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I.1

Some Main Research Works Performed by

H. Sekimoto from 1976 to 2010

Hiroshi SEKIMOTO

INTRODUCTION

Since this article is for Celebration of 65" birthday, I
will try to make a summary of my research activities.
Though my research activities had already started earlier
before | came to Tokyo |Institute of Technology
(TokyoTech), this summary covers only my activities
performed in Tokyo Tech since it appears in the Bulletin of
the Research Laboratory for Nuclear Reactors.

When | came to TokyoTech, | started my research on
fusion neutronics. This study was performed as a key
member of Special Research Project on Nuclear Fusion
supported by the Grand-in-Aid for Fusion Research by the
Ministry of Education, Science and Culture. This study
continued during 1976-1982, while my position was a
research associate. We employed the unfolding method to
obtain neutron energy spectrum from measured pulse
height distribution of liquid scintillation counter. Unfolding
method was studied not only for pulse height distribution
but also activation analyses.

When | became an associate professor, | changed my
research area from fusion energy to fission energy, and
started this research with development of a new calculation
method for pebble-bed type high-temperature gas reactor.
Later | proposed several innovative reactors with my
students including high flux reactor and pulse reactor by
using similar technologies developed in the high-
temperature gas reactor studies.

In 1987 | started with my students the study on nuclear
equilibrium society in the future where separation and
transmutation of spent fuel are the main problem. The
timing is coincident with the Omega Project promoted by
JAERI, and this study was performed intensively for long
period. This study won the AESJ Award for Scholastic
Accomplishment in 2004.

In 1989 | started small long-life reactor design study with
one of my foreign students from Indonesia. We chose fast
reactors with metal and nitride for fuel and lead and lead-bismuth
eutectic (LBE) as coolant. It stimulated Russian project on lead-
bismuth cooled small fast reactor. Soon the Generation IV
International Forum (GIF) was established and lead (including
LBE) cooled fast reactor (LFR) was selected one of six
Generation IV reactors. | signed MOU for Collaboration on LFR
Nuclear Energy System.

I was wondering about the possibility of CANDLE
burning for many years. In 1999 my student Mr. Ryu and |
found it is possible for a large LBE cooled metallic fuel
fast reactor. The principle of CANDLE burning is similar
to the principle of Travelling Wave Reactor later developed
by TerraPower which is supported by Bill Gates, and our
research attracted interests of the mass media.

In this article 1 will make brief descriptions on the
following topics:

fusion neutronics
unfoldings
graphite moderated reactors
equilibrium nuclear systems
small long-life fast reactors

6. CANDLE burning

In the references | will list only papers published in
technical journals widely distributed in the nuclear
engineering community and books easily obtainable.
Otherwise the number of papers will be too many for this
bulletin. They are listed chronologically.

grwdE

FUSION NEUTRONICS [1-14, 17-19, 25, 28, 36, 45]

A miniature spectrometer was designed to measure the
neutron spectrum inside an assembly. A small spherical
container filled with NE213 liquid scintillator is inserted in
the assembly and a light guide is used to transmit the
scintillation light from the scintillator to a photomultiplier
outside the assembly. A light coupler of parabolic shape is
inserted between the scintillator and light guide, so that the
light in the guide may reflect totally on its side surface.

Scalar neutron spectra were measured with this
spectrometer at several positions in water, graphite and
lithium fluoride assemblies, which were irradiated with D-
T neurons. The n-y discrimination was executed at each
pulse height. The pulse height spectrum was unfolded to an
energy spectrum with a modified FERDOR code.

The measured spectrum was compared with a
calculated spectrum using the MOESE-GG Monte Carlo
code with the GICXFNS group cross-section set processed
from the ENDF/B-IV and -V libraries. A continuous-
energy Monte Carlo code was developed and used to
investigate the accuracy of multi-group approximation used
in the MOESE-GG Monte Carlo code.

The measured spectrum in the graphite assembly
showed fine structure, and each peak and valley
corresponds to a level-inelastic scattering and total cross-
section resonance peak. The measured spectrum in the
lithium-fluoride assembly might contain considerable error
and oscillation of the unfolded spectrum became
substantial.

UNFOLDINGS [1, 3, 6, 19, 140, 141, 143]

The minimization of the functional defined by the prior
knowledge and integral data of a neutron spectrum can be
the basis of many unfolding methods. The form of these
functionals classifies the widely used methods: FERDOR,
SPECTRA, RFSP, CRYSTAL BALL, SAND-II, STAYSL
and others. The methods were systematically derived and
theoretically compared to each other. Their relations to the
function expansion method were discussed, and several
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cases of estimated spectra were studied. Treatments of
response function errors were also investigated.

A new unfolding method has been developed to
minimize an objective function by adjusting the logarithm
of the spectrum. This method gives a positive solution over
the whole energy region. The solution oscillates much less
than conventional solutions using the linear least-squares
method, such as FERDOR, even without an oscillation
damping term.

Another new unfolding code based on quadratic
programming has been developed for precise treatment of
the non-negativity constraint of the neutron spectrum. This
code does not require any initial guess and enables a global
optimum solution to be derived.

GRAPHITE MODERATED REACTORS [15, 16, 20-
22, 24, 27, 30-33, 35, 37, 39, 40, 42, 48, 51, 59, 67, 122,
129]

A new computer code PREC was developed to solve
neutron and nuclide density distributions at the equilibrium
cycle of pebble bed reactors. The PREC code has the
following special advantages:

(1) To provide a direct solution of the equilibrium cycle
(2) To fix the effective neutron multiplication factor as an
input
(3) To treat continuous fuel movement
(4) To treat r-z two-dimensional geometry, leading in turn
to the following special advantages:

(4-1) Ability to treat the cavity at the top of the core

(4-2) Ability to treat the curved fuel stream-lines

A feasibility design study of the graphite moderated
gas-cooled reactor as a high flux reactor has been
performed. The core of the reactor is equipped with two
graphite reflectors, i.e. the inner reflector and the outer
reflector. The highest value of the thermal neutron flux is
expected to be achieved in the inner reflector region, and a
moderately high thermal neutron flux is also expected to be
obtained in the outer reflector region. By choosing optional
values of the core-reflector geometrical parameters and
moderator-to-fuel atomic density, a high thermal neutron
flux can be obtained. Because of the thermal design
constraint, however, this design will produce a relatively
large core volume (about 10" cm®) and consequently a
higher reactor power (100 MWt). Preliminary calculation
results show that with an average power density of 10
W/cm?®, a maximum thermal neutron flux of 10 cm?s™
can be achieved in the inner reflector. Pulsed neutron
reactors were also investigated using graphite moderator.
The graphite is a good heat source for this reactor where
coolant cannot be relied on.

Here it is better to add another high thermal neutron
flux reactor concept using a fast reactor core. Reactor
configurations were investigated to obtain high thermal
flux under design constraints on the total reactor power and
peak power density. Graphite and heavy water were
compared as the reflector material, and oxide and metallic
fuels were also compared. The power density necessary for
a maximum thermal flux of 10'® cm?s™ was obtained in a
reasonable range for all cases.

EQUILIBRIUM NUCLEAR SYSTEMS [23, 26, 29, 38,
46, 52-58, 65, 69-73, 76-82, 88, 90, 91, 93, 94, 99, 104,
105, 112, 114, 119, 123, 126, 131-134, 136, 139, 144, 149,
151]

The nuclear equilibrium society has been investigated
by the author, where the radioactive toxicity discharged
from a nuclear centre is less than the level of natural
uranium supplied to the centre. Enough neutrons necessary
for transmuting toxic nuclides to harmless ones can be
supplied in hard spectrum fast reactors. However,
extremely high decontamination factor is required for the
separation technology of toxic nuclides from harmless ones
and is too difficult to be realized considering to the present
technology level. The present separation technology does
not satisfy this criterion, and extremely high performing
storage system like underground disposal is employed for
the present fuel cycle system instead. The reprocessing
plant has several difficult problems in addition to this
problem. At present once-through fuel cycle may be one
option, and at the same time intensive studies to improve
separation technology should be promoted for the future
use.

Theory on nuclide importance was developed during
this study. Conventional methods for evaluating some
characteristic values of nuclides relating to burnup in a
given neutron spectrum had been reviewed using a
mathematically systematic way, and a new method based
on the importance theory was proposed. This method is
derived from the fact that these characteristic values of a
nuclide are equivalent to the importances of the nuclide.
By solving the equation adjoint to the steady-state burnup
equation with a properly chosen source term, the
importances for all nuclides are obtained simultaneously.
The fission number importance, net neutron importance,
fission neutron importance and absorbed neutron
importance have been evaluated and discussed. The net
neutron importance is a measure directly estimating
neutron economy, and can be evaluated simply by
calculating the fission neutron importance minus absorbed
neutron importance, where the fission neutron importance
does not depend on the fission product, and only the
absorbed neutron importance depends on it. Sensitivity
studies on these importances were also performed.

The nuclear equilibrium analysis was performed not
only for future nuclear equilibrium system but also for
evaluation of some new nuclear system such as thorium
reactors.

SMALL LONG-LIFE FAST REACTORS [34, 41, 43,
44, 47, 49, 50, 84-86, 92, 95, 97, 98, 101, 103, 107-112,
116, 117, 121, 124, 126, 135, 148]

Lead bismuth eutectic (LBE) is a good coolant for fast
reactor especially from safety point of view, and shows a
good performance especially for small reactor. | proposed a
concept of long-life small reactor by employing LBE
cooled fast reactor. It is the world first trial of LBE coolant
to long-life small fast reactor. Since then this reactor
concept has been studied continuously. We named this
reactor LBE-cooled Long-Life Safe Simple Small Portable
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Proliferation-Resistant Reactor (LSPR) to distinguish it
from reactors proposed by the other institutes.

This reactor does not require any high level
infrastructures available now in developed countries,
shows nuclear proliferation resistance, satisfies the safety
criteria equivalent to ones for modern LWRs without any
actions by personnel or machinery.

LSPR is built in a developed country, and shipped to a
developing country, and set it there. The steam and water
pipes are connected at operation site. It is operated for 10
to 30 years, and replaced by a new one, if necessary. Old
one is shipped back to the developed country. The reactor
vessel cannot be opened for refueling at the operation site.
It is good for nuclear proliferation resistance. The
Polonium, which is an alpha emitter, is produced from
neutron capture reaction by bismuth in coolant and works
efficiently for physical protection.

The total power of the typical design is 150 MWt
(53MWe). The height and width of the reactor vessel for
this power level are 15.2m and 5.2m, respectively. The
artist view of reactor vessel is shown in Fig. 1.

Pump

Steam
Generator —|

Core -

Fig.1 Artist view of LSPR

The excess reactivity required for burnup is very low.
Our previous study shows that the 12 years operation

requires only less than 0.1% A k. It makes UTOP accident
inherently safe. LSPR confirms negative coolant dilatation
coefficient over whole reactor life. This characteristic
together with some other characteristics makes ULOF
accident inherently safe. This reactor can survive even
simultaneous UTOP ULOF and ULOHS accident without
the help of an operator or active device. Here we employ
two mechanical pumps for the primary circuit for expecting
coast-down of coolant flow at ULOF. The replacement of
impeller is simple, but performed by regularly visiting
maintenance crew from the developed country. In addition
to the mechanical pump, the use of magnetic pumps, lift-up
pumps and natural circulation can be the alternatives for
their performances at either normal or accidental
conditions.

CANDLE BURNING [61, 66, 68, 74, 83, 96, 100, 102,
106, 109, 112, 113, 115, 118, 120, 122, 125-128, 130, 137,
138, 142, 146, 147, 150, 152]

In conventional reactors, control rods inserted at the
start-up of operation are gradually extracted along fuel
burning in order to maintain the reactor critical. On the
other hand, CANDLE (Constant Axial shape of Neutron
flux, nuclide densities and power shape During Life of
Energy production) reactors do not need this kind of
control rods. Their burning region moves along the
direction of the core axis, at a speed proportionate to the
power output, without changing the spatial distribution of
the nuclide densities, neutron flux and power density as
shown in Fig. 2. We can use either natural uranium or
depleted uranium for the fresh fuel. The same idea is
employed in Travelling Wave Reactor, whose design study
was stared recently by the support of Bill Gates.

discharge

core core core core
spent fuel
fresh fuel fresh fuel Tresh fuel

charge

Fig. 2 CANDLE burning and fuel management

Very high neutron economy is required to realize
CANDLE burning for the fast reactor case. From our
previous studies fast reactors with metallic fuel and some
others with very hard neutron spectrum can realize this
burning. However, once it is realized, natural or depleted
uranium can be used for replacing fuels and 40% (400
MWd/tHM) of it can burn up.

The nuclear energy has the resource problem, if we
operate only light water cooled reactors (LWR). It has also
inherent difficult problems caused by radioactive materials
produced in it and by employed materials and technologies
tightly relating to nuclear bombs. The radioactive materials
cause the problem of accident during reactor operation, and
the problem of radioactive wastes after reactor operation.
Any proposed reactors should satisfy technical feasibility,
of course. Finally reasonable price is usually an important
requirement to energy. Thus the necessary and sufficient
conditions for nuclear energy utilization as primary energy
in the future are considered to satisfy six requirements for
1) resource, 2) safety, 3) waste, 4) bomb, 5) technical
feasibility, and 6) economy:

1) Resource

The burn-up of the spent fuel is about 40%. This value
is competitive to the value of the presently expected fast
reactor system with reprocessing plant. The 40% of natural
uranium burns up without enrichment or reprocessing.

The present once-through fuel cycle of 4% enriched
uranium in LWR performs the burn-up of about 4% of the
inserted fuel, and it corresponds to the utilization of about
0.7% of natural uranium depending on the enrichment of
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depleted uranium. For this case about 87% of the original
natural uranium is left as depleted uranium. If this depleted
uranium is utilized as the fuel for CANDLE reactor, 35%
(=0.87x0.4) of the original natural uranium is utilized.
Therefore, if the LWR has already produced energy of X
Joules, the CANDLE reactor can produce about 50X Joules
from the depleted uranium stored at the enrichment facility
for the LWR fuel.

If LWRs have already produced energy sufficient for
full 40 years and the nuclear energy production rate will
not change in the future, we can produce the energy for

2000 years by using the CANDLE reactors as shown in Fig.

3. We need not mine any uranium ore, and do not need
reprocessing facility.

@7 e~ 407
NU EU
LWR

o - s 1
DU —
CANDLE

Fig. 3 CANDLE reactor operation after LWR operation

2) Safety

There are so many kinds of events and accidents for
nuclear reactor that the best way for increasing safety
features of nuclear reactor is considered to reduce both
frequency of undesired events and consequence of the most
severe accident.

The frequency of undesired events for CANDLE
reactor is reduced by many ways as follows. Firstly the
burn-up reactivity control mechanism is not required for
CANDLE burning. The reactor control becomes simple
and easy. The excess burn-up reactivity becomes zero, and
the reactor becomes free from reactivity-induced accidents
at operating condition. Secondly the number density
distribution of each nuclide does not change with burning
in the burning region. Therefore, the reactor characteristics
such as power peaking and power coefficient of reactivity
do not change with burning. The estimation of core
condition becomes very reliable. The reactor operation
strategy remains un-changed for different burning stage.
Thirdly since the radial power profile does not change with
burning, the required flow rate for each coolant channel
does not change. Therefore, the orifice control along
burning is not required. The operational mistakes are
avoided. Furthermore, fresh fuel charged after the second
cycle is depleted uranium or natural uranium. The
transportation and storage of fresh fuels become simple and
safe.

Recriticality accidents occurring after core disruptive
accidents are considered the most secure accident of fast
reactors. CANDLE reactors considerably reduce the
possibility and consequences of recriticality accidents since

control rods are not inserted in the core and only a little
coolant in the core.

3) Waste

The present LWR performs the burn-up of about 4% of
the inserted fuel of 4% enriched uranium. On the other
hand the burn-up of the spent fuel for CANDLE reactor is
about 40%. It is ten times as high as for LWR. Therefore,
the spent fuel amount per produced energy is reduced to be
one-tenth of once-through cycle of LWR.

Separation of spent fuel and vitrification may reduce
the volume of high level wastes, but the total volume of
radioactive wastes increases. The once-through fuel cycle
of CANDLE reactor system reduces the total volume of
radioactive wastes.

The amount of actinides is decreased since they are
stored in the core much longer than conventional reactors
and fissioned in a considerable amount during this period.

We can use the depleted uranium. The wastes from
uranium mining do not appear.

4) Bomb

The enrichment and reprocessing are the most
important key technologies for bomb-making. CANDLE
reactor can be operated without enrichment or reprocessing
forever, once it starts, if only natural or depleted uranium is
available. Therefore, CANDLE reactor shows excellent
features on physical protection and non-proliferation.

5) Technical feasibility

When we use conventional cladding materials, the
burnup of 40% is too much and we should employ
recladding. Once we employ this process, frequency of it
becomes an optional parameter. The recladding process is a
purely dry process and its cost is much cheaper than
conventional reprocessing. If the burnup for one-cycle is
small enough, the recladding becomes very easy and the
separation of cladding from meat becomes rigid.

The start-up of the initial core can be easily performed
by enriched uranium.

Now we do not have any severe technical difficulties.

6) Economy

The cost of nuclear reactor consists of capital, fuel, and
O& M (operation and maintenance).

We can expect low O&M cost, since CANDLE reactor
is simple.

We can also expect low fuel cycle cost, since the
reprocessing of discharged fuel is not required.

Since coolant channel space is smaller than
conventional reactors, the core cooling performance is poor.
It may result in lower average power density. Low average
power density deteriorates strongly its economical
performance. However, this deterioration may be reduced
considerably by the designs without blanket, short core
height and radially flat power distribution. The short core
and radially flat power distribution can be realized by
employing radially multi-region core and MOTTO fuel
cycle.
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I.2 APF-1H Liner Accelerator of A Heavy lon Implanter

Toshiyuki HATTORI

1. Introduction

A major aim of current works is the design and
fabrication of a new generation heavy ion implanter for
the semiconductor industry. The reason for choosing the
IH structure in the design process is that it has an
extremely high shunt impedance value resulting in
enhanced power efficiency and acceleration efficiency in
the low-to-middle energy region compared to other linear
accelerators [1]. The beam focus was performed using a
self-focusing method, the APF method [2], using the rf
focusing force generated by the high-frequency phase to
focus the accelerating particles. Furthermore, the cell
length and the total cavity length can be shortened when
using the APF method.

This new heavy ion linac can accelerate 'B* and
ions; where He" ions were used in the CW test experiment.
The experiment showed that measured parameters,
including the operation frequency, the Q value, the axial
electric distribution, and the consumed power for
acceleration, are well within the design limits. In particular,
the measured operation frequency was 99.95% of the
design specification of 60MHz. An important design
feature is the variability of the linac output energy
spectrum peak, which can be varied by changing the
feeding power, desirable in the semiconductor fabrication
process.

31P2+

2. Design Procedure

In the past it was difficult to evaluate the high
frequency electric field distribution and cavity resonant
frequency for the IH linac. In this work the design process
was based on CAD design software: SolidWorks [3], and
an advanced computer simulation technology: 3-D
electromagnetic solver Microwave Studio [4]. These
softwares were utilized to perform simulations of the
cavity electromagnetic distribution. The orbit calculation
was simulated using PARMILA [5] and PMLOC (Pi Mode
Linac Orbit Calculation), a program based on the thin lens
principle, developed by our group.

This IH-DT linac design consisted of 8 drift tubes and
9 cells. Firstly, the drift tube table including drift tube
lengths, gap lengths, phase and energy on each cell were
created using PMLOC. Then PARMILA was used to
evaluate the transit-time-factor and the energy distribution.
The profile of the last cell of the PARMILA simulation is
shown in Fig. 1.

Secondly, these drift tubes, based on the PMLOC
calculation and an appropriate cavity based on experience,
were sketched and assembled in SolidWorks. Next, the
resonance frequency and the axial electric field
distribution of the cavity were solved using Microwave
Studio. Finally, based on the results of the Microwave

Studio simulation, the cavity was adjusted to an optimal
structure, where the resonance frequency and axial electric
field distribution were correctly fitted to design limits. The
simulation results of the electric field distribution were
used to simulate further the beam orbit. The final
parameters of the cavity are outlined in table 1.

L R
S,

Fig. 1. The profile of the last cell.

Table-1 Main parameters of APF-1H linac

Charge to mass ratio(g/A) He(1/4),P2+(2/31)

Frequency (MHz) 60
Input energy (kev/u) 20

Output energy (keV/u) 49
Cell numbers 9
Cavity length (cm) 43.2
Cavity radius (cm) 50.5
RF power (kW) 4,56
Drift tube radius (mm) 22
Drift tube radius (mm) 9

Synchronous phase -90,-30,30,30,-30,-30deg.

After the PMLOC simulation of the iterating phase
patterns of the drift tubes, the phases, the transverse
acceptance of particles were determined. Furthermore, the
double bunchers in the 1% and 2™ cell were selected in
order to raise transmission. The determination of the
optimum phases, listed in table 1, was based on the
simulation results that showed which phases could obtain
the largest acceptance of transverse and longitudinal
directions.
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3. Cavity electromagnetic simulation

For cavity electromagnetic  simulations, the
relationship between the mesh, frequency, and power, was
firstly investigated using Microwave Studio. The
simulation results indicate that the necessary power for
accelerating ions up to 48.4keV/u from 20keV/u is
4.56kW. The decrease in frequency should be due to the
increase in capacitance associated with the increase in DT
diameter. The increased capacitance reduces the decrease
of voltage (power). Ultimately, the optimum frequency
was obtained with an ERT length of 20 mm and a DT
diameter of 44 mm.

After the completion of all simulations and design
processes, the final CAD data was sent to a manufacturer
where the linac parts were fabricated and assembled. For
the assembly of the parts, a nonconventional method was
employed. Screws were used to join and align the
acceleration drift tubes, the stems and the ridges. In this
work, the main acceleration structure was fabricated using
a 5-axis NC (numerical control) machine to cut the shapes
of the drift tubes, the stems, the ridges, and the cooling
roots without alignment. The well machined structure will
have a highly effective cooling system and Q value. The
linac model and the fabrication method are illustrated in
Fig.2.

{aumanaye uopRaa00e 2uos)
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Fig. 2. A 3-D illustration of the cavity, fabricated using the 5-axis
NC high accuracy machining method.

4. Cavity high frequency characteristic experiment and
fabrication of acceleration system

The cavity optimal resonant frequency was measured
to be 59.97MHz, which is 99.95% of the design limit. The
Q value was measured to be 10,000, which is 91% of the
value obtained from the simulations. The electric field
distribution in the cavity was measured using the
perturbation ball method. Both the measured result and the
simulation result, individually highlighted in the left plots
of Fig.3, are similar. The comparison of the normalized
value from measurements and simulations are shown in
the right plot of Fig.3, showing that the electric field of
each gap is well reproduced in the simulations.

Normalized value of measurement and simulation
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Fig. 3. Comparison of measurement value and simulation value

Using this newly-fabricated linac, the acceleration
system was setup as shown in Fig.4. On the injection side
this system includes: 1. a permanent-magnetic PIG ion
source, which can extract charged particles at 10kV; 2. an
accelerating tube which can accelerate particles to a
desired energy; 3. an Einzel lens (EL) which is adopted
to focus particles. On the exit side, the system includes a
quadruple electrostatic lens, an analyzing magnet of 3.3kG,
and a 10 mm slit. The total length of this compact system
is approximately 3.3m. In order to measure the amount of
current, four faraday cups (FC) were attached — two FC’s
at the entrance and exit of the accelerating tube, and two
FC’s at the output side of the linac and the analyzing
magnet. The final beam spectrum is obtained from the
accelerated He" ion beam current measured at FC-4.

APF-IH Linac
L REER

Analyzer Magnet

5 FCL
EL g ccTube

Fig. 4. He" accelerating test system.

5. Experiment and discussion
5.1 CW He" acceleration experiment

The He®™ output beam spectrums for the supplied
powers of 330W and 450W are shown in Fig.5 and Fig.6,
respectively. The accelerated beam peak of 48.4keV/u
shows that the current is 95nA when the supplied power
reaches 330W and rises to 205nA with EL. When the
power increases to 450W, the higher beam peak stands at
56.5keV/u and the current is 230nA. At 450W with EL,
the 56.5keV/u peak also expands and results in a current
of 410nA.
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Fig. 5. Beam spectrum of 330W RF power.
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Fig. 6. Beam spectrum of 450W RF power

The results of the He" acceleration experiment shows
that a 330W RF power is necessary to accelerate the
incident He* beam up to 48.4keV/u from 20keV/u. The
result from the Microwave Studio simulation was 304 W
(calculated for a simulated power of 4.56kW for P?)
which means that the electric conductivity of this linac
cavity surface is about 92% (304W / 330W) of pure
copper and agrees with the Q value ratio from the
simulation (91%). Compared with conventional designs of
the electric conductivity, only 80% ~ 85%, it is reasonable
to state that the increased power efficiency is due to the

greater accuracy in the fabrication process of the apparatus.

5.2 Discussion on energy variability

Based on the experimental results, it was considered
that the APF-1H linac design of 9 cells could be used to
accelerate multi-particles like **B*and **P?*. The output
energy spectrum peak is directly related to the change of
the feeding power. Fig.7 shows the simulation results of
the energy variability (solid lines) agree with the
experimental results (indicated with triangle symbols).
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Fig. 7. Relations of simulation of energy and transmission &
resolution. The acceleration energy was evaluated in phosphorus.

6. Summary

An APF-IH linac of a power-efficient structure was
successfully designed and fabricated to accelerate He*
ions up to 193.5keV (1.5MeV in **P?*). In this work the
design process was completely based on numerical design
and simulations; orbit calculation software and a 3-D
electromagnetic solver was used to design and evaluate
the cavity. Based on various cavity designs and the
simulation results, the optimum cavity design was
fabricated using a 5-axis NC machine to machine the core
acceleration structure without alignment. The high
frequency characteristic experiment of the cavity showed
that measured values including frequency, power, and the
Q value, agree with the desired design limits.

According to the CW He" acceleration experiment, the
experimental power needed to accelerate particles agrees
well with the simulation results. The available energy
variability was also investigated, and showed that
accelerated energy peak could be altered by changing the
feeding power for He" acceleration. The energy variability
of P** acceleration will be investigated in future work.
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DNS and LES of Turbulent Flows in Concentric/Eccentric

Annular Channels in Analogy to Subchannels of
Sodium-cooled Fast Reactor Fuel Subassemblies

Hisashi NINOKATA and Elia MERZARI

DNS computations have been performed for
non-isothermal flows in concentric and eccentric annular
channels [1]. The data collected has been used to evaluate
different SGS model in order to develop an effective LES
methodology on the boundary fitted coordinates [2]. The
algorithm used to solve the Navier-Stokes equations
coupled with the energy equation is described in [2, 3, 4].
Several other models have been tested, among which the
dynamic mixed model, the self-similarity model and another
variant of the dynamic model [5]. The dynamic model and
its variant performed fairly well from the point of view of a
priori and a posteriori tests. They may be considered the
ideal choice for the simulation of the flow in annular
channels and rod-bundles [3].

The results of the LES simulations have been validated
for available DNS and experimental data [2, 3] in
concentric and eccentric annuli. Important aspects of the
flow field such as transition from laminar to turbulent
flow accompanied by a formation of the street of
counter-rotating vortices in the region near the narrow
gap have been confirmed and reproduced through the
present methodology [5]. In particular, the effect of
transverse curvature on the inner wall, as well as the effect
of eccentricity on the wall shear stress, has been
successfully simulated.

Contemporarily, in the narrow gap the local profile of
the streamwise velocity evolves from a purely laminar
solution to a solution characterized by the presence of
turbulence production near the walls. Shear stress in the
narrow gap region evolves from an almost laminar
condition for a Reynolds number equal to 3,200 to an
increasingly turbulent flow solution [5].

For non-isothermal flows of Pr = 0.71 and Ra =
2,160,000, in a concentric annulus channel with D;,/Dgy =
0.6, the mesh sizes are chosen to be of the order of the
Kolmogorov length scale. A total of 32 million meshes are
employed in its DNS to calculate velocity and temperature
distributions inside the annulus. Figure 1 shows
comparisons of time-averaged and normalized temperature
distributions at different angles to demonstrate excellent
agreement of the DNS with experiment. LES results have
been compared and show, in general, good agreement with
DNS, where in the SGS modeling of the energy equation,
filtering introduces a source term which could be
approximated by the additional variables to be proportional
to the temperature gradient with the turbulent viscosity
given by the SGS model and turbulent Prandtl number.
Total number of meshes in the LES is about one million
(1/30 of the DNS case). Figure 2 shows snapshots of
temperature contours in the case wheere the narrow gap is

on the upper side. It is shown the plume hits the upper wall
resulting in high value of variance near the outer wall and
stronger temperature fluctuations are generated even near
the bottom of the outer wall.

We have performed LES of the flow in
two-subchannels connected by a narrow gap for an infinite
triangular lattice rod bundles, typical of fuel subassembly
of sodium-cooled LMFBRs, with periodic boundary
conditions in the cross section and in the streamwise
direction. Figure 3 (a) streamlines and (b) contour plot for
the cross flow velocity are a result of LES for a low
Reynolds number turbulent flow (Re=5,500) in a tight
lattice rod bundle with P/D=1.05. The rectangles in (b)
represent the regions where coherent structures can be
clearly identified. The values are normalized by the 0.1
times the bulk velocity in the axial direction. The vector
plot of the horizontal flow components shows a vortex
positioned near the gap driving the cross flow between the
two subchannels, thus mimicking the same phenomenon
described previously for eccentric channels and other
related geometries ([1]). The cross velocity has a sinusoidal
behavior (Fig. 4) that is consistent with the principal mode
of turbulence. This oscillatory behavior is called global
flow pulsation and has been successfully reproduced by
LES.
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Figure 1. Radial temperature distributions at different angle positions in the concentric annulus: comparisons of DNS and experiment
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CFD Analysis of Thermally Stratified Flow in

Horizontal Pipe with Upward Bend

Marco PELLEGRINI and Hisashi NINOKATA

During protected loss of flow transients in loop-type
fast breeder reactors, temperature distribution of the
coolant and the particular geometrical arrangement in the
upper plenum, may create an uneven temperature
distribution at the hot leg inlet. This possibility, in case of
very low flow rates, can cause thermal stratification in the
horizontal portion of the pipes.

Analysis of the thermal stratification is important for
estimating stresses on the pipes and also for the
introduction of additional pressure losses which can
influence the course of the transient.

Numerical analyses of such phenomena must be
validated through experimental results, in order to show the
benefits and the limitations introduced by the numerical
study. In this contest the purpose of the present work is the
validation of computational fluid dynamics tools for the
evaluation of thermal stratification behavior in horizontal
pipe through an experimental benchmark [1][2] [3].

In Fig. 1 the facility, consisting of a “U bend”, is shown.
Water enters the inlet section with velocity V;, = 0.0178
m/s, and temperature 7, = 300 K. At time ¢, the fluid at the
inlet is heated during 47 = 53 s for a linear temperature
increase of AT = 6.83°C.

e Represents the
experimental
measuring points.

Pressure outlet —>

%

wzo0e

Velocity Inlet

*
Nearly horizontal section

Fig. 1. Experimental facility.

After the fluid is heated the hot water reaches the first
bend and, due to the buoyancy force, it stratifies on the
upper region of the horizontal portion of the pipe. The
hotter portion of the stratified fluid, moving with higher
velocity, reaches the second bend where the simultaneous
contribution of buoyancy and centrifugal forces creates a
region characterized by large vortexes which introduce
mixing and pressure drops.

The behavior of the transient (stable stratification and
mixing in the elbow) is governed by important non

dimensional parameters, i.e., Froude number F, Reynolds
number Re, Peclet number Pe, the non dimensional time

fo and the grade of pipe bending R/d, which are shown in
Table 1.

Table 1 Non dimensional numbers characterizing the

transient.
F Re Pe t, R/d
0.22 5000 30,000 7.5 1.52

Spatial discretization of the domain to be simulated is
done using symmetric condition on the flow direction;
convective terms are discretized using second order upwind
scheme. The temporal discretization is done employing a
time-step o = 0.25 s and using a fully implicit scheme.
Pressure, momentum and energy equations are solved
using the SIMPLE [4] algorithm.

Three calculations cases, shown hereafter in the present
study, refer to k-¢ model for the turbulence modelization
using two different approaches for the wall treatment,
namely Two-Layer (TL) (Wolfshtein assumptions [5]) and
low-Reynolds (LR) approaches. In particular: CASE-A
employs k-¢ anisotropic and LR model; CASE-B utilizes k-
¢ anisotropic and TL model; CASE-C uses k-¢ Realizable
and TL model. To compute the calculation the commercial
code Star CCM+ 5.02.009 was employed.

Fig. 2 shows the temperature contours at ¢ = 44t on
the symmetry plane which illustrates the persistence of the
stratification in the nearly horizontal portion of the pipe
and mixing appearing in the downward bend pipe region.

'.J

Temperatune (K}
300.00 0134 302.73 304. 10 305 .48 306,83

Fig. 2. Instantaneous temperature contours on the symmetry
plane at t= 212 s for the Realizable Two Layer model
(CASE-C).
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The experiment provides temperature data for the
measuring points (located 1 cm from the wall) whose
position are qualitatively identified by the black dots in Fig.
1. The benchmark between the three calculations and the
experimental data was carried and shown in Fig. 3.

In Fig. 3 the temperature differences for the three cases
at t = 4- At are shown. All the cases are able to evaluate the
persistence of the stratification in the horizontal region (S/d
7-10). On the other hand poor predictions are obtained in
the bend regions and in particular in the second bend (S/d
12-14). In this region the experimental results are provided
for a 45° inclination plane and on a horizontal plane at the
exit of the bend (Fig. 1). The experiment shows that on the
diagonal plane, the temperature starts to shift from the
lowest and highest temperature during the transient (i.e.
300K and 306.83K). This behavior is shown to be
reasonably predicted by all the three simulations.

Experimental Comparison
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Fig. 3. Experimental and computational comparison of the
temperature difference at t= 212 s.

At the bend exit instead the experiment shows that
intermediate and similar temperatures on the measuring
points are obtained. For the inner region of the pipe this
means that the hot flow does not proceed along the vertical
wall, as shown in Fig. 2 for CASE-C. Results for CASE-A
and B instead demonstrate an opposite behavior. Finally all
the three cases have poor predictions of the temperature
increase evaluated in the outer part of the pipe. This can be
imputed to lack of accuracy in the prediction of fluid
recirculation in this region which underestimates the
effective mixing.

In conclusion, a preliminary analysis of thermal
stratification in bent pipes shows that the modeling efforts
must concentrate on the evaluation of the region downward
the stratification. The right validation of this region is
indeed delicate and of primary importance for the pressure
drop evaluation and modelization.

As a final remark, it is important to notice that the
experimental results are provided very close to the pipe
walls and therefore, due to low flow conditions, inside or
near the boundary layer. As a consequence the proper and

accurate modelization of this region has a deep impact on
the success of the benchmarking.
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A3 New Approach to Evaluate Lattice Expansion of Light Water
Reactor Fuel Elements on Criticality Safety of Transport
Packages under Impact Accidents

Masanori ARITOMI and Mitsufumi ASAMI

In order to safely transport packages containing light
water reactor fuel assemblies, it is essential to maintain the
fuel assemblies in a subcritical state in accidents during
transport. To evaluate nuclear criticality safety, an
estimator is required to determine an absolutely safe level
based not only on hypothetical accidents but also on
practical accident levels which, to some extent, are based
on actual accidents™. The purpose of the present study is
to suggest the arrangement of the deformation range of the
fuel assembly after an actual accident, and to obtain the
maximum value of the neutron effective multiplication
factor based on the criticality safety assessment for the
transport cask.

In the present study, two Kkinds of criticality
calculations for the package were considered: large scale
pin pitch shift and small scale pin pitch shift(see Fig.1).
For the large scale pin pitch shift, a parameter which
determines the location of each fuel pin which constitutes
the fuel assembly was introduced so that the criticality
calculation for the fuel assembly with non-uniform lattice
pitch can be performed parametrically. The result of the
criticality calculation using the parameter of large scale
pin pitch shift made it clear that the neutron reactivity is
sensitive to the fuel pin pitch because each fuel pin pitch is
related to a ratio of the fissile to the moderator, and that
the relationship of the ratio to the neutron reactivity
depends on the type of fuel assembly (i.e. PWR or BWR,
see Fig.2).

For the small scale pin pitch shift, the study focused on
the small displacement of each fuel pin. The small
displacement of each fuel pin pitch can be described
probabilistically using the stochastic geometry routine? in
MCNP code. Using the scheme in combination with the
scheme for the large scale pin pitch shift, the maximum
value of the neutron effective multiplication factor of the
package after an accident can be obtained. However, the
effects of the small scale pin pitch shift were small
compared with the effects of the large scale pin pitch shift
(see Fig.3).

This scheme is useful to determine the maximum
neutron effective multiplication factor for the criticality
safety evaluation.
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A4

Evaluation of Supercritical CO, Centrifugal Compressor

Experimental Data by CFD Analysis

Masanori ARITOMI amd Kazuhisa TAKAGI

A supercritical CO, gas turbine of 20MPa is suitable to
couple with the Na-cooled fast reactor since Na - CO,
reaction is mild at the outlet temperature of 800K, the cycle
thermal efficiency is relatively high and the size of CO, gas
turbine is very compact. Fig.1 shows Cycle design using
supercritical CO,. In this gas turbine cycle, a compressor
operates near the critical point. The property of CO, and
then the behavior of compressible flow near the critical
point changes very sharply. So far, such a behavior is not
examined sufficiently. Then, it is important to clarify
compressible flow near the critical point. In this paper, the
experimental data of the centrifugal supercritical CO,
compressor have been evaluated by CFD analyses using a
computer code "CFX". In the analyses, real gas properties
of CO, were achieved by simulating density. The test
compressor consists of three kinds of impeller. Fig.2 show
these impeller figures. First, impeller A has 16 blades and
the overall diameter is 110mm. Second, impeller B has 16
blades and the overall diameter is 76mm. Third, impeller C
has 12 blades and the overall diameter is 56mm. Each
impeller has each diffuser. Fig.3 shows experimental data
with impeller A. This experiment had been gained over
critical point. So, CFD analysis was conducted for each
impeller and each diffuser. The results were compared and
evaluated for the three different impeller and diffuser sets.
Main output of calculation is a value of the total pressure at
diffuser outlet, which agreed very well with that of the
experiment. Total and static pressure distributions, relative
velocity distributions and temperature distributions
surrounding impeller and diffuser were obtained. Adiabatic
efficiency was also evaluated. Fig.4 show slip factor
(sigma) at range of supercritical. Slip factor is impotant to
measure relative velocity given by impeller. General slip
factor of stanitz-sigma also is shown. Comparired with
these factors, It was confirmed that stanitz-sigama is higher
than sigma. It needs exact evaluation in different operation
range from now.

RHX 1

RHX2
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A5

Experimental Study for Estimating Bubble Volume and Shape

by using Image Analysis in Stagnant

Masanori ARITOMI, Noriyuki WATANABE and Noriaki INABA

Two-phase flow is encountered in many applications:
nuclear reactors, thermal plants, chemical plants, and some
heat exchangers. In these designs and operations, the
understanding of thermal-hydraulic characteristics in two-
phase flow is important. Especially, because it is difficult
to predict the void fraction in the subcooled boiling flow
since boiling and condensation arise in the same time with
nonthermal equilibrium. In the interfacial area transport
equation of two fluid model, the parameter of interfacial
behaviors is important because exchanging of mass and
energy come through the interfacial. Gunther, Thorncroft,
Bibeau, Prodanovic expressed the bubble behaviors by
measuring bubble diameter, bubble waiting time and
bubble growth rate by using high-speed cameras. The void
fraction, interfacial area concentration and interfacial heat
transfer, which are necessary to achieve the constitutive
equations of two-fluid model, are calculated by bubble
volume and interfacial area. Therefore, measuring of the
bubble volume and interfacial with high accuracy is
important. Interfacial heat transfer, which is necessary
parameter to indicate energy balance in two-fluid model,
shows that retaining energy of vapor molecule contributes
to interfacial. Considering bubble condensation that vapor
molecules in the bubble are cooled, interfacial heat
transfer is calculated by vapor volume and interfacial area.
Heat quantity is calculated by time-variable quantities of
bubble volume (AV /AT ) and multiplied by vapor density
and latent heat. Therefore, considering that bubble shape
changes temporally, it is necessary to explain that the
variation of bubble volume is occurred by vapor
condensation or the variation of calculated bubble volume
by bubble shape change. However, calculating bubble
volume is mostly by using shape approximation by simply
through despite the bubble shape intricately varies. To
estimate the bubble shape, image analysis is used. Image
analysis for the shape estimations is used to observe from
bubble behaviors in the stagnant water to bubble
nucleation in the boiling conditions.

Despite there is a lot of studies focused on bubble
shapes, the studies of accuracy bubble volume by shape
approximation process is still a few. The purpose of this
study is to calculate bubble volume by using shape
approximation process and to compare with known real
bubble volume. The results of this experiment show the
average calculated bubble volume and its variance by
image analysis. Finally, a new calculation method of
bubble volume is suggested with considering the shape of
the bubbly by image analysis.

By using image analysis, It is pronounced that
variations of bubble shape affect the calculated bubble
volume. The calculated bubble volume depends on the

traditional method of long axis rotation and short axis
rotation with ellipse approximation. In case of using long
axis rotation, calculated bubble volume tends to be
underestimated with low variance. In case of using short
axis rotation, calculated bubble volume tends to be
overestimated with high variance. In addition, it is
considered that bubble shape affects the calculated bubble
volume. To solve this problem, the bubble depth, which is
unknown in one-dimension, is approximated to the
average between long axis length and short axis length. As
the result, the average of calculated bubble volume nearly
equal to real bubble volume. Using stereo visualization for
accuracy improvement of the calculated bubble volume,
the bubble volume is calculated by measuring bubble
depth. As the result, the calculated bubble volume is
slightly overestimated with low variance in large real
volume conditions. As predicted that the bubble shape of
overestimated volume is dimpled ellipsoidal-cap like
skirted, which the center of bubble is depressed.

In this study, original method for obtaining the
calculated bubble volume is proposed by considering the
influence of bubble shape. In case of using the correlation
between short axis length and long axis length with
approximating bubble shape to low aspect ratio, the
average of calculated bubble volume nearly equals to the
real bubble volume with low variance. This result shows
that the method has same accuracy as the method of
calculating bubble volume by stereo visualization.
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Fig.1 The method of calculate bubble volume by stereo images
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Multi-wave Sensors for Two-Phase Flow Observations in

Vertical Rectangular Channel

Masanori ARITOMI, Hiroshige KIKURA, and M Kunta Biddinika

Gas-liquid two-phase flow is an important phenomena
appearing in in many industrial applications such as
chemical plants and power generation plant. The
phenomena exists also in natural life living since it is the
most common flows of fluids in nature. A number of
experimental studies have been carried out to understand
the fundamental mechanism of two-phase flow.

This presented work is rather a fundamental study than
an engineering work with directly applied background.
Nevertheless, a strong engineering demands fundamental
studies in order to improve available basic knowledge and
its application for technological design.

Two-phase bubbly flow condition in rectangular
channel has been studied by Richter (2001) using wire-
mesh tomography. Various test results have been presented
in 3-dimension on the sensitivity of flow parameter and gas
injection configuration. In this experimental study, some
similar flow condition has been studied by using ultrasonic
velocity profile technique which measures velocity
distributions along a measuring line.

The velocity profile is measured by ultrasonic multi-
wave sensors which have separately 8 MHz and 2 MHz
basic frequency. The technique also requires tracer
particles as ultrasonic wave reflectors. The measurements
were carried out to the upward flow in a vertical
rectangular channel made from Plexiglas. The channel
dimension is 100 mm x 20 mm x 1700 mm and the flow is
at ambient pressure and temperature.

The two-phase flow observation was carried out by
measuring velocity profiles of four (4) two-phase flow
conditions. Those were obtained by varying liquid velocity
and maintaining constant gas velocity.

The velocity profiles are obtained by averaging 50.000
instantaneous velocity profiles. The vertical axis is the
velocity and the horizontal axiz is the distance from the
wall. However, since it is difficult to measure the velocity
in the long distance from the surface of the transducer, only
the distance up to the center of the channel is observed. In
order to show the variation of water velocity, the red
profiles of single-phase liquid flow are presented in
addition to the blue ones of two-phase bubbly flow.

In the low liquid velocity, two-phase flow construct
core-peak flow since the bubbles tend to move upward in
the center of the channel rather than in the vicinity of the
wall. This can be observed from the flow of 100 mm/s
liquid flow and 2.5 mm/s of gas flow. Meanwhile, in the
high liquid velocity, the flow tends to construct wall-peak
flow since the bubbles tend to move upward in the vicinity
of the wall rather than in the center of the channel. This
phenomena can be observed from the flow of 150 mm/s

and 200 mm/s
flow.

The similar condition was also observed by using wire-
mesh tomography (WMT) (Richter, 2001). The WMT has
a capability of cross-sectional measurement over the
channel.

In order to obtain more observation of the flow
condition, it is required to measure the velocity profiles not
only along wide-side of the channel, as it is presented here,
but also the narrow-side of the channel. So that the flow
condition in the vicinity of the narrow-side wall can be
observed.

liquid flow by constant 2.5 mm/s of gas
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Figure 1. Velocity profiles of four flow conditions

As the results, by controlling the liquid velocity while
the gas velocity is constant, the flow condition can be

controlled from core-peak condition to wall-peak condition.

This observation can be done by using one multi-wave
transducer and this result has a good agreement with the
previous study using wire-mesh tomography.
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A7

Experimental Study on Self-triggering of Vapor Explosion with

Droplet of Lead-Bismuth Eutectic in Water

Minoru TAKAHASHI and Rongyuan SA

1. Introduction

Lead alloy-cooled fast reactor (LFR) offers enhanced
inherent safety and reliability due to a number of
advantageous physical characteristics: good neutronic
performance of the high atomic number, chemical inertness
with air and water, high boiling temperature, and low vapor
pressure at operating temperatures. It is another economical
advantage that steam generators (SG) can be inserted in
primary coolant flow in a reactor vessel. However, if SG
tubes break, a rapid discharge of water and steam/water
mixture into the low-pressure primary coolant circuit
(high-temperature lead alloy) forms a dispersed flow,
which is called the coolant-coolant thermo-hydrodynamic
interactions (CCI). The CCI has the potential of vapor
explosion.

In order to solve the thermal-hydraulic safety issue for
development of the LFR, it is necessary to use small-scale
experiments to investigate the basic influencing factors on
violent boiling and/or vapor explosion in LBE
droplets-water experiment and to obtain basic experimental
data, for example, vapor explosion criteria, peak pressure,
debris shape and expanded vapor size.

2. Experimental Apparatus and Procedure

An experiment was conducted to investigate
characteristics of thermal-hydraulic interaction between
lead-bismuth eutectic (LBE) and water when a LBE droplet
dropped into a water pool (Fig. 1). A pure LBE in a ceramic
crucible was heated by a high frequency induction heater.
The temperature of the droplet was measured by a
ceramic-covered K type thermocouple. When the droplet
dropped into the water from the crucible, the behavior of
the droplets and vapor were recorded by a high-speed
camera. Local transient pressure signal was measured by a
pressure transducer during the fragmentation. The shapes
and sizes of the fragments were determined after collecting
the fragments.

3. Results

The violent boiling occurred when the droplet
temperature was higher than 350°C (Fig. 2). The violent
boiling occurred when the interface temperature was higher
than homogeneous nucleation temperature and water
temperature was at the room temperature. However, the
process was mild, and the peak pressure was limited in low
value of 1.5-2.0KPa. With the increase of droplet
temperature, the debris of the molten droplet changes from
the integral frozen block to discrete flakes, needle type of
solid particle and powder. In high temperature range of
Tarop>350°C, the expansion velocities are faster and the
final expanded vapor sizes are larger.
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TC: Thermocouple

HSC: High-Speed Camera

PT: PressureTransducer|
VP: Vacuum pump

:Té;,i TC Exlraclion wire
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Fig. 2 Behavior of violent boiling for droplet at 400°C and water at
20.5°C

4. Conclusions

Vapor explosion did not occur and violent boiling
occurred in the present LBE droplets-water experiment.
Fragmentation occurred for droplets at high temperature.
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A8

Effect of Argon Gas Injection on Acoustics Noise and Onset of

Sodium Cavitation in Venturi

Minoru TAKAHASHI and Teddy ARDIANSYAH

1. Introduction

Cavitation must be avoided in primary coolant circuits
of sodium-cooled fast reactors, or the influence must be
minimized in hydrodynamic design of the sodium-cooled
fast reactors. Non-condensable gas content in the fluid has
an influence on cavitation inception. This gas could act as
nucleation sites for the growth of cavitation bubbles and
change the onset cavitation condition in case of water
cavitation. However, the influence of the non-condensable
gas on liquid sodium cavitation has not been investigated in
detail. The present experiment is conducted to investigate
the effects of argon gas injection on the noise
characteristics and onset conditions of sodium cavitation.

2. Experimental Apparatus and Procedure

Liquid sodium cavitation experiment was conducted
using a sodium loop facility. This sodium loop facility can
be operated at the temperature up to 500°C and at the
maximum flow rate of 20 L/min. Argon gas was used as
cover gas in an expansion tank. The test section is made of
SS-316 equipped with gas injector to inject argon gas into
the flowing liquid sodium. The venturi with the inner
diameter of 6.5 mm was used to create cavitation bubbles
(Fig. 1). The acoustics noise signals generated from
cavitation bubbles were measured by using an
accelerometer. The downstream pressure of the test section
was measured by using a pressure transducer.

HGaS injector
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Fig. 1 Venturi for test section

The cavitation coefficient K is defined by
K=(Ro-R )/LO(Vlz Vg )’ ZJ (1)
where , is the liquid sodium density, V; the velocity at

venturi region, V, the velocity at downstream region, Py
the static pressure in the downstream, and Py the sodium
saturation pressure.

The experiment was conducted at liquid sodium
stagnant pressure of 0.06-0.18 MPa, liquid sodium
temperature of 300°-400°C and argon gas injection flow
rate of 0-5 cc/min.

3. Results

Fig. 2 shows the noise intensity against the cavitation
coefficient. The cavitation inception condition is around
K~ 1 without appreciable influence of argon gas injection.
Also, the noise intensity cavitation was not influenced by
gas injection at 300° and 400°C. However, the noise
intensity peak decreased at 400°C, because of the damp of
noise by the gas bubbles. During cavitation conditions,
choking-like phenomena were observed in which the
superficial velocities of liquid sodium remained relatively
constant.
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Fig. 2 Noise intensity as a function of cavitation coefficient at 300°C
(Vacant symbol: no cavitation, Colored symbol: occurrence of cavitation)

4. Conclusions

Injecting argon gas into the flowing liquid sodium did
not alter its noise intensity significantly in developed
cavitation conditions both at 300° and 400°C. There was a
reduction in the noise intensity peak at 400°C which might
be caused by the damp of noise by gas bubbles.
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A9

Active Carbon Recycling Energy System Using Nuclear Power

Yukitaka KATO

INTRODUCTION

Energy supply security is important matter for industrial
and economical developments of a society. Steep change
and instability of the market prices of primary energy sources
is causing economic confusion in any ages. This paper
discuss for establishment of energy supply security from the
stand point of carbon recycle use. Carbon is the most
important energy media for manufacturing industry and
social life of human being. Carbon supply security is an
essential condition for a sustainable society. In Japan, the
supply of fossil fuels of primary energy almost depends on
import. Enthalpy of import fuel is 82% (18.9x10" J) of all
of using primary energy in Japan (METI, 2007). 17% of
fossil fuel is converted in plastics products, and the rest of
fossil fuels is consumed for just heat sources. The Kyoto
protocol came into effect in 2005. Japan has undertaken
obligation to follow the protocol, and is required drastic
reduction of carbon dioxide (CO,) emission. However, CO,
reduction connects with restriction of usage of carbon
resources and causes depression of activity of manufacturing
and service industries. Co-establishment of carbon supply
security and reduction of CO, emission is an important
subject for a development of a modern society.

A new energy system in which carbon is reused
cyclically was discussed. A carbon recycle system has
already existed in nature as a natural carbon neutral system.
In this paper, a concept of an Active Carbon Recycling
Energy System, ACRES, was proposed against the natural
system. CO, is regenerated artificially in hydrocarbons
consuming a nuclear power with no-CO, emission, and re-
used cyclically in ACRES. ACRES recycles carbon, and
transform energy without CO, emission. Because ACRES
was expected to solve above carbon problems, the feasibility
of ACRES was discussed thermodynamically.

PROPOSAL OF ACRES

Conventional water energy systems and ACRES
ACRES is compared with conventional recycle energy
systems in this section. Conventional recycle energy
systems based on water is depicted in Fig. 1. Fig. 1(a)
shows conventional steam engine in which water/vapor
phase change is use for energy conversion. Primary energy
is used for evaporation of water, and a phase change from
steam to water provides energy output. Fig. 1(b) indicates
hydrogen system in which water is decomposed into
hydrogen (H,) and oxygen by energy input, and oxidation
of H, provides energy output. H, energy system is superior
to vapor system at long-term energy storage with small loss
and higher energy density. However, H, needs quite large
work for compression up to 700 bars in storage, high-cost

security to explosion prevention and system complexity for
energy conversion for energy output like fuel cells. Those
requirements are still subject for market development of H,
energy system.

A concept of the proposed ACRES is shown in Fig. 2.
Carbon dioxide (CO,) with/without water is the ground
state of carbon. CO, is converted into hydrocarbons and
alcohols by energy input using some catalytic technologies
(Kusama, 1996). Produced hydrocarbon is useful for co-
production process. The hydrocarbon provides thermal
and electricity energies during oxidation into CO,. The
hydrocarbons are capable to be used as raw material for
industrial materials. The hydrocarbon is ease to be stored
and transferred under lower compression pressure with
small explosion risk in comparison with H,.  The
hydrocarbons have quite high affinity with common
manufacturing industries. If the carbon recycle system can
be established thermally and kinetically, it is expected that
the system is diffused easily into conventional industries.
Natural carbon recycle energy system has already been
existed by plant lives in nature, and an ideal recycle system.
However, potential amount of bio-mass is not enough for a
modern society. Especially it is less than 10 % of all
demand of energy in Japan. The natural recycle system is
not enough for energy demand in Japan (Kameyama and
Kato, 2005). Then, an artificial active carbon recycle
system was proposed as ACRES in this study. Feasibility
of ACRES was discussed from enthalpy balances in this

paper.

H,O(v) H, +0,
Energy, Work, W
E E w
H,O(l) H,O
Water phase change Water decomposition /
oxidation

(a) Steam engine system (b) Hydrogen system
Fig. 1 Conventional recycle energy systems using water
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Fig. 2 Concept of ACRES
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Fig. 3 The three elemental processes in ACRES.

Structure of ACRES

The structure of ACRES shown in Fig. 3 consists of
three elemental processes of hydrocarbon usage, CO,
recovery and separation, and hydrocarbon regeneration. In
the usage process, the hydrocarbon can be used for both
heat source and material. CO, generated from hydrocarbon
consumption is recovered by physical and chemical
sorptions. Sorbed CO, in a sorption material is separated
thermally from material by a heat input. This process
produces high-concentrated CO,. Recovered CO, is
regenerated into hydrocarbon in the regeneration process.
The regeneration process is endothermic and need energy
input. In ACRES, total energy input at recovery and
separation (Eg), and regeneration (Eg) should be larger than
the energy output at the usage process (Ey).

EstEr > Ey (1

ACRES is energy consumption process, then, a
discussion of the energy balance of the system is required
for the feasibility evaluation of the system.

ENTHALPY EVALUATION OF ACRES

Practical hydrocarbons are examined those availability
in ACRES by an enthalpy balance evaluation.

Availability of ACRES with methane

Methane as a basic hydrocarbon was discussed firstly.
Structure of an ACRES in which methane was recycled
was shown in Fig. 4. In usage process of methane,
methane combustion (Eq. 2) produces heat, methane steam
reforming (Eq. 3) produces hydrogen, and polymerization
of methane (Eq. 4) produces polymeric materials.

CH4+20, — CO,+4H,0 (2)
CH4+H,0 — 4H,+CO, (3)
XCH4 — (-CH,-)x + X/2H, 4)

CO, is recoverable by physical adsorptions of active
carbons or zeolites, or a chemical sorption by carbonation
of calcium oxide (CaO) at the CO, recovery and separation

process. CaO is absorbable chemically CO, at
temperatures of 500 - 800°C (Eq. 5). CaO can remove CO,
from hydrocarbon reaction system at the reaction
temperature for CO, production with small sensible heat
loss, and also enhance reaction rate and yield of the CO,
production reaction (Kato, 2003).

Ca0 + CO, — CaCO;, ®)

In a process of methane regeneration form CO,, a two-
step reaction of hydrogen production by water electrolysis
and methanation of CO, with the hydrogen (Egs. (6) and
(7)) is available.

4H20 i 4H2+202 (6)

C02+4H2 d CH4+2H20 (7)

Recovery and Physical and chemical sorptions

separation
m’ Recov./Sep. energy
Effluent CO,
Regen. energy
Usage 4H ,0
0 P Regeneration]
Matenals
Energy 2H,0+20,

Fig. 4 Structure of ACRES with methane

CO,+4H,, +20

- : 2 -165 Thermally reversible
MetanationE&CHA.,.ZHzo' +20,

Electricity
[>Worklheat
+967 |Water -802
d_e_comDO Oxidation
sition
CO,+4H,0(g)

[HHV-kJ/mol-CO,]
Fig. 5 Enthalpy balance of ACRES with methane

Enthalpy balance of ACRES for methane is shown in
Fig. 5. Required enthalpies per one molecule of methane
for the processes of usage and regeneration are depicted in
high-heat value (HHV). The recovery and separation
process needs relatively smaller enthalpy than one of other
processes, and is capable to be driven by waste heat at
relatively lower-temperature (less than 100°C). Because
enthalpy evaluation for the recovery and separation process
had uncertainties, the process was not accounted in this
system evaluation. Regeneration process was assumed that
hydrogen was used for hydrocarbon regeneration by the
two-step reaction in Egs. (6) and (7). Production of H, of
4 mol needs an enthalpy of 967 kJ/mol-CH,. Methanation
of CO, with H, is an exothermic reaction of 165 kJ/mol-
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CH,. Regenerated methane has a reaction enthalpy of 802
kJ/mol-CH4. A circulation rate (77) which is a formation
enthalpy ratio between regenerated hydrocarbon and
required hydrogen is defined as following.

Formation enthalpy of

regenerated hydrocrabon

= 8
i Formation enthalpy of hydrogen of required ®

amount for hydrocarbon regeneration

n of methane ACRES was 83%. It means that enthalpy
loss generates in methanation process. However, when the
same amount of enthalpy is stored in methane or H,,
methane storage pressure is reduced to one third for H,
storage. Compression work can be reduced also to 1/3 for
methane storage in comparison with H, storage. For
comparison of energy efficiency between ACRES and H,
system, a comprehensive discussion is needed. A chemical
reaction equilibrium for CO,/methane system is shown in
Fig. 6. It was assumed in the evaluation that the reaction
proceeded at an equivalent ratio under a pressure of 100
kPa. CO,/methane system is reversible around 500°C.
Exothermic heat of methanation is recoverable by another
endothermic reactions like a steam reforming. Enthalpy
loss of methanation can be minimized by coupling with
other endothermic reaction processes.

0.7 —<CHyietl___Hyieh
0.6 B ;
B

0.5

4H,+C0, <=> CH,+2H,0]
Pinicoz=20 kPa
Pinin2=80 kPa

Total P=100 kPa i

0.4

0.3

0.2

Partial pressure in equilibrium

0.1

Reaction temperature [°C]

Fig. 6 Chemical reaction equilibrium for
CO,/methane system

ns of some hydrocarbons were calculated.

CO (104%) > methanol (93%) > ethanol (88%) >
methane (83%) )

A higher 77 means that enthalpy loss for regeneration of
the hydrocarbon becomes smaller. Methanol and ethanol
are generally in liquid phase, ease for transportation and
storage, and applicable to vehicle. Carbon monoxide (CO)
has the highest 7 in the hydrocarbons.

VALUE OF ACRES

Value of ACRES is that the system uses carbon
cyclically, and does not emit CO, into atmosphere. Non-
carbon primary energy sources are essential for ACRES.
ACRES with CO was the most effective recycle system in
this study. CO regeneration needs heat at a temperature
above 700°C. High-temperature gas reactor (HTGR) was
the most suitable energy source for ACRES because of
high-temperature output up to 950°C with non-carbon
emission and enough amount of fuel for a country demand
(Fujikawa, 2004). Thermo-chemical reduction of CO, is
ideal process for reduction method like water reduction.
Electrolysis of CO, with an electric output from a power
plant of a HTGR is also one of candidate. High-
temperature electrolysis of CO, using both heat and
electricity outputs from HTGR is expected to have higher
efficiency than atmospheric electrolysis like water high-
temperature electrolysis.

CONCLUSIONS

For an establishment of a practical ACRES, selections
of recycling hydrocarbon media and primary energy source
for the system drive were important. Methane was the
most ease material for regeneration and cyclic use.
Methanol or ethanol with ACRES was suitable for vehicle
use. CO was the most suitable for a recycle media in
ACRES, because CO had higher energy density and
affinity than H, to chemical processes in conventional
manufacturing industries. HTGR was a candidate of
primary energy source of ACRES. ACRES with CO driven
by heat output from HTGR was the most applicable
combination. =~ ACRES was expected to have higher
efficiency than H, energy system and be a candidate of
energy systems for establishment of carbon supply security
in a modern society.
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A.10 Dehydration and Hydration Behavior of Mg-Al Mixed Hydroxide
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, dehydration of magnesium hydroxide as
heat storage operation will proceed at 250°C
thermodynamically; however, thermal energy above 350°C
is required practically. Recently, new type material for
chemical heat storage — metal salt added magnesium
hydroxide, and magnesium containing mixed hydroxide —
were proposed by our group. These materials can store
thermal energy around 280 °C. In this work, dehydration
and hydration behavior of Mg-Al mixed hydroxides were
studied and it were evaluated as chemical heat storage
material. [2,3]

Experimental

Mg-Al mixed hydroxides were prepared by co-
precipitation method. The reaction between sample and
water vapour was tested by thermogravimetric method.
The molar fraction of hydroxide in the sample and reaction
conversion were calculated from the weight change of
sample.

Results

The thermal decomposition curves of Mg-Al mixed
hydroxides are shown in Figure 1. Decomposition, that is,
dehydration of Mg(OH), started from about 150°C, while
those of the Mg-Al mixed hydroxides shifted to a lower
temperature as the Al content increased.

Figure 2 shows the hydration behaviour of
Mg .75Aly25(OH), 25 under the reaction temperature of
110°C and vapor pressure of 57.8 kPa, after dehydration at
250°C for 30 min. The values of hydration conversion was
39.8%.

The heat-storage capacities of Mgy 75Alg25(OH), 25 was
estimated as 594 kJ kg ' and this value is 6 times higher
than authentic Mg(OH), under same reaction condition.

The reaction mechanism and the stability of these
materials for cyclic operations of hydration/dehydration
under practical conditions should be studied further.

—{—=MgzAl(OH)s —~—MgAl(OH)s
—CO—Mg2AI(OH)7  —A4— MgAls(OH)11

—O—Mg(OH):  —/~—MgAI(OH)s  —— AI(OH)s
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Figure 1 Thermal decomposition curves of Mg-Al mixed

hydroxides.
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Figure 2 Dehydration and hydration behavior of
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A.11 Calculation of Heavy-lon Stopping Power in Warm Dense Uranium Targets
Using Temperature-Dependent Dielectric Response Functions

Yoshiyuki OGURI and Jun HASEGAWA

1. Introduction

For detailed design of ion-driven warm dense matter
(WDM) experiments[1], the stopping power of heavy
projectiles in targets with a given temperature and a given
density must be numerically examined with an acceptable
accuracy under a reasonable modeling of the beam-target
interactions.

We have shown that the dependence of projectile
stopping on the target temperature and density is not
negligible in hydrodynamic behavior of low-Z (aluminum)
targets[2]. In this analysis we applied a robust but simple
binary encounter model[3] for the energy deposition from
the projectile to the electrons in the target. To evaluate the
electron phase-space distribution in each target atoms in
any temperature and density, we used a finite-temperature
Thomas-Fermi (TF) model[4]. However, binary encounter
models can take into account only the close collisions, and
excitations of collective electron motions are ignored.
Additionally, the accuracy of TF calculations is sometimes
not enough for light atoms.

In this paper, to overcome the problems above, we
introduce a numerical method based on dielectric response
functions for calculation of the heavy-ion stopping in
warm dense targets, instead of the simple binary encounter
model. Also we examine targets of a high-Z element, for
which the TF model is more realistic. As a high-Z element,
we apply uranium (U, Z = 92), since the equation of state
of such a heavy eclement at high pressures could be
important, e.g., for transient hydrodynamic behaviors in
severe nuclear accidents. Effects on the homogeneity of
energy deposition profile in sub-range targets during
irradiation by pulsed heavy-ion beams are discussed.

2. Numerical method

In this work, each atom in the target with arbitrary
temperature and density was described as an
inhomogeneous electron gas. The radial electron density
n.(r) and mean velocity distribution v,(r) in a target atom
were calculated with a finite-temperature TF model[4].

The projectile stopping power was calculated based on
the Brandt-Kitagawa (BK) theory[5] as in the following.
To obtain the total electronic stopping cross section S., we
integrated differential cross sections corresponding to the
energy deposition to each electron shell in the target atom.

In a similar manner to the method by Ziegler[6], we have

7%e*

= j "N, (NL(r) - 4ar’d (M

dne; mv

€

where z, and v, denote the atomic number and the velocity

of the projectile, respectively. & and m are, respectively,
the dielectric constant of vacuum and the electron mass.
The parameter Rys denotes the Wigner-Seitz radius
determined by the target atomic density Ny, The
function L(r) is the r-dependent stopping number
corresponding to the energy transfer to the electron shell at
a radius r. Using the BK effective charge theory[5], we
have

L(r) =— ! d"‘f’ 0 jkva)da)g(k w)" ~1)

U)I k| z
@)

where p*(K) is the Fourier transform of the total charge
density distribution around the nucleus approximated by

p(r)=2,6(r)- 4;‘/13 (/rlje‘“, (3)

with a screening length A. The local electron density in the
target is described in terms of the local plasma frequency

n(r
o, (1= £ @)
&M
In Eq. (2), (K, @) is the longitudinal dielectric constant
which depends on the wave-number k and the angular
frequency w:

ek, ) = gp (K, @) +ig, (K, ®), (5)

where &, and &, denote, respectively, the real and the
imaginary part of the dielectric constant.

For applications to hydrodynamic calculations, we
have to calculate the response of various electron gases
ranging from quantum degenerate plasmas to classical hot
plasmas. For this purpose we applied an expression for the
dielectric function of plasmas of all degeneracies
incorporating both thermal and quantum effects. The real
part is given by[7]

2

@w+u g(u-2)) ()

&re(K, @) —1+

where the function g(x) is defined by

ydy Ix+y| 7
g(x) = j o l1 v iy g(=x)> @)
with
S (8)
Zo_ﬂkpao

and Bohr radius a,. In the formulae above, we have
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introduced usual reduced variables
_o Kk, 9)
kv 2Ky

with the Fermi wave number kp. For the imaginary part,
we have[7]

2 n-D(u-2)*
&, (K,0) = "o (lj 1n{1+e}, (10)

823 D 1+ eq—D(u+z)2

where parameters 77 and D denote, respectively, the
chemical potential ¢ and the Fermi energy Er normalized
to the temperature kyT:

A p=Be (11)
KyT KyT

n

The projectile charge state q can be evaluated using a
scaling formula[6]

q= Zp {1 _ @ 095(40.07) }’ (12)
with
= Vel (13)
yrel Vo 25/3 .

In the above formula, vy = 2.19x10® cm/s is the Bohr
velocity. In order to include the enhancement of projectile
ionization in a high temperature environment[8], we used
the relative velocity V. between the projectile and the
target valence electrons instead of the projectile velocity,
according to the BK theory. If isotropic motion of the
valence electrons is assumed, we have

3
Vo4V —‘v -V
— ( P ve p ve , (14)
6V,V,,

rel

where Vv,. is the averaged valence electron velocity. In
order to obtain V.., the electrons in the target atom were
partitioned into the core and the valence component using
the method by Cappelluti[9]. The core-valence boundary r
=r, can be determined by an r-dependent energy variable

W(r)= J'(:47zr'zw(r’)dr’, (15)

which has the outermost minimum at r = r.. In the formula
above, W(r) is the total energy density given by

W(r)=Wkin(r)+wei(r)+wee(r)’ (16)
with
mv_(r)’
Wkin(r)EeTne(r)’ (17)
W (r)=— ze’ n.(r)» (18)

78T

1 ¢ Rws N_(r") )
N=— n (r € Amdr. (19)
Wee( ) 2(47[ ] e( )J.r' ‘r _ rr‘

<o

Using the boundary r = r., the averaged velocity of
valence electrons was evaluated by

[ ™ v.on.rdr

ch(r) = * R (20)
jr "*n,(r)dr

Using the projectile charge state q given by Eq. (12), the
screening radius A is calculated as

_048(N/z, ’ o
7 {1-(N/2,)/7)
where N is the number of electrons bound in the projectile

ion and is given by N = z, — . Thus the form factor p*(K)
in Eq. (3) was calculated by

sy AT (kA 2
P (k)—zp{H(kA)z}. (22)

Finally, the total stopping cross section S was obtained
by summing up S. and the nuclear stopping cross
section[10].

3. Results and discussion

Based on the method above, we calculated stopping
cross sections of U targets with different conditions as a
function of the projectile energy from 10 keV/u to 10
MeV/u. Sodium (Na, z, = 11) was applied as the projectile
species.

Figure 1(a) shows the temperature dependence of the
stopping cross section plotted as a function of the
projectile energy. The target density p is fixed at the sold
density psoiiq- Note that this curve is equivalent to a “Bragg
peak”, if the abscissa is converted to the penetration depth
into the target. We see that the change of the stopping
power due to the temperature rise is so small that no
serious degradation is expected for the heating
homogeneity. For comparison, evaluated values on a
well-established database[11] are plotted in this figure.
These are well-reproduced by the calculation especially
for the cold target, except for low projectile energies.

Figure 1(b) illustrates the result of calculation, where
the target density has been reduced to 20% of the solid
density. One sees that compared with Fig. 1(a), the peak
height more remarkably increases when the target is
heated to KT = 100 eV. Nevertheless, at projectile energies
far away from the peak, the temperature effect is relatively
small.
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Target: o,U, projectile: {1Na
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Fig. 1: Temperature-dependence of the stopping cross section of U targets with (a) p = 1.00,i¢ and (b) p

Projectile energy E (keV/u)

0.2 050114 (foam) for |;Na projectiles as a function of the projectile energy. The SRIM[11] data are plotted for

comparison in the figure (a).

For experiments with the p = 0.20,,;¢ foam target, by
using the solid curve in Fig. 1(b), we can determine a
possible combination of the target thickness and the
projectile energy to achieve an energy deposition profile
with a given homogeneity. If the limit of the acceptable
inhomogeneity is +5% for the room-temperature target, we
see from the figure that the incident energy E;, and the exit
energy E,, should be 2.04 MeV/u and 302 keV/u,
respectively. This corresponds to an energy loss of 85% of
the incident projectile energy. By integrating 1/(NyomS) =
(-dE/dx)™" from Ej, to E, the target thickness is
calculated to be 281 pum for the p = 0.2 p)q target.

On the other hand, if a target with the same thickness
is heated up to KT = 100 eV, the projectile energy behind
this target decreases down to

281 um dE
Eout = Ein _‘[ (_dX
In this case, from Fig. 1(b), we see that the inhomogeneity
of the energy deposition increases up to £38%. This is due

to the increases of the stopping power with the
temperature at any depth in the target.

) dx =66 keV/u. (23)
kT=100 eV

0

4. Conclusions

The dielectric response functions of plasmas with all
degeneracies were successfully applied to the calculation
of heavy-ion stopping in the beam-heated U target. We
found that the stopping power increases with the
temperature, especially at low target densities. This result
is similar to that previously obtained based on the binary
encounter model for low-Z target, although the observed
temperature effect was relatively small.

In order to minimize the inhomogeneity of the energy
deposition profile in ion-driven WDM experiments,
careful attention should be paid for the combination of the
projectile energy and the target thickness, not only for
low-Z but also for high-Z targets.
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Al12

Performance Evaluation of a u-PIXE System with

Glass Capillary Beam Focusing

Jun HASEGAWA and Yoshiyuki OGURI

A compact p-PIXE system using a tapered glass
capillary for beam focusing has been developed. The
purpose of this study is to evaluate the performance of this
novel u-PIXE system and reveal limiting factors with the
help of numerical simulations. Figure 1 shows an
experimental setup for pu-PIXE analysis. A capillary optics
and its control devices are installed in a large vacuum
chamber, which is evacuated by a turbo molecular pump to
less than 10> Pa. At the center of the chamber, a
borosilicate glass capillary is mounted on a stainless-steel
support rod. The fabrication of the capillary is described
elsewhere[1]. The typical inlet and outlet diameter of the
capillary are 0.8 mm and 10-20 um, respectively. A 2-MeV
proton beam from a Tandem accelerator is injected into the
capillary inlet and a micro beam is extracted from the
capillary outlet. Two remote-controlled actuators adjust the
tilt angle of the support rod in horizontal and vertical
planes to align the capillary on the beam axis. To confirm
the alignment of the capillary optics, beam spot patterns
are photographed by imaging plates every time the
capillary is replaced. A target for p-PIXE analysis is
located about 1 mm downstream from the capillary outlet.
Two motorized stages move the target folder in horizontal
and vertical directions with a minimum step of 1 um to
scan the target two-dimensionally. A Si-PIN detector and a
silicon charged-particle detector are installed at £135° to
measure X-rays and backscattered protons, respectively. A
Mylar film of 100 pm thick is located in front of the X-ray
detector to stop backscattered protons. During the
measurement the capillary glass wall emits fluorescence
due to proton bombardment, causing the background noise
on the silicon charged-particle detector. To attenuate the
fluorescence, a carbon foil of 100 pg/cm® is also put in
front of the detector. The signals from these two detectors
are processed by amplifiers and recorded by PC-controlled
multichannel analyzers.

To check the performance of the p-PIXE system, a
copper thin plate was mounted on an aluminum target
holder and scanned with a 2-MeV proton micro beam
extracted from a @10-pum capillary. The variation of X-ray
yield y is expressed as a function of the beam center
position X as follows:

y(X) = r*{cos™ (x/r) — 0.5sin[2cos ™ (x/N)]}. (D

Here, r is the beam radius. By fitting the measured
Cu-K X-ray intensity profile with this formula, we
evaluated the effective beam spot size on the target. For
the demonstration of two-dimensional element mapping,
cupper fine mesh (e8-pm wire, 1000 mesh/inch) was used
in the present study. A 2-MeV proton micro beam from the
210-pm capillary scanned the mesh fixed on a sheet of

F Sample holder
\

g

- “ Mylar film (100 pm)
- .

wl /%g

Fig. 1. An experimental setup for u-PIXE analysis using a
tapered glass capillary.

¥

graphite. The two-dimensional distribution of copper was
reconstructed from Cu-K X-ray intensities normalized by
backscattered proton counts.

A silicon charged-particle detector mounted on the
target holder measured the energy spectra of protons
focused by the capillary. A 50-um thick tantalum plate
with a pinhole of 100 um diameter and a 0.8-um thick
aluminum foil were located immediately in front of the
detector to increase the spatial resolution and to prevent
localized proton dose on the detector, respectively. To
examine the energy spectra of protons scattered in the
capillary separately, the detector assembly was set 15 cm
downstream from the capillary outlet, resulting in an
angular resolution of 0.67 mrad.

We investigated the trajectories of protons in the
tapered glass capillaries by a Monte-Carlo code, which
was originally developed for this purpose. The code takes
into account only elastic collisions between protons and
nuclei in the capillary wall, so the classical Rutherford
formula is used to calculate the scattering cross sections.
On the other hand, the energy loss of protons is evaluated
from the electronic stopping power given in SRIM2008.
We performed Monte-Carlo calculations by using the
shape data of the capillary wall actually used in
experiments. The number of incident particles was
typically 10°.

Figure 2 shows a beam spot pattern recorded on an
imaging plate when we used a capillary with an outlet
diameter of 20 pm. Since this image was taken far from
the capillary outlet (65 cm downstream), the pattern
expresses the divergence angle distribution of protons
extracted from the capillary outlet. The figure shows that
the micro beam obviously consists of two different
components. The central intense spot (called “core” in this
paper) is attributed to protons passing through the capillary
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Fig. 2. The angular distribution of protons extracted from a
920 pm capillary.

without collision; the surrounding doughnut-shape pattern
(called “halo”) is due to protons scattered by the capillary
inner wall. Note that the signal at the core was saturated
because the beam intensity of the core was much higher
than that of the halo. The divergence angle of the core was
around 1 mrad in this case, but it can change depending on
the incident beam optics. On the other hand, the averaged
divergence angle of the halo component was 7-8 mrad. The
inner edge, i.e. the minimum divergence angle, of the halo
is determined by the taper angle of the capillary inner wall
near the outlet. Since the halo contributes X-ray production
in the target as well as the core, it affects the spatial
resolution of u-