near infrared)
spectroscopy. [4]

Experimental

LiCl added MgO was observed by calcination of LiCl
added Mg(OH), at 400°C under Ar flow. The reaction gas
mixture of H,O and Ar was supplied into the quartz reactor
for 80 min at 110°C for in situ measurement of the NIR
spectra.

Results

The changes in NIR absorption spectra for the
hydration process of 6.8wt% LiCl/Mg(OH), are shown in
Figure 1. The Mg(OH), peak and shoulder peak assigned
to H,O were observed after 40 min of hydration. It is very
difficult to distinguish these peaks (first overtone of
Mg(OH), and combination of H,0) because these peaks are
too close each other. Therefore, this spectrum should be
analysed by deconvoluting it into some components. The
deconvoluted spectrum of 6.8wt% LiCl/MgO taken 40min
after the beginning of the hydration operation is shown in
Figure 2. The spectrum was deconvoluted into four
components: 1) the Mg(OH), first overtone, 2) isolated
adsorbed water, 3) water cluster, and 4) crystallization
water in LiCl, respectively.
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Figure 1 NIR spectra of 6.8wt% LiCl/MgO with hydration
operation at 110 °C.
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Figure 2 Deconvoluted NIR spectrum of 6.8wt% LiCl/MgO 40
min after hydration.

To understand the reaction mechanism of gas/solid
reaction such as MgO and H,0, NIR measurement is useful
analytical method.
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A.8 Development of Electron Cyclotron Emission Imaging System on LHD

Shunji TSUJI-IIO

A combined system of Microwave Imaging
Reflectometry (MIR) and the Electron Cyclotron Emission
Imaging (ECEI) has been developed for Large Helical
Device (LHD) at NIFS. Microwave imaging diagnostics
has potential to observe fluctuations of electron density and
electron temperature profiles in magnetically confined high
temperature plasmas. When the plasma density and
temperature are sufficiently high, the electron cyclotron
emission (ECE) is approximated to be black body radiation
in  magnetically confined plasmas. The electron
temperature profile can be determined by measuring the
intensity of each frequency of ECE, since the ECE
frequency corresponds to the radial position. By using a 1-
D receiving antenna array, 2-D ECE profiles (radial and
poloidal directions) can be obtained. The electron
temperature is considered to be equal on the same magnetic
flux surface so that ECE imaging (ECEI) can be one of the
most powerful diagnostics to investigate MHD instabilities.

The developed ECEI system is equipped with the same
imaging optics of MIR. Consequently this system enable us
to observe both density and temperature fluctuations
simultaneously. Our MIR/ECEI system consists of the
following three devices; 1) imaging optics, 2) horn-antenna
mixer array (HMA), 3) multi-frequency detector. The
optical system has three optics, illumination optics for MIR,
focusing optics and local oscillator (LO) optics.

Figure 1 shows a block diagram of the ECEI detection
system. The ECE signals from plasma are focused on a
HMA with focusing optics. In HMA, each antenna element
receives both ECE signals and LO signal, and mixer unit
generates IF signals. The frequency spectrum of IF signal
is detected with a multi-frequency detector. The central
frequencies are set from 2 GHz to 9 GHz with 1- GHz
steps. The designed bandwidth of each channel is 500 MHz.
Figure 2 shows the observation area of this system in the
case of By = 2.1 T, Ry« = 3.6 m magnetic configuration.
Sight lines are determined by the optic system while the
radial channels are determined by the ECE frequency
corresponding to the magnetic field strength.

An example of ECEI signals is shown in Fig. 3. Fig.
3(a) indicates two ECE signals observed by different
antenna channels at the same frequency. Fig. 3(b) shows
ECE spectrum of the “pol_2ch, 104 GHz” signal. During
7.2 st0 7.7 s, fluctuations around 2 kHz were observed.

For the next experimental campaign, we plan to change
the observation frequency range. Currently, it is between
97 GHz to 104 GHz. However, this frequency range does
not match with normal LHD experimental conditions. The
observation range of a new system will be set at
frequencies of 68 — 75 GHz. This range overlaps
conventional ECE diagnostics installed on LHD.

ECE
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Multi-Frequency Detector
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Fig. 1 ECEI detection system. ECE signals are down-
converted into 2 - 9 GHz IF signals by LO wave and each
HMA element. Multi-frequency detector measures spectrum
of IF signals.
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Fig. 2 Observation area of ECE imaging. Color indicates the
magnetic field strength of By = 21 T, Ry = 3.6 m
experiment. The observation area is determined by sight
lines of antenna elements and magnetic field.
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Fig. 3 An example of ECE waveforms and FFT analysis. (a)
Waveforms at the same frequency and from poloidally
different antenna channels. (b) Spectrum time evolution of
pol_2ch at 104GHz.
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A9 Development of Fiber-Optic Diagnostic on
Vacuum Vessel Current of QUEST

Shunji TSUJI-IIO

We are developing a polarimeter for the measurements
of the toroidal currents on the vacuum vessel of QUEST at
Kyushu University. We will wind a poloidal loop of an
optical fiber around the vacuum vessel as shown in Fig. 1
and measure the toroidal current in the same way as an
optical current transformer. The loop must go through the
torus center since there is no room between the center stack
(CS) coil and the vacuum vessel so that the vacuum-vessel
current must be evaluated under significant background
signals up to 1.73 MA-turns by the CS—coil current. The
Ampere-turns of the CS-coil current will be separately
measured with a coil of optical fiber wound at the coil
feeder and it will be numerically subtracted from the total
Ampere-turns measured with the loop. In order to measure
the vacuum current in accuracy of less than 1 kA, the
required measurement accuracy is not less than three digits.

The Verdet constant of a flint glass fiber is about six
times that of a silica glass fiber and the photo elastic
constant of the former is much smaller than that of the
latter, which enables us to wind the optical fiver with
smaller bending radii. We tested a single-mode flint glass
fiber for 1550 nm with a SLD (super-luminescent diode) of
wavelength 1545 nm as light source. We adopted the dual
photo elastic modulator (HINS Instruments, Inc., PEM-90
I/FS50 and 11/FS42) polarimetry. The modulator axes of
the two modulators are at 45 degrees with the polarizer
passing axis at 22.5 degrees with each modulator. The
second harmonic amplitudes of the photodiode output are
measured with two lock-in amplifiers. An example result
of bench testing of current measurements of a solenoid is
shown in Fig. 2. The standard deviation of the measured
polarization angle was confirmed to be well below a
required accuracy of the Faraday rotation angle
measurement of 0.37 degrees.

The QUEST tokamak is normally operated with bake-
out temperature of the vaccum vessel at about 100°C. We
measured the temperature distribution along the planned
route of the loop with thermocouples and found that the
integrity of the optical fiber is preserved since the highest
temperature does not exceed 50°C. The temperature
dependence of the Verdet constant of the flint glass fiber,
however, is slightly stronger than that of silica fibers.
Figure 3 shows a preliminary evaluation result of the
Verdet constant by varying the room temperature. The
weak dependence may become a problem to assure the
applicability of Ampere’s theorem to measure the current.
The averaged value agrees with the catalog value when the
dependence of inversely proportional to the square of the
wavelength is taken into account.

Current of vacuum vessel
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-

Vac Vessel

—_ Optical fiber
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Fig. 1 Schematic illustration of the optical fiber poloidally
wound around the vacuum vessel of QUEST. A coil of
optical fiber is used to numerically cancel the Ampere-turns
of the CS-coil current. Two plates at the bottom right
indicate PEMs.
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A.10

Stress Distribution in Helical Coils with

Geodesic Windings based onVirial Theorem

Hiroaki TSUTSUI, Sunji TSUJI-IIO, Ryuichi SHIMADA

1 Introduction

A force-balanced coil (FBC) is a multi-pole helical hybrid
coil combining toroidal field (TF) coils and a solenoid
helically wound on a torus. The combination reduces the
net electromagnetic force in the direction of major radius
by canceling the centering force due to the TF coil current
and the hoop force due to the solenoid current. The FBC
concept was extended using the virial theorem which
shows that strength of magnetic field is restricted by
working stress in the coils and their supporting structure.
High-field coils should accordingly have same averaged
principal stresses in all directions which is named the
virial-limit condition. Recently, we made a model FBC
which were neither impregnated with epoxy resin nor
reinforced with stainless steel wires. Using acoustic
emission measurements, we found that the wires vibrated
in response to electromagnetic force changes. Since FBC
winding is modulated to reduce the tilting force, the
winding is slightly similar to but different from the
shortest geodesic trajectory and has no tensile load. In
order to reduce the vibration, the geodesic winding is
expected to be effective. In this work, we analyze the
effect of the winding modulations including the geodesic
modulation for the stress distribution of helical windings.

2 Toroidally modulated helical coil

2.1 Modulated winding

When a helical coil is modulated in such a way that a
magnetic surface coincides with the coil surface, the
overturning force generated by electromagnetic forces can
be reduced. This magnetic configuration was developed
from an axisymmetric surface current model. Poloidal
magnetic flux W at X = (7, z) is given by

Pz = j{(all;ﬂ:. z')js(z")ds", (1)

where the contour integral is done on the current surface,
and j, is toroidal surface current density, and G is the
Green function expressed by using complete elliptic
integral of first kind K(k) and complete elliptic integral of
second kind E(k) as follows,
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Figure 1: Illustrations of a coil configuration and coordinate
systems of cylindridal cooridinate (r, z, @) and semi-toroidal
coordinate (p, ¢, 8), in which R and a are major and minor radii
of the coil, respectively.

On a magnetic surface, poloidal magnetic flux ¥ is
constant:

Iz} = ¥y = const. (4)

The magnetic surface expressed by (4), in general,
intersects the coil surface as shown in Fig. 2(a). The
configuration that a magnetic surface coincides with the
coil surface can be achieved by distributed toroidal current
density j, as shown in Fig. 2(b). The toroidal surface
current density j , is

- IG y % =%
js = 5——9(0); (5}

where g(6) is a periodic function satisfying (4) while the
poloidal surface current density jg is

Je = o (6)
2’ s
where 7 is
r=HR+acosd, (7]
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Figure 2: Illustrations of coil current distribution depicted by
solid line and magnetic surfaces indicated by dotted lines under
the condition that magnetic surfaces intersect coil surface (a),
and a magnetic surface coincides with the coil surface (b).
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as shown in Fig.l. The current path on the torus is
determined by current density components, j, and j, as
shown by

dé ajs L -
= _ e _ ), g)
dff  rja N 9= \%
Where
Iy
N=—, 19)

is the ratio of toroidal current /, and poloidal current /,
and called the pitch number of a helical coil. Note that the
modulation is detemined only by toroidal current
distribution, and independent of poloidal current density
as shown in (5) and (8).

In general, coils of this modulated winding cannot be
under tension because it is not a geodesic. It is, hence,
difficult that the coil trajectory with this winding is fixed
on a toroidal winding frame.

2.2 Geodesic winding
The geodesic on a toroidal surface with a major radius R
and a minor radius a is determined by a variation problem

of
§5 = 0, (10)

.j:d.v. (11)

atdi? + r2da’. (12)

5 =
ds® =

where s is a length of a coil orbit. When we define the
Lagrangian L,
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Figure 3: Relations of a non-dimensional integration constant 4
and the pitch number N for aspect ratios 4 = 1.5, 3, 11.

the Euler-Lagrange equation is

daL d gy 15
— = = | =10, (15)
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where %, The solution of (15) is
d¢ a1 (16)
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Here 4 is a non-dimensional integration constant related
with the pitch number N, and has a range of

0= hasl——, (17)

where A = R/a is the aspect ratio of the torus. The pitch
number N is obtained from (16) as follows:

1 da a df?
—_— = -.-—ilr = i) ——. l;g:'
N ?( s’ ‘]x N l

i/ T

as shown in Fig.3. Note that the geodesic winding (16) is
related with both toroidal and poloidal current
distributions, while the modulated winding (8) is
determined only by a toroidal current distribution j, ©
£0).

Since the solution (16) shows that the geodesic
winding has a nearly horizontal direction around the inner
region (6 ~ ) of the torus, the coil with a tension has a
possibility of a detached orbit. In order to investigate the
possibility, we obtain the curvature x as follows:

]
dayT |
qae) | e-r(%) |

v — |5 —_ —!_TI.

where t is a tangential unit vector of the coil orbit. Using
the curvature, the detached condition is represented by the
condition whether the equation of ¥ = 0 has a solution or
not. Thus the detached condition is

(19)

dp  [a
g~ \'r

= . {20
== W

In the geodesic winding (16), therefore, the detached
condition is represented by

1\7 |
1 —— = h=1——. (21)
( _,lj ! (21)

As is shown in Fig. 4, the virial-limit condition with 4 >
2.5 satisfies the attached condition, in which the coil can
be wound under the tension.
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Figure 4: A solid line is the lower limits of the coil pitch number
N in the attached condition against the aspect ratio 4 = R/a. A
dashed line shows the viriallimit condition.
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3 Comparison of windings

As was mentioned above, the conventional modulated
winding and the geodesic winding are quite different
mathematically. In order to show their differences, their
orbits are computed and depicted in Fig.5. The red lines
are trajectories of the modulated winding, while the blue
ones are those of the geodesic winding. Although their
orbit representations (8), (16) are quite different, they are
nearly overlapped. This shows that our modulated winding
is practically geodesic.

(ayN=23
byN=4
(cyN=5

Figure 5: A comparison of trajectories of modulated (red line)
and geodesic (blue line) windings for N=3, 4, 5and 4 =2.9.

4 Conclusion
We compared the conventional modulated helical winding,
in which the coil surface coincides with the magnetic
surface, with the geodesic winding, in which the coil is
manufactured with a tension. At first, the analytic
representation of the geodesic on a torus was obtained.
The geodesic winding is related with both poloidal and
toroidal current distribution, while the conventional
modulated winding is related to toroidal current
distribution only. Although two modulations are
substantially different to each other, the trajectories base
on these modulations are numerically overlapped, and our
conventional modulated winding is practically geodesic.
Although the modulated winding without tension is
unstable to the displacement on the torus, the geodesic
winding, which numerically agrees with the modulated
winding, under the tension is expected to be mechanically
stable and easy to be manufactured.
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All

Cold Arc-Jet Plasma Flowing along Weak Mirror or

Cusp Magnetic Field

Hiroshi AKATSUKA, Atsushi NEZU and Haruaki MATSUURA

Plasmas are frequently applied to modern industrial
technology, and some of their applications accompany
external magnetic field, such as thrusters for astronautic
applications or thermonuclear fusion reactors for future
energy sources. It should be also added that the
fundamental physics in space or interplanetary region
requires the knowledge of interactions between plasmas
and magnetic field. From these points of view, a large
number of studies have been reported relevant to the effect
of non-uniform magnetic field on the plasma parameters.
To understand fundamentals of these phenomena, we are
studying characteristics of arc-plasmas flowing along
various configurations of magnetic field [1 — 3].

In this study, we applied a rarefied gas wind tunnel as
a plasma expansion chamber with its steady-state pumping
rate 16,000 1/sec. Experimental set-up consists of an
arc-plasma generator, six hollow electromagnets to
generate stationary magnetic field, 3-dimensional
traversing mechanism that can be manipulated from the
atmospheric pressure side, and vacuum system to pump out
the wind tunnel. We adopted 4-tip Mach probe to
understand the flowing velocity of the plasma jet as well as
its flowing direction. One of the tips is also applied as a
Langmuir probe to understand the space potential, electron
temperature and density. Further account of the
experimental setup is described elsewhere [1 — 3].

In the present experimental study, we examined the
effects of mirror and cusp magnetic fields on helium arc-jet
flow. First, concerning the mirror magnetic field, the vector
diagram of the ion flow and the magnetic field is shown in
Fig. 1. It is found that in the upstream region, the ion flows
to more outer side than the direction of the magnetic field,
whereas the direction of ion flow gradually comes close to
that of the magnetic field as the plasma moved to the
downstream direction. This behavior can be attributed to
the difference in the Hall parameters of electrons and ions.
That is, the ion hall-parameter h; = 7.1 x 1072, while the
electron hall-parameter h, = 5.2 x 10* at the position (I, z) =
(60, 60) [mm]. We found that h, = 10*h; throughout the
present mirror field experiments. This indicates that the
electrons are fully magnetized, while the ions are not
magnetized. This means that the electrons flow almost
along the magnetic field, while the ions obey the electric
field that is determined by the electrons flow. Therefore,
some kind of flowing-lag must be constructed in the
flow-pattern, which is obviously observed in Fig. 1. In the
meanwhile, Fig. 2 shows the equipotential contour of the
plasma flowing along the mirror magnetic field. We found
that the high-potential region exists at the region of r =10 —
30 mm and z = 30 — 60 mm, which corresponds to the
position where ions don’t flow along the magnetic field. It
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Fig. 1. The vector diagrams of the direction of ion
flow and that of the magnetic lines of force for the
mirror magnetic field.
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Fig. 2. The equipotential contour of the plasma space
potential in the mirror magnetic field.

is considered that the difference in the flowing direction of
electron and ions makes the high-potential region in the
foregoing domain. Unfortunately, the ion velocity in the
mirror field is subsonic in the entire measurement region.
Second, concerning the experiments of the cusp
magnetic field, vector diagram of the ion flow and the
magnetic field is shown in Fig. 3. We found supersonic
ion-flow at z = 20 — 30 [mm], whose maximum Mach
number is 1.5. We also visually found a spherical dark
region at around z = 30 mm, which is considered to be a
shock wave region. This suggestion is also supported by the
vector diagram of ion velocity, Fig. 3, which also includes
that of magnetic field. The plasma flow becomes subsonic
at this area. We confirmed a sudden decrease in the electron
temperature and density, which will be discussed later.
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Fig. 3. The vector diagrams of the direction of ion
flow and that of the magnetic lines of force for the
cusp magnetic field.

Figure 3 indicates that the direction of the ion flow
agrees with that of the magnetic field at z=0— 60 [mm] and
r < 10 [mm]. We also understand that ions tend to flow
toward outer region at r > 20 [mm], which is also due to the
difference in the behavior of magnetized electrons and
not-magnetized ions. Figure 4 shows the equipotential
contour for the plasmas flowing the cusp magnetic field,
where the separatrix is situated at z = 60 [mm]. It is found
that the space potential rises at near-axis region of the
separatrix. Electrons are fully magnetized in the upstream
region Z < 30 mm, and consequently, they tend to flow
outward on the separatrix plane. On the other hand, ions
flow rather straight due to their inertia even near the
separatrix. This causes the increase in the space potential
near the separatrix. After crossing the separatrix, the space
potential drastically decreases as much as 1 V. On the
separatrix, of course, the electrons become unmagnetized
locally, and after that, they again become magnetized. The
electrons tend to gather onto the axis at z > 80 [mm], and
consequently, it is considered that the space potential again
drops.

Figure 5 and 6 show the contours of density and
temperature of the arc-jet under cusp magnetic field,
respectively. On the axis, we find a large density drop at z=
30 [mm], which considered to be due to some kind of shock
phenomenon. It is also found that the plasma basically
flows along the magnetic field. Meanwhile, we found
temperature increase at Z =40 — 60 [mm] on the axis, which
is also considered to be attributed to a shock phenomenon,
and an energy conversion from the kinetic energy to
thermal energy [4].
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Fig. 4. The equipotential contour of the plasma space
potential in the mirror magnetic field.
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Fig. 5. The contour drawing of the plasma density in
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Fig. 6. The contour drawing of the electron
temperature in the cusp magnetic field.
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Discussion on the Collisional Radiative Model Based on

Ordinary Differential Equations

Hiroshi AKATSUKA

We often apply optical emission spectroscopy (OES)
measurement to examine plasmas. Line intensities of the
plasmas indicate number densities of upper states of the
transition N, (p = 1, 2, ..., M in the ascending order of
energy; p = 0 as a ground state), which are theoretically
described by collisional-radiative (CR) model as functions
of electron temperature T, and density N.. From the
mathematical point of view, the governing equations of the
CR model are categorized as first-order nonhomogeous
linear ordinary differential equations (ODE) with constant
coefficients, where unknown functions are number
densities of excited states N,:

d—N= aN + 9, @)
dt

where bold fonts denote vectors,

( N, 8
N= N2 5 o= 52 5 (2)
A i
\NM m
5= N + NG + CoiNeNo. (3)
NeC;i for j <, (4)
;i = { NCji + A forj>1i, ©)
M i-1
—Ne[Si +Z|_0'¢ici|)_zl—0A”
forj=i.  (6)

Symbols used above are as conventions in this field. The
solution to Eqg. (1) is given by the sum of the general
solution of the related homogeneous equation and anyone
of the particular solutions to Eqg. (1). One of the simplest
particular solutions to Eq. (1) is the steady-state solution,

N=-a'6=-a"'6,-a’s,

ion

== (aNe3 + ﬂNez) — CoNeNo. (7

Up to now, almost all the discussions on CR model seem to

have been concentrated on the steady-state solution, Eq. (7).

However, this is valid only when the excited species
reaches the steady state after relaxation time has passed. If
we treat the transient response, we must discuss
time-dependent solutions to Eq. (1). For this purpose, we
must examine the eigenvalues A;. The general solutions to
the associate homogeneous ODE is given as
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Fig. 1. Dependence of the real part of the first eigenvalue A1,
on T and N, for Ar plasma with P = 1 Torr and T, = 500 K.

N(t)=2." Ciexp(4t) (®)

where & is the i-th eigenvector corresponding to the
eigenvalue 4; and C; are arbitrary constants. Degeneracy in
matrix a is not essential, since we can prove that the real
part of any eigenvalue is negative, and that the system is
exponentially stable by Gershgorin’s theorem [1].

We number the eigenvalues as |[Re(4y)| < |Re(4)| < ...
Figure 1 shows the dependence of the absolute value of the
real part |Re(4,)| as function of T, and N, of Ar plasma [2],
where the discharge pressure is 1 Torr and the gas
temperature is 500 K with Maxwellian EEDF. It is found
that |Re(4,)| is approximately proportional to the electron
density Ne. Since it is found that |Re(4,)[™ becomes several
tens of microsecond for N, ~ 10™ cm™, we should be very
careful about the treatment of the excited states as
steady-state. However, these time constants are not
practically in problem in the OES measurement of the
plasmas, where we often apply 4p or 5p levels. We should
examine excited states with shorter time constants of
pulse-like discharge.

[1] H. Akatsuka, The papers of Joint Technical Meeting on
Plasma Sciences and Technology and Pulsed Power
Technology, IEEJ, PST-10-80/PPT-10- 124, pp. 67 — 72
(2010).

[2] H. Akatsuka, Phys. Plasmas, 16, 043502 (2009).
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B.1

Fabrication and Properties of Core-Shell Type SiC/SiO,

Nanowires Formed by Low-Cost and Catalysis-Free Technique

Toyohiko YANO, Wasana KHONGWONG and Katsumi YOSHIDA

A worth challenge in study on synthesis of SiC nanowires
is to seek a low-cost and an un-complex production method
for synthesis a large amount of SiC nanowires. In this
study, the simple and inexpensive production route to
fabricate nanowires through the reaction of cheap Si
powder and CH, gas in a tube furnace, using separate and
continuous heating process, was reported. This method,
thermal evaporation, can produce SiC crystalline core/SiO,
low crystallinity shell composite nanowires at a processing
temperature of 1350°C without metal catalysis. The results
show that both of separate heating process (performed with
Si powders of 5 um in average particle size) and
continuous heating process, (performed with Si powder of
74 um in average particle size) could obtain SiC/SiO, core-
shell nanowires. The typical synthesized nanowires owned
with approximately 80 nm in diameter and 0.5-2 mm in
length, respectively. Photoluminescence of synthesized
nanowires showed two broad photo-luminescence peaks
located around 405 nm and 470 nm under 260 nm UV
excitation at room temperature [1].

1. Introduction

During the fast development of nanotechnology in the
past decade, SiC nanowires or nanocables have attracted
considerable attention among many novel one-dimension
nanomaterials since they are found to have various special
properties and potential application. SiC nanowires, as a
wide bandgap semiconductor (2.3-3.2 eV), with high
thermal conductivity (300-500 Wm™K™), high electron
saturation velocity (2.0 x 10° ms™) and high resistant to
chemical corrosion, show potential for application under a
range of harsh conditions including high-temperature, high
power and high frequency. Moreover, high strength, low
density, high stiffness and high temperature stability
combined with a high aspect ratio make 3C-SiC nanowires
very effective reinforcement for various composites. The
strength of SiC nanowire has been found to approach the
theoretical strength and is substantially larger than that
found in bulk SiC. The morphology of nanomaterials is
known to have influence on their properties. In comparison
with the whiskers, SiC nanowires have a larger aspect ratio
and better elastic modulus and strength. Therefore, SiC
nanowires should be more suitable to be used as the
reinforcing materials for ceramics than SiC whiskers.

SiO, is an insulator and SiO, nanotubes have been
demonstrated to be highly valuable in bioanalysis,
bioseparation, and optics. SiC/SiO, nanowires, with
crystalline SiC core and amorphous SiO, shell, are ideal
semiconductor-insulator heterostructures in radial direction,
and are expected to have excellent properties of both SiC

nanowires and SiO, nanotubes. In addition, SiC nanowires
can emit blue-green light, so they would have great
potential as light-emitting devices as well. Therefore, a lot
of efforts have been made to synthesize SiC nanowires.

In ours previous works [2-4], a relatively large amount
of SiC/SiO, core-shell nanowires can be produced via
reaction of evaporated Si, SiO gas and CH,4 gas without
metal catalysis, and effect of process parameters on amount
of products was clarified. Here, not only synthesis of
SiC/SiO, nanowires using oxidized Si powder or ground Si
ingot as raw powders through separate and continuous
processes, but also optical properties of as-grown products
were investigated.

2. Experimental Procedures
2.1 Fabrication of SiC/SiO, Core-Shell Nanowires

The fabrication of SiC/SiO, core-shell nanowires was
similar to that of our previous work[2,3]. Briefly, SM
(silicon powder; average particle size ~ 5 um) was
oxidized for 1 h in air at 800°C before put in a mullite boat
which was then covered with an alumina fiber sheet
(Nextel™ Woven Fabric 610 Style). The whole set was
carefully pushed into the middle of a tube furnace. Before
heating, the tube furnace was evacuated to a pressure
below 1.33 Pa using a rotary pump, then the ultra high
purity Ar gas (purity: 99.9995%) was released into the
furnace at a flow rate of 0.6 dm*min to reduce the oxygen
to a negligible level. The furnace was initially raised to
1200°C at a heating rate of 10°C/min and then continued to
heat to a peak temperature (1350°C) with heating rate of
5°C/min. At 1350°C, H, gas (purity: 99.999%) at a flow
rate of 20 sccm (1 sccm = 1.667 x 10® m?/s) was fed for 2
min before flowing of CH, gas at a flow rate of 10 sccm.
CH, gas was fed for initial 30 min of keeping at 1350°C.
The reaction was kept at the target temperature for 1 h.
Synthesis process as mentioned above was named as
separate heating process or H1, i.e., oxidation of raw
powder and nanowires synthesis were separately conducted.
The obtained products synthesized via this process was
coded as SM/08-H1.

To reduce cost, SG (silicon ingot; dark gray, 99%
nominal purity) and continuous heating process (H2)
instead of SM and H1 were used to prepare nanowires. H2
is continuous heating process, i.e., multi-step heating for
oxidation at 800°C and reaction at 1350°C continuously in
the same furnace. The Si ingot was ground and then sieved
with a sieve (74 um) before used as a precursor (names as
SGG). The obtained products synthesized using SGG
through H2 was coded as SGGO8-H2.
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The as-grown nanowires were characterized by XRD,

TEM and FT-IR.

(b)

Fig. 1 (a) Photograph of as-grown product in a mullite boat from SM/O8-H1, (b) FE-SEM image of wool-like product from SM/O8-H1.

2.2 Photoluminescence Measurement

The synthesized SiC/SiO, core-shell nanowires from
SM/08-H1 specimen was used as representative one to
measure the optical property. Photoluminescence (PL) of
SiC nanowires was measured by a fluorescence spectro-
photometer using 260 nm excitation light from a xenon
lamp at room temperature.

3. Results and Discussion
3.1. Characterization of nanowires

After reaction, larger quantity of white-blue wool-like
products was obtained on SM/0O8-H1 surface (Fig. 1(a))
than that on SGGO8-H2 surface. SGGO8-H2 was a trial
to prepare with the low-priced Si powder. Although the
wool-like products from SGGO8-H2 was less than the
wool-like products from SM/O8-H1, this way is one
alternative process to synthesize wool-like products with
cheaper raw material and shorter time to production.

XRD patterns of as-grown products both prepared
from SM and SGG confirmed that crystalline phase of all
the deposition products was B-SiC. There exist four main
strong peaks which can be attributed to the (111), (200),
(220) and (311) planes of the cubic type SiC phase. These
206 or d values are almost identical with the known values
for B-SiC.

The typical FE-SEM images of nanowires prepared
from SM/O8-H1 specimen was shown in Fig. 1 (b). Both
the wool-like products from SM/O8-H1 and SGGO8-H2
specimens composed of a large amount of straight, curved,
tangled, randomly distributed nanowires. Length of the
nanowires synthesized from oxidized SM at 800°C was
too long to be measured under FE-SEM, and it is
estimated to be 1 to 2 mm from the height of the product
grown on SM raw powder surface. Whereas the length of
the nanowires from SGGO8-H2 specimen was about 0.5
mm.

TEM observation confirmed that a structure of as-
grown nanowires both from SM/O8-H1 and SGGO8-H2

specimens was core-shell structure and the surface was
very smooth. The diameter of core of nanowires was
ranging from 20 to 80 nm, and it was wrapped with a
uniform layer shell with a thickness of 10-20 nm. To
obtain more details about the structure and crystallinity of
synthesized nanowires, selected-area electron diffraction
(SAD) methods were conducted and the results are shown
in Fig. 2. The SAD pattern showed that the crystalline SiC
core had stacking faults and twins. High-magnification
image of SiC nanowire indicated that fringe of 0.25 nm-
repeat corresponding to the d-spacing of the (111) plane.
The growth direction of the nanowire was [111] of B-SiC,
as same as indicated previously [2,3]. Generally, it is
accepted that B-SiC nanowires can grow easily in the
[111] direction because the {111} surface have the lowest
surface energy among the SiC surfaces and to decrease the
formation energy, and hence stacking faults can be
inserted easily in the (111) plane.

FT-IR spectrum of the composite (core/shell)
nanowires obtained from SM/O8-H1 specimen. Two
absorption bands from Si-O stretching vibration at around
1102 and 466 cm™, transversal optic (TO) mode of Si-C
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vibration at around 804 cm™ and a shoulder which was
marked by a small circle at around 860-950 cm™
corresponding to the longitudinal optic (LO) mode of Si-
C vibration were observed. The result is just in agreement
with the previous reports. Together with the XRD and

Fig. 2 TEM image of typical nanowires from SGGO8-H2
specimen. The upper right inset is a high magnification image of
nanowire (The [111]-growth direction is indicated by an arrow).

TEM analyses, it is believed that the outer shell is
consisted from low crystallinity or amorphous SiO,.

In the growth process of the composite nanowires, the
reaction is seemingly involved with SiO vapor phase. As
the temperature increases, SiO vapor is generated by the
reaction of SiO, thin layer on the surface of Si and
evaporated Si. Dense SiO smoke is deposited first near Si
powder surface. Subsequently, when the furnace is heated
up till close to the melting point of Si (1414 °C),
evaporation of Si accelerated. The main reaction of SiC
nucleation might be SiO (v) + Si (v) + 3CH, = 2SiC (s) +
C(s) + H,O (v) + 5H,. The clusters of SiC nuclei
assembled to form nanowire. The nanowires in a preferred
orientation grow fast as more SiO vapor and CH, gas co-
exist in the system. These mechanisms were proposed as
oxide-assisted growth for the nanowires growth directly
from SiO powder-CH,; system by Yao et al.[5].
Subsequently, side surface of the synthesized SiC
nanowires is gradually oxidized to form amorphous SiO,
outer shell by H,O vapor, which is a by-product of the
formation reaction of SiC nanowires.

3.2 Photoluminescence
SiC/SiO, nanowires

Fig. 3 shows PL spectrum of SiC/SiO, core-shell
nanowires synthesized at 1350°C for 1, 3 and 6 h using
oxidized Si raw material under 260 nm excitation light at
room temperature. Two wide bands of the emission peaks
centered about 405 and 470 nm were observed. Chiu et al.
[6] have studied the room-temperature PL emission
spectrum of the SICNWs under 250 nm light excitation,
and two apparent PL bands were reported to be located at
about 390 and 470 nm. These were almost same emission
peaks with the present experiment. Moreover, the
synthesized nanowires at longer soaking time (3 and 6 h)
were measured to compare the emission peaks. Two main
board peaks still located at about 405 and 470 nm both
from spectrum of specimen synthesized for 3 and 6 h.
However, peak at about 405 nm of specimen synthesized
for 6 h show very low intensity. The emission peak
centered at about 405 nm is attributed to the oxygen
discrepancy in the SiO, amorphous shell layer. The SiO,
outer layer of nanowires synthesized for 6 h was very thin,
resulted in lower PL intensity. Disappearence of SiO,
layer might be caused from reaction of created-SiO, outer
layer and Si vapor, because nanowire formation reaction is
stopped due to the termination of CH, supply. Therefore,
intensity of peak at 405 nm of nanowires synthesized for 6
h was very low. The blue emission band centered at about

property of synthesized

470 nm originating from the SICNWs is similar to those
reported in other studies. Compared to SiC bulk materials,
the emission wavelength for SICNWs was blue-shifted
(from 539 to 470 nm). This might have resulted from the
effect of quantum confinement by size reduction or the
concentrations of native defects in the SICNWs.

Many researches have been conducted on the

photoluminescence property of SiC nanowires. Those
Fig. 3 PL spectrum of SiC/SiO, core-shell nanowires synthesized at
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1350°C for different soaking time of 1, 3 and 6 h using Si raw powder
pre-oxidized at 800°C.

results indicated that SiC nanowires may be applied as a
good light emitting material, since they can emit stable
and high-intensity blue-green or violet-blue or red light.
Due to its blue—green emission property in this study,
present SiC/SiO, nanowires may have an application in
blue—green light-emitting diodes (LEDs), and in display
devices especially for the environment of high
temperature.

4. Conclusions

The following conclusions were obtained base on the
experimental results of this research:
(1) The simple production process and using the low-cost
raw material, such as the continuous heating pattern for
reaction of coarse silicon powder, make the present
approach attractive and outstanding to synthesize
SiC/SiO, core-shell nanowires. The synthesized nanowires
from coarse silicon powder as raw powder under
continuous heating pattern possessed core diameter
approximately 20-80 nm with wrapped-SiO, outer layer of
10-20 nm in thickness. Length of nanowires was up to
0.5-1 mm.
(2) Two broad photoluminescence peaks located around
405 nm and 470 nm under 260 nm light excitation at room
temperature were confirmed.
(3) The reaction is seemingly involved with SiO vapor
phase. Oxide-assisted growth without metal catalysis is
considered for the nanowire growth process.
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B.2 Modeling and Material Design for Improvement of
the Thermal Conductivity of
Two-Dimensional SiC Fiber-Reinforced SiC Composites

Katsumi YOSHIDA and Toyohiko YANO

Introduction

Continuous SiC fiber-reinforced SiC composites
(SiC4/SiC) are expected to be used as components for gas
turbine, spacecrafts and future fusion nuclear reactors. In
the future fusion power reactor, the reactor concepts based
on the use of SiC{/SiC composite have been designed by
JAEA, ARIES-team and CEA (TAURO). For these
applications, SiC#/SiC composites with higher thermal
conductivity are needed in addition to higher mechanical
strength and fracture toughness. Thermal conductivity of
the SiC{/SiC composite would depend on not only the
thermal conductivity of each component such as SiC matrix
and SiC fibers but also microstructure of the composite.
Polycrystalline SiC fiber (TyrannoSA) cloth with high
thermal conductivity has been commercially produced by
Ube Industries, Japan. Present authors have improved the
thermal conductivity of SiC matrix by the microstructural
control using coarse SiC grains[1]. In addition, the authors
have developed a novel process of SiC¢SiC composite
based on microstructure control using sheet stacking,
hot-pressing and electrophoretic deposition methods[1-5].
In this study, we focused on microstructure control of the
composite using our fabrication process and the simple
model of thermal conductivity of composite, and
improvement of its thermal conductivity was investigated.

Experimental Procedures

Submicron-sized a-SiC powder (average particle size;
0.40 um, Showa Denko, Japan) containing 20 wt% coarse
a-SiC powder (average particle size; 2-3 um, Kojundo
Chemical Laboratory, Japan) was used as the raw materials.
Al,03-Y,03-Ca0 system was used as the sintering
additives of SiC, and the amount of sintering additives was
20 wt% in total. Green sheet of SiC with sintering additives
was prepared by laboratory-scale tape casting equipment
(DP-150, Tsugawa Seiki, Japan). Two-dimensionally
plain-woven SiC fiber cloth (Tyranno SA, Ube Industries,
Japan) was used as the reinforcement. Carbon coating on
SiC fibers was formed by electrophoretic deposition (EPD)
method reported in our previous paper[4]. SiC matrix
between each filament was formed by EPD process using
SiC powder suspension or polycarbosilane (PCS, Nippon
Carbon, Japan) impregnation. These SiC cloths and SiC
green sheets were stacked alternately, and then heat-treated
at 300°C in air. The compact was hot-pressed at 1750°C for
1 hin Ar flow under a uniaxial pressure of 40 MPa. The
composites using the SiC cloth treated by EPD and PCS
were presented as EPD-composite and PCS-composite,
respectively. For comparison, the composite was fabricated
by hot-pressing using untreated TyrannoSA fiber cloth and
SiC green sheet (Untreated composite). Thermal

conductivity of the composite was measured perpendicular
to the cloth layers at room temperature by laser-flash
method. Microstructure of the composite was observed by
scanning electron microscope (SEM).

Results and Discussion

Monolithic «-SiC containing 20 wt% coarse a-SiC
grains and Al,05-Y,05-Ca0 sintering additives was
hot-pressed under the same condition as the SiC¢/SiC
composite described above, and its thermal conductivity
was 54 W/meK at room temperature. Thermal conductivity
of monolithic submicron-sized a-SiC ceramics was 47
W/meK. From this result, the addition of coarse a-SiC
grains to submicron-sized «-SiC, i.e. microstructural
control of SiC matrix, was effective to increase the thermal
conductivity of SiC matrix. Fiber volume fraction, bulk
density, open porosity and thermal conductivity of the
SiC4/SiC composites are shown in Table 1. The thermal
conductivity of PCS-composite was 18 W/meK. This value
was higher than that of the composite fabricated in our
previous study[1], but a significant increase in thermal
conductivity was not achieved. On the other hand, the
thermal conductivity of EPD-composite and Untreated
composite was 45 W/meK and 56 W/meK, respectively, and
these values were much higher than that of the composite
reported in our previous paper and PCS-composite. Figure
1(a) shows the schematic illustration of a rule of mixtures
in multilayered structures. Thermal conductivity of the
multilayered structures in the directions parallel (.,
parallel model) and perpendicular (., series model) to the
layer, i.e. fiber cloth alignment, can be simply given by

Ke1= KtVit+ KmVim 1)
Uk =Vixi+ Vil kn 2

where &, is the thermal conductivity of the matrix, x; the
thermal conductivity of the matrix, V., volume fraction of
matrix, V¢ volume fraction of fibers. Assuming that the x;of
Tyranno SA is 60 W/meK and the x;, is 30, 54 and 60

Table 1 Fiber volume fraction (Vy), bulk density (B.D.), open
porosity (O.P.) and thermal conductivity (x) of the SiC¢SiC
composites fabricated in this study.

Samole V, BD. OP. «

P (vol%)  (glem®) (%)  (WimeK)
(a) EPD-composite 41.9 312 143 445
{b)} PCS-composite 384 297 1.06 18.3

(¢) Untreated-composite  50.9 314 138 581
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W/meK (54 W/meK and 60 W/meK is corresponding to the
value of SiC matrix and the value of Tyranno SA fibers,
respectively), the thermal conductivities of the composite
calculated by Eq.(1) and Eq.(2) as a function of fiber
volume fraction are shown in Fig.1(b). Untreated
composite had a multilayered structure consisting of
polycrystalline SiC fiber cloths and SiC matrices derived
from SiC sheet, and its thermal conductivity well agreed
with the ideal thermal conductivity calculated by series
model using xy (54 W/meK) in Fig.1(b). In the case of
PCS-composite, the SiC matrix formed in SiC fiber cloths
was derived from PCS, and this matrix shows lower
thermal conductivity due to its low crystallinity.
PCS-impregnated SiC fiber cloths would act as the layer
with low thermal conductivity since the low thermal
conductivity of PCS-derived SiC matrix would be
dominant to that of the cloth layers. As a result, the thermal
conductivity of PCS-composite would be very low.
EPD-composite had a thermal conductivity of 45W/meK,
and this value was slightly lower than the value calculated
by series model. This difference in thermal conductivity
would be caused by the interfacial condition between SiC
matrix and fibers. From these results, higher thermal
conductivity of SiC#SiC composite was successfully
achieved by microstructural control, and the thermal
conductivity of the SiC#/SiC composite will approach the
value of untreated composite in maximum by the
optimization of EPD process for the fabrication of SiC¢/SiC
composite.

B

(b) 0= B0t |

[ -

oy
e

Tharmel conductivity (W/mk)

=

Fig.1 (a) Schematic illustration of a rule of mixture in
multilayered structures. (b)Relation between fiber volume
fraction and thermal conductivity of the multilayered structure
calculated by Egs.(1)(Straight line) and (2) (broken line)

Summary

We focused on microstructure control of the composite
using our fabrication process and the simple model of
thermal conductivity of composite, and improvement of its
thermal conductivity was investigated. Untreated
composite had a multilayered structure consisting of
polycrystalline SiC fiber cloths and SiC matrices and its
thermal conductivity well agreed with the ideal thermal
conductivity calculated by series model. In the case of
PCS-composite, PCS-impregnated fiber cloths would act as
the layer with low thermal conductivity since the low
thermal conductivity of PCS-derived SiC matrix would be
dominant to that of the cloth layers. The SiC{/SiC
composite fabricated by electrophoretic deposition and
sheet stacking method showed high thermal conductivity of
45 W/meK.
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B.3 Computational Analyses of 2**U Samples Irradiated in
the Experimental Fast Reactor JOYO

Tomooki SHIBA, Masaki SAITO and Hiroshi SAGARA”

INTRODUCTION

This report deals with the computational analyses of
the U samples irradiated in the Experimental Fast Reactor
Joyo to examine the transmutation performance of pure
isotopes in fast neutron environment during the irradiation,
and deals with the comparison with the experimental
result to verify the prediction method used by PPP
project!). Subsequently, as a next step of PPP project, the
irradiation behavior of RepU-Am pellet loaded in Joyo
core was predicted.

COMPUTATIONAL METHOD AND RESULTS

As irradiated sample materials, ?*U metallic powder
was encapsulated in vanadium capsules. The samples were
irradiated from the 30th cycle started on 3/21/1997 to the
33rd cycle ended on 8/31/1999, and radio-chemical
analyses were conducted in June, 2008. In this study,
numerical analyses of irradiated U samples were
performed by ORIGEN2.2? referring the irradiation and
cooling history of JOYO, with effective one-group
neutron flux and cross section data produced from three-
dimensional transport calculation by MCNP4CP! based on
the cross-section library JENDL3.3. The detailed
irradiation conditions are referred to at Ohnishi et al'*l.

Figure 1 shows Pu production in the vanadium
capsules with the sample positions. The plutonium
contents in the lower region tend to be higher than in the
upper region because JOYO has a bigger reflector region
in  the lower area compared to the upper region.
Therefore, the neutron spectra in lower region, e.g. at -
627mm, are well moderated. Since neutron capture cross-
section of **®U is very high in epi-thermal spectrum,
neutron capture reaction of *®U is accelerated and the
most **Pu is generated at -627mm.
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Fig. 1 Pu Production with Sample Positions

* Current organization: Japan Atomic Energy Agency

EVALUATION OF PLUTONIUM DENATURING

Owing to the preceding papers®™ and the previous
section of this report, the transmutation behaviors of Am
and U pure metal materials came out; the dependence of
epi-thermal neutron ratio is accentuated especially in
moderator area. Since the nuclear transmutation from U
to ?°Pu is accelerated in moderated neutron area, high self
shielding effect will occur and a large distribution of
generated Pu isotopes will be apparent. Since there is a
high self-shielding effect with moderated neutron spectra,
it is predicted that there is a radial distribution of isotopic
compositions of #*Pu and **°Pu inside the pellet,
especially at the region close to the moderator. That
indicates that around peripheral area of pellets Pu with
high isotopic composition of #*Pu exists and if only the
peripheral area is reprocessed e.g. as the pellets are
dissolved for a short time, the resultant Pu has high ratio
of Z%Pu.

For analyzing the phenomena and as feasibility study
of PPP pellet as well, we investigated Rep-U pellets
including some percentage of ***Am as PPP pellets.

Figure 2 shows the radial distribution of the isotopic
composition of *®Pu inside the pellets irradiated at -
627mm. It is noticeable that the isotopic composition of
8Py tends to decrease exceedingly towards exterior. This
is caused by the strong self shielding effect at the
irradiated position.
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Fig .2 Radial Distribution of Isotopic Composition of >*¢pu
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B.4

Systematic Measurement of keV-Neutron Capture Cross

Sections and Capture Gamma-Ray Spectra of Pd Isotopes

Masayuki IGASHIRA, Kazushi TERADA and Tatsuya KATABUCHI

1. Intoroduction

Nuclear waste includes long-lived fission products
(LLFPs). Currently, the deep geological disposal of nuclear
waste is the national policy in Japan. However, it needs the
long-term management that prevents the public from
suffering radiological hazard due to LLFPs. Thus, the
nuclear transmutation of LLFPs into stable or shor-lived
nuclides is an attractive option to decrease the hazard.

The neutron capture cross sections of LLFPs are
important physical quantities for the research and
development of nuclear transmutation systems, because the
performance of system using neutron capture reaction
depends on these quantities directly.

The nuclide °’Pd is one of the most important LLFPs.
However, there is only one experimental data of its neutron
capture cross section at the thermal neutron energy.

On the other hand, keV-neutron capture cross sections
of stable Pd isotopes are also important for design of *’Pd
transmutation system because stable Pd isotopes are
inherently contained in “’Pd batch in reprocessing unless
isotope separation is performed.

Our research group started a project of systematic
measurement of the keV-neutron capture cross sections and
capture gamma-ray spectra of *“’Pd and stable Pd isotopes
in 2010. We finished the measurement of *®Pd at incident
neutron energies below 100 keV in 2010. We present the
experimental results in this report.

2. Experiments

The detail of experimental procedure has been given in
Ref. [1]. Only brief description is given here.

The capture cross section and capture gamma-ray
spectrum of '®Pd were measured at incident neutron
energies below 100 keV, using the 3 MV Pelletron
accelerator of the Research Laboratory for Nuclear
Reactors at the Tokyo Institute of Technology. An
experimental arrangement is shown in Fig.1.

Pulsed neutrons were produced by the ’Li(p,n)'Be
reaction with a pulsed proton beam (1.5 ns width, 4 MHz
repetition rate) from the accelerator. The incident neutron
spectrum on a capture sample was measured by a Time of
Flight (TOF) technique with a °Li-glass scintillation
detector (5 mm diam. X 5 mm thick).

The *™Pd sample was highly isotopically enriched
metal (98.4% enrichment), and its net weight was about 0.5
g. A gold sample was used as a standard sample of capture
cross section. The distance between the neutron source and
the sample was 12 cm.

Capture gamma rays emitted from the sample were
detected with a large anti-Compton Nal(TI) spectrometer
by means of a TOF method. The main Nal(TI) detector of
the spectrometer had a diameter of 15.2 cm and a length of
30.5 cm, and was centered in an annular Nal(TI) detector
(33.0cm OD X 35.6 cm length) for Compton suppression.
The detectors were shielded with a combination of various
materials: borated paraffin, borated polyethylene, Cd, °LiH
and potassium free lead [2]. Capture gamma rays were
observed at an angle of 125° with respect to the proton
beam direction. The pulse height (PH) and TOF of signals
from the spectrometer were sequentialy recorded in a list-
mode data format and then, were analyzed offline.

The runs for the *®Pd, **’Au and blank were repeated
cyclically, thereby for changes in experimental conditions
such as the incident neutron spectrum averaging out.
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Fig.1 Experimental setup for capture cross section
measurements of '*°Pd.

3. Data Processing

In order to obtain the capture yields of the *°Pd and
YAu samples, a pulse-height weighting technique [3] was
applied to the net capture gamma-ray PH spectra. The
evaluated data of the '®’Au capture cross section from
ENDF/B-VI1.0 [4] was used as standard cross section.

Corrections for the neutron self-shielding and multiple-
scattering in the sample were made by a Monte-Carlo
method [5]. Moreover, other corrections were made for the
gamma-ray scattering and absorption in the sample.

The capture gamma-ray spectra were derived by
unfolding the net capture gamma-ray PH spectra with the
response matrix of the gamma-ray spectrometer. Unfolding
process was done by using a computer code, FERDOR [6].
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4. Results and Discussion

The derived capture cross section of *®Pd is shown in
Figs. 2. The evaluated data of JENDL-4 [7] and ENDF/B-
VII1.0 [8] are shown for comparison. The evaluated cross
section data shown in Fig. 2 are averaged over the same
energy bins as the present data.
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Fig. 2 Neutron capture cross section of 1%Pd.

In the evaluations of both JENDL-4 and ENDF-B/VII,
the capture cross section of '®Pd was calculated from
statistical model. These evaluations overestimate the
capture cross section by about 5 - 10% from the present
results.

The measured capture y-ray spectrum of ‘%*Pd is shown
in Figs. 3. Known descrete levels of the residual nucleus
1%pd are shown as bars in the same energy scale as emitted
y-rays. The primary transitions from the capture state to
low-lying states were clearly observed. Cascade transitions
among low-lyng states were also observed around 1 MeV.
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Fig. 3 Neutron capture gamma ray spectrum of ‘®Pd.

5. Conclusions

We have measured the neutron capture cross section
and capture gamma-ray spectrum of '®Pd at incident
neutron energies below 100 keV to provide nuclear data
relevant to the study on the transmutation of ‘*’Pd and to
obtain important physical quantities such as gamma-ray
strength function and nuclear level density, which are
useful for the theoretical calculation of capture cross
section.
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B.5 Separation of Am(I11) from Eu(l11) using
Polymer gels Cross-Linked with TPEN Analogs

Takeshi OGATA and Kenji TAKESHITA

N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN) is one of the podand-type ligands with six
nitrogen-donors and recognize the slight difference in the
softness between minor actinide(MA) and lanthanide.!'" !
We have tried to synthesize a novel extraction
chromatographic agent, which exploit such feature of
TPEN. The use of a polymer gel as a support of the
extractant can be expected to keep the flexibility of
extractant and suppress the effluence of the
extractant.!' 1]
N,N,N',N'-tetrakis[4-(prop-2-en-1-yloxy)pyridin-2-ylmethyl]ethy
lenediamine (TPPEN, Fig. 1) which is a TPEN analog
introducing polymerizable group to pyridine rings was
used as a cross-linker of acrylic monomers. We have
synthesized polymer gels from various acrylic monomers,
such as N-isopropylacrylamide (NIPA), acrylic acid (AAc),

methyl methacrylate (MMA), and
N,N-dimethylacrylamide (DMAAm).
These gels were prepared by free radical

polymerization under nitrogen atmosphere. TPPEN and
each  acrylic  monomer  were  dissolved in
N,N-dimethylformamide (DMF). After addition of
azobisisobutyronitrile (AIBN) as an initiator, the solution
was transferred to a test tube containing glass capillaries
of 20 pL. The polymerization was carried out at 333 K for
18 hours. After gelation, the cylindrical gels were taken
out of the capillaries and washed thoroughly with distilled
water to remove the residual chemicals. Water contents of
the gels, u, and swelling degrees of the gels, r,, were
calculated from Egs. (1) and (2), respectively.

W -W
u=—2_9%,100 (1)
Wwet
r,= d/do

2)

where Wy, is the weight of gels on the wet basis at 298 K,
W,y is the dry weight of gels, d is the diameter of gels at
298 K and pH 3, and d, is the inside diameter of the glass
capillary (=0.92 mm).

[i]8 f

Sl |

(a) NIPA-TPPEN gel (b) AAc-TPPEN gel

We synthesized four kinds of the acrylic polymer gels
cross-linking by TPPEN, of which the photographs are
shown in Fig. 2 and water contents of the gels, u, and
swelling degrees of the gels, r,, at pH 5 and 25°C are listed
in Table 1. Both the NIPA- and the DMAAm-TPPEN gel
were swollen at room temperature, whereas the volume
change of the AAc- and the MMA-TPPEN gel were not
observed.

The adsorption tests of **' Am(III) and 'Eu(III) by
these gels were carried out. The distribution ratios, K4, of
Am(III) and Eu(IIl) and the separation factors of Am(III)
over Eu(Ill), SF. gy, for the gels are plotted against the
pH,, of the solutions and shown in Fig. 3. In the pH range
of 4.5 to 6.0, the NIPA- and the DMAAm-TPPEN gel had
the high SF4 .k, value, which were evaluated to be 26 and
18, respectively. These SFa g, values are sufficient for
the chromatographic separation of MA. On the other hand,
the adsorption amount of Am(III) for AAc-TPPEN gel
was higher than those for NIPA- and DMAAm-TPPEN
gel in the pH range below 3. The separation of Am from
Eu, however, was not observed for AAc-TPPEN gel,
because of the ionic exchange effect of acrylic acid. Both
the adsorption amount of Am(IIl) and the SF g, value
for MMA-TPPEN gel were lower than those for NIPA-
and DMAAm-TPPEN gel. These results indicate that the
swollen gels, such as the NIPA- and the DMAAm-TPPEN
gel are suitable for Am/Eu separation.
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Figure 1: Chemical structures of cross-linkers for synthesis of gels;
N,N,N',N'-tetrakis[4-(prop-2-en-1-yloxy)pyridin-2-ylmethyl]ethylen

ediamine (TPPEN).

(c) MMA-TPPEN gel  (d) DMAAm-TPPEN gel

Figure 2: The photographs of the acrylic polymer gel cross-linking by TPPEN: (a) NIPA-TPPEN gel;
(b) AAc-TPPEN gel; (c) MMA-TPPEN gel; (d) DMAAm-TPPEN gel.
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Figure 3: Equilibrium pH dependence of the distribution ratios of Am(III) and Eu(IIT)
and the separation factors of Am(IIT) over Eu(III) for the gels.

Table 1: Properties of the acrylic polymer gels cross-linking by

PPEN.
W. W,
Sample wet dry u [% re
P mg  [mg "D T
NIPA-TPPEN gel 61.75 8.68 85.9 1.66
AAc-TPPEN gel 16.80 10.35 38.4 0.99
MMA-TPPEN gel 20.89 10.66 49.0 1.02
DMAAmM-TPPEN gel 221.94 8.65 96.1 3.15
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B.6

Thermo-Responsive Extraction of Cadmium(l1) lon with

Poly(TPEN-NIPA) Gel

Yusuke INABA, Atsunori MORI and Kenji TAKESHITA

A polymer gel composed of poly(N-isoprpyl
acrylamide) (NIPA), which reversibly switch swelling and
shrinking corresponding to a temperature change, is
intriguing as a thermo-responsive functional materials.*
We have recently shown that poly(TPEN-NIPA) gel
effectively extract soft metal ions such as Cd" and its
extraction behaviors are thermally dependent in various
pH regions. It was shown to extract Cd" at lower
temperature, while little extraction has been observed at
the elevated temperatures.® TPEN, N,N,N',N'-(tetrakis-2-
pyridylmethyl)ethylenediamine, is recognized as a
hexadentate ligand with six nitrogen donors and has been
shown to chelate a variety of soft metal ions such as Hg,
Cd, Au and Pd.*™ It was also shown to be effective for
chelation of f-block metals; the separation of minor
actinides from high level radioactive waste (HLW) is a
pressing issue."*? Thereby TPEN derivatives have been
employed as an extracting agent for variety of metal ions
in organic solvents. On the other hand, it is possible to
extract metal ions in aqueous solutions without organic
solvent if the TPEN moiety is incorporated into a polymer
gel. Since poly-NIPA (N-isopropyl acrylamide) gel is
shown to swell at low temperature in water and shrink at
temperatures higher than the lower critical solution
temperature,’ this thermo-responsive swelling/shrinking
can be applied for the corresponding conformational
change of TPEN that induces temperature dependent
change of extraction behaviors when the TPEN moiety
such as la is employed as a cross linker in the poly-NIPA
gel.

Herein, we report synthesis of several TPEN
derivatives bearing four polymerizable double bond in the
substituent on the pyridine ring with different methylene
spacer length and branched structure and studies on the
temperature-dependent extraction behaviors of cadmium
ion with poly(TPEN-NIPA) gels of the different spacer
structure.

Results and discussion

The synthetic pathway of TPEN derivatives with
different side-chain length (1a-c) and branched structure
(1d) was summarized in Scheme 1.

TPEN derivatives, thus obtained, were subjected to the
radical copolymerization leading to poly(TPEN-NIPA) gel
(Scheme 2). The reaction was performed with N-isopropyl
acrylamide (NIPA) and TPEN derivatives la-d (2.5
mol%) in the presence of AIBN as an radical initiator in
DMF.

With these poly(TPEN-NIPA) gels extraction studies
were carried out using cadmium(ll) ion. Temperature-
dependent extraction behaviors were examined in the
swollen state (5 °C) and the shrinking state (45 °C) at the

pH values of ca. 2.0 and 6.5, respectively. A 1 mM
solution of Cd(NO3z), was prepared and the pH value was
controlled to 1.9 and 5.3 (at 5 °C), 2.0 and 5.9 (45 °C)
respectively, by the addition of NH;NOs. Extraction was
performed by the addition of dried poly(TPEN-NIPA) gel
to 0.2 mL of 1 mM solution of Cd(NO3),. The amount of
Cd" ion incorporated into the gel was estimated by ICP-
AES analysis of the remaining amount of cadmium ion.
Figure 1 summarizes the results.

As reported previously, C3 extracted cadmium ion
efficiently at 5 °C (7.91 x 10% mmol-Cd/g-dry gel) when
the extraction was carried out at pH = 6.5, while at 45 °C
hardly extracted Cd" (0.08 x 102). Such behaviors were
also observed at pH = ca. 2 although the extraction
performance was slightly lower (3.20 x 102 at 5 °C, 1.07 x
10 at 45 °C). C4 was found to show slightly superior
performance to C3 in both the amount of extraction and
the thermo-responsive difference (at pH = ca. 2, 4.64 x 10
2at5°C, 0.48 x 10 at 45 °C). Such a better performance
would be due to the homologation of the side chain, which
improved hydrophobicity of the TPEN moiety.*® C10 also
showed improved performance in extraction at the pH
values of both ca. 2 and 4.5 at 5 °C (5.50 x 102, 9.13 x 10’
%), This would also be due to the improved hydrophobicity
of long methylene chains. However, extraction in the
shrinking state at 45 °C unexpectedly improved leading to
the inferior thermo-responsive change at the pH of 2 and
45 (1.64 x 107 4.62 x 107). Poly(TPEN-NIPA) gel
bearing a branched structure was found to show
remarkable extraction in swelling state and thermo-
responsive change at pH = 6.5 to observe the highest
extraction at 5 °C and little extraction at 45 °C. Worthy of
note, in addition, is the remarkably high extraction at pH
of 2 at 5 °C (6.40 x 10”%) and its thermo-responsive change
was also excellent (6.40 x 10 to 0.26 x 1072). This would
be due to the formation of stiff gel as well as the improved
hydrophobicity.
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Figure 1. Thermo-responsive extraction of poly(TPEN-NIPA)

gels at 5 and 45 °C.
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o} DMF, 60 °C
18h
R = OCH,CH=CH, (1a) _
= O(CH,),CH=CH, (1b) ———
= O(CHz)SCH=CH2 (10) >
= OCH,C(CH3)=CH, (1d) ——
Conclusion

In summary, we have synthesized TPEN derivatives
bearing different side-chains involving the chain length
and the branched structures. The prepared derivatives were
subjected to the formation of poly(TPEN-NIPA) gels. The
temperature-dependent change of extraction behaviors of
cadmium(Il) ion with poly(TPEN-NIPA) gels were highly
influenced to the side-chain structures. The excellent
thermo-responsive change particularly under highly acidic
conditions such as pH=ca. 2 would be potentially practical

for the chromatographic separation of metal ions, namely
thermal swing chlormatography, which would be applied
for the separation of minor actinides from high level
radioactive wastes (HLW). The high performance of
TPEN-NIPA gel C3b is remarkably noteworthy.
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B.7

Nuclear Rare Metals, as “Kopernikanische Wendung**

Masaki OZAWA and Tatsuya SUZUKI

A hydrometallurgical separation technologies by novel
solvent extraction (SX), ion exchange chromatography
(IXC) and electrolytic extraction techniques are reviewed
as separation tools for light PGM (Ru, Rh, Pd), Tc and
f-elements in high level liquid wastes of the nuclear fuel
cycle. The IXC process utilizing a tertiary pyridine resin
(TPR) provides a very high degree of separation of the
f-elements in spent nuclear fuel and the recovery of pure
Am and Cm products. The catalytic electrolytic extraction
(CEE) process utilizing Pdagatom Or Rhagatom can effectively
separate platinum group metals (PGM), Tc and Re by
means of controlled under potential deposition (UPD).
Some of the basic work on the hydrometallurgical
separation of the elements of interest has been carried out
through the strategic Advanced (Adv.-) ORIENT Cycle
research in Japan. The Adv.-ORIENT Cycle process cannot
only improve the radioactive waste problem, but can also
provide useful rare metals to leading industries as from
this secondary resource.

1. Introduction

Resources of natural energy (oil, gas, 2’U) and most
of rare metals will run out within 200 years. In particular
at fiscal year 2004, the R (resource) / P (production) ratio
(year) for oil was 41 years, 67 years for natural gas, 192
years for coal for and 85 years for uranium. Despite the
rather long R/P ratio of ca.150 years for the platinum
group metals (PGM), the current price increases for Ru,
Rh, and Pd in the market have been significant, and it
should be noted that the production of PGM is limited to
mainly those two countries namely South Aftrica (75 %)
and Russia (17 %) in the year 2008[1]. On the other hand,
the R/P ratio for rare earths is not so limiting, but 93 % of
rare earth production is monopolized by one country,
China. In this context, nuclear fission is said to be able to
counter such a natural energy crisis issue if **U (**’Pu)
can be utilized in fast breeder reactors (FBR) in future.

Fission reaction of U and **’Pu currently is creating
more than 40 elements and 400 nuclides as fission
products (FP) in the spent fuel, while generating enormous
amounts of energy, approximately two million times
greater than that from chemical reaction per gram of fuel.
Among them, 31 elements are categorized as rare metals,
and particularly Zr, Mo, Ru, Pd, Cs, Ce, Nd are highly
enriched in FBR spent fuel. Because of their individual
radiochemical properties, these should be recognized as
not only the radioactive wastes but a second source of
nuclear rare metals (NRM). Separation and utilization
(stock-pile) technologies should be at once developed for
the next generation, and hence in the nuclear fuel cycle, a
policy change such as Kopernikanische Wendung
(Copernican Revolution) is necessarily. This paper will
review the state of the art of the hydrometallurgical, e.g.,

solvent extraction (SX), ion exchange chromatography
(IXC) and electrolytic extraction (EE), technologies for
the separation and recovery of NRM as well as actinides
present in the radioactive wastes.

2. Rare Metals in the Nuclear Fuel Cycle

Typical yields for Pd, Ru, Rh (light PGMs) and Tc
will reach to around 11kg, 13kg, 4kg and 3kg, respectively
per metric ton of the reference FBR spent fuel (150 GWd/t,
cooled for 5 years). The quantity of NRM is shown in
Figure 1. Since such yields are proportional to the degree
of burn-up, those in common light water reactors (LWR)
will be aproximately one third of FBR. It is notable that,
Mo and some heavy lanthanides (Ln) (Dy, Er, Yb) are
already non-radioactive and non-exothermic  on
reprocessing after 5 years cooling. Also, Nd and La are no
longer radioactive beyond the natural one’s level.
Furthermore, after cooling for more than 50 years in a
stock-pile, the specific radioactivity of Ru, In, some of Ln
like Pr, Gd and Tb will be less than 0.1 Bq/g. The quality
(isotopic composition) of some of NRM is shown in
Figure 2. The radiochemical properties are summarized as
follows [2],
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Figure 1 Typical yields for Pd, Ru, Rh (light PGM) and Tc in the
reference FBR spent fuel (150 GWd/t, cooled for 5 years)

(a) After 40 years in a FP stock-pile the radioactivity of
Ru will decrease to be below the exemption level
(BSS*) of '*Ru. Its isotopic abundance will become to
stable Ru (“Ru, '“Ru, ""'Ru, '“Ru, '“Ru) and '*°Pd
only. *Note BSS; International Basic Safety Standards
for Protection against lonizing Radiation and for the
Safety of Radiation Sources, Safety Series No.115,
TAEA, Vienna (1996).

(b) After 80 years in a FP stockpile the radioactivity of Rh
will decrease to below the exemption level (NRPB*) of
'2Rh. Its isotopic abundance will become stable at
%Rh and '"Ru. *Note NRPB; National Radiological
Protection Board-R306 (1999).



LOE+DS

BULL. RES. LAB. NUCL. REACTOR. \ol.35, 2011

(@)

LOE+H04

Ru
Ru—lﬂ?(%'\\

LOE+03

LOE+02

Ru-101(S), -

Ru-100(5)

2/tHM)

- Pd-106(S)

ight {

=) LOE01 | -
= =

e

N R-06(R)
X

We

LOE+00
R <
Ru-99(8) \‘

LOEL | -
\.

LOE-02 | Y

L\

1.0E-03 - : : '
10E+00 10E=01 10E<02 10E+03 10E+04

1.0E=
Time after separation (year)

1OE+05

(c) Pd
LB | TR LS e s
y

\ Pd-110(S) \ Pd-104(S) \Pd‘lUS(R‘]

1LOE+02 |

{2 /AHM)

2 oEH01 | -

ight
\

2 L0E+00 | -
E
LOE0L | o

1LOE02 |

LOE-03 —
LOEHI0 LOE+01

10E+HR2 LIEH3 LOE+4

Time after separation (year)

Weight (g/tHM)

LOE+0S

LOE+03

LOE+M

1OE+03 |

(b) Rh

RI-103(S)
e

47

Weight (2/tHM)

LOE+02 |
LOE+01 |-
LOE+00 |

1.0E-01 |
- Ru-102(5)

10E-02 foeer,

et Rh-102(R)
1.0E-03 : ‘/
1LOE+00

LOE+0L LOE+02 LOE+03 LOE+04 LOE+05

Time after separation (year)
L.OE+05

(d) Te
LOE-04

. RMRJ/‘
LOE-02 | T

LOE=01
LOE=00 —

toear |5

LOE02 |

1 0E-03 L
LOE+HN0 LOE+R2 LOE+03

Time after separation (year)

LOE+0] LOE+04 LOEH0S

Figure 2 Time dependence of isotopic abundance of fission products, PMGs and Tc, after the separation (for a fast reactor,

150,000MWd/t, cooled for 5 years)

(¢) Only '"’Pd only is radioactive (long-lived) in isotopic
abundance in FP Pd. Its ratio is ca.16 wt %, and '"’Ag
will be gradually generated. The radio toxicity of FP
Pd is very low, just ca. 30 times as high as '“’Pd’s BSS
level (10° Bq/g).

(d)®Tc is the only major radioactive (long-lived) nuclide
in isotopic abundance of FP Tc. Stable *Ru will be
gradually generated.

From close investigation, a possible " exit strategy "
can be drawn up for individual NRM with regard to
utilization. Namely, (i) Material/Chemical use; Ru, Rh,
Pd, Mo, Ln (La, Nd, Dy, etc) and Tc. It is particularly
noted that the isotopic abundance of Mo in stable FP will
be composed of mainly higher order nuclides like *’Mo
(22.1 wt %) and *Mo (26.8 wt %). Such abundances
might be advantageous for the production of *’Mo and
#mTe. (i) Radiochemical use; **’Cs (e.g., radiation source
as an alternative to “°Co), 05 28py. 2LAm and 22 Cm,
(iii) Additional nuclear fuel; *'Np, **Am and Cm (as
#28240py by a decay of *****Cm), (iv) Sale of stable
isotopes on the market; *Ru, ?Ru, *®Rh, ®Pd and
WAg. These stable nuclides will be obtained after
long-term stock-piling of FP Ru, Rh, Pd and Tc. **Ru can
be also obtained as a transmutation product of *Tc. The
exit strategy for PGM will depend on the ability to cool
for several decades.

Prior to the industrial utilization of NRM, a
radiochemically precise separation of them and the
actinides in the spent fuel is required. Such separation
technologies should be integrated to be well compatible
with each other in the fuel cycle where the reprocessing
function must also be changed to  meet
environment-friendly requiremen

3. Separation of Minor Actinides

In the past three decades, partitioning and transmutation
(P&T) of long-lived nuclides has been studied world-wide
with the objective of creating an environmentally friendly
nuclear fuel cycle. Figure 3 shows historical view on
radiochemical separation relating to P&T technology in
Japan. In this context, the TRUEX (TRansUranium
EXtraction) solvent extraction process, using a bifunctional
extractant OOUD[IB]CMPO (n-octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide) with TBP in
n-dodecane as the solvent, was successfully found to be a
vital method for recycling trivalent actinides (An(IIl)) from
high level liquid wastes (HLW) of spent fuel reprocessing
[3]. The separation of trivalent actinides and lanthanides
from HLW was investigated by not only CMPO but also
malonamide in the European framework projects [4]. These
extractants are in the development stage for practical use.
The process flow-sheets using these extractants have been
successfully tested. One of the topical technological issues
was inter-group separation of trivalent Ln (III)) from
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An(Ill) for efficient actinide recycling into the FBR, as
these are reviewed in other papers [5].
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Figure 3 historical view on radiochemical separation
relating to P&T technology in Japan

As mentioned above, tri-valent An (III) existing in
spent nuclear fuels, have been treated as high level wastes
in the nuclear cycle. At present, transmutation of MA like
An (III) by fast neutrons with an Accelerator Driven
System (ADS) and/or a FBR has been studied. These
transmutation technologies wuse a neutron source.
Therefore, if a burnable poison like Ln is present in this
target, the transmutation efficiency of Am (III) and Cm
(IIT) is decreased. In order to achieve a high transmutation
efficiency of Am (III) and Cm (III), separation of An (III)
from Ln (III) is therefore very important. On the other
hand, the S5f-electrons on An (II[) are of a largely
relativistic, itinerant nature, providing a degree of
covalency, which makes the behavior of An (III) ions
slightly softer than Ln (III) ions. Consequently, most
separations of An (III) from Ln (II) were achieved with
ligands using soft donors like sulfur (S) or nitrogen (N)
atoms. For this purpose, new MA/Ln separation ligands
were developed in several countries. For instance, the
purified bis(2,4,4-trimethylpentyl) di-thio phosphinic acid
(CYANEX 301) gave a high separation factor ; SF [Am
(ITIT) / Eu (IIT) ] = 4900 [6,7]. Process flowsheets were
developed and tested in China with real HLW and the
radiolysis of CYANEX 301 was also investigated [8].

In the meantime, the simultaneous recovering of all of
the actinides with one type of solvent, bifunctional
organophosphorus extractants dissolved in highly polar
fluorinated diluents, was studied. 0.4M O@D[iB]CMPO
with 30% TBP dissolved in metanitrobenzotrifluoride
(Fluoropole-732) was found to achieve total extraction of
all of the f-elements from the dissolver solution of spent
nuclear fuel without splitting a third phases [9]. This new
solvent system was named the ORGA process
(*abbreviation of Qrganophosphoryl-fluoropole solvent
for Recovery of Group of Actinides) [10].

5. A New Back-end Fuel Cycle Concept (Adv.-ORIENT

Cycle)

Aiming at simultaneous realization of the utilization of
elements/nuclides and ultimate minimization of
radioactive wastes, a new fuel cycle concept,
Adv.-ORIENT (Advanced Optimization by Recycling
Instructive Elements) Cycle [2, 11, 12, 13], is proposed
under the following strategies as shown in Figure 4 ;

1/ Trinitarian research on separation, transmutation and
utilization (S&T, U) of nuclides and elements, based on
FBR fuel cycle.

2/ Significant reduction of radioactive wastes and eventual
ecological risks: Within a few hundred years, achieve a
radiotoxic inventory decrease to the level of natural U
tons corresponding to one ton of vitrified HLW.

3/ Cascade separation of all actinides, NRM, Cs and Sr by
a multi-functional and compact reprocessing process
and plant.

4/ Challenge on isotope separation of long lived radio
nuclide "**Cs from FP Cs for advanced transmutation.

5/ Accept and separate natural radioactive materials (U,
Th) to burn, on demand of the RE industry.

The most important policy change is that NRM shall
not be just the waste constituents but be the main product
in the fuel cycle. Actinides will no longer be the products,
but will just be the material burned in the reactors. To
realize this concept at both scientific and industrial levels,
several separation tactics are proposed as follows;

1/ Higher purity of NRM for utilization, while lower
decontaminated actinides are permitted for burning in
FBR. Separation factors of 90-99.9 % will be chosen
for the individual impact of radio nuclides.

2/ Adopt soft hydrometallurgical separation processes
with salt-free reagents to reduce the secondary
radioactive wastes. Ultimately, low greenhouse gas
emission technology is required.

3/ A high degree of separation of all actinides into 3-4
groups, U, Pu/U/Np, Am and Cm, directly from the
spent fuel by an IXC (Ion Exchange Chromatography)
method.

4/ As non-SX methods, CEE (Catalytic Electrolytic
Extraction[14]) and adsorptive separation methods for
NRM are chosen to alleviate the radiation effect.
Solid state will be preferable as the end product for
utilization and/or stockpiling.

5/ HCI media is allowed in combination with HNO; media
to improve the separability.

6/ Identification of anti-corrosive materials in both conc.
HCI and HNO; are indispensable from an
industrialization point of view. Verification of thermo-
and radio-chemical stability of the novel IX resin is
also required.

7/ Preliminary separation of actinides from the NRM is
advantageous because Zr, Mo, Pd, PTe, 1%Ru and 'Sb,
etc will disturb the operation of both reprocessing and
vitrification of HLW.
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The time to reduce the radio-toxicity
Sv (Sievert) of 1 ton of vitrified
HLLW below the level of equivalent
tons of natural raw uranium is one of
the indexes for environmental impact.
In the Adv.-ORIENT Cycle, by
putting the separation factors at
99.9 % for all actinides, 99 % for
B7Cs, *Sr and the other NRM, and
90 % for Ln, such a period can
dramatically be reduced to around
10% years.
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6. Conclusion

The isotopic composition and
radiochemical properties of nuclear
rare metals have been reviewed.

Hydrometallurgical separation B 1Iulr\’bv»*’
technologies using solvent extraction = #7csourcs 3
[GherFps

(SX), ion exchange chromatography
(IXC) and catalytic electrolytic
extraction (CEE) techniques were
developed as vital separation tools
for light PGM (Ru, Rh, Pd), Tc and
f-elements present in high level
liquid wastes of the nuclear fuel
cycle. The IXC process utilizing a
tertiary pyridine resin (TPR) gives a
high separation of the f-elements in
spent nuclear fuel and produce pure
Am and Cm products. The CEE
process utilizing Pdagatom O Rhagatom
can effectively separate PGM, Tc and
Re by utilizing under potential
deposition (UPD) phenomena.
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B.8 Relativistic Density-Functional Study of the Alloying Behavior of
Transition Metal into y-type Solid Uranium

Jun ONOE, Masayoshi KURIHARA, Masaru HIRATA and Chikashi SUZUKI

1. Introduction

Uranium alloys have been extensively investigated as
fuels for next-generation nuclear reactors. Such alloys
include low **U-enriched fuels used in research reactors,
such as UsSi-alminum (Al) dispersion fuel [1] and
10-wt% molybdenum (Mo) dispersed in an Al matrix [2,
3]. Zirconium based U-Pu alloy is a promising fuel for
advanced fast reactors [4].

Solid uranium has o (orthorhombic )-, B (tetragonal)-
and y (body centered cubic)- phases: which phase is
present depends on the ambient temperature [5]. The o—
and B-U phases form solid solutions with other metallic
elements to a limited extent [5], whereas the y-U phase
readily forms solid solutions with other elements [5]. In
addition, the o-U phase forms many intermetallic
compounds with  other metallic elements [6].
Accordingly, several a- and/or y-U/transition metal (TM)
alloys have been used in research nuclear reactors [7].
To produce advanced nuclear fuels, it is critical to
understand the dissolution process of TM atoms into y-U
in terms of the constitutional diagram. Recently, some
groups have theoretically studied the thermodynamic
properties of U/TM alloys. Landa et al. studied the phase
equilibria of U-Zr alloys, using the scalar-relativistic (i.e.,
without spin-orbit coupling) Green’s function technique
based on the Korringa-Kohn-Rostoker method [8]. They
obtained good agreement between theoretical and
experimental results for the ground-state properties of the
v— (bcc) and 8- (C32) phases of U-Zr alloys.  Li et al.
obtained the thermodynamic assessments of the Th-U and
Th-Zr binary alloys and the Th-U-Zr ternary alloy, using
the CALPHAD (Calculation of Phase Diagrams) method
based on experimental data that included the phase
equilibria and thermodynamic properties of the alloys [9].
They found good agreement between the calculated phase
equilibria and experimental data. Ab-initio calculations
based on density-functional theory have also been used to
examine the thermodynamic properties of U-Al systems
[10, 11]. To understand the dissolution of elements in
solid U, in addition to obtaining the phase diagram or
phase equilibria, it is also necessary to determine which
electronic terms contribute to the thermodynamic
properties of U alloys by employing density-functional
theory in combination with experimental results.

We have previously investigated the alloying behavior
of 3d-, 4d- and 5d-TMs in vy-U, wusing the
discrete-variational Dirac-Fock-Slater (DV-DFS)
molecular orbital (MO) method [12, 13] taking into
account fully relativistic effects including spin-orbit
coupling. We found that, with the exception of Ta and W,

the maximum solid solubility (MSS) of TMs in y-U was
exponentially proportional to both the d-orbital energy of
the TM (Md) and the orbital overlap population (OOP)
between the TM d and U 6d atomic orbitals. The reason
for this relation is not currently understood.

The aim of the present report is to clarify the reason of
the exponential dependences of Md and OOP on the MSS
[14]. The MSS strongly depends on the thermodynamic
equilibrium constant (K) that varies exponentially on the
difference between the Gibbs free energies before and
after substituting TM elements in y-U. We discuss the
dependence of the MSS on the Md and the OOP from a
thermodynamic perspective.

2. Computational details

The DV-DFS MO method [15-17] is a powerful tool
for studying the electronic structures of molecules
containing heavy elements such as uranium [18-22]. The
one-electron molecular Hamiltonian (H) in the DV-DFS
MO method is written as

H = caP + pmc? + V(r) (1).

Here, ¢ is the velocity of light, P is the momentum
operator, m is the rest mass of an electron, o and f are
Dirac matrices, and V(r) is the sum of Coulomb and
exchange-correlation potentials. The MOs were obtained
by taking a linear combination of atomic orbitals (AOs).
Details of the DV-DFS MO method used in the present
study are described elsewhere [15, 23].

The basis functions, which are numerical solutions of
the atomic DFS equations in an atomic-like potential, were
obtained in the initial stage of iterations using a
self-consistent procedure [24]. Thus, each basis function
corresponds to an atomic orbital. The atomic-like
potentials used for generating the basis functions were
derived from the spherical average of the molecular charge
density around nuclei obtained by adding a well potential
(5.0 au in radius and -0.5 au in depth) for each atom.
One-center (atomic) charges were estimated by Mulliken
population analysis [25] in the self-consistent charge
method [26] based on the self-consistent field
approximation. All the DV-DFS MO calculations were
performed with a Slater exchange parameter of 0.7 and
with 18,000 DV sample points. The basis functions used
were 1s-7p AOs for uranium, 1s-4s AOs for 3d TMs,
1s-5s AOs for 4d TMs, and 1s-6s AOs for 5d TMs. All
the calculations were performed self-consistently until the
difference between the orbital populations before and after
every iteration became less than 0.01.

Morinaga et al. have demonstrated that the parameter
Md is important when considering the alloying behaviors
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of metal alloys [27-31].  Md is defined to be a weighted
average of the ds, and ds, orbital energies of the TM.
The Md of the TM in y-U/TM alloys and the U 6d orbital
energy of U(1) (see Fig. 1) were evaluated by taking a
weighted average of the ds, and ds, orbitals. The Md
value was shifted relative to the Fermi level (Ef) of y-U,
which was used as a reference [27, 28].

Since the bond overlap population (Bo) and the orbital
overlap population (OOP) respectively express the
covalent bonding and interaction strengths between AOs,
they have been often used to determine the contributions
of individual AOs to covalent bonding [32]. We
employed Mulliken population analysis to estimate the Bo
and the OOP [25]. The Bo, Pg(k,l), for a specific pair of
atoms k and | in a polyatomic molecule is defined as

F)B (k'l): Z(i)Z(r]S)ZN(i)CitCils<¢:( ¢;> 2),

where N denotes the number of the electrons that occupy
the ith MO and CY, and C'; respectively represent the
coefficients of the normalized AOs, ¥ and g, in the
linear combination of AOs for the ith MO. In a similar
manner, the OOP, Po(k,rl,s), for the #¥ and #'; AOs is
also defined as

Polk.r1s)= 3" 2N CiCu{gf|dt) @)

As described above, each basis function used in the
present method corresponds to a specific AO, so that Egs.
(2) and (3) enable us to discuss the roles of individual AOs
in the electronic structures and chemical bonding of
molecules and condensed matters.

Figure 1 shows a schematic representation of a model
cluster for discussing the alloying behavior of TM atoms
iny-U.

Fig. 1. Schematic representation of a cluster model for y-U/TM
alloys in which the central U atom is replaced by a TM atom in
the unit cell of y-U.

The central uranium atom [U(1)] is substituted by a TM
atom. We used this model cluster for the following three
reasons; (1) a similar small cluster consisting of nine U

atoms reproduced the photoelectron spectra of solid
o-phase U well [22]; (2) a similar small cluster consisting
of one C and eight U atoms reproduced the photoelectron
spectra of solid UC reasonably well [21]; (3) Morinaga et
al. predicted the functional properties of metal alloys
using such a small model cluster [31]. In addition, since
the electrons in metal alloys are not significantly polarized
like ionic bonded crystals, it is not necessary to consider
point charges surrounding the present model cluster.

To determine the differences in the electronic
structures of the y-U/TM alloys, the MO energy level
structures and the chemical bonding of the y-U/TM alloys
were examined [13]. In the present study, lattice
relaxation caused by the substitution of a TM atom was
ignored because the values of Md and the OOP were not
expected to be significantly affected by lattice relaxation
[27-29]. The lattice constant of the model cluster was
taken from the experimental value of 6.659 au for y-U
crystal [33].

3. Results and Discussion

Figure 2 shows a plot of the MSS as a function of the
energy difference (oy— orm) between the U6d and TMd
AOs for y-U/TM alloys. The energy difference (o —
o) is used to discuss charge transfer between U and TM
atoms: it is an important parameter for quantum design of
metal alloys [31]. Figure 2 shows that the MSS exhibits
an inverse exponential dependence on (o — aitm), SO that a
smaller value of (ay — o) provides a larger MSS.
Since the energy difference between the d orbitals is
related to the magnitude of charge transfer between them,
Figure 2 implies that a smaller charge transfer between
TM and U atoms gives rise to a larger MSS for y-U/TM
alloys.

Figure 3 shows the correlation between the Bo and the
MSS for y-U/TM alloys (top), along with Fig. 7 of Ref. 10
showing the correlation between the TM d/U 6d OOP and
the MSS (bottom).  Although the Bo is thought to be a
good parameter for predicting the physicochemical
properties of metal alloys [27-31], the top of Fig. 3
indicates that there is a poor correlation between the Bo
and the MSS.  On the other hand, the bottom of Fig. 3
demonstrates the exponential dependence of the MSS on
the OOP for all y-U/TM alloys except those containing Ta
and W. Thus, increasing the OOP increases the MSS of
v-U/TM alloys.

Figures 2 and 3 reveal that the parameters describing
the correlation between the TM d and U 6d AOs play an
important role in determining the magnitude of the MSS
of y-U/TM alloys. In other words, the orbital
interaction between the TM d and U 6d AOs is a key
parameter for estimating the MSS. We next discuss the
physical effect of TM d/U 6d orbital interactions on the
MSS.

Figure 4 shows a schematic illustration depicting the
relationship between the orbital interactions between the U
6d and TM d AOs based on the simple Hickel
approximation [34] and the MSS.
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Using this approximation, the stabilization energy
(AE) generated by the orbital interactions between the TM
d and U 6d AOs can be expressed as

1
AE = E[\/(au —an) + 48— (ay - aTM)}
((IU > aTM) (4)

Here, ay and aqy respectively denote the energies of the
U 6d and TM d AOs; oy is always greater than oy (see
Fig. 4 of Ref. 12). Jexpresses the resonance integral
between them, which is proportional to the overlap
integral (S) between the AOs and to the OOP.  To discuss
the correlation between AE and Md/OOP more clearly, we

_(ay—am)
R

AE can then be

introduce  the  variables and

F(t)=+Vt*—1—t into Eq. (4).
rewritten as:

AE =F() - |4 (5).

By considering the ranges of the two quantities on the
right-hand side of Eq. (5) (i.e.,t = 0and 0 < F(t) = 1),
we obtain

0<AE = |p| (6).

Accordingly, AE is a maximum (= |4]) when F(t) is unity
at t = 0. Thus, AE is maximized when oy = om.
Conversely, AE becomes very small when the energy
difference (ay — arm) is much larger than unity (>> 1).
Consequently, a larger MSS for y-U/TM alloys is obtained
for a lower value of (ay — amy) (corresponding to a larger
AE), whereas a smaller MSS is obtained for a larger value
of (awy — o) (corresponding to a smaller AE). This
tendency can explain the results shown in Fig. 2. As Eq.
(5) shows, AE also depends on |4, which is proportional to
the overlap integral S. Because the OOP increases with
increasing S, AE also increases with increasing OOP.
This tendency can also explain the result of Fig. 3
(bottom).  Consequently, it can be concluded that the
magnitude of AE generated by the interactions between
TM d and U 6d AOs plays a key role in determining the
magnitude of the MSS.

Why does the MSS vary exponentially with the Md [or
(ay — arm)] and the OOP? We employed the present
model cluster (see Fig. 1) as the basis for forming y-U/TM
alloys by substituting the central U atom with a TM atom.
The following equilibrium has been considered using this
model cluster

Uy +TM © UgTM + U @,

where, TM denotes a TM atom in the TM phase, whereas
Ug/UgTM and U respectively denote a model cluster and
an atom in the y-U phase. When the equilibrium constant
(K) of Eq. (7) increases, the concentration of UgTM
increases, thus increasing the MSS. On the other hand,

when K decreases, the UgTM concentration decreases,
thus reducing the MSS. Consequently, the MSS is
proportional to K.  The MSS and K can then be written

as
AG

MSSocK = Ae RT ().

Here, A is a constant, AG denotes the Gibbs free energy
difference before and after the substitution, R is the gas
constant, and T is the absolute temperature. Since the
lattice relaxation on substitution is negligible, the entropy
is constant (AS = 0) in the present substitution model.
Thus, AG is equal to the enthalpy difference (AH) before
and after the substitution. Accordingly, Eq. (8) can be
expressed as

AG _AH

MSSocK = Ae RT = Ae RT ).

Since AH includes AE due to the TMd-U6d orbital
interactions, the following relationship is obtained

AH  AE

MSSocK = Ae RT oce RT (10).

As mentioned above, AE is proportional to both (ay —
orv) and S, Consequently, the MSS depends
exponentially on both Md and the OOP.

Using Md and the OOP as parameters for determining
the MSS, we examined the OOP-Md plot for y-U/TM
alloys. Figure 5 shows the correlation map between the
two parameters.
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Fig. 5. OOP-Md plot for y-U/TM alloys.

Interestingly, y-U/TM alloys with a lower MSS appear in
the lower left of the OOP-Md map, whereas those with a
higher MSS appear in the upper right. Thus, the map
obtained using the OOP and Md is useful for designing
v-U/TM alloys. We believe that the present map can be
used for other alloy systems besides the present alloy
system.
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4. Summary

We performed the relativistic DFT calculations for
y-UTM alloys. Md and the OOP (U 6d-TM d) exhibited
good correlations with the MSS for y-U/TM alloys. The
magnitude of the MSS was explained based on the
stabilization energy (AE) caused by U6d-TMd orbital
interactions for y-U/TM alloys. The exponential
dependence of the MSS on Md and the OOP was
explained in terms of the equilibrium constant obtained
using a substitution cluster model for y-U/TM alloys.
The OOP-Md plot is a good map for determing the MSS
magnitude of y-U/TM alloys.  We believe that it can be
used for other alloy systems besides the present alloy
system.
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B.9 Molecular Mechanisms of DNA Double-Strand Break Repair
And Its Potentiality toward Cancer Radiotherapy

Yoshihisa MATSUMOTO, Radhika Pankaj KAMDAR and Mukesh Kumar SHARMA

1. Introduction

DNA double-strand breaks (DSBs) are considered
most critical lesion among those generated by ionizing
radiation [1]. DSB are caused also by radiomimetic
drugs, or spontanecously, by oxidative stresses or
replication errors. Eukaryotic cells have evolved two
major pathways to repair DNA DSBs: non-homologous
end-joining (NHEJ) and homologous recombination (HR).
NHE] is a reaction to heal DSB by joining most adjacent
DSBs with minimal modifications (Fig.1). One of the
key players in NHEJ, especially in vertebrates, is
DNA-dependent protein kinase (DNA-PK), composed of
the catalytic subunit (DNA-PKcs) and heterodimeric Ku
protein (Ku86 and Ku70). Because of its striking
property to be activated upon binding to the ends of
double-stranded DNA, DNA-PK is thought to act as the
sensor to recognize DSBs, initiating NHEJ and, possibly,
other DNA damage responses. Another core component
of NHEJ pathway is the complex of XRCC4 and DNA
ligase IV, which is thought to join the DSBs finally.
Recently, a new essential factor of NHEJ, named XLF or
Cernunnos, which is associated with XRCC4-DNA ligase
IV complex, was identified. Our research has sought to
clarify the detailed molecular mechanism of NHEJ,
especially spatiotemporal regulation of NHEJ machinery,
and to explore potential applicability in cancer diagnosis
and therapeutics.

OHA doubl -3tz and break (DSE)

15

Fig.1 DNA double-strand break repair through non-homologous
end-joining.

2. Recruitment of XRCC4-DNA ligase 1V complex to
DSB

There are several lines of evidence in vitro indicating
that DNA-PKcs and/or Ku directly associate with
XRCC4-DNA ligase IV and facilitate its recruitment to
DNA ends. However, it remains to be clarified how
these proteins are recruited to DSB sites and assembled
into repair machinery, especially in living cells [1].

Many proteins in the homologous recombination
pathway, e.g., Nbsl-Mrell-Rad50, BRCA1 and Rad51,
exhibit local accumulation after DSB induction, forming
microscopically visible structures, termed ionizing
radiation-induced foci (IRIF) [2]. Such change in the
localization of HR proteins has been observed also in
partial volume irradiation and laser micro-irradiation
experiments. As the distribution of these proteins after
irradiation, at least partially, overlapped with irradiated
area or DSBs, visualized by DNA end labeling or
immunofluorescence analysis of y-H2AX, these
phenomena are believed to reflect the accumulation of
these proteins around DSB sites. In the case of NHEJ
proteins, however, IRIF has been observed only for
autophosphorylated form of DNA-PKcs. The failure or
difficulty to detect IRIF of NHEJ proteins might be
attributable to several reasons, which are not mutually
exclusive: (i) only a very small number of molecules
might be recruited to each DSB and, thereby, do not
appear as foci. (i) NHEJ proteins, especially Ku and
DNA-PKcs, are abundant. Therefore, even if some
NHEJ molecules really moved to DSB sites, their overall
distribution would not change to a discernable extent.
(iii) As NHEJ is a very rapid reaction, healing most of
DSBs within minutes after irradiation, the association of
NHEJ enzymes with DSB might be very transient and,
thereby, difficult to be captured. Recently, several
studies using laser micro-irradiation demonstrated the
accumulation of NHEJ molecules in irradiated area but
local dose may be high.

Another approach to examine the association of DNA
repair proteins with damaged DNA is sequential extraction
with increasing concentration of detergent or salt. This
approach has been used to demonstrate the recruitment
and retention of ATM and Nbs1/Mrel1/Rad50 complex to
DSB site. Using this approach, we detected and analyzed
the association of XRCC4 with chromatin DNA, which
was induced by ionizing irradiation [3]. A subpopulation
of XRCC4 changed into a form that is resistant to the
extraction with 0.5 % Nonidet P-40-containing buffer after
irradiation.  This form of XRCC4 was liberated by
micrococcal nuclease treatment, indicating that it had been
tethered to chromatin DNA. This chromatin-recruitment
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of XRCC4 could be seen immediately (<0.1 hr) after
irradiation and remained up to 4 hr after 20 Gy irradiation.
It was seen even after irradiation of small doses, i.€., 2 Gy,
but the residence of XRCC4 on chromatin was very
transient after 2 Gy irradiation, returning to near normal
level in 0.2 - 0.5 hr after irradiation. The
chromatin-bound XRCC4 represented only ~1 % of total
XRCC4 molecules even after 20 Gy irradiation and the
quantitative analysis using purified protein as the
reference suggested that only a few XRCC4-DNA ligase
IV complexes were recruited to each DNA end. The
present study would provide us with useful experimental
tools and important insights to understand the DNA repair
process through NHEJ pathway. We could further show
that the chromatin-recruitment of XRCC4 was not
attenuated by wortmannin, an inhibitor of DNA-PK, or
siRNA-mediated knockdown of the DNA-PK catalytic
subunit (DNA-PKcs), indicating that this process does not
require DNA-PKcs [3].

3. Role of protein phosphorylation by DNA-PK in
NHEJ

DNA-PK can phosphorylate in vitro a number of
proteins and there are lines of evidence indicating the
requirement for the kinase activity of DNA-PKcs in its
NHEJ function. Catalytically inactive form of
DNA-PKcs can restore at most partial NHEJ activity to
DNA-PKcs deficient cells. It has remained to be
elucidated which protein, and for what reason, should be
phosphorylated by DNA-PK. We have identified four
phosphorylation sites in XRCC4 and two phosphorylation
sites in XLF in vitro and verified in vivo phosphorylation
using phosphorylation specific antibodies against these
new sites (manuscript in preparation). By the use of
these phosphorylation specific antibodies, we have also
observed that these phosphorylation sites in XRCC4 are
found to be phosphorylated in living cells in response to
ionizing radiation. These phosphorylation sites in the
XRCCH4 are also biologically important in the process of
DNA repair, we have mutated these phosphorylation sites
into alanine and found that three of these phosphorylation
sites might be important for DNA repair function, as loss
of them lead to elevated radiosensitivity with deficient
DNA repair capability. Altogether, these results would
indicate that XRCC4 phosphorylation by DNA-PK is an
essential event in NHEJ repair pathway of DNA double
strand break.

4. DNA-PK activity and cancer prognosis

In collaboration with Dr. Koichi Sakata, Dr. Masanori
Someya and their colleagues at Department of Radiology,
Sapporo Medical University, we have pursued relationship
of DNA-PK with radiosensitivity and cancer susceptibility
[4]. In 2006, we found that DNA-PK activity in
peripheral blood lymphocytes (PBLs) of cervical cancer or
breast cancer patients are significantly lower than that of
healthy volunteers [5]. We further found that DNA-PK
activity correlated with protein and mRNA expression
level of DNA-PKcs, Ku86 and Ku70, which are

coordinately regulated. Through cDNA array analyses,
we found that E2F might underlie this coordinated
regulation of DNA-PK components [6]. From these
observations, we inferred that measurement of DNA-PK
activity would be useful in screening individuals with high
cancer risks, who may be subjected to further, in-depth
examinations. From a follow-up study, we found that
cancer patients with lower DNA-PK activity exhibited
higher distant metastasis rate and poorer prognosis [7].
These results suggested that measurement of DNA-PK
activity would serve as a marker to predict the prognosis
of cancer.
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B.10

Local Structural Analyses of Molten Thorium Fluoride in

Mono - and Divalent Cationic Fluorides

Haruaki MATSUURA, Atsushi NEZU and Hiroshi AKATSUKA

Thorium has been recently focused by the
environmental problem on extracting rare earths from ores,
such as monazite. Actually thorium can be utilized for
nuclear fertile material, thus the electrochemical process is
one of promising techniques of separation from rare earth
elements. To investigate the relationship between
electrochemical behaviour and physico - chemical
properties of thorium is important for process design, but
structural information of the related materials is still
limited.  Thus, EXAFS analysis of molten thorium
fluoride in mono- and divalent cationic fluoride mixtures
have been systematically carried out to elucidate the
variation of local structure of thorium cation in various
melts.

ThF, was synthesized by the fluorination of ThO, with
fluorine gas. The samples with monovalent and divalent
cationic fluorides containing ThF; were obtained by
melting the mixtures in a glassy carbon crucible. The
samples for EXAFS measurements were prepared as
pressed pellets with boron nitride powder in an argon
circulated glove box. These pellets were sanded with two
pyrolytic boron nitride plates, tightly bound by volts and
nuts and thoroughly installed in boron nitride (HIP grade)
cylindrical cell which can be tightly closed by screwed
covers [1]. These sample units were set in the center of
an electric furnace which was filled with helium gas under
ca 30 kPa, and heated up to certain temperatures to obtain
EXAFS spectra. Thorium L,;; edge spectra of transmission
mode have been collected at BL27B, photon factory, KEK
using a double crystals monochromator of Si 111 plane. In
some cases, anharmonic oscillation effect in the spectra at
high temperature could not be ignored, thus the structural
parameters including cumulants were obtained by the curve
fitting analysis.

Molecular dynamics simulation of the related ternary
systems was also carried out by using the polarisable ionic
model [2]. The temperature equilibrated systems of ca.

500 atoms in each box were obtained by the NPT ensemble.

To focus on the stability of the local coordination, the cage
correlation function, which shows the portion of the
number of anions going out from the 1% coordination
sphere was derived.

The structural parameters obtained by the curve fitting
analysis of EXAFS spectra of xThF, — (1-x) MF (M = Li
and Na, 0<x<1) are shown in Fig. 1. With decreasing the
concentration of ThF,, coordination number tends to
decrease upto ca. 7 in both systems. This tendency of
coordination number of local structure depending on the
concentration of ThF, has been also confirmed by NMR
and Raman spectroscopic studies in ThF, mixtures as well
as ZrF, mixtures which can be sometimes used as a
simulant of ThF, [2]. The most striking feature can be
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Fig. 1 Structural paramenters obtained by EXAFS of
molten xThF, —(1-x)MF (M=Li and Na, 0<x<1) mixtures,
from the top, coordination number, inter-ionic distance,
Debye-Waller factor and C; cumulant.

found in the tendency of o and C; cumulant. With
decreasing the concentration of ThF,;, both o and Cs
decrease, and the values in ThF,-NaF system are smaller
than those in ThF4-LiF system in general. These features
have been also confirmed in the mixture systems including
TbF;[3].

To confirm these structural variations extracted from
EXAFS, the molecular dynamics simulation of molten
XThF, — (1-x) LiF have been also carried out. The time
dependence of cage correlation functions of 1% Th*- F
shell was derived. With decreasing the concentration of
ThF,, the structure of 1% coordination shell keeps much
longer. According to the results by the MD, the 1%
coordination structure becomes much stabilised with
decreasing the concentration of ThF,.
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To explain the local structural variation of these
mixtures, two factors can be proposed, (1) the balance of
coulombic interactions between cation and anion, and (2)
number density of fluoride ion. From the first point, as
shown in EXAFS results, Na® makes the local structure
stablised around Th* much than Li* does. ~ Since the ionic
radius of Na* (0.99 A) is larger than that of Li* (0.59 A),
thus Li* can approach much closer to the fluorides
coordinated around Th**. This leads to large exchange
rate of the fluoride around Th** coordination sphere when
Li* adds to the mixtures. From the second point, with
decreasing the concentration of ThF,, number density
decreases. It means that smaller number density results in
the smaller exchange rate of fluoride around Th**, that is,
the local structure around Th** becomes much stabilised.
It has been well known that multivalent cationic chloride
melts take network like structure in the pure compounds,
and these network like structure is broken with increasing
alkali cations [4]. This typical feature is also exactly
confirmed in this system.

On the contrary to the relatively simple tendency of the
local structure around Th** in monovalent cationic fluoride
mixtures, the additional effect of divalent cation is slightly
complicated. The CaF, concentration dependence of
local structural parameters derived from EXAFS of the
constant concentration of Xne4 = 0.25 are shown in Fig. 2.
Although inter-ionic distance is independent from the
concentration of CaF,, coordination number, Debye-Waller
factor and C; cumulant parameter increase once until the
concentration of Xc;» = 0.17, but these values decrease
with increasing at Xcs» > 0.17. The local structure of
thorium cation has been un - stabilized until certain
concentration of calcium fluoride and then going to be
stabilized by further addition of calcium fluoride.

To confirm the complicated tendency, the MD
simulation of molten 0.25ThF,-LiF-CaF, has also been
performed. The complicated feature depending on the
concentration of CaF, is also identified in the cage
correlation functions.  The diminishing rate of the
function is once getting larger, but going back to smaller.
This tendency is quite consistent to that derived from the
structural parameters obtained by EXAFS.

To explain the complicated feature of mixing by CaF,,
(a) balance of coulombic interaction and (b) number
density of fluoride are to be discussed again. The ionic
radius of Ca®* (1.00 A) is very close to Na"(0.99 A), thus
coulombic interaction between Ca?* and F is even much
stronger than that between Na* and F~ due to their cationic
valences. However, the effect of CaF, on the ’stability of
local structure’ is not monotonously changed. In the case
of mixtures with CaF,, the number density of fluoride
affects much to the local structure. In the case of molten
ThF,- LiF - CaF, system, the number density of fluoride is
almost constant until Xcae2 = 0.5, thus CaF, acts *fluoride
donor’ when the concentration of CaF, is relatively small.
When the concentration of CaF, is getting larger, the
number density of fluoride decreases, thus the local
structure tends to be stablized. The sensitivity of number
density to the local structure in the case of the mixtures
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Fig. 2 Structural paramenters obtained by EXAFS of
molten 0.25ThF, —(0.75-x)LiF-x CaF, mixtures(0<x<1),
from the top, coordination number, inter-ionic distance,
Debye-Waller factor and C; cumulant.

with CaF, is reasonable, since coulombic interaction
between multivalent cations and F is much strongly
influenced than that between alkali cations and F. These
facts imply that, for dynamic properties, even relatively
small variation of number density of fluoride (it is
equivalent to average distance among fluorides) can
overcome the balance of coulombic interaction from
microscopic point of view.

This study was done by a collaboration research with
Prof. N. Sato, Tohoku University and Dr. C. Bessada,
CEMHTI, CNRS, France. The authors thank to Drs. Y.
Okamoto, H. Shiwaku, T. Yaita, JAEA for valuable
discussions.
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B.11

Electrochemical Behaviour of Light Lanthanides in

Molten Chlorides with Fluorides

Haruaki MATSUURA, Atsushi NEZU and Hiroshi AKATSUKA

Neodymium magnet has the strongest magnetism
among the magnets currently industrialized, thus it has
been used for motors in hybrid cars, electric vehicles, wind
farms and medical instruments. However, over 97 % of the
first resource of rare earths including neodymium are now
produced in China. If the demand of the electric vehicles
and wind farms rapidly increases in the world, there is
special concern about the lacking of rare earth resource.
Therefore, we have focused on Ni-MH batteries as a
secondary resource of rare earths, and investigated
applicability of molten salt electrolysis to separate
neodymium. In this study, the electrochemical behaviour of
lanthanum, cerium and neodymium in molten LiCl — KCI
eutectic coexisting various amount of LiF using tungsten
and nickel electrodes was examined to find out the better
electrochemical condition for separation of neodymium.

All the electrochemical studies using molten salts have
been performed in an electric furnace which is built in an
argon circulated glove box by an electrochemical analyser
which is connected to the electorodes via a hermetic
feadthrough in the side wall of the glove box. Cyclic
voltammograms and differencial pulsed volatammograms
have been measured by using the electrodes as follows:
working electrodes: tungsten or nickel electrode, counter
electrode: glassy carbon, and reference electrode: Ag in
LiCI-KCI eutectic + AgCl (1mol%), respectively. Molten
LiCI-KCI eutectic and low carbon steel was chosen as an
electrolyte and a container, respectively. Cationic source of
rare earths were introduced by the addition of anhydrous
chlorides to be the concentration of 0.5 wt% in the
electrolytes. To observe the fluoride addition effect, varous
amount of LiCI-KCI-LiF (LiCI-KCI eutectic: LiF = 1:1
equimolar ratio) was added to be the ralative concentration
of 5, 8 and 10 times to the concentration of rare earths.
All measurements have been performed at 823 K.

Cyclic voltammograms of LiCI-KCI eutectic + NdCl;
(0.5wt%) with various concentrations of LiF by using
tungsten electrode are shown in Fig. 1(a). It is known that
neodymium are electro-reduced through divalent state, and
the potential gap between the one to Nd** and the one to

Nd® is ca. 0.12V. By the confirmation of differential pulsed
voltammetry, the potential gap is ca. 0.08V. It means that
the small peaks appeared at ca. -2.30V correspond to the
potential of reduction to Nd** and the peak appeared at
-2.38V corresponds to the potential of reduction to Nd
metal. In the neodymium case, with increasing LiF
concentration, the peaks of reduction become identified,
but the potential of these peaks are shifted negatively.

Cyclic voltammograms of LiCI-KCI eutectic + NdCl;
(0.5wt%) with various concentrations of LiF by using
nickel electrode are shown in Fig. 1(b). Rare earth metals
are known to form alloys with nickel, the electro-reduction
related to alloy formation can be identified from -1.75V.
However, the beginning potentials of alloy formation seem
to be mostly independent from the concentration of LiF.
Compared to the case of using tungsten -electrode,
electro-reduction begins at more positive potential by using
nickel electrode, but the effect of LiF could not be well
appeared. When rare earths are electro-reduced by alloy
formation with nickel, the effect of alloy formation tends to
overcome the effect of variation of species in the
electrolyte.

To expect the enhancement of electric density and
modification of coordination structure around rare earths,
fluoride additional effect of electrochemical behaviour of
rare earth cations in LiCI-KCI eutectic were examined. By
using tungsten electrode, it was confirmed that with
increasing the amount of LiF, the electro-reduction peaks
of each rare earth were more clarified in general, which
would lead to the allowance of larger current density at the
electrolysis.  On the contrary to the results of using
tungsten electrode for working, the major effect of fluoride
addition on the potential of electro-reduction of rare earths
could not be identified, since all rare earths examined were
formed to alloys with nickel. It is conjectured that the
variation of local coordination in the melts were not so
much effective in the case of reaction of alloy formation.
However, to co-extract rare earths effectively from the melt
bath, nickel electrode is much suitable than tungsten.

*This study is granted by the Shinsei Foundation.
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B.12

Nanospace Confinement Effects on

Capillary Evaporation Phenomena of Water

Takehiko TSUKAHARA

The extended-nano spaces (10-100 nm scale) have been
paid much attention for not only implementing novel
micro and nanofluidics devices but also characterizing
physicochemical properties of liquid-phase molecular
cluster [1, 2]. Previously, we found that the capillary
condensation of water occurred in the extended-nano
spaces [3]. However, it is quite unclear about
size-confinement mechanisms of the vapor-liquid phase
transition phenomena. Herein, we construct a novel
experimental system, which can be strictly controlled
equilibrium vapor pressures and temperatures in
extended-nano spaces, and clarify size-confinement and
solvent effects for capillary evaporation phenomena.

Figure 1 shows a schematic diagram of vapor-liquid
phase transition measurement apparatus equipped with
micro and extended-nano channels on a chip. The
saturated vapor (19.8 mmHg) could be formed by
pressurizing air into sample solution contained in vials.
The temperatures in a vial and a chip were controlled
within an accuracy of + 0.01 °C, and the humidity of
vapor in the channels was confirmed by the hydrometer,
where was established at the outlet side of the
microchannel (200 um). At first, the water was poured
into micro and extended-nano channels (120 — 500 nm) by
pressure-driven flows. And then, the saturated water
vapor filling in vials was delivered to the microchannel,

the water could be remained in only extended-nano spaces.

After that, we examined time courses of capillary
evaporation for water in the extended-nano spaces at 22.0
-22.2°C.

The water was found to be evaporated in microchannels
at 22.0 °C, while did not evaporate in extended-nano
spaces. When the temperature arrived at 22.2 °C, the
water in 120 nm spaces evaporated gradually with the
elapse of time as shown in Figure 2. Moreover, we
examined the size-dependence of the vapor pressures of
water, and found that the experimental vapor pressure
values of water in extended-nano spaces are lower than the
values calculated from a model based on Kelvin’s
equation, which explains vapor-liquid equilibrium point
briefly. The results indicate that the temperatures for
phase transition of the confined water were different from
bulk water.

We succeeded to clarify that the vapor pressure of polar
solvents could be reduced by space size-confinement by
using vapor-liquid phase transition measurement apparatus
equipped with micro and extended-nano channels on a
chip. These techniques and findings have potential for
realizing nanofluidic heat exchanger, which is a cooling
device with no electric power.

Therécouple

Saturated vapor | Microscope ’
o

{ ‘m,\/_//— V4 cg‘g&.

.. Hygrometer

=0y Eiiended-néna _f_},.r . )
-0 channels
Peltier temp ire = =
controller - — * ‘ * * *
HA Light

Figure 1. Schematic illustration of the fabricated
apparatus for examining gas-liquid phase transition
phenomena in extended-nano spaces on a chip.

(A-1) Microchannel (B-1) (C-1)
:!\Iann-ml_c,ro - \Vapor

iintersection |

Evaporation

Extended-nano
channel

A-2)

Flgure 2. Tlme courses of caplllary evaporatlon of water
in 120 nm extended-nano spaces. (A-1) A picture of the
initial condition of water in extended-nano channels at
22.0 °C. In only extended-nano channels, the water was
filled. (A-2) A microscope image of A-1. (B-1) A picture
of the state of vapor-water confined in extended-nano
channels at 16 sec after reaching 22.2 °C. (B-2) A
microscope image of B-1. (C-1) A picture at 24 sec after
reaching 22.2 °C. (C-2) A microscope image of C-1.
After 32 sec later, all confined water could be
evaporated.
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B.13 Application of Novel lonic Liquids to the Extraction of
Uranium(V1) from Nitric Acid Medium and a Study on the
Chemical Form of the Uranyl Complexes Extracted

Thomas James BELL and Yasuhisa IKEDA

The current commercial process for recovering
actinides, such as U and Pu, from spent nuclear fuels
consists of dissolving the spent fuels in an aqueous nitric
acid solution followed by selective extraction using a 30%
solution of tri-n-butyl phosphate (TBP) in kerosene.
Hydrophobic ammonium based ionic liquids (HAILSs) are
expected to have the potential to act as superior solvents to
kerosene, because they show high stability to radiolysis,
can help reduce the risk of criticality occurring and are
non-volatile and non-flammable. They are also prepared
and purified more simply than many other types of ionic
liquids. Following the preparation of some novel HAILs of
the form [RoNR’R”][Tf,N] [Tf,N = (CFsSO,),N] (see
Figure 1) via the metathesis reaction, the extraction
behavior of uranyl species from the aqueous nitric acid
solution to the ionic liquid phase was examined to
determine the optimum extraction conditions.

The concentrations of uranyl species in the aqueous
phase were analyzed by Inductively Coupled Plasma (ICP)
and the distribution ratios (D) were calculated. Based on
the results obtained some HAILs show considerable
promise as potential  substitutes for  kerosene.
Examination of the extracted uranyl complexes indicates
that the chemical form in the ionic liquid phase varies
depending on the ionic liquid used and in some cases is
different to those extracted into dodecane (as a proxy for
kerosene).

R
o o
@ " (CFSO)N
N

R'/ \R,,

R= CH3, C2H5

R’ = CH3, C2H5, CHz(CH2)14CH3,
(CH3)20(CH,),0CsH5C(CH3),-
CH,C(CH3)3

R” = C3H7, CH2CH2C|, CH2C6H5, CHZ'
CeHsNO,

Fig. 1. Hydrophobic ammonium based ionic liquids
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B.14

Crystal Structure of UO,(NO3),(DMPU),

(DMPU = 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone)

Tomoya SUZUKI, Takeshi KAWASAKI, and Yasuhisa IKEDA

Crystal structures of wvarious uranyl(VI) nitrate
complexes with neutral unidentate ligands (L) have been
reported. The uranyl(VI) nitrate complexes normally have
a conformation of UOy(NOs),(L), [1-9]. The
UO,(NO3),(L), complexes exhibit hexagonal bipyramidal
geometry, in which the UY' atom is coordinated by two
oxo ligands in the axial positions, and four oxygen atoms
from two bidentate nitrate ions and two donating atoms
from two L in the equatorial plane. These ligands are
located in the trans arrangement. Recently, we have
reported that N-cyclohexyl-2-pyrrolidone (NCP) can
precipitate uranyl(VI) ion selectively in nitric acid
aqueous solution and that the precipitate has an above
molecular structure of the formula of UO, (NO3),(NCP),
[4,5]. Similarly, we have also studied other
N-alkyl-2-pyrrolidone (NRP)[4-6,9], and 1,3-dimethylimi-
dazolidone (DMI) [6].

We report the synthesis and crystal characterization of
the new uranyl(VI) complex, UO,(NO3),(DMPU),, I
(DMPU =3,4,5,6-tetrahydro-1,3-dimethyl-2(1H)-
pyrimidinone).

The complex | crystallized in the centrosymmetric
space group P-1. The molecular structure of I is shown in
Fig. 1. Ul is located on a vertex of the unit-cell and has
the hexagonal bipyramidal coordination geometry. The
two O atoms (O1) occupy the axial position of U1, and
two carbonyl oxygen atoms (O2) from the two unidentate
dmpu and four oxygen atoms (two O3 and two O4) from
the two bidentate nitrates are situated in trans positions in
the equatorial plane of Ul (Fig. 1). The bond lengths of
U=Ouranyi (U1-01), U-Ocarno (U1-02) and U-Opigro (U1-03
and U1-04) are 1.774, 2.363, and 2.549 and 2.526 A,
respectively. The bond angle around carbonyl oxygen
(U1-02- C1) is 139.91° These structural features are
similar to those of uranyl(VI) nitrate complexes with
pyrrolidone derivatives (NRPs)[4-6,9] and
2-imidazolidone type ligands (1,3-dibutylimidazolidone
(DBI) and DMI) [6]. The U-Ocymo bond length of | is
slightly shorter than those of uranyl(V1) nitrate complex
with  NHP (2414 A)[9], N-cyclohexylmethyl-2-
pyrrolidone (2.383 A)[6], 1-ethylpropyl-2-pyrrolidone
(2.372 A) [9], N-neopentyl-2-pyrrolidone (2.382, 2.389 A)
[9], and NRPs having alkyl chains of carbon number 2 ~ 4
(about 2.37 ~ 2.4 A) [5,6,9]. On the other hand, The
U-Ocano bond of 1 is slightly longer than those of
uranyl(V1) nitrate complexes with urea (2.341, 2.348 A)
[1], DBI (2.345 A)[3], and NCP (2.348 A) [4,5].

o

Fig. 1 Molecular view of I with 30 % thermal ellipsoids.
Hydrogen atoms are omitted for clarity.

References

[1] N.W. Alcock, TJ. Kemp, J. Leciejewicz, and Z.
Trazaska-Durski, Acta Cryst., C46, 981 (1990).

[2] Z. Cao, H. Wang, J. Gu, L. Zhu, and K. Yu, Acta Cryst., C49,
1942 (1993).

[3] Z. Cao, T. Qi, L. Zhu, D.-C. Zhang, R. Zhou, and K.-B. Yu,
(1999). Acta Cryst., C55, 1270 (1999).

[4] T.R. Varga, A.C. Bényei, Z. Fazekas, H. Tomiyasu, and Y.
lkeda, Inorg. Chim. Acta, 342, 291 (2003).

[5] Y. Ikeda, E. Wada, M. Harada, T. Chikazawa, T. Kikuchi, H.
Mineo, Y. Morita, M. Nogami, and K. Suzuki, J. Alloys
Compd., 374, 420 (2004).

[6] C. Villiers, P. Thuéry, and M. Ephritikhine, Poryhedron, 23,
1613 (2004).

[7] N. Koshino, M. Harada, M. Nogami, Y. Morita, T. Kikuchi,
and Y. Ikeda, Inorg. Chim. Acta, 358, 1857 (2005).

[8] S. Kannan, S.B. Deb, J.S. Gamare, and M.G.B. Drew,
Polyhedron, 27, 2557 (2008).

[9] K. Takao, K. Noda, Y. Morita, K. Nishimura, and Y. Ikeda,
Cryst. Growth Des., 8, 2364 (2008).



BULL. RES. LAB. NUCL. REACTOR. Vol.35, 2011 63

B.15 Flow Visualization in Centrifugal Extractor

using Taylor-Couette Vortex Flow

Hiroshige KIKURA and Kenji TAKESHITA

A new type of centrifugal extractor, which uses Taylor-
Couette vortex flow with liquid-liquid two phase counter
flow, has been developed by Takeshita et al. [1]. This is
expected to be a compact, high speed, high extraction
efficiency device for chemical separation / purification in
analytical chemistry and nuclide separation.

For obtaining the information about optimum extractor
design and operation conditions, it is necessary to study the
dynamic flow characteristics of Taylor-Couette vortex flow
formed in the extractor. For this purpose, the authors
proposed the experimental investigation of flow
characteristics in the centrifugal extractor by use of
visualization measurement techniques of ultrasound (UVP:
Ultrasonic Velocity Profiler) and optical image.

The schematic diagram of the experimental apparatus is
shown in Fig.1. The apparatus consists of two concentric
cylinders made of transparent acrylic material. The outer
cylinder is fixed, and the inner cylinder is rotated with the
stepping motor located on the upper lid. The height of the
cylinders is H, = 0.145 m, the outer radius of the inner
cylinder is R; = 0.068 m, and the inner radius of the outer
cylinder is R, = 0.075 m. They are positioned vertically and
the space between the two cylinders is filled with working
fluid. The upper positon of the inner cylinder is covered by
the settler part (its height is 0.017 m) : this settler cover
height H, is 0.128 m from the bottom of cylinders. The
inlet and outlet flow rates are adjusted by a syringe pump
and by a tubing pump.However, only outlet flow of organic
phase flows as over-flow from the outlet pipe. In this
experiment, Density of aquous phase and organic phase are
Pagueous =998 KM, porganic = 742 kg/m® (at 296.65 K), and
kinematic viscosity of aquous phase and organic phase are
V agueons = 950X 107 M, ¥ prgumie = 1.82 X 10° m%s (at
296.65 K).

We investigated the flow patterns of dispersed phase in
Taylor-Couette vortex flow with counter flow (two
directional, aqueous / organic two phase) by dyeing the
dispersed phase. The examples of visualization results by
dyeing method are shown in Fig.2(a). The measurement
example by ultrasound method is shown in Fig.2(b) with
use of organic phase liquid drops as ultrasonic reflectors.
Flow rate of through-flow of aqueous phase and organic
phase is same, 0, = 1.7x107 m%s, i.e., Reynolds number
of thorough-flow, Rey.qgueous = 0.4 (aquouse phase), Rey.
organic = 0.2 (0rganic phase). In this UVP measured plot,
horizontal axis 7, is nondimensionalized time. T,. is
acceleration time of inner cylinder’s rotation (7,.= 1 s in
this experiment). Vertical axis is nondimensionalized
height H,. Contour color means nondimensionalized

velocity V,,. Measurement velocity range V.. is =0.04 m/s.

As rotational Reynolds number Re increased, bubbly flow

Stepping motor
Pping Water phase

. (Inflow)

Organic phase Seftler cover

{Ourﬂow)‘:

Quter cylinder
—

Inner cylinder
Ultrasonic transducer

J 0|:ganic phase
T (Inflow)
VWater phase
UVP (Outflow)

Fig. 1 Schematic diagram of experimental apparatus

(i)Re=6000  (ii)Re=10000  (iil) Re =24000
(a) By dyeing method (Re = 6000~24000)
) 0.6p L JRTE T | 5 4 Ve|OCIty Vn
T Tl R R - W)

Height , (

O timer, ur,) °

(b) By ultrasound method (Re = 6000)

Fig.2 Example of visualization results by dyeing method and
ultrasound method (Q,;, = 1.7 X 107 m¥/s)

of organic phase, changed to spiral flow, (i) Re = 6000,
and, to ring flow, (ii ) Re = 10000, and, at last, turned into
(pseudo) perfect emulsion state, (iii) Re = 24000.

In conclusion, the author showed the applicability of
measurement methods using ultrasound and optical images,
and clarified the flow characteristics in the centrifugal
extractor using Taylor-Couette vortex flow [2][3].
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B.16

Numerical Analyses on Joule-Heated Glass Furnace

for Disposal of High-Level Radioactive Waste

Nobuyoshi TSUZUKI and Hiroshige KIKURA

Nuclear power plants or other facilities of nuclear fuel
cycle produce high-level radioactive wastes. The High-
level radioactive waste is reprocessed into waste liquid,
and the waste liquid is mixed into molten glass in a Joule-
heated glass furnace to make vitrified waste. In the glass
furnace, glass (and radioactive waste) is heated by
electrical current, Joule-heated, where three kinds of field —
flow field, electrical field and magnetic field — arise and
interfere one another. Thus, very complicated flow
behavior is produced in the Joule-heated glass furnace.
When the flow behavior is analyzed, the effect of magnetic
field is usually thought as negligible. Hence, Laplace’s
equation presents the distribution of electric field, and an
approximate solution can be achieved. However, it is not
an accurate solution since the effect of magnetic field is
ignored; thus, coupled analyses including magnetic field
effect are expected for explanation of flow behavior in the
glass furnace. Accordingly, numerical calculations for
confirmation of magnetic field effect are executed to
contribute development of an analytic code for Joule-
heated glass furnace.

The shape of glass furnace is simulated by a cubic
cavity in these calculations to simplify the various
problems in glass furnace. Dimensions of the model are
calculated from the public data of TVF [1] (Figure 1), the
test-type glass furnace developed for making the vitrified
waste. The cavity consists of two electrode plates on facing
sides and constant temperature wall on the top working as
a heat sink (Figure 2). Other planes are considered as
adiabatic.

In order to solve the couple analysis including the three
field (flow field, electrical field and magnetic field),
GSMAC-FEM [2] is utilized because only edge finite
element method (edge-FEM) can examine coupled
analyses with magnetic field. Magnetic permeability of
molten glass is difficult to measure because of its high
temperature (= 1200°C) and mixed radioactive waste
including platinum group metal particles. Thus, magnetic
permeability of working fluid in this study is set as
relatively high value as relative magnetic permeability to
the air, g4, equals 10. And the result is compared with that
where the effect of magnetic permeability is excluded.

As a result, downflows are occurred from the top
surface of the cavity where magnetic permeability effect is
excluded. Experimental result with low magnetic
permeability fluid, water, with different size cavity verified
the result. However, a large upflow appears in the center of
cavity in the high magnetic permeability condition (Figure
3). The upflow is maintained through this calculation time,
2000 sec.

Consequently, numerical analyses show that magnetic
field affect the flow behavior in the case that working fluid
has high magnetic permeability. Unstable downflows occur
where magnetic permeability effect is excluded, however, a
stable large upflow occurs where the effect of relatively
high magnetic permeability is included. The result of high
magnetic permeability case suggests that the flow behavior
may be stabilized if the magnetic permeability of molten
glass is high.

Figure 1 Joule-heated glass furnace (TVF type).

Heat sink

Electrode | oW temperature

Joule-heating
High temperature

Figure 2 Schematic diagram of the cubic cavity model.

Figure 3 Velocity vectors in the center of cavity
at t=2000 sec for g = 10.
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C.1  Study on Concept of Innovative Nuclear Reactors and Nuclear Safety

Toru OBARA

Study on innovative nuclear reactors and nuclear
safety has been performed. It was intending to give
concepts of nuclear reactors for various demands and
solutions in nuclear safety. The major topics were about
small and simple pebble reactor, equilibrium burn-up
analysis in pebble bed reactors, neutron spectrum shift in
high temperature gas reactor, small reactor for
semiconductor production, reactor pumped laser, and
transient analysis in criticality accidents.

1. Design study of small simplified pebble bed reactor
In the Peu a Peu fuel loading concept, the reactor
operation starts with the core cavity partially filled with
the fuel elements, and new elements are little by litle (Peu
a Peu) loaded for compensation of the burnup. Neutronic
and steady state thermal hydraulic analysis were
performed for a reference design of the small simplified
Pebble Bed Reactor. Neutronic analysis of the 110 MWth
simplified pebble bed reactor design was also performed

[11[21(3].

2. Development of burn-up analysis
equilibrium condition in pebble bed reactors
Burn-up analysis of equilibrium condition in pebble
bed reactors is essential to discuss the performance, but no
computer code is available for the purpose. In the study,
development of equilibrium burn-up analysis code for
OTTO cycle in Pebble Bed Reactors was performed [4].

code for

3. Improvement of burn-up performance in HTGR
by neutron spectrum shift

Using the method of shifting neutron spectrum is one
accomplishment to achieve the fuel utilization for the
block-type HTGR by extending the core life on a
single-batch mode operation. Excess neutrons generated in
the reactor core can be absorbed by fertile material and
converted into fissile material, instead of absorbed in
poison material. In this work, changing in the M/F ratio
was performed to study its impacts on the burnup
performance by the neutron spectrum shifting concept in
order to improve the productive use of neutron and
prolong the fuel life cycle [5].

4. Design study of small reactor for semiconductor
production

A small reactor design for NTD Si was proposed in the
previous work using shorter PWR fuel assembly. But
commercially available conventional PWR fuel assembly
has certain standard height. Instead of shorter fuel
assembly, the direct use of standard PWR fuel assembly is
much better option for new reactor design because there is
no need to make a new fabrication process for the fuel
assembly; also new fabrication process requires a long

time to be approved. In this work, a small reactor design
for NTD Si was proposed using full length of conventional
PWR fuel assembly [6][7].

5. Kinetic Analysis of Coupled Pulse Reactor for NPL
Experiment

A coupled pulse reactor consisting of fast pulse cores
made of a uranium alloy and a subcritical thermal laser
module comprising laser cell tubes and moderator is one
of the most promising designs for nuclear pumped laser
(NPL) experiments. In this study, the possibility was
shown to perform NPL experiments using the pulse
reactor concept with low-enriched uranium by performing
kinetic analysis of the prompt supercritical condition [8].

6. Transient analysis in super-critical condition of fuel
solution tanks

In criticality accidents, the released energy can be
higher if several fuel solution tanks exist around the
critical tank, because of the neutron coupling between the
tanks.

In this study, analyses were performed whether any
difference in the transient phenomena would exist if
neutron coupling between the fuel solution tanks in
several-tank systems were taken into consideration by
using originally developed method [9].
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C.2 Development of Methodology for Plutonium Categorization (1V)
- Effect of Compression on Rossi-alpha-

Yoshiki KIMURA, Masaki SAITO and Hiroshi SAGARA"

INTRODUCTION

To evaluate the proliferation resistance of Pu, a
function “Attractiveness (ATTR)” was proposed as a ratio
of the characteristic of potential explosive energy to
technical difficulty converting to nuclear explosive
devices (NEDs)!'"**|. The characteristic of potential
explosive energy was defined by rossi-alpha, the ratio of
supercriticality to prompt neutron lifetime. The technical
difficulty was assumed as functions of specific decay heat
(DH, [W/kg]), spontaneous fission neutron rate (SN,
[n/g/s])'*?] and radiation dose rate (RD, [Sv/hr/kg]) was
recently introduced as a new factor'. The high DH and
RD make Pu handling and NED manufacturing technically
difficult, and the high SN enhances the probability of pre-
detonation. The current function of ATTR was proposed
as!™!

a

©

a239 (l)
ATTR = - ’
DH SN RD

DHZ}X + SN238 +RD238

The rossi-alpha and all technical difficulty factors are
normalized to their reference values in Pu isotopes.

EFFECT OF COMPRESSION ON ROSSI-ALPHA

In Eq.(1), the numerator, rossi-alpha in infinite
condition (c~infinity, ), characterizes the power
excursion of Pu. In actual NEDs, the Pu-cores would be
compressed to make them supercritical state.

Figure 1 shows the effect of compression (initial
density: 15.8 [g/cc]) on the a-infinity of Pu isotopes which
is the recalculation of the results in earlier study!.
Supercriticality and prompt neutron lifetime in infinite
mass Pu were estimated using MCNP4C code!® with
infinite cell geometry and neutron cross-section library
FSXLIB-J33!". The values of a-infinity at normal density
are varied in Pu isotopes and they are changing in
proportion to the compression ratio with different rates of
increasing. This increasing rate also can be considered as
the meaningful feature to characterize the explosive
energy.

In the present paper, the increasing rate of a-infinity
was introduced to the function of ATTR. The characteristic
of potential explosive energy was defined by the product
of co-infinity and its increasing rate. Based on the one-
group theory, the o-infinity is proportional to the
compression ratio.

* Current organization: Japan Atomic Energy Agency
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Fig.1 Effect of compression on o-infinity (recalculating the
results in Ref. [5])

a(e,p/p)=a(@hxL Q).
0
It can be also confirmed in Fig.1. Therefore, the
characteristic of potential explosive energy with
consideration of the effect of compression was defined by
a-infinity squared;

a(oo,l)x 3).

)a(oo,p/po):az(oo,l) (

_d
d(p/p,

The function of ATTR was improved as below,

)
al’ ).

DH SN RD
DH =* + SN 28 + RDZ®

ATIR =

In Eq.(4), n=1 characterizes the power excursion of Pu
and n=2 includes the effect of compression on rossi-alpha.

EVALUATION OF PLUTONIUM DENATURING

Figure 2 shows the ATTR of Pu normalized by that of
9Py as a function of the doping rate of Pu isotopes to
pure *Pu (n=1&2). It also shows the example of Pu
categorization”'?,

In both cases, ATTR of Pu decrease dramatically by
even-mass-number Pu isotopes doping, because the
technical difficulties converting to NEDs are enhanced. As
the number of n in Eq.(4), Attractiveness of Pu decreases
more dramatically by ***Pu and ***Pu with high doping
rate. This is because the a-infinity of pure **’Pu and ***Pu
isotope are comparatively lower than that of ***Pu.
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Fig.2 Normalized Attractiveness of denatured Pu (n=1 and 2)

In both cases, ATTR of Pu decrease dramatically by
even-mass-number Pu isotopes doping, because the
technical difficulties converting to NEDs are enhanced. As
the number of n in Eq.(4), Attractiveness of Pu decreases
more dramatically by **’Pu and **’Pu with high doping
rate. This is because the a-infinity of pure **°Pu and **’Pu
isotope are comparatively lower than that of ***Pu.
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C.3 Burn-up Characteristic of Am-fueled Space Reactor with
Reflector Thickness

Masanori NAKAMURA, Masaki SAITO and Hiroshi SAGARA

INTRODUCTION

In the future human activities in space will need much
electric power for long time. However, it is difficult to
satisfy these demands by solar energy and battery such as
fuel cell because the low solar power density and very
severe mass restriction by the ability of rocket
performance. Space nuclear reactor is a very attractive
answer to solve above problem. Furthermore, long-life is
an essential element. Space reactor is very attractive in its
utilization for the human activities in the space. And
human activity in the Moon and Mars requires large
electric power for the long time in the future. Many
concepts have been suggested to satisfy these contradicted
conditions. Highly enriched uranium fuel concept is
suggested mainly. However, U enriched over 20% is
defined as a significant quantity in military utilization by
IAEAM Because minor actinide (MA) of spent fuel in
LWR has large neutron capture cross section, loading MA
can enables long life core both thermal and fast reactor'
Though neutron spectrum of this study is fast, it has used
not sodium but lithium®!. It enables high efficiency of
electricity conversion because of high boiling point and
specific heat. Because gravity and air utilization in space
is negligible or small, removal heat of convection and
conductivity is not effective. Am nitride is used because
Am is very stable to nitride chemically. Main isotope of
Am is **Am and **Am in spent LWR fuel. Transmutation
procedure of **®Pu from ***Am sustains long-life core in
fast spectrum.

METHODOLOGY

Computer  codes, SLAROMM™,  JOINT and
CITATION®! and cross section library, JFS-3-J-3.2R,
which is based on Japanese Evaluated Nuclear Data
Library JENDL3.2, are used in the present calculation.
The SLAROM input consists only of the PREP block to
obtain 70-group effective cross sections of each material
region by homogeneous cell calculation. JOINT is used to
convert 70-group effective cross section data sets from the
SLAROM output to the CITATION input. The nuclear
characteristics are investigated using a calculation of
two-dimensional RZ diffusion theory with depletion chain
by CITATION. In this calculation, each zone has uniform
nuclide number densities with 176 zones and the same set
of microscopic cross sections.

RESULUTS AND DISCUSSIONS

Burn-up characteristic of AmN fuel is shown in
Fig.1. In cases A and C, the axial reflector thickness
was fixed to 15 cm and the radial reflector thickness
was increased (9, 19, and 29 cm). The radial thickness
was fixed (29 cm) and the axial thickness was
increased (20, 25, and 30 cm) in cases D to F.
Compared with cases A and F(comparison with
minimum and maximum volume of reflector), the
initial keff of case F compared to case A increases by
only 1% from 1.00 to 1.01. However, burn-up time
increases from about 100 years to 170 years largely
because transmutation from **Am to *®Pu near
reflector is promoted by increase of the reflector
thickness and fission of **Pu contributes to burn-up.
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Fig.1 Time Variation in Multiplication Factor with Reflector
Thickness
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C4 Effect of Inner Axial Blanket with Minor Actinides on
Extension of Core Life-time of Large-scale Fast Breeder Reactor

Erina HAMASE, Masaki SAITO, Hiroshi SAGARA”, and Chi Young HAN

INTRODUCTION

Minor actinides (MAs) discharged from the nuclear
reactor spent fuel entail a significantly long-term
radiological issue in geological repository. However, the
attractive characteristics of MAs as a burnable poison and
a fertile material have been proposed for the protected
plutonium (Pu) production™?. It was also reported that if
MAs were doped into the inner radial blanket at the center
of a large-scale fast breeder reactor (FBR) core, the core
life-time could be extended by shifting the main fission
reaction zone from the active core to the inner radial
blanket with burnup because ?*Pu transmuted from MAs
can work as a fissile nuclide on fast neutron spectrum®. In
this study, the effect of an inner axial blanket, which is
introduced axially at the center of the FBR, and its MA

doping was investigated for the extension of core life-time.

Metal fuel as well as MOX fuel was evaluated for a longer
core life-time.

METHODOLOGY

A code system of SLAROM?, JOINT, and CITATION®
was used with the cross section library of JFS-3-J-3.2R°.
70-group effective cross sections were prepared by
homogeneous cell calculation using SLAROM and
converted into the CITATION data format. Core
calculation was performed by CITATION based on an R-Z
diffusion model.

Six different cores were modeled depending on fuel
and inner axial blanket materials based on a large-scale
sodium-cooled FBR’. Figure 1 shows the R-Z models used
for the core calculation. Two cores without inner axial
blanket were evaluated as a reference core; REF-MOX
and REF-Metal cores. MOX fuels of 18.3 and 20.9 wt%
Pu enrichments were loaded in the inner and outer core
regions of REF-MOX core, respectively. Metal fuels in the
form of U-Pu-10%Zr with 13.1 and 15.0 wt% Pu

enrichments were loaded in the regions of REF-Metal core.

Pu inventories of both reference cores were set to be 6,747
and 7,340 kg for the inner and outer cores. The outer axial
and radial blankets consist of depleted uranium (DU)
oxide (in REF-MOX core) or metal uranium (in
REF-Metal core). In the four cases with the inner axial
blanket (CASE A to D), the inner axial blanket consisting
of DU is arranged at the axial core mid-plane as shown in
the right-hand side of Fig. 1. Since the Pu inventories were
also maintained in CASE A to D, the Pu enrichment was
increased to 27.8 and 31.8 wt% in CASE A and B (MOX

fuel) and 20.1 and 22.9wt% in CASE C and D (metal fuel).

Furthermore, 40 and 28.5 wt% of MASs, equivalent to
9,857 kg heavy metal, were doped into the inner axial
blanket in CASE B and D.

*Current organization: Japan Atomic Energy Agency
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Fig. 1 Core layout of REF-MOX and REF-Metal (left)
and CASE A to D (right)

RESULTS AND DISCUSSIONS

Figure 2 shows the time variations in multiplication
factor (Ke) for REF-MOX, REF-Metal, and CASE Ato D.
It was found that the initial excess reactivity in CASE A to
D was smaller than those in REF-MOX and REF-Metal
because the absorption of 28U and MAs in the inner axial
blanket of CASE A to D highly contributed to it from the
beginning of cycle. CASE A and C give maximum
available cycle lengths smaller than REF-MOX and
REF-Metal. However, it shows that the maximum
available cycle lengths of CASE B and D are significantly
extended with keeping the reactivity swing small.
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Fig. 2 Effect of inner axial blanket and doping MA on
reactivity

In order to investigate the effect of **U and MAs as a
fertile material in the inner axial blanket, the distribution
of neutron flux at different reactor operation times in
CASE A and B is examined as shown in Fig. 3. In CASE
A, the neutron flux in the inner axial blanket relatively
slightly builds up. On the other hand, in CASE B, it shows
that the main fission reaction zone is shifted from the
active core to the inner axial blanket. It is because ***Pu
transmuted from MAs in the inner axial blanket plays a
role as a fissile nuclide in fast neutron spectrum in the
same way as the previous study on the inner radial
blanket®. It was also found that the inner axial blanket with
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MAs gave a high feasibility of core life-time extension as
well as smaller reactivity swing. In addition, it was
confirmed that the metal fuel led to a longer cycle length
than oxide fuel.
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Fig. 3 Neutron flux distribution during irradiation in
CASE A (left) and CASE B (right)
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C5

Evaluation of Fukushima Dai-ichi Nuclear Power Plant Accident

Kazumi KITAYAMA, Takao ISHIZUKA, Nobuyoshi TSUZUKI,
Hiroshige KIKURA and Masanori ARITOMI

A huge earthquake, lately referred as Higashi-Nihon
Dai-Shinsai, occurred at approximately 100 km east off the
coast of Tohoku area at 14:46 on 11", Mar, 2011.
Magnitude of the earthquake was 9.0, the 4™ biggest
earthquake of the world in the past. People, buildings, and
other facilities were damaged especially in Tohoku area by
the earthquake and following tsunami. Many nuclear plants
were also attacked by them.

The plant status of Fukushima Dai-ichi nuclear power
station (1-F) at unit #1-#3 was in operation, and status at
unit #4—#6 was in refueling when the earthquake occurred.
The earthquake discharged external power source from the
station, and the following tsunami crushed heat sink for
removing residual heat. Unit #5-6 of 1-F were not severely
troubled because an air-cooled diesel power generator for
unit #5-6 could keep working. Otherwise, unit #1-#4 lost
all electricity and heat sink. Fuel rods of unit #4 were
moved to Spent Fuel Pool because of exchanging shroud in
the Reactor Pressure Vessel (RPV), and core cooling for
unit #4 was not necessary. Thus, the most important thing
for unit #1-3 at that time was coolant injection for cooling
the reactor core. Unfortunately, reactor fuel of the unit
#1-3 is estimated presently melting, and explosions
occurred at reactor buildings of each unit by hydrogen gas.
Some radioactive materials blew out from the plant and it
cause evacuation near the 1-F for a long time.

Unit #1 of 1-F is a BWR-3 reactor (Figure 1). It has
some core cooling facilities, which are Isolation Condenser
(IC), High Pressure Coolant Injection system (HPCI), and
so on. Tokyo Electric Power Company (TEPCO) decided
soon after the earthquake that IC could apply for regulation
of the pressure of RPV, and that HPCI should be applied
when the level of coolant water went down. Accordingly,
IC was applied four times before tsunami, and left for
about 2 and half hours after tsunami. HPCI which can
supply coolant water continuously to the reactor core was
not applied. Applying IC only several times was not
enough for residual heat removing as a result, and the
steam from boiling coolant water went out from RPV
through safety relief valve. Thus, the reactor core
overheated and reaction between zircalloy and heated
steam produced hydrogen gas, which caused explosion at
unit #1.The explosion occurred at 15:36 12", Mar, almost 1
day after the earthquake. The explosion also damaged fire
pumps or other apparatus of other unit #2—4, and it made
harder to inject the coolant water to reactor core of other
units.

Unit #2 and #3 (and unit #4 and #5 also) are BWR-4
reactors. A BWR-4 type reactor has Reactor Core Isolation
Cooling system (RCIC) instead of IC of BWR-3, and it has

HPCI for injection at small sized piping rapture as well as
BWR-3. After the earthquake, RCIC was started manually
by workers of TEPCO at both units (#2 and #3). RCIC
stopped several times by the alarm of L-8 (coolant water
level high), and restarted manually each time. RCIC
injected cool water to reactor core for about 20 hours at
unit #3, and about 70 hours at unit #2. At unit #3, HPCI
automatically followed when RCIC expired and it worked
for 14 hours. Thus, continuous coolant injection was
maintained by RCIC and HPCI for 70 hours at unit #2, and
for 34 hours at unit #3. Nevertheless, coolant injection
using fire protection line delayed 6 and half hours after
expiration of RCIC at unit #2, and 7 hours after expiration
of HPCI at unit #3. These long time deficiencies of coolant
injection could cause overheated reactor fuel and
production of hydrogen gas which exploded at 6:10 on 15™,
Mar at unit #2, and at 11:01 on 14", Mar at unit #3.

If injection of coolant water to reactor core executed
continuously, the fuel might not melt and explosion might
not occur. It means application of HPCI instead of IC at
unit #1, and water injection (which includes sea water)
through fire protection line soon after expiration of HPCI
or RCIC at each unit. It is also remarkable that explosion at
unit #1 interfered the effort of water injection for unit #2
and #3. If the explosion of unit #1 were interrupted, unit #2
and #3 could be calmed down at high probability.

The evaluation of this accident induced analysis on
Accident Management of nuclear plants for deficiency of
all electricity and heat sinks. Some proposal were made for
increase of reactor safety by the countermeasures such as
diversification of power source, reinforcement of fire
protection line, increment of fresh water amount in the
power stations, and so on. A management method to
terminate the accident without core-melt will be possible
by these countermeasures even when all electricity and
heat sinks were lost, and BWR power plants can be
operated safely when this method is confirmed available.

b

Figure 1 Schematic diagram of unit #1 at 1-F.
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Legal Framework to Maintain Expertise in

Nuclear Regulatory Body in Japan

Tetsuo SAWADA and Toshio MORIMOTO*

In the reflection of the Fukushima NPP accident on March
11 in 2011, a number of proposals have been released
concerning what the new organization of a nuclear
regulatory body ought to be with high level of expertise. In
this study, we consider a proper constitution of the body
from the viewpoint of legal framework in which we can
resolve various safety issues for realizing sustainable and
vigorous development of the nuclear energy business. The
consideration is focused on the authority, personnel matters,
budget, information gathering with keeping the body’s
independency.

1.

2.

Expertise of the top-management personnel of the
new regulatory body

The assign procedure of the top manager, or
commissioner of the regulatory authority that will be
newly established in April 2012, i.e., new authority,
will be usually provided by the law to establish new
regulatory body. The top personnel of regulatory
bodies such as USNRC, French ASN, and Finnish
STUK is a expert of nuclear regulation. And the term
of office is fixed so that it will not be affected by the
political situation. The term is rather long, for instance,
five years for USNRC. Therefore, the commissioner of
the new body should be an expert of the nuclear
regulation, and not just a politician. For keeping the
political neutrality and steady administration, the
commissioner must be appointed by the cabinet under
the consent of the Diet. At the same time, it is
appropriate to appoint a number of committee
members by the law that prescribes the establishment
of new regulatory body.

Adoption of nuclear experts

The new regulatory body must be an “extra-ministerial
bureau” which is based on the cabinet Office
Organization Act 49 or Organization Act 3, so that it is
authorized to have the right of adoption. In order that
the new body is independent from the Ministry of
Economy, Trade and Industry (METI) and controls
other nuclear related business such as the regulation of
research reactors that are out of the range of METI, it
must be established as the extra-ministerial bureau of
the Cabinet Office or other Ministry than METI.
Therefore the Act must prescribe it. In addition, if it is
an urgent task to adopt nuclear experts from private
sectors, we can make use of the application of the 1-24
Rule of the National Personnel Authority or the
Special Act for Employment of Fixed Term Civil
Servant.

*NuFact Associstes Ltd.

3.

4,

5.

6.

Upbringing and application of personnel of the new
body

It is most important that the commissioner and/or the
committee must keep the right to adopt the personnel
so that the staff members can have enough opportunity
to show flexibly what they can do in any situation.
Usually the right of adoption is prescribed by the rule
for the organization, i.e., the government ordinance.
Therefore, it is crucial to do so when the government
ordinance is enacted for the new body.

Safety Goal

The essential prerequisite of the safety regulation is
prescribed as “there is no hindrance to protect against
disasters” by The Law on the Regulation of Nuclear
Source Material, Nuclear Fuel Material and Reactors.
We need to define the safety goal by which we can
materialize the essential prerequisite. The safety goal
should be defined as a guideline or standard, thereby
the people can understand the essence of safety
regulation as well as stabilizing the regulation efforts.
Furthermore, following the Ministry of the
Environment Act, we should vest the right to enact
rules such as guidelines in the new organization by the
new organization act.

Systematic dealing with novel safety issues and
consideration for controversial opinions

In the new body, we must have a systematic method to
handle novel safety issues. The related procedure must
be prescribed by internal regulations. This is the case
of USNRC. The enactment of rules such as standards
will be processed involving jurists from its early stage.
For the regulation policy of NRC, internal
controversial opinions are adopted and examined.
Such a procedure is prescribed in the internal
documents. The regulation policy for the novel safety
issues should be defined smoothly by considering
various opinions. Therefore, we are convinced that the
establishment of related internal regulations is
crucially important for the new body.

Summary

In this study, we have examined on trial what is
prerequisite in laws and regulations for adopting
nuclear experts of safety regulation, fostering them as
well as making maximum use of their expertise. We,
nuclear engineers and professionals, are not familiar
with the law and rules that manage administrative
organizations. However, we think that it is more
preferable for establishing a new body with high level
of expertise so that engineers and professionals are
interested in the issues and participate in the dialogues.
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C.7

New Public Commons and Network of Nuclear Site Regions for

the Post-Fukushima Accident Re-vitalization

Tetsuo SAWADA

Due to the Fukushima NPP accidents on 11 March
2011, we have deadly lost the regional ties among local
people, electricity consumers, and people involved in the
nuclear research, development and businesses. Now we
need the method to reconstruct the ties and further the
activation of locals in accordance to the concept of “New
Public Commons [1].” And it is the most important key to
recover the people’s confidence for the nuclear business
and promote the new siting and replacement of nuclear
power stations. More than forty years have past since the
earliest stage of invitation of nuclear power stations to
regional areas in Japan. For this period, the efforts for the
development of regional industries and the improvement of
regional life obtained a level of results. However, now a
new turn is required in the regional development, as the
perception of wealthy has been gradually changed. The
primary objective of this study is to make a network among
regional areas where nuclear power stations and related
facilities are located. It should further the understanding for
nuclear energy, stimulate the “emergence” through the
cooperative works among regional areas. As a result, such
efforts will enhance the Social Responsibility of conducts
related to the nuclear energy. i.e., Nuclear SR (NSR) [2].
The basic frame of the NSR should be re-estimated in the
reflection of 3.11 Fukushima NPP accidents.

1. Introduction

In  November 2008, the 13" International
Maximarathon [3] was held between Kyoto city and
Takahama town in Wakasa bay. Through this meeting, it
has been envisioned and shared that regional nuclear towns
have common characteristic issues concerning the
development of the local life. The issues are: (1) they
avoid depopulation but it seems superficial, (2) the
development of regional areas still closely subsidized by
the government, (3) the understanding of nuclear energy by
local peoples is not well improved, (4) there may be a
twisted situation in the region, (5) they have little
cooperation with other nuclear power siting regions, (6)
the implication of nuclear energy is misunderstood by the
people of consumer area such as large cities.

For the first step, we have established an opportunity
where we can cooperatively create something that will
assist the regional developments which meet the wish and
desire of local peoples. Various partners can change
information, know-how, knowledge and experience which
will stimulate new activity for the creation leading to
emergence. Here the emergence is the way of complex
systems and patterns arise out of a multiplicity of relatively
simple interactions. Through the emergence, a situation of
creation of new values may occur among individuals who

do not have actual relationships until then.

2. Practice

The major components of the 13" Maximarathon were
as follows: (1) a long-distance relay race from Kyoto to
Wakasa Takahama town (about 100 km), (2) the runners’
relay of a message baton that prays for the peaceful use of
nuclear energy, (3) social gatherings at several regions such
as Kyoto, Takahama and other towns where the relay
passed, (4) visiting of local schools and goodwill exchange
with pupils and students.

The results of this event were: (1) we had opportunity
for effective exploration of mutual understanding of local
people, workers and scientists related to nuclear business,
and people of consumer city; (2) within a sports event,
various people with little opportunity to meet in daily life
got a chance to fraternize; (3) the pupils and students had a
chance to share the message for future as well as to release
message to the world.

3. A platform: Tour de Atom

According to the above-mentioned successful fruits, we
have received a lot of expectation to promote a new
platform for the interchange opportunity leading to
emergence. As a result, we have originated “Tour de
Atom.” This platform will make a harmonization among
regions, other various partners beyond generations. Then it
can make networks in a region, among the regions,
between regional area and city through Japan. This
network should be shared with the concerned people in the
world. The 1% Tour de Atom was held at Wakasa Bay area
in 2009 which started Takahama town and reached to
Tsuruga city, with engaging rural towns in between them.
In Wakasa Bay area, we have 15 nuclear power stations
including Monju fast reactor. In the 1% Tour de Atom ,
about 60 runners relayed a message of &4 /E Y6l that
is a calligraphy by former Prime Minister Yasuhiro
Nakasone , for the peaceful use of nuclear energy as well
as a video message that was planned and made by students
of Takahama junior high school. Then Tour de Atom 1.5
was held between Tsuruga and Fukui city in June 2010,
whern Conference of Energy Ministers of APEC was
being held. Succeedingly, the 2" Tour de Atom [4] was
held from Fukui city to Shika town in Ishikawa prefecture
in October 2010. In Shika town, Hokuriku electric power
company has two nuclear power stations. In 2011, after the
Fukushima NPP accidents, we have decided to invite the
16™ International MaxiMarathon to Miyagi and Fukushima
prefectures, i.e., Sendai-Minamisouma-litate-Fukushima,
that will be combined with the 3" Tour de Atom.
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4. What is prerequisite for the re-vitalization of locals in

the shadow of Fukushima NPP accidents
We need following points to be considered in the frame

of recovering confidence and proceeding toward re-
vitalization from Fukushima NPP accidents:

1) further investigation for what had happened in the early
stage, e.g., for about one week, of the accidents, which
will lead to identify real cause and consequence of
them,

2) the reexamination of accident management system,

3) the reality of the evacuation immediately after the
disaster, say, during the initial several days, which will
be make use of reforming the evacuation system and
procedure including the reexamination of nuclear off-
site centers,

4) the verification of national risk management system,
especially for NPP terrorism, and

5) the removal of radioactive contamination to the lands
and the relief aid to the people exposed to the radiation.

5. Summary

We had realized that there was irrecoverable
inconsistency between the then Kan Administration and the
bodies that promote nuclear energy policy and regulate
nuclear safety. It has invited people’s suspicion for both the
politicians and nuclear experts. It has also lead to the
prevailing excess anxiety over the radiation exposures and
diseases caused by them. For recovering from the current
situation to future progress of nuclear energy and radiation
applications, we must do all the possible measures within
our hands. Now it’s time to show our wisdom with bravery.
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C.38

Conceptual Study of Liquid Lithium Target System for

Boron Neutron Capture Therapy (BNCT)

Minoru TAKAHASHI, Tooru KOBAYASHI, Shoji UCHIDA and Migguan ZHANG

1. Introduction

The combination of a lithium target with a proton beam
accelerator is the candidate neutron source for the boron
neutron capture therapy (BNCT). The most important
advantage is that the compact system can be easily
facilitated adjacent to a hospital. The problems of the
accelerator-driven system using solid lithium target are the
damage of the target by the proton beam and the low heat
removability for beam energy-deposited target. If a flowing
liquid lithium target is used, it is expected that the both
problems can be solved. Therefore, a liquid lithium target
system has been proposed in the present study.

2. Flowing Liquid Lithium Target System
2.1. Neutron source for boron neutron capture therapy
The boron neutron capture therapy is based on the
reactions:
YB+n > 'Li+ a+2.79MeV (6.1%),
YB+n - Li*+ o+ 2.31MeV (93.9%),
Li*+ y +0.478MeV.

The neutrons are produced by the reaction ‘Li(p,n)'Be
using proton accelerators. There are two types of neutron
sources, i. e., neutrons produced by protons with the energy
of 25 MeV are moderated and collimated; and low
energy-neutrons produced by low energy-protons of around
1.9 MeV are directly used. Both of the neutron sources
driven by the accelerator need a lithium target.

2.2. Deposited heat in lithium jet and temperature rise

The energy of the proton beam is deposited in the
lithium target, and converted to heat. In case of the use of
neutron moderator and a collimator, the proton energy of
2.5 MeV and the beam current of 20 mA correspond to the
total heat generation of 50 kW. Practical proton beam
conditions of the proton energy of 2.0 MeV and the beam
current of 10 mA without neutron moderator and a
collimator correspond to the total heat generation rate of
about 20 kW, and the average heat generation rate per unit
area of about q”=28 MW/m?. It is assumed that the proton
beam intensity is radially in the Gaussian profile with the
diameter of 30 mm (3 o =99.7%). For both cases, the
distributions of the calculated heat generation rate per unit
volume in the lithium target film are calculated as shown
Fig. 1. It is found that all the energy is deposited within the
distances of 0.16 mm and 0.25 mm from the surface of the
lithium target in cases of 2.0 MeV and 25 MeV,
respectively.

The high density of heat deposition in the lithium jet
may causes vaporization from the lithium jet surface or
boiling/cavitation inside the lithium jet if the lithium jet
velocity is low. The lithium vapor affects the accelerator,

and the boiling/cavitation bubble makes the proton beam
pass through the lithium jet heating and melting a solid
back-wall. Therefore, it is necessary to design the lithium
target to avoid the vaporization and boiling. In order to
avoid them, the temperature on the lithium jet surface and
inside must be kept lower than its saturation temperature. If
the pressure in the accelerator tube P is 1x10°Pa, the

lithium temperature must be kept lower than 342° C.
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Fig.1 Calculated distribution of heat generation rate per unit
volume in a lithium target film in case of beam diameter of
30mm

The deposited heat increases the lithium temperature.
Temperature profile in a lithium plane jet at the velocity of
30 m/s for the proton beam conditions of 2.0 MeV, 10 mA
and 30 mm in diameter was calculated numerically. In the
calculation, the energy conservation equation was solved
using the finite-difference method with the assumption of a
uniform velocity profile in the cross section of the jet and a
laminar flow. Fig.2 shows the calculated temperature
profile in vertical plane with hot spot. It is found that the
hot spot appeared 11 mm downstream from the beam

Level of beam center 2
z=25mm (y =25mm) -

Highesttemperature
z=36mm (y=25mm) .,

) 30 40 50

Fig.2 Temperature profile in vertical plane with
hot spot in lithium plane jet for proton
beam of 2.0 MeV and 10 mA



76 BULL. RES. LAB. NUCL. REACTOR. Vol.35, 2011

line, and the hot spot temperature is 301 ° C which is less

than the saturation temperature of 342° C. Fig. 3 shows
the calculated temperature profiles in the beam center
line: y = 25 mm, z = 25 mm; and in the line with the hot
spot: y = 25 mm, z = 36 mm. It is found that the
maximum temperature in the beam center line is less

than 260 ° C and position of the hot spot exists at the free
surface of the jet.

300
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Fig.3 Temperature profile in lithium plane jet
for proton beam of 2.0 MeV and 10 mA

2.2.Conceptual design of target system

Based on the consideration in the preceding section, the
conditions of the lithium jet for the proton beam target are
chosen as listed in Table 1.

Table 1 Conditions for lithium target

Proton beam Diameter (mm) 30
Width (mm) 50
Li target Length (mm) 50
Thickness (mm) 0.5
Velocity (m/s) 30
Li plane jet Temperature (° C) 200
Flow rate (L/min) 45
Accelerator Pressure (Pa) 10°

Fig. 4 shows the flow diagram of the lithium target
system. The lithium main loop consists of the
electromagnetic pump (EMP), the electromagnetic flow
meter (EMF), the lithium cooler, the target assembly and
the quench tank. The major part of pressure losses in the
loop is the form loss for flow acceleration in the nozzle, i.

e., the dynamic pressure, pVZZ /2 =225 kPa. The level of

lithium in the quench tank should be high enough to avoid
cavitation in the EMP. It is expected to decrease the level
for a compact lithium target system by improving the EMP
with a gradient magnetic field so that it can be operated
with lower inlet head. The system is equipped with a
bypass loop with the EMF and the cold trap for removal of
O, C, H and N in the lithium. The lithium cooler and the
cold trap are cooled by heat transfer media
(diethylbiphenyl) or Ar gas. All the lithium system is

confined in a containment vessel which is filled with Ar gas
for fire measure at lithium leak accident.
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Fig. 4 Flow diagram of lithium target system
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Cooler
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Fig. 5 shows the layout of the lithium target system.
The sizes of the components and piping lengths are
determined by hydrodynamic design. A total friction
pressure loss along the loop is estimated to be
approximately 7 kPa in case of 1B piping (O.D. 34.0 mm, 1.
D. 27.8 mm), where the velocity in the pipe is 1.3 m/s. The
lithium target system is compact enough for set-up adjacent
to hospitals.

Proton beam ~

%, Electro-
magnetic
Flow meter

z — N

Fig. 5 Layout of lithium target system

4. Conclusions
The concept of the liquid lithium target system for the
boron neutron capture therapy has been formulated.
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C.9

Hydrodynamic Study on Flowing Liquid Water and

Lithium Target for Boron Neutron Capture Therapy (BNCT)

Minoru TAKAHASHI, Tooru KOBAYASHI, Masashi NAKATSUKA,
Teddy ARDIANSYAH, Martine KULHANEK, Ales VOJACEK, and Vaclav DOSTAL

1. Introduction

The combination of a flowing liquid lithium target with
a proton beam accelerator is the candidate neutron source
for the boron neutron capture therapy (BNCT) that has
various advantages compared with a solid target and/or the
thermal neutron source of nuclear reactors. In the present
study, lithium and water flow loops are designed and
fabricated for development of nozzles that provide a stable
lithium plane jet for the target. A water flow test is
conducted to select a suitable nozzle for liquid lithium
target.

2. Lithium Jet Experiment

A stable target of the lithium jet should be formed
without break-up. It is necessary to demonstrate that a
stable plane jet is realized well experimentally. Several
candidate of plane jet nozzles developed through water test
will be tested for the demonstration. A lithium flow loop is
designed and fabricated. The specifications of the lithium

loop are as follows:. max. temperature 300° C and max.
flow rate 40 L/min. Fig. 1 shows the layout of the lithium
flow loop. The test section and the quench tank are located
at high level to avoid cavitation in the electromagnetic
pump (EMP) under vacuum condition in the test section.

Test section for
> Li jet

Quench tank

3

Fig. 1 Layout of lithium flow loop

3. Experimental Procedure of Water Jet Flow

In order to develop nozzles which can make a thin
plane jet at the velocity of 30 m/s, nozzles with various
inner geometries were tested in a water flow loop. Three
types of straight rectangular nozzles with the width of 60
mm and the gap of 0.2, 0.5 and 1.0 mm were tested in a
rectangular test section (72 x 22 mm?). The 0.5 mm-gap
nozzles are 10 mm (=10D), 40 mm (=40D,) and 70 mm
(=70D) in length, where Dy is the hydraulic diameter. The
jet surface was observed by being illuminated with the
strobe scope (Fig. 2).

4. Experimental result of Water Jet

Fig. 3 shows the surface condition of the water plane jet
from the nozzle with a gap of 0.5bmm and a length of 70
mm at velocity of 22 m/s. It is found that the jet was stable
without entrainment, although the surface was wavy.
From the result of the water flow test, it is concluded that a
stable 0.5 mm-thick plane jet can be formed using a long
nozzle at the outlet of which the flow is fully developed.
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Fig. 2 Entrainment of droplets from water plan jets

60 mm

Fig. 3 Surfaces of water plane jet from nozzle with a gap of
0.5mm and a length of 70 mm at velocity of 22 m/s.

5. Conclusion

A lithium flow loop was designed and fabricated for
development of lithium jet nozzles that could form a stable
lithium plane jet. A water flow loop was designed and
fabricated for development of lithium jet test nozzles. It
was found that a stable plane water jet was formed by using
a nozzle with the gap of 0.5mm and the length of 70mm. It
was concluded that a fully developed flow without inlet
disturbances at the outlet of the nozzle is required for the
stability of the high velocity plane jet.
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Il. Co-operative Researches

Il.1 Co-operative Researches within Tokyo Institute of
Technology

Under the generic proposition: "The Release and
Utilization of Energies existing in Atoms, Molecules and
Nuclei" which has been hoisted since the reorganization of
RLNR, we advertise for collaborations with any
department and laboratory within Tokyo Institute of
Technology in order to develop researches for the
improvement of energy utilization with safety, mass
transmutation by nuclear reactions with high efficiency,
and construction of energy system concept with high
societal acceptability. The RLNR will promote these
collaborations by offering the organizations, facilities,
equipments and space as the research base for research
project teams and research groups crossing over within
Tokyo Tech. We are going to adopt unique and
innovative themes which make maximum use of the
activities of this research laboratory.

e Heavy-lon Inertial Fusion and High Energy-Density
Physics Driven by Heavy-lon Beams
Interdisciplinary Graduate School
Engineering

of Science and

e CO, electrolysis cell for carbon recycling energy system
Fusion joint research, Multidisciplinary Education and
Research Center for Energy Science Tokyo Institute of
Technology Global COE Program

o Feasibility study for carbon recycling energy system
Fusion joint research, Multidisciplinary Education and
Research Center for Energy Science, Tokyo Institute of
Technology Global COE Program

¢ Building study of active carbon recycling energy system
Tokyo Tech AES Center, 2010.

o Feasibility study for carbon recycling energy system
Fusion joint research, Multidisciplinary Education and
Research Center for Energy Science, Tokyo Institute of
Technology Global COE Program

Il.2 Co-operative Researches with Outside of
Tokyo Institute of Technology

e Fundamental Study of Thermo-Hydraulic Instability on
Reduced-Moderation Natural Circulation BWR Concept
(Clarification of Condensation Phenomena under
Non-Condensable Gas)

Japan Atomic Power Co.

e Study on Technical Standards for Safety Transportation
of Decommissioned Wastes of Nuclear Power Plant
Nuclear Fuel Transport Co., Ltd.

e Development of Measurement Instrument of V\oid
Fraction in Steam Generator
IHI Corporation

e Fundamental Advanced Turbid Water

Treatment

NPO. Saiseisya

Study on

e Two-Phase Flow Dynamics for Future Light Water
Reactor Development
Korea Atomic Energy Research Institute, Korea
e Experimental and Analytical Studies on
Multi-Dimensional Two-Phase Flow
PSF Zittau, Germany

e Advanced Fluid Dynamics and
Measurement Technique
Chulalongkorn University, Thailand

Developed of

e Thermal
Reactors
Bhabha Atomic Research Center, India

Hydraulics for Advanced Water Cooling

o Future Light Water Reactor Development
Chulalongkorn University, Thailand

e Research and Development of High Performance
Ceramics
Chiba Institute of Technology, Tokai University

o Establishment of Fabrication Process of
Silicon-Containing Ceramics for Ineat Matrix of TRU
Elements
Japan Atomic Energy Agency

e Study on Novel Process of SiC/SiC Composite by
Electrophoretic Deposition Method :
Japan Aerospace Exploration Agency (JAXA)

e Study on the Improvement of Irradiation Resistance of
Ceramics by Their Orientation Control :
National Institute for Materials Science (NIMS)
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Evaluation of Sinterability and Properties of SiC
Ceramics using Al,SiC, as Sintering Additives :
National Institute for Materials Science (NIMS)

Studies on Separation of Uranium Species Using
Polyvinylpolypyrrolidone
Japan Atomic Energy Agency and Tokai University

A Study of Extraction Behavior of ReO, by Using
Monoamide Compounds
Japan Atomic Energy Agency

A Study on Partitioning of Lanthanoid and Actinoid
Species
Japan Atomic Energy Agency

A Study on Separation of Uranyl Species Using Alginic
Acid
Prof. R.M. Hassan, Assiut University, Egypt

A Study on Electron Transfer Reaction between
Uranyl(V) and Uranyl(V1) Carbonate Complexes
Professor I. Grenthe, Royal Institute of Technology,
Sweden

A Study on Electrochemical Reactions of Uranyl Species
in Choline Based lonic Liquids
Professor A.P. Abbott, University of Leicester, U.K.

Studies on Structures of Uranyl Complexes in lonic
Liquids
Dr. C.
Germany

Hennig, Forschungszentrum Rossendorf,

Studies on Electrochemical Reactions of Uranyl(VI)
Species in lonic Liquids
Japan Atomic Energy Agency

Neutron Capture Cross Section Measurement
n_TOF Collaboration

Development of a new gamma-ray detector for
keV-neutron capture experiment
Osaka University, Japan Atomic Energy Agency

Study on keV-Neutron Capture Cross Sections of Fe
isotopes
Dong-A University, Kyungpook National University

Study on Glass Vitrification Process
Japan Nuclear Fuel Limited.

Study on Extraction Chromatographic Process using
Multidentate Encapsulating Ligands for Recovery of
Minor Actinides

Japan Science and Technology Agency

e Development  of

Continuous
Extraction Process of Precious Metals
Japan Science and Technology Agency

Optimal-response

e Study on Recovery of Platinum Group Metals from

High-level Liquid Wastes
Tokyo Electric Power Company, Incorporated

e Preparation and utilization of Tc and Re complex using

novel ligands, mino-bis-diacetamindes
Japan Atomic Energy Agency, Ibaraki
Tohoku University

University,

e Basic Characteristics for PEN Film Surface Modification

Using Atmospheric-Pressure Nonequilibrium Microwave
Plasma Jet

University of Miyazaki, ADTEC Plasma Technology Co.
Ltd., JEOL Ltd. Japan, Kagawa University.

Surface Modification of Silicon Wafer by Low-Pressure
High-Frequency Plasma Chemical Vapor Deposition
Method

Minami-Kyushu Junior College, King Mongkut’s
University of Technology Thonburi, University of
Miyazaki, Kagawa University, Hiroshima National
College of Maritime Technology, ADTEC Plasma
Technology Co. Ltd., Miyazaki Technical High School

Optical Emission Spectroscopy Measurement of
High-Frequency Low-Pressure at Plasma-Enhanced
Chemical Vapor Deposition

University of Miyazaki, Osaka University

Development of Liquid Lithium Target for Neutron
Production in Neutron Irradiation System for Neutron
Capture Therapy based on by Accelerators

Kyoto University

Development of Low-Load Wood Drying System using
Heat Pump, Practical Technical Project to Promote the
Development of New Agriculture Policy

Ministry of Agriculture, Forestry and Fisheries,
#2008-2034, 2008-2010

Chemical heat pump for waste heat recovery from iron
making process, Environmentally Friendly Steel Process
Technology

NEDO commissioned project, 2010

Study on low-carbon and carbon recycling iron-making
system using ACRES
Sumitomo Metal Ind.,2010

Material Development of Chemical Heat Storage for
Effective Use of Industrial Waste Heat
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e Industrial Technology Research Grant Program from
New Energy and Industrial Technology Development
Organization (NEDO) of Japan, #08B33005c, 2008-2010

e In situ high-resolution photoelectron spectroscopic study
of 1D peanut-shaped Cqo polymers
UVSOR Facility, Institute for Molecular Science

e DFT study of low-dimensional
polymers
Yokohama National University

peanut-shaped Cgp

e Photodynamic properties of nanomaterials
Department of Applied Physics, Hokkaido University

¢ Riemannian geometrical effects on physical properties of
1D uneven peanut-shaped Cgo polymer
Department of Applied Physics, Hokkaido University,
Department of Physics, Nara Women’s University

e Fabrication of AZO transparent electrodes for Organic
Photovoltaic cells
Department of Electronic Engineering and Applied
Physics, Osaka City University

o Application of 1D uneven peanut-shaped C60 polymer to
a detector for THz wave spectroscopy
Department of Electronic Engineering and Applied
Physics, Osaka City University

e A Study of Surfacea and
Photovoltaic Cells”
J-Power Co. Ltd

Interfaces of Organic

e Survey on the Trend in Scientific Research on Zoology
and Related Field
Survey on the Trend in Scientific Research
Japan Society for the Promotion of Sciences, Japan

¢ Analyses of the Repair of DNA Double-Strand Breaks
Generated by Low Dose/Low Dose Rate Radiation
Central Research Institute of Electric Power Industries

e Study on Electron density fluctuations by Microwave
Imaging Reflectometry
National Institute for Fusion Science

e Development of ECE imaging system by the use of 1-D
horn antenna array
National Institute for Fusion Science

e Development of Fiber-Optic Diagnotic on Vacuum
Vessel Current of QUEST
Research Institute for Applied Mechanics,
University

Kyushu

e Separation and recovery of molybdenum in spent fuel by
ion exchange technique

Japan Atomic Energy Agency

e Basic study on solidification of low-level radioactive
liquid waste
Japan Atomic Energy Agency

e Study on ion exchange behavior of actinides, VII group
elements and fission products
Japan Atomic Energy Agency

e Characterization of structure and physico-chemical
properties of molten rare-earth metal halides
Japan Atomic Energy Agency

o Innovative characterization of materials under severe
condition
(Conditions Extrémes et Matériaux : Haute Température
et Irradiation)
Centre National de la Recherche Scientifique

e Structure and physic-chemical properties of thorium
fluoride mixtures
Institute of Multidisciplinary Research for Advanced
Materials, Tohoku University (Network Joint Research
Center for Materials and Devices)

e Pyro-reprocessing of rare earth elements from Ni-MH
battery
The Shinsei Foundation

o Experimenral investigation of positional stabilization of
torus plasma with helical coils
National Institute for Fusion Science

e Gyrokinetic simulation study on turbulence in finite beta
plasmas
National Institute for Fusion Scienc

e Characteristics of MHD equilibrium,
transport in high-beta plasmas
National Institute for Fusion Science

stability and

o Effects of MHD Disruption on Plasma Confinement
Japan Atomic Energy Agency
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.3 Themes Supported by Grants-in-Aid for
Scientific Research of the Ministry of Education,
Culture, Sports, Science and Technology

Material Development of Porous Ceramics for Diesel
Particulate Filter Based on In-Situ Crystal Growth and
Orientation : Grant-in-Aid for Young Scientists (B)

Systematic Study on Neutron Capture Reaction Cross
Sections for the Technological Development of Nuclear
Transmutation of Long-Lived Nuclear Waste.

Development  of  Liquid-liquid  Counter-current
Centrifugal Extractor for Nuclide Separation

Angiocinematography Using Particle-Induced
Dual-Wavelength Pulsed-X-rays for Minimization of
Dosages of Contrast-Medium and Radiation

Development of a Variable-Energy, Variable-Intensity,
On/Off-switchable Gamma-Ray Needle-Source for
Brachytherapy

High-Efficient High-Temperature Process by Hybrid
Method using Chemical Heat Storage

Development of new quantum electronic science in
Riemannian geometric space

New Strategy for the Prediction and Control of
Radiosensitivity Based on the Life Cycle and
Homeostasis of DNA Double-Strand Breaks Enzymes

Development of A Novel Nanofluidic-based Separation
System for Rare-Earth Elements

Japan Society for the Promotion of Science, Funding
Program for Next Generation World-Leading
Researchers (NEXT Program)
Development of lon  Transport Method in
Extended-Nano Space for Photo Fuel Cell

Core Research for Evolutional Science and Technology
(CREST), Japan Science and Technology Agency

Hydrothermal Synthesis Process of Metal Oxidized
Nanomaterials using Supercritical Water

Preceding Basic Engineering Research Program, Japan
Atomic Energy Agency

NMR Studies on Water and Radionuclides Confined in
Bentonite Clay under High-Temperature and -Pressure
Conditions

Japan Society for the Promotion
Grant-in-Aid for Young Scientists B

of Science,

NMR Studies on Molecular Structures and Dynamics of
Liquid-Phase Cluster Molecules in Soft Material
Interfaces

e Investigation  of

Japan Society for the Promotion of Science,
Grant-in-Aid for Scientific Research on Innovative
Areas

Biophysical Chemistry  in
Extended-Nano regions wusing Nuclear Magnetic
Resonance Method

Mizuho Foundation for the Promotion of Sciences,
Engineering research aid projects
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of Magnesium - Transition Metal Hydroxide Composites
on Chemical Heat Storage; SCEJ 42" Autumn Meeting,
C120, Doshisha Univ., 5™ September, 2010.

A. Sakurai, K. Inoue, J. Ryu, Y. Kato: An Experimental
Study of Making Method of a Composite of Hydrogen
Permeable Membrane using Reverse Build-up Method,;
SCEJ 42" Autumn Meeting, C205, Doshisha Univ., 6"
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September, 2010.

H. Ishitobi, Y. Sato, K. Uruma, J. Ryu, Y. Kato: Repetitive
Reaction Durability of Lithium Chloride Modified
Magnesium Hydroxide; SCEJ 42™ Autumn Meeting, C119,
Doshisha Univ., 6™ September, 2010.

Y. Kato: Concept of the Energy Beyond ’20; SCEJ 42"
Autumn Meeting, C207, Doshisha Univ., 6™ September,
2010.

Y. Kato, Y. Ujisawa: Thermal Feasibility Study on Carbon
Recycling Iron Making System; 160th ISIJ Autumn
Meeting, No. 156, 25 September, 2010, Hokkaido Univ.

Y. Kato: Effective Use of Surplus Heat by Chemical Heat
Pump using Magnesium; 160th I1SIJ Autumn Meeting, 26
September, 2010, Hokkaido Univ.

J. Ryu, Y. Kato, K. Aika: Ammine Complex of
CaCl,-CaBr, Mixed Halide as a Material for Hydrogen
Storage; Pacifichem 2010, 16 December, 2010, Honolulu.

H. Shima, H. Yoshioka and J. Onoe: Curvature Effects on
Collective Excitations in Dumbbell-Shaped Hollow
Nanotubes; Physica E. 42, 1151-1154 (2010).

A. Takashima, J. Onoe and T. Nishii: In situ Infrared
Spectroscopic and Density-Functional Studies on the
Cross-Linked Structure of One-Dimensional Cg, Polymer;
J. Appl. Phys. 108, 033514 (2010).

J. Onoe, A. Takashima and Y. Toda: Infrared Phonon
Anomaly of One-Dimensional Metallic Peanut-Shaped Cg,
Polymer; Appl. Phys. Lett. 97, 241911 (2010).

J. Onoe: Exotic-Nanocarbons: Toward the Development of
New Riemannian Space Quantum Systems; Proc.
Optical-electronic device committee of the electronic
society of Japan, OQD-10-001 (2010).

J. Onoe: Exotic-Nanocarbons: The Development of New
Quantum Electronic Systems in a Curved Space; SCAT
Tech. J. 66, 16-32 (2010).

J. Onoe: Riemannian Geometric Effects on the
Tomonaga-Luttinger Liquids of One-Dimensional Metallic
Exotic Nanocarbons with Positive and Negative Gaussian
Curvatures; (invited lecture), Institute "Jozef-Stefan",

Department of Complex Matter, Ljubljana (Slovenia), Sept.

17 (2010).

J. Onoe: In situ Infrared Spectroscopic and
Density-Functional Studies of the Cross-Linked Structure
of One-Dimensional Metallic Cgy Polymer; (invited talk),
6" International Conference on DV-Xa Method, Daejeon
(Korea), Aug. 4-6 (2010).

J. Onoe: The Crystallization Effects on the External
Quantum Efficiency of Organic Photovoltaic Cells with a
Zn(OEP)/Cqy Layered Structure; (invited talk), KRICT
workshop on "Recovery of rare metals from useless module
of Solar cells and Battery", Daejeon (Korea), Dec. 3
(2010).

S. Ryuzaki, T. Kai, and J. Onoe: The Dependence of Open
Circuit Voltage on Incident Light Wavelength for Organic
Photovoltaic Cells Consisting of Zinc-Pophyrin and
Fullerene Films; 4th Asian Consortium on Computational
Materials Science-Virtual Organization, Sendai, Jan. 12-14
(2010).

A. Takashima, T. Nishii, and J. Onoe: Structural Properties
of an Electron-Beam Irradiated Cqy Film Studied by
Vibrational ~ Spectroscopy and  Density-Functional
Calculations; 4th Asian Consortium on Computational
Materials Science-Virtual Organization, Sendai, Jan. 12-14
(2010).

T. Kai, S. Ryuzaki, and J. Onoe: An Impedance
Spectroscopic  Study on the Carrier Dynamics in
Zinc-Porphyrin / Fullerene Photovoltaic Cells; 4th Asian
Consortium on Computational Materials Science-Virtual
Organization, Sendai, Jan. 12-14 (2010).

J. Onoe, A. Takashima and Y. Toda: In situ
Low-Temperature Infrared Spectroscopic Study on Kohn
Anomaly of One-Dimensional Metallic
Exotic-Nanocarbon; (selected paper), 9th Conference on
Solid State Chemistry, Prague (Czech Republic), Sept.
10-15 (2010).

J. Onoe, M. Hirata and M. Kurihara: Relativistic
Density-Functional Study of Nuclear Materials; (selected
paper), 3rd International Symposium on Innovative
Nuclear Energy Systems (INES-3), Tokyo, Oct. 31-Nov.3
(2010).

J. Onoe, S. Ryuzaki and Y. Toda: The Roles of Intra- and
Inter-Molecular Excitons on the External Quantum
Efficiency of Organic Photovoltaic cells with Zn(OEP)/Cg
Layered Structures; (selected paper), 5th International
Conference on Surface, Coatings and Nanostructured
Materials, Reims (France), Oct. 19-21 (2010).

A. Takashima, S. Ono, H. Shima and J. Onoe: Anomalous
Increase in the Infrared Peak Intensity of One-Dimensional
Metallic Peanut-shaped Cg Polymer; 5th International
Conference on Surface, Coatings and Nanostructured
Materials, Reims (France), Oct. 19-21 (2010).

J. Onoe, A. Takashima and T. Nishii: Riemannian
Geometrical Effects on the Electronic Properties of
One-Dimensional Metallic C¢y, Polymers with a Periodic
Peanut-Shaped Unevenness Structure; (Selected paper),
The Fifth General Meeting of ACCMS-VO(Asian
Consortium on Computational Materials Science - Virtual
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Organization), Sendai, Dec. 10-12 (2010).

T. Orikoshi, T. Nishii and J. Onoe: Photocurrent Properties
of Organic Photovoltaic Cells Laterally Contacted with
Metal Electrodes; (Selected paper), The Fifth General
Meeting of ACCMS-VO (Asian Consortium on
Computational Materials Science - Virtual Organization),
Sendai, Dec. 10-12 (2010).

A. Takashima, M. Nishiyama and J. Onoe: Infrared
Spectroscopic  Study of the Reaction Mechanism of
One-Dimensional Metallic Peanut-Shaped Cgy Polymer;
The Fifth General Meeting of ACCMS-VO (Asian
Consortium on Computational Materials Science - Virtual
Organization), Sendai, Dec. 10-12 (2010).

J. Onoe and S. Ryuzaki: An Impedance Spectroscopic
Study of the Open-Circuit Voltage of Zn(OEP)/Cy
Layered Photovoltaic Cells; Hybrid Materials 2011,
Strasbourg (France), March 6-10 (2010).

T. Orikoshi, T. Nishii and J. Onoe: The Photo-Current
Characteristics of Multilayered Organic Photovoltaic Cells
with Lateral Electrodes; Hybrid Materials 2011,
Strasbourg (France), March 6-10 (2010).

J. Onoe: Low-Dimensional Exotic-Nanocarbon Fabricated
using Photo- and Electron-Beam-Induced Excitation of
Ceo; A workshop on advanced quantum beams and their
application to nanomaterials, Tokyo, Feb. 15 (2010).

S. Ryuzaki, T. Kai and J. Onoe: The Capacitance-Voltage
Characteristics and Open-Circuit Voltage of Zn(OEP)/Cg
Layered Photovoltaic Cells; (Selected paper), 57" spring
meeting of the Applied Physic Society of Japan, Kanagawa,
March 17-20 (2010).

T. Kai, S. Ryuzaki and J. Onoe: Impedance Characteristics
of Zn(OEP)/Cgy Layered Photovoltaic Cells; (Selected
paper), 57" spring meeting of the Applied Physic Society of
Japan, Kanagawa, March 17-20 (2010).

A. Takashima, Y. Toda and J. Onoe: In situ
Low-Temperature Infrared Spectra of One-Dimensional
Metallic Peanut-Shaped Cgy Polymers; (selected as a
B-type oral paper), 90" spring meeting of the Chemical
Society of Japan, Osaka, March 26-29 (2010).

J. Onoe, A. Takashima, and Y. Toda: In situ Infrared
Spectroscopy of One-Dimensional Metallic
Exotic-Nanocarbon at a Low Temperature; (selected paper),
8" annual meeting of the Nano-Society, Okazaki, May
13-15 (2010).

S. Ryuzaki, T. Kai, and J. Onoe: The Origins of the
Open-Circuit Voltage for Zinc-Porphyrin/Cg
Hetero-Junction Solar Cells; 8" annual meeting of the
Nano-Society, Okazaki, May 13-15 (2010).

S. Ryuzaki, T. Kai, and J. Onoe: The Carrier Mobility of
Zn(OEP)/Cyy  Hetero-Junction Solar  Cells under
Photo-Irradiation Studied using in Situ Impedance
Spectroscopy; 8" annual meeting of the Nano-Society,
Okazaki, May 13-15 (2010).

J. Onoe: External Quantum Efficiency and Open-Circuit
Voltage of Zn(OEP)/Cgy Hetero-Junction Solar Cells;
(Invited talk), A workshop on “Current status and
perspective of Opto-electronic materials”, Kagawa Univ.,
Takamatsu, May 28 (2010).

A. Takashima and J. Onoe: Synthesis and Physical
Properties of New Form of Nanocarbon Materials Utilizing
Electron-Beam Induced Coalescence Dbetween Cgy
Molecules; A workshop on “Current status and perspective
of Opto-electronic materials”, Kagawa Univ., Takamatsu,
May 28 (2010).

T. Orikoshi, T. Nishii, and J. Onoe: The Effects of the
Number of Layers on the Photo-Current for Organic Solar
Cells with Lateral-Type Electrodes; 71* fall meeting of the
Applied Physics Society of Japan, Nagasaki, Sept. 14-17
(2010).

T. Orikoshi, T. Nishii, and J. Onoe: The Effects of the
Number of Layers on the Photo-Current for Organic Solar
Cells with Lateral-Type Electrodes; 39th symposium of the
Fullerene and Nanotube Society of Japan, Kyoto, Sept. 5-7
(2010).

J. Onoe: n-Electron Conjugated Nanocarbons — from Low
Dimensionality to Topology-; (Invited lecture), Science of
Tokyo Univ., Tokyo, June 2 (2010).

J. Onoe: Carbon-Based Nanoscience — Structure,
Properties, and Functions —; (Invited talk), 16™ seminar on
photo-science project at Miyazaki Univ., Miyazaki, Nov.
19 (2010).

T. Tsuchimoto, K. Sakata, M. Someya, H. Yamamoto, R.
Hirayama, Y. Matsumoto, Y. Furusawa and M. Hareyama:
Gene Expression Associated with DNA-Dependent Protein
Kinase Activity under Normoxia, Hypoxia and
Reoxygenation; J.Radiat.Res., 52, 464-471 (2011).

M. Someya, K. Sakata, Y. Matsumoto, Kamdar, R. P., M.
Kai, M. Toyota and M. Hareyama: The Association of
DNA-Dependent Protein Kinase Activity of Peripheral
Blood Lymphocytes with Prognosis of Cancer;
Brit.J.Cancer, 104, 1724-1729 (2011).

M. Takagi, K. Sakata, M. Someya, H. Tauchi, K. Iijima, Y.
Matsumoto, T. Torigoe, A. Takahashi, M. Hareyama and M.
Fukushima: Gimeracil Sensitizes Cells to Radiation via
Inhibition of Homologous Recombination; Radiother.
Oncol., 96, 259-266 (2010).
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Kumar, A., and Y. Matsumoto: Radiation Protection by
Herbs and Plants; Emerging Trends in Zoology,. Edit.
Srivastva, U.C. and Kumar, S., Narendra Publishing House
(2011).

Sharma, MK, and Y. Matsumoto: DNA-PK
Phosphorylation Targets in XRCC4 and XLF Proteins in
DNA Double-Strand Break Repair; Ataxia-Telangiectasia
Workshop 2010, Redondo Beach (Crowne Plaza Hotel),
CA, USA, 11-14 April 2010, Poster #168.

Kamdar, R.P. and Y. Matsumoto: Assembly of
Non-Homologous End-Joining Machinery on
Radiation-Induced DNA Double-Strand Breaks;
Ataxia-Telangiectasia Workshop 2010, Redondo Beach
(Crowne Plaza Hotel), CA, USA, 11-14 April 2010, Poster
#122.

Y. Matsumoto: XRCC4: a Bona Fide Substrate of DNA-PK
in DNA Double-Strand Break Repair; 56th Annual Meeting
Radiation Research Society, Maui (Grand Wailea Resort
Hotel and Spa), Hawaii, USA, 25-29 September 2010,
Symposium Talk (Invited) S1201.

Sharma, M.K. and Y. Matsumoto: Identification of
DNA-PK Phosphorylation Targets in XRCC4 & XLF
Proteins and Their Physiological Significance in the
Process of DNA Double-Strand Break Repair; 56th Annual
Meeting Radiation Research Society, Maui (Grand Wailea
Resort Hotel and Spa), Hawaii, USA, 25-29 September
2010, Poster Session PS2.36.

M. Someya, M. Takagi, K. Sakata, H. Tauchi, Y.
Matsumoto, M. Hareyama and M. Fukushima:
Radiosensitizing Effects of Gimeracil; 56th Annual
Meeting Radiation Research Society, Maui (Grand Wailea
Resort Hotel and Spa), Hawaii, USA, 25-29 September
2010, Poster Session PS2.15.

Y. Matsumoto, Sharma M. K., Kamdar R. P. and Sharma,
A: Missing Links in the DNA Double-Strand Break Repair

Mechanism and Its Possible Application to Cancer Therapy.

International ~ Conference on  Radiation  Biology:
Nanotechnology, Imaging and Stem Cell Research in
Radiation  Oncology, Chennai (Sri Ramachandra
University), India, 15-17 November 2010, Symposium
Talk (Invited) S14-1L-86.

D. Kuwahara, S, Tsuji-lio, Y. Nagayama, T. Yoshinaga, M.
Sugito, Z. Shi, S. Yamaguchi, Y. Kogi, A. Mase: Upgrade
of 2-D Antenna Array for Microwave Imaging
Reflectometry and ECE Imaging; J. Plasma Fusion Res.
SERIES, 9, 125-130 (2010).

T. Habuchi, H. Tsutsui, S. Tsuji-lio, R. Shimada:
3-Dimesional Stress Analysis of Virial-Limit Coils; IEEE
Transactions on Applied Supercond., 20 [3], 1924-1927
(2010).

S. Maeyama, A. Ishizawa, T.-H. Watanabe, M. M. Skoric N.
Nakajima, S. Tsuji-lio, and H. Tsutsui: Effects of
Time-Varying E X B flow on Slab
Ion-Temperature-Gradient Turbulence; Phys. Plasmas, Vol.
17, 062305-1-9 (2010).

T. Akiyama, K. Kawahata, K. Tanaka, T. Tokuzawa, Y. Ito,
S. Okajma, K. Nakayama, C.A. Michael, L.N.
Vyacheslavov, A. Sanin, S. Tsuji-lio: Interferometer
Systems on LHD; Fusion Sci. Technol. 58 [1] 352-363
(2010).

T. Yoshinaga, Y. Nagayama, D. Kuwahara, H. Tsuchiya, S.
Yamaguchi, Y. Kogi, S. Tsuji-lio, and A. Mase:
Simultaneous Projection and Detection System of Four
Different  Frequencies for  Microwave Imaging
Reflectometry in Large Helical Device; Rev. Sci. Instrum.
81, 10D915-1-4 (2010).

D. Kuwahara, S. Tsuji-lio, Y. Nagayama, T. Yoshinaga, H.
Tsuchiya, S. Sugito, S. Yamaguchi, Y. Kogi, K. Akaki, and
A. Mase: Development of Electron Cyclotron Emission
Imaging System on Large Helical Device; Rev. Sci. Instrum.
81, 10D919-1-3 (2010).

T. Yoshinaga, Y. Nagayama, D. Kuwahara, H. Tsuchiya, S.
Yamaguchi, Y. Kogi, S. Tsuji-lio, H. Hojo, A. Mase: Optics
Design for Microwave Imaging Re’ ectometry in LHD;
Plasma Fusion Res. 5, 030-1-3 (2010).

D. Kuwahara, S. Tsuji-lio, Y. Nagayama, T. Yoshinaga, H.
Tsuchiya S. Yamaguchi, Y. Kogi, A. Mase: ECE Imaging
Diagnostics on LHD; 27th Annual Meeting of the Japan
Soc. of Plasma Sci. and Nucl. Fusion Res., 01P3, Sapporo,
Nov. 30 - Dec. 3, 2010.

T. Yoshinaga, Y. Nagayama, D. Kuwahara. H. Tsuchiya, S.
Yamaguchi, Y. Kogi, S. Tsuji-lio, A. Mase: Microwave
Imaging Reflectometry Diagnostics in LHD; 27th Annual
Meeting of the Japan Soc. of Plasma Sci. and Nucl. Fusion
Res., 01P37, Sapporo, Nov. 30 - Dec. 3, 2010.

G. Fujii, S. Tsuji-lio, H. Tsutsui, O. Mitarai, K. Nakamura,
M. Hasegawa, H. Zushi, T. Akiyama: Development of
Fiber-Optic Diagnotics on Vacuum Vessel Current of
QUEST; 27th Annual Meeting of the Japan Soc. of Plasma
Sci. and Nucl. Fusion Res., 01P51, Sapporo, Nov. 30 - Dec.
3, 2010.

D. Kuwahara, S. Tsuji-lio, Y. Nagayama, T. Yoshinaga, H.
Tsuchiya, S. Yamaguchi, Y. Kogi and A. Mase:
Development of ECE Imaging Diagnostic System on LHD;
20th International Toki Conference, Toki, Dec. 7-10, 2010.

T. Habuchi, H. Tsutsui, S. Tsuji-lio, R. Shimada: Force
Balance and Stability of Circular Cross Section Toroidally
Helical Coil; 20th International Toki Conference, Toki, Dec.
7-10, 2010.
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S. Maeyama, A. Ishizawa, T.-H. Watanabe, N. Nakajima2 S.

Tsuji-lio, H. Tsutsui: Numerical Methods for Parallel
Particle Motions in Gyrokinetic Vlasov Simulation; 20th
International Toki Conference, Toki, Dec. 7-10, 2010.

T. Habuchi, H. Tsutsui, S. Tsuji-lio, R. Shimada:
Optimization of the Stress Distribution of Helical Coils
With a Cable-in-Conduit Configuration; IEEE Transactions
on Applied Superconductivity, 21, Issue 5, p. 3494 — 3500.

T Dwi Irwanto, Toru Obara, Yukitaka Kato, Ichiro
Yamanaka: 2-dimensional Core Temperature Profile
During Opration in Th Small Simplified Pebble Bed
Reactor with Peu a Peu Fuel Loading; The Third
International Symposium on Innovative Nuclear Energy
Systems, 31% October — 3™ November, 2010, Tokyo
Institute of Technology, Japan, P-113, (2010).

Munkhbat Byambajav, Toru Obara: Design Concept of
Small Reactor for Larger Diameter neutron Transmutation
Doping using Conventional PWR Fuel Assemblies; The
Third International Symposium on Innovative Nuclear
Energy Systems, 31 October — 3™ November, 2010, Tokyo
Institute of Technology, Japan, P-108, (2010).

Toru Obara, Yu Yamazawa: Decontamination Efficency of
Metal Mesh Plonium Filter for Lead Alloy Cooled
Reactors; The Third International Symposium on
Innovative Nuclear Energy Systems, 31% October — 3™
November, 2010, Tokyo Institute of Technology, Japan,
1B-34, (2010).

Dwi Irwanto and Toru Obara: Burnup Anlysis of a Peu a
Peu Feul-loading Scheme in a Pebble Bed Reactor Using
the Monte Carlo Method; Proc. of Joint International
Conference on Supercomputing in Nuclear Applications
and Monte Carlo 2010(SNA+MC2010), October 17-21,
2010, Tokyo, Japan, 10190, (2010).

Toru OBARA, Hiroki TAKEZAWA: Kinetic Analysis of
Weakly Coupled Systems Using Probability Density
Function of Coupleing Coefficient Obtained by Monte
Carlo; Proc. of Joint International Conference on
Supercomputing in Nuclear Applications and Monte Carlo
2010(SNA+MC2010), October 17-21, 2010, Tokyo, Japan,
10258, (2010).

Toru Obara and Hiroki Takezawa: Kinetic Analysis of
Coupled Pulse Reactor for NPL Experiment;, Trans.
American Nuclear Society, 103, 775 (2010).

Byambajav Munkhbat and Toru Obara: Desing Stury on
Nuclear Reactor for Large Diameter NTD Using PWR
Fuel; Trans. American Nuclear Society, 103, 756 (2010).

Dwi Irwanto, Toru Obara, Yukitaka Kato, and Ichiro
Yamanaka: Burnup Characteristics of Peu-a-Peu Fuel
Loading Scheme in Small PBR; Trans. American Nuclear
Society, 103, 791 (2010).

Dwi Irwanto, Toru Obara: Design Study of Innovative
Simplified Small Pebble Bed Reactor; (3) Analysis of the
110MWt Simplified PBR Design with Peu a Peu fuel
loading scheme; 2011 Atomic Energy Society Japan Annual
Meeting, 134 (2011).

Piyatida Trinuruk, Toru Obara: Effect on Burnup
Performance in HTGR by Neutron Spectrum Shift; 2011
Atomic Energy Society Japan Annual Meeting, 134 (2011).

Topan Setiadipra, Toru Obara: Development of
Equilibrium Burnup Analysis Code for OTTO Cycle in
Pebble Bed Reactor; 2011 Atomic Energy Society Japan
Annual Meeting, 134 (2011).

Byambajav Munkhbat, Toru Obara: Design Study on Small
Reactor for Silicon Semiconductor Production using LWR
Fuel; (2) Reactor Optimization; 2011 Atomic Energy
Society Japan Annual Meeting, 134 (2011).

Haruka Kikuchi, Toru Obara: Fundamental Study on
Criticality Safety Transient Analysis in Weakly Coupled
System; 2011 Atomic Energy Society Japan Annual
Meeting, 146 (2011).

Dwi Irwanto and Toru Obara: Design Study of Innovative
Simplified Small Pebble Bed reactor; (2) Steady State
Thermal Hydraulic Analysis of Reference Design; 2010
Atomic Energy Society Japan Falll Meeting, Q22(2010).

Yuji Fukuda, Yong-Hong Zhang, Masao Nomura, Tatsuya
Suzuki, Yasuhiko Fujii and Takao Oi: Strontium Isotope
Effects Observed in Liquid Chromatography with Crown
Ether resins; J. Nucl. Sci. technol., 47 (2010) 176-183.

Xingcheng Ding, Masao Nomura, Tatsuya Suzuki and
Yasuhiko Fujii: Chromatographic Zinc Isotope Separation
by Chelating Exchange Resin; Chromatographia, 71
(2010) 195-199.

Shin-ichi Koyama, Tatsuya Suzuki, Masaki Ozawa: From
Waste to Resource, Nuclear Rare Metals as a Dream of
Modern Alchemists; Energy Conversion and Management,
51 (2010) 1799-1805.

Minori Abe, Tatsuya Suzuki, Yasuhiko Fujii, Masahiko
Hada, and Kimihiko Hirao: Ligand Effect on Uranium
Isotope Fractionations Caused by Nuclear Volume
Eeffects: An ab Initio Relativstic Molecular Orbital Study;
J. Chem. Phys., 133, 044309 (2010) (5 pages).

Tatsuya Suzuki, Masao Nomura, Yasuhiko Fujii, Atsushi
Ikeda-Ohno, Toru Takaoka, and Koichi Oguma: Zinc
Isotope Fractionation in Anion Exchange in Hydrochloric
Acid Solution; Journal of lon Exchange, 21 (2010)
328-333.

Y. Fujii, M. Nomura, T. Kaneshiki, Y. Sakuma, T. Suzuki, S.
Umehara, T. Kishimoto: Mass Dependence of Calcium
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Isotope  Fractionations in  Crown-ether  Resin
Chromatography; Isotopes in Environmental and Health
Studies, 46 (2010) 233-241.

Masao Nomura, Toshitaka Kaneshiki, Tatsuya Suzuki,
Kazuhiro Otaka, Toshihiko Okazaki, Takashi Hoshi and
Yasuhiko Fujii: Separation of Carbon Isotopes by
Adsorption Chromatography; The 5th International
Conference on lon Exchange, Melbourne, Australia, July
18-21, (2010) 5B-4.

Tatsuya Suzuki, Masao Nomura, Yasuhiko Fujii, Atsushi
Ikeda-Ohno, Toru Takaoka and Koichi Oguma: Zinc
Isotope Fractionation in Anion Exchange in Hydrochloric
Acid Solution; The 5th International Conference on lon
Exchange, Melbourne, Australia, July 18-21, (2010) 2P-36.

Tatsuya Suzuki, Maiko Tanaka, Yasuyuki Ikeda, Shin-ichi
Koyama: Adsorption Behaviors of Trivalent F-Elements on
Pyridine Resin in Lithium Chloride Aqueous Solution; The
6th International Conference on Rare Earth Development
and Application, Beijing, China, August 2-6, (2010) P16.

T. Suzuki, S. Koyama, M. Ozawa, M. Osaka: Extraction of
Valuable elements in Spent Nuclear Fuel by using Pyridine
Resin; The 2nd International Conference on Asian Nuclear
Prospects 2010 ( ANUP 2010), Chennai, India, Oct. 11-13
(2010).

Tatsuya Suzuki, Maiko Tanaka and Shin-ichi Koyama:
Recovery of Minor Actinides from Spent Molten Salt
Waste and Decontamination of Molten Salt Waste; The 3rd
International Symposium on Innovative Nuclear Energy
Systems, Tokyo, Japan, Oct.31- Nov.3, (2010) 2C-21.

Minori Abe, Tatsuya Suzuki, Yasuhiko Fujii, Masahiko
Hada: Theoretical Study of Nuclear Volume Effects in
Uranium Enrichment; The 3rd International Symposium on
Innovative Nuclear Energy Systems, Tokyo, Japan, Oct.31-
Nov.3, (2010) 2C-23.

Shin-ichi Koyama, Isao Yamagishi, Tatsuya Suzuki,
Hitoshi Mimura, Reiko Fujita, Masaki Ozawa: Current
Status and Future Plan of Advanced ORIENT Cycle
Strategy; The 3rd International Symposium on Innovative
Nuclear Energy Systems, Tokyo, Japan, Oct.31- Nov.3,
(2010) 2C-24.

Yoshihiko Sato, Ken Okada, Miyako Akiyoshi, Takehiro
Matsunaga, Shin-ichi Koyama, Tatsuya Suzuki, Masaki
Ozawa: Thermochemical Safety Evaluation of Tertiary
Pyridine Resin for the Application to Multi-Functional
Reprocessing Process - Adv.-ORIENT Cycle Development
-; The 3rd International Symposium on Innovative Nuclear
Energy Systems, Tokyo, Japan, Oct.31- Nov.3, (2010)
2C-25.

Masao Nomura, Toshitaka Kaneshiki, Tatsuya Suzuki,
Yasuhiko Fujii, Kazuhiro Otaka, Toshihiko Okazaki and

Takashi Hoshi: Carbon Isotope Effect in the Carbon
Dioxide Adsorption by the Column Method which Filled
up Zeolite; 2010 fall meetings of atomic energy society of
Japan, (2010) p.657.

Tatsuya Suzuki, Yasuyuki Ikeda, Shin-ichi Koyama,
Masahiko Osaka and Masaki Ozawa: Advanced ORIENT
Cycle Study (Phase I) 4) Separation Process Flowsheet and
Element Distribution; 2010 fall meetings of atomic energy
society of Japan, (2010) p.708.

Ken Okada, Yoshihiko Sato, Miyako Akiyoshi, Takehiro
Matsunaga, Tatsuya Suzuki, Shin-ichi Koyama and Masaki
Ozawa: Advanced ORIENT Cycle Study (Phase I) 6) Study
on Thermal Stability of Tertiary Pyridine Resin; 2010 fall
meetings of atomic energy society of Japan, (2010) p.710.

Yoshihiro Okadome, Masayuki Iwata, Katsuhisa
Nagayama, Tsuyoshi Arai, Tatsuya Suzuki, Kenichi
Horiguchi and Atsushi Sugaya: Study for Separation and
Stabilization of Sodium from Low Level Liquid Waste
Using Inorganic Ion Exchanger; 2010 fall meetings of
atomic energy society of Japan, (2010) p.752.

Masayuki Iwata, Yoshihiro Okadome, Tsuyoshi Arai,
Katsuhisa Nagayama, Tatsuya Suzuki, Kenichi Horiguchi
and Atsushi Sugaya: A Basic Study for Solidification of
Low Level Liquid Waste with Iron Phosphate Glass; 2010
fall meetings of atomic energy society of Japan, (2010)
p.753.

T. Suzuki, Y. Ikeda, M. Honda, N. Asanuma, M. Osaka:
Recovery of Molybdenum by using Pyridine Resin from
Simulant Irradiated Nuclear Fuel Solution; 2010 annual
meeting of the Japan society of nuclear and radiochemical
sciences, (2010) 1P17.

Masao Nomura, Yiqun Zhang, Tatsuya Suzuki and
Yasuhiko Fujii: Lithium Isotope Effect by lon Exchange
Chromatography with Li-6 Enriched Sample Material;
2011 annual meetings of atomic energy society of Japan,
(2011) p.534.

Fumiaki Kawakami, Moriyasu Tokiwai, Yasuhiko Fujii and
Tatsuya Suzuki: Plant Designing of Chemical Uranium
Enrichment and Its Chracteristics; 2011 annual meetings of
atomic energy society of Japan, (2011) p.535.

Shin-ichi Koyama, Masaki Ozawa, Yasuhiko Fujii, Kiyoko
Kurosawa, Yukio Hanamoto, Katsuyoshi Tatenuma and
Tatsuya Suzuki: Metal Corrosion Evaluation in
Hydrochloric Acid Media on Tertiary Pyridine-Type Resin
Applying to Fuel Reprocessing System (5); 2011 annual
meetings of atomic energy society of Japan, (2011) p.583.

Tatsuya Suzuki, Toshitaka Kaneshiki, Masao Nomura,
Yasuhiko Fujii, Hidekazu Kobayashi, Shigeru Kano and
Teruo Yamashita: Development of water absorptive porous
glass beads; Proceedings of Annual / Fall Meetings of



BULL. RES. LAB. NUCL. REACTOR. Vol.35, 2011 99

Atomic Energy Society of Japan, 2011 annual meetings of
atomic energy society of Japan, (2011) p.604.

M. Numakura, Y. Okamoto, T. Yaita, H. Shiwaku, H.
Akatsuka, A. Nezu, K. Tajima, Y. Shimohara, C. Bessada,
O. Pauvert, D. Zanghi, P. Chamelot, H. Matsuura: Local
Structural Analyses on Molten Terbium Fluoride in
Lithium Fluoride and Lithium - Calcium Fluoride
Mixtures; J. Fluor, Chem. 131, 1039-1043, (2010).

O. Pauvert, D. Zanghi, M. Salanne, C. Simon, A.
Rakhmatullin, H. Matsuura, Y. Okamoto, F. Vivet, C.
Bessada: In situ Experimental Evidence for an
Nonmonotonous Structural Evolution with Composition in
the Molten LiF-ZrF, System; J. Phys. Chem. B, 114,
6472-6479, (2010).

Haruaki Matsuura, Masahiko Numakura, Hiroshi Akatsuka,
Nobuaki Sato: Structure and Physico-Chemical Properties
of Thorium Fluoride Mixtures (1) Synthesis of Thorium -
Lithium Fluoride Mixture; 2010 Annual Meeting of the
Atomic Energy Society of Japan, J39, 465, (2010).

Masahiko Numakura, Haruaki Matsuura, Atsushi Nezu,
Hiroshi Akatsuka, Nobuaki Sato, Catherine Bessada,
Didier Zanghi, Olivier Pauvert, Pierre Chamelot: Structure
and Physico-Chemical Properties of Thorium Fluoride
Mixtures (2) XAFS Analysis on Molten ThF,-LiF; 2010
Annual Meeting of the Atomic Energy Society of Japan,
J40, 466, (2010).

Masahiko Numakura, Haruaki Matsuura, Hiroshi Akatsuka,
Atsushi Nezu, Tsuyoshi Yaita, Yoshihiro Okamoto,
Hideaki Shiwaku, Catherine Bessada: Structural Analyses
on Terbium Fluorides in Molten Alkali and Alkaline Earth
Fluorides; The 27" symposium on rare earths, 1C-05,
86-87,2010.

Masahiko Numakura, Catherine Bessada, Nobuaki Sato,
Hiroshi Akatsuka, Atsushi Nezu, Yasuaki Shimohara,
Keisuke Tajima, Hirokazu Kawano, Takeshi Nakahagi,
Haruaki Matsuura: Structural Analysis of Molten Terbium
Fluoride Mixtures; The 13" XAFS symposium, 50-03,
57-58,2010.

Yasuaki Shimohara, Atsushi Nezu, Masahiko Numakura,
Hiroshi Akatsuka, Haruaki Matsuura: Electrochemical
Behaviour of Neodymium in Molten LiCI-KCI-LiF; The
42 symposium on molten salt chemistry, 1A01, 1-2, 2010.

Masahiko Numakura, Nobuaki Sato, Catherine Bessada,
Hiroshi Akatsuka, Atsushi Nezu, Yasuaki Shimohara,
Keisuke Tajima, Hirokazu Kawano, Takeshi Nakahagi,
Haruaki Matsuura: The variation of Local Structure
Around Thorium Fluoride and Terbium Fluoride Melts by
Addition of Alkali and Alkaline Fluorides; The 42™
symposium on molten salt chemistry,1B10, 43-44, 2010.

Masahiko Numakura, Haruaki Matsuura, Atsushi Nezu,
Yasuaki Shimohara, Keisuke Tajima, Hiroshi Akatsuka,
Nobuaki Sato, Olivier Pauvert, Didier Zanghi, Pierre
Chamelot, Catherine Bessada: Structure and
Physico-Chemical Properties of Thorium Fluoride
Mixtures (3) XAFS Analyses on Molten Fluoride Mixtures
Containing ThF,; 2010 Fall Meeting of the Atomic Energy
Society of Japan, B40, 103, (2010).

Masahiko Numakura, Nobuaki Sato, Catherine Bessada,
Hiroshi Akatsuka, Pierre Chamelot, Haruaki Matsuura:
Structural Investigation on Thorium Fluoride in Molten
Alkali-Alkaline Earth Fluoride Mixtures; NuMat 2010 the
Nuclear Materials Conference, MSNA17, 2010.

Haruaki Matsuura, Atsushi Nezu, Hiroshi Akatsuka:
Pyrochemical Reprocessing Based on
Co-Electrodeposition Technique — Speciation of Uranyl
Ion in Various Molten Salts and In-situ Observation of
Electrodeposition Reaction Investigated by X-ray from
Synchrotron Source; The 3™ International symposium on
Innovative Nuclear Energy Systems, 1C-12, 68, 2010.

Masahiko Numakura, Hiroshi Akatsuka, Atsushi Nezu,
Keisuke Tajima, Yasuaki Shimohara, Haruaki Matsuura:
Feasibility Study of Pyrochemical Reprocessing using
Molten Lithium- Calcium Fluoride Mixtures in Salt
Treatment Process for Molten Salt Reactor; The 3™
International symposium on Innovative Nuclear Energy
Systems, P-125, 149, 2010.

S. Nomura, K. Tsuboi, K. Ito, H. Tsutsui, S. Tsuji-lio, A.
Ninomiya R. Shimada: Acoustic Emission in a
Superconducting Force-Balanced Helical Coil; IEEE Trans.
Appl. Supercon., Vol 21, 1636-1639 (2011).

"Simulations", S. Maeyama, A. Ishizawa, T.-H. Watanabe,
N. Nakajima, S. Tsuji-lio, H. Tsutsui: A Numerical Method
for Parallel Particle Motions in Gyrokinetic Vlasov ;
Plasma and Fusion Research, 87, 359-370 (2011).

Yasuyuki Sakamoto, Kiichi Sato, Mitsuru Abo, Takehiko
Tsukahara, Takehiko Kitamori, Keiko Abe, and Etsuro
Yoshimura: Cell Culture and Motility Study on a Polymer
Surface with a Nanometer-Scaled Stripe Structure; Biosci.
Biotechnol. Biochem., 74 (3), 569-572 (2010).

kyojiro Morikawa, Kazuma Mawatari, Masaru Kato,
Takehiko Tsukahara, and Takehiko Kitamori: Streaming
Potential/Current Measurement Systems for Investigating
Liquid Properties Confined in Extended-Nano Space; Lab
on a Chip, 10 (7), 871 - 875 (2010).

Masaru Kato, Masanori Inaba, Takehiko Tsukahara,
Kazuma Mawatari, Akihide Hibara, and Takehiko
Kitamori: Femto Liquid Chromatography with Atto-Liter
Sample Separation in the Extended Nanospace Channel;
Analytical Chemistry, 82, 543 - 547 (2010).



100 BULL. RES. LAB. NUCL. REACTOR. Vol.35, 2011

Kazuma Mawatari, Takehiko Tsukahara, Yasuhiko Sugii,
Takehiko Kitamori: Extended-nano Fluidic Systems for
Analytical and Chemical Technologies; Nanoscale, 2,
1588-1595 (2010).

Takehiko Tsukahara, Kazuma Mawatari, and Takehiko
Kitamori: Integrated Extended-nano Chemical Systems on
a Chip; Chemical Society Reviews, 39, 1000 - 1013 (2010).



	contents
	staff
	I..1
	A.1
	A.2
	A.3
	A.4
	A.5
	A.6
	A.7
	A.8
	A.9
	A.10
	A.11
	A.12
	B.1
	B.2
	B.3
	B.4
	B.5
	B.6
	B.7
	B.8
	B.9
	B.10
	B.11
	B.12
	B.13
	B.14
	B.15
	B.16
	C.1
	C.2
	C.3
	C.4
	C.5
	C.6
	C.7
	C.8
	C.9
	III
	IV

