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Abstract

The papers appeared in this volume of research report have been presented at the “Symposium on Pulsed Power and High-
Density Plasma and its Applications” held by National Institute for Fusion Science. They report the present status and recent

progress in experimental and theoretical studies on pulsed power technology and its applications.
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Study of an Injector (Induction Microtron) for Giant Cluster Ion
Inertial Fusion Driver (G-CLIF)

Taufik, T. Adachi*, M. Wake*, K. Takayama*
The Graduate University of Advanced Studies

*High Energy Accelerator Research Organization, Accelerator Laboratory

ABSTRACT

The use of Induction Microtron (IM) as an injector of a two-way multiplex induction synchrotron for the giant
cluster ions inertial fusion driver has been studied. The IM is designed to accelerate high charge-state C-60 cluster
ions from 10 MeV to 144 MeV. A typical bending magnet with a reverse field in its front and gradient field in the
main dipole region, which gives the sufficient enough focusing in the vertical direction, is used. The various
intrinsic natures in the transverse orbit beam properties has been manifested. The inherent COD is one of typical
ones, which needs to be minimized by optimizing bending magnet design and introducing additional steering
magnets. As a result of extensive trial, the dispersion-free on the long straight-section lattice has been achieved,
which is crucial to avoid the emittance blow-up due to synchro-beta coupling. The beam with a momentum spread
of Ap/p =0.00193 can be well-confined and accelerated by applying 1 kV barrier voltage and 10 kV acceleration

induction voltage.

Keywords

Key Words : Induction microtron, injector, giant cluster ion, inertial fusion driver.

1. Introduction

Controlled nuclear fusion is one of the promising
energy sources to fulfill the energy demand in the
future. Unlike that of the other unsustainable power
sources, the fuel for fusion such as D-T reaction is
regarded to have no limit. In D-T reaction, the
deuteron (D) and tritium (T) react in a high-
temperature plasma phase (T~ 10 keV), yielding a 3.5
MeV helium nucleus and 14.1 MeV fast neutron. The
deuterium can be extracted from seawater because 1
part in 5000 of the hydrogen in seawater is deuterium.
Meanwhile, trittum is obtained from a breeding
process which neutron from fusion reaction captured
by a lithium material in a fusion reactor.

Two principal approaches have been being
developed to realize this fusion reactor, namely
magnetic confinement and inertial confinement. The
magnetic confinement system named Tokamak uses a

huge magnets such as a toroidal magnet and poloidal

magnets for confining the hot D-T plasma. Meanwhile,
in the inertial fusion, the D-T capsule is heated by a
laser or charged beam. They drive to generate a
shockwave that can quickly compress D-T fuel and
confine the D-T fusion reaction. The existing studies
reports that the inertial fusion reactor has some
advantages in the chamber reactor design compare to
magnetic confinement fusion. However depositing
high energy on the target in a short time is known to
become a big challenge in the inertial fusion. [ A laser
has been used for heating the target but still have fatal
limitations in efficiency and the final optic that is
easily to be defected by a huge power of laser.

The heavy ion beam inertial fusion has apparently
advantageous feature compared with the laser beam
inertial fusion. Power transfer from the heavy ions
beam to the fusion target material is quite clear. This
makes it relatively easy to design the fusion target. The

heavy ion beam can be non-destructively guided to the



fusion target without damaging on anything on the way.
This allows practical and high-rep rate operation of the
inertial fusion system. Furthermore, cluster ion have a
larger stopping power than heavy ions. This may
introduce more flexibility in target design. High
charge-state cluster ions have higher acceleration
efficiency, in addition to the fact that space-charge
effects are notably relaxed. ?)

A two-way multiplex induction synchrotron has
been proposed as a diver of the inertial fusion by a
collaboration of KEK and some university in Japan.
This induction synchrotron accelerates giant cluster
ions such as Si-100 or C-60 more than 100 GeV
propagating in opposite directions. For beam guiding
and acceleration in the two-way multiplex induction
synchrotron, the magnetic flux densities and induction
acceleration fields are shared by the forward beams
and backward beams. Induction Microtrons (IM), a
racetrack shaped fixed field induction accelerators is
used as an injector of this induction synchrotron.!?!
details

characteristics of the induction microtron, focusing on

This paper will describe of notable

the beam orbit dynamics there.

2. Giant Cluster Ion Acceleration
Acceleration of C-60 ions have been demonstrate
using 14.5 MV tandem accelerator at IPNOB! but
electrostatic accelerator has limitation in high voltage
generation. Acceleration using conventional RF
accelerator is not possible due to a bandwidth
limitation.[ Therefore, induction synchrotron is the
most likely to accelerate giant cluster ions to obtain
high energy. The concept of induction synchrotron for
heavy ions acceleration was demonstrated in 20130,
Induction synchrotron cannot accelerate C-60 ions
from low to high energy, due to too slow revolution
time and too big different ramping bending magnet.
Preliminary acceleration is needed to accelerate C-60
to medium energy. There are several concepts to
accelerate C-60 ions to the medium energy but
induction microtron seems to be more realistic

concept.[*!

3. The Outline of Induction Microtron

The IM is designed to accelerate C-60 with the
charge state of 10 from 10 MeV to 144 MeV. It consists
of 4 bending magnets which are configured so that the
particle orbit become like a racetrack, as shown in

Figure 1. Orbits are separated in the section between
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Fig. 1. Layout of the induction microtron.

BM, and BM,, and the section between BM3 and BM4
according to the beam energy. On the other hand, all
orbits pass through the common straight line without
depending on the energy in the sections between BM»
and BM3, and BM,4 and BM,. Quadrupole magnets,
steering magnets and an acceleration device are placed
in such two straight sections. A 10 kV induction cell is
used to accelerate the C-60 ions.

Since the particles enter the bending magnet with an
edge angle of 45°, the edge defocusing in the vertical
direction becomes quite large. To give a net focusing
effect in the vertical direction, the bending magnet is
designed to have a reverse field region in the outer gap
for the edge angle reduction and the gradient field in
the inner gap, as shown in Figure 2. Figure 3 shows

the magnetic flux density of the bending magnet.

Reverse
field re
4+“—>

<+“>

Fig. 2. Schematic of the magnet cross section.

4. Orbit Analysis

4.1 Stability of the transverse motion

For the acceleration without particle loss, it is
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Fig. 3. Distribution of magnetic flux density in the
median plane of the bending magnet.

important to ensure the stability of the transverse
motion in a ring accelerator. A linear-optics calculation
using a transfer matrix is well established for analysis
of the transverse motion in a synchrotron.
Unfortunately, the linear-optics cannot be directly
applied to the transverse motion in the IM, since the
orbit in the bending magnet varies according to the
beam energy. Therefore, two approaches are used to
analyze the stability of the transverse motion in the
IM; particle tracking simulation and linear-optics
calculation. Runge-Kutta method is used in the
particle tracking simulation by solving the equation of
motion. A stable orbit is obtained by optimizing the
field gradient of the quadrupole doublet at each turn.
Once a one-turn orbit is fixed by the tracking
simulation, magnetic field, field gradient and bending
radius can be sampled along the orbit. Thus the linear-
optics calculation is available to obtain one-turn
transfer matrix M. The orbit is stable if the following

condition is satisfied.

M
—| <1
2

From those approaches, the gradient fields of the

quadrupole doublet are optimized turn by turn.
4.2 Beta function

In the transverse direction, the ions oscillate against
the reference orbit according to the betatron equation
Eq. (1).

X" +k(s)x =0 (1)
where x is transverse coordinate and K(S) is a focusing

coefficient as a function of orbit path s. The size of the

oscillation amplitude is crucial. It can be given by
(Eﬂ)l/z where ¢ is beam emittance and S is beta-
function. ¢ is related to the beam parameter, while the
beta function depends on the focusing component of
the lattice. The horizontal beta-function of the IM at

injection and extraction energy are shown in Figure 4.

Fig. 4 Horizontal beta-function at injection
(upper) and extraction energy (lower).

4.3 Closed Orbit Distortion

An ideal bending magnet is difficult to realize due
to finite size of the magnet. The magnetic field
difference (ABy) relative to the ideal field generates a
Closed Orbit Distortion (COD). As shown in the
Figure 5, particle orbits in the bending magnet depend
on the energy. Therefore, the field difference AB, at
each turn is not the same. This systematic ABy becomes
the source of inherent COD in the IM. It is important
to design a magnetic field with small ABy in order to
reduce the inherent COD.

The ABy makes the right hand side of the Eq. 1
become —AB, /Bp and the solution is

VB(s)

2sin("/)

f:+c {_ ABY(S_')} WCOS[“/Z - |lp(5) -

Bp

Xcop(s) =
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Fig. 5. Particle orbits in the bending magnet of IM.

where Bp is magnet rigidity, p is phase advance and ¥
is betatron phase. The COD at injection energy is
shown in Figure 6. The COD must be compensated by

additional magnetic field of the steering magnet.

Fig. 6. COD at the injection energy

4.4 Dispersion function

Particles with slightly different momentum (Ap) to
the ideal momentum (p) will oscillate with a different
center of betatron oscillation (Xeq). The shift of Xeq
influences the beam size of the IM and depends on the
bending radius (p). The presence of Ap/p causes the
right hand side of Eq. 1 equal to (Ap/p)/p and the

solution becomes

D(s) = 5200 17 () VB cosl/ -

p(sn
[W(s) = W(sH] ds’ 3)

where dispersion function D(s) = x.q/(Ap/p).
The dispersion function of IM at injection and
extraction energy are shown in Figure 7. The

dispersion function on the straight-section where the

Fig. 7. Dispersion function of IM

induction acceleration device located is almost zero.
Emittance blow up caused by synchro-beta coupling (¢!
can be avoided if the acceleration is done in the
dispersion-free region.
4.5 Longitudinal motion

The injected particles in the IM have a small
different energy (AE) and phase (A¢@) to the
synchronous particle. This condition affects the
particle motion in the longitudinal direction mainly
when passing through the acceleration section. The
acceleration component of the IM uses an induction
acceleration. Unlike an RF acceleration, the induction
acceleration uses square voltage and two cells for
accelerator voltage (Vac) and barrier voltage (Vib)
generation as shown in Figure 8. For confinement,

V Beam Confinement

ac

+"|.|"hh

9, ¢
-V
-— bb
gjpul:re

Fig. 8. Induction acceleration coltage.

two-opposite Vpp pulses with phase length @puise are



generated in different phase Ag.
The longitudinal motion of IM is calculated by the
following acceleration equation
(AE)n41 = (AE)n + q[Vip (dr) — Vacl
o1 = bn + —IH— (AE) @

(ﬁrsz+1)25151+1
where E° is synchronous particle energy, n is turn
the charge, f°

number, ¢ is is synchronous

relativistic beta, 7 is slippage factor, (AE), = E, —

Ap (AE) 1

s — — s
E;, —= M1 = Ont1 — 75 2>
(rm+1)

» B v
synchronous relativistic gamma, and « is momentum
compaction factor. Momentum compaction factors of
the IM are specific. Unlike a synchrotron which has
constant momentum compaction factors, the
momentum compaction factors of the IM are increase

with particle energy as shown in Figure 9.

0.140
0,120
0.100 w

& 0,080
0060
0,040

0,020
0 25 B0 75 100 125 150
E (MeV)

Fig. 9. Momentum compaction factor of IM

Assuming 1 kV Vjy, is set with @ue = 12° and Ag=
24°. A 10 kV V. is generated in the other induction
cell. Injection ions have a normal distribution of Ap/p
and random distribution of ¢. By setting V;, = 1 kV,
the beam size in the phase space decreases and
confines around A¢ at the extraction energy as shown
in Figure 10.

* Injection
» Extraction 1

Fig. 10 Longitudinal beam size in the phase space.

Some ions with high Ap/p may not be confined
during the acceleration process. The unconfined ions
will be lost due to facing unstable transverse motion.
Figure 11 show the survival rate of the ions when the
standard deviation (o) of the Ap/p is varied. Because
of decreasing of Ap/p at each turn, the ions lost
occur only at the early stage of acceleration. At Vy, =
1 kV, 100% of the survival rate can be achieve at
maximum of o= 0.00193.

Vi = 1k
120
= 100
L] ;
o i —sigrma = 0.00193
s
o &0 =——sigmd = (L0058
= A0
3 | ===zigrmy = D01
|
o e A =g = 002
a
(i) 500 1000 1500
Turn

Fig. 11. Survival rate of the ions as function of o

5. Conclusions

The induction microtron is possible to accelerate
giant cluster ion up to the medium energy. An
optimized bending magnet design and additional
steering magnet is needed to minimize the inherent
COD. The dispersion-free on the acceleration device
location of the IM will not induce emittance blow up.
The longitudinal motion shows that the beam can be
confined well at = 0.00193.
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ABSTRACT

A target design is discussed and the related parameters of cluster-ion-beam inertial confinement fusion (CIF)

are estimated in this paper. The particle energy of cluster-ion-beam as Si-100 is determined the range of

conventional heavy-ion-beam inertial confinement fusion parameter. Considering stopping power of

cluster-ion beam, we estimated the radiator temperature and the heating time. A one-dimensional

hydrodynamics simulation of CIF target with determined parameters was demonstrated from the estimated

particle energy of cluster-ion-beam as Si-100. The temperature and the density of DT achieve 1 keV and 10°

kg/m? at the maximum compression time, respectively.

Keywords

Cluster-ion-beam inertial-confinement-fusion, Stopping power, Target structure, Radiation temperature, Target

hydrodynamics

1. Introduction

In inertial confinement fusion, possible energy
drivers include intense lasers[1],
beams(HIBs) [2-4], or pulsed power[5]. The features

of inertial confinement fusion driven by heavy ion

heavy-ion

beams are high conversion efficiency from the driver
to the target, well-defined deposition energy, and so
on. The

confinement fusion (HIF) is expected to be the order

driver energy in heavy-ion inertial
of tenth MJ[2]. However, the particle energy and the
pulse width of HIF, which are determined by the
stopping power of the target, were up to 10 GeV and
10 ns. Therefore, the extremely high current beams
for heavy ion fusion, which is about 100 kA, are
becomes

required, and the beam parameter

space-charge dominated beam [3]. Therefore, we

consider reducing the beam current with keeping the
driver total energy.

Recently, the inertial confinement fusion driven
by the intense cluster ion beams has been proposed
[6]. Its driver consists of an induction microtron [7]
as an injector, permanent magnet multiplex stacking
ring, and two-way multiplex induction synchrotron as
a main accelerator. The induction synchrotrons have
been experimentally demonstrated [8]. They are
capable of accelerating all ion species with arbitrary
g¢/m and velocity. Recently, high-flux cluster ion
sources have been proposed and developed. The
typical particle flux density at the peak of Si-cluster
beams is expected to be 6x10' cluster/s cm? [9].
Energy drivers based on the cluster ion beams are
expected to reduce the current density. However, the
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Figure 1 Stopping ranges of several projectiles for
aluminum target with the solid density.

non-linear energy deposition on the target is not
well-clarified yet [10-12]. We should understand the
target dynamics from the energy deposition to the
implosion of fuel target.

In this study, the target design and related
parameters of cluster-ion-beam inertial confinement
fusion (CIF) were estimated. From the estimation, the
one-dimensional hydrodynamics simulation of CIF

targets was demonstrated.

2. Target design from stopping power of
cluster projectile

The particle energy of cluster ion beams for Si-100
provided by KEK is expected to be up to 120 GeV.
From the energy, we have estimated the deposition
energy and its range.

Figure 1 shows the stopping ranges of several
projectiles for the aluminum target with the solid
density. The stopping range is estimated from Ref.
[11]. To compare the range of cluster projectile, the
lead projectile having 8 GeV of particle energy,
which is basically considered HIF driver beams, is
also showed. This estimation is not contained the
non-linear cluster effect. Compared to the range of
the lead projectile, that of Si-100 projectile having
120 GeV is too long. To adjust the range of lead
projectile, the particle energy of Si-100 projectile is
set to be 67.2 GeV as shown in Fig. 1.

From the expected projectile energy, the cluster
beam current assuming Z=1 of the charge state and
10 ns of the pulse duration is approximately 15 kA.
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Figure 2 Stopping ranges of Si-100 for several
targets at normal temperature with solid density.

The result shows that the space-charge effect can be
reduced in the comparison of HIF. The scenario of
the two-way and multiplex induction synchrotron[6]
is supposed to be Z=8 of the charge state. Although
the space-charge effect increases, g/m of the cluster
ion is relatively small compared to the expecting HIF
driver.

Figure 2 shows the stopping ranges of Si-100 for
several targets at normal temperature with solid
density. The particle energy of Si-100 is 120 GeV.
The results show that the deposition energy increases
with high-Z and dense target. It suggests that the
dense high-Z target becomes a high-energy-density
state.

The stopping power of cluster-ion beam has been
studied several theoretical estimations with including
correlation effect[12]. However, the stopping power
in the high velocity range using cluster-ion beam has
not been demonstrated. The theoretical estimations
and the experimental results for the stopping power
are important study for the realization of CIF.

3. Indirect or direct drive inertial
confinement fusion

One of the key issues in the ICF target is an
irradiation non-uniformity on the target. To avoid the
non-uniformity, we select the indirect target. On the
other hand, the direct drive ICF target provides an
efficient thermo-nuclear fusion gain. In this section,
we estimate the requirement parameters both driving
method in ICF.
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Figure 3 Estimated radiation temperature and heating
time of aluminum radiator for indirect target.

To estimate the requirement specific power and
the heating time, we used Ref. [13]. Figure 3 shows
an estimated radiation temperature and heating time
of aluminum radiator for indirect target. To achieve
300 eV of radiation temperature with several tenth
nanoseconds of heating time, the requirement specific
power is estimated to be about 10'® W/g with 1 mm
of beam radius. Figure 4 also shows an estimated
radiation temperature and heating time of gold
radiator for indirect target. Comparing with these
results, the gold radiator is difficult to achieve
for the indirect ICF.

Generally, the deposition energy mainly dissipates

requirement parameters
the ionization energy of radiator materials. Thus, the
radiator temperature for high-Z materials decreases
even if the energy density is high. In the case of using
aluminum radiator, the requirement particle number
par bunch is 6.67x10'> with estimating from the
average stopping power. The particle number is
expected to provide the scenario using two-way and
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Figure 4 Estimated radiation temperature and heating
time of gold radiator for indirect target.

multiplex induction synchrotron. Although, we
should consider the conversion efficiency from the
beam to the fuel target [14].

Assuming linear stopping power theory, we
demonstrated an implosion dynamics of direct
one-dimensional

irradiation  CIF  using a

hydrodynamic  simulation. ~The hydrodynamic
behavior of CIF target is also important to achieve
the implosion. At the first step, we compared the
target hydrodynamic behavior driven by HIBs to that
driven by CIBs. The hydrodynamic behaviors of
one-dimensional

target were treated as a

spherical-model. The equation of state and the
transport properties are used as QEOS[15] and
Lee-More model[16],

structure and the time evolution of the energy input

respectively. The target
are respected to Ref. [4]. The particle energy of CIBs
is set to be 67.2 GeV.

Figure 5 shows the time-evolution of temperature
and density profiles of the target at the irradiating



(a) Temperature

(b) Density
Figure 5 Time-evolution of temperature and density

profiles of the target at the irradiating CIBs.

CIBs. The temperature and the density of DT at the
maximum compression time achieve 1 keV and 10°
kg/m?, respectively. Compared to the hydrodynamic
behavior in HIF, that in CIF is almost similar.

4. Conclusions

The target design is discussed and the related
parameters of cluster-ion-beam inertial confinement
fusion (CIF) are estimated. The particle energy of
cluster-ion-beam as Si-100 is determined the range of
conventional heavy-ion-beam inertial confinement
fusion parameter. Considering stopping power of
the

temperature and the heating time. A one-dimensional

cluster-ion beam, we estimated radiator
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hydrodynamics simulation of CIF target with
determined parameters was demonstrated from the
estimated particle energy of cluster-ion-beam as
Si-100. The temperature and the density of DT
achieve 1 keV and 10° kg/m® at the maximum
compression time, respectively. We will consider the
nonlinear effect of the stopping power to optimize the

target.
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Numerical Analysis of Particle Dynamics in a Linear Inertial
Electrostatic Confinement Fusion Device
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ABSTRACT

This paper reports results of numerical analyses on spatial and velocity distributions of fast hydrogen atoms

produced by charge-exchange reactions in a linear IEC device. We developed a one-dimensional numerical model

based on the Monte Carlo method to predict spectral shapes of Balmer-o emission from a high-voltage glow-

discharge plasma. The model was partly successful in reproducing the experimentally observed Ha spectra and

neutron production rates. We also examined the dependencies of fusion reaction rates on discharge voltage and

background gas pressure. This newly developed model is useful to optimize the design of the IEC devices.

Keywords

Inertial electrostatic confinement, D-D fusion, neutron source, Monte Carlo simulation

1. Introduction
In the inertial electrostatic confinement (IEC)
fusion device, deuterium ions produced by glow
discharge are accelerated toward a high-voltage
cathode and electrostatically confined in a negative
potential well. The recirculating motion of the
deuterium ions is expected to enhance fusion reaction
rate between deuterons, thus making the IEC device an
attractive candidate for compact neutron generators.
After a pioneering work by Miley [1], various types of
IEC neutron sources have been developed [2-4].
Neutron production rates (NPR) more than 10% n/s
have already been achieved in these previous studies.
On the other hand, the actual behaviors of deuterium
particles in the IEC device are very complicated
because of huge amount of collisions between the
particles accompanied by momentum transfer, charge
exchange, ionization, dissociation and so on.
Particularly, interactions between fast particles (D, D",
Ds, D,*, and Ds") and background gas molecules (D-)
determines the velocity distributions of the deuterium
particles causing D-D fusion reactions. The cross
section of D-D fusion reaction strongly depends on

particle velocity in an energy range less than a few
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hundred keV. Thus, for optimizing the design of the
IEC device, it is important to understand correlations
between the operational parameters of the IEC device
and the velocity distributions of the fast particles that
potentially cause fusion reactions.

The purpose of this study is to develop a one-
dimensional numerical model including various
collisions and reactions between fast ions/atoms and
background neutral molecules, and to investigate the
dependence of the fusion reaction rate on the discharge
parameters. To check the validity of the model, we
compare calculated Ho spectra with experimentally
observed ones. We evaluate also fusion reaction rates

under various discharge conditions.

2. Experimental Setup

Figure 1 shows a cross-sectional view of the linear
IEC device developed as a new compact neutron
source. The overall structure of the device is
axisymmetric. A hollow cathode and two facing
anodes made of stainless steel are arranged coaxially
on the center axis with gap lengths of 115 mm. The
cathode has an inner diameter of 60 mm and a length

of 100 mm. The anode consists of coaxially arranged



Fig. 1. A cross-sectional view of the developed linear
IEC device.

Cathode

Anodes

Fig. 2. A typical glow discharge pattern observed in the

IEC device. The discharge voltage and current are,

respectively, 18 kV and 6 mA. The working gas is

hydrogen.
two cylinders having inner diameters of 20 mm and
75 mm. The electrode thickness is 10 mm. The side
walls are 8-mm-thick glass tubes having an inner
diameter of 134 mm.

Fuel gas is supplied from one end of the device
through a solenoid valve (<10 sccm) and evacuated by
a turbo molecular pump from the other end of the
device. The pumping speed is limited by a manual
valve located before the pump. The gas pressure is
maintained to be ~1 Pa by controlling the solenoid
valve with a feedback signal from a diaphragm
pressure gauge.

In the present study, the cathode was negatively
biased up to —30 kV by a regulated high-voltage power
supply to induce high-voltage glow discharge in
hydrogen gas. The power supply was operated in a
constant current mode and the discharge voltage was
indirectly controlled by changing the hydrogen gas

pressure. A typical discharge pattern observed is
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shown in Fig. 2. A bright plasma column was formed
along the center axis of the device.

We performed a spectroscopic measurement of
hydrogen Balmer series emission from the discharge
plasma using a 50-cm monochromator (grating:
600 cm™') combined with a high-resolution EMCCD
camera (pixel size: 16 pumx16 um). The light emitted
from the region inside the hollow cathode was
extracted through the anode center hole and focused
by a 830-mm plano-convex lens (f =300 mm) onto the
inlet of an optical fiber connected to the spectrometer.
The wavelength resolution of this spectroscopy system
is calculated to be ~0.045 nm/px if all aberrations of

the optics are ignored.

3. Numerical model

A 1D numerical model based on the Monte Carlo
(MC) method was developed to obtain the distribution
functions of fast particles fi(X, v) in the linear IEC
device. Here, X and v are, respectively, the position and
velocity of hydrogen atoms when they cause Ha
with
The

emission after charge-exchange reactions

background deuterium/hydrogen molecules.

Table 1. Reaction processes considered in the 1D
numerical model.

Projectiles
H+

Reactions
H"+H, — fast H
H"+H, — Ha
H" + H, — momentum transfer
D-D fusion
H,"+H, - H;"+H
H27 + Hz — slow H2+
Hz‘ + Hz — fast H'
H,"+ H, —» Ha
D-D fusion
H3A + Hz — fast H'
H}A + Hz — fast H2+
H3v + H2 — fast H
H37 + Hz — fast Hz
H}A + Hz — Ha
H;" + H, — momentum transfer
D;* D-D fusion
H H+ H, — slow H,"
H+H, — fast H
H+ H, — Ha
H + H, — momentum transfer
D D-D fusion
HZ H2 + Hz — fast H2+
H, + H, — fast H"
H, + H, — Ho
H, + H, — momentum transfer
D-D fusion

D"
H,"

I)zJr
I‘l}Jr

D,




suffix i denotes the species of parent particles such as
H*, Hy", H5", H, and H,. All reactions considered in
this model are listed in Table 1. To calculate the
probabilities of these reactions except for fusion
reactions, we used hydrogen cross section data given
by Tabata et al.[5] Among these reactions in the table,

the followings lead to the emission of Balmer Ha:

H +H, > H(n=3)+... (1)
Hy'+H, > H(n=3)+... (2)
Hy"+H, > H(n=3)+... (3)
H+H, — H({N=3)+ ... 4)
H,+H, > H(n=3)+... (5)

By reactions (2) and (3), excited hydrogen atoms are
produced through the dissociation of fast molecules
(H» and H3). Thus, they have a half or a third of the
kinetic energy that the parent molecular ions gain in
the electrostatic field. Fast neutral atoms (H) and
molecules (H,), which are produced by charge
exchange reactions between ions and background
molecules, also causes Ho emission through the
reactions (4) and (5). In the case of deuterium gas
discharge, the same cross section data was used for
deuterium particles having equivalent velocities. In
addition, D-D fusion reactions were considered using
an empirical formula given by Ragheb [6]. Since
fusion cross sections are much smaller than those for
the other atomic processes, they were artificially
enhanced (x10%) in this model to obtain a sufficient
number of fusion reactions within a practical
calculation time.

The electrostatic potential calculated in advance by
using COMSOL Multiphysics® was imported to the
MC code. Because the model treated a weakly ionized
plasma, the Debye shielding was ignored. Positions
and velocities of a particle were advanced by the leap-
frog method and recorded in each time step until the
particle escapes from the calculation region. By
accumulating 107 trials and analyzing the particle
record, we obtained distribution functions related to
specific events such as Ho emission and D-D fusion

reaction.

3. Results and Discussion
3.1 Characteristics of basic IECF setup
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Figure 3 shows a typical Ha spectrum observed
with a glow discharge of 30 kV, 10 mA, and 0.57 Pa.
In addition to a sharp central peak, broad red- and
blue-shifted peaks due to the “beam” components of
hydrogen atoms are separately observed on both sides
of the central peak. Clearly, these side peaks are
composed of Ha emissions originating from different
ion species. The highest energy evaluated from the far
edge of the side peaks well coincides with the
maximum acceleration energy of H' ions.

Calculated spatial and velocity distributions of fast
hydrogen atoms that finally cause Ha emissions are
shown in Fig. 4. In this calculation, 107 initial ions
were uniformly distributed in the discharge gap. From
the cross sections of electron impact ionization of Ha,
the initial density ratio of H" to H," was determined to
be 1:20. The solid curves express total Ho emission
and the other curves show the contributions of various
parent ions and neutrals. The spatial distributions
show that Ho emission is the strongest in the hollow
cathode (Fig. 4a), which is almost consistent with the
experimental observation in Fig.2. Ha emissions
originating from ions (H" and H,") have clear peaks,
but those from neutrals (H and H») are almost position
independent. These results can be understood by the
energy dependence of Ha emission cross sections.

Meanwhile, the velocity distributions show more
complex features. From this result, one can see the
contribution of each parent particle species to the total
Ha emission quantitatively. Figure 5 compares the
numerically predicted Ha spectrum with the observed
one. Although the relatively high energy parts of the
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Fig. 3. A typical Ha spectrum observed under a
discharge condition of 30 kV, 10 mA, and 0.57 Pa.
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distributions of hydrogen atoms that finally cause Ha
emissions.

Doppler-shifted components are well reproduced by
the MC calculation, there exist large discrepancies
between the experiment and the MC calculation. This
is probably because the uniform spatial distribution of
the initial ions was incorrect. The ion impact
ionization (f effect), which is not taken into account in
the present MC code, may contribute to the generation
of the initial ions much more than expected.

Figure 6 shows the dependencies of the number of
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Fig. 5. Comparison between a numerically predicted Ho
spectrum and an experimentally obtained one.
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Fig. 6. Dependencies of the number of D-D fusion
reactions on discharge voltage and background gas
pressure.

fusion reactions on the discharge voltage and the
background deuterium gas pressure. One can see that
the number of the D-D fusion reactions drastically
increases with increasing the discharge voltage.
Meanwhile, there is an optimal gas pressure that
maximizes the fusion reactions in each discharge
condition with fixed cathode voltage. The optimal gas
pressure slightly increases from 1 Pa to 3 Pa with
increasing discharge voltages from 30 kV to 150 kV,
indicating that smaller gap distances are more
preferable when we operate the IEC device with higher
discharge voltage.

In Fig. 6, the MC calculation predicts that ~4.2x103
neutrons can be generated by 10" initial ions under a
discharge voltage of 90 kV. When the discharge
current is 10 mA, we can evaluate the ion production
rate to be 10 2[A)/1.6x10 9 [C]=6.3x10'° [s!]. Thus,
the NPR in the above discharge condition is estimated
to be 4.2x10°/10%6.3x10° ~2.6x10°n/s. This is
smaller than the NPR obtained in our experiment using
the linear IEC device by a factor of about 4. In order
to obtain more reliable data, it is necessary to improve
the developed numerical model, but it is probably

useful for examining the scaling rule of NPR.

4. Conclusions

We developed a 1D numerical model based on the
MC scheme to predict the spatial and velocity
distributions of Ho emitting fast hydrogen atoms



generated from various ion species in IEC devices.
The model was partly successful in reproducing the
experimentally observed Ho emission spectra and
neutron production rates. Thus, this numerical
approach will be useful for optimizing the design of
IEC devices if its accuracy is more improved. A 3D
MC code is under construction, which takes account
of also secondary particles generated by various
collisional processes in the IEC discharge plasma.

References

[1] G. H. MILEY et al, “Inertial-Electrostatic
Confinement Neutron/Proton Source”, Proc. 3rd
Int. Conf. on Dense Z-pinches, AIP Press, pp.675—
688 (1994).

[2] J. F. SANTARIUS, et al, “Overview of
University of Wisconsin Inertial-Electrostatic
Confinement Fusion Research”, Fusion Science
and Technology, 47, 4, pp. 1238-1244 (2005).

[3] K. YOSHIKAWA, et al., “Research and
Development of Landmine Detection System by a
Compact Fusion Neutron Source”, Fusion Science
and Technology, 47, 4, pp. 1224-1228 (2005).

[4] K. YAMAUCHI, et al., “Performance of
neutron/proton source based on ion-source-
assisted cylindrical radially convergent beam
fusion”, IEEJ Transactions on Fundamentals and
Materials, 126, 11, pp.1177-1182 (2006).

[5] T. TABATA and T. SHIRAI, “Analytic cross
sections for collisions of H', H,*, H3", H, H», and
H- with hydrogen molecules,” Atomic Data and
Nuclear Data Tables, 76, 1, pp. 1-25 (2000).

[6] M. RAGHEB, “Fusion Concepts”, 2016,
http://mragheb.com/NPRE%20402%20ME%204
05%20Nuclear%20Power%20Engineering/Fusio
n%20Concepts.pdf.

16
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Confinement Fusion (IECF) device
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ABSTRACT

Inertial Electrostatic Confinement Fusion (IECF) is a nuclear fusion scheme, which electrically confines and
accelerates glow-discharge-generated deuterium ions, and causes fusion reactions. This scheme is expected to be
applied to compact, less expensive neutron sources. We developed a linear-shaped IECF device, which is
advantageous for high power operation to increase neutron production rate. We analyzed the particle motions from

Doppler-shifted Ha spectra in discharge experiments using hydrogen gas instead of deuterium gas.
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1. Introduction

. . . Cathode

The original concept of Inertial Electrostatic Anode
Confinement Fusion (IECF) was proposed by P. T
Farnsworth[1]. After Miley studied an IECF device as
a neutron source [2], and various types of IECF
devices have been researched[3]. In typical IECF

devices, a high voltage (typically from several tens to

a hundred kV) is applied to a grid cathode at the center D; gas
of the grounded vacuum anode chamber. Deuterium

ions generated by glow discharge in low pressure Fig. 1. Principle of IECF devices.
(about 1 Pa) deuterium gas are accelerated toward the
cathode and cause nuclear fusion reactions. These ions
are confined in an electrostatic potential well formed
between the electrodes.

Recently IECF devices are expected as neutron
sources for landmine detection[7], SNM (Special
Nuclear Material) inspection, and so on, since they are
compact enough to carry and able to produce neutrons
without radioisotopes. Figure 2 shows various
applications of neutron sources depending on neutron
production rate (NPR). Neutron sources for portable
inspector need to provide NPRs about 10° n/s, but
there remains considerable effort to reach such NPRs, Fig. 2. Neutron source applications in various levels of
since the order of NPR reported in many studies on NPR.
portable IECF devices are about 10° to 107 n/s [8, 9].
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2. Discharge parameters related to NPR
Discharge current, voltage, and gas pressure
strongly affect the NPR of IECF devices. In most cases,
the neutron production in IECF devices is considered
to be dominated by the fusion reactions between
accelerated ions and background neutral particles from
the experimental fact that the NPR is proportional to
the discharge current.
When we assume monoenergetic ion beams, the
NPR is given by:
NPR

where E is ion energy and o(E) is fusion cross

o(E)vnyn,,

section, v is ion velocity, and n;, and n, are the
number densities of ion beam and background
deuterium gas, respectively.

The simplest way to increase the NPR is to increase
the discharge current, which means the increase of ion
flux vn,. Increasing applied voltage increases the ion
velocity v and the fusion cross section o(E). The
background particle number density n, is directly
connected to the gas pressure.

Increasing current and voltage results in electrode
heating. Particularly, the grid cathode is difficult to be
cooled in the spherical IEC devices. In addition, higher
voltage operation needs lower target gas density
(background gas pressure). So, it is necessary to find
the condition that maximize the NPR, but it is hard to
determine the optimal condition theoretically, since
the particle motions in the IECF devices are very

complex.

3. Linear type IECF device

We developed a linear-type IECF device, which is
suitable for cooling the electrodes during high power
operation. As shown in Fig. 3(a), this IECF device is
composed of a hollow cathode and two cylindrical
anodes, which are coaxially arranged in an alumina
tube. The exposed electrodes enable us to cool them
directly. Further, this configuration also simplifies the
design of high voltage isolation against arc discharge
between the electrodes because a high voltage
feedthrough is not necessary.

For spectroscopic measurement, we also built an

IECF device having the side insulating walls made of
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(2)

Fig. 3. (a) Schematic of linear shaped IECF device. (b)
Glow discharge plasma during operation (30 kV, 10 mA).

glass tube as shown in Fig. 3(b).

4. Particle motion analysis from Doppler
shifted Ha spectrum

In IECF devices, charge exchange reactions have an
important role. These reactions make accelerated ions
to fast neutral particles. As shown in the following
formulae, the velocity of the produced fast neutral

particle is equal to that of its parent ion.

o HY(E)+H>H' (E) + Hy'

e Hy'(E)+H,> H" (E/2) + H + Hy*

e H3*(E)+H, > H' (E/3) + Ha# Hy*
Here, E denotes the kinetic energy of the parent ion.
From the Doppler shift of the light emitted from the
neutral particle, we can evaluate the velocity of the
parent ion. Thus, we examined indirectly the ion
velocity distribution in the IECF device by observing
Doppler shifted Ha spectra from discharge plasma.
the of the

spectroscopic measurement. The measurement was

Figure 4 shows configuration
performed from two directions. In case 1, the light
emitted from the region inside the cathode was
collected by a lens located on the center axis through
the side viewport. In case 2, the light was observed
through the glass wall from the direction of the line of

sight inclined 60 degrees to the equipment axis.



Case 1

Case 2

Fig. 4. Experimental setup for spectroscopic
measurement.

4.1 Ho spectra from the cathode center

Figure 5 shows Ha spectra measured at the cathode
center under various discharge conditions. Figure 6
enlarges the righthand side of the Ha spectra. Each
Doppler-shift consists of a few peaks, which are
clearly separated from the original peak of Ha. The
Doppler-shift components of the spectra have
shoulders where the intensities decrease sharply and
gentle tails outside the shoulders.

Figure 7 shows the spectra plotted with respect to
the kinetic energies of H and H, calculated from the
velocities of Ho-emitting hydrogen atoms. The ends of
the shoulders and the tails of the spectra coincide with
the maximum kinetic energies of H," and H" ions
determined by the discharge voltage, respectively.
This result shows that there are multiple species of
parent ions at least H and H," in the device during
discharge, and the spectrum is the convolution of
components from that the fast neutral particles
originating from different parent particles.

Figure 8 shows a typical result of curve fitting of the
Ha spectrum with Gaussian functions. As shown in the
figure, four Gaussian curves well reproduce the
spectrum; the center peak located at the original Ha
position corresponds to the thermal component, and

the others correspond to the Doppler-shift components.

From this analysis, we evaluated two quantities by
using the fitted Gaussian curves; one is the ratio of the
height of the two Gaussian peaks (F2/F1), and the
other is the ratio of the area of the thermal component
to the sum of the area of the fast (Doppler-shift)
components. Each Gaussian curve of the Doppler-shift
component is not related to the species of parent ions,
so its area is not meaningful quantitatively.
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Fig. 5. Ha spectra measured from the axial direction
(case 1 of Fig. 4).

Fig. 6. An enlarged view of the red shift components of
the Ha spectrum.

]‘5.:.kV

20 kV

25 kV

30 kV

Fig. 7. Ha spectra plotted with respect to the kinetic
energies of parent ions.



Fig. 8. Fitting of the Ha spectrum with Gaussian curves.

Fig. 9. Analysis by Gaussian fitting.

From Fig. 9, one can see that the ratio F2/F1
gradually increases as the applied voltage increases,
which means that H," ions are more effectively
accelerated by the potential drop between the
electrodes. The decreasing gas pressure as the voltage
rises also may contributed to the increase of F2/F1
because of increased mean free pass of ions.

On the other hand, the areal ratio of the Doppler-
shift component to the thermal one decreases
significantly as the voltage rises. This may be due to
the increase of the mean free path of electrons, which
electron ionization and ion

decreases impact

generation in the discharge plasma.

4.2 Relationship between spectrum intensity and
axial position

Figure 10 shows a typical Ha spectrum measured

from directions of 60 degrees at three different
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Fig. 10. Typical Ha spectra observed at different axial
positions (case 2 in Fig. 4).

positions on the axis. The spectrum shape changes
depending on the distance from the cathode. The Ha
line spectrum near the cathode is intense and
symmetric. When the observation point moves away
from the cathode, the spectrum becomes asymmetric,
indicating that the amount of fast neutrals flowing out
of the cathode is larger than those towards the cathode.

Figure. 11(a) plots the areas of the thermal and
Doppler-shift components of the spectrum separately
as the function of distance from the cathode. The
boundaries between the components are defined as
shown in Fig. 11(b). The intense light emission from
the region near the cathode means that a lot of charge

exchange reactions occur there.

| )

(@)

Fig. 11. (a) Light emission intensities vs. axial position.
(b) Definition of thermal and Doppler-shift components.



5. Conclusions

We developed a linear type inertial electrostatic
confinement fusion device as a compact and
radioisotope free neutron source. Its linearly arranged
electrodes enable us to efficiently cool them directly
with improved withstand voltage. So, it is suitable for
high-power operation of the IECF device, which needs
to improve the neutron production rate.

We analyzed particle motions in the device
spectroscopically by observing Doppler shifted Ha
spectrum. The observed Ha spectra indicated that
multiple ion species at least H" and H,", coexist in the
device. We also found that a lot of fast neutral particles
Their collision with
has

contribution to the spectrum. Decomposition of these

generated inside cathode.

background thermal particles considerable

complex components is a future task.
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Control of laser produced plasma flow by magnetic nozzle
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ABSTRACT

Ion current density of laser produced plasma modulated by a magnetic nozzle was measured in order to investigate

the possibility of plasma flux control for laser ion sources. We found that the enhancement ratio of the plasma ion

flux changes depending on the position and the magnetic field strength of the magnetic nozzle.

Keywords

Heavy ion fusion, laser ion source, laser-ablation, high-density plasma flow, magnetic nozzle

1. Introduction

To accelerate and transport heavy ion beams to high
energy enough to implode and ignite a fuel target of
Heavy Ion Fusion (HIF), we need to adopt an ion
sources that can provide high-current and low-
emittance ion beams at the injection section of the
driver accelerator. The laser ion source has the
potential to supply an ion beam with high current and
low emittance because the source plasma is initially
produced by laser with a small size and particle orbit
becomes ballistic during rapid expansion of the plasma
into vacuum. On the other hand, the laser ion source
has a problem that ion flux reduces largely with
distance from the laser target because of three-
dimensional plasma expansion.

To make the best use of characteristics of the laser
ion source and resolve the problem of ion flux
reduction, control of plasma by magnetic field has
been proposed. Harilal et al. observed confinement of
laser produced plasma by a transverse magnetic field
(magnetic nozzle) [1]. Okamura et al. conducted
transport and confinement of laser produced plasma by
a solenoid magnetic field, but control of the directivity
of plasma ions has been an issue [2]. We aim to realize
ion beam extraction with high flux and low emittance
by forming a high intensity magnetic nozzle near the
target and controlling the directivity of laser-produced
nozzle. There two

plasma by magnetic are
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mechanisms by which the magnetic nozzle acts on the
plasma. One is the plasma compression effect caused
by the magnetic pressure. The induced j X B force
suppresses the transverse expansion of entire plasma
and maintains high ion flux. The other one is ion
focusing due to an electrostatic field caused by charge
separation. In a magnetic field, electrons are focused
by the magnetic lens effect, and also ions are focused
by the electrostatic field induced by charge separation.
This mechanism is called collective focusing [3]. The
supply of plasma ion flux is influenced by these two
focusing effects dependent on magnetic field strength.
Thus, it is an important issue to find the optimum
strength and configuration of the applied magnetic
field.

In this study, we measured the ion current density
under various strengths and positions of the magnetic
nozzle, which enables us to evaluate the ion focusing

effects by magnetic pressure and collective focusing.

2. Experimental Setup

The schematic diagram of the experimental setup is
given in Fig. 1. The experimental apparatus was
composed of a plasma production chamber, a drift
chamber, a magnetic nozzle coil, and a KrF excimer
laser. The plasma production chamber was evacuated
to about 107 Pa by a turbo molecular pump and an oil

sealed rotary pump. To produce an ablation plasma, we



used the KrF excimer laser (wavelength: 248 nm,
pulse width (FWHM): 30 ns, maximum pulse energy:
300 mJ). The laser was focused with a plano-convex
lens through an optical window onto a plane copper
target with an incident angle of 30 degrees. The laser
target was mounted on an automatic XY-axis stage to
change the position of the target without breaking
vacuum. This enabled us to change the laser irradiation
position on the target every 10-20 shots to avoid the
irreproducibility of the produced plasma due to target
surface deformation by successive laser irradiation at
the same position. A solenoid coil for the magnetic
nozzle was located near the target. It was excited by a
pulse current of 1.8 kA peak from a LCR circuit. The
coil applied a magnetic field of 550 mT at maximum
to the expanding plasma. The excitation current was
changed by the charging voltage of the capacitor. In
this study, the coil was located at three different
distances from the target of 1.5 mm, 3 mm, and 5 mm.
For the design of the magnetic nozzle, we calculated
the shape of the magnetic field by COMSOL
Multiphysics®. Figure 2 shows the calculated
magnetic field distribution when a pulse current of 1.8
kA was applied to the coil 15 ps after the triggering of
the excitation circuit. The ion flux of the laser
produced plasma after expansion through the magnetic
nozzle was measured by using a Faraday cup (FC)
installed in the drift chamber. The FC was mounted on
a linear feedthrough with a stroke of 254 mm and
covered with an aluminum cage having an aperture of
¢ 5 mm. The FC was located at various positions 80-
627 mm downstream from the laser target. lons were
extracted by a bias voltage of -50 V between the cage

and the cup and detected with an oscilloscope.

3. Results and Discussion

The dependence of the plasma ion flux on the
distance in the z direction without magnetic field was
first investigated. Figure 3 shows ion flux waveforms
measured at FC positions of 433-633 mm downstream
from the laser target. As shown in Fig. 3, the pulse
widths of the ion flux increase with increasing the
distance, indicating that the plasma flow expanded
sufficiently to extract ion beams with pulse lengths

Vacuum pumping

Pulse circuit

‘L_NFA Cu target Farad
T y e araday cup
M
Oscilloscope
A
Delay
pulser
80 -
627 mm Drift chamber
. ~——
Faraday cup |'L| l
KrF

Excimer laser I_I Linear field through

Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. A snapshot of magnetic field distribution 15 ps
after the onset of the excitation current. with a coil
position of 1.5 mm and a pulse current of 1.8 kA.

Fig. 3. Dependence of the ion flux on the distance in
the z direction without magnetic field.

larger than several tens of microseconds.

The dependence of plasma ion flux on the distance



in the z direction was investigated with pulsed
magnetic field induced by a solenoid. The ion flux
increased when the magnetic field was applied. The
result indicates that the laser produced plasma flowing
through the magnetic nozzle is confined and
compressed by the magnetic pressure, suppressing the
three-dimensional expansion of the plasma. Figure 4
shows the dependence of the ion current density on the
strength of magnetic field. The ion flux was observed
80 mm downstream from the target. The ion current
density increased with the increase of the magnetic
field. A second peak was observed in the current
waveforms with magnetic flux densities more than
260 mT. This indicates that ions in the peripheral part
of the plasma plume were focused by the effect of
collective focusing. On the other hand, only the first
peak was observed at FC positions larger than 433 mm
(Fig. 4).

In order to discuss the influence of plasma
compression effect on the ion flux, ion flux
measurements were performed at three different
positions of the solenoid magnetic field. In advance to
the experiment, the z-axis center magnetic flux density
distribution was calculated for three different positions
of the solenoid magnetic field by using the COMSOL
Multiphysics®. A magnetic flux density of 550 mT
can be induced by a peak current of about 1.8 kA when
the coil is located 5 mm from the target. On the other
hand, as shown in Fig. 5, the maximum magnetic flux
density is limited to be about 350 mT with a coil
position of 1.5 mm. Under these magnetic field
conditions, we investigated the enhancement ratio of
the ion flux as shown in Fig. 6. As the strength of
magnetic field increased, the ion flux increased due to
the plasma compression effect. By applying solenoid
magnetic fields around 300 mT, the ion flux increased
by a factor of 4.5 compared with no magnetic field
cases. However, the enhancement ratio of the ion flux
decreased under magnetic flux densities more than 420
mT. In addition, the enhancement ratio was almost
independent of the solenoid position under the same
magnetic fields. These results are discussed more in
detail below.

First, the decrease of the ion flux under strong
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Fig. 4. Dependence of the ion flux on magnetic field
strength observed 80 mm downstream from the target.

Fig. 5. Calculated magnetic flux density distributions
along z axis for three different positions of solenoid.

magnetic fields may be attributed to the excessive ion
focusing caused by the collective focusing effect. Then,
the ion trajectories become diverging. According to
our simulation results using the Hybrid PIC method,
the slower particles passing near the coil, that is, the
peripheral particles in the plasma plume are more
strongly converged, and the trajectories of those ion
are excessively modulated in the transverse direction
[4].

Second, to explain why the position of the solenoid
has less influence on the enhancement ratio of the ion
flux, it is necessary to consider the magnetic pressure
acting on plasma. The jx B force applied to the
plasma is almost independent of the solenoid position
as shown in Fig. 5, indicating that the magnetic
pressure is almost the same in all cases with different

solenoid positions. We consider that this is why ion



Fig. 6. Enhancement ratio of ion flux observed under
three different solenoid magnetic fields. Faraday cup
position is 433 mm downstream from the target.
current densities observed in Fig. 6 does not depend on

the solenoid position.

4. Conclusions

In this study, to clarify the optimum condition of the
solenoid magnetic field distribution that maximizes
the compression effect of the laser produced plasma,
the solenoid position dependence of the magnetic

nozzle effect was investigated by observing plasma
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ion flux under different magnetic field conditions. The
results show that the enhancement of the ion flux does
not depend the solenoid position so much and
excessive ion focusing was observed under strong
magnetic fields. It is necessary to discuss ion behavior
more in detail by measuring the angle dependence of
plasma ion flux near the target and measuring

emittance of extracted ion beams.
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Spectral Shift of Ka-lines by Multipleionization from Hot
Plasma Produced by a Heavy Ion Beam
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ABSTRACT

In hot plasma creation by heavy-ion-beam irradiation, K-shell ionization of target atoms is accompanied by

outer-shell ionization by ion impacts. This process is called multipleionization. In the case that

multipleionization by incident heavy ions is comparable to single ionization by plasma electrons, an ionization

degree of target atoms is enhanced, giving misleading estimation of plasma temperature if the processes are

not considered in plasma diagnostics. In this study, Ka spectra are calculated with and without the

multipleionization by solving population kinetics under collisional radiative equilibrium (CRE), and plasma

conditions where the multipleionization has a large contribution are clarified.

Keywords

Ka spectroscopy, heavy-ion-beam irradiation, multipleionization, population kinetics

1. Introduction

Ka spectroscopy is one of useful diagnostics to
estimate density and/or temperature of plasma
generated by a heavy ion beam. Ko line is emitted
when a K-shell electron is ionized by ion impacts,
and a charge state of the Ko line is mainly
determined by outer-shell ionization by electron
impacts. The plasma conditions can be deduced
according to the charge states of the spectra. In hot
plasma creation by heavy-ion-beam irradiation,
K-shell ionization of target atoms is accompanied by
outer-shell ionization by ion impacts. This process is
the that

multipleionization processes by heavy ions are

called multipleionization. In case
comparable to single ionization by plasma electrons,
an ionization degree of target atoms is enhanced, and
plasma temperature estimated with Ka spectra can be
lower compared with the case that the processes are
neglected.

In a previous study [1], a demonstration of Ka
lines from low charge chlorine with M-shell electrons,

which are associated with C1*-C1”", was examined for
cold dense C,H;Cl plasma diagnostics by numerical

simulation. In the study, plasma ion density is
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assumed to be solid (~10% ¢m™). Therefore, even if
related with M-shell
occurred to chlorine by an incident ion beam, because
of high density electrons up to ~10 cm™, the
M-shell

plasma

the multipleionization is

ionization is governed by surrounding
the  effects  of

multipleionization on Ko spectra may not stand out.

electrons, and

In this study, we will widely discuss plasma
conditions where the multipleionization processes
have an obvious contribution to Ka spectra by

numerical simulation.

2. Cross Sections of Multipleionization
Processes

If the multipleionization is treated as simultaneous
independent single ionizations of binding electrons,
the probability can be expressed by single electron
that all the

ionized with same

ionization probabilities. Assuming
electrons in same shell are
probability, a cross section for ionizing a single
K-shell electron, n; L-shell electrons, ny M-shell
electrons, ... and ny J-shell electrons has a binomial

distribution [2]:
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where ok represents a cross section of K-shell

ionization. Ni, Ny, ... , Nyand Py, Py, ... , Py stand
for number of L-, M-, ... , J-shell electrons and single
L-, M-, ... , J-shell ionization probability,
respectively.

Hereafter, we denote Ko x-rays from atomic states
with m K-shell vacancies and n L-shell vacancies as
K™L" x-rays. In a study by Awaya et al. [3], KL"
x-ray intensities from Ti by N-ion impacts were
measured and they found that the corresponding
experimental KL" spectra can be explained by the
binomial expression shown above.

In this study, the multipleionization processes for a
single K-shell electron and up to seven M-shell
electrons are considered. Following Eq. (1), cross
sections of these processes can be expressed as

B | “”':] Pl = ) o

3. Population Kinetics
Synthesis

K- or L-shell vacant states are mainly created

and Spectral

through inner-shell ionization by heavy ion impacts.
In population kinetics calculation, such non-radiative
processes as KLL-, KLM-, KMM- and LMM-Auger
transitions are considered [4] to estimate net Ka
emission. The LMM transitions are for L-shell vacant
states.

Population of each state is calculated by solving a
rate equation under a collisional radiative equilibrium
(CRE) condition. The cross sections of K- and L-
shell ionizations by ion impacts are calculated by
Rice et al. [5] and Hansteen et al. [6], respectively. In
the calculation of spectral line-shapes, the profiles are
convolved by electron impact broadening with a
semi-classical expression [7], natural and Doppler

broadenings assuming that ion temperature is equal to
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electron temperature. Calculation of Ka transitions is
performed with the use of GRASP92 and RATIP
[8,9]. These based
multi-configuration Dirac-Fock (MCDF) method.

codes codes are on a

4. Calculation Results and Discussion

4.1 Calculation Conditions

In the calculation, target atoms are chlorine in
C,H;Cl plasma, and it is assumed that an incident
jon-beam is a C* beam, of which beam current
density is 3 kA/cm’, and mean particle energy is 30
MeV with the energy spread of 10% of the mean
energy described by Maxwell distribution. The

spectra are calculated with and without the
multipleionization.

4.2 Spectral Deformation by Multipleionization
10—
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Fig. 1 Calculated Cl-Kao spectra from C,H;Cl
plasma at ion density pio, ~ 8.1 x 10" cm”
(corresponding to solid density x 107 at
electron temperature T, = 10 eV with and without

multipleionization.

Fig. 1 shows the spectral line-shapes at ion density
Pion = 8.1 x 10'* em™ (corresponding to solid density
x 10"% and electron temperature T, = 10 eV. With
multipleionization, it is clear that Ka lines at photon
energy around 2625 eV are enhanced compared with
those without multipleionization. According to Ref.
[1], Ka lines from CI**" have peaks around 2625 eV.
The enhancement may be due to such charge states of
the Ka lines.

The

line-shapes at electron temperatures T, = 10 eV and

dependence of ion density on spectral
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Fig. 2 Calculated CI-Ka spectra from C,H;sCl plasma at electron temperatures (a) T, = 10 eV and (b) T, = 30

eV. Solid lines stand for Ka lines with multipleionization, and broken lines stand for those without

multipleionization.

30 eV are presented in Fig. 2. We can see that the
effects of multipleionization increase as plasma ion
density decreases. In the case at electron temperature
T. =10 eV (Fig. 2 (a)), the multipleionization has an
obvious contribution to the line-shape below the ion
density of ~10" cm™ (solid density x 10™), and
below the ion density of ~10" ¢cm™ (solid density x
10"% at T, = 30 eV (Fig. 2 (b)). These densities are
near the incident beam density pinc (~1012 cm'3). It
can be said that the effects of the multipleionization
are indispensable when the plasma electron density
(roughly equal to plasma ion density in those cases)
is near or less than a beam density because
multipleionization can compete with outer-shell
ionization by electron impacts.

In Fig. 2 (b) (T.= 30 eV), Ka lines are shifted to a
higher energy side compared with those in Fig. 2 (a)
(Te= 10 eV). Generally, an average charge state of
target ions is enhanced as plasma temperature

increases. The spectral shift is due to such

enhancement of an average charge state. In Fig. 2 (b),
Ka lines at the ion density pjo, > 8.1 % 10" ¢m™ have
peaks around 2630-2635 eV. Such lines are from
CI’*-C1"" ions [1]. In such temperature and density
where the average charge state of target ions is near
seven, the number of M-shell electrons of chlorine
becomes small, and the multipleionization processes

associated L-shell electrons have to be considered.

5. Conclusion

To  examine a  contribution of  the
multipleionization associated M-shell electrons to the
Cl-Ka lines, the calculations of population kinetics
and the Ko spectral synthesis were done under a
collisional radiative equilibrium (CRE) condition.
With the multipleionization, the Ka lines at a higher
energy side are enhanced when the plasma electron

density is near a beam ion density.
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ABSTRACT

To evaluate the ion number density of a fast plasma flow generated by a tapered cone plasma focus device, an

ion current was measured by using a Faraday cup. The arrival time observed by the Faraday cup is agreement

with the estimated arrival time from the streak image. The ion number density was estimated to be 10" m’

3

from the current peak and the flow velocity. The behavior of the current waveform for the change of the biased

voltage indicated that the suppressor voltage was the shielded by the electron potential.

Keywords

Plasma focus device, plasma flow, ion current measurement

1. Introduction
To
high-energy

the
particles

of

space,

elucidate generation
the
understanding interactions between fast plasma flows
fields

Cosmic rays

processes

in outer

and electromagnetic is required in

(CRs) are
high-energy particles traveling through the outer

non-relativistic region.

space. CRs have the extremely high energy reaching
10 eV, and the non-thermal energy distribution with
a power-law spectrum [1]. The particle acceleration
processes of CRs are driven by passing through
collisionless shocks such as supernova shocks [2-4].
Diffusive shock acceleration (DSA) has explained the
statistical acceleration as a non-thermal energy
distribution of CRs due to the reflection of charged
particles by the induced electromagnetic turbulence
around shocks [5-6]. However, to accelerate charged
particles by DSA, charged particles obtain the initial
energy to get over the potential of the shock
transition region for entering DSA [7-9]. Therefore,
another particle acceleration mechanisms of charged
particles in non-relativistic region has been predicted.

Laboratory scale experiments provides “in-situ”

observation of the interaction of fast plasma flow
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with electromagnetic fields in non-relativistic region
[10-19]. We have proposed a tapered cone plasma
focus device (TCPFD) for laboratory astrophysics
using a pulsed-power discharge [20-21]. The TCPFD
fast with  the
the
comparison to numerical simulations. A hybrid
the

produces a plasma  flow

quasi-one-dimensional  behavior  for easy
showed
acceleration phenomena the
generated by the TCPFD [21]. The acceleration

mechanisms are predicted the interaction of the

particle-in-cell  simulation particle

for plasma flow

one-dimensional fast plasma flow and the external
perpendicular magnetic field. To understand the
both  the

collisionless condition of the ion-ion collision and the

particle  acceleration  phenomena,
pressure balance between the plasma flow and the
magnetic pressure are satisfied. In other words, the
plasma flow requires the high kinetic pressure
compared with the magnetic pressure, as well as of
the low density for satisfying the collisionless
condition. Therefore, for applying the suitable
magnetic field, the evaluation of the ion number
density of the plasma flow is measured.

In this study, to measure the plasma parameter of



Fig. 1

the plasma flow generated by the TCPFD, the ion
flow was measured by using a streak camera and a

Faraday cup.

2. Experimental Setup

Figure 1 shows a schematic image of the TCPFD
and the setup for measuring the ion current waveform
using a Faraday cup. The TCPFD consists of an outer
tapered electrode, an inner cone electrode, an
insulator, and a guiding acrylic tube. The plasma
generated by the TCPFD flows into the acrylic tube
with a one-dimensional behavior [20-21]. The peak
of the discharge current was —80 kA, and the
discharge period was 8 ps. Helium gas was supplied
between the electrodes with the flow rate of 1 sccm,
and the initial pressure of the vacuum chamber was
0.05 Pa.

The Faraday cup were placed at d = 55 mm from
the connection point of the tapered electrode and the
acrylic tube for measuring the ion current. The
Faraday cup consists of an aperture (the diameter of
0.5 mm), a meshed suppressor biased at =100 V for
reflecting electrons (the opening size of 0.5 mm, the
beam transmission of 71 %), and a cup detector. The
cup detector was also biased at the positive voltage
Vie for evaluating the ion energy. To avoid the
dropping voltage at the suppressor and the cup
detector, the capacitor provides the charge for
keeping the voltages. We observed the change of the

current waveform lgc by varying Vgc.

3. Results and Discussions
Figure 2 shows the typical streak image of the

optical emission of the generated plasma flow. The
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Schematic image of the TCPFD and the setup for the ion current measurement.

dotted line indicates the tilt of the optical emission of
the plasma. The tilt of the optical emission of the
plasma corresponds to the flow velocity. The flow
velocity U is estimated to be 27 km/s.

Figure 3 shows the current waveform measured by
the Faraday cup. The biased voltage of the cup
detector varied in (a) Vec =0V, (b) Vec =5V, and (¢)
Vic = 10 V, respectively. The variation of the current
waveform starts from 4 ~ 5 ps. The arrival time of the
plasma flow to the Faraday cup ty. is estimated as

below:

te + (1

tdec =

where ty is the start time of the plasma flow. The
arrival time is estimated to be tg. ~ 4.7 us with d =
55 mm, ty ~ 2.7 ps, U ~ 27 km/s, from the streak
image. The arrival time of the current fluctuation
from the Faraday cup signal agreed with the
estimated arrival time of the plasma flow from the
streak camera. The result indicates that the measured
current corresponds to the plasma flow.

The ion number density is estimated from the
measured current waveform. Figure 3(a) shows the
maximum ion current peak from the plasma flow
because, ideally, most of the electrons are reflected
due to the suppressor with —100 V, and all of ions
reach to the detector without the positive potential.
The positive peak of the measured current shown in
Fig. 3(a) is lyeak ~ 0.24 mA. The ion number density
n; is estimated as below:

Ipeak

= ZeUs 2)
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Fig. 2 Typical streak image of the plasma flow.

where, Z is the ionization degree of the ion, € is the
elementary charge, S is the cross section of the
aperture of 80.5 mm. Assuming Z = 1, we obtain n; ~
2.8x10"7 m”.

Figure 3 showed the decrease of the peak of the
current with the increase of the biased voltage of the

cup detector. The Debye length Ap is estimated as

j. _ 5OkBTe
D= \/ "eln,

where, & is the permittivity in the vacuum, kg is the

below:

3)

Boltzmann constant, T, is the electron temperature,
and n, is the electron number density. The electron
number density and the electron temperature are
107 m3, T. = 5 eV [21],
respectively. Thus, the Debye length is estimated to

assumed to be n, =

be Ap ~ 53 um. The estimated Debye length is shorter
than the opening size of the aperture and the
suppressor. It means that the negative potential of the
suppressor is not able to reflect all of electrons from

the plasma flow.

4. Conclusions

We have measured the ion current waveform from
the plasma flow generated by the TCPFD. The
agreement of the time of the current fluctuation and
the estimated arrival time indicated that the measured

ion current waveform is the signal from the plasma
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Fig. 3 Current waveform measured by the Faraday
cup. The biased voltage of the cup detector Vic is (a)
0V, (b)5V,and (c) 10 V.

flow. The ion number density was estimated to be
10" m™ from the current peak and the flow velocity.
However, the behavior of the current waveform for
the change of the biased voltage indicated the Debye
shield of the suppressor voltage for the electrons.
Therefore, to exclude the electron flux reaching to the
detector, the choice of the opening size of the
aperture and the meshed suppressor should be smaller
than the Debye length.

We will evaluate the ion energy distribution
function using a retarding potential analyzer for
investigating the particle acceleration mechanism due
to the interaction of the fast plasma flow and the

perpendicular magnetic field.
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Energy Evaluation of Pulsed Heavy Ion Beam Accelerated
in 1-stage gap of Bipolar Pulse Accelerator
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ABSTRACT

We have developed a prototype of bipolar pulse accelerator (BPA), which can generate an intense pulsed ion beam
with higher purity than the conventional ion diode. The BPA is operated with the bipolar pulse voltage and is a
two-stage electrostatic accelerator. A coaxial gas puff plasma gun was used as an ion source, which was installed
inside the grounded anode. We found that the ion beam was successfully accelerated in the 1st and 2nd gaps by
applying the bipolar pulsed voltage to the drift tube. However, the evaluation of the ion energy via time of flight
is not enough to demonstrate the principle of the BPA. Therefore, in order to evaluate the characteristics of the
accelerated ion beam, we used a solid track detector (CR-39) with multi-step etching technique. In this study, we
evaluated the ion energy by measuring ion range in CR-39. The energy of the nitrogen ion was estimated to be
94+42 keV.

Keywords

Intense Pulsed Heavy Ion Beam, Bipolar Pulse Accelerator; Magnetically Insulated Ion Diode, Plasma Gun

1. Introduction by absorbed matter on the anode surface and residual
Pulsed heavy ion beam (PHIB) is generated by gas molecules in the diode chamber [8]. Therefore, the
using a high voltage and high power pulse generation conventional PHIB is not suitable for various

technique called pulse power technology. The PHIB is applications to material processes.

applied to the surface treatment technology such as ion It is very important for the application of PHIBs to
implantation and annealing [1-5]. In particular, it is the semiconductor implantation to develop the PHIB
expected that puled ion implantation can be applied to technology to generate high-purity ion beams with
a next generation semiconductor materials including useful ion species for donor and acceptor in SiC such
such as silicon carbide (SiC) and diamond. as nitrogen, phosphorous, boron and aluminum. In
Furthermore, the pulsed nitrogen ion beam which is an order to improve the purity of the intense pulsed ion
n-type dopant is required to have an energy of ~200 beam, we have developed a prototype of a new
keV, an ion current density of ~50 A/cm? and a pulse accelerator named “bipolar pulse accelerator (BPA)”
duration of ~100 ns. [9, 10]. It was confirmed that the ion beam was

A number of PHIB sources have been developed so successfully accelerated in the 1st and 2nd gaps by
far for the requirements of research and industrial applying the bipolar pulsed voltage. However, the
application [6,7]. The producible ion species, however, evaluation of the ion energy via time of flight is not
is limited to the material of electrode (anode), since the enough to demonstrate the principle of the BPA. We
anode plasma is produced by a high-voltage flashover estimated the energy of the ion beam by measuring ion
and an electron bombardment to the anode surface. In range in a solid track detector, CR-39. This paper
addition, the purity of the PHIB is usually deteriorated reports the experimental results on the energy
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evaluation of the pulsed ion beam accelerated by the

bipolar pulse.

2. Experimental Apparatus

Figure 1(a) shows the schematic configuration of
the BPA in the present experiment. The system
consists of a bipolar pulse generator and an accelerator.
The bipolar pulse generator consists of a Marx
generator and a pulse forming line (PFL). The
designed output of the bipolar pulse generator is the
negative and positive pulses of voltage 2200 kV with
pulse duration of 70 ns each. In the system, the double
coaxial type is employed as the PFL for the formation
of the bipolar pulse. The line consists of three coaxial
cylinders with a rail gap switch on the end of the line,
which is connected between the intermediate and outer
conductors. The characteristic impedance of the line
between the inner and intermediate conductors and
one between the intermediate and outer conductors are
6.7 Q and 7.6 Q, respectively. The PFL is charged
positively by the low inductance Marx generator with
maximum output voltage of 300 kV through the
intermediate conductor. The rail gap switch is filled
with pure SFs gas and the pressure can be adjusted to
control the optimum trigger timing.

Figure 1(b) shows in detail the acceleration gap
design and experimental setup of the BPA, which
consists of a grounded anode, a drift tube, a grounded
cathode and two magnetically insulated acceleration
gaps with gap length of dax=15 mm each. The anode
and the cathode are the copper electrodes of diameter
78 mm, thickness 5 mm. The electrodes are uniformly

drilled with apertures of diameter 4 mm, giving beam

transmission efficiency of 58 %. In order to produce
magnetic fields for suppression of the electron flow in
both acceleration gaps, a magnetic field coil of grating
structure is used and installed on the rectangular drift
tube. The uniform magnetic field with strength of 0.3-
0.4 T is produced in direction transverse to the
acceleration gap by a capacitor bank with capacitance
of 500 pF and charging voltage of 4 kV. To obtain
higher transmission efficiency of the ion beam, right
and left sides of the coil consist of 8 blades each and
have a grating structure. Each of the blades (10 mm"Y
x 118 mm" x 1 mm?) is connected in series and works
as an 8-turn coil. Since at peak of the magnetic field,
the bipolar pulse voltage is applied to the drift tube, the
pulsed current produced by the capacitor bank is
applied to the magnetic coil through an inductively
isolated current feeder.

A gas puff plasma gun, which consists of a gas puff
valve and a coaxial plasma gun, was used as the ion
source and installed inside the anode as shown in Fig.
1(b). The vessel of the gas puff is filled with N, gas.
When the pulsed current is applied to the drive coil of
the gas puff by discharging the capacitor bank with
capacitance of 5 pF and charging voltage of 6 kV, the
valve of the gas puff is opened and the filled N» gas is
injected into the plasma gun. The ion source plasma is
produced by discharging the capacitor bank with
capacitance of 1.5 pF and charging voltage of 15 kV
at the optimum timing.

The charging voltage of the PFL (Vprr) and the
output voltage (Vo) of the bipolar pulse were measured
by the resistive voltage divider placed near the rail-gap

switch, respectively. The ion current density of the

Fig. 1 (a) Schematic configuration and (b) acceleration gap design and experimental setup of BPA.
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pulsed ion beam was measured by a biased ion
collector (BIC) placed inside the drift tube and the
cathode.

3. Energy Evaluation of Ion Beam by solid
track detector

We used a solid track detector CR-39 as an
evaluation of the ion speacies and energy of the
accelerated ion beam. The CR-39 is a plastic material
developed as an optical material, and it is used in
varius fields such as cosmic ray measurement,
emission particle measurement at fusion , and neutron
dosimeter. When ions pass through CR-39, the
chemical bond in the medium is broken by the
interaction, and a specific damage called a track occurs
along the ion trajectory. The track core size and
formability formed by the irradiation of the charged
particles are incident depend on the stopping power of
the material, ion species, valance, and ion velocity.
After ion iraddiation, ion track region is removed by
chemical etching treatment.Therefore, in order to
evaluated the ion energy, the range of ions was
calculated by multi-step etching technique for
observing the growth of the track by performing
etching treatment in multiple stages in several hours in
order to evaluated ion energy [11].

Figure 2 shows an etch pit forming process in a
multi-step etching technique, where R is the range, r
is the pit radius, | is the maximum depth, and G is the
bulk etch, i.e., the thickness of layer removed,. When
etching with a strong alkali aqueous solution, it is
etched in a spherical wavefront shape according to the
Huygens’s theorem, but the range region is removed
fasteer than the part with little damage, and it is

Fig. 2 Etch pit profile after round-out
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continuned with a conical shape (dash line in Fig.2).
After the tip of the etch pit reaches the end of the track,
the etching is continued until the wall of the pit
becomes a round-out state (solid line in Fig.2), where
the wall surface becomes the spherical surface. In the
figure, point A, B and C show the track end point, the
etch pit center after he round-out, and the etch pit
opening, respectively. Based on the etch pit growth
curve, the etch pit radius r and the range R, are

expressed by the following equation

rf = AG -2/l + P

1 /dr?
4 (:](}'

i3
i

&

where dr?/dG is slope of the squared radius against
the bulk etch (G). Equation (2) shows that we can
obtain the projected range R, by plotting the squared

H'(l == E-I | |:".-f_|

radius as a linear function of the bulk etch. On the
other hand, the simulation software (Stopping and
Range of Ions in Matter: SRIM) cam calculate the
dependence of the ion stopping range in material on
the ion energy. Figure 3 shows the stopping range of
hydrogen and nitrogen ions in CR-39 as a function of
ion energy calculated by SRIM. For example, when
ions with energy of 200 keV are irradiated on CR-39,
the ion stopping range of nitrogen ion is about 0.63 um.
The ion energy is estimated by comparing the ion
range obtained by the experimental results with the
SRIM results.

Fig. 3 Ion range of H" and N* in CR-39 as a
function of energy obtained by SRIM code



4. Experimental Results and Discussion

In order to measure the ion range and energy of ion
beam accelerated by BPA, CR-39 was irradiated with
a pulsed nitrogen ion beam in the 1st accelerating gap.
The experimental setup is shown in Fig. 4. CR-39 used
in the experiment is HARZLAS TNF-1 manufactured
by Fukuvi Chemical Industry Co., and the detection
threshold for protons is set at ~27 MeV [12]. Since the
pulsed ion beam has high fluence, the ion fluence is
limited by two pinholes to reduce the overlap of the
ion track on CR-39. The beam diameter on the detector
is determined by the two pinhole diameters D;, D,,
the distances L, between two pinholes, and the
distance L,between the pinhole and CR-39. Setting to
be D; =D, = 0.3mm, L;=40 mm and L,=20 mm,
respectively the beam diameter becomes

Dy =D, (1 +t—j) + Dlt—i =06 mm. (3)
Figure 5 shows an optical microscopic image for the
etched CR-39 detector after etching time of 45
minutes. The etching rate kept constant at 40 nm/min
(2.4 pm/h) by 5Smol/L-NaOH aqueous solution with
the temperature of 60==2°C. The Marx generator for
the bipolar pulse was operated at 60 % of the full
charge condition. On this condition, the bipolar pulse
with voltage of about -136 kV, +89 kV and pulse
duration of about 70 ns (FWHM) was applied to the
drift tube and the diode current of about -12 kA and +4
kA was observed. It was found from Fig.5 that three
particle groups are observed. Since the nitrogen ion
source is used in this experiment, it is considered that
the nitrogen ion is dominant in the ion beam. Thus, the
ion beam consists of the nitrogen ion and impurity ion.

Note that the maximum observable fluence on CR-39

Fig. 4 Experimental setup for measurement of ion

range
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Fig. 5 Optical microscopic image of ion track

pattern after etching time of 45 min

would be limited below 10° ions/cm2 under the optical
microscope, because of the etch pits overlapping.
Therefore, we could not carry out the precise
measurement of etch pit radius at the beam center. We
measured the etch pits at beam halo, which is shown
in the rectangular in Fig. 5.

Figure 6 shows an optical microscopic image of
group (D in Fig.5 after etching time of 120 minutes.
As can be seen in Fig. 6, the etch pit is composed of
two circles with different diameters and the smaller
etch pit is uniformly distributed. These results show
that ions are perpendicularly incident in CR-39. Figure
7 shows the typical optical microscopic image of the
etch pits at different etching time. In the present
analyses, we will pay special attention on the
numbered etch pits as #1, #2 and #3. As shown in
Fig.7, it turns out that the diameter increases with the
progress of the etching. We measured the dependency
of the radius of the etch pit on the etching time, i.e.,
the bulk etch G.

Fig. 6 Optical microscope image of etch pits for

group O in Fig.5 after etching time of 120 min



Fig. 7 Optical microscope image of etch pits for
inset of Fig.6 as a function of etching time (a) 42
min, (b) 60 min, (¢) 90 min and (d) 108 min.

Figure 8 (a) shows profiles of the etch pit radius as
a function of the bulk etch (G), i.e., etch pit growth
curves, for #1, #2 and #3. As shown in Fig.8 (a), the
slopes for the curves increase gradually. These are

caused by the dependence of the track etch rate around

(@)

(b)

Fig. 8 Etch pit growth curve with multi-step
etching for numbered etch pit. Profile of (a) etch

pit radius and (b) squared radius
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the Bragg peaks on the depth. In the deeper etching,
the curves begin to saturate. This shows the start point
of the spherical phase. Figure 8 (b) shows profiles of
the squared radius 72 as a function of the bulk etch
G. As shown in Fig.8 (b), all etch pit growth curves
have straight sections after the bulk etch of 1 pm,
which shows that all etch pits were round out after this
bulk etch. The slope of the squared pit radius against
the bulk etch was obtained by the least squared fitting
as shown in Fig. 8 (b) with broken lines.

Figure 9 shows profiles of the squared radius 7?2 as
a function of the bulk etch (G) for group (@ shown in
Fig.5. The plot is the average value of the variation of
the growth for 3 etch pits. The error bar indicates the
maximum and the minimum values. It can be seen
from Fig.8 and Fig.9 that the radius of the etch pit is
slightly smaller than the pits of # 2 and # 3 in the
particle group of (D. As shown in Fig. 3, the range of
nitrogen ion is smaller than that of hydrogen ion at the
same energy. In addition, considering that the nitrogen
ion source is used in this experiment, the pulsed ion
beam consists of the dominant nitrogen ion and
impurity ion. Therefore, we found that the ion specie
in group @ and @ is nitrogen ion and group @D is
impurity ion. The projected range of the nitrogen ion
is calculated to be 0.30 + 0.13 um by using the slope
of the squared pit radius against the bulk etch in Fig.9
and Eq. (2). Then, the energy of the nitrogen ion is
estimated to be 94+42 keV with SRIM code. The
maximum ion energy was in reasonable good

agreement with the acceleration voltage, i.e., 1st pulse

Fig. 9 Profiles of the squared radius r? asa
function of bulk etch G



(negative pulse) voltage of the bipolar pulse.

5. Conclusions

We have developed a prototype of the accelerator to
perform proof of principle experiments on the BPA. In
this study, the energy of the pulsed heavy ion beam has
been evaluated by a solid track detector (CR-39) with
multi-step etching technique. The energy of the
nitrogen ion was estimated to be 94+42 keV by
measuring ion range in CR-39. We are planning to
evaluate the energy of the pulsed ion beam accelerated
in 2nd-stage by the bipolar pulse in detail by using this
method to confirm the principle of the BPA. In
addition, we need to optimize the beam quality by
modifying the gap structure to increase the beam

current.
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Effect of Electrode Shape and Resonance Cavity
on Microwave Power in Axially-Extracted Vircator
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ABSTRACT

The virtual cathode oscillator is one of most promising high-power microwave sources. The vircator has the
attribute of high-power capability, wide frequency tuning ability, and conceptual simplicity, whereas it has difficult
problems in low efficiency and frequency stability. To improve those problems, experiments have been performed
in an axially extracted virtual cathode oscillator with a resonant cavity. We present the experimental results on the
effect of the cathode shape on the efficiency and microwave power. Three types of shape are a solid, a hollow, and
a Rogowski cathodes, all of which are made from aluminum. The microwave with a maximum output power of
about 130 MW was observed with the Rogowski type cathode when the diode voltage and diode current are 330
kV and 9 kA, respectively. In addition, the numerical simulation using MAGIC have been carried out and the

results were in almost agreement with the experimental results.

Keywords

High-power microwave, virtual cathode oscillator, vircator, resonant cavity, pulsed power technology

1. Introduction The experiments has been performed using an

The high power microwaves sources play a axially extracted vircator with the resonant cavity,
significant role in a variety of applications such as which was installed by inserting a movable disc plate
particle accelerators, magnetic confinement fusion, with an extraction window in the drift space. The
astronomy, communications, and various industrial choice of the mode is an important consideration in the
fields [1,2]. A number of high-power microwave design of the drift space. In addition, The electrode
sources have been developed. The vicator is attractive structure for an intense electron beam plays an
due to its high-power capability, device simplicity, and important role in the output power and frequency of
frequency tunability, whereas relatively low efficiency microwaves emitted from the vircator. In this paper,
(typically about 3%) of beam-to-microwave power we report the results on the influence of cathode shape
conversion and wide frequency bandwidth are its and the resonant cavity structure on the output
common disadvantage [1-3]. In order to improve the microwave power and frequency. In addition, the
conversion efficiency and narrow the output frequency, characteristic of the microwave was evaluated by the
introducing a resonant feedback into the system, one numerical simulation using MAGIC.

could gain the enhanced efficiency and single
frequency operation [4-9]. The vircator placed into a 2. Principle of Vircator

resonator whose natural frequency is close to the The microwave generation process in vircators can
virtual cathode oscillator frequency attains the above generally be explained by two dynamical mechanisms.
resonant feedback. However, the best efficiency is up The first mechanism is electron reflection between the
to 10%—12% and an order of magnitude less than that real and virtual cathodes. When the injected electron
of other high-power sources [7-9]. beam current exceeds the space charge limited current
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in drift region, a virtual cathode is formed and most of
the electrons in the beam are reflected back. The
microwave frequency is given by approximately the
electron bounce frequency between the real and virtual
cathodes. The other is oscillation of the virtual cathode
itself, in which the potential oscillates because of
inherent instability of the electron cloud in time and
space. The second mechanism is oscillation of the
virtual cathode itself, in which the potential oscillates
because of inherent instability of the electron cloud in
time and space. The oscillation frequency varies from
the relativistic beam plasma frequency to 2.5 times the
relativistic beam plasma frequency as the injected
current increases from the space charge limited current
to several times the space charge limited current. The
radiation frequency from a vircator is determined both
by the reflected electrons due to the virtual cathode
and by virtual cathode oscillation. These two
oscillation frequencies are fundamentally determined
by the geometric structure, the applied voltage and the

electron beam parameter.

3. Experimental Setup

Figure 1 shows a schematic configuration of the
pulse power system for the axially-extracted vircator
used in this study. The pulse power system consists of
a Marx generator, a single pulse forming line (PFL), a
gas SF¢ spark gap and a pulse transmission line. The
Marx generator is the maximum output of 800 kV and
the stored energy of 5 kJ at a charging voltage of 50
kV. The PFL is filled with the deionized water as a
dielectric. The designed parameters of the PFL are

characteristic impedance of 3 Q, and electrical length

of 50 ns. In this experiment, the pulsed power system
was operated in negative-output mode and the
charging voltage of Marx generator was set to 24 kV
and to operate in a single-shot mode.

Figure 2(a) shows the schematic structure of the
axial vircator and the microwave measurement setup.
The high-voltage pulse generated from the pulsed
power system is applied to the cathode of the electron
beam diode. A vacuum explosive electron emission
diode was used to generate an intense relativistic
electron beam. As shown in Fig.2(b), we tested three
types of a solid plane, a hollow, and a Rogowski
cathodes, which are made from aluminum. A stainless-
steel meshed anode with a transparency of ~65% was
used. To improve the microwave efficiency and
control the output frequency, the resonant cavity was
constructed by placing a movable reflection plate for a
microwave with a center hole at the distance away
from an anode. The output microwave was measured
when changing the distance to analyze the resonator
effect. From previous experimental results, the AK
gap was set to be 8§ mm regarding small shot-to-shot
variations and good durability of the meshed anode.

The microwave from the vircator traveled along a
circular waveguide of 100 mm in diameter and 375
mm in length and is emitted into a free space through
an acrylic window. All microwave measurements
were carried out with the receiving antenna placed at a
distance of 0.7 m away from the vircator window. The
open ended rectangle waveguide (WR187: 4.75 x 2.22
cm?) is utilized as the receiving antenna. The temporal
waveform of the output microwave was obtained by

using a crystal diode and recorded by a digital

Fig.1 Schematic diagram of Pulsed Power system
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Fig. 2 (a) Schematic structure of axially extracted
vircator and microwave measurement setup and (b)
three types of cathode tested in this experiment

oscilloscope with a bandwidth of 200 MHz and a
sampling rate of 2 GS/s, together with the beam
parameters (voltage and current). In order to carry out
Fourier transforms, the signal from the antenna was
also recorded by a high-speed digital oscilloscope with
a sampling rate of 40 GS/s through a coaxial RF cable.
The radiated energy of the microwave was measured
with a calorimeter, which consists of carbon absorber
with 60 mm diameter and 1.5 mm thickness and a K
type thermocouple.

A resistive CuSO4 voltage divider was used to
measure the output voltage (Vprr) of the pulsed power
system and placed at the edge of PFL. The diode
voltage (Vq) applied to the cathode is calculated by the
inductive correction, since the inductance of the
transmission line from the resistive divider to the
cathode is ~100 nH. The diode current (l4) and the

Solid plane cathode

Fig. 3 Typical waveforms of diode voltage V4,
diode current l4 and electric field of microwave
with solid type cathode and no cavity
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beam current (l,) passed through the anode were
monitored by Rogowski coil at the upstream and

downstream of the anode.

4. Experimental Results

Figure 3 shows the typical waveforms of the diode
voltage Vg, the diode current l4 and the electric field
|E|? of the microwave with the solid plane cathode
and no resonant cavity. The diode voltage increases up
to 270 kV within 100 ns and the diode current rises
with the diode voltage and has a peak of 13 kA. The
microwave is emitted at the rise time of V.

Figure 4(a) shows the electric field of the
microwave recorded by the

oscilloscope for each cathode type. It turns out seen

high-speed digital

from the figure that the signal with the Rogowski type
cathode was consistently higher than the solid and
hollow types. In the case of Rogowski type, the signal
tends to increase as the curvature R becomes larger.
Figure 4(b) shows the Fast Fourier transform (FFT) of
the signal shown in Fig 4(a). One can see that for the
solid and Rogowski types, microwave frequencies lie
between 5.5 and 7 GHz and more than one frequency
components have been excited, whereas the hollow
type has the frequency range of 4.7-5.5 GHz and a
peak at around 5 GHz. The main frequency
components of the microwave for the solid type
cathode can be identified as 6 and 6.5 GHz. This result
indicates that two mechanisms of microwave radiation

exist together, namely, the electron reflex between the

(a) (b) Rogowski (10mm)
Rogowski (8mm)
'g ~ Rogowski (6mm)
3 =
< .
; & Rogowski (4mm)
° 8
[ = Rogowski(R=2mm)
Q =
‘B [=%
b=
3]
E z
[Sa) Hollow #2
Hollow#1
Solid
=50 0 100 200 300 2 3 45 6 7 8 910

time (ns) frequency (GHz)

Fig. 4 Typical waveforms of microwave electric
field and FFT of microwave E-field shown in
Fig.4(a) for 3 types of cathode



Power
Efficiency

Solid Hollow Hollow Rogowski
#1 #2 (R=6 mm)
Fig. 5 Microwave peak power and efficiency for
each cathode type

real and virtual cathodes as well as the virtual cathode
oscillation. It is considered that the low frequency is
related to the virtual cathode oscillation, while the high
frequency corresponds to the electron reflex process.
The frequency for the Rogowski type tends to shift to
the low side with an increase of the curvature.

Figure 5 shows the microwave peak power and the
efficiency of beam-to-microwave power conversion
for each cathode type. The peak power (P) and the
efficiency (7) are evaluated by the next equations

p=9/
9
Jaxig)dt
where Q and 7 are the radiated energy of the

n= x 100,

microwave measured by the calorimeter and full width
at half maximum of the microwave pulse, respectively.
As shown in Fig.5, the Rogowski type with the
curvature of R=6 mm has the microwave power of 110
MW and the efficiency of 2 %, which is two times
higher than other cathode types. Figure 6(a) shows the
experimental result on the dependence of the peak
microwave power and the efficiency on the curvature.
Each dotted line in Fig. 8 shows the value of the
microwave power and the efficiency for the solid type.
It is seen from Fig. 6(a) that as the curvature increases,
the power increases and reaches a peak of 110 MW at
R=6 mm as the curvature increases, whereas the
efficiency gradually increases and has a value of 2.4%.

The numerical simulation was carried out for the
vircator with the Rogowski type cathode to confirm
The

simulation tool is the well-known “MAGIC” code,

the experimental results described earlier.

which is a 2 1/2-dimensional particle-in-cell (PIC)
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Fig. 6 Peak power and efficiency as a function
of Rogowski cathode curvature
(a) in experiment and (b) in simulation

code. Figure 6(b) shows the numerical result on the
dependence of the peak microwave power and the
efficiency on the curvature. We found that the
numerical result has the almost same tendency as the
experiment, though there are some differences in the
power between those results. In the experiment, the
power has a peak at R= 6 mm, while in the simulation,
the power increases with an increase from R=2 mm to
R=10 mm, but has no peak. This is likely due to the
increase of the microwave pulse duration observed in
the experiment. In the simulation at the curvature of 20
cm, both power and efficiency drop dramatically.

A resonant cavity was installed in the vircator using
the Rogowski type cathode with the curvature of R=10
mm. The vicator attains a resonant feedback when a
natural frequency of the resonator, which depends on
its structure, is close to the vircator frequency. Figure
7(a) and (b) show the electric field of the microwave
and FFT result of the microwave E-field shown in Fig.
7(a) for various resonator length, respectively. The
diameter of aperture on the reflector is set to be 6 cm.
One can see from Fig. 7(b) that the frequency spectrum
has sharp peak by installing the resonator. The
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Fig. 7 Typical waveforms of microwave electric field
and FFT of the microwave E-field shown in Fig.7(a)
as a function of resonator length

microwave frequency tends to shift to the low side as
the resonator length increases.

Figure 8 shows the microwave peak power and the
efficiency when varying the length of the resonator
from 5 to 15 cm. Each dotted line in Fig. 8 shows the
value of the microwave power and the efficiency
without the resonator. As seen in Fig.8, the peak power
and the efficiency greatly change depending on the
change of the resonator length and the maximum
power of ~130 MW is obtained at the resonator length
of 5 cm. One can see that at the resonator length of 5
mm and 15 cm, the peak power is larger than when
without the resonator, while the efficiency cannot be
improved. The result implies that the resonant
feedback did not work well. We consider that the
oscillated microwave did not well interact with the

microwave reflected by the resonator because the
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Fig. 8 Peak power and efficiency as a function of
resonator length
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aperture diameter on the reflector was too large.

5. Conclusions

In this study, we have investigated the influence of
the cathode shape and the resonant cavity on the
characteristic of the output microwave emitted from an
axially extracted vircator to improve the peak power
and the efficiency. Both peak power and efficiency of
the vircator have been improved by about 2.3 times by
changing a solid cathode to a Rogowski type one. By
installing the resonator with a length of 5 cm and an
aperture diameter of 6 cmin the virtcator with
Rogowski type of a curvature R=10 mm, the
microwave power increased by 1.7 times to 130 MW.
In the future, we plan to redesign the resonator for

improvement of the efficiency of the vircator.
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Influence of Electrode Structure and Microwave Generation
in Reflex Triode Vircator
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ABSTRACT

The virtual cathode oscillator (vircator) is one of the most attractive high-power microwave sources. The most

fundamental issues in the virtual cathode oscillator are conversion efficiency improvement and oscillation

frequency control. We have developed the reflex triode vircator to generate high power microwave more than GW

order. The reflex triode vircator was operated by Marx generator with the stored energy of 240 J. The purpose of

this study is to investigate the influence of the electrode structure on the microwave generation. Experiments were

conducted using three types of rogowski cathodes with different diameters for various anode-cathode gap distances.

Keywords

High-power microwave, virtual cathode oscillator, reflex triode vircator,

1. Introduction

Radiation sources of the high-power microwave are
being developed for applications in plasma heating,
particle acceleration, high-power radar, and many
other industrial and military fields [1,2]. A Virtual
Cathode Oscillator (Vircator) is a device that generates
high power microwave by relativistic electron beam
using pulse power technology. The vircator has the
attribute of high-power capability, wide frequency
tuning ability, and conceptual simplicity [3]. It is
possible to generate high-power microwaves ranging
from a few tens of megawatts up to a few gigawatts at
frequency from a few hundreds of MHz to a few tens
of GHz. However, since the vircator has a very low
microwave conversion efficiency of about 10%, many
researchers have been making research efforts and
experimental studies to improve the microwave
conversion efficiency [4-8]. In our previous studies,
the evaluation of the output microwave has been
performed in an axially extracted vircator with a
the

conversion efficiency. It has been reported that the

resonance cavity to improve microwave

reflex triode type has a higher conversion efficiency of

the microwave than the axially extracted vircator [9-
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11]. We have developed the reflex triode vircator for
the generation of high power microwave. In this paper,
we report the experimental results on the influence of

the electrode structure on the microwave generation.

2. Principle of Microwave Generation in
Reflex Triode Vircator

Figure 1 shows the principle of microwave
generation in the reflex triode vircator. The intense
electron beam is used for the generation of microwave
by the vircator. The electron beam diode consists of a
cathode and an anode. When a high pulsed positive

voltage is applied to the anode, electrons are emitted

Fig.1 Schematic view for microwave generation
in vircator



Fig.2 Schematic configuration of the reflex triode vircator

from the surface of the cathode. The electron beam
passes through the anode, which is usually a thin foil
or a mesh, and is injected into the drift space on the
other side of the anode. When the injected electron
beam current exceeds the space charge limited current
in the region behind the anode, a virtual cathode,
which is an unstable region of negative potential, is
formed at the same distance as AK gap. Most of the
electrons in the beam lose their kinetic energy and are
then reflected back toward the anode. The mechanism
for microwave generation in the vircator can generally
be explained by two dynamical mechanisms [2, 12].
The first is electron reflection in the potential well
formed between the real and virtual cathodes. The
radiation frequency due to electron reflexing depends
on the AK gap and the beam energy. The frequency is
approximately given by

v ool

L ()
4d 5 4d,y

where V. is the velocity of electron, dak is the distance
between the anode and the cathode, and c is the
velocity of light. The relativistic factor y is given by

1 ev,
y = =1+ 5
J1=(v, /¢y’ m,c

The second is an oscillation of the virtual cathode in
time and space. The oscillation frequency is given by
1/2
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where , is the electron plasma frequency, N, is
electron beam density derived by the space charge
limited current, e and m. are the electron charge and
mass, respectively, € is the vacuum permittivity, Vo is
the applied voltage across the AK gap, and f=v/c.
These two oscillation frequencies are fundamentally
determined by the geometric structure, the applied

voltage and the electron beam parameter.

3. Experimental Setup

Figure 2 shows a schematic configuration of the
reflex triode vircator used this experiment. The Marx
generator with the stored energy of 240 J at a charging
voltage V=60 kV is used as the pulsed power
generator of the reflex triode vircator. The high-
voltage positive pulse generated in the Marx generator
is applied to a meshed anode of the electron beam
diode. A vacuum explosive electron emission diode
was used to generate an intense electron beam. The
diode consists of a rogowski type aluminum cathode
and a stainless-steel meshed anode with a transparency
of ~65%. Experiments were conducted using cathodes
with three types of diameters of d; =30, 46, 60 mm for
various anode-cathode gap distances. The AK gap d
was in the range of 4-8 mm and changed with the step
of 1 mm. The charging voltage was set to be V¢ = 40,
45, and 50 kV, which correspond to the diode voltage
of Vg =160, 180, and 200 kV, respectively.

The output microwave from the vircator is emitted
into a free space through an acrylic window. All
microwave measurements were carried out with the

receiving monopole antenna placed at a distance 0of 0.6



m away from the vircator window. The temporal
waveform of the output microwave was recorded by a
high-speed digital oscilloscope with a sampling rate of
40 GS/s through a coaxial RF cable. The oscillation
frequency of the emitted microwave was evaluated by
FFT analysis The diode voltage V4 was measured with
a capacitive voltage divider and the diode current lg

was measured with a Rogowski coil.

4. Experimental Results

Figure 3(a) shows the typical waveforms the diode
voltage V4, the diode current |4 and the electric field of
the microwave, where the anode-cathode distance is d
= 4 mm, the charging voltage is V¢ = 50 kV, and the
cathode radius re = 23 mm. The diode voltage Vg has a
pulse width of 50 ns and a peak voltage of 250 kV, and
the diode current lg has a peak value of 15 kA at t =
180 ns. The timing at which the microwave is emitted
coincides with the time when the diode current lq starts
flowing. The timing at which the microwave is not
observed is when the diode voltage V4 becomes
negative, i.e., the electric field in AK gap is reversed.

Figure 3(b) shows the Fast Fourier transform (FFT)
of the microwave waveform shown in Fig.3. As seen
in Fig.3(b), the bandwidth of the microwave frequency

is broad and the main frequency components can be
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Fig. 3 (a) Typical waveforms of diode voltage V4,
diode current g and electric field of microwave
and (b) FFT of microwave shown in Fig.3(a).
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identified as ~6.8 and ~9 GHz. By substituting the
100 kV when microwave is

diode voltage Vg
generated into the Eqgs. (1) and (2), the oscillation
frequency of f = 10.3 GHz and f.. = 8.6 GHz is
obtained. Comparing these values with the FFT
analysis result, we found that it is close to the
frequency fyc related to the virtual cathode oscillation.

We investigated the condition of the microwave
generation on the anode-cathode distance d and the
charging voltage V.. Figure 4 shows the microwave
electric field waveform and the FFT for various AK
gap distances d, where the cathode radius and the
charging voltage are set to be rc = 15 mm and V; = 45
kV, respectively. As seen in Fig.4, the microwave with
the domain frequency of 9.5 GHz is observed at the
AK gap distance of d=4 mm, while at the AK gap
distance of d=6 mm, the microwave was not identified.
At the AK gap distance of d=5 mm, the output
microwave has various frequency components. The
diode impedance increases with an increase of the AK
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Fig. 4 Microwave electric field waveform (left figure)
and FFT (right figure) for AK gap distance of (a) d=4
mm, (b) d=5 mm, and (c) d=6 mm



gap, resulting in the decrease of the diode current.
Thus, it is considered that the formation of the virtual
cathode does not work well. These results show that
there is an appropriate electrode distance d for forming
a virtual cathode.

Figure 5 shows the waveforms of the diode voltage
Vg, the diode current lg, the microwave electric field
waveform and the FFT for the charging voltage V. of
50 and 45 kV, where the cathode radius and the AK
gap distance are rc = 15 mm and d=6 mm, respectively.
As seen from this figure, it is evident that the
microwave is emitted at the charging voltage of V=50
kV, while at the charging voltage of V=45 kV, the
microwave was not observed. The diode current
decreases with a decrease of the diode voltage. Thus,

the current is not enough to form the virtual cathode.

@

(b)

Fig. 5 Waveforms of diode voltage V4, diode current
la and electric field of microwave (left figure) and
FFT (right figure) for charging voltage of (a) V=50
kV and (b) V. =45 kV

The microwave generation conditions on each
cathode radius rc are summarized in Table.1 for the
charging voltage V¢ and the AK gap distance d for each
cathode radius r.. We found from Table 1 that the
microwave tends to be stably generated with higher
charging voltage or smaller AK gap distance for each
cathode radius. As above mentioned, we consider that
these conditions make it easier to form the virtual
cathode. There is little influence of the microwave
generation for the change of the cathode radius. The
diode current does not increase with increasing the
cathode radius, since the discharge in the AK gap does

not occur uniformly but locally. However, the damage
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Table 1 Microwave generation conditions for the
charging voltage V. and the AK gap distance d for
each cathode radius r¢

a) AK gap d [mm]
Cathode radius
r.= 15 mm 4 5 6 7 8
2 |50 e | ®@ | ® | A | A
s E
22 45 | @ | A | X | X | X
B S
g 4 | @ | A X A X
(b) AK gap d [mm]
Cathode radius
r.= 23 mm 4 5 6 7 8
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Cathode radius
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° %
235 45 (] ( J A A A
B>
5 40 | @ | A | x | A | X

of the cathode due to the discharge is reduced with
larger cathode radius. Considering the repetitive
operation, the optimum value seem to be found for the
cathode radius. In this study, the optimum cathode

radius is re =23 mm.

5. Conclusions
We have developed the reflex triode vircator for the
generation of high power microwave. In this study, we
investigated the influence of the electrode structure on
the microwave generation. In the experiment, we
found that the microwave tends to be stably generated
with higher charging voltage and smaller AK gap
distance for the cathode radius r.. However, in
consideration of the repetitive operation, the cathode
radius r¢ should be made larger in order to suppress the
cathode damage due to the discharge.
In the future, we plan to measure the power of the
microwave and find a practical way of improving its
conversion of energy from the electron beam to the

microwave and frequency characteristics.
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ABSTRACT

Characteristics of hot spots were compared among normal and reversed discharges
in the divergent gas-puff z pinch. By the measurement using CCD, a small spotted
hot spot was observed. The size of the hot spot was evaluated, and a smaller hot
spot was observed in the reversed discharge.
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1. Introduction

Gas-puff z pinch is an efficient x-ray source ca-
pable of repeated discharge [1]. Plasma focus
can also cause plasma to converge to a single
point reproducibly. The divergent gas-puff z
pinch has been devised to realize an efficient
point radiation source that combines both ad-
vantages [2].

The divergent gas-puff z pinch performs gas-
puff from the center conductor to contract the
plasma 3-dimensionally and generate hot spots
on the front face of the conductor. Compared
to conventional gas-puff z pinch, efficient en-
ergy input is possible by this method]3].

K-shell and L-shell radiations have been ob-
served from the Ar pinch plasmal4, 5, 6]. In
this study, focusing on the K-shell radiation of
the divergent gas-puff z pinch, the comparison
of the normal and the reversed discharges on
the spatial structure of the hot spots were per-
formed.
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2. Discharge System

Experiments were conducted on the SHOTGUN
III z-pinch device at Nihon University (Fig. 1).
The energy storage section of the device con-
sists of a capacitor bank of 40 kV 12 uF with
maximum current of 300 kA. The feature of this
device is that it can be charged either positive
or negative. In this experiment the charging
voltage was set at 25 kV or -25 kV.

The gas-puff was made by a high-speed gas
valve installed inside the center conductor and
a divergent annular Laval nozzle provided on
the electrode. The divergence angle of the noz-
zle was 10° with respect to the central axis.
The diameter of the nozzle was 30 mm, and the
opposite electrode had a hole of 60 mm. The
distance between the electrodes was 30 mm. Ar
was used as the operating gas, and the plenum
pressure of the valve was 5 atm. The electrode
on the side of the center conductor was made
of stainless steel and became the supply source
of Fe during discharge [4].



Fig. 1: Schematic diagram of the SHOTGUN
IIT divergent gas-puff z-pinch device. The gas
was puffed from the cylindrical Laval nozzle
mounted on the center electrode.

3. Diagnostic System

Discharge currents were measured by Rogowski
coils placed at the anode (input) and the cath-
ode (load) sides. The anode current represents
the current entering the device from the power
supply, and the cathode current represents the
current flowing between the electrodes.

A scintillation probe (SCI) using a 5 pum
Be filter and a 3 mm thick plastic scintillator
was used to monitor x-ray. The optical signal

ll 12

Fig. 2: Schematic diagram of the soft x-ray pin-
hole camera. The image was detected by the
CCD.
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was transmitted to the shield room by an op-
tical fiber and converted into electric signal by
a photomultiplier. X-ray exceeding 1 keV are
detected, and K-shell radiation of Ar ions and
Fe K, line are observed.

Also, an x-ray diode (XRD) having a Au
photocathode was used. The x-ray diodes was
sensitive to wide wavelength range from ultra-
violet to soft x-ray. Both K-shell and L-shell
radiations of Ar ions were detected.

In order to observe the spatial structure of
x-ray radiation, a pinhole camera using x-ray
film was used. The pinhole diameter was 400
pm and the film was Kodak Biomax MS film.

Hot spots were observed using a pinhole
camera equipped with a CCD. A CCD made by
Laser-Laboratorium Goéttingen e.V. was used.
The sensitive range is < 1 nm ~ 1,100 nm, and
the pixel size is 6.45 pm, (1,392 x 1,040 pixels).

Figure 2 represents the arrangement of the
pinhole camera. The distance between the plasma
and the pinhole was 220 mm, and the distance
between the pinhole and the CCD was 155 mm.
The ratio of distances was 1.4:1. A pinhole with
a diameter of 20 pm and a Be filter with a thick-
ness of 15 pm were used. Soft x-ray below 1 keV
is blocked by the filter. Since the sensitivity of
Fe K, line is low, only K-shell radiation of Ar
ions can be observed.

Since the pinhole diameter is not sufficiently
small, the size of the hot spot is not simply 1.4
times the size of the image. The image diame-
ter D is expressed as

L+ 1o dl2

D= . 1
a—— +d (1)

where a is the pinhole diameter, d is the hot
spot diameter, [ is the distance between the
hot spot and pinhole and [y is the distance be-
tween the pinhole and the image. The first
term becomes important when a is not suffi-
ciently small compared to d.

4. Experimental Results

Figure 3 shows the current waveform and x-
ray signals for (a) normal discharge with charg-
ing voltage of 25 kV and (b) reversed discharge
with charging voltage of -25 kV. The peak cur-
rent was about 180 kA for normal discharge and



Fig. 3: Discharge currents and x-ray signals of
divergent gas-puff z pinch in (a) normal and (b)
reversed discharges.

about -170 kA for reversed discharge. In each
cases, a strong shrinkage occurred in the vicin-
ity of the peak current after 2.25 us from the
discharge start, and a dent was formed in the
current. A spike-like SCI signal was observed
with the shrinkage. The XRD signal was ob-
served at the contraction and subsequently.

Figure 4 is the image of a hot spot recorded
with x-ray film for (a) normal discharge and (b)
reversed discharge. In normal discharge, a hot
spot was generated on the anode front surface,
and x-ray was also generated from the anode
surface. In the reversed discharge, no x-ray was
observed on the electrode surface. Instead, the
hot spot was made to grow long in the axial
direction.

Figure 5 is the image of the hot spot pro-
jected onto the CCD for (a) normal discharge
and (b) reversed discharge. The horizontal di-
rection means the axial direction and the ver-
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Fig. 4: X-ray pinhole images of divergent gas-
puff z-pinch taken by x-ray film in (a) normal
and (b) reversed discharges.

tical direction means the radial direction. The
hot spots were observed as small dot shapes,
which were quite different from those in Fig.
4. In normal discharge, the horizontal length
was 80 um and the vertical width was 90 pm.
In the reversed discharge, the horizontal length
was 50 pym and the vertical width was 60 pum.
The resolution is pixel size of 6.45 um. Rela-
tively small hot spot was observed in the re-
versed discharge.

5. Summary and Discussion

Normal and reversed discharges of the diver-
gent gas-puff z pinch were performed. In both
cases, a strong shrinkage occurred at 2.25 us
after the discharge started, and generation of
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Fig. 5: Soft x-ray images of hot spots on the
CCD taken in (a) normal and (b) reversed dis-
charges.

soft x-ray was confirmed. Soft x-ray emitted
from hot spots were measured.

K-shell radiation image of hot spot was ob-
served by the CCD camera. Since the diame-
ter of the pinhole used for the measurement was
not sufficiently small compared to the hot spot,
the hot spot size was analyzed in consideration
with the pinhole size. The measurement reso-
lution was 14 pm. In this measurement, a hot
spot smaller in reverse discharge than in nor-
mal discharge was observed. Since there are
not many measurement examples yet, it is not
always clear whether there is such a tendency.

In this reversed discharge, considering that
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+25 kV  -25 kV
Horizontal length (pum) 65 23
Vertical width (pm) 79 37

Table 1: Horizontal and vertical size of a
hotspot in normal and reversed discharges.

a current of 170 kA is flowing inside the circle
of diameter 23 pm, the magnetic flux density
at the outer circumference is 3.0 x 103 T, the
magnetic pressure is 3.5 x 102 Pa. Assum-
ing the pressure balance, when the tempera-
ture is 1 keV, the combined ion and electron
density is 2.2 x 10%® m™3. This value is over-
valued by three orders of magnitude compared
to the spectroscopic measurement result [7]. If
we trust the spectroscopic result, the current is
flowing a little wider area.

The shape of the hot spot image of the CCD
is different from that of the x-ray film. The dif-
ference between CCD and x-ray film is whether
you feel Fe K, line. A nearly spherical hot spot
was observed in the CCD. It is thought that Fe
atoms or ions get into other parts and emit x-
ray. In the case of normal discharge, it is con-
sidered that the anode surface emits x-ray and
the electron beam directly strikes the anode.
In the case of reverse discharge, x-ray are emit-
ted with a strange elongated shape. Within
a short period of time from the start of dis-
charge, probably Fe ions enter the plasma and
are thought to be illuminated by the electron
beam generated together with the pinch.
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Numerical Modeling of Electron Beam Diode
as Impedance Controller for Warm Dense Matter Generation
Using Intense Pulsed Power Device
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Nagaoka University of Technology, Niigata 940-2188, Japan

ABSTRACT

Numerical modeling of electron beam diode as impedance controller to control an input energy in a sample

load to generate warm dense matter using an intense pulsed power device ETIGO-II was studied. Electron

beam radius in a beam diode gap was expanded due to the space charge effect. Both theoretical and numerical

analyses in the electron beam radial expansion were investigated because of its considerable effect on the

beam diode impedance.

Keywords
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1. Introduction
Nuclear energy release by inertial confinement
fusion (ICF)

next-generation energy sources to solve the energy

is one of the most promising
problem. In the ICF system, materials of a fuel pellet
pass through warm dense matter (WDM) regime
during the implosion process [1, 2]. In the implosion
process of ICF, a temperature-density region with
unclear physical properties known as WDM is so
important, and has a considerable effect on implosion
dynamics [3, 4]. For this reason, research of WDM
property at comparable pulse duration of ICF
implosion timescale using an intense pulsed power
generator “ETIGO-II” with an electron beam diode
was proposed [5-7]. The electron beam diode behaves
as an impedance controller, which regulates the input
energy into the sample load to generate WDM using
Simplified

physical properties and behavior of the electron beam

an isochoric heating technique [8].
diode impedance in the diode gap is needed to
understand the WDM properties.

The input energy control and the beam output
current of the electron beam diode at the beam diode

gap was investigated experimentally [6-8]. The
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numerical analysis of electron behavior in the beam
diode with an electrostatic particle-in-cell (PIC)
model corresponding to the experimental results and
experimental conditions of the intense pulsed power
generator ETIGO-II was also carried out [9].
However, the beam diode impedance behavior was
not clearly understood. For the clear understanding of
beam diode behavior is necessary to study the
equation-of-state for WDM and the constructive
structure of WDM generation experimental setup. A
numerical model of electron beam diode as the
impedance controller with numerically obtained
beam radius was analyzed. Tentative beam diode
impedance range with the beam radius expansion in
beam diode gap was estimated to understand the
experimental setup of WDM generation and

properties in the implosion time scale of ICF.

2. Numerical model
the

computational box and numerical condition for the

Figure 1 shows schematic diagram of
modeling of electron map in beam diode gap using
2D electrostatic PIC model corresponding to the

experimental condition, which was considered as
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Fig. 1 Computational box and schematic diagram
of electron map for numerical simulation in
beam diode gap, where electrons emitted from
cathode surface due to the electric field from
applied voltage, and travel through vacuum.
Space charge limited condition is applied for
electron beam emission from cathode surface
and beam diode gap is set as 10 mm, 15 mm and
20 mm alone with the different initial beam

radius of 40 mm, 30 mm and 20 mm.

axisymmetric configuration. Due to the electric field
from the applied voltage, electrons emitted from the
cathode propagate in a vacuum towards anode. In
Fig.1, the left and right boundaries were given as the
cathode and the anode. The simulation parameters
were assumed by the experimental setup.

The electron emission at the cathode surface was
applied to satisfy the space charge limiting emission
condition. The electric field components are E, and E,,

and v, and v, are particle velocities in r and z

Vallage

r

1M

S0ins. 150ns 300ny Tume

Fig. 2 Applied voltage waveform: maximum
voltage is 1 MV, pulse width is 300 ns, the rise
and fall time is 150 ns each.
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directions, which were solved by Maxwell equation
in discretized calculation cells and relativistic
equation of motion.

In this calculation condition, the input pulse
voltage was 1 MV maximum, which was the normal
value of intense pulsed power generator ETIGO-II
[10]. The pulse width was 300 ns with rise and fall
times of 150 ns each as shown in Fig.2. The peak
voltage was 1 MV at 150 ns. The resistance of 1.7 Q,
and the output beam current was 50 ns lack by the
applied voltage [7, 10].

The initial beam radius was assumed by 20 mm, 30
mm, and 40 mm. The diode gap distance was
assumed by 10 mm, 15 mm, and 20 mm according to

the experimental condition [7].

3. Results and Discussion

Figures 3, 4 and 5 show the electron map of
electron beam in the diode gap for 10 mm (Fig. 3 (a),
(b) and (c)), 15 mm (Fig. 4 (a), (b) and (c)) and 20
mm (Fig. 5 (a), (b) and (c)) with various initial
electron beam radius conditions at t = 150 ns. After
the electron emission from the cathode surface, the
electrons were accelerated towards the anode side
due to the electric field from the applied voltage, and
the electron beam radius expanded radially due to the
repulsive self space charge field created by the
electrons. Figures 3, 4 and 5 indicate that in case of
small diode gap distance (Figs. 3 and 4) the beam
radial expansion was small due to the short beam
diode gap and short travelling time to expand.
However, with the increase of beam diode gap (Fig.
5) the beam radial expansion increases due to the
long diode gap and sufficient travelling to expand
more in radial direction. In comparison between the
short diode gap and the long diode gap, the final
beam expansion radius becomes double with the
increase of diode gap from 10 mm to 20 mm (see
Figs. 3 and 5). On the other hand, with the increase of
the beam expansion also
increases (see Fig. 3 (a), (b) and (c); Fig. 4 (a), (b)
and (c), and Fig. 5 (a), (b) and (c)). Numerically
obtained beam radial expansion data was compared

initial beam radius,

with the theoretically obtained beam envelope line to
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Fig. 3 Numerically obtained electron maps for 10 mm beam diode gap at t = 150 ns. Beam radial expansion
was compared both theoretically and numerically: (a) initial beam radius is 20 mm, (b) initial beam radius is

30 mm, and (c) initial beam radius is 40 mm.

(a) (b) (c)

Fig. 4 Numerically obtained electron maps for 15 mm beam diode gap at t = 150 ns. Beam radial expansion
was compared both theoretically and numerically: (a) initial beam radius is 20 mm, (b) initial beam radius is

30 mm, and (c) initial beam radius is 40 mm.

observe the beam expansion behavior in the beam I ez2
diode gap. The theoretical beam envelope was
obtained from a simplified envelope equation [12,
13],
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(a)

(b)

(©)

Fig. 5 Numerically obtained electron maps for 20 mm beam diode gap at t = 150 ns. Beam radial expansion

was compared both theoretically and numerically: (a) initial beam radius is 20 mm, (b) initial beam radius is

30 mm, and (c) initial beam radius is 40 mm.

Here e is the electron charge, I is the initial beam
is the

electron velocity, m is the electron mass, &, is the

radius, I, is the beam envelope radius, V,,

permittivity in vacuum, and is the maximum

0 max
beam current, which was measured for 10 mm, 15
mm and 20 mm diode gap at 40 mm, 30 mm, and 20
mm for electron emission radius condition using the
space-charge limited equation [9]. The electron beam
radius in the radial direction tends to expand
gradually as the theoretically obtained beam envelope
line. Moreover, in the numerical simulation results,
the variable initial electron beam radius with the
function of time dependent variable voltage was not
considered, and the initial beam radius was framed as
constant, where the initial electron beam radius in
experiment varies with time in the applied voltage.
Figure 6 shows the ratio of initial beam radius and

numerically obtained final beam radius with the
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function of diode gap for different initial beam radius
condition of 40 mm, 30 mm and 20 mm. The ratio of
initial beam radius and numerically obtained final

beam radius shows that in case of small diode gap,

Fig. 6 Ratio of initial beam radius and
numerically obtained final beam radius for d = 10
mm, 15 mm and 29 mm at initial beam radius of

20 mm, 30 mm and 40 mm.



the initial beam radius was nearly equal to the final
beam radius. In the increase of diode gap length, the
beam radius expands more, and the final beam radius
is larger than the initial beam radius (see in Fig.6).
Figure 7 shows the theoretically obtained beam
diode impedance with the function of electron beam
radius for different beam diode gap. The theoretical
beam diode impedance was calculated by Eq.(2),
which was derived from Child-Langmuir law [11].

9d?

4e,mry, >V 2

Zy

[\
D

is the

electron beam radius, and V is the applied voltage (1

Here, Z, is beam diode impedance, I,

MV). Figure 7 illustrates the beam diode impedance
behavior for 10 mm, 15 mm and 20 mm in the beam
diode gap at the initial beam radius condition of 30
mm. The final beam radius was calculated
numerically (see Figs. 3, 4, and 5). Here, the initial
beam radius of 30 mm was considered for the
analysis of beam diode impedance behavior, which is
the tentative beam radius from the comparison of
theoretical, numerical and experimental results [9].
Figure 7 indicates that in the case of short beam diode
gap and the small initial beam radius, the beam diode
impedance near the cathode was nearly equal to the
beam diode impedance near the anode due to the

small beam expansion. On the other hand, with the

Fig. 7 Theoretically obtained beam diode
impedance as a function of electron beam radius
for 10 mm, 15 mm and 20 mm diode gap and an
impedance range of 30 mm initial beam radius
state, where final beam radius was obtained

numerically
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increase of beam diode gap, the beam radius expands
in the radial direction. The difference between the
initial beam radius and the final beam radius
increases, and the discrepancy between the beam
diode impedance near the cathode and the anode also
increases. The beam diode impedance range is 15.16
Q~13.32Q ford=10 mm, 34.10 Q ~ 28.15 Q for d
= 15 mm, and 60.63 Q ~ 47.20 Q for d = 20 mm at

the initial beam radius condition of 30 mm.

4. Conclusions

In this study, the numerical analysis of the electron
behavior in the beam diode with the electrostatic PIC
model corresponding to the experimental conditions
of the intense pulsed power generator “ETIGO-II”
was carried out for the beam diode impedance
behavior. The numerical model of the electron beam
diode as the impedance controller with numerically
obtained beam radius was analyzed. The beam diode
impedance range with the beam radius expansion in
beam diode gap was estimated to understand the
experimental setup of WDM generation and
properties in the implosion time scale of ICF. The
numerically obtained beam radius expansion data, we
were able to estimate the electron beam diode
impedance range, and observed the impedance
behavior of the beam diode for the different beam
diode gap. It will be useful for the further study for
the experimental setup of WDM generation at the

implosion timescale of ICF.
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Thermal Conductivity Measurement of Dense Tungsten Plasma
Using Laser-Induced Fluorescence
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ABSTRACT

We have measured the thermal conductivity of dense plasma using an isochorically-heating pulsed-power

discharge with a laser-induced fluorescence. To understands the thermal conductivity dependences on temperature

and density for the dense tungsten plasma, we have measured the thermal conductivity of several tungsten samples.

The results show that the thermal conductivity is increased with the increase of temperature. The obtained thermal

conductivity at the plasma temperature of 10000K is approximately logio k = 1.5 W/(m-K), regardless of density.

Keywords
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1. Introduction

Thermonuclear fusion systems have a divertor for
the plasma facing components. The divertor is the
exhaust device of fusion product as an a-particle
escaping from fusion plasma. Tungsten has been
selected a material of divertor surface for the
international thermonuclear fusion reactor (ITER)
because it has a high melting point [1,2]. The surface
of divertor is damaged by bombardment of high
energetic particle flux from fusion plasma, at the
plasma disruption, the edge localized modes and
vertical displacements [3,4]. The divertor material will
evaporate these off-normal events [1]. The ablated
material of the divertor surface will be changed to a
state of warm dense matter (WDM) during energetic
particles irradiation. However, WDM is the complex
state because of the phase transition from a solid to a
plasma state, degenerated electrons, and so on. The
WDM regime is dense and low-temperature plasma
compared to the conventional plasmas state. The
experimental data of WDM is required to understand
the properties as the transport properties, the equation
of state, and so on [5,6].

In the previous studies, to measure the various

properties of WDM state had been developed because
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of energy drivers such as pulsed power discharges,
ultra-short-pulse laser, and intense heavy ion beams
[7-13]. The generating method of WDM using the
pulsed-power discharge is possible to measure a long
time scale compared to the other energy driver. We
have developed a pulsed-power discharge with
isochoric heating system confined by a quasi-rigid
capillary tube [14]. This method has possible to
generate dense plasma with well-defined density.
Moreover, we have developed a method of directly
determine the thermal conductivity of the WDM state
with a laser-induced fluorescence from ruby [15].

In this paper we clarified the thermal conductivity
dependence on temperature and density for WDM

using a laser-induced fluorescence method.

2. Experimental Setup

Figure 1 shows the experimental setup of the
measurement of thermal conductivity for the WDM.
The WDM was generated by pulsed-power discharge
with isochoric heating using cylindrical ruby capillary.
The pulsed-power discharge was driven by low
inductance capacitors of capacitance C = 3.78 pF
(1.89uFx2) with 14 kV in charged voltage. We used
the sample of thin tungsten wire with Dy = 50-300 pm
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Fig. 1 Experimental setup for laser-induced
fluorescence with isochoric pulsed-power discharge
of a diameter and 15 mm in length. The ruby
capillary was 1 mm of inner diameter and 4mm of
outer diameter. The mass density of tungsten plasma
was set to be 0.0025ps - 0.09 ps (ps: solid density). We
used a high-voltage probe and Rogowski coil to
measure the time-evolution of voltage and current in
the wire and plasma, respectively.

The thermal conductivity of warm dense tungsten
plasma is estimated by to measure time-evolution of
the heat flux from the tungsten plasma to the ruby
capillary. Furthermore, the plasma temperature is
assumed uniform and cylindrical symmetry, the
temperature gradient occurs with the radial direction.
To measure the thermal conductivity of the warm

dense tungsten plasma, which is given by,

_7) |

aT, Tp + T,
pRCvRa—LFATZ +KR( £ 5 5

_Tp+Tg
2

1)

Kp
Tp

Here, p is the density, C, is the specific heat, T'is the
temperature, and x is the thermal conductivity,
respectively. Moreover, the suffix of P refers to the
plasma component, the suffix of R is the ruby
component. The typical diffusion length, Ar is
estimated by the conventional thermal diffusion for

radial direction,

K
P At

Ar = |2 .
PrCyr

(2)

On the Eq. (2), 4t is the thermal diffusion time in
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Fig. 2 Typical discharge waveform by isochoric
heating device using a pulsed-power discharge.

the ruby capillary from the beginning of attaching
plasma to the interior of ruby capillary. From Eq. (1),
the thermal conductivity of WDM is estimated from
the temperature of both the ruby capillary and tungsten
plasma. Therefore, we are required to measure each
temperature. The ruby temperature is obtained by
fluorescence intensity from the ruby capillary. The
intensity of ruby fluorescence depends on temperature
which is decreasing with the temperature increasing
[16,17]. The fluorescence from the ruby capillary was
induced by the Nd-YAG laser (532 nm, 300 mJ, 16 ns).
The plasma temperature was estimated from the
optical emission of plasma by assuming local
thermodynamic equilibrium [18]. Each temperature is
obtained from the time-resolved spectroscopy which
was used the spectrometer mounted on a streak camera.
Typical voltage-current waveforms and the input
energy history of the tungsten plasma are shown in
Figs. 2. The peak voltage and current of this condition
are about 5kV and 50 kA, respectively. The input

energy to the tungsten plasma was estimated to be
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Fig. 3 Thermal conductivity as a function of the

temperature of tungsten plasma at p = 0.09ps

approximately 150 J in generating the WDM.

3. Results and Discussion

Figure 3 shows the thermal conductivity of tungsten
plasma at the density of 0.09ps as a function of
temperature. We can see that the thermal conductivity
is increased with the temperature rising. The thermal
conductivities at the different density were the similar
tendency as shown in Fig. 3. The thermal conductivity
of dense tungsten plasma is increased with the
temperature rising.

Figure 4 shows the thermal conductivity of tungsten
plasma at the plasma temperature of 10000K as a
function of density. The cross point and the line in Fig.
4 are indicated the thermal conductivity obtained from
the experiment and the theoretical calculation thermal
conductivity at the plasma temperature of 10000 K
[19,20], respectively. The thermal conductivities from
1.5
W/(m-K), regardless of the plasma density. Whereas,

the experiment are approximately logio «x

the thermal conductivity estimated by theoretical
calculation is increased with increasing the density of
tungsten plasma. The thermal conductivity obtained
by this experiment is over 10 times higher than that
from the theoretical prediction by COMPTRA 04.
Therefore, we will explore the discrepancy of thermal

conductivity from the experimental observations.

4. Conclusions
We have experimentally measurement the
temperature-density dependence on the thermal

conductivity in dense tungsten plasma generated by
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Fig. 4 Thermal conductivity of tungsten plasma as a
function of density at 10000K, the solid line indicated
the thermal conductivity given by COMPTRA 04
[19,20], the cross point shows the result obtained in

the present work.

pulsed-power discharge. The thermal conductivity was
obtained by utilized the laser-induced fluorescence
method with a time-resolved spectrometer. The
thermal conductivities from the experiment are
increased with the plasma rising.
the

approximately logio x = 1.5 W /(m-K), regardless of

temperature

Moreover, thermal  conductivities  are
the plasma density. The thermal conductivity from the
experimental observation is over 10 times higher than
that from the

COMPTRAO4.

theoretical ~ prediction  from
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Plasma Jet and its Application to Surface Treatment
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ABSTRACT

We have developed the surrounding gas-fed plasma jet using a double coaxial glass tube to increase and control

the production of active species in the plasma jet. Two gas flows can introduce independently into the tube and the

gas and plasma flows interact outside of the glass tube. The developed plasma jet was compared with the

conventional plasma jet with single glass tube by using optical emission spectroscopy. With an outer nitrogen (N»)

and an inner helium (He) gas flows, emission lines of nitric oxide, the first negative and second positive system

bands of N, were observed, while emission line of nitric oxide was not observed in the single glass tube. The

double coaxial glass tube makes a laminar flow and enhances the effective reaction area, resulting in energetic

nitrogenous productions. We also evaluated the hydrophilic property of polyethylene terephthalates treated by the

surrounding gas-fed plasma jet.

Keywords

Atmospheric pressure plasma jet, dielectric barrier discharge, optical emission spectroscopy, surface treatment

1. Introduction

In recent years, an atmospheric pressure plasma jet
(APPJ) has attracted tremendous attention in various
research fields. The low-temperature plasma like
atmospheric pressure plasma is characterized by its ion
and neutral species being close to room temperature,
whereas it generates a variety of active components
like charged particles, radicals, and reactive as well as
excited species [1]. Therefore, it is possible to realize
valuable tools for surface treatment without any heat
damage, but with high chemical reactivity [2]. Due to
the operation at atmospheric pressure, APPJs can also
be used for application in biomedicine field, such as
chronic wound healing [3, 4], skin disease [5], tooth
bleaching [6], sterilization [7], and cancer treatment
[8]. These applications strongly depend on plasma-
generated reactive oxygen species and reactive
nitrogen species. In order to meet the requirements of
research and industrial application, it is very important
for APPJs to increase productions of reactive species.

It has been shown that the production of reactive
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species could be enhanced in many ways, such as
oxygen addition [9], water vapor addition [10], and
other gas addition [11]. The mixing ratio, however,
was below only a few percent due to the negative
reactions for stable plasma discharge.

We have developed a surrounding gas-fed plasma
jet with a double coaxial glass tube for the increase of
radical productions [12]. The double coaxial glass tube
can make a laminar flow by introducing an additional
gas flow in parallel to core gas flow. The laminar-flow
APPJ can control the flow rates of two gases
separately using independent injection ports. This
mechanism is expected to extend the plasma jet length
with a guiding effect by the surrounding gas flow.
Therefore, the increase of the jet length leads to an
improvement of the effective reaction area for Penning
effect related to the production of radical species. In
this study, we observed the emission spectra of the
surrounding gas-fed plasma jet and evaluated the
fundamental characteristics of the laminar flow APPJ

by comparing with the conventional APPJ. In addition,



we evaluated the hydrophilic property of stainless
steels and polyethylene terephthalates (PETs) treated
by the surrounding gas-fed plasma jet.

2. Experimental Setup

Figure 1 shows a cross-sectional view of a double
coaxial glass tube and the schematic diagram of an
experimental setup. The glass tube consists of inner
and outer glass tubes and the size of each tube is shown
in Table 1. There are two independent paths for central
and surrounding gas flows. With this double coaxial
structure, two different gases can introduce into the
glass tube and can control each flow rate
independently. The inner glass tube has a flange to
prevent from arcing between electrodes and is used as
a dielectric barrier. The copper films are wrapped to
both sides of the flange of the inner tube as an
electrode. The sinusoidal voltage generated by a step-
up transformer of 7.5 kV with a frequency of 20 kHz
was applied to the electrodes to induce the dielectric-
barrier discharge. Voltage and current signals applied
on the APPJ were measured by a high voltage probe
(P6015A, Tektronix, Inc.) and a current transformer
(4100, Pearson Electronics, Inc.) through a digital

oscilloscope (Tektronix TDS2024B).

Fig. 1 Cross-sectional view of the double coaxial
glass tube and experimental setup.

Table 1 Size of each glass tube

Tube type | Inner dia. Outer dia. Length
Inner 6 mm 9 mm 142 mm
Outer 13 mm 15 mm 39 mm

66

Helium (99.99 %) gas was used for an inner gas
flow to produce the core plasma, and nitrogen gas was
used for a surrounding gas flow. Each flow rate was
controlled by a mass flow controller (8500MC-S3-1-2,
KOFLOC Co., Ltd.). Helium gas was passed through
the inner path with a flow rate of 5 L/min and the
plasma was produced by the dielectric-barrier
discharge. On the other hand, N, gas was passed
through the outer path with 0—10 L/min.

We used the optical emission spectroscopy to
measure at different positions in free jet region by
using a spectrometer (EPP2000, StellarNet Inc.) in a
wavelength range of 200—1000 nm with a typical full
width at half maximum of 2.5 nm. The Emission
spectra with an exposure time of 0.4 s are taken from
the side of jet perpendicularly with a distance ranging
from 0 to 50 mm measured from the jet exit. Emissions
from a spot area with a diameter of 1 mm in the plasma
jet, i.e., effective spatial resolution in the experiment,
were focused into the optical fiber connecting to the
spectrometer by using a double-convex lens with the
focal length of 30 mm. The spectral distribution of the
emission spectra of the APPJ was measured by moving
the optical fiber from a tip of the glass tube toward the
grounded aluminum board with the step of 2 mm.

3. Results and Discussion
3.1 Characteristics of Laminar APPJ

Figure 2 shows the comparison of the optical
emission spectrum of the He/N, mixed gas plasma jet
with single glass tube and the laminar plasma jet
observed at X = 16 mm. In the case of the single He
plasma jet with the flow rate of 5 L/min and mixing
rate of 1.8 % shown in Fig.2 (a), it shows a typical
distribution of emission spectrum from a He-based
APPJ. In other words, emissions from He I transition,
N corresponding to the second positive system (N>
C I, — B %) transitions, N*

corresponding to the first negative system (N 1st n.s.:

2nd p.s.

B 1, — A?3Y,) transitions were observed at 706 nm,
in the ranges of 310—360 nm, and 390-470 nm,
respectively. In addition, emissions from hydroxyl
radical (OH) was observed at 309 nm. In the case of

the laminar plasma jet shown in Fig.5 (b), the emission



(2)

(b)

Fig. 2 Typical emission spectra of (a) He/N,
mixed gas APPJ with single glass tube and (b)
He-N> laminar APPJ observed at X = 16 cm.

spectra has almost the same as the He/N, plasma jet
shown in Fig. 2(a), but emissions from NO
corresponding to y—system (A 2X" — X 2lp)
transitions was observed in the ranges of 200-300nm.
Here, the flow rates of inner He and surrounding N,
gases are 5 and 4 L/min, respectively. It turns out from
Fig.5 that each emission intensity except He line in the
laminar plasma jet is higher than the He/N, plasma jet.
We consider that the main reason that emissions from
NO were observed only in the laminar He—N, plasma
jet relates to the increase of energetic nitrogenous
productions.

Figure 3 shows the dependence of the intensity for
each emission line on the distance from the tip, i.e., He
I 2p—3s transition at 707 nm, OH radical at 309 nm,
NO radical at 245 nm, N, 1st n.s. at 391 nm and N
2nd p.s. at 337 nm, respectively. Here, the flow rates
are the same conditions as in Fig. 2. It turns out from
Fig. 3 that although no significant change in the
emission intensity for He between the He/N, mixed
gas plasma jet and the laminar plasma jet was observed,
the intensity of other emission lines in the He-N»
laminar APPJ increased by about 3 times compared
with the He/N> mixed gas APPJ. One can see that the
plasma jet length of the laminar APPJ is longer than
the He/N, APPJ by more than 10 mm. The result

indicates that the surronding gas N, flow confines and
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Fig. 3 Dependence of intensity for each emission
line on distance from the tip for (a) He/N, mixed
gas APPJ and (b) He-N» laminar APPJ

guides the inner He plasma flow. This effect leads to
the extension of the region of the effective interaction
to produce excited N». Therefore, the double coaxial
glass tube can produce excited N rich plasma jet.
Energy of the lowest metastable state (He I 1s2s) of He
is 19.8 eV, and is suitable to produce upper states of N»
2nd p.s. and N» Ist n.s., respectively, by the energy
transfer and Penning ionization. The upper states of N,
2nd p.s. also could be produced by the decay of N,*.
In the case of the He—N> APPJ, the surrounding N> gas
interacts with a central He plasma jet at the interface
of them outside of the glass tube, and then excited N>
species are produced. The interaction of energetic N»*
with H,O in ambient air contributes to the production
of OH radicals. Therefore, each emission intensity of
He, OH and N 1st n.s. (N2") has peak at same distance
as shown in Figs. 3(b). In addition, since N," has
relation to the production process of NO [13],
emissions from NO were observed only in the case of
He-N; plasmas. We consider that the effect of the
laminar flow APPJ, i.e., the increase of the effective
reaction areca and time, could lead to enhance the

formation rate of NO drastically.

3.2 Results of surface treatment

The hydrophilicity improvement of polyethylene



Fig. 4 Photo of contact angle on (a) untreated,
(b) pure He APP]J treated, and (c) He-N» laminar
APPJ treated PETs

terephthalate (PET) was studied to evaluate effect of
the laminar He—N» plasma jet on the surface treatment.
The surface properties of the untreated and plasma-
treated samples are characterized through water
contact angle. Figure 4 shows the photos of the contact
angle on the untreated PET and plasma-treated PET
after the treatment time of 10 s. The PET surface is
treated by the pure He APPJ with the He gas flow rate
of 5 L/min and He-N; laminar APPJ with flow rates of
5 and 4 L/min for inner He and surrounding N, gases.
Here, the treatment distance was at 20 mm. The
contact angles were 80°, 37°, and 31° for the
untreated, the pure He APPJ-treated and He-N»
laminar APPJ-treated PETs, respectively. It turns out
from Fig. 4 that the treatment of PET with the APPJ
can improve the surface hydrophilicity.

Figure 5 shows the contact angle on the plasma-
treated PET as a function of the treatment distance
when the treatment time was fixed at 10 s. Here, the
flow rates of each pure He APPJ and He-N, laminar
APP]J are the same conditions as in Fig. 4. As seen in
Fig. 4, the contact angle on the laminar APPJ-treated
PET is smaller than the APPJ-treated one over the
measured treatment distance, and has the minimum
value around the treatment distance of 20 mm. As seen

in Fig. 3(b), intense emission lines from N, second

Fig. 5 Contact angle on PET as a function of
treatment distance for (a) pure He APPJ, and (b)
He-N; laminar APPJ
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positive (337 nm), N first negative (391 nm), and OH
(309 nm) can be identified around 20 mm from tip.
These energetic active species can bombard the PET
surface under treatment and break the chemical bonds
(C—C or C-H bond) on the surface, leading to the
formation of radicals on the PET surface. Some of
radicals can react with active species in the discharge

regime, resulting in the creation of oxygen-containing

polar groups on PET surface. These oxygen-
containing polar groups allow much more H,O
molecules bond to them easily. Thus, the

hydrophilicity improvement on PET surface is due to
the introduction of oxygen-containing groups to the
surface [14].

Figure 6 shows the contact angle on the plasma-
treated PET as a function of the treatment time when
the treatment distance was fixed at 20 mm. One can
see that the water contact angle dramatically reduces
in 10 s with the increase of treatment time. When the
treatment time exceeds 10 s, the contact angle does not
almost change and reaches saturation state.

Fig. 6 Contact angle on PET as a function of
treatment time for (a) pure He APPJ, and (b) He-
N> laminar APPJ

4. Conclusions

We have developed a laminar flow type APPJ and
evaluated its fundamental characteristics. The effect of
the laminar flow enhances the effective reaction area
and the time of inner and surrounding flow
components in the APPJ, resulting in the increase of
the production of energetic active species such as N»
second positive (337 nm), N, first negative (391 nm),
OH (309 nm), and NO (245 nm). The excited state in

the core plasma is one of the important conditions to



determine the characteristics of the APPJ. Therefore,
the laminar flow APPJs have a wide controllability by
the choice of gas species, its flow rate and the feeding
path. In addition, we evaluated the hydrophilicity
improvement of polyethylene terephthalate (PET)
treated by the APPJ. The treatment of PET films with
the laminar APPJ can improve surface hydrophilicity
more than that with the He APPJ. The increase of
surface hydrophilicity is mainly due to the increase of
energetic active species. The optimum value of water
contact angle was 31° at treatment time of 10 s and

treatment distance of 20 mm.
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ABSTRACT
Electrical characteristics of a silicon carbide (SiC)-MOSFET with blocking voltage of 3.3 kV were evaluated and

inductive energy storage (IES) pulsed power generator was developed. The experiment to evaluate was carried out

using a circuit of a capacitor and a resistor. The maximum pulsed current of 165 A, the fall time of stabilized at 20

ns at a large current of 20 A and more, on-resistance 80 mQ were obtained. IES pulsed power generator is consisted

of the SiC-MOSFET employed as opening switch, a capacitor, and a pulsed transformer. The maximum output of

24.8 kV and full width at half maximum of 118 ns were obtained with an input voltage of 240 V and a charging

time of 2 ps. The output pulse energy was 9.77 mJ corresponding to 31.9 % of the input energy with a load

resistance 1 kQ.

Keywords

Pulsed power, Silicon carbide, MOSFET

1. Introduction

Plasma application technology by high-voltage
pulsed discharge is attracting attention for the removal
of environmental pollutants such as nitrogen oxides
(NOx) and organic compound'?!. Pulse discharge
develops in two main phases; streamer corona
discharge propagation phase and glow-like discharge .
When a high positive voltage is applied to a center
electrode (i.e., anode), a small luminous zone called a
streamer head, develops from the center electrode to
the outer electrode (i.e., cathode). The streamer head
reaches the cathode and generates an ionized filament
that bridges the gap between the anode and cathode.
This initial phase of streamer propagation is called the
“primary streamer”. After the arrival of the primary
streamer at the cathode, a subsequent streamer
develops from the anode toward the cathode, is called

a “secondary streamer” or a “glow-like discharge”.
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The characteristics of the primary and secondary
streamers are quite different. The primary streamer
includes a relatively large number of high-energy
electrons to dissociate molecules such as oxygen and
nitrogen with high efficiently Pl. To inhibit the
transition to glow-like discharge, the pulsed power
generator simultaneously realizes a high-voltage
output and a short pulse generation time is required!.

Conventional triggers mounted on pulsed power
generator have been used spark gap switches utilizing
dielectric breakdown of air. However, it is difficult to
implement in application fields because it has switch
deterioration and operation instability. In order to
solve this problem, researches are being carried out to
apply semiconductor power devices having a semi-
permanent lifespan and easy to control to triggerst.
Although high capacitive semiconductor can obtain

high output energy, its switching time is slow.



MOSFET is a kind of semiconductor, it is a
relatively small capacity and high-speed device.
Previously, further improvement in that capacity was
achieved by devising the structure!®. However,
realization of further performance is extremely
difficult based on the physical property value of the
conventional Silicon (Si) material. Silicon carbide
(SiC) has been much attention as a high- performance
material replacing Si. SiC is known to have a bandgap
of about 3 times, a dielectric breakdown electric field
of about 10 times and a thermal conductivity of about
3 times higher than that of Si. There are shown that has
high-temperature operation, low loss characteristics
and high exhaust heat respectivelyt®],

In this research, the characteristics of SiIC-MOSFET
developed by  Tsukuba
Constellations (TPEC) with blocking voltage 3.3 kV!

is evaluated to develop a pulsed power generator

Power  Electronics

capable of realizing both high output voltage and ultra-
short pulses. The characteristics of the inductive
energy storage (IES) pulsed power generator using the
SiC-MOSFET as switching device are also evaluated.

2. Experimental Setup

Figure 1 shows the schematics of evaluation circuit
for the switching characteristics. Capacitive energy is
stored in the capacitor of the capacitance Cp via the
resistor R of 500 kQ from the DC stabilized power
supply Vpp. When the pulsed signal from a gate driver
is applied between gate and source of the MOSFET,
the MOSFET is turned on and the energy stored in the
The drain-
source voltage Vps is measured using the voltage probe

Csg is discharged through the resistor Ry.

(Tektronix, P6015A) and the ip is measured using a
current transformer (Pearson, MODEL 2877).

Figure 2 shows the schematics of evaluation circuit
for on-resistance of MOS-FET. The circuit consists of
two MOSFETs connected in series. The drain of the
lower MOSFET (M2) is connected to the source of the
upper MOSFET (M1) , and the source is grounded. A
gate driver is connected to the gate of M1 and DC 20
V is applied to the gate of M2. In order to calculate
time change of the on-resistance rpson), when M1 is

switched, the Vps (Vpsoon)) is measured using the
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Fig. 1 Schematics of evaluation circuit for
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Fig.2 Schematics of evaluation circuit for on-

resistance characteristics

voltage probe (Tektronix, TPP1000) and the ip was
measured using a current transformer (Pearson,
MODEL 2877). The Cg was 0.22 uF, the Rg was 510
Q, and the pulsed width of the signal was 5 ps.

3. Results and Discussion
3.1 Switching characteristics

Figure 3 shows the waveform of ip as for various
Vpp. Re is shortened. The Cg is 16.4 mF, the gate
resistance Rg is 10 Q, and the pulsed width of the
signal is 50 ps. The peak value of ip increases with
increasing Vpp. When Vpp was 80V, it has saturated at
165 A without failure.

Figure 4 shows the waveforms of vpgs and ip when
the MOS-FET is turned on and off. The Cg was 0.22
pF and the pulsed width of the signal was 250 ns. The
Vpp is 3 kV and Ry is 150 Q. The time required to reach
from 90 % to 10 % at turn-on of Vpg is defined as rise
time, and 10 % to 90 % at turn-off of Vpg is defined as
fall time. The rise time and the fall time are 31 n and
22 ns, respectively, under this condition. Figure 5

shows the rise time and the fall time as a function of
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Fig. 4 Waveforms of drain-source voltage
and drain current

RL and ip with Vpp of 3 kV. The rise time increases
with increasing the Ry ; on the other hands, the fall time
decreases. When the ip is higher than 20 A, the fall
time has a constant value and is 20 ns. The switching
time is about one order faster than a large capacity
device like IGBTs!!?l. Since the drain-source stray
capacitance of the drift region is charged through Ry,
the fall time of the MOSFET depends on the Ry.
Therefore, the MOS-FET is suitable for the large cut-
off current in a short time with heavy loading.

3.2 On-resistance characteristics

Figure 6 shows the waveforms of Vpson) and ip and
rpson) calculated by Vpson) and ip when the Vpp is 3
kV and Ry is 50 Q. Because the resolution of the
measurement system is not enough, Ipson) i
calculated at the off-state of switching. The rpson)
does not change during turning on is a very low value
of 0.08 Q. Figure 7 shows the I'psion as a function of

input voltage and current. The rpscon) is independent

72

Drain current ip [A]
10 5

T T T

150,20,

" Vpp=3 [kV]
- —@—Rise time fr
r—4&—Fall time tf

Time [ns]
o
o

[9)]
o
e

100 200 300 400 500 600
Load resistance R_[Q)]
Fig. 5 Rise and fall times as a function of load

resistance
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of input voltage and current . From this, it can be seen
that low loss is expected in the on-state and easy to loss

calculation.

4. 1ES pulsed power generator
the

evaluation results, the device is suitable for an opening

According  to electrical ~ characteristics

switch because its low on resistance and rapid current
cut-off. In this study, an inductive energy storage (IES)
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pulsed power generator using SiC-MOSFET as an
opening switch is developed. Figure 8 shows the
schematics of the IES pulsed power generator. The
primary circuit consists of energy storage capacitor Cg,
a transformer and SiC-MOSFET. The Cg was using 12
pF. The transformer consists of a magnetic core
(Hitachi Metals, FT-3H, cross section area 2.6*10°
mm?, magnetic path length 3.2*10° mm) with the turn
ratio 2:20. AC/DC converter and a rectifier is used to
reset the transfer with continuous current. During the
SiC-MOSFET switch is closed, the charge stored in
the capacitor flows through the transformer and MOS-
FET, and the inductive energy is stored in the
inductance of the pulse transformer. When the MOS-
FET switch is opened, the current interrupted. As the
results, pulsed voltage appears at the secondary circuit
of the transformer.

Figure 9 shows the waveforms of the current flows
the primary circuit i1, Vps, the voltage across the
primary transformer Vi, the output voltage of
secondary transformer. ir; and output current io are
measured using a current transformer (bergoz, CT-
D1.0-B), vps, Vi1 and Vo are measured using voltage
probes (Tektronix, P5100, Testec, TT-SI 9010 and
Tektronix, P5100 respectively.) The Vpp is 3 kV, a
charging time is 2 ps and the Rg is 1 Q or 20 Q. In the
case of Rg of 1 Q, ir; has maximum value of 52 A and
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Fig. 8 Schematics of inductive energy storage
pulsed power generator using SiIC-MOSFET
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Fig. 9 Waveforms of the current flows the
primary circuit ip1, Vps, the voltage across the
primary transformer vy 1, the output voltage of

secondary transformer.

is interrupted with the fall time of 24 ns. The
maximum value of the vps and v, are 2.5 kV and 1.9
kV respectively. The full width at half maximum
(FWHM) of vps and vi; are both 32 ns. The maximum
value of Vo is 15 kV. FWHM of Vo is 86ns and is longer
than that of vpg due to a plurality of induced voltage
on the primary side. In the case of Rg of 20 Q, The
maximum value of the vpg and vi; are both 1.3 kV. The
maximum value of Vo is 13 kV and the FWHM is 84
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ns. The rise time and cut-off speed decrease with
increasing Rg, the plurality of induced voltage is
suppressed. Therefore, although the maximum value
of Vps decreases, maximum value and FWHM of vo is
independent to Rg.

Figure 10 shows (a) the maximum values of i1, Vps,
vy, and Vo, and (b) fall time of i, and FWHM of Vo, as
a function of Vpp. The maximum value of them are
increases with increasing Vpp. When Vpp is 240V, the
maximum values of i), Vps and Vo are 131 A, 3.2 kV,
25 kV respectively. The FWHM of v is 118 ns, which
is longer than when Vpp is 100 V.

Figure 11 shows the energy consumed in the
primary circuit U; and that in Ry, Uo, as a function of
Re. u; is calculated by integrating electric power
obtained by the voltage across the Cg and i, over time.
Uo is calculated by integrating the electric power
obtained by the vp and io over time. Uo is divided into
a charging period, Uoon), and after current interrupt,
Uo(orr). Uoon) decreases with increasing Ry because
the impedance of secondary side of transformer
increases. The Uoorr) has a maximum value, 9.77 mJ
corresponding to 31.9 % of the input energy with a
load resistance 1 kQ, when Ry is 1 kQ because the
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Fig. 11 the energy consumed in the primary

circuit and that in load resistance before and after

current interrupt as a function of load resistance

impedance of primary and secondary sides after

current interrupt is matched.

5. Conclusions

In this research, the electrical characteristics of SiC-
MOSFET is evaluated and IES pulsed power generator
using SiC-MOSFET is developed. This device can be
conducted a large pulsed current of 165 A. Also, fall
time is as short as 20 ns with large pulsed current. The
on-resistance is 0.08 Q2. The maximum output voltage
and FWHM of The IES pulsed power generator are 25
kV and 118 ns, respectively. The output pulse energy
was 9.77 mJ corresponding to 31.9 % of the input
energy with a load resistance 1 kQ.
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Development of an Induction Accelerator Cell Driver Utilizing
3.3 kV SiC-MOSFETs
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ABSTRACT
Pulse switching characteristics of newly developed 3.3 kV SiC-MOSFET were investigated. With supply

voltage of 2.5 kV and the load resistor of 100 Q, rise time T, and fall time Tr were 76 ns and 88 ns respectively.

Thereafter, they were provided for a prototype switching power supply (SPS). In the SPS, drain to source

voltage waveform exhibits a extremely spike-free switching waveform. Also, continuous mode switching tests

were attempted. As a result, repetition of 150 kHz was confirmed with a power loss of 63 W/device.

Keywords

Induction Accelerator, Switching Power Supply, SIC-MOSFET

1. Introduction

A novel synchrotron called induction
synchrotron (IS) was developed at KEK in 2006 [1].
In the IS, charged particles are accelerated by pulse

an

voltages driven by switching modulators employing
high-power high -repetition —rate semiconductor
switches. The switches are turned on and off by gate
signals corresponding to the revolution frequency of
the ion bunches. As the ion beam is accelerated to
nearly light speed, maximum switching frequency
reaches up to MHz order.

A switching pulse supply (SPS) that generates
bipolar pulses is one of the key technologies for the
IS. The rating of SPS is roughly 2.5kV-20A-1MHz.
To accomplish these requirements, we adopted 7
series connected Si-MOSFET for the switches of the
Ist generation SPS. However, it was too large and
complicated for practical accelerators. Therefore we
started to develop the next generation SPS utilizing
silicon carbide (SiC) devices, because they have
inherently excellent properties in high electric fields
such as durability,

high-speed switching and

high-temperature resistance [2, 3].

1 katsuya.okamura@j-parc.jp
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In the early stage of this research, we had focused on
JFET devices, which had been considered to be more
practical in those days. Consequently we developed a
high power discrete package [4] and succeeded to
demonstrate a beam acceleration experiment [5]
utilizing SiC-JFETs. of
MOSFET devices has been dramatically progressed
recently. Thereby 3.3 kV class MOSFET has been

already demonstrated [6,7]. In this paper, we describe

However, development

the pulse switching test results of a prototype
SiC-MOSFET developed by Rohm Co., Ltd and test
results of a prototype switching power supply
utilizing them.

2. Switching Performance
Prototype Device

of The

Firstly, we conducted the switching performance
test of the prototype device. The device package
utilizes general TO-247 package with a minor
conversion so that it could ensure the higher voltage
rating. The switching test was performed with
resistive loads since the load is not inductive in the
induction accelerator driver. Fig. 1 and Fig. 2 shows

the switching waveforms and switching losses with



various values of load resistors at constant Vpp of 2.5
kV respectively. With load resistors of 220 Q and 100
Q, on voltages are extremely low, whereas on voltage
exceeds 200 V with such a heavy load of 50 Q.
Moreover, switching losses also steeply increase.
With the load resistor of 100 Q, rise time T, and fall
time Tr were 76 ns and 88 ns respectively.
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Fig. 1 Switching waveforms of a prototype 3.3 kV
MOSFET. Top left: Ri=220 Q, top right: Ri=100 Q,
botom : R;=50 Q.
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Fig. 2 Switching losses (Vpc=2500 V).

Making a SPICE model of the device was also
attempted. A simulation circuit and the test results are
shown in Fig.3 and Fig. 4, respectively. The device
model was made according to the SPICE Level 3
MOSFET model. The parameters are shown in Fig. 3.
Comparing the waveforms of Fig. 4 to those of Fig. 1,
fairly good agreement are obtained between them
with load resistance of 220 Q and 100 Q. However,
non-negligible difference is observed with the load
resistance of 50 Q. This difference may come from
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transient temperature rise.
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Fig. 3 SPICE Simulation Circuit.

Fig. 4 Simulation Result utilizing LTSPICE. Top left:
R1=220 Q, top right: Rp=100 Q, botom : R;=50 Q.

3. Prototype Switching Power Supply
3.1 Design

A pulse generator that has a circuit topology of H
bridge circuit was fabricated with this prototype
MOSFET, the circuit diagram is shown in Fig. 5.
MOSFETs are mounted on water-cooled heat sink
and interconnection between devices are done with

laminated copper plates insulated by Nomex® paper.

Fig. 5 Circuit Diagram of the Prototype Switchig
Power Supply.



3.2 Single Shot Performance
At first, the SPS was tested with single shot mode

operation mode. In such a high speed switching
circuit, switching surge voltage is one of the most
crucial issues. Therefore spike voltage between drain
and source of each FET was measured with the dc
rating voltage of 2.5 kV. Figure 6 shows the
waveforms of drain to source voltage and output
current. As a consequence, even in the highest case,
spike voltage was 2532 V corresponding to only
101.3 % of the dc voltage. Low stray inductance
structure of laminated bus enables such a low spike

voltage only with a simple snubber capacitor.
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Fig. 6 Drain-Source Voltage of the FETs and Output
Current Waveforms in Single Shot Mode with DC
Voltage of 2500 V and Load Resistance of 120 Q.

3.3 Continuous Operation

After the single shot mode operation, continuous
mode operation, with load resistance of 80 Q was
executed with water-cooling. Drain to source voltage,
drain current, and case temperature of FET2 was
measured in the experiment. Figure 7 and Fig. 8
shows the waveforms of the drain to source voltage
and the drain current and the load current with dc
voltage of 2000 V at 150 kHz operation, respectively.
the
switching losses were calculated, which are shown in
Fig. 9. The turn-on loss of 250 pJ and the turn-off
loss of 170 uJ were confirmed, therefore average loss
is estimated to be 63 W at 150 kHz operation. At the

same time, the temperature rise of the device was

From the voltage and current waveform,

10-13 K. From this results, we expect operation with
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higher frequency.

2500 T T T L nw 25
F «ID
2000 20
[ VDS = ﬂ ﬂ

— 1500+ t ‘ ’ -+ 15
s | | .

1000+~ i - 10

g e

-

500 5

I | |
— VDS
-500 L L L L [ 5
Time (S psidive)

Fig. 7 Switching Waveforms of FET 2 during 150
kHz Operation.

Fig. 8 Output Current during 150 kHz operation.
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4. Summaries and Future Plan

Pulse switching characteristics of newly developed



3.3 kV SiC-MOSFET were tested and they were
provided for a prototype switching power supply
(SPS). The SPS consists of only 1 device in its arm
and can output 2.5 kV pulse. A 150 kHz continuous
mode operation was confirmed. These successful
results encourage us to develop an ultra-compact
pulsed power supply the induction acceleration
system for future accelerators, such as the fast
cycling hadron driver for cancer therapies [8],
induction microtron for giant cluster ions [9], and
giant cluster ion inertial fusion driver [10]. Moreover,
custom high-power packages with bi-directional
heat-exhaust technology will also enable MHz order

continuous mode operation [11].
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ABSTRACT

Switching characteristics of the 13 kV SiC-MOSFET developed by Tsukuba Power Electronics Constellations
(TPEC) was investigated. With the conditions of drain voltage of 10 kV and load resistance off 1 kQ, turn on

loss Eqn, turn off loss Eq, ris time T and fall time Tr were 1.7 mJ, 1.1 mJ, 64 ns, 75 ns, respectively. As to gate

charge characteristics, required electric charge to increase gate source voltage until 20 V was about 100 nC.
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Key Words (MOSFET, Silicon carbide, Pulse power supply, Digital Accelerator)

1. Introduction

The KEK digital (KEK-DA)
schematically shown in Figure 1. The KEK-DA is a
first

accelerator is

cycling induction synchrotron driven by
This

distinguished from the conventional radio frequency

induction acceleration systems. feature is
(RF) synchrotron [1]-[2]. The induction acceleration
system consists of a DC power supply, a switching
power supply, and an induction acceleration cell,
which is a one-to-one pulse transformer. Two
induction acceleration cells are independently used to
confine and to accelerate the beam. A degree of
freedom of the beam handling of induction
synchrotron greatly improved compared with that of

an RF synchrotron [3]. Meanwhile, other pulse power

80

devices are used in the KEK-DA. The Eintzel lens
chopper and electrostatic injection kicker are among
them. Si-MOSFETs are used in the Marx circuit to
generate the gate voltage for the Einzel lens and
SI-Thyristors are employed in the discharge circuit of
the ES injection kicker system instead of Thyratron
[3]-[6]. KEK have been continuously devoting to
further improvement of characteristics of these
switching devices such as lower switching loss,
higher withstand voltage, and high-power operation.
This Such

improvement should lead to a compact pulse power

present work is on this context.

supply and their easier maintenance.
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Fig. 2. Photograph of a 13kV-SiC MOSFET

2. SiC-MOSFET
Although the researches aiming for replacing
thyratrons by semiconductor devices have been
energetically done, its progress has been gradually
because the performance of conventional Si power
devices are limited by its material property. On the
other hand, Silicon Carbide (SiC) is expected to
bring the innovative progress because it has excellent
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Fig. 3. Evaluation circuit

properties of (1) three times larger band gap, (2) ten
times higher electrical breakdown strength, (3) twice
higher melting point, and (4) three times higher
thermal conductivity as compared to those of Si. Also
the SIC-MOSFET that has the withstand voltage of
over 10 kV has been developed recently [9].
Switching  characteristics of 13 kV  class
SiC-MOSFET developed by Tsukuba
Electronis Constellation (TPEC) is described in this

paper. Figure 2 shows the external view of the device,
which is similar to the standard TO-268-2L package.

Power

3. Experimental Setup
Figure 3 shows the test circuit. The circuit consists of
a DC power source, a charging resistor Rc (47 MQ), a
load resistor Ry (200 Q-10 kQ), a gate registor (6.2
Q), a storage capacitor Cs (2000 pF), a gate driver
and a pulse generator. Drain-source voltage and drain
current were measured utilizing a high voltage probe
(LeCroy, PPE20kV) and a current transformer
MODEL  6585),

(Pearson, respectively.  The

R - BN N

(@)

Fig.4 Switching waveforms Vps = 10 kV drain-source Voltage and drain current (upper), instantaneous power

(b) (©)

loss and integral power loss(under) (a) R =2 kQ, (b) R. =1 kQ, (c) R =200 Q



Fig.5 Definition of switching time (upper) and
switching loss (under)

maximum drain-source voltage was 10 kV. Switching
characteristics of the SIC-MOSFET was investigated
under a single-shot mode.

4. Switching Characteristics

4.1 Load Resistor Dependency

Figure 4 shows switching waveforms and switching
losses under various load resistors. With the load
resistance of 2 kQ, an oscillation is observed in the

rising portion of the drain current. It is considered

12

10 ¢

VDS

25

r 20

Drain-Source Voltage, kV
(-]

VGS =18V
—— VGS=20Vf
VGS =22 V|

F 15

10

Drain Current, A

0 200 Time, Nsaoo

(a)

600

800

Fig.7.

1000

(a) Drain-Source Voltage, Drain Current,

Power, kW
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that a stray inductance of the circuit and the parasitic
capacitance of the MOSFET caused this oscillation.
With the load resistance of 200 €, a peak drain
current of 43.5 A was observed.

Figure 5 shows definition of the rise time, the fall
time, the turn-on loss, the turn-off loss and the
conduction loss. Figure 6 shows switching loss and
switching time characteristics, where horizontal axes
are drain currents normalized by Vps/Rr. The turn on
Loss Eon shows a rapid increase with the drain
current, whereas turn off loss E.x¢ does not show
strong dependency. As to switching time, the falling
time Tr shows a rapid decrease with the drain current
up to 10 A, thereafter saturates. It is considered that
the falling time depends on the time constant decided
by the charging resistance Rc and the parasitic
capacitance Cp below the drain current of 10 A,
whereas it depends on the device characteristics itself
above 10 A.

If the device can be considered as an ideal switch

Instantaneous
power loss

Integral power loss

.................. - E
0 VGS =18V | . g
— VGS=20V L]
20 ——- vygS=22V|’
0 r 0
200 400 600 800 1000
-20 -2
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(b) Instantaneous power loss and integral power loss

Vps = 10kV,RL=500Q
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and a parallel-connected capacitance Cp, the voltage

recovery is described by equation (1).

RIES

The falling time Tr and the parasitic capacitance Cp

(1

can be calculated using equation (2) and (3) as

follows.
Tr = —RCIn0.9 — RCIn0.1 =~ 2.20RC  (2)
T,
¢ 2.20R ®

Substituting the value of 575 ns for RC of 10 kQ
and 120 ns for 2 kQ, we obtain 26.1 pF and 27. 3 pF,
respectively. Therefore we concluded that the
parasitic capacitance of the device is around 27 pF.

4.2 Gate-Source Voltage Dependency

Figure 7 shows switching waveforms and
switching losses for various gate-source voltages and
figure 8 shows the switching loss and the switching
time characteristics as a function of the gate-source
voltage. Turn on loss Eo, and the falling time T
decreases with increasing gate-source voltage. From
these results it is concluded that the gate voltage

should be higher than 20 V.

Fig. 8. (a) Switching Loss, (b) Switching Time
VDS = 10 kV, RL: 500 Q

4.3 Gate Charge Characteristics
A gate charge characteristic is one of the important
factor for designing a gate driver circuit. The gate

charge can be calculated using equation (4).

0 = [ 1ot @)
where Qg: gate charge, Ig: gate current.
We measured gate current from the voltage of gate

resistance. Figure 9 shows the gate-source voltage
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(@ Vos = 0

(b) Vps = 5
Fig. 9. Gate-Source Voltage waveform and Gate
Current waveform (a) Vps =0V, (b) Vps =5V

Fig. 10. Total Gate Charge Characteristics

and gate current waveforms with (a) Vps=0 and (b)
Vps=5 kV. And Fig. 10 shows the gate-charge vs
gate-source voltage characteristics. In the case of
drain-source voltage of 5 kV, oscillation is observed.
It is considered that the stray inductance of gate
wiring and the input capacitance caused this
oscillation. In Fig. 10, we observed the Miller effect
around 20 nC of gate charge and confirmed 100 nC is

needed to fully drive this device.



5. Summary

We have investigated switching characteristics of
newly developed 13 kV SiC-MOSFET, where Vps,
Rr and Vgs  were 10 kV, 1kQ and 20 V, respectively.
Consequently we obtained Eon, Eofr, Econd, Tr and Tr of
1.7 mJ, 1.1 mJ, 0.8 mJ, 64 ns, 75 ns, respectively. The
maximum drain current of 43.5 A was confirmed. As
to the results of gate charge characteristics, required
electric charge to increase gate-source voltage until
20 V was about 100 nC.
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ABSTRACT
Development of discharge inside bubble in water is observed using two high speed gated ICCD cameras. A

tungsten wire is inserted into a glass tube, which is immersed in water. The pulsed high voltage is generated using
an inductive energy storage system pulsed power generator driven by SI-Thyristor. Two ICCD cameras with their
optical axes perpendicular to each other are used to take two orthogonal images. The discharge propagates into the
bubble from tip of the wire in the glass tube. Then, the discharge propagates along the bubble surface. The
maximum length of discharge propagation decreases with increasing water conductivity. Indigo carmine, a
common used organic dye, was used as chemical probe of active species produced by discharge inside bubble. The
energy efficiency for indigo carmine decomposition in the water decreases with increasing water conductivity.
These results show that the amount of active species consumed in loss reactions such as their recombination

increases with decreasing the length of discharge propagation.

Keywords
Discharge inside Bubble, Discharge Propagation, Hydroxyl Radical, Conductivity

1. Introduction efficiency for water treatment decreases with

A pulsed discharge plasma in water and in contact increasing conductivity of the water, because of an
with water have been attracting much attention as a increase in the energy dissipation by the ohmic loss,
promising technology in various fields such as which does not contribute to the production of the
agriculture [1], healthcare [2] and environmental chemical species [7,8]. To solve this problem, gas—
remediation  [3,4]. The pulsed discharge plasma liquid separated reactors have been proposed and their
enables the instantaneous production of a non-thermal performance has been evaluated experimentally [9-12].
plasma with various chemical species such as In the reactors, discharge plasma is generated at the
hydroxyl radical. Since hydroxyl radical is a powerful electrode placed in the gas phase such as an inside of
oxidizing agent, it plays an important role in gas bubble to decrease the ohmic loss, and propagates
decomposition of chemical compounds and along the surface of the bubble in the solution
sterilization of bacteria in water [3-5]. [13,14].

The discharge plasma treatment has several In the case of the discharge plasma inside bubble,

advantages; however, its high running cost of the chemical species such as hydroxyl radical are

discharge plasma system is a major obstacle in the produced by plasma in the gas phase. The hydroxyl
applications, which is still an open question. The radical at the water interface dissolve into the water,
energy efficiency of treatment is affected by structure which contribute to decomposition of soluble
of discharge reactor [6]. In general, the energy compounds in water [15]. Hydroxyl radical is mainly
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lost by a self-recombination reaction that produces
hydrogen peroxide and the decomposition reaction of
hydrogen peroxide [16-18]. The energy efficiency for
waste water treatment decreases with increasing
hydroxyl radical consumed in the loss reactions. The
loss reaction increases with increasing the local
density of hydroxyl radical, affected by the discharge
propagation.

In this study, development of discharge inside
bubble in water is observed, and the relationship
between the discharge propagation and the energy
efficiency for the decomposition of chemical organic
compounds in water is investigated. Two ICCD
cameras with their optical axes perpendicular to each
other are used to take two orthogonal images of
discharge propagation. Indigo carmine, a common dye,
is used as a chemical probe of hydroxyl radical to
evaluate the amount of hydroxyl radical dissolved in

the solution.

2. Evaluation test Setup
2.1 Discharge propagation

Figure 1 shows the schematic diagram of the
discharge observation system using two ICCD
cameras. The system consists of a discharge reactor, a
solenoid valve (SMC, VQ21A1-5G-C6), an inductive
energy storage system pulsed power generator using
SI thyristor [19], two delay generators (Stanford
Research Systems, DG645) and two ICCD cameras
(Princeton Instruments, Pi-MAX4 1024MB). Figure 2
shows the schematic diagram of the discharge reactor
for observation of emission spectra. The reactor
consists of an acrylic vessel (100 mm in width, 100

mm in depth and 100 mm in height). The vessel has
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decolorization of organic dye

two quartz window (60 mm in diameter and 3 mm in
thickness) on two side of the vessel. 700 mL  of
potassium nitrate solution is placed in the vessel. The
conductivity of the solution is adjusted by adjusting
concentration of potassium nitrate and is ranged from
2 to 1000 puS/cm. A glass tube (0.8 mm in inner
diameter, in which the electrode of tungsten wire (0.2
mm in diameter) is inserted, is vertically immersed in
the solution in the vessel. The electrode of the tungsten
wire in the glass tube is placed above the water. The
gap length between the tip of tungsten wire and the tip
of glass tube is 2 mm. Argon gas (99.99 vol.% purity)
is injected into the glass tube through the solenoid
valve with the pressure of 0.1 MPa to generate a
bubble a the tip of glass tube in the solution with a
constant volume at a synchronized timing. The
operation of the solenoid bulb is controlled by the
delay generator. A stainless-steel (SUS304) board is
sunk to the bottom of the glass vial and is connected to
the ground. The pulsed voltage generated by a pulsed
power generator is applied to the tungsten wire to
generate the streamer discharge in the tube and the gas
bubble. The streamer discharge is generated at the tip
of wire and propagates into the bubble. The peak value
of the pulsed voltage is ranged from 5 to 7 kV. The
pulse repetition rate is fixed at 10 pps.

Two ICCD cameras are placed in front of the quartz
windows with their optical axes perpendicular. The
length between the cameras and the quarts windows is
100 mm. The procedures of taking flaming
photographs of discharge inside bubble is as follows:
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The solenoid coil is operated with the signal (S1) and
the gas bubble is generated at the tip of the glass tube.
After 26 ms of S1, the pulsed voltage is applied to the
wire electrode with the signal S2. Then, the gate signal
S3 is input to the two ICCD cameras. The delay time
between S2 and S3 is adjusted by the delay generator.
The exposure time of the ICCD camera is fixed at 5 ns.
2.2 Decomoposition of dye solution

Figure 2 (b) shows the schematic diagram of the
discharge reactor for decolorization of dye solution.
The rector consists of a glass cylindrical vessel (120
mm in height and 30 mm in diameter). The electrode
of tungsten wire in a glass tube as shown in figure 2
(a) is immersed in the solution. Indigo carmine
solutions is prepared by dissolving indigo carmine
(Wako Pure Chemical Industries, JIS special grade,
Acid blue 74, CAS No. 860-22-0) in 30 mL of purified
water at the concentration of 15 mg/L. The
conductivity of the solution is adjusted by adding
potassium nitrate and is ranged from 2 to 1000 uS/cm.
The input energy per a pulse, impedance of the
discharge and the discharge propagation is same as the

(a)

(b)
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(a) Waveforms of applied voltage and current and (b) flaming photographs of discharge inside bubble

that of the reactor as shown in figure 2 (a). The pulse
repetition, the bubble volume and the delay between
the signals are same with the discharge observation.
The amount of the indigo carmine decomposition and
the energy efficiency of the decomposition are
of 120 min.
Concentration of hydrogen peroxide in the potassium

evaluated after treatment time
nitrate solution is measured using PACKTEST
(KYORITSU CHEMICAL-CHECK Lab., WAK-
H202). PACKTEST provides a simple measurement
of hydrogen peroxide by 4-aminoantipyrine visual

colorimetric method with enzyme.

3. Results and Discussion
3.1 Discharge propagation

Figure 3 shows the waveforms of applied voltage
and current flows the reactor and flaming photographs
of discharge inside bubble in water. The photograph
(control) shows the reactor without discharge taken at
an exposure time of 1 ms. A small bubble is generated
at the tip of the glass tube, which has a constant

volume at the synchronized timing. As shown figure 3



Fig. 4. Amount of decolorization of indigo carmine
and energy efficiency for decolorization for various

conductivity

(a), the corona discharge occurs at the tip of the
electrode at the 4 kV of applied voltage due to the high
electric field at the vicinity of the tip of the electrode.
As shown in figure 3 (b), the discharge propagates to
the tip of the glass tube along the surface of the glass
tube. After the discharge reach to the tip of the glass
tube, it propagates inside the bubble (figure 3 (d, ¢))
and has the maximum length as shown in figure 3 (f).
Figure 3 (g) shows that the discharge extends into the
bubble and the discharge around the wire is
disappeared with polarity change of differentiation of
the applied voltage as same manner of dielectric
barrier discharge. After the decay of light emission
from the discharge, as shown in figure 3 (g), the
discharge between the wire and the inner surface of the
glass tube occurs again with decrement of voltage and
reverse current as shown in figure 3 (h).

As shown in the two orthogonal images, the
discharge inside bubble propagates along the bubble
surface. The maximum length of the discharge
propagates on the bubble surface for wvarious
conductivities was estimated from the photograph that
the discharge has maximum length as shown in figure
3 (f). The maximum length in the case of
conductivities of 0, 100 and 1000 puS/cm are 9.0, 6.6
and 5.4 mm, respectively. The equivalent circuit of the
water surface is expressed as the resistor and capacitor
connected in parallel. The resistance of the resistor
decreases with increasing conductivity. The decrease

in the resistance enhances the leakage of the
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Fig. 5.
and energy efficiency for production for various

Amount of hydrogen peroxide production

conductivity

accumulated charge on the surface of the bubble,
which causes the concentration of discharge current
and decrease of electric field. Therefore, the discharge

length decreases with increasing conductivity.

3.2 Decomposition of dye solution

Figure 4 shows the amount of indigo carmine
decomposition and the energy efficiency for the
decomposition. The amounts of indigo carmine
decomposition with 120 min treatment in the cases of
conductivities of 7, 100 and 1000 pS/cm are 0.26, 0.24
and 0.26 pmol, which shows the decomposition is
independent of the conductivity. On the other hands,
the energy efficiencies of the decomposition in the
cases of conductivities of 7, 100 and 1000 uS/cm are
17.7, 10.7 and 7.3 umol/Wh. The energy efficiency
decreases with increasing the conductivity.

Figure 5 shows the amount and the energy
efficiency of hydrogen peroxide production. The
amount of hydrogen peroxide production increases
with increasing conductivity. Since the almost
hydrogen peroxide is produced by recombination
reaction of hydroxyl radicals [20], the hydroxyl
production by the discharges increases. The hydroxyl
radical mainly contributes to indigo carmine
decomposition [21]. As shown in figure 4, the amount
of indigo carmine decomposition is independent with
of conductivity. Therefore, the amount of hydroxyl
radicals that dissolved into water and reacts with

indigo carmine is also independent of the conductivity.



The hydroxyl radicals produced by the discharge
inside bubble is dissolved in the water through the
bubble surface, and react with solute in the solution.
The discharge length on the bubble surface decreases
with increasing conductivity. The hydroxyl radical is
mainly produced by electron impact to water molecule
in the discharge channel [22]. In the case of high
conductive solution, hydroxyl radical is produced at
the upper part of the bubble and the local concentration
of hydroxyl radical increases. The increase of
hydroxyl radical concentration increases
recombination reaction and the decrease of the local
concentration of indigo carmine at the vicinity of the
bubble surface, which leads the decrease in the energy
efficiency. The thermalization in the discharge channel
increases the gas and water temperature, which could
lead the decrease of reduction of hydroxyl radicals into
the water. Furthermore, the ohmic loss in the solution
increase with increasing conductivity [7,8]. Therefore,
the energy efficiency decreases with increasing the

conductivity.

4. Conclusions

Development of discharge inside bubble in water is
observed using two high speed gated ICCD cameras.
Two ICCD with  their

perpendicular to each other are used to take two

cameras optical axes
orthogonal images. The discharge propagates into the
bubble from tip of the wire in the glass tube. Then, the
discharge propagates along the bubble surface. The
maximum length of discharge propagation decreases
with increasing water conductivity. The energy
efficiency for indigo carmine decomposition in the
water decreases with increasing water conductivity.
These results show that the amount of active species
consumed in loss reactions such as their recombination
increases with decreasing the length of discharge

propagation.
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Spatial distribution measurement of liquid droplets
generated in impulsed high voltage atomization
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Abstract

Impulsed high voltage atomization experiment were carried out for comparison to electrostatic at-
omization. Reduction of mist size and increment of the number of mist droplets are required in order to
maximize interactions between surrounding air and droplets. Spatial distributions of atomized droplets of
water solution were measured by shadowgraph imaging with pulsed light source. From the comparison of
histograms, impulsed high voltage atomization can generate more number of small size and less number of

middle size.

Keywords

electrostatic atomization, impulsed high voltage, spatial distribution of droplets, shadowgraph

1. Introduction

Physical properties of fine liquid droplets vary
easily by coalescence or disruption. Chemical prop-
erties of them vary also by mixing or volume change
against fine solid particles. An operation that at-
omize liquid droplets (atomization or misting) can
enlarge surface area and can also amplify interac-
tion between droplets and air vapor under atmo-
spheric pressure. Techniques with atomization are
utilized in many fields such as an industry field,
agricultural field, and so on [1-4]. Application ex-
amples include fuel injection in engines, spray paint-
ing for vehicle body, and fine particle generation by
spray dryer. Approaches to generate fine droplets
are categorized as nozzle method with pressure en-
ergy, jet method with vapor energy, wheel method
with rotating energy, ultrasonic wave method with
vibration method, evaporation and condensation

method with thermal energy, and electrostatic method

with electric energy.

Electrostatic atomization (for short, EA) re-
quires no mechanical part, and can adjust atomiza-
tion properties by changing applied voltage. Appli-
cation examples of EA include moisturizing effect
in air conditioners or electro-spraying for effective
car-body painting and so on. Direct current high
voltage is applied between nozzle electrode ejecting
liquid solutions and a counter-electrode. If charged
amount into a droplet is enough, three-dimensional
cone, called as Taylor cone, is generated at the end

of the nozzle electrode with a sharp tip. When
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a outward repelling force among supplied charges
exceed an inward attracting force by surface ten-
sion, continuous disruption phenomena is caused
by fluid-dynamical instabilities of liquid structures.

Hartman et al., (2000) [4] indicated that theo-
retical disruption processes and experimental ver-
ification. According to it, more supplied charges
into droplets caused stronger repelling force be-
tween charges remained on the surface, and the dis-
ruption mode changed from zero-ordered sausage-
type instability to one-order kink-typer one. Obata
et al., (2015) [5] reported that rapid rise-time of
applied impulse voltage enables to achieve short
generation time of the Taylor cone in an atom-
ization experiment with a impulsed high voltage
power supply. Also, they showed that the number
of Taylor cones increased in accordance with the
amount of extra-charge.

The amount of current in the atomization cir-
cuit depends on the applied voltage and the resis-
tance of electrolyte solution. More amount of elec-
tric charges supplied into droplets is required for
less size of mist droplets and more numbers of mist
droplets. In a single nozzle for atomization, applied
voltage to the electrode will increase with effect of
reflection of transmitting voltage wave. This en-
ables to increase the amount of current injected
droplets.

This study aims to achieve reduction of mist
size and increment of the number of mist droplets
with an application of impulsed voltage without
change of intensity of voltage in order to maximize



Fig. 1: circuit diagram and schematic diagram of impulsed high voltage atomization

interaction between surrounding air and droplets.
In this study, both electrostatic and impulsed high
voltage atomization (for short, IHVA) were con-
ducted in order to reveal difference of mist size
distributions in between the two types of voltage

applying.

2. Experimental Setup

DC or impulsed high voltage was connected to
spray nozzle of water solution to supply electric
charges into droplets. Flow rates were adjusted by
trimming dial of intravenous bag storing the solu-
tion. Flat-tip hollow stainless tube was used for
the spray nozzle. Outer diameter of the tube was
0.5 mm. Opposite electrode was stainless metal
having torus-shape. In the experiment of impulsed
one, only one droplet was attached below the tip of
hollow tube without adjustment of flow rate of the
solution. Ethanol-water solution (50 wt. %) was
used in both DC and THV experiments.

DC high voltage power supply, MKS40KP (Max-

ellec Inc.), generates impulse high voltage in accor-
dance with input voltage signal through its remote
The power supply accept pulsed low-
voltage signal from 0 to 10 [V] and generate corre-

terminal.

sponding value of pulsed high voltage from 0 to 40
[kV]. Because an one-chip microcomputer module,
Arduino Uno, can produce only 5 [V], the input
low-voltage signal to MKS40KP was amplified to
10 [V] by non-inverting amplifier circuit with an
operational amp. Following four data were mea-
sured with digital phosphor oscilloscope: impulsed
voltage waveform applied to the spray nozzle, volt-
age waveforms transmitted into the remote receive
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terminal of the high voltage power supply, current
waveform of charge arrived at the opposite elec-
trode after misting, and current waveform of the
Fig. 1 (a)
shows circuit diagram of impulse high voltage gen-

current supplied to spraying nozzle.

eration. Fig. 1 (b) shows schematic diagram of
power supplies and measurement devices.

Current waveforms were obtained by using a
shunt resistor. When the small resistor was in-
serted serially in between the counter electrode and
a ground cable, voltage drop was occurred in be-
tween both ends of shunt resistor (200 [€2]). Cur-
rent waveforms were obtained from the voltage drop
value divided by resistance of the shunt resister.

Spatial distributions of atomized droplets were
recored by pulsed light-source-type shadowgraph
apparatus (NS400). This light source includes pulse
generation circuit using a thyratron. The pulsed
width was 50-80 ns. After generating pulsed light
for shadowgraph, the light was parallelize by trans-
mitting through first convex lens. At the target,
droplets absorb enough amount of light intensity
in accordance with their outer shapes. Second con-
vex lens make the image concentrated at the focal
point. These images were recorded with a single-
lens reflex camera, a58 (Sony). Saved spatial droplet
distribution images were analyzed with a image-
analytics software, Image J. Its particle measure-
ment function can measure area of cross-section of
droplets and the number of them by droplet size
category. The images were converted gray-scaled
images, then were converted to binary images. His-
togram data of them were categorized and showed
that the difference between EA and THVA.



Fig. 2: Generation processes of fined droplets indicated from shadowgraph measurements

Fig. 3: sub-um size droplets generation and its current waveforms

3. Results and discussion

Generation processes of fined droplets were in-

dicated with the shadowgraph measurements in Fig.

??. Those images were recorded in different targets
(similar volume of droplets) and different pulsed
voltages. From 10 to 20 [ms], droplets began to de-
form its outer shapes after applying IHV. Around
30 [ms], Coulomb force acting to charges in the
droplet became larger. Because charges locating at
lower bottom of the droplet responded more than
the other part, the outer shape changed to three-
dimensional sharp cone. This structure is called
as "Taylor cone”. In the 35 [ms], because the re-
pelling force exceeds the surface tension with this
THV, small-size droplets in combination with large
amount of charges were ejected from the tip end of
Taylor cone. In the 45 ms, a number of atomized
droplets distributed around elongated Taylor cone.
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As the result of Taylor cone, thin elongated liquid
column could have disrupted into small sections in
accordance with the wavelength of fluid-dynamical
instabilities (for example, Kelvin-Helmholtz insta-
bility or Rayleigh-Taylor instability). This process
of generation of small droplets indicates THVA.
Detailed behavior of tip area of the Taylor cone
is shown in left part of Fig. 3. When the fluid-
dynamical instability occurred in the elongated Tay

lor cone, a spiral structure was observed some times.
Shape of smaller size droplets were dubious because
the size of them should be under resolution capabil-
ity of the shadowgraph method with visible light.
This means size of them may be sub-pum. Fig.
3 indicates the voltage waveform applied to the
droplet, current waveform of charges which reached
at the counter electrode, input voltage, and output
current monitor signal in this shot. Impulsed volt-
age having 200 ms rise-time, 32 kV peak amplitude



Fig. 4: difference between atomization dynamics

was achieved. Although negative power supply was
used in this experiment, current waveform carried
by atomized droplets showed bipolar signals in ac-
cordance with pulse width of input voltage. This
may mean ion generation of air molecules.

Fig. 4 shows comparison between spatial dis-
tribution of droplets under EA and THVA. Fig.5
shows histograms of droplet diameter with respect
to each size category indicated in Fig. 4. In the
EA, applied voltage was 10 kV, electrode inter-
val was 3 cm. In the ITHV, instantaneous applied
voltage at the timing of the image was -11.9 kV,
electrode interval was 1.5 cm. THVA process can
generate more number of smaller size droplets (ap-
proximately 10 ym) and less number of middle size
droplets (approximately from 60 to 110 pum) com-
pared with the EA. Application of impulsed volt-
age into uncharged droplets can cause reflection of
voltage wave at the end of a distributed parameter
circuit. Superimposed voltage as the result of the
wave reflection may produce instantaneous surge
current.
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Fig. 5: histograms of both type of atomization

4. Conclusion

Small droplets generation in IHVA was com-
pared to that in EA. IHVA can generate more num-
ber of smaller size droplets and less number of mid-
dle size droplets.
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Measurement of Population of Viable and Dead Cells
on Inactivation of Bacillus Subtilis in Water
by Pulsed Power Injection
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ABSTRACT

Inactivation of bacteria in water is experimentally proved in pulsed power method. A large
number of micro bubbles are successfully produced by applying the pulsed power (4 kV, 250
A, 34 ps) to the water. Shock waves generated by collapse of the bubbles and/or
instantaneous heating of the water due to the pulsed power injection may inactivate the
bacteria. Bacillus subtilis as bacteria are discharged into the water in a water vessel. We found
that 34 %, 90 % and 97 % of the bacteria are inactivated by firing 10, 50 and 100 shots of the
pulsed power injection, respectively. The gross energy efficiency for inactivation reaches

(0.6~8.8)x10"2 cells a kWh.
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1. Introduction

Ballast water is necessary to stabilize ship's hulls
during navigation. The total amount of ballast water
reaches 3 to 5 billion tons a year, which is transferred
internationally. Japan exports approximately 0.3
billion tons of the ballast water a year and imports
0.017 billion. The ballast water includes bacteria,
microbes, spawn and larvae of marine organisms,
which are undesirably discharged at a port of call. To
prevent the migration of these organisms and
conserve the marine environment, a international
convention for the control and management of ships
ballast water and sediments was adopted by the
International Maritime Organization in 2004 [1]. It
obligates the ships to manage their ballast water by
using devices not later than 2006. Many methods for
treatment of the ballast water have been studied;
such as chemical, heat, sonic, magnetic, biological,
radioactive and electrical treatments [2-6], however,
more methods and techniques are required to
develop the feasible devices.

In this study, we propose a new technique on the

* imada@iee.niit.ac.jp
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inactivation of the bacteria in the ballast water,
which uses pulsed-power method [7,8]. Micro
bubbles are produced by applying the pulsed power
to the water. Shock waves generated by collapse of
the bubbles and/or by instantaneous heating of the
water between the pulsed-power electrodes, and
radicals produced by the electric discharge may
affect the life of the bacteria. The purpose of this
study is to investigate the properties of inactivation
of the bacteria.

2. Experimental setup

Figure 1 shows the experimental setup. It consists
of a pulsed power supply, a rotary gap switch and a
water vessel with electrode. The pulse forming
network, PFN (4000 pF-10 pH x 8 stages, stored
energy: 3.6 J), in the pulsed power supply generates
a rectangular-shaped pulsed power with 13 kV, 260 A
and 4 ps into short-circuited load (see Fig. 2). This
pulse is applied to the electrode through the rotary
gap switch, where the pulse repetition rate is 0.33
pps (pulse per second). The water vessel is made of
clear acrylic resin with the inner dimensions of
40x40x40 mm?® and is filled with sterile purified
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Fig. 1. Experimental setup.
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Fig. 2. Typical voltage and current of pulsed
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Fig. 3. Typical voltage and current

at electrode in treatment.

water (48 ml, 24.5 °C, 4.1 uS/cm). The electrode,
made of copper or stainless steel covered with
polyethylene- resin pipe, is located at 15 mm above
the bottom of the vessel. Its gap diameter and
distance are 2.4 and 0.6 mm, respectively. The water
temperature rises to 25.0 °C after 100 shots of the
pulsed power injection.

Bacillus subtilis (ATCC 21332) are discharge into
the water as bacteria. Bacillus subtilis cell is
rod-shaped bacteria, and is found in soil, air and
vegetation. It can live in stress situations such as
acidic, alkaline, osmotic or oxidative conditions, and
heat or ethanol. In this study, the population of
bacteria cell is counted by using two methods. The
viable cell is observed from a culture method with
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(a) Immediately after
pulsed power injection

(b) Just before second pulse of
pulsed power injection

Fig. 4. Production and expansion
of bubbles by pulsed power injection
into water.

LB agar medium. The viable and dead cells are
observed simultaneously from a fluorescent staining
method, where a rapid microbial testing system
(Bioplorer KB-VKHO01, KOYO SANGYO Co. Ltd.)
is used [9]. 4', 6'-diamidino-2-phenylindole is a
nonionic dye used as a reagent. It can make both
viable and dead cells fluorescent. Propidium iodide
is also used as an ionic dye. It can detect only dead
cell.

3. Results and Discussion
3.1 Properties of pulsed power

Figure 3 shows the voltage and current at the
electrode in the water. The pulsed power of 4 kV in
voltage, 250 A in current and 3.4 us (FWHM) in
pulse width of the current is applied to the water. It is
found from Fig. 3 that the plateau of voltage (~300
V) is confirmed, where the power and the injected



energy into the water at the period of the first
positive current pulse are estimated to be 75 kW and
0.255 J (7x10® kWh), respectively. Approximate
7 % of the stored energy of the capacitor in the PFN
is deposited into the water during the first positive
pulse.

3.2 Bubble production by pulsed power injection
into water

Figure 4 shows the photographs of the bubbles
produced by the pulsed power injection into the
water. It is taken immediately after the pulsed power
injection and just before the second pulse of pulsed
power injection with the exposure time of 40 ms.
Here, the time interval between the first and second
pulse is 3 s. The expansion of bubbles into the water
is seen as white fog in the water. The diameter of the
bubbles is found to be around 50 pm [8]. The
number density of bubble is estimated to be 10-20
bubbles / mm?. The extent area of bubbles in the
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Fig. 5. Number of viable cell as a
function of total number of pulsed power
injection observed from culture method
with LB agar medium.

water is also estimated to be 300-500 mm?. It is
found from Fig. 4(b) that the babbles are widespread
into the water just before the second pulsed power
injection. We also found form Fig. 4(a) that the water
surface undulates due to the shock wave generated
by the instantaneous heating of water between the
electrodes.

3.3 Inactivation of bacteria
a. Viable cell

Figure 5 shows the population of viable cell
observed from the culture method. Since the water
vessel is filled with the water of 48 ml, (3~13)x10’
CFU (Colony Forming Unit) of viable cells are
discharged into the water. The pulsed power is
continuously injected with 3 s in the time interval.
The results of control experiment are also mentioned
in Fig. 5(c), where the experiments are conducted
without the pulsed power injection at room
temperature. The viable cells are slightly inactivated
or proliferate in the control experiment within 150 s
which corresponds to a time for 50 shots of the
pulsed power injection. Although some cells are
inactivated within 300 s (correspond to 100 shots),
some cells proliferate in the sterile purified water.
We found from Fig. 5(b) that the population of viable
cell decreases as increase the total number of pulsed
power injection. At 50 and 100 shots of the pulsed
power injection, in comparison to the results of the
control experiment, Bacillus subtilis is successfully
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Fig. 6. Inactivation rate of Bacillus
subtilis as a function of total number of
pulsed power injection. Here, error bar

indicates standard error of mean.
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inactivated.

Figure 6 shows the inactivation rate of Bacillus
subtilis as a function of total number of pulsed power
injection into the water. The inactivation rate 7 is
defined as

Ny — Ny

1= TN €Y

where Ny and N; are the population of viable cell
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before and after the pulsed power injection,
respectively. The inactivation rates on the control
experiment are also mentioned, where the negative
value indicates the proliferation of bacteria. The
inactivation rate rises as increase the total number of
pulsed power injection. We found that 41 %, 90 %
and 97 % of the bacteria are successfully inactivated
by firing 10, 50 and 100 shots of the pulsed power
injection, respectively. Since the proliferation of
bacteria is confirmed in the control experiment, at
100 shots of the pulsed power injection, not only the
discharged cells but also the proliferative cells are
inactivated.

Figure 7 shows the gross energy efficiency for
inactivation as a function of total number of pulsed
power injection into the water. The gross energy
efficiency fis defined as

Ny — No
p=— (2)

where n is the total number of pulsed power injection,
¢ is the stored energy at the capacitor of PFN, vy, is
the volume of water in the vessel. Here, £ includes
the electric properties of the power supply, circuit
and electrodes. Since almost all the cells are instantly
inactivated by the pulsed power injection and then
the population of viable cell decreases rapidly, the
efficiency declines dramatically as increase the total
number of pulsed power injection. The efficiency
reaches (0.6~8.8)x10'? cells a kWh. In the regulation
of the convention on ballast water management, the
population of Escherichia coli in discharged ballast
water should be controlled less than 250 CFU per
100 milliliters [1]. Assuming that a population of
bacteria in seawater is of the order of 10° cells/ml
[10], the electrical energy to treat 1-m? ballast water
is estimated to be 0.01~0.17 kWh.

X Uy

b. Viable and dead cells

Figure 8 shows the population of viable and dead
cells observed from the fluorescent staining method.
Here, (1~5)x10° CFU of viable cells are discharged
into the water. The pulsed power is continuously
injected with 3 s in the time interval, and then the
800 shots of the pulsed power is injected into the
water. The experiments are conducted at room
temperature. The results of control experiment are
also mentioned, where the experiments are
conducted without the pulsed power injection at
room temperature in retention time of 2400 s. We
found that the viable cell is inactivated by the pulsed
power injection similarly to the results observed



from the culture method. Since the discharged cell is
few in number, many number of the pulsed power
injection is necessary to inactivate the bacteria. We
also found that the inactivation rate and energy
efficiency are estimated to be low in comparison
with those obtained from the culture method. After
the pulsed power injection, on the other hand, the
dead cell does not increase in number. The reliability
of the fluorescent staining method for the dead cell is
under consideration.

4. Conclusions

A large number of bubbles are produced by the
pulsed power injection into the The
inactivation of Bacillus subtilis is successfully
demonstrated by the pulsed power injection into the
water with a small amount of electric energy. The
gross energy efficiency for inactivation reaches
(0.1~1.8)x10" cells a kWh.

Elucidation of the inactivation mechanism of the
bacteria and the practical experiment are the subject
for a future study.

water.
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ABSTRACT Hatchability of Artemia Salina egg in water was investigated with irradiation of pulsed
intense relativistic electron beams (PIREBs). An electron induction accelerator “ETIGO-IIT” was used as
the PIREB generator. The irradiation results indicated that the hatchability of the eggs was decreased
with the increase of the irradiation dose. Also the hatchability of the eggs in the water was reduced in
comparison to one in the air with the PIREB irradiation.
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1 Introduction

Pulsed intense relativistic electron beams (PIREBs)
were applied to a technology for environmental
conservation, such as decrease of NOx concentra-
tion [1], reduction of volatile organic compounds
contained in soil [2], and decomposition of congo
red in water [3]. The PIREB has potential for vari-
ous treatments due to electrons with higher kinetic
energy, bremsstrahlung X-ray and radicals gener-
ated from the PIREB. It is considered that the
PIREB has the advantage for brief treatments in
comparison with a DC electron beam, because the
beam current is of the order of kA with a short
pulse duration.

The aquatic conservation is a pressing prob-
lem, recently [4]. Influence on aquatic ecosystems
by microorganisms of alien species has been re-
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ported throughout the world [4]. The treatment
of the aquatic microorganisms is a crucial issue to
preserve the industry and the human health.

In our previous study, inactivation of zooplank-
ton (Artemia Salina) by the PIREB irradiation
has been reported [5]. Also, the hatchability of
the eggs placed in the air by the PIREB irradi-
ation has been investigated [6,7]. In the water,
the radiolysis products, such as OH radicals and
aqueous electrons, are also one of main factors to
inactivate the zooplanktons.

The purpose of this study is to investigate the
dependence of the irradiation dose to the hatch-
ability of the zooplankton (Artemia Salina) eggs.
Also, the influence of the indirect effect to the eggs
is studied in comparison with the various irradia-
tion conditions.



Figure 1: Experimental apparatus for PIREB gen-
eration using electron linear induction accelerator
“ETIGO-IIT".

2 Experimental Setup

We used two acceleration cells of the PIREB gen-
erator “ETIGO-IIT” (Extreme Energy Density Re-
search Institute, Nagaoka University of Technol-
ogy), which is an electron linear induction acceler-
ator [8]. Figure 1 shows the experimental appara-
tus of PIREB generation. A field-emission foilless
diode generates an electron beam with a hollow
shape. Electrons emitted from a cathode ring of
diode are accelerated by applied voltages in the
1st (diode) and the 2nd gaps. The maximum ap-
plied voltage is —2 MV at each gap in a vacuum.
The electrons are extracted to the outside of a vac-
uum chamber as PIREB.

The voltage waveforms were measured by solu-
tion resistors, and the beam current was detected
by a Rogowski coil, as shown in Fig. 1. Figures 2
and 3 show the typical waveforms of the applied
voltage and the beam current in this apparatus.
The accumulated voltage corresponds to the maxi-
mum extraction voltage (1.8 MV for the diode and
1.8 MV for the 2nd gap as shown in Fig. 2), and
the maximum kinetic energy of PIREB reaches up
to 3.6 MeV in this case. As shown in Fig. 3,
the PIREB with a peak current of —2.4 kA in
70 ns (FWHM) was extracted to the air space after
passing through a Ti foil.

Figure 4 shows the PIREB irradiation experi-
mental setup for the eggs of Artemia Salina. The
eggs were placed at the depths of 5.0 mm and
7.5 mm in the penetration direction of PIREB
from the surface of the Ti foil, and the radial posi-
tions were 30 mm from the center. The eggs were
put on three positions at each depth, and were set
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Figure 2: Typical acceleration voltage waveforms
of PIREB at each acceleration cell.

Figure 3: Typical waveform of PIREB current de-
tected at Rogowski coil.
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Figure 4: PIREB irradiation experimental setup
for Artemia Salina egg in water.



Figure 5: Hatchability of Artemia Salina egg with
various experimental conditions for v-ray irradia-
tion in air [9] (open circle o), PIREB irradiation in
air [6,7] (open triangle A), PIREB irradiation in
water (full triangle A [10] and full-inverted triangle
v for this experiment), respectively.

at about 100 at each position. The eggs were put
into the artificial seawater after the PIREB irradi-
ation.

The irradiation dose for the egg was controlled
by the number of the irradiation shots of ETTIGO-
IIT and the depth of the egg in the water. Film
dosimeters (FUJIFILM FTR-125) were placed be-
hind the egg to simultaneously measure the dose.

3 Experimental Result

Figure 5 shows the hatchabilities of the Artemia
Salina eggs with various experimental conditions.
The dose was detected by the film dosimeter in the
PIREB irradiation experiments as shown in Fig. 4.

The hatchability of the eggs was decreased with
The
hatchabilities for the v-ray irradiation (open circle
o) [9] and the PIREB irradiation in the air (open
triangle A) [6, 7] were almost same. The hatcha-
bilities for the PIREB irradiation in the water (full
triangle A [10] and full-inverted triangle ¥ in this

the increase of the dose in all of the cases.

experiment) were lower than one for the irradia-
tion in the air. It is considered that the indirect
effect induced by the radical generation increased
due to the interaction between the PIREB and the
water for the irradiation results in the water.
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4 Conclusion

In this study, the dose dependence of the inacti-
vation of the zooplankton eggs was investigated
with the irradiation of the PIREBs. The hatch-
ability of Artemia Salina eggs in the water was
studied in the various dose, and was compared to
the case with the irradiation of v-ray and the case
for the PIREB irradiation in the air. The elec-
tron induction accelerator “ETIGO-III” was used
as the PIREB generator.

The irradiation results indicated that the hatch-
ability was decreased with the increase of the irra-
diation dose. The hatchability with the y-ray irra-
diation was almost same as one with the PIREDB ir-
radiation in the air. On the other hand, the hatch-
ability in the water was reduced in comparison to
one in the air with the PIREB irradiation. It is
considered that the indirect effect induced by the
radical generation increased due to the interaction
between the PIREB and the water.
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