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Abstract  
The papers in this volume of report were presented at the Symposium on “Frontiers in 
Pulse-power-based High Energy Density Physics” held by National Institute for Fusion 
Science.  The topics include the present status of high energy density plasma 
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PREFACE 

The symposium “Frontiers in High Energy Density Plasma Physics and Its 
Applications” was organized as a collaboration research program of National Institute 
for Fusion Sciences (NIFS).  It was held March 5-6, 2007 at NIFS Toki. During the 
symposium, 24 papers were presented and totally 36 people attended this symposium. 
This issue of report contains a collection of papers dedicated to Dr. Teruhiko Tazima on 
the occasion of his retirement from NIFS. 
   The research program started in 1990, and the efforts have been continuously made 
for more than 15 years. The purpose of this symposium has been to provide a forum to 
discuss important technical developments, increased understandings, new trends and 
the prospect on the future of high energy density research as well as the issues of pulsed 
power technology.  Keeping this field active and attractive has been of primary concern 
for all of the organizing members of this collaboration program. I believe that this 
symposium can provide that kind of opportunity for all of the attended people, 
especially for young scientists.  
   I would like to express my sincere thanks to all of the participants, advisory council 
of NIFS.  In particular, on behalf of organizing members of this program, I wish 
express our special thanks to Dr. Teruhiko Tazima, for keeping this collaborating works 
active and valuable. He started research activities in this field more than 15years ago, 
using pulse power generator LIMAY-I at the Institute of Plasma Physics, Nagoya 
University.  After the move of the institute to Toki, he has also made tremendous and 
substantial contributions for coordination of activities in this field at NIFS.   
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DEVELOPMENT OF HIGH POWER PUMPING SYSTEM FOR 

CAPILLARY DISCHARGE EUV LASER

Yusuke Sakai, Takanori Komatsu, Masato Watanabe, Akitoshi Okino and Eiki Hotta 

Department of Energy Sciences, Tokyo Institute of Technology, 
4259-J2-35, Nagatsuta, Midori-ku, Yokohama 226-8502, Japan

ABSTRACT

 Development of high power pumping system for capillary discharge soft X-ray laser is reported. The 

pulsed power system consists of a 2.2 F LC generator, a 2:54 step-up transformer and a 3 nF water 

capacitor. Taking advantage of high efficiency configuration, step-up ratio of water capacitor voltage to LC 

generator initial voltage is about 40 times. Consequently, obtained water capacitor voltage reaches about 

450 kV when LC generator was charged to 12.5 kV. As a consequent, possibility of charging a water 

capacitor to 1 MV is demonstrated. With this extremely compact system, discharge current could be 

increased to nearly 100 kA through moderately long capillary, which leads to generation of high-density 

and high-temperature plasma column in order to realize EUV laser. 

I. Introduction 

Wavelength of the laser has been shortened to soft 

X-ray region with technological advancement of 

recent years. Owing to its high coherence, high 

brilliance and short wavelength, the soft X-ray 

laser shows strong interaction with matter on the 

atomic and molecular level. It is strongly expected 

to apply to wide range of the field such as a 

nanotechnology, a life science and elucidation of 

physical or chemical phenomena. Much effort has 

been made to realize soft X-ray lasers with shorter 

wavelengths. Lasing of saturated short wavelength 

soft-Xray laser was demonstrated at the 

wavelength as short as 5.9 nm Ni-like Dy(1). 

However, the life time of the excited states of the 

lasing medium is so short, required pumping 

power is increased inversely proportional to 4
th

power of its wavelength. Moreover, absorption, 

divergence or broadening of the radiation through 

the high energy density plasma are so significant 

that the pumping power required should be higher. 

Therefore, pumping devices becomes extremely 

large in size such as high power pumping lasers 

used for production of high-density 

high-temperature plasma and it is still difficult to 

generate highly uniform long plasma columns by 

utilizing these laser pumping schemes. More 

recently, lasing of saturated Ni-like ions soft-X-ray 

laser at wavelengths ranging from 16.5 nm to 10.9 

nm using chirped-pulse Ti saphire laser system by 

optimizing the angle of incidence for maximum 

energy deposition was reported(2). Although, it is 

still difficult to amplify soft-X-ray lasers in plasma 

ablated by high power lasers.  

In 1994, utilizing fast capillary discharge scheme, 

lasing of 46.9 nm Ne-like Ar highly saturated soft 

X-ray laser was demonstrated by J.J. Rocca et al(3). 

In this scheme, using magnetic force of fast 

capillary discharge, hot and dense long plasma 

column is generated, where amplification of 

radiation is obtained by collisional excitation. A 

particle number density of about 5 X 10
19

 cm
-3

 and 

a plasma temperature of about 60–90 eV is 

efficiently generated by fast current pulse of about 

a few tens of kiloampere in a few hundreds ns. 

Taking advantage of the pulsed power system 

consisting of a Marx generator, a water capacitor 

and a gap switch, it can be possible to generate 

such a high-density and high-temperature long 

plasma column by only several hundreds kilojoule 

in a laboratory scale. In 2001, in addition to 

effective use of preliminary discharge to generate 

highly uniform plasma column, utilizing the pulse 

compression system that consists of a 2:28 step-up 

pulse transformer between a Marx generator and a 

water capacitor, highly reproducible lasing of 46.9 

nm Ne-like Ar laser was demonstrated by Niimi et 

al., which leads to pumping system being smaller 

in size(4). More recently, in 2005, making use of a 

very low inductance co-axial configuration without 

Marx generator, the lasing of 46.9 nm laser at 12 

Hz repetition rate was also demonstrated, resulting 
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in significant decrease of the size of pumping 

device to desk-top size(5).  

Also, to realize the lasing pumped by capillary 

discharge with shorter wavelengths, a 13.2 nm 

Ni-like Cd soft-X-ray laser and, making use of 

recombination scheme, amplification of 18.2 nm 

H-like C VI line were reported(6-8). However, 

there are no demonstration of amplifying these 

EUV soft-X-ray lasers up to saturation, because it 

is not easy to generate highly uniform long plasma 

column, which is suitable for amplification, of 

about a few tens of centimeters with higher-density 

and higher-temperature than that used for 46.9 nm 

Ne-like Ar laser. Additionally, there is no mirror 

appropriate for these soft-X-ray lasers, so that 

application of these laser is limited.  

To shorten the wavelength of a laser and to 

promote application of soft X-ray laser pumped by 

capillary discharge scheme, we are investigating 

the possibility of an H-like N recombination 

pumped soft X-ray laser, the wavelength of which 

is 13.4 nm emitted by quantum transition from n = 

3 to n = 2. This EUV laser is so attractive because 

of existence of a Mo/Si multi-layer mirror capable 

of focusing the laser for application. The 

possibility of realizing an H-like N recombination 

laser by capillary discharge has been reported by 

Vrba et al(9). To realize the 13.4 nm soft X-ray 

laser, it is estimated that required plasma 

temperature is a few hundreds eV to ionize 

nitrogen to NVIII and particle number density is 

the order of 1.0 X 10
20

cm
-3

 to initiate lasing in the 

plasma column, which needs discharge current of 

nearly 100 kA. So as to generate such a high 

discharge current through a long capillary of about 

a few tens of centimeters to achieve enough gain 

length product for EUV laser, because the stray 

inductance of the load capillary should be large, 

the water capacitor voltage is necessarily to be 

large enough. To this end, in this paper, 

development of a new high-power, and 

high-efficient pulse power system which is capable 

of charging the water capacitor to 1 MV in order to 

generate high discharge current through the long 

capillary plasma column is reported. 

II. Experimental set-up 

Developed pulsed power system mainly consists 

of a 2.2 F two stage LC generator, a 2:54 step-up 

pulse transformer and a 3 nF water capacitor as 

shown in Fig.1. Minimizing inductance which 

exists between the LC generator and the water 

capacitor, it can be possible to transfer a large 

amount of energy of about several hundreds Joules, 

from the 2.2 F primary capacitor to the 3 nF 

secondary capacitor rapidly. The inductance is 

chiefly composed of stray inductance of 

transmission line and leakage inductance of a high 

voltage step-up transformer. Making use of the 24 

RG-8U coaxial cable in parallel and parallel plate 

with high aspect ratio, the stray inductance of a 

transmission line can be minimized to about 350 

nH. In addition, by pressurizing 2 atm SF6 gas to 

increase dielectric strength, it is allowed to 

decrease the space which exists between the 

primary windings and secondary windings of 

step-up transformer. As a result, the leakage 

inductance of the high voltage step-up transformer 

can be minimized to around 350 nH. Consequently, 

total inductance related to charging of the water 

capacitor succeeded to be reduced to nearly 700 

nH, resulting rapid charging of a water capacitor 

within 3 s. Thanks to such rapid charging, it is 

possible to minimize energy loss, caused by 

natural discharge through the water, to several 

percent approximately. 

Fig.1 The pulsed power system consisted of a LC generator, a step-up transformer and a water capacitor.  
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Fig.3 Step-up ratio of a water capacitor voltage to 

the LC generator. 

Moreover, owing to 2:54 pulse transformer, 

required out-put voltage of the primary LC 

generator becomes lower to several tens of 

kirovolts. This moderately low out-put voltage can 

avoid core saturation of the pulse transformer. 

Additionally, it makes initial charging system of 

LC generator and transmission line from the LC 

generator to the transformer greatly compact. 

Furthermore, with the help of only one external 

trigger gap switch used for two stage LC generator, 

reproducibility of discharge is improved and 

energy loss through the gap switch is greatly 

reduced compared to conventional Marx generator. 

With this extremely compact and efficient pulsed 

power system consisted of a 2.2 uF LC generator 

and a 2:54 pulse transformer, the 3 nF water 

capacitor is able to be charged to approaching 1 

MV by only a few tens of initial charging voltage 

in a capacitor of LC generator. 

III. Results and discussion 

 Out put characteristics of water capacitor voltage 

and capillary discharge current were conducted. 

Step-up ratio of water capacitor voltage to initial 

charging voltage of the LC generator was 

measured by using capacitive divider as shown in 

Fig. 3. Initially, a capacitor of LC generator was 

charged to 4.5 kV and the gap switch of the 

generator was switched on, then charging of the 

water capacitor was started. Obtained water 

capacitor voltage was reached to 160 kV and 

energy stored in LC generator was transferred to a 

water capacitor within 3 s. This rapid charging of 

water capacitor minimize energy loss of water 

capacitor and avoid saturation of the core used for 

pulse transformer. Taking advantage of two stage 

LC generator with one triggered gap switch and 

low leakage inductance transformer, 45 % of 

energy stored in a LC generator initially was 

transferred to water capacitor. Owing to the high 

efficiency water capacitor charging system, step-up 

ratio respect to a LC generator is reaches to 40 

times approximately.  

 To examine the possibility of charging of a water 

capacitor to 1 MV, in order to generate capillary 

discharge current of about 100 kA through the long 

capillary, capillary discharge experiment was 

performed at moderately high voltage. Initially, a 

capacitor of LC generator was charged to 12.5 kV 

and a externally trigger gap switch was closed to 

start charging of the water capacitor. After that, 

when the water capacitor voltage was reached to 

near the peak voltage, a self-breakdown gap switch, 

connecting the water capacitor and the capillary 

load, was closed and capillary discharge starts. In 

this experiment, self-breakdown gap switch was 

closed when charging voltage reaches 450 kV as 

shown in Fig.4. Subsequently, obtained capillary 
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gap switch closed. 
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Fig.5 Capillary discharge current when a 
water capacitor was charged to 450 kV

form is shown in Fig. 5. Peak amplitude of 

discharge current was nearly 40 kA with half cycle 

duration of about 100 ns. Accordingly, with careful 

modification of entire system, to increase dielectric 

strength, which is tolerable to such a high voltage, 

if initial voltage of LC generator was increased 

twice, water capacitor voltage could be able to 

reach 1 MV. As a consequent, discharge current 

would approach to nearly 100 kA, which lead to 

generation of high density and high temperature 

long plasma column in order to realize EUV laser. 

IV. Summary 

Development of high power capillary discharge 

pulsed power system for realizing EUV laser is 

reported. The pulsed power system consists of 2.2 

F LC generator, 2:54 step-up transformer and 3 

nF water capacitor. Step-up ratio of water capacitor 

voltage to LC generator voltage was measured to 

about 40 times with this high efficiency charge 

transfer system of about 45 %. Further, when LC 

generator was charged to 12.5 kV, obtained water 

capacitor voltage reached 450 kV and subsequent 

capillary discharge current was nearly 40 kA. As a 

result, the possibility of charging of water 

capacitor voltage to 1 MV in order to increase 

discharge current up to 100 kV, which is required 

to realize EUV laser, is demonstrated. 
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Plasma Control for Efficient Extreme Ultra-Violet Source
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To generate a high efficiency extreme-ultraviolet (EUV) source, effects of plasma shape for con-
trolling radiative plasmas based on xenon capillary discharge are experimentally investigated. The
radiation characteristics observed via tapered capillary discharge are compared with those of straight
one. From the comparison, the long emission period and different plasma behaviors of tapered cap-
illary discharge are confirmed. This means that control of the plasma geometry is effective for
prolonging the EUV emission period. This result also indicates that the plasma shape control seems
to have a potential for enhancing the conversion efficiency.

Keywords: EUV source, Z-pinch, tapered capillary, high energy density plasma, conversion efficiency, XUV,
spectroscopy

I. INTRODUCTION

Development of photolithographic technology for high
performance semiconductor devices depends strongly on
wavelength of a light source. The extreme-ultraviolet
(EUV) light source at around 13.5 nm is expected to
be the most promising candidate for the next genera-
tion lithography[1]. An effective wavelength region to
EUV lithography system is in ±1% bandwidth centered
at 13.5 nm, called in-band, due to the reflection char-
acteristic of optics, which is created based on Mo/Si
multilayer-coated mirrors. For the requirements such as
at extremely short wavelength and within narrow band-
width, radiation emitted from specific ions in a high en-
ergy density plasma generated with a compact device is
likely to be the most effective source for semiconductor
industry.

Three ionic systems (Xe, Sn, and Li) are of great in-
terest as the efficient EUV emitter because of their po-
tential for holding intense spectra within the effective
bandwidth[2–7]. Xe is an inert gas and thus has sig-
nificant advantages with respect to easy-to-use as a tar-
get material, free from macro-particle debris and simple
setup in comparison with other two solid-targets at room
temperature, which need complicated equipments such as
target supply and removal systems.

Thus far, two major technologies for generating
a plasma EUV source, gas discharge-pumped-plasma
(DPP) and laser-pumped-plasma (LPP), have been
widely investigated[2–7]. In DPP, the electrical energy
stored in a capacitor bank is directly converted into the
energy of emitting plasma. Therefore, DPP has several
advantages; high conversion efficiency (CE) from primary
electrical energy to EUV, compact design and low cost
compared with LPP.

Due to above-described points, we are investigating
EUV emitting plasmas based on a Xe capillary discharge.
The capillary discharge is probably one of the easiest con-
figurations for generating EUV radiation in DPP. How-
ever, source components are inherently close to the hot
plasma and are thereby exposed to a large heat load.

Furthermore, typical CE obtained in DPP are rela-

tively low, and this means that an enormous input power,
at least over several tens of kilowatts, is required[11].
From these points of view, the most crucial issue for de-
velopment of EUV sources based on discharge is to meet
the required high output power in combination with the
long lifetimes of source components[10]. Therefore, to
meet these antithetical demands together, plasma con-
version efficiency (PCE) defined as ratio of EUV in-band
radiation to energy of emitting plasma[11, 12], which is
quite low and dominates the total CE, has to be im-
proved. It appears that the reason of low PCE is at-
tributed mainly to short emission duration of Z-pinch
based plasmas, which transiently fulfill the condition of
plasma such as electron temperature (Te) and electron
density (ne) suitable for emitting in-band radiation.

To improve the low CE, the radiative plasma has to be
maintained as an EUV in-band source much longer[8, 9].
The photon energy of the emitted radiation depends on
target material, ionization stage, and electron transi-
tion. The ionization stage is basically determined by the
plasma parameters, Te and ne.

In Xe plasma, the transitions responsible for in-band
radiation occur only in ten-times-ionized Xe (Xe XI). For
the radiation based on Xe XI, the plasma parameters
have to be increased up to appropriate values, for in-
stance Te ∼ 30 − 40 eV and ne ∼ 1018 − 1019 cm−3[11,
13]. For the generation of a long emission EUV source,
the radiative plasma must be maintained at appropri-
ate condition in a quasi-steady state. However, plasma
parameters in pinching phase are dynamically controlled
by the main discharge parameters such as discharge cur-
rent, initial gas density, and the capillary shape. Then,
in Z-discharge, the plasma transiently evolves through
the optimum condition for in-band radiation during the
pinching process. The plasma-dynamics in radial direc-
tion is principally controlled by the self magnetic field in
the capillary. Therefore, the capillary shape has a signif-
icant potential for controlling and maintaining the high
energy density plasma as a radation source at a quasi-
steady state.

This paper reports the effects of capillary shape for
controlling radiative plasmas based on Xe capillary dis-
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charge experiments. A tapered capillary was selected for
confining a hot plasma for long time. In this study, the
main purpose is to obtain a long emission from the hot
plasma with controlling the capillary shape. Therefore,
the radiation characteristics observed via tapered capil-
lary discharge were compared with the results of straight
one. To understand the Xe hot plasma behaviors, EUV-
signals were detected by a photodiode and spectral im-
ages were taken by a time-resolved EUV spectrometer.

II. EXPERIMENT

A. Plasma-dynamics in tapered capillary

The capillary design, and pinching process in a con-
ventional straight capillary and a tapered one are shown
in Fig.1 and Fig.2. Xe gas is used as the working medium
and supplied with supersonic injection through the cap-
illary from up-side to down-side in the figure. In the
figure, the solid lines connecting both electrodes indicate
current sheets and the objects wedged between the lines
are transient plasmas. As shown, at first a pulse gener-
ator drives a high-current in Xe gas inside the capillary.
After that, a discharge plasma in the capillary is com-
pressed by selfmagnetic field; so-called by pinch effect. In
straight capillary, the plasma is pinched on Z-axis, and
radiative hot plasma is generated. However, the confine-
ment time of radiative plasma is generally short, because
of a momentary expansion.

In contrast, heating process in the tapered capillary is
different from that in the conventional straight one. Note
that, there exists a gradient of capillary-radius in the gas
flow direction. The magnetic pressure of plasma (PB) at
the boundary is expressed simply

PB ∝ I2

r2
(1)

where I is the discharge current and r is the plasma-
radius. As shown in the above equation, PB varies along
the discharge axis depending on the location with differ-
ent r inside the tapered capillary. Therefore, pressure
difference is induced not only in the radial direction but
in the axial direction(Fig.2). Consequently, a hot pinch
plasma moves axially in tapered capillary. Due to control
of the plasma-dynamics along Z-axis with tapered capil-
lary, the hot plasma can be maintained for long time by
the tapered pinch effect and heated by Joule effect. From
these effects, we expect to obtain the long EUV emission
period.

B. Photodiode measurement

A schematic diagram of the experimental arrangement
using photodiodes (IRD company : AXUV20HS1[14]) di-
agnostics is shown in Fig.3. Two photodiodes are used

3mm

3mm

10m
m

FIG. 1: Pinching-process in straight capillary.

Joule heating

3mm

8mm

10m
m

FIG. 2: Pinching-process in tapered capillary.

to measure the emission period and radiation intensity
of the pinching plasma. Timing of the discharge can be
controlled by delayed trigger signals because Xe gas is
supplied with an electrically controlled valve(ECV) for
puled flow. A discharge current has an ordinary LCR
damped oscillation waveform. The current is controlled
by the voltage of a capacitor (0.4μF). The discharge cur-
rent is measured by a Rogowski coil. As shown in the
figure, the phodiode detecting EUV region is located on
the capillary axis. This photodiode can measure the time
evolustions of EUV-signals from generation to extinction
of hot plasma. In addition, visible light from a relatively
cool plasma is measured by a photodiode through opti-
cal fiber to understand plasma behavior varing from high
temperature to low one.

Although it is necessary to use semiconductor switches
for highly repetitive discharges in commercial applica-
tion, discharges are initiated by triggered spark gaps in
this series of experiments, because the main purpose of
this study is to comfirm the principle; i.e., the effect
of plasma shape controlled by capillary geometry. Dis-
charge parameters in this experiment are initial gas pres-
sure at the reserver tank, discharge current and the cap-
illary shape (taper and straight).

C. EUV spectroscopy

In photodiode measurement described above, the pho-
todiode sensitibity in EUV-region has a 4nm bandwidth
(FWHM) centered at 13.5nm. For further details of
plasma diagnostics, we carried out the EUV spectroscopy
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FIG. 3: Schematic of capillary discharge system.

using a diffraction grating of flat-field type(HITACHI :
No.001-0437) and a micro-channel plate(MCP) (HAMA-
HATSU : F2223-21P) as a photomultiplier. A schematic
diagram of the spectroscopic arrangement is shown in
Fig.4. A 1200 l/mm grating was used at a 3° grazing
angle of incidence for recording the EUV spectrum in the
10-20nm wavelength range, a pinhole, a slit and the grat-
ing are mounted on the capillary axis. This spectrometer
can measure the time evolution of spectrum in EUV re-
gion and has spacial resolution. Then it can compare the
plasma size.

The EUV radiation is measured by a gated MCP with
200ns temporal resolution. EUV light passes a 100μm
slit, is deffracted by the grating, imaged on the MCP sur-
face. Finally, visible light from the phosphors attached on
the MCP is recorded by a framing camera (HADLAND
PHOTONICS : Imacon468).

A 0.8mm pinhole was mounted between the capillary
and the slit to obtain spatially resolved plasma size. A
vertical length of observed images roughly corresponds
to the plasma size in the capillary. Although the spatical
resolution is low in this system, relative comparison of
plasma size in the capillary of varied shape is possible.

A wavelength calibration was carried out by comparing
He II spectrum of He discharge. Fig.5 shows the observed
He spectrum (solid line) and expected He II spectrum
(bar graph). As shown in Fig.5, the wavalength posi-
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Pinhole (0.8mm)Capillary
width 100   m
height 12mm

μ

Diffraction grating

Gated MCP

FIG. 4: Top view of spectroscoic system
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FIG. 5: Comparison of observed spectra with He II lines

tion and intensity are approximately overlapped. The
spectral resolution is determined to be about 0.1nm by
FWHM of 30.3nm HeII(Lα) spectrum.

With above-described system, we compared the hot
plasma behaviors in the straight capillary with that in the
tapered one by measuring the time evolution of spectra
in EUV region and the plasma size.

III. RESULTS AND DISCUSSIONS

In the photodiode measurement, we varied discharge
parameters such as capillary shape, initial gas pressure
and discharge current. Fig.6 shows the most characteris-
tic results to show capillary shape dependence of photodi-
ode signals, under equal conditions of initial gas pressure
and discharge current. In the figure, evolutions of the
discharge current, EUV-signals and visible light signals
obtained by photodiode are shown. From the compari-
son of Fig.6(a) and (b), the long EUV-emission period of
tapered capillary discharge is confirmed. The integrated
EUV-singal of tapered capillary discharge is increased
more than that of straight one. This result suggests that
the tapered capillary discharge is effective for improve-
ment of the CE. In addition, this also shows that the
tapered capillary discharge delays a peak of the visible
light signal. From these results, we understand that the
plasma condition in the tapered capillary shifts from hot
to cool more slowly than that in the straight capillary
due to long comfinement of Xe hot plasma.

In spectroscopic measurement, typical time evolution
of spectra images obtained by the straight capillary dis-
charge are shown in Fig.7. The horizontal position and
the vertical length of observed images correspond to
wavelength and the hot plasma size respectively. Some
wavelength and MCP position are shown on the images.
The time length of caption expresses gating time of the
MCP and 0ns corresponds to start of dicharge current.
We find that EUV emission from about 11nm to 26nm
is maximum at 240-440ns and disappears after that. We
also find that in the case of straight capillary, vertical
length of the emission distributions is approximately con-
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FIG. 6: Comparison of EUV and visible radiation using photodiodes

stant during the observation time.
In contrast, the time evolution of spectral image ob-

tained by the tapered capillary discharge are shown in
Fig.8. We observed that EUV emission behaviors in ta-
pered capillary is different from that in straight one. In
the case of tapered capillary discharge, EUV emission
continues beyond 750ns, according with that in photodi-
ode measurement. The spectral images of tapered cap-
illary discharge vertically extend and are different from
those of straight one. We can find the time evolution of
plasma emitting a certain wavelength because the ver-
tical length of these image corresponds to plasma size.
Therefore, behaviors of the Xe hot plasma can be ob-
served, by picking up 13-13.5nm wavelength region in the
images. Fig.9 is a comparison of time evolution of plasma
behaviors in straight capillary with that in tapered one.
Regions indicated by the light quadrangle in the image
correspond to 13-13.5nm wavelength. Time length shown
in the image expresses exposure period, dot lines corre-
spond to diameter of capillary outlet and right graphs
are integrated profile of intensity in the indicated region.
From these results, in the case of straight capillary, thin

(d) 320-520ns (e) 420-620ns

13.511.0 19.2 26.2

(a) 10-210ns (b) 120-320ns (c) 240-440ns

13.511.0 19.2 26.2 13.511.0 19.2 26.2

13.511.0 19.2 26.2 13.511.0 19.2 26.2

FIG. 7: Evolution of spectral images of discharge plasma in
straight capillary

Xe hot plasma is generated in center of the capillary and
bacomes intense after that. In contrast, in the tapered
capillary, the plasma behavior is more dynamic; the ini-
tial emission are generated at three positions. After that,
the plasma emission converges at the center of the cap-
illary. Consequently, we can understand that capillary
shape has a possible way for control of hot plasma be-
haviors.

Fig.10 shows time-integrated spectra with the tapered
capillary during 750-950ns. At this period, a number of
spectra were observed by tapered capillary discharge. Al-
though in the capillary discharge, EUV spectra extends
in a broad region not only from hot Xe plasma but also
ablated material, we can see only Xe hot plasma be-
haviors by focusing attention on the spectral image at
13.5nm region from Xe XI (4d-5p). As shown in Fig.10,
at 750-950ns 13.5nm emission from Xe hot plasma was
comfirmed in the tapered capillary discharge, in contrast
to the fact that 13.5nm region was not observed in the
case of straight one.

(d) 390-590ns (e) 750-950ns

(a) 50-250ns (b) 160-360ns (c) 250-450ns
13.511.0 19.2

26.2
13.511.0 19.2 26.2 13.511.0 19.2 26.2

13.511.0 19.2 26.2 13.511.0 19.2
26.2

FIG. 8: Evolution of spectral images of discharge plasma in
tapered capillary
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IV. SUMMARY

We have investigated the effects of capillary shape on
EUV emission for controlling radiative plasmas. In pho-
todiode measurement, increase of period and enhaced in-
tegrated EUV radiation were observed with tapered cap-

illary. By EUV spectroscopy, long 13.5nm emission and
different plasma behaviors in the tapered capillary dis-
charge were also confirmed. The experimental results
indicate that Xe plasma maintained hot condition for
longer period by the tapered capillary and the condi-
tion clearly depends on the capillary shape. From the
results reported here, plasma shape control has a signif-
icant potential for enhancing the plasma conversion effi-
ciency of the discharge-pumped EUV source. Although
we understood that the tapered capillary is effective for
development of EUV source, optimizations of capillary
shape were not subsequently implemented. We are plan-
ing to optimize the profile of plasma shape for efficient
EUV plasma.
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EXPERIMENTAL STUDY OF Z-PINCH XENON PLASMA

DYNAMICS FOR EXTREME ULTRAVIOLET SOURCE 
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Department of Electrical and Computer Engineering, Kumamoto University 
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ABSTRACT

This paper describes the characteristic of EUV emission from the pulsed power driven Z-pinch xenon 

plasmas and the EUV emission volume associated with the plasma dynamics. A high speed visible 

camera placed in the direction of the angle of 30 degrees to the Z axis was employed to observe the 

three dimensional dynamics of the plasma. The experiment shows that the plasma is dynamic not only 

in the radial direction but also in the axial direction, suggesting that the axial plasma dynamics 

influences the EUV emissive volume. 

Keywords : EUV source, Z-pinch, plasma dynamics, spectrum, high speed imaging, emissive volume  

1.  INTRODUCTION 

Z-pinch discharge plasmas are presently the most 

powerful extreme ultraviolet (EUV, 13.5 nm, 2% 

bandwidth) source for the 32 nm or less rule 

photolithography process. The in-band EUV power 

required for the practical lithography tool is 115 W 

on the basis of the photoresist sensitivity of 5 mJ/cm2

and the process throughput of a hundred 12-inch 

wafers per hour. Figure 1 shows the recent progress 

and the future target of the development of the EUV 

sources based on gas discharge produced plasmas 

(GDPP) [1,2,3,4]. The major developers of GDPP 

EUV source including Xtreme technologies, Philips 

Extreme UV, Cymer, Plex LLC and EUVA have 

competitively progressed in their devices in past 6 

years and some of them have achieved the huge 

power in the range of 50 W so far. Their progress 

with respect to output EUV power has been brought 

about by the high repetition rate operation and the tin 

target technologies [2,3,4]. However, the 

break-through technologies are indispensable to 

obtain 115 W EUV power under its long term and 

high rep-rate operation.  

Figure 2 shows the typical configuration of 

GDPP EUV source. The plasma emits the various 

kinds of debris including high energy ions and 

neutrals in addition to dust delivered both from the 

electrodes and insulator wall. The debri shield 

eliminates the dust but not high energy particles. A 

collector mirror collects and directs the EUV power 

to the intermediate focus point (IF), which is the gate 

to the main room for lithography optics. One of the 

main difficulties in the development of the high 

volume manufacturing (HVM) device is the shortage 

of the component lifetime, which is attributed to the 

thermal load to the discharge components. Electrical 
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power into the discharge is estimated to be 100 kW 

based on the practical assumptions that the 

conversion efficiency from electrical to EUV (CE) is 

2%, the collection efficiency at the source is 25% and 

the transmission efficiency from the source to the IF 

is 20 %. This huge power dissipation in the chamber 

shortens the lifetime of the components including 

electrodes, insulator wall as well as the condenser 

mirror. Therefore, it is quite important to improve the 

CE and the collection efficiency and to use the 

recoverable electrode system. 

A pulsed power driven Z-pinch device for EUV 

light source has been developed at Kumamoto 

University to find key technologies to increase the 

CE and to minimize the emission volume. In this 

study, we used xenon gas as a EUV emitter though it 

is low emission efficiency in 13.5 nm. This paper 

describes the characteristic of the EUV emission 

from the pulsed power driven Z-pinch plasmas and 

the plasma dynamics from the viewpoint of the 

emissive volume.

2.  EXPERIMENTAL SETUP 

2.1  Z-pinch discharge head 

Figure 1.  Effect of an external magnetic field on the pinch process of Z-pinch system. 

Figure 2. Typical configuration of EUV source based on gas discharge produced plasma. 
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Figure 3 shows the Z-pinch discharge head, 

which consists of a 42 nF capacitor bank, a toroidal 

ferromagnetic core, and a z-pinch chamber. They are 

sandwiched with two circular aluminum plates, one is 

directly bolted on the vacuum chamber evacuated to 

10-3 torr, the other is provided with negative high 

voltages. The z-pinch discharge chamber, which 

consists of a hollow copper-tungsten alloy cathode, a 

stainless steel ring anode and a rounded alumina 

ceramic tube with the minimum diameter of 5 mm 

and the length of 5 mm, is located in the center of the 

coaxial structure. A flow rate of xenon gas fed into 

the discharge chamber is fixed to be 50 cc/min. 

FINEMETTM FT-1H (Hitachi Metals) was chosen as 

the material for the ferromagnetic core as a high 

speed switch, which enables the repetitive operation. 

The 42 nF capacitor bank is rapidly charged up to the 

voltage of 27 kV by a magnetic pulse compressor 

Figure 3  Overview of the experimental setup including the discharge head, magnetic pulse 

compressor and diagnostics. 

Figure 4  Spatially resolved EUV spectrometer using a transmission grating. .
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(MPC). This circuit delivers the current with 

amplitude of 34 kA and pulse duration of 110 ns to a 

short circuit load.  

2.2  Diagnostics

The in-band EUV emission is monitored using a 

fast silicon photodiode (IRD, AXUV5) filtered by 

two silicon/molybdenum multilayer mirrors and a 

150 nm thick zirconium window. A transmission 

diffraction grating spectrometer (TGS) as shown in 

Fig. 4 was used to observe EUV emission spectra of 

Z-pinch plasmas. Since a grating lattice (1000 

lines/mm) is fixed on a 50 m diameter pinhole, the 

spectrometer works also as a one dimensional pinhole 

camera in the perpendicular direction of the 

diffraction, which corresponds to the Z axis of the 

discharge. Wavelength and spatial resolutions of the 

spectrograph are 0.3 nm and 100 µm, respectively. 

The 1st order diffraction light is visualized by a 

double layer micro channel plate (MCP) with a 

phosphor screen. Obtained spectra are calibrated by 

several sharp line spectra of oxygen ions in the CO2

discharges. A visible high speed camera placed in the 

direction of angle of 30 degree to the Z-axis enables 

us to take a three dimensional time-resolved image of 

the plasma dynamics. The voltage of the capacitor 

and the plasma current were measured with a voltage 

divider (EP100K Pulse Electronic Engineering) and a 

calibrated pick-up coil, respectively. 

3.  EUV EMISSION FROM THE PLASMAS 

Figure 5 shows the waveforms of the plasma 

current and the in-band EUV emission. The peak 

current is suppressed owing to the increase in the 

plasma impedance, which indicates the energy 

conversion to the kinetic energy of the plasma. The 

conversion efficiency from the electrical to the 

plasma is approximately 30% in this case. The EUV 

emission starts increasing gradually at the current 

peak, and become the maximum intensity at the 

decay phase of the current. The current drops quickly 

after the EUV emission peak, which indicates the 

occurrence of the maximum implosion. The emission 

ends together with the plasma current. 

Figure 6 shows the spatially resolved spectrum 

of the Z-pinch xenon plasmas. Strong emissions near 

11 nm associated with the 4d-5p transition of 

adjacent ion stages (Xe7+-Xe12+). 12.5, 13.5 and 14.9 

nm are associated with 4d-4f transitions of Xe11+,
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Figure  5  Waveforms of plasma current and 

in-band EUV emission for the xenon flow rate of 50 

cc per minute.  

Figure 6.  Spatially resolved EUV spectrum of 

Z-pinch xenon plasma for the flow rate of 50 cc/min.  
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Xe10+ and Xe9+ ions, respectively. Usually the 11 nm 

mission is strong for xenon plasmas, while the 13.5 

nm emission is only a small fraction. The emissive 

region of 13.5 nm, which determines the source size, 

is distributed in approximately 4 mm along the Z-axis.

Figure 7 shows the EUV spectrum obtained form Fig. 

6, together with those of different xenon flow rate of 

30 and 100 cc/min. The larger flow rate tends to 

strengthen the line emissions of longer wavelength, 

indicating the lower temperature [5]. The emission of 

13.5 nm is most intense in the case of the flow rate of 

50 cc/min. Figure 8 shows the in-band EUV yield per 

shot and the length of the emissive region along the 

Z-axis as a function of the xenon gas flow rare. 

Though the flow rate of 50 cc/min is the best with 

respect to the EUV yield, the emissive region is not 

sufficiently small. At the lower flow rate, which is 

supposed to be low pressure, the emissive region 

tends to be enlarged in the Z direction. In order to 

investigate what determines the size of emissive 

region, we observe the plasma dynamics using a high 

speed camera. 

4.  DYNAMICS OF Z-PINCH PLASMAS 

A high-speed single frame camera with the 

exposure time of 1.5 ns was used to observe temporal 

behavior of the plasma. Since the camera is placed in 

the direction of the angle of 30 degree to the Z axis, 

the axial plasma dynamics in addition to the radial 

direction can be observed. Figure 9 shows the still 

photograph of the pinched plasma, showing the 10 

mm long filamentary plasma. Figure 10 shows the 

plasma dynamics based on the time-resolved 

photographs of the plasma at different times from the 

beginning of the current. Each photograph was 

obtained in different shot. This indicates that the 

plasma is dynamic not only in the radial direction but 

also in the axial direction. An annular plasma was 

initially formed near the insulator wall, and then the 

plasma moves toward the center. The first 

compression occurred at approximately t = 100 ns 

and the plasma stagnates at the center for tens of ns. 

The plasma length along the Z axis is 1.5 mm at 100 

ns that is much smaller than the filamentary plasma 

as shown in Fig.9. After the first compression, the 

plasma splits into two parts. One moves forward and 

the other moves backward. According to Fig. 5, the 

EUV emission lasts until t = 150 ns. This fact 

indicates the moving plasmas still emit EUV photons. 
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This dynamics especially in the axial direction 

enlarges the emissive region in the time integrated 

view. The axial plasma dynamics needs to be 

suppressed to reduce the EUV source size 

5.  SUMMARY 

We have characterized the EUV emission from 

the pulsed power driven Z-pinch plasmas and discuss 

the mechanism to determine the EUV emissive 

volume based on the plasma dynamics. The EUV 

yield, emission spectrum and the emissive volume 

depend on the xenon gas flow rate. Especially, the 

emissive volume is indicated to be influenced by the 

plasma dynamics along the Z-axis.   
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ABSTRACT

The experiment on a new type of plasma focus with divergent gas-puff was conducted
for the realization of the point radiation source with high efficiency. The input
energy increased by about 40 % with the divergent gas-puff, and the hot spots were
concentrated on the vicinity of the anode. X-ray radiation of energy 150 - 200 keV
that far exceeded the power-supply voltage was observed. It is thought that the
particle acceleration occurred.

1 Introduction

The energy transfer to gas-puff z-pinch is ef-
ficient [1, 2], and high temperature and high
density plasma is achieved easily in this sys-
tem. So it has been used as a soft x-ray and
EUV light source. The produced high temper-
ature plasma points (hot spots) are distributed
on the center axis between the electrodes.

On the other hand, the plasma is converged
to a single point in plasma focus, and the point
radiation source is formed. As the plasma after
the conversion flows axially, dispersing to sur-
roundings like z-pinch is little. However, past
plasma focus has a disadvantage not to obtain a
strong pinch easily. Because the device is filled
with operating gas and initiated with surface
discharge of the insulator, the energy input is
limited by the insulating material [3].

The essence of the plasma focus is that the
structure of electrodes is coaxial, not in plane
symmetry. So the produced plasma is not ax-
ially uniform. The experiment on the plasma
focus with divergent gas-puff was started to re-
alize the point radiation source with good effi-
ciency with the advantage of both devices. It
was understood in the process of experiment
that not only the soft x-ray but also high en-
ergy x-ray were radiated from the plasma. In
this research, the energy, the intensity and the
source of the x-ray were examined in the new
type of plasma focus.

Fig. 1: Schematic diagram of the SHOTGUN
z-pinch device with a divergent gas nozzle.

2 Experimental Setup

The experiment was conducted on the SHOT-
GUN z-pinch device at Nihon University (Fig. 1).
The energy storage section of the device con-
sists of 30 kV 24 µF capacitor bank, and the
maximum discharge current is 300 kA. The charged
voltage of the bank was 25 kV (7.5 kJ) in this
experiment.

The isolated gas distribution can be formed
between the electrodes with a high-speed gas
valve and an annular Laval nozzle mounted on
the anode [4]. Figure 2 shows the arrangements
of electrodes in the usual z-pinch and the diver-
gent gas-puff experiment. The gas was ejected
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Fig. 2: (a) Straight gas nozzle for the usual z-
pinch and (b) 10◦ radially divergent gas nozzle.

straight in the usual z-pinch, and a uniform gas
distribution is formed between the electrodes.
A flat cathode with many small holes was used
to form a symmetric electrode arrangement. In
the divergent gas-puff experiment a gas noz-
zle with the ejection angle of 10◦ outward was
used, and the radially divergent gas distribu-
tion was formed from the anode to the cathode.
In order to form asymmetric plasma, a big hole
was opened to the cathode. The distance be-
tween the electrodes was 3 cm. Ar gas was used
in this experiment, and the plenum pressure of
the gas valve was 5 atm.

Total discharge current was measured by
the anode Rogowski coil located outside the
chamber, and the current in the cathode plate
was measured by the cathode Rogowski coil.
Soft x-ray was detected by x-ray diodes (XRDs)
with Au, Ni and Al photocathodes. The XRDs
are more sensitive to high energy photons in
this order. X-ray signal was detected by a scin-
tillation probe (SCI) with a 10 µm Be filter. An
x-ray pinhole camera was used for taking x-ray
image of the pinch plasma. A 10 µm Be filter
was installed in the pinhole camera to prevent
visible and ultraviolet lights. Moreover, in or-
der to detect high energy x-ray around the de-
vice, an x-ray film cassette was prepared. Ko-

Fig. 3: Discharge currents, XRD signals and
SCI signal of (a) the usual z-pinch and (b) the
divergent gas-puff experiment.

dak BioMax MS film was used for recording
soft x-rays, and Fuji GRENEX G-8 intensify-
ing screen was attached on the film specially
for recording hard x-rays. A survey meter of
ionization chamber type was used for the mea-
surement of dose of x-ray radiation.

3 Experimental Results

Discharge currents, XRD and SCI signals of the
usual gas-puff z-pinch and the divergent gas-
puff experiment are shown in Fig. 3. The dis-
charge currents just before the pinch for both
discharges are about 200 kA. Both currents be-
gin to decrease at the time 1.2 µs and form
dips. This means that the circuit inductance
increases for a moment with the shrinkage of
the plasma. The current dip of the divergent
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Fig. 4: Input energies to the plasmas as a func-
tion of the delay time comparing the divergent
gas-puff experiment with the usual z-pinch.

gas-puff experiment is deeper than that observed
in the usual z-pinch. The observation shows
that the input energy of the divergent gas-puff
experiment is larger than that of the usual z-
pinch. Three XRD signals increase at the cur-
rent dip, indicating the increment of plasma
temperature. X-ray emission is seen pulsing in
the divergent gas-puff experiment.

Figure 4 compares the input energies to the
usual z-pinch and the divergent gas-puff exper-
iment. The energies were obtained by the anal-
ysis of current waveforms [2]. Horizontal axis is
the delay time of discharge from the gas-puff,
which corresponds to the amount of gas at the
discharge. The energy is 550 - 600 J in the di-
vergent gas-puff experiment, while it is 350 -
450 J in the usual z-pinch.

The soft x-ray image of the plasma was ob-
served by an x-ray pinhole camera. All the
photographs were exposed over 10 shots. Fig-
ure 5(a) shows the photograph of the usual gas-
puff z-pinch plasma. The hot spots line up on
the center axis between the electrodes. In order
to examine the effect of the asymmetry of the
electrode, the z-pinch discharge with the cath-
ode with big hole was performed (Fig. 5(b)).
The hot spots line up similar to the usual z-
pinch, and it was understood that the gas dis-
tribution accomplishes the key role to the pinch
formation. Figure 5(c) shows the photograph
of the divergent gas-puff experiment, in which
the hot spots were concentrated on the vicin-
ity of the anode as expected. Soft x-ray radia-
tion around 4 Å emitted from Ar ion has been

Fig. 5: X-ray pinhole photograph of the plasma
exposed over 10 shots. (a) usual z-pinch, (b) z-
pinch with the cathode with big hole, (c) di-
vergent gas-puff experiment and (d) hard x-
ray photograph of the divergent gas-puff exper-
iment.

observed in the usual z-pinch [5], but x-ray ec-
ceeding 10 keV has not been observed [2]. As it
had been understood in the process of the ex-
periment that high energy x-ray was radiated
from the device, the obserbation for specifying
the radiation source was performed. The x-ray
film was covered by a 0.5 mm Cu plate to pre-
vent soft x-ray, and the intensifying screen was
attached to improve sensitivity (Fig. 5(d)). As
a result, the radiation of hard x-ray was ob-
served from the center of the anode surface.

Figure 6 shows an x-ray radiograph taken
by the film cassette located 60 cm axially away
from the device center. The film was exposed
over 20 shots to take the picture. Evidently
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Fig. 6: X-ray radiograph located axially away
from the device center. The x-ray penetrates a
4 mm hex-head steel wrench.

hard x-ray is radiated from the z-pinch device.
It has been understood for the x-ray to pass
both a 2 cm aluminum flange and a 0.2 mm
stainless steel shading plate, because the film
was pitch-blackness. The top white part in
the film is a part where intensifying screen is
lacked. The x-ray penetrates 50 % in the part
of the shadow, when a hex-head steel wrench of
4 mm corner was put on the cassette. The en-
ergy of the x-ray is estimated to 150 - 200 keV
from the transmission of materials. The lead
plate of 1 mm thickness is necessary to protect
from the x-ray. Dose of x-rays was about 1
µSv on the shot average according to the sur-
veymeter placed at the same position.

4 Summary and Discussion

In summarizing the new type of plasma focus
experiment was conducted with 10◦ divergent
gas-puff. The hot spots concentrated in front of
the anode in the divergent gas-puff experiment,
while the hot spots lined up on the center axis
between the electrodes in the usual z-pinch.
It has been understood that the cause of the
concentration of hot spots depends on not the
asymmetry of the electrode arrangement but
the asymmetry of the gas distribution. The
input energy of about 40% has increased with
the divergent gas-puff compared with a usual
z-pinch.

It was understood that hard x-ray with the
energy of 150 - 200 keV was emitted in the di-
vergent gas-puff experiment, while such x-ray
has not been observed in the usual z-pinch.
The dose of x-rays at the position 60 cm away
from the device was about 1 µSv for each shot.

X-ray was radiated from the center of the an-
ode surface, and the point radiation source was
formed.

The observation of high energy x-ray may
be owing to high energy electrons hitting on the
anode. The generation of high energy particles
that far exceeded the power-supply voltage has
been reported in conventional plasma focus de-
vice [6], and the observation is thought to be
the appearance of the similar phenomenon.
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Abstract
This paper reports the development and evaluation of a repetitively pulsed high-voltage generator

that consists of a Marx generator with a new configuration and a pulse forming line for achieving high
repetition rate operation. The generator consists of basically an inductor for current limiter, a transformer
with winding ratio 1:500, a rectifier(diode), and 3-stage Marx generator using inductors instead of charging
resistors. Experimental results show that the developed Marx generator can operate with repetition rate
of around 0.7 Hz. As a result, it is possible to make simple and low-cost repetitively pulsed power
generator with high voltage(≥ 100 kV) and high energy(∼ kJ).

1 Introduction

In the last decade, high-voltage pulsed power
generators have been extensively developed for
various applications such as intense pulsed charged
particle beam, discharge light source(EUV source),
gas laser, pulsed ozonizer and exhaust gases clean-
ing. The critical issue to be overcome for those
industrial applications is the capacity of repeti-
tive pulsed power techniques. Gap switches and
thyratrons have been widely used as the switch
of the pulsed power generator. Recently, semi-
conductor power device technology has improved
the performance of fast high power switching de-
vices. Therefore, the high repetition rate, long
life time, and high reliability pulsed power gen-
erators have been developed using semiconductor
switches such as static induction thyristors[1,2].
However, the semiconductor switch is still not
sufficient to develop short pulse (100 ns or less)
high voltage (of order of 100 kV) generators. In
addition, in most of the pulsed power generator
using semiconductor switches it is necessary to
be connected in parallel and in series in order
to handle high voltage and large current, since
the rated voltage of thyristor is limite to sev-
eral kVs per device. In this case, care must be
taken that voltage and current is equally divided
to each device. Hence, the semiconductor switch

is used in practical systems with the assistance of
a magnetic switch and a gate driving technique.
The practical generators consist of semiconduc-
tor switches, step-up pulse transformers and mag-
netic switches. This also makes the system costly
and complicated.

Marx generators have been used to drive the
intense pulsed charged particle beam, since it is
easy for them to produce the high-voltage pulse
with pulse duration of order of 100 ns. The gen-
erator is also a simpler design and lower cost than
that using semiconductor switches. However, the
charging time is determined by the capacitor and
charging resistor, since the conventional Marx gen-
erator is charged through the charging resistors.
If a constant voltage is used as the charging source,
the energy dissipated in the charging resistors
is equal to the stored energy in the capacitors.
Therefore, Marx generators are not suitable for
high repetition rate operation.

We propose a new circuit configuration of Marx
generator to develop the high repetition rate pulsed
power generator. The generator consists of the
Marx generator and a pulse forming line. The
following some modifications to the conventional
Marx generator were made for high repetition
rate operation. The charging resistors were re-
placed by inductors in order to achieve the fast
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energy store and to eliminate the energy loss in
the resistors. In addition, an inductor for current
limiter was used to control the charging current.
In this paper, we present the development and
evaluation of the high repetition rate Marx gen-
erator.

2 Design of the System

The repetitively pulsed power generator was
developed to operate the ion diode at a repetition
rate of 1 Hz. The main components of the pulsed
power generator are an input source, a Marx gen-
erator and a pulse forming line(PFL). A block
diagram of pulse power system is illustrated in
Fig.1.

Input Source
Marx

Generator

300 kV
36.7 nF
1.65 kJ

PFL
Output
Voltage

Characteristic 
Impedance

Pulse 
Duration 60 ns

200 kV

4 Ω

Ion 
Diode

100 V
100 A

( 10 kVA )

100 V
100 A

( 10 kVA )

Fig.1 Block diagram of pulse power system.

The PFL consists of a single coaxial transmis-
sion line and is filled with the deionized water
as a dielectric. The capacitance and inductance
of the PFL are 7.4 nF and 122 nH, respectively.
The designed characteristic impedance Z and the
electrical length T0 of the PFL are 4 Ω and 60
ns, respectively. The PFL is charged positively
by the developed high repetition rate Marx gen-
erator with the output voltage 300 kV and the
stored energy 1.65 kJ at a charging voltage of 50
kV. The output of the designed PFL is the posi-
tive pulse of voltage 200 kV with pulse duration
of 60 ns.

Figure 2 shows a circuit diagram of the high
repetition rate Marx generator. The generator
consists of basically an inductor for current lim-
iter, a transformer with winding ratio 1:500, a
rectifier(diode), and 3-stage Marx generator us-
ing inductors instead of charging resistors. The
Marx generator is charged to the charging volt-
age of 50 kV through the transformer. The tri-
gatron spark gap switch and the field distortion
spark gap switch were used as the switch of the

Marx generator. The capacitor of Marx genera-
tor is resonantly charged by replacing the charg-
ing resistors with the inductors of 0.67 mH. This
enables us to reduce the charging time and, con-
sequently, to operate the Marx generator in the
repetitive mode. For overcurrent protection of
the circuit elements including the transformer and
the rectifier, the inductor(L1) of 5 mH for the
current limiter is connected in series with the low
voltage side of the transformer.

L1

Trans

To Load

Diode L2 L2 L2

L2

L2 L2 L2

L2 L2

C

C

C

C

C

C

To Load

Diode L2 L2 L2

L2

L2 L2 L2

L2 L2

C

C

C

C

C

C

1：500

AC 100 V

100 A

SW

Fig.2 Circuit diagram of repetitive Marx generator.

Next, let us explain the sequence of operation of
the high repetition rate Marx generator. Figure
3 illustrates the rough waveform of the charging
voltage. The capacitors of the Marx generator is
charged up to the setting value after the input
power turns on((1) in Fig.3). When the charg-
ing voltage reaches the setting voltage, the input
power is switched off and, subsequently, the Marx
generator is discharged by applying the trigger
pulse to the switch((2), (3) in Fig.3). After dis-
charging is finished, charging of the Marx gener-
ator is started again((4) in Fig.3).

Power 
ON

time

C
ha

rg
e 

V
ol

ta
ge

V

Trigger 
ON

Power 
OFF

Power 
ON

(1)

(2)

(3)

(4)

Fig.3 Sequence of operation of repetitive Marx gen-
erator.

3 Experimental Results

Figure 4 shows typical waveforms of the input
voltage (Vin), input voltage of transformer (VTr)
and current of transformer (I) during the charg-
ing process. In the initial stage of the charging
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process(Fig.4(a)), the phase difference between
Vin and I is caused by the influence of the inductor(L1)
and is around π/2. On the other hand, Vin and
I are in phase at the end of the charging process
as seen in Fig.4(b). It is evident from Fig.4 that
the current is lower than the rated current 100
A of the transformer and that the inductor L1

functions as the current limiter.
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Fig.4 Typical waveforms of Vin, VTr and I (a) in the
initial stage of and (b) at the end of the charging
process.

In order to evaluate the repetition rate of the
developed Marx generator, the time history of the
charging voltage during the charging process was
measured and is shown in Fig.5. The repetition
rate of the system is defined as the inverse num-
ber of the charging period, i.e., the time Marx
generator is charged up to the rated output volt-
age(50 kV) of the transformer when the rated in-
put voltage is applied. We see from Fig.5 that
the charging period is around 1500 ms, hence the
repetition rate of this system is evaluated to be
0.67 Hz.
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Fig.5 Typical time history of the charge voltage.

Figure 6 shows the time history of the input
energy(Ein) and the energy stored in the Marx
generator(Ech). Ein and Ech were calculated by
the following equations:

Ein =
∫

(Vin · I)dt,　 Ech =
1
2
CVch

2

where C and Vch are the capacitance 36.7 nF and
the charging voltage of the Marx generator, re-
spectively. The energy efficiency of the system is
defined as ξ = Ech/Ein. The dependence of the
energy efficiency on the input voltage is summa-
rized in Table I. The obtained energy efficiency is
ξ � 95 %. From Table I it is found that the en-
ergy efficiency tends to decrease with the increase
of the input voltage. The energy loss is consid-
ered to be due to the resistance of the inductor
L1 for the current limiter.
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Fig.6 Time history of the input energy(Ein) and the
charging energy(Ech).

Table.1 Dependence of the energy efficiency on the
input voltage.

Input voltage (V) Energy efficiency (%)

30 95.8

40 95

50 94

Figure 7 shows typical output voltage waveform
of the developed Marx Generator. The pulse volt-
age was measured by the resistive voltage divider
placed in the PFL. From Fig.7, it is found that
the peak voltage and the FWHM of the pulse are
∼120 kV and 200 ns, respectively. Considering
that the charging voltage per stage is 40 V, the
measured voltage is in good agreement with the
theoretical calculation.
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Fig.7 Typical output voltage waveform of Marx gen-
erator.
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4 Summary

The repetitively pulsed power generator, which
consists of a Marx generator with a new config-
uration and a pulse forming line, have been de-
signed and developed to operate the ion diode
at a repetition rate of 1 Hz. From the evalua-
tion of the developed Marx generator, the pulsed
power generator can operate with repetition rate
of around 0.7 Hz. To improve the repetition rate
the charging time of the Marx generator should
be reduced. After the improvement of the de-
veloped generator, it will be applied for an ion
diode.
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ABSTRACT 

SiC power devices are predicted greatly exceeding performance of existing semiconductor devices, and can expect the 

applications of MHz level repetitive high voltage modulator. This paper reports an initial experiment on evaluation of the 

switching characteristics of SiC-JFETs. The measurement was carried out by outputting pulse high voltage of 1kV with 200 ns 

pulse width. With load resistance of 223 Ω, turn-on time of 17.7 ns, turn-off time of 34.9 ns and  switching loss of 60 μJ were 

obtained respectively. And these characteristics were also measured at the element temperature of 200 degrees. In addition, 2 kV 

switching operation was obtained by 2 series connection of SiC-JFET. 

 

 

1. Introduction 

In generally, Si semiconductor devices has been used for  

pulsed power generators. Especially, Si-MOSFET is used for the 

high repetitive pulsed power generator which needs a several 

hundred kHz repetitive operation. The switching capability of a 

one Si device is lower than the demand of pulsed power generator. 

Therefore, increasing the switching capability by multistage series 

connection of device is necessary to satisfy the demand. However, 

this method leads to increasing of switching loss and hugeness of 

the system by switching device. To solve these problems 

fundamentally, improving allowable power of the device is 

necessary. But it is difficult to hope the capability improvement of 

Si device. Because these are restricted by the physical property of 

Si semiconductor. 

Recently, silicon carbide (SiC) which is one of the wide band 

gap semiconductor is attracts attention, since the material property 

values of the SiC semiconductor greatly exceed the Si 

semiconductor's one. When SiC is applied to power device, it is 

possible to make the high power device which is low on-time 

resistance and is stable in the high temperature. As a result, it can 

be expected  drastic miniaturization and performance 

improvement of the above pulsed power generator systems. 

In this paper, the characteristics of SiC-JFET which is one of 

the SiC power device is studied. We have paid special attention on  

switching speed, on-time resistance, switching loss and high 

temperature characteristics. These characteristics are important for 

utilizing in the pulsed power. In addition, the switching 

characteristic of 2 series connection is reported. 

 

2. SiC-JFET 

Figure 1 shows the photograph of the SiC power device used in 

this experiment. It is a SiC-JFET made by SiCED Electronics 

Development GmbH & Co.KG. As shown in the photograph, 

general TO-220 type package is used with this SiC-JFET. The  

withstand voltage and maximum current (DC) are 1500 V and 5A, 

respectively.  

Junction FET is normaly-on device. In the experiment, it is 

necessary to know the threshold voltage which makes  SiC-JFET 

off-state. Therefore, static behavior of SiC-JFET was measured in 

preliminary experiments. As a result, changing off-state from 

on-state of this JFET was confirmed at the gate voltage between 

-22 V and -23 V.  

 

 

 

Fig. 1  Phograph of the SiC-JFET 

used in this experiment. 

 

3. Switching characteristics of SiC-JFET 

3.1   Measuring circuit     The schematic circuit diagram 

for measurement of switching characteristics is shown in Figure 2. 

From the result of static behavior, rectangle wave below -24 volts 

was used as the gate-source voltage to make SiC-JFET off-state. 

Then, each experiments were carried out at room temperature of 

20 degrees, except for the measurement of high temperature 

characteristics. 
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Fig. 2  Circuit for measurement of SiC-JFET switching characteristics. 

 

3.2   Measurement of on-time resistance   

The experimental conditions for measurement of the on-time 

resistance are shown in Table 1. The capacitor C was charged up to 

1 kV by the DC power supply, the drain-source voltage VDC and the 

load resistance voltage VRL were measured. The drain current ID 

was calculated from the VRL, and the on-time resistance was 

obtained from the VDS and ID. For calculating the on-time 

resistance, it is important to measure VDS exactly.  

 

Table 1  Experimental conditions of 

                 measurement of on-time resistance. 
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Fig. 3  Waveform of calculated 

 gate-source voltage (a) and on-time resistance (b). 

 

Then, the measurement circuit which consist of series connection 

of 10 V zener diode and 125 kΩ current limitation resistance was  

parallelly connected with SiC-JFET. Therefore, since VDS is 

clamped in the Zener voltage, it is possible to measure VDS by the 

low voltage probe which is good frequency characteristics. 

The waveform of the gate–source voltage and calculated on-time 

resistance RON at the 20 μs pulse width are shown in Figure 3. Due 

to the stray capacitance of the circuit and frequency characteristics 

of the probe, waveform of on-time resistance has not been 

stabilized shortly after turn-on. But the minimum value 0.32 Ω of 

on-resistance was obtained after 10 μs from turn-on. 

 

3.3 Single and repetitive operation    The experimental 

conditions at the single and repetitive operation are shown in Table 

2. 

 

Table 2  Experimental conditions of 

                 single and repetitive operation. 

 

 

 

 

 

 

 

 

 

 The waveform of gate-source voltage VGS and drain-source 

voltage VDS at the single operation are shown in Figure 4. Turn-on 

time and turn-off time were 17.7 ns and 34.9 ns, respectively. 

The waveforme of VGS and VDS at the repetitive operation are 

shown in Figure 5. This is the same as the shape of waves at the 

single shot operation excluding 100 ns the Pulse time width.. In 

Figure 5, one period of VDS waveform was 250 ns. Therefore, 4 

MHz repetitive operation can be confirmed. 

 

3.4   The calculation of switching loss    The switching loss 

was calculated by integrating power which was calculated by the 

multiplication of VDS and ID which were measured by the 

single-operation described in the previous section. The waveform 

of calculated switching loss is shown in Figure 6. From this result,  

the switching loss of about 60 μJ was obtained. This value is 

almost equal compared to switching loss of nearly same rating 

Si-MOSFET like a 2SK2611. 

 

VDC    1 kV         RG      2.5 Ω 

CDC   10μF         CG      300 μF 

RC    15 kΩ        VG      -24 V 

RLOAD   223 Ω      Pulse Width  20 μs 

VDC       1 kV      RG      2.5 Ω 

CDC      10μF      CG      300 μF 

RC       15 kΩ     VG       -30 V 

RLOAD     223 Ω     Pulse Width 

Repetition  4 MHz    single     200ns 

  Rate    (Burst)     repetitive  100ns 
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Fig. 4  Waveforms of drain-source voltage (a) and 

gate-source voltage (b) at single operation. 
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Fig. 5  Waveforms of drain-source voltage (a) and 

gate-source voltage (b) at repititive operation. 
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Fig. 6  Waveform of calculated  

       switching loss of SiC-JFET 

 

  3.5  High temperature characteristics    In this experiment, 

high temperature characteristics of SiC-JFET were measured with 

heating back plate of the element up to 200 degrees by electric 

heater. The experimental conditions for measurement of high 

temperature characteristics are shown in Table 3.  

First of all, the on-time resistance was measured, and the 

minimum value 1.1 Ω was obtained. 

 

Table 3  Experimental conditions of 

measurement of high temperture characteristics. 

 

 

 

 

 

 

 

 

 

 

The waveform of VDS, VGS and the calculated switching loss are 

shown in Figure 7. 

Turn-on time and turn-off time of VDS were 27.2 ns and 59.8 ns, 

respectively. The VGS waveform is only that the ringing amplitude 

changes a little in comparison with Figure5, switching speed is  

almost same. But turn-on and turn-off time of VDS slowed down 

about 10-25 ns. This cause is thought that the resistance of the 

channel seems to increase due to the rise in the element 

temperature. The switching loss was increased about 25 μJ. 

However, the MHz-level switching is practicable even in the above 

characteristics. It is considered that the above characteristics 

deterioration dosen’t become a hardly probrem in the operation . 

 

  3.6   2 series connection    The switching characteristics of 

2 series connection SiC-JFET was measured. The experimental 

conditions are shown in Table 4. 

At first, the problem of the voltage unbalance was occurred. 

However, it was solved by adjusting the turn-on and turn-off time 

of the VGS to equalize the VDS switching speed of each SiC-JFET. 

2 kV switching waveform by 2 series connection SiC-JFET is  

shown in Figure 8. Turn-on time and turn-off time were 49 ns and 

76 ns, respectively. 

 

VDC       1 kV       RG    2.5 Ω 

CDC      10μF       CG    300 μF 

RC      15 kΩ       VG    -30 V 

Pulse Width  200 ns     RLOAD    223 Ω  
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Temperature  200  
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Fig. 7  Waveforms of drain-source voltage (a), 

   gate-source voltage (b) and calculated switching loss (c). 
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Fig. 8  Waveform of 2 kV switching  

by 2 series connection SiC-JFET.  

 

 

Table 4  Experimental conditions of measurement of 

 the switching characteristics of  

2 series connection SiC-JFET 

 

 

 

 

 

 

 

 

4. Summery 

The switching characteristics of SiC power device was studied for 

application to high repetitive pulsed power generator.  

 The drain-source on-time resistance of about 0.32 Ω was obtained. 

Repetitive operation at 4 MHz was confirmed. With operating at  

1 kV and load resistance of 223 Ω, the turn-on time of 17.7 ns, and 

turn-off time of 34.9 ns were obtained, respectively. Then, the 

switching loss of about 60 μJ was obtained. 

 High temperature characteristics of 200 degrees were measured. 

The drain-source on-time resistance of about 1.1 Ω was obtained. 

Turn-on time and turn-off time of VDS were 27.2 ns and 59.8 ns, 

respectively. Therefore, the switching loss of about 85 μJ was 

obtained. Each characteristics was deteriorated in comparison with 

the result of the measurement at 20 degrees. However, it seems to  

not large problem, because the MHz-level repetitive operation is 

practicable even in these characteristics. 

 Finally, 2 kV switching characteristic by 2 series connection of 

SiC-JFET was measured. Turn-on time and turn-off time were 49 

ns and 76 ns, respectively.  
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ABSTRACT 

 

The Pulsed power generator using SOS (Semiconductor Opening Switch) is one way to generate high 

voltage short pulse.  In general, the repetitive rate of the pulsed power generator using SOS was 

restricted up to 100 [kHz] by frequency characteristics of magnetic cores.  For further improvement 

of repetition rate, we developed a pulsed power generator that all switching devices are semiconductor 

device.  In this circuit, forward current of SOS is supplied by DC to shorten its operation duration.  

Initial test was carried out and ~9.8 [kV] of output voltage is obtained at 1 [k ] of resistive load.  

Repetitive rate of this circuit achieved 500 [kHz]. 

 

I. Introduction 

  Pulsed power generator, which has several decades 

kV of output voltage and several decades  100 ns of 

pulse duration, is often used to generate nonequilib- 

rium plasma in electric discharge at atmospheric 

pressure.   It has attractive futures for sterilization, 

surface treatment, treatment of toxic substance, and 

new method of material engineering, and so on.  

Therefore, development of pulsed power supply which 

generates high voltage short pulse has been required.   

  Pulsed power supply which is based on the 

inductive energy storage system is part of high voltage 

short pulse generator.  In this system, the current of 

inductor is rapidly cut off by an opening switch, and 

the induction voltage is generated by current 

interruption of inductor.  If the characteristics of 

opening switch is superior (e.g. rapidly current 

interruption, high withstand voltage, and large current 

capacity), the high voltage short pulse is obtained.  So 

the high voltage short pulse is output to the load at 

inductive energy storage system.  And, the pulse 

width of high voltage short pulse is very short, so high 

repetitive rate of generator is desirable for obtaining 

continuous output.   

  The diodes have characteristics of current 

interruption if reverse current flows after flowing of 

forward current.  The diodes are able to be used as 

opening switch by using this characteristic.  

Semiconductor opening switch (SOS) which is 

developed in Russia in recent years is suitable for 

opening switch of pulse power supply.  SOS is 

Semiconductor device, so its life and ability of 

high-repetitive operation is favorable compared with 

traditional opening switch.   

  The traditional pulse power supply using SOS use 

magnetic switch, so the period of time which reset 

magnetic core to initial condition is required every 

operation1)
.  Therefore, repetitive rate of SOS is 
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Fig. 2 Experimental circuit 

limited to about 100 kHz
2)

.  The circuit where all 

switching devices are constructed by semiconductor 

device is designed for enhancement of repetitive rate.  

Furthermore, the forward current which is generally 

supplied by half-sine wave is supplied as direct current 

for improvement of repetitive rate.   

  In this paper, details of this circuit and initial test 

results are described.   

II. Operation method of SOS 

Repetitive pulsed power generators which use SOS 

usually employ magnetic switches.  The magnetic 

core of magnetic switch is saturated by operation.  

For use magnetic switches again, it is necessary to 

reset magnetic core to initial condition.  Heretofore, 

the reset operation is done by direct current or pulse 

current.  The repetitive operation is limited by such a 

period of time of reset.   

To lift restriction due to frequency characteristics of 

magnetic core against repetitive rate, it is thought that 

replacement of magnetic switches by semiconductor 

switching device which is able to operate high-speed 

operation (e.g. MOSFET).  Switching capability of 

these semiconductor devices is lower than the 

magnetic switch.  Therefore, the output power of 

every shot is also low.  However, the average power 

is able to increase by increasing repetitive rate.   

The following process is necessary for operation of 

SOS.  At first, the forward current flows through the 

SOS.  After that, the reverse current flows through 

the SOS.  After that, the SOS operates as an opening 

switch.  In general, the forward current is supplied as 

half-sine current pulse at every operation.  However, 

the forward current is supplied as DC current at this 

time.  From this change, the enhancement of 

repetition rate becomes available.   

Figure 1 shows the proposed circuit.   

 

Fig. 1 Proposed circuit 

  This circuit consists of forward current supplying 

unit on the left side of SOS, reverse current supplying 

unit on the right side of SOS, and the resonance 

charger.   

  In the proposed circuit of Fig. 1, the forward current 

is always supplied as DC current.  So the operation of 

forward current supplying is not necessary every shot 

and SOS can operate by only operation of reverse 

current supplying.  Therefore, the period of time that 

is required for obtaining high voltage short pulse is 

able to become shorter, and repetition rate can be 

higher.   

.  Experimental circuit and circuit operation 

The actual experimental circuit is shown in figure 2.   

The forward current supplying unit consists of C0, 

SOS LOAD

C2C1

L2L1

+

+
Resonance
Charger

R1SW1 SW2
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R0, C1, SW1, D0, R1, and L1.  SW1 consists of 2 

parallel MOSFETs of type DE475-501N44A (IXYS).  

D0 is diode of type 1N6515 (Voltage Multiplier INC.).  

This section supplies rectangle current pulse by CR 

discharge of R0, R1, C0, and C1.  SW1 and D0 are 

added for burst mode operation.  

  The reverse current supplying unit consists of C2, 

SW2, D2, and L2.  SW2 consists of 2 parallel and 2 

series MOSFETs of type DE475-501N44A (IXYS).  

D2 is diode of type 1N6515 (Voltage Multiplier INC.).  

The resonance charger consists of C3, SW3, D3, and L3.  

SW3 consists of 2 parallel and 2 series MOSFETs of 

type DE375-102N10A (IXYS).  D3 is diode of type 

K25UF (Voltage Multiplier INC.).  The SOS consists 

of 6 elements of SOS-60-4 (High Current Energy 

Institute, Russian Academy of Science).   

The circuit operation is described as follows with 

circuit operation.  Table 1 shows experimental 

conditions.   

Figure 3 shows initial operation waveform of ISOS 

and VSOS obtained at 100 [  of resistive load.   

Figure 4 shows part steady operation waveforms at 

100 [  of resistive load.   
 

Table 1 Experimental conditions 

V1 (charging voltage of C0) 300 [V] 

V2 (charging voltage of C3) -750 [V] 

Period of resonance charging 750 [ns] 

The pulse width of reverse 

current 

600 [ns] 

Repetitive frequency 500 [kHz], (30 shot 

burst mode) 

 
 

Fig. 3 Initial operation waveform obtained  

at 100 [  of resistive load  

 

 

 

Fig. 4 Part steady operation waveforms obtained  

at 100 [  of resistive load  
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 Initially, the C0 and C3 are charged up to V1 and V2 

respectively by DC power supplies.   

  The circuit operation can be described by following 

3 phases.   

1. The initial phase of operation 

  SW1 is turned off, SW2 is turned on, and SW3 is 

turned off before operation.   

  At first, SW1 is turned on.  Then the forward 

current flows through the SOS shown in Fig. 3.  

Hereafter, SW1 is kept on until the burst operation 

finishes.   

2. When SW2 is turned off and SW3 is turned on 

  In this phase, C2 which is source of reverse current 

is charged by resonance charger.  After charging, the 

phase makes the transition to phase 3.  At the same 

time, this phase is period of forward current flowing 

through the SOS at continuous operation.   

3. When SW2 is turned on and SW3 is turned off 

  In this phase, C2 had been charged in initial.  So 

this phase differs from phase 1.  Therefore, the 

current due to the LC resonance of C2 and L2 flows to 

the SOS when switching of SW2.  The current 

supplied from C2 is higher than the forward current.  

Therefore, the forward current of SOS is canceled and 

the reverse current flows to the SOS.   

  As results of these phases, reverse current follows 

trapezoidal forward current flows through the SOS.  

And then, this reverse current is interrupted and high 

voltage pulse arises to the load.  The output voltage is 

mostly applied to the LOAD, L1, and L2.  So the 

output voltage does not destroy the circuit element (e.g. 

MOSFETs, Diodes).   

  After the current interruption of SOS, the stored 

energy of C2 and L2 is discharged to the load.  And 

the phase makes transition to phase 2 by switching of 

SW2 and SW3.  Then, the stored energy of C2 is kept; 

on the other hand, the storage energy of L2 is absorbed 

by snubber of SW2.   

  The high voltage short pulse can generate 

repetitively by repeat of the phase 2 and 3.   

. Experimental result and discussion 

Figure 5 shows waveforms of VSOS obtained at 100 

[ ] of resistive load.   

 

Fig. 5 Waveform of VSOS obtained  

at 100 [  of resistive load 

In fig. 5, there is a difference of peak value of output 

voltage at initial operation.  These differences blow 

over after few shots.  So it is confirmed that stable 

output is available at 500 [kHz].   

The pulse width of forward current is different at 

primary stage of operation.  It causes that the forward 

current pulse width which longer than the following 

shots the difference of peak voltage.  The forward 

current become stable after few shot, so the peak value 

of output voltage becomes stable too.   

Figure 6 shows waveform of VSOS obtained at 1 
[k ] of resistive load.   

 
Fig. 6 Waveform of VSOS obtained at 1[k ]  

of resistive load 
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  From fig. 6, the peak value of output voltage is 

higher than that is at 100 [ ] of resistive load.  The 

output voltage becomes stable after few shot alike.  It 

is shown that the 500 [kHz] operation is available at 

varied resistance of load.   

  Figure 7 shows extended view of the waveforms of 

ISOS and VSOS at current interruption of SOS at 1 [k ] 

of resistive load.   

 
Fig. 7 Expanded operation waveform of ISOS and VSOS 

obtained at 1 [k  of resistive load  

  From fig. 7, the rise time, FWHM, and peak voltage 

are 14 [ns], 14.4 [ns], and 9.78 [kV], respectively.   

  Next, the repetition rate is discussed.  The phases 2 

and 3 are necessary for repetitive operation.   

  The phase 2 is the period of time of resonance 

charging.  The phase 3 is the period of time of reverse 

current pumping and discharging of storage energy to 

the load.  The repetitive rate is able to be improved 

by decrease of these three phases.   

  The period of time of resonance charging and 

reverse current pumping depends on circuit constants.  

To make the period of time short, it is necessary to 

change the circuit constants.   

  The discharging duration of storage energy to the 

load is able to make short by shorten on-time of SW2.  

But many storage energy stay in the circuit if this 

period of time is become short.  So the snubber 

capacity had to be increased for protection of SW2.   

  The experimental result at 100 [ ] of resistive load 

is used for evaluation of energy transfer efficiency of 

this circuit.  The released energy of C2 every time is 

used as normal for calculation of efficiency.   

  The released energy from C2 is 19.6 [mJ], and the 

discharged energy for load is 2.75 [mJ].  Therefore, 

energy transfer efficiency of output is calculated at 

about 14%.  The rest of energy that is about 86% is 

consumed as a heat in the circuit.   

  The factors of dissipation of this circuit are SOS, 

SW2, and R1.  At the current interruption of SOS, a 

part of current through the SOS is transferred to the L1.  

The transferred current of L1 is used for forward 

current and consumed in the R1.  So R1 is defined as 

factor of dissipation.  The loss SOS, SW2, and R1 are, 

respectively, 6.75 [mJ], 2.19 [mJ], 4.79 [mJ].  These 

losses depend on circuit parameters.  So the loss is 

able to be decreased as far as it goes by adjustment of 

circuit parameters.   

  If the loss is too much, the idle period is needed to 

cool circuit while operation.  So the circuit can 

operates burst operation only.  Therefore, it is 

necessary to discuss of improvement of efficiency.   

.  Conclusion 

  A new operation method of SOS, which is 

characterized by full semiconductor switching and DC 

supply of forward current, has been proposed.  High 

repetition has been demonstrated by experimental 

results.   

  The circuit is successfully operated at 500 [kHz] of 

repetition rate in burst mode.  The stable operation is 

available for different load resistance.  However, 

improvement of energy efficiency and adjustment of 

circuit parameters are necessary as future 

development.   

From these results, the proposed operation method 

is proved to be effective for enhancement of repetition 

rate of SOS based pulsed power generator.   
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Abstract 

 

Stabilization of transient glow discharge in microgap electrodes with miniature helium gas flow was discussed 

experimentally. Various types of the cathode electrodes including a needle, sphere and flat plate were examined 

from the viewpoint of extending the sustaining duration of the transient glow discharges. The flat plate cathode 

with a smooth surface was the most advantageous for obtaining the long duration transient glow discharge. The 

effect of the waveform of driving pulsed voltage was also investigated utilizing a newly designed burst pulse 

generator with a nonlinear transmission line. We proposed a novel technique of driving with a fast high-voltage 

pulse train and successfully confirmed its effect of suppressing a glow-to-arc transition. 

!

I. Introduction 

An atmospheric pressure glow discharge (APGD) attracts 

significant interests of many researchers in the field of 

plasma applications, because of its special features 

appropriate for industrial applications [1]. To obtain stable 

APGDs, a key issue is the suppression of a glow-to-arc 

transition. A number of attempts have so far been made to 

realize effective suppression of the glow-to-arc transition, 

such as forced cooling of electrodes, utilization of high 

frequency voltage, dielectric barrier discharges, and 

external electron sources [2-4]. However, the stabilization 

mechanism of APGD has not been fully investigated. 

In recent years, utilization of microplasmas, which were 

produced in the microgaps of 10-1000µm in electrode 

separation, was proposed as a promising candidate to 

obtain stable APGDs. The small size of the microplasma 

obstructs the growth of spatial instability. In addition, the 

microplasmas have a very large specific surface area. This 

enhances the energy losses to the wall or ambient gases, 

consequently the microplasmas are usually in a 

non-equilibrium state. The non-equilibrium plasmas with 

the small scale have advantages for the applications of 

plasma chemistry and plasma processing, such as maskless 

etching of silicon, surface modifications of polymeric film 

substrates, plasma sterilization and so on [5-8].  

Schoenbach et al. proposed a micro hollow cathode 

configuration to generate the high density APGD [9]. T. 

Yokoyama et al. reported the utilization of a miniature gas 

flow to obtain direct current APGDs with helium and 

argon [10]. Their method is advantageous for applications 

such as thin-film deposition and plasma fine processing 

because the microplasma is generated without a confining 

wall. Although a simple apparatus of the direct current 

driving method is preferable for the industrial applications, 

the difficulty in controlling the injection energy to the 

microplasma narrows the application area. 

To obtain the high power APGD, we propose to utilize a 

transient glow micro discharge with short pulsed voltage 

[11]. The transient glow discharge is one of the most 

well-known techniques to obtain the high pressure glow 

plasma in which the pulsed voltage is made zero before the 

glow-to-arc transition. It is possible to generate the high 

power density glow plasma. In the previous study, we 

reported the preliminary experiments for the generation of 

transient glow microplasmas and illustrated the possibility 

to obtain high power transient glow APGDs [11]. In the 
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case of the atmospheric pressure discharge in microgaps, 

the transient glow discharge is sustained for the duration 

of the order of typically 100ns [11]. However, it is not 

easy to obtain such an extremely short pulse with the 

conventional power semiconductor devices. The repetition 

frequency of the driving circuit limits the average injection 

power below few watts. In this paper, we propose a novel 

driving technique using burst pulse generator with a 

nonlinear transmission line to realize high average power 

operation of the transient glow microplasma. The 

stabilization of the transient glow discharge in the 

microgaps with various shapes of cathode was also 

investigated to obtain the transient glow discharge with the 

long sustaining duration. 

 

II. Experimental Setup 

The miniature electrode system was assembled in 

con-junction of a stainless steel nozzle anode and several 

kinds of metal cathodes, which include a sphere and a 

needle of tungsten carbide and plane plate made of 

stainless steel or molybdenum as shown in Fig.1. The 

diameter of the sphere was 2mm or 1mm. The radius of 

curvature of the needle was 50µm. The inner and the outer 

diameter of the nozzle electrode were 190µm and 350µm 

respectively. Helium flowing out of the nozzle was fed 

between the electrodes in air. A mass flow controller 

adjusted the helium flow rate ranging from 30 to 200sccm. 

The electrodes were placed on the micro positioning stages 

to control the electrode separation in the range of micron 

order. The applied voltage to the electrodes was monitored 

using a high voltage probe. A current monitor was used to 

measure the discharge current. The voltage and the current 

waveforms were recorded by a digital storage oscilloscope. 

The macroscopic behavior of the discharge was monitored 

using a CCD camera with a microscope lens because the 

size of microplasmas was below 1mm, which is difficult 

for naked eyes to recognize. An image intensified CCD 

(ICCD) camera was used to observe temporal and spatial 

behavior of the discharges. To investigate detailed 

characteristics of the microplasma, a spectrometer was 

also used. 

 

III. Pulse Generator with Nonlinear Transmission Line 

In the previous study, we used a pulse forming line (PFL) 

scheme using 3C-2V coaxial cables to obtain high-voltage 

short pulses [11]. Although the PFL is superior 

configuration to produce the fast rectangular high-voltage 

pulses, the size of the pulse generator becomes large 

because of the utilization of the coaxial cables. The size of 

the generator is an important factor to realize the industrial 

applications of the microplasma in various fields. In this 

study, we developed a pulse generator that consists of a 

pulse forming network (PFN) and a nonlinear transmission 

line (NLTL). The PFN, which consists of a linear LC 

ladder circuit and high-voltage switching devices, is 

favorably compact and can be utilized to generate high 

voltage pulses having 90 to 1000ns of the pulse width. To 

realize repetitive operation of up to 1kHz and the output 

voltage, which is high enough to drive discharges in the 

microgaps, three fast high-voltage power semiconductors 

of IGBT (SIEMENS BUP313) are connected in series as 

the switching devices. The rated voltage of the IGBT is 

1.2kV and the stacked switching device is safely operated 

up to 3kV. 

The NLTL is composed of a ladder circuit with air-core 

inductors and nonlinear capacitors of which characteristics 

are depending on the voltage as shown in Fig.2. The 

nonlinear capacitors are not commercially available 

because capacitors are usually specified to use in the 

region of constant capacitance. We used chip monolithic 

 

Fig.1 Configuration of the microgap electrodes. 

 

Fig.2 C-V characteristics of the ceramic capacitor. 
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ceramic capacitors as nonlinear elements. The laminating 

structure of thin ferroelectric ceramics layers makes 

dielectric breakdown voltages high enough to establish 

strong nonlinear characteristics. Fig.3 shows a block 

diagram of the pulse generator. A rectangular high voltage 

pulse generated by the PFN is fed into the NLTL, in which 

the input voltage pulse propagates as a nonlinear wave and 

changes its temporal shape and finally it breaks up into 

several burst pulses with short duration [12]. 

Generally, it is difficult to obtain impedance matching 

completely between the generator and the load. Therefore, 

we added a reflected wave absorption circuit to eliminate 

the unwanted wave that was originated from the 

impedance mismatching as show in Fig.3. Fig.4 shows a 

typical voltage and current waveform of the pulse 

generator. The initial rectangular pulse with 300 ns 

duration generated by the PFN becomes the pulse train of 

three large solitary waves having 40ns pulse width in 

FWHM and followed by two small amplitude ripples. The 

interval of each solitary wave is 80ns. It is noted that the 

circuit parameters of the NLTL and the PFN should be 

adjusted as appropriate value to minimize the energy loss 

caused by the ripple generation. 

 

IV. Effect of The Cathode Shape 

We examined transient glow discharges using the four 

kinds of cathode as shown in Fig.1. Stable glow discharges 

are characterized as the appearance of non-zero sustaining 

voltages and negative glow emission covering the cathode 

surface uniformly. Fig.5 shows the CCD photographs of 

the transient glow discharges for each cathode, which is 

covered with uniform emission light. However, the 

duration of the transient glow discharge varied with the 

cathode shape. Although the applied voltages were the 

rectangular pulses with a pulse width of 1µs, which were 

the output from the PFN in the circuit shown in Fig.3, the 

duration of the transient glow was approximately 70ns for 

the needle cathode, 100ns for the sphere one. On the other 

hand, it was 1µs for the flat plate cathode. We can 

conclude that the glow discharge with longer duration is 

obtained using the cathode with a flat surface. Fig.6 shows 

the gap voltage and the discharge current waveforms for 

the discharge with the flat plate stainless steel cathode. 

The injected energy into the discharge calculated by 

integrating the products of the voltage and the current is 

20mJ. The average power reaches 20W for the repetitive 

operation of 1kHz, while the direct current operation of the 

atmospheric pressure glow discharge with similar 

electrode configuration is operated below the injection 

power of a few watts [10]. 

 

Fig.3 Block diagram of the pulse generator. 

 

Fig.4 Typical voltage and current waveform 
 of the pulse generator. 

 

Fig.5 ICCD photographs of the transient glow discharge 

for various cathode shapes. 

 

Fig.6 Voltage and current waveform of transient glow 

discharge with the plain shape stainless steel cathode. 
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The surface roughness of the flat panel cathode also 

affects the stability of the transient glow discharge. When 

a flat plate cathode has the rough surface, the glow 

discharge transits easily to arc at the beginning of the 

discharge. The discharge is gradually stabilized as a 

certain time has elapsed from the beginning. Finally, the 

stable transient glow discharge is established. Fig.7 shows 

the required elapsed time on the surface roughness 

parameter 
a
R for the discharge with the cathodes made of 

molybdenum or stainless steel. 
a
R  is calculated by 

averaging roughness-height from a mean centerline of 

surface profile. The temporal change in the discharge 

using the molybdenum cathode during the stabilization 

process is shown as a set of the CCD photographs. The 

exposure timing is indicated in the figure. The discharge 

with the stainless steel cathode develops into stable glow 

in shorter time than that with molybdenum one owing to 

the difference of the melting point. The rough cathode 

surface has melted because it is heated by the unstable 

discharges before the glow-to-arc transition. Consequently, 

it becomes smooth surface and the stable glow discharge is 

formed. It takes longer time for molybdenum cathode 

having high-melting point material to melt and to become 

smooth surface. 

 

V. Effect of The Driving Voltage Waveform 

As described in the former section, the use of the flat 

plate cathode makes it possible to sustain the long duration 

transient glow discharge and to establish high average 

injection power. From the viewpoint of the industrial 

applications, however, the cathodes with a variety of 

shapes are required according to their aims. To obtain 

transient APGD keeping the injection energy high 

regardless of the electrode shape, we proposed a high 

voltage pulse train driving technique, in which successive 

pulses with short duration are applied between the 

electrodes. 

The stability of the glow discharge powered by the 

pulsed applied voltages is improved utilizing highly 

repetitive operation because of the effect of residual 

charged particles and/or excited state atoms and molecules 

in discharge space. When the microdischarges with the 

fast miniature gas flow, however, the residential time of 

the gas between the electrodes is so short that no effect to 

stabilize the discharge is expected with the repetition rate 

of 1-5kHz. In this study, the residential time of the helium 

is estimated to be 1.2-6.0µs for the flow rate of 100sccm, 

and the repetition frequency of over 1MHz is required. It 

is difficult to realize such a high-repetitive operation using 

conventional semiconductor power devices as switching 

 

Fig.7 Operation time required for stabilizing discharge. 

 

Fig.8 ICCD photographs and the voltage and the current  

waveforms of the transient glow discharge  
powered by the pulse train. 
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devices. In addition, thermal instability may be induced for 

the continuous operation because of excess average input 

power. 

Utilizing the newly designed pulse generator with the 

NLTL, the high voltage pulse train is easily obtained from 

the single rectangular input pulse. The equivalent 

frequency of the pulse train is calculated as 12.5MHz from 

the interval of each pulse. The regulation of the average 

injection power is made by simply adjusting the repetition 

frequency of generating the rectangular input pulse. 

Fig.8 is a set of the ICCD photographs and the gap 

voltage and the current waveforms for the transient glow 

discharge powered by the high voltage pulse train. The 

exposure time of the ICCD is 10ns and the timing of the 

each frame is indicated as the frame number in the 

waveforms. The successive four transient glow discharges 

are appeared during the period of the pulse train. The 

emission intensity of the negative glow region of later 

phase decreases while the emission area expands. 

Assuming the axisymmetric discharge structure, the 

current density of the first, the second and the third pulse 

is characterized by the discharge current and the area of 

the emission. The calculated current density is plotted in 

Fig.9. The current density decreases with the order of the 

pulses. This indicates that the effect of highly repetitive 

operation is successfully obtained by driving with the fast 

pulse train although the residential time of the gas in the 

discharge gap is less than several micro seconds. 

To investigate the discharge development process, optical 

emission spectroscopy was carried out. Fig.10 shows the 

time-integrated spectra of the transient glow microplasma. 

Although the pure helium was fed into the microgap 

electrodes, strong emission spectra of the nitrogen 

molecule appeared and showed that the nitrogen 

contributed significantly to the discharge process. Fig.11 is 

a set of temporal behavior of the helium atomic spectrum 

of 587.6nm and the second positive system (SPS) of 

nitrogen molecule (337.1nm). The change in intensity of 

 

Fig.9 The average current density of the  

transient glow discharge. 

 

Fig.10 Time-integrated spectra of the 
transient glow microplasma. 

 

Fig.11 Temporal behavior of the helium atomic spectrum of 

587.6nm and the second positive system (SPS) 
of nitrogen molecule (337.1nm). 
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the SPS spectrum is synchronized with that of the 

discharge current oscillation. On the other hand, the 

helium line intensity gradually increases with the time. 

These results suggested that the helium in the excited state 

has enough long lifetime to enhance the discharge stability 

with highly repetitive operation. In order to confirm the 

advantage of generation of the transient APGDs powered 

by the high-voltage pulse train, the probability of the 

glow-to-arc transition was characterized by extracting 

random sample of thirty pulses from repetitive discharges. 

The results are summarized in Table 1. The burst pulses 

generated by the NLTL remarkably suppressed the 

glow-to-arc transition. 

 

VI. Summary 

 The stability of the transient glow discharge in the 

microgap electrodes with the miniature helium gas flow 

was investigated experimentally. The cathode shapes 

highly affected the duration of the transient glow discharge. 

The flat plate cathode with a smooth surface was suitable 

to extend the sustaining duration of the transient glow 

discharge and to establish high injection energy. The novel 

driving technique with high voltage pulse train was also 

examined. The burst pulse generator with the NLTL was 

developed utilizing chip monolithic ceramic capacitors as 

nonlinear capacitive elements. The pulse train driving 

technique suppressed the glow-to-arc transition 

successfully. 
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Abstract

We discuss two schemes to generate microplasmas using electrolyte cathodes in air. One is atmospheric glow 

discharge by direct current operation in air with the combination of an electrolyte cathode and a miniature gas 

flow system. Electrical discharges are operated in a nozzle-to-electrolyte electrode system where a gas with a 

small volume is placed in open space. Using miniature gas flow, stable glow discharges are generated with the 

electrolyte cathode. The other is negative corona discharge generated at the tip of Taylor cone. The Taylor cone 

is formed at the surface of liquid having viscosity, electrical conductivity, and moderated surface tension. 

Negative corona discharges develop in air at the tip of the Taylor cone or at the filament growing from there. 

I. Introduction 

 Microplasmas are generated by electrical discharges 

between electrodes in which a material with a small 

volume is placed. Gases are commonly used as a material 

to generate the microplasmas. However, dense 

microplasmas are useful for practical applications. They 

are generated easily using liquid, whose density is higher 

than that of gases. We reported previously to use a droplet 

[1] or a liquid filament [2] as the initial material of 

microplasmas. We observed that the discharge process 

developing from droplet to plasma is more complicated 

than that from gases. Plasmas are widely used in chemistry 

where chemical reactions often progress in the liquid 

phase. The additional energy can be supplied to the 

reactions in the liquid phase by electrical discharges. 

Non-thermal reactions assisted by high-energy electrons 

are also expected. Consequently, one needs more deep 

understandings of electrical discharges in the mixed phase 

of gases and liquid. The discharge with liquid specimens is 

often used to analytical techniques. Liquid is used as not 

only initial matter of plasmas but also discharge electrodes. 

Atmospheric dc glow discharges with electrolyte cathodes 

were reported fifty years ago[3]. The electrolyte cathode 

atmospheric discharges are used for the analytical 

techniques and the surface treatment to obtain functional 

materials[4][5].  

In this paper, we discuss two new schemes of generating 

microplasma using liquid cathodes. One is an electrolyte 

cathode atmospheric dc discharge using miniature gas flow. 

We already reported microplasmas generated by dc 

discharges with a miniature gas flow in a stainless-steel 

nozzle-to-mesh electrode system[6]. When the liquid 

electrolyte cathode replaced the mesh cathode, we can 

generate the microplasmas similar to those using the mesh 

cathode. Physics of microplasmas with electrolyte cathode 

has not been clearly understood yet. However, they are 

suitable for the application of microfabrication processes, 

because a variety of electrolyte solution will be used as 

liquid cathode. Therefore their applications extend further 

in the field of plasma processing and plasma chemistry. 

The other is microdischarge using the liquid cone, which is 

called Taylor cone and is formed by electro static force 

from the surface of liquid with a small volume. When the 

electro static force is increased, liquid filament grows from 
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the tip of the cone toward a counter electrode. Pulsed 

discharges of ethanol filament was operated to generate 

microplasmas[2]. When we used electrolyte ethanol 

solution to obtain Taylor cone having electrical 

conductivity, negative coronas appeared at the tip of the 

cone. The corona develops only when the solution is used 

as cathode. In this case, the Taylor cone is similar to a 

needle cathode. Although the deposited energy to the 

corona is small, the corona with the liquid needle cathode 

is advantageous to plasma processes because the atoms 

and molecules evaporating from the liquid surface flow 

into the corona region, in which non-thermal electron 

collisions are frequent. Therefore, the corona discharge at 

the tip of the liquid cone is a candidate for achieving 

highly functional microplasma reactors.  

II. Experimental

Fig.1 is a schematic of the experimental setup with an 

electrode system for electrolyte cathode glow discharges. 

A working gas, helium or argon, was fed in open air 

through the stainless steel nozzle with an inner diameter of 

200 m and an outer diameter of 350 m. A gas flow rate 

was varied in the range from 50 to 140sccm using a mass 

flow controller. The stainless steel nozzle is used as anode 

and is located above the liquid surface that is cathode. The 

liquid used is sodium sulfate solution or distilled water. 

The conductivity of the liquid electrode is 1-4000 S. We 

mainly used electrolyte cathode with the conductivity of 

approximately 1700 S/cm. 

The gas flow makes the liquid surface being hollow 

curve inwards. A steel plate was also used as cathode to 

examine the dependence of the discharge on gas flow 

pattern, which varied according to the shape of surface. 

The electrode separation was varied from 100 to 1000 m. 

The liquid electrolyte electrode was connected to the 

ground potential via a 100  resistor. The discharge was 

powered by a regulated dc power supply. A ballast resistor 

1M  was connected in series to the nozzle anode. The 

discharge current was measured by recording the voltage 

across the 100  resistor. The gap voltage was measured 

using a high voltage probe. The visible light images of the 

discharge were obtained from a charge coupled device 

(CCD) camera with an exposure time of 30ms. 

 Fig2 is an experimental setup for negative corona 

discharges with an electrolyte cone cathode, which is 

formed at the end of the stainless steel nozzle with an 

inner diameter of 1mm and an outer diameter of 1.5mm. 

The anode is a flat plate made of stainless steel. PVA 

solution or electrolyte ethanol solution was used to form 

Taylor cone. PVA solution has conductivity and higher 

viscosity than pure ethanol. The electrode separation was 

varied from 5 to 10mm. When the applied dc voltage was 

ncreased, Taylor cone was formed and then corona 

discharges appeared. 

III. Results and Discussion 

Glow discharge using electrolyte cathode 

Fig.3 is a set of photographs of stable glow discharges in 

air using the sodium sulfate solution cathode and the 

miniature helium gas flow. The feature of glow discharge, 

namely, cathode glow, Faraday dark space, and positive 

column is clearly observed. When the electrode separation 

was varied from 100 to 700μm, the length of the positive 

column increased linearly. This is a specific characteristic 

Fig.2. Experimental setup for negative corona at the tip 

of the Taylor cone. 

Fig.1. Experimental setup for electrolyte cathode glow 

discharge using miniature gas flow. 
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of the low-pressure glow discharges. The electrolyte 

cathode discharges are generated even if there is no gas 

flow. They, however, were less stable and the feature of 

glow discharge was not observed clearly.  

We observed two discharge modes in the dc discharges 

with the miniature gas flow and the electrolyte cathode. 

They are a pulsed mode and a continuous mode, whose 

typical temporal changes in gap voltage and discharge 

current are shown in Fig.4. The temporal changes are 

affected also by the kind of liquid. These modes were 

observed in the previous results in atmospheric dc 

discharge with the miniature helium flow [6].  

Fig.5 is the current-voltage characteristics for the 

discharges with the electrode separation ranging from 200 

to 700 m. The discharge current was 0.5-10mA. The gap 

voltages for the electrolyte cathode discharge are higher 

than those for the metal cathode one. Fig.6 shows the gap 

voltage dependence on the electrode separation. It 

increased with increasing the electrode separation. Fig.7 is 

the cathode fall voltages obtained from the results in Fig.6. 

They increase with increasing the discharge current in the 

range of less than 4mA and become constant when the 

current exceeds 4mA. The cathode fall voltages for the 

electrolyte cathode are higher than those for the metal 

cathode, because the phenomena at the plasma-electrolyte 

interface in ELCAD are more complex than those at the 

plasma-metal interface.  

To clarify the cathode fall physics in ELCAD, we used an 

AC power supply to generate electrolyte cathode 

discharges, in which the polarity of the electrolyte 

electrode was changed alternately. When a positive voltage 

was applied during a half-cycle of the sinusoidal wave, the 
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electrolyte electrode acted as cathode. It acted as anode 

during the next half-cycle. Fig.8 is the temporal change in 

the gap voltage and the discharge current for the 

discharges using the electrolyte and the metal electrodes. A 

significant difference is the gap voltages for the electrolyte 

electrode discharge, which shows the asymmetry of them 

for positive and negative applied voltages. The voltage for 

the electrolyte cathode is higher than that for the metal 

cathode. These differences are attributed to both the 

electron and vapor emission from the cathode surface. The 

equivalent resistance of the electrolyte is negligible in the 

circuit. These results show that the discharges with 

electrolyte cathode are affected by the surface phenomena 

such as sputtering, secondary emission, and evaporation of 

electrolyte  

Negative corona discharge at the tip of the Taylor cone 

Corona discharges develop in the vicinity of the tip of 

Taylor cone. It is easily formed at the surface of ethanol of 

which surface tension is low. Conductivity of ethanol, 

however, is also so low that the corona discharge does not 

appears. Taylor cone is hardly formed using water or 

electrolyte, which has high surface tension. Therefore 

liquids having conductivity, moderate viscosity, and low 

surface tension are applicable to generate both Taylor cone 

and corona discharges. To realize this, we used ethanol 

with low concentration sodium sulfate solution. 

Fig.9. shows the negative corona discharges at the tip of 

Taylor cone using the ethanol with sodium sulfate solution 

of which conductivity is 180 S/cm, where the electrode 

separation is 7mm and the applied voltage is 5kV. The 

corona discharge appears only when the ethanol is 

operated as a cathode. When the ethanol is operated as an 

anode, the corona does not develop and the breakdown 

easily progresses to spark discharge. The visible light 

intensity of negative corona increased with increasing the 

conductivity of liquid. This is because the operating 

mechanism of coronas at the tip of Taylor cone is different 

from that of coronas using metal electrode. As seen in 

ELCADs, the effect of liquid electrode appeared when 

liquid is used as cathode. We observed two modes of the 

(a) jet mode          (b) spray mode 

Fig.9. Negative corona at the tip of Taylor cone of 

ethanol-electrolyte solution 

(a) single mode         (b) multi mode 

Fig.10. Negative corona at the tip of Taylor cone of 

PVA solution 
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Fig.11. the lowest voltages which need for generating 

single and multi mode. 

+

-

+

-

gas flow

Fig.12. Corona discharge at the tip of Taylor cone 

applying helium in cross-flow 

negative corona discharge, namely, a jet mode and a spray 

one, which appeared alternately. The height of the cone 

having the negative corona increased with time in the 

spray mode, which had brush-like emission. It suddenly 

switched to become the jet mode, of which emission 

extended along the filament protruding from the tip of the 

cone. After then, the height of the cone gradually 

decreased. These processes repeated with the period of 

approximately 1-2seconds. 

The corona discharges with jet and spray modes are 

unstable because the vapor generated in the spray mode 

diffuses out. To avoid the diffusion, we use PVA solution, 

which has higher viscosity. The surface of it became to be 

hemisphere as shown in Fig.10. In (a), a single filament 

was formed on the surface of the PVA solution and the 

corona discharge appeared at the position of 0.7-1.0mm 

apart from the tip of the cone along the filament. When the 

applied voltage was increased, the number of filaments 

increased as shown in (b). The multi filaments repelled 

each other and showed random motion on the surface of 

the solution. Although multi mode is unstable, we may 

enable to drive in parallel. Fig.11. is the minimum voltages 

for the appearance of the single and multi modes. 

Although deposited energy to the corona discharges is 

small, the corona at the tip of the cone is advantageous to 

plasma processes because the atoms and molecules 

evaporating from the liquid surface flow into the discharge 

and are collided with radicals and charged particles. 

Therefore, the corona with the conductive liquid is a 

candidate of highly functional micro plasma reactors. 

When a miniature helium flow was fed vertically to the 

corona that developed along the ethanol solution, light 

emission along the gas flow, of which position was at 

50-500 m from the tip of cone, was observed as shown in 

fig.12. Although the mechanism of light emission is not 

explained yet, the scheme has a possibility as a new 

plasma reactor for micro plasma-processing because the 

combination of gas and liquid makes a variety of chemical 

reactions possible. 

IV. Conclusion 

We reported two schemes of generating microplasmas 

using liquid cathodes. 

One is atmospheric glow discharge powered by direct 

current in open air with the combination of an electrolyte 

cathode and the miniature gas flow system. Stable glow 

discharges are generated on the electrolyte cathode surface 

by using miniature helium flow. The cathode fall voltage is 

substantially higher than that for metal cathodes. This is 

because the operating mechanism of ELCAD 

plasma-solution interface is different from that of the 

plasma using metal cathode. 

The other is negative corona discharge generated at the 

tip of Taylor cone. Moderate viscosity and low surface 

tension of liquid are necessary for Taylor cone to be 

formed. Using the ethanol with sodium sulfate solution or 

PVA solution which has conductivity, corona discharge 

develops at the tip of the cone. The corona appears only 

when the solution is operated as cathode. Feeding helium 

as a cross-flow into the corona, light emission along the 

gas flow, of which position is at 50-500 m apart from the 

tip of cone, is observed.  

Microplasma using liquid and miniature gas flow is a 

candidate for highly functional micro plasma reactors 

because a variety of chemical reactions progress in the 

combination of gas and liquid. 
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ABSTRACT 

  The Magnetron is one of the efficiency high-power microwave source, although the energy 

conversion efficiency decreases with pulsed-power relativistic electron beam. We study the 

capability to increase energy conversion efficiency of Relativistic Magnetron. Some recipes 

become a candidate to enhance efficiency, among them the Transparent-Cathode is concise 

and hopeful procedure. The Transparent-Cathode consists of independent cathode strips. It’s 

hope that shorter start-up times and improve operation efficiency. In this work, we head to the 

target of discovering availability by Transparent-Cathode, and make the prototype 

experimental apparatus with ETIGO IV that is 400kV class repetitive pulsed-power generator. 

This prototype clarifies some matter and perspective.  

1. Introduction 

The high-power magnetrons with relativistic 

electron beam have been studied as one of 

high-power microwave source [1-2]. The 

relativistic magnetron has been extrapolated with 

great success to high-power microwave generator, 

although the relativistic magnetrons operate within 

the lower microwave region by comparison other 

high-frequency generator (e.g. gyrotron). The 

features of magnetron are high oscillation 

efficiency and comparatively low demand for 

external magnetic field. And this means reduction 

of the device scale and weight are expected.   

Additionally, the operation frequencies of 

conventional Magnetrons are in S-band (2-4 GHz) 

region, in which the attenuation of microwave is a 

little in atmosphere. It can do efficient transmission. 

Consequently the Magnetron devices are expected 

for the electrical power transmission and radar and 

so on. Especially the electrical power transmission 

permits the development of the area can’t be 

supplied electricity by wire: e.g. isolated village 

where electric wire doesn't reach and space 

development and earth-to-space; for Solar Power 

Satellite (SPS). 

These developments request to enhance 

combined efficiency [3-4]. Some recipes become a 

candidate to enhance efficiency: magnetic priming 

and cathode priming and anode priming and the 

rest [5], among them the Transparent-Cathode is 

concise and hopeful procedure [6-7]. As against the 

conventional cathode, which consists of solid 
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columnar cathode, The Transparent-Cathode

consists of independent cathode strips. Each 

cathode strip caused azimuthal magnetic field, and 

the radial drift velocity of electrons are accelerated 

more than that of electron emitted from general 

cathode. Additionally azimuthal electric field 

penetrates the cathode strips. The crossed field 

devices like Magnetron generate from the 

interaction between azimuthal electric motion and 

electromagnetic wave. So Transparent Cathode

causes electrons rapid spreading, which means 

rapid start-up, and the penetrating electric field 

potentiates more efficiency interaction. 

Additionally the shorter start-up increases the 

interaction term in pulsed electron beam, and can 

enhance the combined efficiency. It’s hope that 

shorter start-up times and improve operation 

efficiency.  

In this work, we head to the target of 

discovering availability by Transparent Cathode,

and make the prototype experimental apparatus 

with ETIGO IV that is 400kV class repetitive 

pulsed-power generator. This prototype experiment 

clarifies some matter and perspective. These details 

are as follows. 

2. Design criteria 

 The cross section diagram of conventional 

magnetron is shown in Fig.1. The magnetron 

comprises the cylindrical anode enclosing coaxial 

cylindrical cathode. The anode has the spaces as 

resonator vans. The electrons are emitted by the 

central cathode are subjected axial magnetic field 

Bz and drift by Lorentz force. The drifting electrons 

interact in the space between the two electrodes 

with the characteristic mode from the structure of 

resonator vans. The characteristic dimensions are 

designed from type A6 Magnetron, which has 

studied for relativistic magnetrons. The parameter 

of A6 magnetron is the radius of cathode rc=15.8

mm, radius of anode ra=21.1 mm, the gap of 

resonator vanes on the side of anode 20 , and 

the depth of resonator vans rv=41.1 mm. The 

number of resonator vans is M=6. The axial length 

of body is 72 mm, which is decided by the wave 

length of the operation electromagnetic wave. We 

assume the fundamental operation mode is -mode 

Fig.1 The schematic of magnetron

Fig.2 The models of Transparent cathode 

(a)The transparent cathode consists of independent 

cathode strips. (b)The magnetic effect of 

transparent cathode near the strip

B
e

-

(a)

(b)
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(2.34GHz) or 2 -mode (4.6GHz). The operation 

regions are within S-band to C-band (4-8GHz).  

In Fig.1, the broken lines within the conventional 

cathode line show the transparent cathode. The 

external radius of transparent cathode is same to 

the radius of conventional magnetron cathode rc.

And the number of strips is same to that of 

resonator vans M. Figure 2 (a) shows The 

Transparent cathode by crosswise direction. The 

Transparent cathode consists of independent and 

parallel cathode strips, and each live strip caused 

azimuthal magnetic field shown in Fig.2 (b). The 

electrons emanated by cathode strips are 

accelerated by Lorentz force of this azimuthal 

magnetic field and the motion of impressed 

electromotive force.  

The electron acceleration causes rapid expanding 

and early electron bunching show up electron 

spokes. Only the electron spokes can be effective 

interaction with electromagnetic wave. So the 

electron acceleration begets the rapid start-up. 

Additionally, rotation angle electric field penetrates 

the cathode strips. The presence of a rotating field 

perturbation facilitates the motion of electrons fall 

in anode. Magnetrons get out microwave from 

potential energy of electrons. The stronger fields 

cause effective interactions, so the new magnetron 

should improve combined efficiency.  

We will use repetitive pulsed-power generator 

called ETIGO , which is capable of delivering, to 

a matched load, an output pulse of 400 kV in 

voltage, 13 kA in current, and 130 ns in pulse 

width, at the repetition rate of 1 Hz. Figure 3 shows 

the Hull cutoff and Buneman-Hartree resonance 

conditions [8] for A6 Magnetron. In general, the 

Hartree voltage is less than the Hall cutoff voltage 

magnetic insulation. The magnetic field ranges 

from Hull cutoff, at about 0.5 T, where oscillations 

could not be established. The Hartree voltage is 

corresponds to the breakdown voltage of 

magnetron in the presence of a rotating 

perturbation field. The Hartree voltage, at about 0.9 

T, causes the perturbation facilitates the motion of 

electrons across the cathode-anode gap. The 

potential energy of the electron efficiently interacts 

with and provides the electromagnetic wave. On 

this device, A6 magnetron requires external 

magnetic field in the range 0.5 T to 1.0 T. 

3. Experiment and prospects 

The high-power microwave sources has a 

problem about self-discharge. The axial section of 

first prototype experiment shown in Fig.4 has 

flexibility of output horn piping by enclosing 

Magnetron and output horn. The external magnetic 

field is caused by Helmholtz type alignment 

electromagnet. So the magnetic filed influencing to 

interaction is flat value between two 

electromagnets, although the peak magnetic field is 

decreased. In experimental the pulsed external 

magnetic fields may be a little shielded and delay 

beyond expectation. The parameters of this vacuum 

chamber are 3 mm at thickness of outer wall, 177.8 

Fig.3 The features of Magnetron operations 
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mm in outer wall radius, the distance between 

magnetron outer radius and chamber wall is 133.25 

mm and the material is stainless steel (SUS304). 

Additionally left-hand side are narrow down and 

connects to ETIGO IV, as against the right-hand 

side is open and only covered acrylic board for 

maintenance and electromagnetic wave output. The 

delay times at cathode vicinity are about 680 to 720 

s. In proportion to left hand side, the delays are 

increased. In the case of one-side magnet, the delay 

times are 220 s at just inside an electromagnet 

and 460 s at cathode vicinity directly above an 

electromagnet. These points of measurement are 

draw by diamonds in Fig.4. So we suppose these 

delays are caused by eddy currents. The theoretical 

magnetic fields and experimental magnetic fields 

are shown in Fig.5. The circle dots intend prototype 

experiment values, and the triangles shown next 

experiment values. The solid lines intend 

calculated values, and dashed lines intend 

experimental value. The magnetic field of 

experiment in vacuum chamber is reduced about 

eight out of ten. In this experiment, the both ends 

of anode are open for reducing troubles, although 

operation efficiency is degraded. Nevertheless 

self-discharge is caused in this prototype 

experiment. The smoothing aluminum anode and 

cathode are broken down too. On the other hand, 

Fig. 6 The axial section of ensuing experiment 

The output wave guide penetrate vacuum chamber. The 

external magnetic field consists of Helmholtz coil. 

Fig. 4 The axial section of prototype experiment 

The shaded area shows anodes and cathode. The output 

horn bends to right side windows. The external magnetic 

field consists of Helmholtz coil. 

M agnet p ower source[keV]

M
ag

n
et

ic
 f

ie
ld

[T
]

Fig.5 The external magnetic field 

Solid lines show calculation values, dashed line show 

experimental values. The circles indicate prototype 

apparatus. The triangles indicate next apparatus. 
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the large distance between anode and cathode case; 

expand 5 mm to 8mm, we suppressed breaking 

down, although this cathode emits beam to axial 

direction. The next new cathodes are made by 

graphite for suppression secondary electron 

emission. Additionally we enhance experimental 

magnetic field and make new chamber shown in 

Fig.6. This chamber compress electromagnet radius, 

although the output waveguide penetrate vacuum 

chamber. The magnetic field in this new chamber 

shows in Fig. 5 by triangle dots and solid line. The 

axial electron beam emissions hit to metal chamber 

wall in new experiment. We perceive some 

problems in prototype experiment. The next 

experiment suppresses these troubles coming into 

prototype.  The transparent cathode can enhance 

magnetron efficiency with minimum change from 

conventional magnetron. In the immediate future, 

the characteristics of magnetron with transparent 

cathode are observed, and they will contribute to 

increasing efficiency of relativistic magnetron. 
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. Introduction

High power microwave (HPM) is

categorized into continuous wave (CW) or pulse. 

Some applications (fusion reactor, high power

accelerator, and so on) need higher output powers; 

therefore, CW oscillators have been developed.

Especially gyrotron achieved MW-level output

power. It works well to transfer electric power to

far place. And also it is effective in plasma

production. On the other hand, output power of

pulse operated oscillators is achieved to GW-level.

The electric field is so strong that discharge in

atmospheric pressure is possible. In addition,

irradiating the pulse HPM to dielectric materials in

vacuum, it is able to cause the surface discharge on

dielectric materials.
 (1) Hence we think that it is able 

to cause more moderate ablation in larger area than

laser. Especially for the application to space

technology, it is possible to use the ablation of

non-chemical propellant. The pulse HPM has some

characteristics; therefore, we assume to have to

study for the future.

Generally pulse has advantage of being able to

make electricity power big at a moment; therefore,

it can make a large electricity field of high

frequency. We can lower average of electric power

in the case of a pulse, reduce the size of electric

power supply, and evade a problem of heat. On the

other hand, the shorter the pulse duration is, the

higher the threshold value of discharge tends to be.

(2) Ultra short pulse, which is very unique, is much

larger amount of power than radar; the pulse

duration is very short. Using the ultra short pulse

HPM, we can reduce the discharge in electron tube,

on the window, and on the transmission line.

For the present, there are not so much applications.

Ultra short pulse HPM is not studied very much in

this country either. Hence we will discuss about

generation of ultra short pulse HPM and

propagation of it. Especially we will discuss the

result of conversion from output of BWO (TM01

mode) into Gaussian beam (TEM00 mode).

Conversion of 5 GHz high power microwave to Gaussian beam with

quasi optical antenna. 

Tomoaki KURIHARA, Masatoshi OHBAYASHI, Ritoku ANDO

Graduate School of Natural Science & Technology, Kanazawa University

Kakuma Kanazawa-City 920-1192 , Japan 
Email to kurihara@plasma.s.kanazawa-u.ac.jp

ABSTRACT

A quasi optical antenna called Vlasov antenna, is effective and it is usually utilized to

gyrotron for launching microwave output power from the oscillators to free space. It can make 

linear polarized most simple mode, TEM00 in free space, Gaussian beam. Simple geometrical

optics is utilized in the design. And several shapes are investigated experimentally. The best 

efficiency is 41 % in experiment. The conversion efficiency can be improved by increasing the

step-cut length, and by increasing radius of circular waveguide.

. Microwave source

2.1 Backward wave oscillator

High power microwave oscillator has

been developed by us under the collaboration with

N. S. Ginzburg, et al. The operating frequency is

chosen at S-band (around 5 GHz). Because the

wavelength is rather long,  6 cm, the

components become moderate size for handmade.

We choused backward wave oscillator (BWO).

BWO is composed with a corrugated circular

waveguide section named by slow wave structure

(SWS). SWS resonates with an electron beam.

Microwave generated at SWS propagates to
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upstream direction at first, and is reflected at the

reflecting area. And it goes through SWS again, is

radiated to free space from the end. The external

magnetic field is not necessary in the operation in

principle. But we must apply a magnetic field so

that an electron beam goes straight. In this

experiment, the applied magnetic field was 1.1 T.

2.2 Intense relativistic electron beam

An intense relativistic electron beam

(IREB) is powerful energy source of HPM. Anyhow

oscillation of HPM needs high power electron beam,

and IREB is better suited for it. IREB, which is a 

short pulse beam, has energy from several hundred 

keV to several MeV and current above 1 kA.

However, electron density of IREB is so high that

an uniformity of electron energy gets worse. What

resolves this problem is superradiance. It enables us

to get a single frequency without relation to beam

quality. The energy converted to microwave

through bunching of the beam. In the optimum

condition efficiency becomes 50 % and above.

2.3 Superradiance

Pulse operation of BWO with pulse IREB

enables to generate ultra short pulse microwave.

Here the pulse duration, because it has a range of

the most suitable value. Superradiance was made a

suggestion by N. S. Ginzburg.
(3) It is a transitive

phenomenon, and provides us with the double 

output at the maximum in comparison with CW.

Figure.2 shows radiation frequency obtained by

simulation. It is assumed that a very sharp

oscillation peak is provided around 5 GHz. In this

case the peak power of microwave is approximately

35% of the max power of IREB. Being based the

simulation, K. Kamada and others achieved an

oscillation of 300 MW, 5GHz and TM01 mode. In

this time, the energy efficiency is 12 %. (4)

Fig.1. Structure of BWO in the simulation.

Fig.2. Frequency spectrum of BWO by the

simulation.

2.4 Discharge on the acrylic window

We usually decrease power density by

increasing waveguide radius before output window

with horn antenna. Setting an acrylic window at the

end of waveguide without horn antenna, the

discharge was occurred on the vacuumed side of

window. On the acrylic window, many thin electric

discharge traces are observed in a radial pattern.

These traces are the directions of the electric field

of TM01 mode as seen in Figure 3. 
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. Mode converter

3.1 Quasi optical antenna

A quasi optical antenna named Vlasov

antenna launches the microwave in TM01 mode

from the oscillator to free space in Gaussian beam,

TEM00. The antenna which is applied to gyrotron

works at much higher frequency typically, (5) and

the wavelength is less than one centimeter. Also the

operating mode is TE mode, which is different from

BWO. The efficiency is high, 80 %. (6) The antenna

can converts TM and TE mode in circular

waveguide into a linearly-polarized mode. Quasi 

optical antenna is consisting of a step-cut

waveguide and a cylindrical parabolic mirror

(Fig.4). "Step-cut waveguide" is a circular

waveguide for transmission of which we cut half

plane at the end. The focal points of the reflector

are aligned along the axis of the step-cut

waveguide.

Fig.3. Damage on the surface of acrylic

window.

3.2 Design by geometrical optics

Now we describe how each

comportments works. At the first we explain about

a step-cut waveguide. Propagating microwave in a 

waveguide is assumed to be a plane wave. In

circular waveguide, the relation between

wavelength in waveguide and one in free space is

 The 

given by

h in waveguide, and z is 

irection

rowave mode in circular waveguide is treated

0 is wavelengt

. (1)

one in free space. "a" is radius of waveguide. The

n,m is the mth solution of Bessel function Jn(x). In

the case of TM01 mode, 0,1 is 2.40. In addition,

eq.(1) changes to next relation given by

where k is the wave number in vertical d

, (2)

k = ( n,m / a ). Thus emission angle  is given
by

Mic

. (3)

as standing wave on the cross sectional plane of

waveguide. Consequently two waves bouncing

Fig.4  Quasi optical antenna.
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between the two walls have negative and positive k

. The two waves go across each other, which have

the same amplitude, wave length and for being

satisfied in boundary condition.

When the waveguide is cut off perpendicularly,

comes out directly and

eam

rture of quasi-optical

focal length of a parabolic mirror.

t length. If Lsc is too short,

Gaussian beam

converted into linear

rizati

two waves go straight keeping the two angles of 

. In the front view, microwave is emitted from the

axis of the waveguide with axis symmetry. Using

the step-cut waveguide, the radiation can be send to

the parabolic reflector at all. After being reflected at 

the parabolic reflector, the wave front become to

plane wave at the focus.

In the side view, one ray

the other that is reflected at the upper side. These

two rays are merged, and the width of the ray

becomes twice. Figure 5 shows the phase fronts in

the propagation. It is satisfied in both TE and TM

mode. The electric field and magnetic field are

replaced for TE and TM modes. The planes of

polarization of waves launched from antenna are

rotated 90 degrees between the two modes.

 We take the Z-axis in the direction of b

propagation. The X-axis is taken to be

perpendicular to Z-axis and in the normal plane of

the reflector. And Y-axis is taken to be

perpendicular to X-axis and Z-axis. For TM mode,

the electric field is polarized to X-direction, and the

magnetic field to Y-direction.

Thinking geodetically, an ape

antenna is given by following relations.

 Here fp is a 

According to eq.(4), the size of the aperture is

decided only a and fp.

 The Lsc is the step-cu

microwave is not able to be reflected at the upper

side. But if too long, output ray is interrupted by the

upper side. Thus Lsc must have appropriate length,

which is within next range,

. (5)

(4)

3.3

Microwave

pola on is able to be treated as Gaussian beam.

Gaussian beam has a parameter named "spot size", 

which is a radius that electric field become 1/e, the

power does 1/e2. Focusing ray, spot size has a

minimum value at some place. The place is called

"beam waist", at which wave front becomes in the

flat, and microwave is converted into linear

polarization completely. It is influence of

diffraction; spot size varies along to propagation.

Spot size is often treated as beam radius, and we

Fig.5 Propagation of microwave in the quasi-optical antenna. 
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can write next relation about it. (7)

 The (z) is spot size after z propagation, and  is

er becomes to e-2,

a minimum size at beam waist. Using this relation,

we can calculate the spot size after propagation by

easily. Additionally, when z >>  we can

rewrite eq.(6) to next relation,

 The (z) is the size that pow

therefore, we can write the following relation about

power density.

 Here, I(x,y) is the power density at the coordinates,

P0 is the total power, x and y are the spot sizes of

each directions. On the beam axis (Z-axis), it is 

assumed that x = y = 0, and (8) is able to be

rewritten that

According to eq.(9), we can calculate the total

power of Gaussian beam by the power density and

spot sizes.

By the way, we assumed that microwave is

converted into linear polarization at the focal plane

of reflector previously. It is assume that the focal

point of reflector is the position of a beam waist 

(Z=0).  The minimum spot sizes in X and Y

direction at beam waist were supposed

geometrically. We can write next relations about the

quasi optical antenna.

In this time we chose the four types of step-cut

waveguides. They were two different radius

waveguides (a = 3.0 cm, 3.6 cm), and four different

Lsc. Thinking geometrically, conversion efficiency

doesn't depend on the radius of waveguide ( 0

depends on radius), and quasi optical antenna is

supposed to work independent of Lsc. But 5 GHz 

microwave, which we used in this time, has much

longer wavelength than millimeter-wave, it was

possibility that the antenna was under influence of

diffraction. For this reason, we made four types of 

step-cut waveguides. We show the sizes of antennas

and spot sizes at Z = 0 cm (beam waist), 50 cm, 75

cm, 100 cm (Table 1).

(6)

. (7)

Table 1. Sizes of quasi optical antennas and

the calculated spot sizes.

Type

a 3.0 cm 3.6 cm

49.8 degrees 39.7 degrees

Lsc 5.5 cm 9.5 cm 8.5 cm 14 cm

2 X× 2 Y

(Z = 0 cm)
7.7 cm × 24 cm 11 cm × 24 cm

Z = 50 cm 50.2 cm × 28.8 cm 36.4 cm × 28.8 cm

Z = 75 cm 74.8 cm × 33.9 cm 53.2 cm × 33.9 cm

Z = 100 cm 99.6 cm × 39.9 cm 70.3 cm × 39.9 cm

(8)

. (9)

. Experiment

4.1 Setting

At first, we measured the total power

before the conversion in order to estimate the

conversion efficiency. The cone-shaped horn

antenna was set in length at the end of BWO, and

microwave radiates out to free space.

4.2 Detecting power

We show the detecting power (Fig.6).

After entering rectangular waveguide, microwave is(10) . 
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attenuated by attenuator and cable (Fig.7), and at

last it is detected by tunnel detector. We checked

the frequency with low pass filter (L.P.F). The

resolution of L.P.F is limited to 1 GHz; therefore,

this measurement is not too strict. However, (Fig.6)

shows that the frequency is around 5 GHz.

Additionally, the wave form is like to simulation

that is showed in previous. Thus we think that

microwave oscillate in almost 5 GHz. 

4.3 Radiation pattern before conversion

Setting the horn antenna for reception to

opposite the one for emission, we detected

microwave. We could change the angle for the front

(Fig.8). The result of measurement is presented in

(Fig.9). The power has peak at 25 degree. It is

assumed that output power is distributed in the

shape of a circle uniformly, we integrated the graph.

As a result the total power was about 160 MW.

Fig.8. Power measuring method.

. Experiment

5.1 Setting of quasi optical antenna

Quasi optical antenna was set behind the

horn antenna. In this time, the parabolic mirror was

set to be perpendicular to the ground. In

consequence, the direction of electric field (X-axis)

was parallel to ground. 

5.2 Measurements of emission patterns with

fluorescent tubes 

Irradiating a microwave to a fluorescent

Fig.6. Detected power after passing the L.P.F.

Fig.9. Power density vs. radiation angle.

Fig.7. Detecting system.
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tube, it brightens up. The threshold value that a 

fluorescent tube brightens is about 30 kW/cm2. And

so, arraying fluorescent tubes in the shape of a

screen, we observed emission patterns. A

fluorescent screen was set at the distance of 50 cm

from quasi optical antenna, and was perpendicular

to Z-axis (Fig.10).

We show the emission pattern Figure.11.

The picture (a)~(d) are corresponding to Type ~

Type in Table 1. The emission patterns whose 

center shined strongly are enable us to making out

that TM01 mode was converted into linear polarized

mode.

And then, we made forecast that conversion

efficiency was not depending on the radius of

waveguide and Lsc. Especially it couldn't have

been depending on Lsc. However, it is evident that

the emission patterns were under influence of the

radius of waveguide and Lsc. By the comparison of

(a) and (c), of (b) and (d), the antenna that had a

bigger radius shined more strongly. And by the

comparison of (a) and (b), of (c) and (d), the

antenna that had a longer Lsc flashed more strongly.

Hence, it is assumed that the configuration of quasi 

optical antenna has optimal value.

Fig.10. Fluorescent tubes array was set

at the distance of 50 cm from quasi optical antenna.

5.3 Measurements of detecting

We measured the power of Type

quasi optical antenna which flashed the screen the

most strongly. We used the same detecting system

as the previous experiment. We measured it at the

distance of Z=100 cm. The distributions were

measured along X and Y axis every 5 cm around a 

peak (Fig.12).

(a) Type -  (b) Type -

(c) Type -    (d) Type -

Fig.11. Emission pattern from quasi optical

antennas.

Z = 50 cm.

The results of measurements are shown at Figure

13.

Fig.12. A measurement position

and a direction.

To approximate these graphs by eq.(8), x and y

were decided. The x was 41.5 cm, y was 23.5 cm.

And I0 was 41 kW/cm2. To substitute these
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Fig.13. Distributions of power.

parameters to eq.(9), the total power after

conversion was about 65 MW. By the comparison

of output from horn antenna and quasi optical

antenna, the conversion efficiency was 41 %.

. Conclusions

Our preliminary result was reported here.

We have being continuing to advance the studies of

the oscillator and the quasi optical antenna for 

increasing the output power in Gaussian beam. And 

we'll study the application of microwave (ablation,

plasma production, and so on) for future.
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Evaluation of Pulse Ion Beam Ability in the Middle Energy Plasma 

Focus for Material Engineering 

H.R.Yousefi, Y.Nakata, H.Ito and K.Masugata 

Department of Electric and Electronic System Engineering, University of Toyama  

Abstract 
Ability of middle energy plasma focus device (20 kj) were evaluated for material application. In this 
technique mono-crystalline silicon were used as target and also for substrate. Amorphous silicon (a-Si) film 
was deposited on the substrate by 1 and 10 DPF shot. Deposited films have been characterized for their 
structure by X-ray diffraction (XRD).from the result, a-Si film is successfully deposited at room 
temperature silicon substrate using 20kj plasma focus device. 
  
Keyword: Plasma focus, Ion beam, thin film deposition, plasma focus application 

Introduction

The dense plasma focus (DPF) is a simple and 

cost effective device that utilizes the self-

generated magnetic field to compress the plasma 

to very high densities (1025–1026m-3) and 

temperatures (1–2 keV) [1,2]. It is a potential 

candidate for the generation of highly energetic 

high fluence (up to Mew) ions, relativistic 

electrons, X-rays and neutrons [3–8].

A PF consist in a pulsed capacitive discharge 

between two coaxial electrodes immersed in a 

vacuum chamber filled with a gas at pressures of 

the order of 1 mbar until 9. Under appropriate 

operating conditions, a dense (1018–1019) 

parts/cm3, short-lived (10-7 s), and high-energy, 

magnetically compressed plasma (called the 

focus) is produced at the end of the electrodes, 

typically 1 μs later with respect to the discharge 

beginning. During this stage of the discharge, an 

ion beam with a broad energy range (up to MeV) 

is emitted from the focus region, and hence an 

ion implantation process, thin film deposition  

and surface modification can be expected on a 

substrate located so as to intercept part of the 

beam. 

Bhuyan et al. [9] have shown that for a 2.2 kJ 

nitrogen filled plasma focus device with hollow 

copper anode the energies of accelerated 

nitrogen ions in ion beam at the height of 5.0 cm 

from the top of the anode ranges from 7 to 500 

keV. Their Faraday cup measurements showed 

that the ion number density of lower energy ions 

(≤50 keV) was in excess of 4× 1018 m-3, whereas 

the number density of high energy ion ≥300 

keV) was of the order of 5× 1017 m-3. Surface 
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modifications and coating techniques based on 

the interaction between energetic ion beams or 

plasma streams with a solid surface are of 

growing importance. One of the plasma devices 

potentially suited to perform surface treatment 

and coating is the plasma focus (PF) device. In 

fact, in recent years, the use of low energy of 

these devices for the quoted processes have 

attracted attention because several experiments 

have shown good results in amorphization ,thin 

film deposition, surface modification [10-

12].therefore the motivation behind the present 

work is to evaluation of ability of middle energy  

plasma focus device for material processes.

Experiment 

Our Mather- type plasma focus is energized by a 

capacitor bank of 44.8 μF/30 kV [13]. In this 

experiment the anode and cathode were of length 

242 and 230mm respectively. The oxygen- free 

copper inner electrode, with a diameter of 50mm, 

has a hollow shape at the end to reduce 

interaction between the electron beam generated 

from plasma column and the electrode surface. 

Outer electrode (cathode) is composed of 24 

copper rods with diameter 10mm, which forms 

the shape of a squirrel cage with an inner 

diameter of 100mm.The experiments were 

conducted to investigate the ion emission from 

the hydrogen filled PF device. The multiple 

faraday-cup (FC) assembly was positioned at 

different distance from the focus region and 

different angles (0 degree, is the axis of electrode 

assembly) with respect to the anode axis at as 

shown in Fig. 1. The FC was operated in biased 

ion collector (BIC) mode in our case. 

A cup electrode (copper) of inner diameter 26.5 

mm and depth 20mm was used as an ion 

collector and was placed in the grounded shield 

case.  

Fig 1.Schematic setup for Faraday-cup 
measurement 

Fig 2.Schematic setup for Silicon deposition 

The main part of experiment is amorphous 

silicon deposition by ion beam. Schematic setup 

for this experiment was shown in the Fig.2. The 

specimens used are from high purity, Mirror 

polished silicon wafer (size 8 · 8 ·0.5 mm3) with 
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its surface in (100) orientation. The specimens 

are cleaned with acetone, methanol to remove 

the native oxide layer and surface contamination 

just before their introduction into the plasma 

focus chamber. The specimens are then mounted 

axially on the target at the distance of 300mm 

from the anode and same silicon on the substrate 

at 10 mm from the target. The films are 

deposited, at room temperature substrates, using 

two different numbers of focus shots viz. 1, and 

10 at the same condition. 

Results 

Faraday-cup measurement results in the Fig. 

3.indicated that ion current density in center is 

maximum ant toward the outermost decrease. 

Most of the ions are emitted in a small solid 

angle along the anode axis and their flux, 

generally, decreases with the increasing angle. 

Fig.3.Ion current density in different distance 

and angle 

XRD patterns of films deposited at the distances 

of 300 mm from the anode at room temperature 

          (a) 

        (b) 

         (c) 

Fig.4. XRD patterns of films deposited on the Si 

substrate (XRD is 2ө and scale is 1.00k). (a) 
virgin silicon, (b) 1 shot, (c) 10 shot respectively. 
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are shown in the Fig.4 (a) virgin silicon, (b) 1 

shot, (c) 10 shot respectively. At the base is the 

pattern of untreated sample, which shows a high 

intensity peak of mono-crystalline silicon.  The 

FWHM of this peak decreases after exposure 1 

DPF shot and eventually diminishes with 

increasing deposited dose. Owing to the fact that 

a-Si is a highly disordered system without any 

long range order, the XRD spectrum of sample 

exposed to 10 DPF shots shows only broad hump 

rather than any peak-like structures. It is 

concluded that fine grain size is created by 

deposition. Successful deposition of a-Si film 

onto substrates at room temperature has been 

achieved using 20 kj plasma focus device. Films 

have been deposited on the mono-crystalline 

silicon substrate at 1 and 10 DPF shots. It is 

demonstrated that middle energy plasma focus 

can be as a pulse ion bema for material 

engineering processes.  
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OBSERVATION OF NEUTRON FLUX

PRODUCED IN PLASMA FOCUS

Y. Nakata, T. Mizuno, H. R. Yousefi, I. Kitamura, H. Ito and K. Masugata

Faculty of Engineering, University of Toyama

3190 Gofuku, Toyama, 930-8555, Japan

Abstract
We have performed experimental studies of the neutron emission generated by the Mether-type

plasma focus in the pressure range of 200-900 Pa. The main aim of these studies was to determine
the neutron emission characteristics, which could enable an approximate settlement of the problem of
the neutron emission mechanism. The time-integrated and time-resolved neutron signal and angular
distribution anisotropy were measured with two detectors based on a plastic scintillator-photomultiplier
combination and silver-activation counter placed at 10 m from the top of the anode. The experimental
results show the different influence of thermal and non thermal mechanisms in the nuclear fusion reactions.

1 Introduction

A plasma focus device is recognized as a pow-
erful and excellent source of intense X-rays, neu-
trons, and beams of ions and electrons. In the
plasma focus a high voltage discharge of a capac-
itor bank is produced through a spark gap switch
in a coaxial electrode gun surrounded by a fill-
ing gas at a pressure of some hundred Pa. The
central electrode is the anode partially covered
with a coaxial insulator. The discharge starts
over the insulator surface and afterwards the cur-
rent sheath is magnetically accelerated along the
coaxial electrodes. After the current sheath runs
over the ends of the electrodes the plasma is com-
pressed in a small cylindrical column (focus), which
is a few centimeters long and several millime-
ters in diameter. Using deuterium gas as the
filling gas in the discharge chamber, fusion neu-
trons from the nuclear reaction (D-D reaction) are
emitted in the focus. The emitted neutrons can
be applied to perform radiographs and substance
analysis, taking advantage of the penetration and
activation properties of this neutral radiation.

The problem of a mechanism for the neutron
production in pinched plasma discharges is very
intriguing, and it still remains unclear. There
are two main mechanisms for fusion reactions in
plasma focus devices. The first is a thermal mech-

anism for which the D-D reactions are produced
by the thermal collisions between deuterons in the
bulk of the plasma focus. The second is the reac-
tion produced by accelerated deuterons colliding
with the thermal deuterons in the plasma bulk
and/or the neutral gas atoms outside the plasma
(beam-target effect). A large number of measure-
ments show that the neutron and electromagnetic
radiation emission spectra from plasma focus de-
vices are characterized by a marked anisotropy[1−3].
This fact suggests that nonthermal processes, such
as the beam-target effect, may play an important
role in the fusion mechanism.

We have performed the recent experiments with
the medium energy plasma focus device in or-
der to settle the problem of the neutron emission
mechanism. In this paper, we report the depen-
dence of neutron yield on the deuterium filling
pressure.

2 Experimental Apparatuse

The plasma focus is composed of plasma focus
deice, discharging switch system and power sup-
ply. A schematic diagram of a Mather type PF
is shown in Fig.1[4]. Plasma focus consists of two
coaxial electrodes and a glass insulator between
two electrodes. The inner electrode (anode) is a
cylindrical oxygen-free copper electrode and its

65



length and the diameter are 242 mm and 50 mm,
respectively. The outer electrode (cathode) con-
sists of 24 oxygen-free copper rods, each of 10 mm
in diameter and 230 mm in length. They are dis-
tributed symmerically on the cylinder surface of
100 mm in diameter. The insulator is made of
glass and the length and the outer diameter are
125 mm and 60 mm, respectively. A capacitor
bank of capacitance 44.8 µF, maximum charg-
ing voltage 80 kV was used, which was connected
to the PF through 224 of coaxial cables. In the
experiment the charging voltage of the capacitor
bank was fixed to 30 kV. The vacuum chamber
was once evacuated to < 5 × 10−3 Pa and after
that filling gas was introduced. In the experiment
a deuterium gas were used as the filling gas and
pressure was adjusted to 200 ∼ 900 Pa by a needle
valve.

44.8 µF,
30 kV 10 m

Activation counter

Scintillation detector

Fig.1 Schematic of the experimental system.

The time-integrated measurement of neutrons
was investigated using a silver activation counter
located at 10 m from the top of the anode on
the axis. Simultaneously, time-resolved measure-
ments of hard x-ray an neutron pulses were per-
formed by means of two scintillator-photomultiplier
detectors. The discharge current (Ich) was mea-
sured by the Rogowski coil.

3 Experimental Results

Discharges were performed in deuterium at dif-
ferent pressures, 200-900 Pa, with a charging volt-
age of 30 kV, i.e., ∼ 20 kJ stored in the capacitor
bank. Figure 2 shows typical waveforms of dis-
charge current (Ich) measured by a Rogowski coil,
and output signal (VSCI) measured by a scintillator-
photomultiplier detector at z = 10 m downstream
from the top of the anode on the electrodes axis.
As seen in the Fig.2(a), Ich has a peak of 520
kA at t = 1.7 µs and after that 120 kA of cur-
rent dip is observed, which associated with the
formation of the strong pinched plasma column.

In the figure, VSCI rises sharply at the end of
the current dip and has two peaks. Consider-
ing the time of flight (TOF) delay between two
peaks, we can identify the first peak and the sec-
ond peak as signals of the hard X-ray and the
neutron, respectively. It can be clearly seen from
Fig.2(b) that at high pressure the current dip is
observed at 0.7 µs after the peak of Ich and af-
ter that VSCI rises sharply. Taking as a reference
for the ∆t = 0 emission time the maxima of the
corresponding hard X-ray pulse, we can estimate
the neutron energy from the measured time of
flight and convert the neutron pulses into a neu-
tron energy spectrum. In Fig.2 the neutron pulse
is observed at around 450 ns after the hard X-
ray signal. This delay time corresponds to the
time of flight of 2.45 MeV neutrons, which agrees
with the neutron energy obtained from the D-D
reaction energy balance.
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Fig.2 Typical waveforms of discharge current and scin-
tillator signal. Gas pressures are (a) 500 Pa and (b)
800 Pa.

From the current derivative signals the pinch
time versus filling pressure can be obtained and it
is shown in Fig.3. The pinch compression should
be coincident with the peak current in order to
achieve the best efficiency. Therefore, the max-
imum compression of the plasma occurs close to
the peak current for pressure of ∼ 400 Pa.
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Fig.3 Pinch time vs filling pressure for deuterium.

Figure 4 shows the neutron yield measured by
the activation counter as a function of the fill-
ing gas pressure. Each point is the average of
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five shots and the error bars are the standard
deviations. In this device, the optimum pres-
sure for achieving the maximum neutron yield
is 700 Pa. This result indicates that the neu-
tron production processes have dependence on
the filling gas pressure. We can estimate from
the empirical scaling laws available in the liter-
ature for drivers with energy in the range 1-100
kJ, Y = 107E2 and Y = I3.3 (the storage en-
ergy in the driver E in kilojoules and the current
pinch I in kiloamperes)[5], since the silver activa-
tion counter used in the present experiment has
not been calibrated.
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Fig.4 Neutron yield vs deuterium filling pressure.

Figure 5 shows the the angular distribution of
the neutron emission. Each point is the average
of five shots and the error bars are the standard
deviations. It is evident from Fig.5 that the neu-
tron yield tends to decrease with the increase of
the angle to the main electrode axis. Similar re-
sults have been observed for the neutron intensity
measured by two scintillator-photomultiplier de-
tectors located at two different angles (0◦, 90◦)
to the main electrode axis and 10 m from the
top of the anode[6]. This result indicates that
the neutron production process is attributed to
the non-thermal process of the beam beam-target
model. The different tendencies of the isotropic
and anisotropic contributions seem to be related
to the variation of the thermonuclear fusion cross-
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Fig.5 Angular distribution of neutron emission.

section and the interaction probablity between
the deutron beam and the background gas. From
these results, the neutrons are expected to be gen-
erated by the combined reactions of thermonu-
clear fusion and beam-target reaction.

4 Summary

The experimental results indicate that two types
of mechanisms are present for the neutron pro-
duction: the thermal effect and the beam-target
effect. Both mechanisms can coexist, but seem to
be independent of each other.

We plan to carry out the experiment on the
neutron emission characteristics to settle the prob-
lem of the neutron emission mechanism after the
silver activation counter is calibrated. The neu-
tron emission depends on: the electrical parame-
ters of the discharge circuit, on the electrode ge-
ometry and on the filling gas pressure. Further in-
vestigations on optimal electrodes and insulators
size should be undertaken in order to increase the
neutron emission.
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Abstract
A new type of pulsed ion beam accelerator named “bipolar pulse accelerator (BPA)”has been pro-

posed in order to improve the purity of intense pulsed ion beams. To confirm the principle of the BPA,
we developed a bipolar pulse generator, which consists of a Marx generator and a pulse forming line
(PFL) with a rail gap switch on its end. In this article, we report the experimental result of the bipolar
pulse and evaluate the electrical characteristics of the bipolar pulse generator. When the bipolar pulse
generator was operated at 70 % of the full charge condition of the PFL, the bipolar pulse with the first
(-138 kV, 72 ns) and the second pulse (+130 kV, 70 ns) was successfully obtained. The evaluation of the
electrical characteristics indicates that the developed generator can produce the bipolar pulse with fast
rise time and sharp reversing time. At present the bipolar pulse generator is installed in the By type
magnetically insulated ion diode and we carry out the experiment on the production of an intense pulsed
ion beam by the bipolar pulse accelerator.

1 Introduction

The intensity pulsed heavy ion beam (PHIB)
technology has been developed over the last two
decades primarily for nuclear fusion and high en-
ergy density physics research[1]. Advances in PHIB
technology have led us to a number of potential
applications of PHIB to surface modification of
materials[2−4]. Recently, PHIB technique has re-
ceived extensive attention as a new ion implanta-
tion technology named “pulsed ion beam implan-
tation”to semiconductor materials for the next
generation, since the doping process and the sur-
face annealing process can be completed in the
same time.

The PHIB can easily be generated in a con-
ventional pulsed power ion diode using a flash-
board ion source. The purity of the PHIB, how-
ever, is usually deteriorated by absorbed matter
on the anode(flashboard) surface and residual gas
molecules in the diode chamber. For example, the
PHIB produced in a point pinch ion diode con-
tains many kinds of ions including protons, multi-
ply ionized carbons, and organic ions[5,6]. There-
fore, the conventional pulsed ion diode is not suit-

able for the application of the PHIB to the ion
implantation. To improve the purity of the in-
tense pulsed ion beam, a new type of pulsed ion
beam accelerator named “bipolar pulse acceler-
ator (BPA)”has been proposed[7]. The BPA is
an electrostatic two-stage accelerator. As the ini-
tial stage of the BPA experiment, a prototype of
the experimental system has been developed[8].
The system employs a By type magnetically in-
sulated ion diode with an ion source of a coaxial
gas puff plasma gun. To confirm the acceleration
of the ion beam in the first gap, the ion diode
was operated with a single polar negative pulse.
The nitrogen ions were successfully accelerated
from the grounded anode to the drift tube by ap-
plying the negative pulse with a voltage of 240
kV and a pulse duration of 100 ns [full width at
half maximum(FWHM)] to the drift tube. The
pulsed ion beam with the peak ion current den-
sity of 90 A/cm2 and the beam pulse duration
of 50 ns(FWHM) was obtained at 40 mm down-
stream from the anode surface. In addition, We
found from Thomson parabola spectrometer mea-
surement that N+ and N2+ beams with 150-300
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keV energy were accelerated with proton impuri-
ties of 150-250 keV energy.

As the next stage of the BPA experiment, we
have developed a bipolar pulse generator to per-
form proof of principle experiments on the BPA[9].
The design parameters of the bipolar pulse gener-
ator are the negative and positive pulses of volt-
age ±200 kV with pulse duration of 70 ns each.
The developed generator consists of a Marx gen-
erator and a pulse forming line (PFL). A mul-
tichannel rail gap switch is employed as an out-
put switch of the bipolar pulse. In this article,
we present the experimental results of the bipo-
lar pulse and the electrical characteristics of the
developed generator.

2 Basic concept of BPA

Figure 1 shows the conceptual diagram of the
bipolar pulse accelerator. The proposed BPA con-
sists of a grounded ion source, a drift tube and a
grounded cathode. As seen in Fig.1, the BPA
is a two-stage accelerator and operated with the
bipolar pulse. In the system, a bipolar pulse of
voltage ±V0, duration τp each is applied to the
drift tube. At first the negative voltage pulse of
duration τp is applied and ions produced in the
grounded ion source are accelerated in the 1st gap
toward the drift tube. The polarity of the pulse is
reversed at t = t1 and the positive voltage pulse
of duration τp is applied to the drift tube. As a re-
sult, the ions are again accelerated in the 2nd gap
toward the grounded cathode and the ion beam
experiences total acceleration potential of 2V0 in
the accelerator. The condition for the most ef-
fective acceleration is that the pulse duration τp

is adjusted to the time of flight delay of the ion
to pass through the drift tube, i.e., τp = L/vi,
where vi is the ion velocity in the drift tube and
L is the length of the drift tube. This condition
can be satisfied by adjusting the parameter of the
bipolar pulse and the length of the drift tube. In
the above condition, when the top of the ion beam
reaches the 2nd gap, the pulse is reversed and the
ion beam is accelerated effectively in two gaps.
In addition, the merit of the BPA is that the ion

source can be installed on the grounded anode,
which extremely enhances the accessibility to the
anode, while in the conventional PIB diode, the
ion source is placed on the anode where the high
voltage pulse is applied. This seems to be favor-
able for an active ion source which is powered by
an external power supply.
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Fig.1 Schematic view of bipolar pulse accelerator.

Figure 2 illustrates the principle of the improve-
ment of the purity of the ion beam. Let us now
consider the acceleration of ions in the case that
the ion beam produced in the ion source consists
of N+ ion and impurity of H+ ion. Each ion of N+

and H+ is accelerated in the 1st gap toward the
drift tube when the negative voltage is applied,
where N+ and H+ ion beams are schematically
described in Fig.2. As seen in Fig.2, the length of
H+ beam is much longer than that of N+ beam
due to the difference of the velocity. We assume
that the length of the drift tube is designed to
be same as the beam length of N+ beam with a
beam pulse duration τp at an acceleration volt-
age V0. It is, for example, calculated to be 11.6
cm when V0 = 200 kV and τp = 70 ns. On the
other hand, the length of H+ beam at V0 = 200
kV and τp = 70 ns is 43.3 cm. When the voltage
is reversed and the positive voltage is applied to
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Fig.2 Principle of the improvement of the purity of
the ion beam.
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the drift tube (t = t1), N+ beam with the length
of 11.6 cm in the drift tube is accelerated in the
2nd gap. In contrast, 73 % of the beam is out of
the drift tube and decelerated in the 2nd gap by
the first pulse. Hence 73 % of H+ beam is not
accelerated in the 2nd gap by the positive volt-
age pulse (second pulse) of the bipolar pulse and
is removed in the bipolar pulse accelerator. As a
result, the purity of the ion beam is improved.

3 Experimental Apparatus

Two types of the pulse forming lines to generate
the bipolar pulse have been proposed, i.e., single
coaxial type and double coaxial type10. The sin-
gle coaxial type consists of a single coaxial trans-
mission line of length Ls = vτp and two switches
which serve as a reversing switch and an output
switch, where v is the transmission velocity of the
electrical signal on the line. The feature of the
line is as follows: (i) simple device and (ii) the
ratio of the duration of the negative and positive
pulses can be adjusted by changing the trigger
timing of two switches. The double coaxial type
consists of a double coaxial transmission line and
one switch serving as the main output switch and
has the following features, (i) the length of the
line is short, that is, half of the single coaxial
type and (ii) the power loss in the switch is re-
duced, since single switch is used. In both types,
each peak voltage of the bipolar pulse is expected
to be half of the charging voltage of the PFL.

Figure 3(a) illustrates the cross-sectional view
of the bipolar pulse generator in the present ex-
periment, which consists of basically a Marx gen-
erator, a PFL, a transmission line(TL) and a dummy
load. The designed output of the bipolar pulse
generator is the negative and positive pulses of
voltage ±200 kV with pulse duration of 70 ns
each. In the present system, the double coax-
ial 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 PFL is
filled with the deionized water as a dielectric and

charged positively by the low inductance Marx
generator with maximum output voltage of 300
kV through the intermediate conductor. The wave-
form of the bipolar pulse is very sensitive to the
performance of the rail gap switch, that is, the
rise time and the time to reverse the polarity
are dependent on the system’s inductance includ-
ing the inductance of the output switch. In or-
der to realize the bipolar pulse with the fast ris-
ing and reversing time, the multichannel rail gap
switch with an enhanced trigger circuit is utilized
as the output switch of low inductance. The de-
tailed structure of the rail gap switch is shown in
Fig.3(b). It consists of essentially a trigger elec-
trode and a pair of main electrodes (an inner and
an outer electrode of 239 mmφ and 261 mmφ,
respectively) separated by a spacing of 11 mm.
The main electrodes are made of iron of 20 mm
in thickness and have semicircular cross-section of
20 mm in diameter in the end of the electrodes.
The knife edged trigger electrode made of copper
is placed between the main electrodes and has
diameter of 250 mm at top of the edge. These
electrodes are carefully aligned and installed in
the acrylic vessel.
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Fig.3 (a) Experimental apparatus, (b) Detailed struc-
ture of rail gap switch, (c) Trigger circuit of rail gap
switch.

Figure 3(c) shows the circuit of the rail gap
switch with the enhanced trigger circuit. The
trigger circuit consists of a self-breakdown spark
gap switch and two resistors (R1, R2) for a voltage
divider which is required to eliminate any field en-
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hancement in the main gap of the rail gap switch.
Here C1 and C2 in the figure mean the stray ca-
pacitance. The ceramic resistors of 100 Ω are uti-
lized as R1 and R2. In the circuit, the point A
is connected to the intermediate conductor of the
PFL and is kept at the charging voltage of the
PFL in the charging phase, whereas the trigger
electrode is kept at half of the charging voltage
of the line. When charging of the PFL is fin-
ished, the spark gap switch is self-broken and the
potential of the trigger electrode is dropped to
the ground level, which initiates the breakdown
of the first gap between the trigger electrode and
the inner electrode of the rail gap switch. Subse-
quently the second gap (between trigger electrode
and outer electrode of rail gap switch) breaks
down, since the trigger electrode potential swings
toward the charging voltage of the PFL. As a re-
sult, the rail gap switch is triggered and the bipo-
lar pulse is transmitted to the load. The rail gap
switch and the spark gap switch are operated with
pure SF6 gas. The pressure in both switches can
be adjusted to control the optimum trigger timing
for each experimental condition.

The bipolar pulse voltage (V0) and charging
voltage of the PFL (VPFL) are measured by the
resistive voltage divider and capacitive voltage di-
vider placed near the rail gap switch, respectively.
The values of VPFL and V0 are calculated by the
ratio factor of the two voltage dividers (K=48500
and 1840, respectively). The Rogowski coil with
the coefficient of 614 A/V is applied to measure
the current of the trigger switch (see Fig.3(c)).

4 Experimental Results

Figure 4 illustrates the typical waveforms of the
charging voltage of the PFL (VPFL), bipolar pulse
output (V0) and current of the trigger SW (It) at
the charging voltage of 40 kV for the Marx gen-
erator in the case of (a) the trigger switch is over
pressured not to function as the trigger circuit
and (b) the pressure of the trigger switch is opti-
mized to function as the trigger circuit. Here the
filling pressure of the rail gap switch is 4.0 atm
and the impedance of the dummy load is set at

ZL=7.5 Ω, which is almost same as the charac-
teristic impedance of the line between the inner
and intermediate conductors. As seen in Fig.4(a),
when the charging voltage of the PFL reaches the
peak of 280 kV, the rail gap switch is self-broken
at t ≈ 225 ns and the square bipolar pulse, which
consists of the first pulse with a voltage of -138
kV and a pulse duration of 72 ns (FWHM) and
the second pulse with a voltage of +130 kV and a
pulse duration of 70 ns (FWHM), is successfully
obtained. Considering that the output voltage of
the Marx generator and the ringing gain of the
present system are 240 kV and about 1.2, respec-
tively, the peak voltage of the first pulse (negative
pulse) is almost equal to the half of the maximum
charging voltage of the PFL as we expected. In
contrast the voltage of the second pulse is smaller.
The reduction of the voltage in the second pulse
seems to be due to the resistance of the rail gap
switch. On the other hand, it can be clearly seen
from Fig.4(b) that in the triggered operation the
bipolar pulse is successfully produced after the
breakdown of the rail gap switch is initiated at
t ≈ 200 ns by the trigger with the rise time of
about 30 ns.
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Fig.4 Waveforms of VPFL(solid line), V0(dashed line)
and It(dotted line). Rail gap switch is operated in
(a) self-breakdown mode and (b) triggered mode.

Figure 5 shows the dependence of the output
voltage of the bipolar pulse on the charging volt-
age of the Marx generator (VM ) at the impedance
of the dummy load ZL=10 Ω. Here the rail gap
switch is operated in the self-breakdown mode
and the filling pressure of the rail gap switch is
adjusted so that the breakdown can be initiated
almost at the same time for each condition. It is
clearly seen from Fig.5(b) that the output volt-
age is proportional to the charging voltage of the
Marx generator.
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Fig.5 (a) Typical waveforms of VPFL and V0 and (b)
output voltage as a parameter of the charging voltage
of the Marx generator.

Figure 6 shows the dependence of the output
waveform on the impedance of the dummy load
(ZL). We can see that the bipolar pulse is ob-
tained in each ZL condition. For the case of the
lower impedance than the characteristic impedance
of the line (ZL < 7.6 Ω), the reflected waves are
caused by the impedance mismatch between the
TL and the dummy load, while as the impedance
of the load approaches the characteristic impedance
of the TL, i.e., the impedance matching condi-
tion is satisfied it decreases and vanishes. Thus,
you may see from Fig.6 that the matching con-
dition is around ZL=10 Ω. This value does not
agree with the designed characteristic impedance
(7.6 Ω) of the TL. However, this disagreement
can be explained as follows. In reality, the ce-
ramic resistor with 20 cm length by 2 cm diam-
eter is used as the voltage divider in the trigger
circuit and inserted parallel to the inner conduc-
tor of the TL. We consider that this disagreement
of the impedance matching condition may be at-
tributed to the influence of the inserted resistor
on the characteristic impedance of the TL.
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Fig.6 Dependence of the output waveform on the im-
peadance of the dummy load in case of (a) self-breakdown
mode and (b) triggered mode.

The negative voltage pulse is observed right af-
ter the bipolar pulse, even though the impedance
matching condition between the TL and the load
is satisfied, as seen in Fig.5 and Fig.6. This is
considered to be due to the impedance mismatch
at the output end of the resistive voltage divider.
Figure 7 displays the bipolar pulse waveform mea-
sured by the capacitive voltage divider in case of
(a) ZL=7.5 Ω and (b) ZL=10 Ω, where the rail
gap switch is operated in the self-broken mode
and the same experimental parameters are uti-
lized. The waveform of the charging voltage VPFL

is shown as the reference. It is evident from the
comparison between Fig.7 and Fig.6(a) that the
main part of the bipolar pulse is almost simi-
lar waveform, that is, square bipolar pulse and
that the negative voltage pulse after the bipo-
lar pulse is reduced. The reflected negative pulse
due to the impedance mismatch between the TL
and the load is observed for the case of ZL=7.5
Ω [Fig.7(a)], whereas it vanishes for ZL=10 Ω
[Fig.7(b)]. Hence we can say that the impedance
matched load is around 10 Ω.
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Fig.7 Typical waveform of bipolar pulse V0(solid line)
measured by capacitive voltage divider in case of (a)
ZL=7.5 Ω and (b) ZL=10 Ω.

It is evident from Fig.6 that the rising time
(10-90 % rise time) and the reversing time (90-90
% reverse time) of the bipolar pulse are almost
constant for every load. For the self-broken oper-
ation, the rising time and the reversing time are
evaluated to be around 30 ns and around 35 ns,
respectively, whereas for the triggered operation
the bipolar pulse has the rise time of around 35 ns
and the reverse time of around 45 ns. These re-
sults show that the bipolar pulse waveform in the
triggered mode tends to become duller than that
in the self-broken mode. The above result can be
explained by the following reason. In case of the
triggered mode, the transition time of the rail gap
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switch depends on the rise time of the trigger. In
the circuit, the rise time of the trigger is limited
by the stray capacitance and the resistor for the
voltage divider, as seen in Fig.3(c). Thus, the
rise time is estimated to be about 30 ns, which
is in fairly good agreement with the experimental
result ∼ 30 ns (see Fig.4(b)). In order to investi-
gate the dependence of the reversing time of the
bipolar pulse on the transition time of the output
switch, the circuit simulation of the present sys-
tem was performed. The simulation results show
that the waveform of the bipolar pulse tends to
become duller with the increase of the transition
time. According to Ref.[10], the performance of
the rail gap switch is extremely improved by in-
creasing the number of conducting channels and
the switching inductance of the multichannel rail
gap switch can be reduced to less than 10 nH
when using the mixture of SF6 with N2. There
seems to be need for making improvements in-
cluding the performance of the rail gap switch and
the setting of the trigger circuit in order to pro-
duce the bipolar pulse with faster rise time and
sharper reversing time. However, the developed
bipolar pulse generator has good enough perfor-
mance to carry out BPA experiments. Thus, we
plan to perform the experimet on the production
of an intense pulsed ion beam by the bipolar pulse
accelerator after the bipolar pulse generator is in-
stalled in the By type magnetically insulated ion
diode. Figure 8 illustrates the experimental sys-
tem of the bipolar pulse accelerator.
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Fig.8 Experimental system of bipolar pulse accelera-
tor.

Figure 9 shows the detail of the ion beam accel-
eration used in the experiment. The system con-
sists of a grounded anode, a drift tube, a grounded
cathode and a magnetically insulated accelera-

tion gap(MIG). The anode and the cathode are
the copper electrodes of diameter 78 mm, thick-
ness 5 mm. The electrodes are uniformly drilled
with apertures of diameter 4 mm, which gives the
beam transmission efficiency of 58 %. The drift
tube is connected to a high voltage terminal of
the bipolar pulse generator. The magnetic coil
of the MIG is installed on the rectangular drift
tube and produces the uniform magnetic field of
y-direction with strength of 0.4-0.5 T in the accel-
eration gap of dA−K=10 mm. The coil is powered
by a capacitor bank of 500 μF and charging volt-
age 5 kV.

A gas puff plasma gun is used as the source
plasma of the ion beam and consists of a high-
speed gas puff valve and a coaxial plasma gun.
To apply the pulsed current to the gas puff coil
and the plasma gun, capacitor banks of 5 μF and
1.5 μF are used, respectively. Each capacitor is
usually charged to 5 kV and 20 kV, respectively.
Since it takes about a hundred μs to open the
valve of the gas puff and several tens μs for N2

gas to reach the gas nozzle of the plasma gun, the
capacitor bank of the plasma gun is discharged
with a delay time of τd around 300 μs. The bipo-
lar pulse generator is fired at τpp = 9-20 μs after
the rise of the the discharge current of the plasma
gun, as shown in Fig.9. At present a biased ion
collector (BIC) is installed inside the drift tube
in ordr to confirm the acceleration of ions in the
1st gap.
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Fig.9 Cross-sectional view of ion beam acceleration.

5 Conclusion

We developed the bipolar pulse generator to
perform proof of principle experiments of the bipo-
lar pulse accelerator. The production of the bipo-
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lar pulse with fast rise time and sharp reversing
time was confirmed experimentally. We are plan-
ning to carry out the two-stage acceleration ex-
periment by the bipolar pulse and to evaluate the
beam quality in detail and modify it by optimiz-
ing the gap structure.
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Abstract

A magnetically insulated ion diode with an active ion source of a gas puff plasma gun has been

developed in order to generate a high-intensity pulsed heavy ion beam for the implantation process of

semiconductors and the surface modification of materials. When the ion diode was operated at diode

voltage ≈ 190 kV, diode current ≈ 15 kA and pulse duration ≈ 100 ns, the ion beam with an ion

current density of 54 A/cm2 was obtained at 50 mm downstream from the anode. It was found from the

evaluation of ion species and energy of the ion beam by a Thomson parabola spectrometer (TPS) that

N+ and N2+ beams of 100-300 keV energy were accelerated with proton impurities of 90-190 keV energy.

The purity of the beam was estimated to be 94 %. In addition, to produce the pulsed metallic ion beam

we developed the By type ion diode using a vaccum arc plasma gun instead of the gas puff plasma gun.

The aluminum ion beam with an ion current density of 53 A/cm2 was obtained at 50 mm downstream

from the anode. We found from TPS measurement that the ion beam consisted of the Al2+ and Al3+

beams with the energy of 100-300 keV and the proton impurities with the energy of 110-170 keV.

1 Introduction

High-intensity pulsed heavy ion beam (PHIB)

technology has been developed over the last two

decades primarily for nuclear fusion and high en-

ergy density physics research[1]. One of most in-

teresting topics is the application of PHIB to de-

velop a unique pulsed energy source as a tool for

the surface modification of materials[2−5]. Espe-

cially for the implantation process, PHIB tech-

nique has received extensive attention as a new

type of ion implantation technology, since the ion

implantation and the surface heat treatment or

the surface annealing can be completed in the

same time[6].

The pulsed ion beams usually are generated

in conventional magnetically insulated ion diodes

(MID) with transverse magnetic field in the accel-

eration gap to suppress the electron flow and en-

hance the ion flow. The conventional MID, how-

ever, has the fault that the producible ion species

is limited to the material of electrode and that the

beam usually contains much quantity of impu-

rity ions[7], since the surface flashover ion source

is used. Therefore, the conventional pulsed ion

diode is not suitable for the implantaton process.

We have developed a new type of By type MID

with an active ion source of a gas puff plasma gun

in order to produce the PHIB with acceptable pu-

rity. The nitrogen ion beam with ion current den-

sity ∼ 13 A/cm2 and the purity of the beam ∼ 85

% has been obtained[8]. The ion current density,

however, is not intense enough to apply PHIB to

the implatation process.

A coaxial type Marx generator with a voltage

of 200 kV and a current of 15 kA was developed

and installed in MID to enhance the ion current

density. As a result, the ion beam with a current

density of Ji = 54 A/cm2 and a pulse duration

of 90 ns(FWHM) was obtained at 55 mm down-

stream from the anode[9]. In this paper, we report

the evaluation of the ion species and the energy

spectrum of the ion beam. In addition, the pre-

liminary results of the experiment on the pulsed

metallic ion beam by the MID using a vaccum arc
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plasma gun are described.

2 Experimental Setup

A schematic configuration of the intense pulsed

heavy ion diode system is illustrated in Fig.1. The

system consists of a high voltage pulsed power

generator, a gas puff plasma gun, a By type mag-

netically insulated ion acceleration gap (diode),

and a stainless-steel vacuum chamber with a dif-

fusion pump package. The Marx generator with

the stored energy of 240 J at a charging voltage

50 kV is used as the pulsed power generator of

the ion diode. The output parameter of the gen-

erator is voltage 200 kV, current 15 kA and pulse

duration 100 ns(FWHM), which is applied to the

anode of the ion diode. The vacuum chamber is

evacuated to 5 × 10−3 Pa.

Ion Diode
200 ns,

200 kV,
2 kA

Ion DiodeMarx 

8.3 nF
200 kV

Insulating Oil

Vacuum

Rogowski Coil

Capacitor Divider

240 J

Fig.1 Schematic of the Ion Diode System.

Figure 2 shows the detail of the ion diode. The

diode consists of a cylindrical anode of 115 mm

length by 60 mm diameter and a cathode of grid

structure. The acceleration gap length(dA−K) is

adjusted to 10 mm. The top of the anode is a

stainless-steel plate, in which 37 holes of 5 mm

diameter are drilled at the central area of the an-

ode in order to allow the source plasma to inject

into the acceleration gap. The cathode has a grid

structure to pass through the accelerated ions.

The cathode also acts as a multi-turn magnetic

field coil in order to generate a transverse mag-

netic field in the acceleration gap to insulate the

electron flow and enhance the ion flow. Thus, as

shown in Fig. 2, the cathode(coil) has a shape

like 8-character and is made of phosphor bronze

strip of 10 mm width and 1 mm thickness. The

coil is powered by a capacitor bank of 250 µF

and charging voltage 5 kV. By applying a pulse

current of 10 kA with rise-time 50 µs, a uniform

magnetic field of 0.7 T is produced in the gap.
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Fig.2 Cross-sctional view of By type MID.

The gas puff plasma gun is used as the ion

source in order to produce the pulsed ion beam

with high purity and is installed inside the an-

ode. The plasma gun consists of a coaxial plasma

gun and a high-speed gas puff valve. The plasma

gun has a pair of coaxial electrodes, i.e. an in-

ner electrode of 80 mm length by 6 mm outer

diameter and an outer electrode of 18 mm inner

diameter. The inner electrode has six gas nozzles

of 1 mm diameter. The gas puff valve consists of

a nylon vessel, an aluminum valve and a driver

coil. The vessel is pre-filled with N2 gas up to 1.4

atm. By discharging the capacitor bank of 20 µF

and charging voltage 5.5 kV, a pulsed strong mag-

netic field is produced in the driver coil, which

pushes the valve. As a result, the valve opens

quickly in the time order of 100 µs and the gas

expands with a supersonic velocity and is injected

into the plasma gun via the nozzles on the inner

electrode. After the injection of the gas, the ion

source plasma is produced by discharging the ca-

pacitor bank of the plasma gun with the optimal

delay time, since it takes ∼ 150 µs to open the

valve and several tens µs for N2 gas to reach the

gas nozzle on the inner electrode of the plasma

gun. The ion current density of the plasma pro-

duced by the plasma gun is estimated to be 28

A/cm2 by a biased ion collector (BIC) placed at

90 mm downstream from the top of the plasma

gun where the anode is placed in the acceleration

experiment. The capacitor bank of 3.3 µF for the

plasma gun is charged up to 17 kV.

The diode voltage (Vd) and diode current (Id)

are measured by the capacitive voltage divider

and Rogowski coil, respectively. The values of

diode voltage and diode current are calculated by

the ratio factor of the voltage divider 136000 and
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the coefficient of the Rogowski coil 27 kA/V. A

biased ion collector(BIC) is used for the measure-

ment of the ion current density .

3 Experimental Results
3.1 Evaluation of Pulsed nitrogen ion beam

Figure 3 shows typical waveforms of the diode

voltage (Vd), the diode current (Id) and the ion

current density of the accelerated beam (Ji). Here,

the high voltage pulsed power generator is trig-

gered at a delay time τd=10 µs after the rise of

the discharge current of the plasma gun and Ji is

measured by the BIC placed on the axis at z = 50

mm downstream from the surface of the anode.

As seen in the Fig.3(a), Vd rises in 75 ns and has

a peak of 190 kV, whereas Id rises with Vd and

has a peak of 15 kA at t = 80 ns. It can be seen

from Fig.3(b) that the ion beam with a current

density of Ji = 54 A/cm2 and a pulse duration

of 90 ns(FWHM) is obtained at 30 ns after the

peak of Vd. Here, the waveform of Vd is shown

as the reference. Considering the time of flight

delay, the ion beam corresponding the peak of Ji

seems to be accelerated around the peak of Vd.
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Fig.3 Typical waveforms of (a) diode voltage Vd, diode
current Id and (b) ion current density Ji.

A Thomson parabola spectrometer(TPS) was

used for the evaluation of the ion species and the

energy spectrum of the ion beam. Figure 4 shows

the schematics of TPS used in the experiment.

The TPS is constructed of a 1st pinhole, a 2nd

pinhole, a magnetic deflector, an electric deflector

and an ion detecting plate of CR-39. The spot

size(d) of the beam on the detector is given by

d = (D1 + D2)(L2/L1) + D2

where D1 and D2 are the diameters of the 1st

and the 2nd pinholes, respectively, L1 the dis-

tance beteween two pinholes, and L2 the distance

between the 2nd pinhole and the detector. In our

experiment, we have chosen D1 = D2 = 0.3 mm,

L1 = 20 mm and L2 = 60 mm, hence, giving

d = 2.1 mm. The deflecting magnetic field of 0.8

T and the electric field of 0.6 MV/m are applied in

the vertical direction. Thus, ions are deflected in

the vertical direction and the horizontal direction

by the electric field and the magnetic field, respec-

tively. Figure 5 shows the typical track pattern on

CR-39 obtained by TPS measurement. The mea-

surement were done for 3 shots. It is clearly seen

from Fig.5 that singly and doubly ionized nitro-

gen ions are observed with impurity of hydrogen

ions. Since each ion track on CR-39 is produced

by an irradiation of single ion, we have evaluated

the ion number ratio on each ion species by count-

ing the track number. The energy range and the

number ratio of each ion species evaluated from

the track pattern are summarized in table I. We

see from the table that 6 % of impurity ions of

protons are included in the beam, hence the pu-

rity of the beam is evaluated to be 94 %.

1st Pinhole
Φ = 0.3 mm

Ion Beam

Magnetic deflector
B = 0.8 T Electric deflector

E = 0.6 MV/m

2nd Pinhole
Φ = 0.3 mm

CR-39

25 525 520

N

S

+ V

( mm )

Anode

Cathode

50

Fig.4 Schematic of Thomson parabola spectrometer.
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Fig.5 Typical track pattern on CR-39 by TPS.

Table.1 Energy and number ratio of each ion species

evaluated by TPS.

Ion species Energy (keV) Number ratio (%)

N+ 110-300 94
N2+ 100-300

H+ 90-200 6
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3.2 Generation of pulsed metallic ion beam

Pulsed metallic ion beams have received exten-

sive attention for the material processes, however,

they cannot be obtained yet. We have developed

the vacuum arc discharge ion source as an intense

pulsed metallic ion source8,10. Figure 6 shows the

experimental setup to evaluate the characteristics

of the vacuum discharge ion source. As shown in

in the inset of Fig.6, a coaxial type configuration

is used as the vacuum discharge electrodes. A ca-

pacitor bank of 1 µF and charging voltage 30 kV

is connected anode to cathode and the discharge

is triggered by applying 20 kV spark between the

trigger electrode and the cathode. The experi-

ment is done in the vacuum of 4 × 10−3 Pa.
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Fig.6 Experimental setup of vacuum arc discharge ion
source.

The ion current density of the plasma (Ji) pro-

duced by the plasma gun was evaluated by the

BIC placed on the central axis at 150 mm down-

stream from the top of the plasma gun. Figure 7

shows the typical waveforms of the discharge cur-

rent (Ia) and the ion current density (Ji). As seen

in Fig.7, the discharge current Ia has a sinusoidal

waveform of peak current 12.5 kA and quarter cy-

cle 2.2 µs. The ion beam with the peak current

density Ji=254 A/cm2 and the pulse duration of

1.5 µs is observed at about τpeak = 7.4 µs after

the rise of Ia.
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Fig.7 Typical waveforms of Ia and Ji.

In order to evaluate the drift velocity of the

plasma by a time of flight method (TOF), two

BIC’s are placed at 100 and 150 mm downstream

from the discharge gap, respectively. The TOF

delay time between two BIC signals is 1.9 µs,

which gives the drift velocity of 2.6 × 104 m/s.

Assuming aluminum ions it corresponds to the

ion energy of 95 eV.

The vaccum arc plasma gun is installed into

the By type ion diode in order to produce the

pulsed metallic ion beam. Both ion diode sys-

tem and measurement setup are the same as the

experimental system for the nitrogen ion beam

except that the vaccum arc plasma gun is em-

ployed as the ion source. Figure 8 shows typical

waveforms of the diode voltage (Vd), the diode

current (Id) and the ion current density of the

accelerated beam (Ji). As seen in Fig.8(a), Vd

rises in 50 ns and has a peak of 200 kV. On the

other hand, Id rises with Vd and has a peak of 10

kA at t = 75 ns and after that decreases. Figure

8(b) shows the ion current density of the acceler-

ated beam Ji measured by the BIC placed on the

axis at z = 50 mm downstream from the surface

of the anode. From the figure, we see that the ion

current density of 53 A/cm2 was generated with

a pulse width of 40 ns(FWHM) after the rise of

Vd.
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Fig.8 Typical waveforms of (a) diode voltage Vd, diode

current Id and (b) ion current density Ji.

The ion species and the energy spectrum of

the ion beam was evaluated by using the above-

mentioned TPS. Figure 9 shows the typical track

pattern on CR-39. Here, the measurement were

done for 1 shot. We found from the figure that the

ion beam consisted of Al2+ and Al3+ beam with

an energy of 100-300 keV and impurity of pro-

ton with an energy of 110-170 keV. This result

means that the pulsed metallic ion beam is suc-
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cessfully obtained by the magnetically insulated

ion diode with an active ion source of the vaccum

arc plasma gun.

� $� � # $� � " $

Fig.9 Typical track pattern on CR-39 by TPS.

4 Summary

We have developed the magnetically insulated

ion diode using two type of plasma guns, i.e. a gas

puff plasma gun and a vacuum arc plasma gun in

order to generate variety of ion beams. In case

of the gas puff plasma gun, when the ion diode

was operated at diode voltage 190 kV, diode cur-

rent 15 kA, and pulse duration 100 ns (FWHM),

the nitrogen ion beam with an ion current den-

sity of 54 A/cm2 and a pulse duration of 90 ns

was obtained at 50 mm downstream from the an-

ode. From the evaluation of the energy and ion

species of the beam by a Thomson parabola spec-

trometer, we found that the ion beam consisted

of N+ and N2+ beam with an energy of 100-300

keV and impurity of proton with an energy of 90-

190 keV. The purity of the nitrogen beam was

estimated to be 94 %. In case of the vacuum arc

plasma gun, the aluminum ion beam with an ion

current density of 53 A/cm2 was obtained at 50

mm downstream from the anode when the diode

voltage and the diode current are 200 kV and 10

kA, respectively. The evaluation by TPS mea-

surement shows that Al2+ and Al3+ beam of en-

ergy 100-300 keV were accelerated with impurity

of protons of energy 110-170 keV. We need to

measure the purity of the aluminum ion beam.
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ABSTRACT

Three dimensional beam dynamics during a longitudinal pulse compression is numerically in-
vestigated by using a multi-particle code developed with a reduced electric field model. Longi-
tudinal self-electric field causes a deformation of the beam particle distribution in phase space
during the beam transport with the pulse compression. An rms transverse emittance growth
is additionally increased along the beam transport due to the disruption in the longitudinal
distribution of the beam particle.

1 Introduction

In a heavy ion inertial fusion (HIF) system [1] ,
energy of several MJ should be injected as a short
time pulse to a fuel pellet. The target pellet illumi-
nated by the energy driver is rapidly imploded into
the center. The implosion driven can cause a high
energy density state at the center of the pellet,
and the high-temperature dense plasma can pro-
duce a lot of thermonuclear reactions. An intense
heavy-ion beam (HIB) is one influential candidate
as the energy driver, and the physics of space-
charge-dominated beams is crucial in the HIF re-
searches [1].

Required parameter values of HIB are several
GeV particle energy, ∼100 kA total current, and
∼10 ns short pulse duration [2]. The beam param-
eters are far from those of conventional particle
accelerator system. Therefore the beam dynamics
and control are important research issues in HIF.

Not only for HIF, but also research fields on
high energy density physics (HEDP) and warm
dense matter (WDM) sciences [3] driven by HIB il-
luminations require the generation of a high-current
HIB.

At the final stage, the beam pulse must be
longitudinally compressed from ∼100 to ∼10 ns.
Induction voltage modulators, which have a pre-
cise waveform controllability, are useful devices for
the bunch compression [4]. For an effective pel-
let implosion, we should transport and compress
the bunch of HIB with a low emittance growth.
A final focus and beam illumination are crucial,
but a large emittance interferes the focusing to
the small fuel pellet [5]. For this reason, the fi-
nal pulse compression and the final focusing are a
key technology in the HIF driver system. In these
regions, the intense HIB is in the space-charge-
dominated state, and beam instabilities may occur
during the beam transport. Redistribution of par-
ticles in phase space can also cause the emittance
growth, because nonequilibrium particle distribu-
tion will approach with dissipation to a thermal
equilibrium state [6].

In our previous studies [7, 8, 9], the beam dy-
namics was investigated by using a two dimen-
sional multi-particle code including the longitudi-
nal pulse compression model. We carry out nu-
merical simulations by using a three dimensional
particle code in this study. The longitudinal and
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transverse beam parameter changes are discussed
from the numerical simulation results during the
pulse compression. Disruption of the longitudinal
particle distribution is shown in the beam trans-
port, and implies that an emittance growth larger
than one near center of the beam bunch is caused
due to the longitudinal particle motions.

2 Simulation model and beam
parameters

The calculation code used, which is based on a
particle-in-cell (PIC) method [10] , takes into ac-
count of a self-electrostatic and an external applied
magnetic fields, and can be described in a three di-
mensional Cartesian coordinate. The particle mo-
tions are calculated in the fully three dimensional
space by neglecting a self-magnetic field.

The electric field created due to the space charge
is calculated by using the Poisson equation,

∇2φ =
∂2φ

∂x2
+

∂2φ

∂y2
+

∂2φ

∂z2
= − ρ

ε0
, (1)

where φ is the electrostatic potential, ρ is the charge
density, and ε0 is the permittivity of free space.
By solving Eq. (1), the electric field can be com-
pletely determined by E = −∇φ, however the
higher computational cost is unaffordable for a
lot of parameter studies. Vorobiev and York pro-
posed a sub-three-dimensional PIC method [11],
and the approach is as follows. The three dimen-
sional Poisson equation Eq. (1) can be replaced as

∂2φ

∂x2
+

∂2φ

∂y2
= −ρ′, (2)

where
ρ′ =

ρ

ε0
− ∂Ez

∂z
. (3)

If Eq. (3) can be solved with including the trans-
verse information, we can obtain the transverse
electric field by solving the two dimensional Pois-
son equation as shown in Eq. (2).

Assuming the large aspect ratio to longitudi-
nal and transverse directions for the beam bunch,
we employ the simplified calculation model for the
longitudinal electric field in this study. The trans-
verse electric fields are normally calculated by

Ex = −∂ φ

∂x
, (4)

Ey = −∂ φ

∂y
, (5)

z

bb-1 b+11

Figure 1: Sliced bunch model for the self-electric
field calculations.

while by assuming the long wave approximation
the longitudinal electric filed can be given as

Ez = − g

4πε0γ0
2

dλ

dz
, (6)

where γ0 is the relativistic factor at the central
energy for the beam and λ is the line charge den-
sity. For a space-charge dominated regime, g is the
geometry factor defined by

g ∼ log
r2
p

rxry
, (7)

where rp is the outer boundary pipe radius, rx and
ry are effective beam radii estimated as

rx = 2
√

〈(xp − 〈xp〉)2〉, (8)

ry = 2
√

〈(yp − 〈yp〉)2〉, (9)

where xp and yp are the transverse positions of the
beam particle at the index p.

To reduce the computational cost, the beam
bunch is longitudinally sliced and separated to cal-
culate the transverse and longitudinal electric fields
as shown in Fig. 1. At each time-step the bunches
sliced are identified by using the index b. The
transverse electric fields are calculated at each slice.
For this reason, the horizontal and vertical electric
fields are rewritten as

Exb = −∂ φb

∂x
, (10)

Eyb = −∂ φb

∂y
, (11)

at each slice. Here the subscripts b indicate the
sliced bunch index. The electrostatic potential at
each slice can be calculated by

∂2φb

∂x2
+

∂2φb

∂y2
= −ρ′b, (12)

where
ρ′b =

ρb

ε0
− dEzb

dz
. (13)
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Here

dEzb

dz
= − 1

4πε0γ0
2

d

dz

(
gb

dλb

dz

)
. (14)

The Poisson equation at each slice can be numer-
ically solved by using a multigrid and SOR meth-
ods [12].

The beam parameters are assumed as Table 1 [2].
The initial generalized perveance is assumed to be

Table 1: Beam parameters.
Ion species Pb1+

Number of ions 6.25×1014

Particle energy [GeV] 10
Initial beam current [A] 400
Final beam current [kA] 10
Initial pulse duration [ns] 250
Final pulse duration [ns] 10

3.58×10−6. The initial undepressed and depressed
phase advances are σ0 = 72 deg and σ = 65.2 deg
at 3 m in the longitudinal direction. A continu-
ous focusing (CF) configuration is assumed for the
transverse confinement system. The transverse fo-
cusing coefficients kx = ky = 0.157 m−2 are con-
stant for the CF model.

The transverse calculation region is fixed at the
square of 10 cm × 10 cm, and the outer boundary
condition is given as a conductor wall. As a result,
the pipe radius rp is assumed as 5 cm in this study.

The rms matched Gaussian [13] beam is chosen
as the initial particle (non-stationary) distribution
for the transverse plane. The longitudinal charge
distribution is assumed to be uniform before the
bunch compression, on which a velocity tilt of 5 %
is applied.

3 Longitudinal and Transverse
Beam Parameters during Pulse
Compression

We simulate numerically the beam dynamics dur-
ing the pulse compression with the CF focusing
model as discussed in the previous section.

Figure 2 shows the line charge density pro-
files at each longitudinal position during the beam
transport. Due to the head-to-tail velocity tilt
given initially, the beam bunch is longitudinally
compressed during the transport, and the line charge
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Figure 2: Line charge density along the beam
transport direction.

density can be increased with the pulse compres-
sion.

Figure 3 shows the particle map in the longitu-
dinal phase space and the longitudinal electric field
at each transport distance s. As shown in Fig. 3,
the particle distribution profile can be rotated in
the longitudinal phase space, and the amplitude
of the longitudinal electric field is increased due
to the line charge density growth. At s = 460 m,
a disruption of the smooth particle distribution in
the longitudinal phase space is indicated by Fig. 3.
The disruption is caused by increasing the ampli-
tude of the longitudinal electric field due to the
pulse compression.

The emittance value can be used to evaluate
the beam quality. We define the average of unnor-
malized rms transverse emittance ε as

ε =
εx,rms + εy,rms

2
, (15)

where εx,rms and εy,rms are the unnormalized rms
emittances for horizontal and vertical directions
given by

εx,rms =
[〈x2

p〉〈x′2
p 〉 − 〈xpx

′
p〉

]1/2
, (16)

and
εy,rms =

[〈y2
p〉〈y′2

p 〉 − 〈ypy
′
p〉

]1/2
, (17)

where the prime (′) indicates the slope, i.e., x′
p =

dxp/dzp and y′
p = dyp/dzp, respectively. The ini-

tial emittance εi is assumed to be εi =10 mm-
mrad, and εx,rms = εy,rms = εi. The evolutions
of the emittance growth ε/εi, which indicates the
ratio of the average emittance to the initial one
along the transport distance, are shown in Fig. 4.
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Figure 3: Particle distribution (dots) and longitudinal electric field (lines) at each transport distance in the
longitudinal phase space during beam transport with pulse compression.

The emittance growth over the entire beam is cal-
culated by considering all beam particles, and the
emittance growth near center is evaluated by the
particles included in the range of ±10 cm fixed
from the longitudinal center of the beam bunch.
As shown in Fig. 4, the emittance growth evalu-
ated near center of the beam bunch is lower than
one over the entire beam bunch. As a result, the
large transverse emittance growth over the entire
beam bunch can be caused due to the disruption of
the particle distribution in the longitudinal phase
space at s ≥ 460 m as shown in Fig. 3.
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Figure 4: Evolution of the rms emittance dur-
ing the beam transport with the pulse compres-
sion. The solid curve indicates the emittance
growth over the entire beam bunch, and the dotted
line shows one evaluated near center of the beam
bunch.

4 Conclusions

A high-current HIB dynamics during the beam
transport with a longitudinal pulse compression
was numerically investigated by using a three di-
mensional particle simulation code. The used code
was developed to solve the three dimensional par-
ticle motions with the reduced electric field due
to the space charge effect and the applied exter-
nal magnetic field for the transverse confinement
of the beam.

A disruption of smooth particle distribution in
phase space for the longitudinal pulse compression
was indicated, and was found to be caused due to
the longitudinal self-electric field. A comparison of
emittance growth between the all particles in the
beam bunch and the particles included near center
of the beam bunch implies that the rms emittance
growth over the entire beam can be increased due
to the disruption of the longitudinal particle dis-
tribution.

Acknowledgments

This work was carried out under the collaborating
research program at National Institute for Fusion
Science. This work was supported by JSPS (Japan
Society for the Promotion of Science) No. 17740361
and MEXT (Ministry of Education, Culture, Sports,
Science and Technology).

83



References

[1] J.J. Barnard, J. Fusion Energy 17, 223 (1998).

[2] J.J. Barnard, R.O. Bangerter, A. Faltens,
T.J. Fessenden, A. Friedman, E.P. Lee, B.G. Lo-
gan, S.M. Lund, W. Meier, W.M. Sharp, and
S.S. Yu, Nucl. Instrum. Methods in Phys. Res.
A415, 218 (1998).

[3] T. Sasaki, et. al., in this proceedings.

[4] K. Horioka, M. Nakajima, M. Watanabe,
M. Honda, E. Hotta, M. Shiho, M. Ogawa,
J. Hasegawa, J. Kishiro, and K. Takayama, Laser
Part. Beams 20, 609 (2002).

[5] T. Someya, A.I. Ogoyski, S. Kawata, and
T. Sasaki, Phys. Rev. ST Accel. Beams 7, 044701
(2004).

[6] S.M. Lund, D.P. Grote, and R.C. Davidson, Nucl.
Instrum. Methods in Phys. Res. A 544, 472
(2005).

[7] T. Kikuchi, M. Nakajima, K. Horioka, and
T. Katayama, Phys. Rev. ST Accel. Beams 7,
034201 (2004).

[8] T. Kikuchi, T. Someya, S. Kawata, M. Nakajima,
K. Horioka, and T. Katayama, Nucl. Instrum.
Methods in Phys. Res. A 544, 262 (2005).

[9] T. Kikuchi, S. Kawata, M. Nakajima, and K. Ho-
rioka, NIFS-PROC-64, 71 (2006).

[10] R.W. Hockney and J.W. Eastwood, Computer
Simulation Using Particles, McGraw-Hill, New
York, (1981).

[11] L.G. Vorobiev and R.C. York, Phys. Rev. ST Ac-
cel. Beams 3, 114201 (2000).

[12] U. Trottenberg, C.W. Oosterlee, and A. Schüller,
MULTIGRID, Elsevier, San Diego, (2001).

[13] Y.K. Batygin, Nucl. Instrum. Methods in Phys.
Res. A 539, 455 (2005).

84



Beam Manipulation with Controllable Induction Voltage Cell
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In order to simulate beam manipulation in high power acceleration system, a proto-type induction
modulator with voltage adder configuration is developed. The modulator is composed of 5-unit of
induction cells and FET-based voltage drivers. The induction unit can generate a voltage with
sinusoidal shape and those module pulses are superimposed at an acceleration gap. Using this
modulator, electron beams are accelerated and longitudinally compressed. Effects of self-electric field
and initial emittance for the bunch compression ratio are discussed based on the beam manipulation
experiments.

Keywords: Induction acceleration,Pulse modulator,Waveform synthesis,Intense beams, Bunch compression

I. INTRODUCTION

Huge accelerators have been developed so far to en-
hance the particle energy as a tool for high energy
physics. Except for the size and cost issues, the accel-
eration technology itself is relatively well established for
the generation of high energy particles. On the other
hand, application of particle beams to such as the en-
ergy driver of inertial fusion, needs extremely high cur-
rent beams rather than high energy beams. Then the
generation of high flux particles and transport of high
current beams are of critical issues for high power accel-
eration technology.

Induction accelerator can generate high current beams
of order of kA. High power induction acceleration has
been studied for plasma heating or energy driver of iner-
tial confinement fusion. [1][2][3][4] In addition, induction
acceleration cavity is partly placed in conventional RF
Synchrotron in KEK(High Energy Accelerator Research
Organization) Induction Synchrotron.[5][6]

Conventional high power induction accelerators have
a lot of issues including controllability and repeatability.
In particular, high current beams are difficult to trans-
port because they are dominated by the space charge
field. To create high current beam, a method of avoid-
ing the space charge effect is inevitable. In the concept
of Heavy Ion Fusion(HIF), long pulse and low current
beams must be compressd in proportion to beam energy
as shown in Fig.1.[7][8][9] To compress the beam bunch
(Beam Bunching), the acceleration waveforms have to be
controlled with high accuracy.

From above-mentioned backgrounds, we have devel-
oped induction acceleration module composed of 5 units.
This module utilizes a voltage adder configuration to con-
trol the voltage waveform at high current level.

II. INDUCTION ACCELERATION AND
VOLTAGE ADDER METHOD

The principle of induction acceleration is usually ex-
plained by a transformer model. The induced electromo-

ion sourse
 and
injector

acceleration 
with focusing

acceleration 
with focusing

10Mev
50A

100Mev
250A

10Gev
10kA

10Gev

64Beams 16Beams

target

FIG. 1: HIF concept using induction accelerator

tive force is derived by the Maxwell’s equations,

rotE =
∂B

∂t
(1)

∮
E · d� = −

∫
∂B

∂t
· dS. (2)

When ∂B
∂t = const, relation between acceleration voltage

V and pulse width τ is derived by following equation.

V τ = ΔB · S (3)

This equation is not contain any term of beam current.
This means the induction accelerators have intrinsically
high ability to drive the current.

In addition, as the core is surrounded with conductor,
it can be stacked to concentrate the electrical potential
into the acceleration gap.

We have developed an induction modulator using volt-
age adder configuration to control the voltage waveforms.
In this method, acceleration voltages for the bunching are
generated by adding multiple sinusoidal waves of half pe-
riod. By controlling the peak voltage and the phase of
the sinusoidal waves, any shape of voltage can be synthe-
sized.

This method have the following advantages. First, si-
nusoidal waves can be generated by a simple LC circuit.
Second, the electric power consumption per unit module
can be controlled at low level so as to use semiconductor
switching devices.
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2

FIG. 2: Schematic of the voltage controller

III. EXPERIMENTAL SETUP

A. Voltage controller

A schematic diagram of the equipments for generating
the acceleration voltage are shown in FIG.2. The FET
unit consists of a LC circuit and MOSFET switching de-
vices. The delay pulser can independently control each
module.

B. Acceleration cavity and transport line

In this experiment, 4 modular units are used to make
the induction acceleration cavity (FIG.3) . Each units
are independently driven and the generated voltages are
added in the acceleration gap. Magnetic cores made of
FINEMET were used for the induction module.

As the source of charged particles, electro-thermal elec-
trons generated from tungsten filament are used. Beam
dynamics in a high power ion accelerators can be simu-
lated by the electron beam source in the laboratory with
selection of proper scaling parameters for beam velocity
and/or charge/mass ratio; for example, β(= v/c) value
of 400eV electron is equal to 100MeV heavy ions.

At first, the electrons generated from the filament are
extracted by field emission(the extraction pulse voltage
is shown in FIG.4). The extracted beam was acceler-
ated at the acceleration gap by the synthesized voltage.
In this study, waveforms of beam current were observed
through a magnetically guided transport line with 6cm
in diameter, as a fuction of the transport distance that
is from 5cm to 180cm. To confine the transverse mo-
tion of the beam, about 300G solenoidal magnetic field
is applied along the longitudinal axis. From this beam
transport experiments, 4 parameters of the beam bunch
can be measured; arrival time of beam head, arrival time
of beam end, bunch length, and distribution of current
density.

IV. EXPERIMENTAL RESULT

The electron beams were manipulated with 2 modes
:acceleration mode and compression mode. The synthe-

TMP

FIG. 3: Acceleration cavity and transport line
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FIG. 4: Extraction voltage at beam injector

sized waveform for acceleration is shown in FIG.5(a) and
for beam compression is shown in FIG.5(b). The shadow
areas in the figures indicate the effective time duration
of beam acceleration.
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FIG. 5: Acceleration voltage consists of multiple sine waves

Typical results of acceleration experiment are shown
in FIG.6 and FIG.7. The shadow area in the figure are
defined for beam width. As shown in the figure, in case
of acceleration mode, the injected beam was transported
with the same pulse width.

Typical results of beam waveform for the compression
mode are shown in FIG.8 and FIG.9. As shown in these
figures, the beam was compressed to one third of initial
pulse length through the 180cm transport.

Possible factors that degrade the bunching ration of
the charged particle beams in the compression experi-
ment are: inaccuracy of the voltage waveform, initial
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FIG. 6: Typical current waveform at acceleration experiment
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acceleration experiment

emittance, its growth by the self electrical field, and
an uncleared collective effect. To discuss these factors,
we made a simple time-of-flight simulation. In the sim-
ulation, electron beam with uniform velocity of 400eV
was injected and accelerated by the synthesized voltage
shown in FIG.5(b). The comparison between the ex-
perimental result and the calculation result is shown in
FIG.10. From the comparison, effects of space charge ef-
fect is indicated as a cause of the decrease of compression
ratio.

To explain which factor is dominant to the decrease of
compression ratio, additional simulation was made. In
the additional simulation, injected beam had been ap-
plied a velocity gradient for the bunching as shown in
FIG.11. However we could observe only a slight varia-
tion on the current waveform. From this result we can
conclude that initial emittance is not the dominant fac-
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FIG. 8: Typical current waveform at compression experiment
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tor in this experimental condition. It becomes apparent
that self electrical field is a dominant factor for the beam
expansion.

The time scale of collective motion of charged parti-
cles can be represented as a period of plasma oscillation
1/ωp. Here, ωp of non-neutral electron beam. A period
of plasma oscillation derived from the current density is
about 20nsec. This is adequately short compared with
the beam transport time (about 150nsec). So in this ex-
periment electrons in the beams must move collectively
by force of self electric field and this motion may also
affect the decrease of compression ratio.
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V. SUMMARY

Altough longitudinal beam compression is inevitable in
high power (high current) accelerators, beam dynamics
in the bunch compression process is not yet clarified.[10]
We proposed a simulated experiment for the bunch com-
pression based on electron beam transport experiments.
For the beam manipulation experiments, we developed a
system composed of an electron beam injector, an induc-
tion voltage modulator, and a magnetically guided beam
transport line. We have demonstrated applicability of the
induction voltage modulator for the beam experiments.

Using the experimental system, electron beams were
manipulated with two modes : acceleration and bunch
compression mode. From the preliminary experiments
the following results were obtained.

In acceleration mode, an electron beam was acceler-
ated and transported with the same pulse width by the
acceleration voltage with flat-top waveform. In compres-
sion experiment, the electron beam was longitudinally

compressed from 140nsec to 55 nsec.
To evaluate the effects of space charge field and initial

emittance in the compression process, numerical simula-
tion was done. Results show that, in this condtion, self
electrical field is a dominant factor to the decrease of
compression ratio.

From above-mentioned discussion, we can conclude
that our experimental system can simulate physical phe-
nomena of space charge dominated beam. We are expect-
ing that this device is useful tool for evaluating the effect
of velocity gradient, emittance growth, and the collec-
tive behavior of the bunching beam, on the compression
process.

Acknowledgments

This work was partly supported by Ministry of Edu-
cation, Culture, Sports, Science and Technology.

[1] M.Shiho, A.Watanabe, T.Koarai, S.Maebara,
H.Ishizuka, K.Takayama, J.Kishiro, K.Horioka,
M.Ogawa, S.Kawasaki; Nucl. Instr. Meth., A393,
pp.289-294 (1997) .

[2] K.Horioka, T.Kawamura, M.Nakajima, T.Sasaki,
K.Kondo, et.al.; Nucl. Instr. Meth., A577, pp.298-302
(2007) .

[3] I.Morimoto, X.D.Zheng, S.Maebara, J.Kishiro,
K.Takayama, K.Horioka, H.Ishizuka, 　 S.Kawasaki,
M.Shiho; Direct Observation of Beam Bunching in BWO
Experiments; Nuclear Instr. Methods, A-475, pp.509-513
(2001).

[4] T.C.Sangster, J.J.Barnard, T.V.Cianciolo, G.D.Craig,
A.Friedman, D.P.Grote, E.Halaxa, R.L.Hanks,
G.Kamin, H.C.Kirbie, B.G.Logan, S.M.Lund, G.Mant,
A.W.Molvik, W.M.Sharp, S.Eylon, D.Berners,
T.J.Fessenden, D.L.Judd, L.Reginato, H.S.Hopkins,
A.Debeling, W.Fritz, and J.Meredith: ’Status of exper-
iments lesding to a small recirculator’ Nuclear Instr.

Methods, A-415, 310-314 (1998)
[5] Ken Takayama,Kunio Koseki et. al.”Observation of Ac-

celeration of a Single Bunch by Using the Induc-
tion Device in the KEK Proton Synchrotron”PRL
94,144801(2005)

[6] K.Takayama and J.Kishiro,Nucl. Inst. and
Meth.A451/1,304-317(2000)

[7] R.O.Bangerter, Fusion Eng.Des.44(1998) 71
[8] Alex Fridman, ”Owerview of Heavy Ion Fusion Acceler-

ator Research in the U.S” American Institute of Fhysics
0-7354-0101-0/02(2002)

[9] Edward.P.Lee and J.Hovingh,American Institute of
Fhysics Conference Priceedings,No249,PT.2,1713-
1724(1992)

[10] T.Kikuchi, K.Horioka, M.Nakajima, S.Kawata,”Beam
Dynamics during Longitudinal Bunch Compression of
High Current Ion Beams”, Nucl. Inst. and Meth., A577,
103-109 (2007)

88



Simulation on energy depostion process due to anisotropic fast electron transport in
high density plasma
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Energy deposition process by relativistic fast electrons produced by ultra-intense laser pulses
is discussed. The process is calculated with a two dimensional Fokker-Planck simulation code
including binary and collective collisions coupled with electromagnetic field. We focused on Velocity
Distribution Function (VDF) dependence in the simulation. The results show that the spread angle
of the fast electrons distribution affects energy depostion area and deposited energy is concentrated
in the vicinity of the propagation axis of the fast electrons. It may be also suggested that self-pinch
effect of a fast electron beam causes large deposition energy.

Keywords: Energy deposition process, Fast electrons, Fokker-Planck equation

I. INTRODUCTION

There are some interesting issues on Inertial Con-
finement Fusion (ICF) with Fast Ignition (FI) scheme
[1,2]. In the scheme, an additional higher intensity laser
pulse (1018−20W/cm2) is needed, and effective heating is
caused by relativistic fast electrons produced by the laser
pulse. The energy of the fast electrons is up to about a
few tens MeV [3-5].

Main purpose in this study is to reveal energy depo-
sition process from energetic electrons to a background
bulk plasma coupled with electromagnetic field. Particu-
larly, the dependence of anisotropic Velocity Distribution
Function (VDF) of fast electrons on energy deposition is
studied. The VDF is a function of position, velocity, and
time namely, f(r, v, t). For evaluating deposited energy,
two dimensional Fokker-Planck simulation code has been
developed including binary and collective collisions cou-
pled with electromagnetic field.

II. DEVELOPMENT OF A FOKKER-PLANCK
SIMULATION CODE

To describe the motion of fast electrons, kintetic
method [6-8] is used. The advantage of the treatment
of VDF is that the dependence of anisotropic VDF on
energy deposition can be examined explicitly.

Fokker-Planck equation can be obtained as follows [9].

∂fe(beam)

∂t
+

p

γme
·∇fe(beam)+q

(
E +

p

γme
× B

)
·∂fe(beam)

∂p

=
∑

j=e,i(bulk)

CFP(fe(beam), fj) + CLB(fe(beam), fe(bulk)) + S,

(1)

where me is electron mass, γ is a Lorentz factor, p is
momentum vector of fast electrons, E and B are electric
and magnetic field, respectively. fe(beam) stands for the
VDF of fast electrons, and fe,i(bulk) are for background
electrons and ions. S means a source term.

FP collision
    term

LB collision
    term

parameter
bbmin λD Impact

FIG. 1: FP collision term can be described in the range of b ≤
λD ,and LB collision term in b ≥ λD. (b:impact parameter,
λD:Debye length, bmin:minimum impact parameter)

CFP of the right hand side stands for a Fokker-Planck
(FP) collision term, which means binary collisions be-
tween fast electrons and bulk electrons or ions. CLB of
the right hand side stands for a Lenard Balescu (LB)
collision term, which means collective collisions [10,11].
The collective collisions can describe Langmuir-wave ex-
citation. Detailed description about two collision terms
are reported in Ref.12-14. FIG.1 shows the domain of
FP and LB collision terms respectively.

Electromagnetic field generated in plasma can be given
by the Maxwell’s equations.

J = Jf + Jb, (2)
∇× B = μ0J , (3)
E = ηJb, (4)

∇× E = −∂B

∂t
, (5)

where Jf is fast electron current density, and Jb is return
current density of bulk electrons. It is assumed that the
return current flows to keep current neutrality with fast
electron current. η means background plasma resistivity
[15].
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FIG. 2: Simulation system (r is a position vector, and p is a
momentum vector.) Fast electrons are injected at z = 0 ini-
tially. Uniform plasma density and temperature are assumed.

III. SIMULATION CONDITIONS

A schematic drawing of a simulation system is pre-
sented in FIG.2. In the simulation, two dimensional
cylindrical coordinate is adopted, and three dimensional
spherical coordinate for momentum space [9].

Here, the initial plasma density is assumed to be 1029

m−3, and plasma temperature is 300 eV. The simulation
size is 24 μm in r-direction and 30 μm in z-direction. This
size is large enough to describe energy deposition process
by relativistic fast electrons.

The initial VDF of fast electorons can be given as fol-
lows.

f(r,p, t) = f(r)f(p)N(t). (6)

f(r) is assumed to be uniform in r-direction, and N(t) is
density of fast electrons and it is assumed to be constant
as 1027m−3 In the next section, the dependence of energy
deposition on the spread angle in the momentum space
is discussed.

IV. SIMULATION RESULTS AND
DISCUSSTION

At first, the fast electrons of 1MeV are injected at z=0
into plasma. Energy deposition rate Pdep is shown in
FIGs.3-7. Here, Pdep includes deposited energy by colli-
sions, and Joule heating by return current. FIG.3 shows
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FIG. 3: Energy deposition rate at ψ = 10◦
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FIG. 4: Spatial profiles of the fast electron current density

a time evolution of the energy deposition rate with con-
tour lines in r-z space, where ψ = 10◦. Pdep is the order of
1027W/m3. FIG.4 shows the spatial profiles of the fast
electron current density in the vicinity of the z-axis at
ψ = 10◦. An enhancement of fast electron current den-
sity is shown, and it is expected that the increase in the
current density is due to the pinch effect of the fast elec-
tron beam by electomagnetic field. At the peak of Pdep

in FIG.3 (t=0.06 ps and t=0.09 ps), the current density
is the highest. It may be suggested that the self-pinch
effect of the fast electron beam causes large deposition
energy. FIG.5 shows energy deposition rate at ψ = 30◦.
The peak of Pdep moves into plasma along the z axis.
FIG.6 and 7 show the energy deposition rate at ψ = 50◦
and ψ = 70◦, respectively. The peak depostion area is
located near the incidence of the fast electron beam.
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V. CONCLUSIONS

Energy deposition by relativistic fast electrons rele-
vant to fast ignition is studied. Two dimensional Fokker-
Planck simulation code including binary and collective
collisions coupled with electromagnetic field has been de-
veloped. As a result, deposited energy is concentrated
in the vicinity of the propagation axis of the fast elec-
trons, and the anisotropy of the fast electron transport
is enhanced with increase in the spread angle of the fast
electron motion in the momentum space. It may be also
suggested that the self-pinch effect of a fast electron beam
causes large deposition energy.
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Quasi-uniform Tamped Target for Beam-driven Warm Dense Matter Experiments
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A tamped target is proposed for making quasi-uniform warm dense matter using highly energetic

heavy ion beams. The target is composed of two layers, in which an inner material is set to be low-Z

low density matter, in contrast, an outer shell filled by high-Z high density matter. We compare

hydrodynamic behaviors of a mono-layer target to the tamped target driven by modified KEK

500 MeV booster. Results show that both targets can reach a warm dense state. In particular, the

tamped target can achieve well defined warm dense state with long scale. We also discuss diagnostics

for the tamped target.

Keywords: warm dense matter, heavy ion beam, equation of state, high energy density physics, beam plasma

interactions

I. INTRODUCTION

Properties of matters at warm dense state are of great
interest concerning the interiors of giant planets and the
hydrodynamics of fuel pellet of inertial confinement fu-
sion (ICF)[1–4]. The structure and the dynamics are
influenced by the equation of state (EOS) as well as
the transport coefficients by coupled ions and degener-
ated electrons. In recent years, we are able to produce
the warm dense state in a laboratory by some experi-
mental methods (i.e., intense laser, exploding wire using
pulsed-power discharges)[5–12]. A new approach using
irradiation of heavy ion beams is also proposed by some
research-groups in GSI[13, 14], virtual national labora-
tory (VNL)[15], and a group in KEK[16]. One of impor-
tant points of warm dense state measurements is to keep a
consistency in determination of the thermodynamic state
(i.e., density, temperature, and pressure).

The intense ion beams have advantages; they can de-
posit their energy with good uniformity over an extended
volume. Also the stopping power in materials is basically
well known with high accuracy and is insensitive to de-
tails of the chemical structure. In addition to the warm
dense matter (WDM) and high energy density physics
(HEDP) studies by using ion beams, the beam energy
should be focused in a local area of the target to make the
higher energy density state. The beam power is propor-
tional to the kinetic energy and the beam current. The

∗Electronic address: sasaki@es.titech.ac.jp

higher kinetic energy causes the longer stopping range in
the target. Therefore, WDM study using intense highly
energetic beam can easily evolve the matter’s physical
parameters in large scale length. However, for observing
physical parameter, the target should be in equilibrium
and uniform.

In this study, we propose to make a quasi-uniform and
large scale target using highly energetic beams. For mea-
suring physical parameters of WDM, the target struc-
ture should be as simple as possible. For evaluating the
uniformity of large scale target, the behavior of WDM
target should be evaluated by using two dimensional hy-
drodynamics simulation including beam deposition pro-
cess. Additionally, we concerned how to observe the tar-
get physical parameters and achievable parameter region
of warm dense matter using an induction synchrotron
KEK modified 500 MeV booster.

II. BEAM PARAMETERS AT KEK MODIFIED

500 MEV BOOSTER

An ion accelerator, modified KEK 500 MeV booster
using induction synchrotron technology, is under consid-
eration as an all-ion accelerator [17]. This accelerator
is capable of generating an extremely long bunch, which
stores the beam particle under the space-charge limit in
transverse direction and the ring size, using fast switch-
ing power supply. Therefore, the property of the induc-
tion modulators brings us a significant freedom of beam
handling, and greatly extends the available longitudinal
phase space of charged particles [18, 19]. The induc-
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FIG. 1: Deposition profiles of uranium projectile in solid gold

target and in aluminum foam target at room temperature.

tion synchrotron has a potential for various applications,
for example, the super-bunch hadron collider, a proton
driver for the second generation of neutrino oscillation
experiment, materials modification and direct processing,
WDM, and HEDP study, etc.. In particular, research on
WDM and HEDP topics need a broad parameter range.
Ease of changing the species and controlling the energy
of ion beam are advantages for extending the parameter
regime in WDM and HEDP study.

The modified booster is expected to be able to pro-
vide about 1010 uranium ions having an energy of a 500
MeV/u. For the WDM study, the provided ion beams
should be compressed longitudinally and also in trans-
verse direction at the final stage. The ion beam is focused
order of a few hundred μm radius with a few mm range
using half mini-beta system. The longitudinal direction
is compressed up to about 100 ns from the modified 500
MeV booster to the target chamber.

III. RESULTS AND DISCUSSIONS

A. Simulation model

The dynamics in the target is given by the following
fluid equations of mass, momentum, and energy conser-
vations:

∂ρ

∂t
+ (u · ∇) ρ = −ρ∇ · u (1)

∂u

∂t
+ (u · ∇)u = −∇p

ρ
(2)

∂T

∂t
+ (u · ∇) T = −pth∇ · u

ρCv
+

Edep

ρCv
(3)

where ρ is the density, u is the velocity, T is the tempera-
ture, p is the pressure, pth = T (∂p/∂T )ρ, Cv = (∂e/∂T )ρ
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FIG. 2: Evolution of mono-layer target induced by heavy ion

beam irradiation.

is the specific heat, and Edep is the deposition energy
from the beam, respectively. We calculate the hydro-
dynamics of target with two dimensional cylindrical r-
z geometry using the cubic interpolated pseudo-particle
combined unified procedure (CIP-CUP) method[20]. The
method can treat compressible and incompressible flu-
ids simultaneously without employing any special bound-
ary conditions. To solve the hydrodynamic motion, the
QEOS[21] is used. The thermal and radiation transport
are neglected in present study. These transports and
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EOS are the unclearified part for warm dense state, and
a sophisticated modeling will be made through a semi-
empirical fitting of the hydrodynamics.

The energy deposition of heavy ions was calculated
using a stopping power. We used a well-known expres-
sion for the effective charge of the heavy ion beam pre-
sented in Refs.[22] and [23]. The stopping power Estop

of a target includes the energy deposited in target nuclei
Enucl, bound electrons Ebound, free electrons Efree, and
ions Eion[24] as:

Estop = Enucl + Ebound + Efree + Eion. (4)

To coupled with fluid equation (3), the specific deposition
energy Edep is derived from the stopping power Estop

along the z-direction as:

Edep =
EstopΔz

V
(5)

where Δz is the mesh distance of z-direction, and V is
the volume of the mesh.

In this calculation, the beam radius is set to be 350
μm with a Gaussian distribution, and the beam longitu-
dinal profile is assumed to be rectangle with Kapchinskij-
Vladimirskij distribution. The expected beam emittance
growth at radial direction is estimated to be about 35 μm
using 5 mm target length. We assumed that the target
radius to be 250 μm, which was bigger than the shifts at
radial direction. Therefore, we neglected the transverse
beam emittance. The emittance of longitudinal direc-
tion shifted the peak deposition point. We estimated
that if the 500 MeV/u uranium beam has 10% longitudi-
nal emittance, the peak deposition point extends about
50μm using aluminum 10% foam target. We can neglect
the shift of the deposition profile for those targets.

Figure 1 shows a comparison of the deposition profile
of gold with solid density and 10% aluminum in room
temperature foam using uranium ion projectile with 500
MeV/u. As shown, the 10 % aluminum foam target is ex-
pected to be able to make a large scale and quasi-uniform
state in combination with gold solid target. To evaluate
uniformity and the scale length, we calculate the hydro-
dynamic behaviors of a mono-layer target and a tamped
target.

B. Mono-layer target

We calculate a beam driven cylindrical aluminum tar-
get. The target is initially 250 μm in radius and 600 μm
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FIG. 3: Time evolution of average density, maximum density,

and minimum density on a mono-layer aluminum target.

in length. The behavior of mono-layer target is shown in
Fig. 2. Figure 2 (a) illustrates the initial density, tem-
perature, pressure, and object position, respectively. As
shown in Fig. 2 (c), at 100 ns, we can see the strong den-
sity gradient in radial direction at the target center. The
target temperature increased up to 4 eV at 100 ns. At 100
ns, the mono-layer aluminum target becomes 1.75mm in
length, and 650 μm in radius. The target size increased
about three times compared to that of the initial value.

Figure 3 shows the evolutions of maximum, minimum,
and average density. The minimum and the maximum
density behaviors are different until 50 ns. After 50 ns,
the reduction of maximum density settles at about 1
g/cm3. However, the minimum density decreased to 0.1
g/cm3. The reason of the different minimum and maxi-
mum density evolutions are that the target radius is big-
ger than the beam radius. The irradiated region became
higher temperature and pressure compared with the un-
irradiated region. Therefore, the irradiated region can
expand with the density reduction. The two-dimensional
hydrodynamic simulation shows that the mono-layer tar-
get makes complex structure as shown in Figs. 2 (c) and
3.

C. Tamped target

Since the deposition profile of aluminum foam is uni-
form as shown Fig. 1, the tamped target is expected to
be able to make a large scale, quasi-uniform structure
during and after beam irradiation. The initial size of
the target of aluminum foam is 250 μm in radius and
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FIG. 4: Evolution of tamped target behaviors for formation

of dense, uniform condition.

5 mm in length. The aluminum foam is coated by the
gold with solid density, which is 20 μm in thickness for
a part of beam injection, and is 100 μm in thickness for
the other part. A preliminary result of hydrodynamic
simulation for a beam driven cylindrical tamped target
is shown Fig. 4. The behavior of target is shown in Fig.
4. Fig. 4 (a) show the initial density, temperature, pres-
sure, and object position, respectively. As shown in Fig.
4 (b), the density profile of aluminum foam have uniform
around 0.27 g/cm3. Comparing Fig. 2 (b) with 4 (b), the
tamped target can keep the quasi-uniform region until 20
ns from the beam input. This means the tamped target
enable us to observe the long scale (4 mm) WDM.
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X-ray Back Lighter

X-ray CCD

Scattering
X-ray Observer
convert to
dispartion function

Target

Laser-Doppler
Interferometer
(VISAR)

Beam
Dumper

FIG. 5: A sketch of expected beam irradiation experiments

for WDM studies using tamped target.

D. Diagnostic method

A sketch of expected beam irradiation experiments for
WDM studies is shown in Fig. 5. An X-ray CCD with
X-ray back lighter observes target hydrodynamic behav-
iors. A VISAR system observes dynamic pressure at tam-
per surface. The target temperature can be controlled
by beam parameters. Recently, plasmons was observed
in WDM using high power laser experiments by scatter-
ing X-ray.[11] Electron temperature and density are esti-
mated by X-ray spectroscopy. However, those diagnostic
methods are not yet sophisticated for reliable evaluation
of the target’s physical parameters. For determining the
parameters, we should also seek to find a target struc-
ture to ease the estimation, like a exploding wire device
in water. Additionally, we should study to control the
achievable warm dense state by the beam parameters.

IV. CONCLUSION

We proposed a tamped target for making a quasi-
uniform warm dense state based on highly energetic ion
beam irradiation. For the estimation of target hydrody-
namics, two dimensional cylindrical hydrodynamic code
including ion beam deposition profile was developed. The
results show the target can reach a warm dense state with
the induction synchrotron modified from KEK 500 MeV

95



booster. The tamped target can make a quasi-uniform
profile with 4 mm in length. We also discussed the diag-
nostics using the tamped target. For determining the pa-
rameters, we should design an appropriate target struc-
ture, for making a dense, uniform state. Additionally, we
should study to control the achievable warm dense state
by the beam parameters. We are planning to evaluate
the EOS model from comparative study of the hydrody-

namic behaviors. We also concern the possibility of pro-
grammed target heating with the induction synchrotron.
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Evaluating Conductivity of Warm Dense Matter using Wire Discharges in Water
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A method of measurements for electrical conductivity of matter is established in a warm dense
region. Warm dense matter (WDM) is produced using wire discharges in water, and the state of
matter is characterized by measurements of the density and the temperature. The experimentally
obtained electrical conductiviy is compared with the Spitzer, the Lee-More, and the Ichimaru for-
mulae. Result shows that, in the high density regime, the experimental data for conductivity of
copper can not be explained well by the aforementioned models.

Keywords: Electrical Conductivity, Pulse-Power, Warm Dense Matter, Wire Explosion

I. INTRODUCTION

All of the state of matter can be defined in a density-
temperature diagram. However in low temperature and
high density regime(-105K, 10-104g/m3), appropriate
models are not yet established to describe the equation of
state and transport coefficients. Materials in this regime
is characterized as Warm Dense Matter (WDM). When
we heat a solid, the matter evolves from solid to a plasma
through a warm dense state. Therefore, when we study
the evolution of matter in a broad parameter region, it
is crucially important to study the WD state.

Properties of matter in a warm dense state are of in-
terest concerning interiors of giant planet (e.g., Jupiter)
and hydrodynamics of the fuel pellet of inertial confine-
ment fusion. In the WDM, accurate experimental data
are lacking. Therefore, we would like to get experimen-
tal data and make a scaling law, in particular, electrical
conductivity of the WDM. To make the scaling law, it
is important to estimate the electrical conductivty as a
function of temperature and density over a wide param-
eter region.
　 In recent years, we are able to produce the
WDM in a laboratory by some experimental methods
([3][10][11][13][14][15][16][17][21]). They are based on the
way to use irradiation of ultra-short laser pulse, a plasma
formation in isochoric vessels and a wire explosion us-
ing pulsed dishcarges. A new approach using irradiation
of heavy ion beam is also proposed by research groups
at GSI ([1][4][7][6][19][20]), VNL; virtual national labo-
ratory ([2][5]), and KEK[8]. They are planning to study
the high energy density and WDM physics, based on a
beam heated plasma target with well-defined energy de-
position region or the Bragg-peak region.
　 There are two main topics in this study. Firstly, we
point out that the state of matter should be well de-
fined by two thermodynamical variables; density, temper-
ature and/or pressure. Under the well defined condition,
we can establish a method for evaluating the electrical
conductivity. Secondary, we compare the experimental

∗Electronic address: khorioka@es.titech.ac.jp

electrical conductiviy with available models, and the ap-
plicability of them in WDM regime is discussed. The
WDM is produced using pulse-powered exploding wire
discharges in water. Electrical conductivity and density
of the plasma are estimated by the experimentally ob-
tained voltage, current and the hydrodynamic evolution
of the wire explosion. Temperature of the plasma is es-
timated via spectroscopy. With this method, we can de-
fine the state of the WDM almost accurately over a wide
range of parameter region on density-temperature dia-
gram.

II. EXPERIMENTAL METHOD AND SETUP

Figure 1 is a schematic diagram of the experimental
setup for wire discharges in water. When the pluse power
drive the current in the wire, it is Joule heated and evap-
orates. The hot dense gas explodes accompanied by a
cylindrically propagating shock wave in water. Next to
the expansion, discharge is induced in the gas and the
wire evolves to a plasma.
　 Experimental setup is shown in Figure 2. A capaci-
tor bank; C consists of cylindrically arranged 8 × 0.4μF
low inductance capacitors. The stray inductance is es-
timated to be 105nH and the electric discharge voltage
is typically 10kV to ensure vaporization of wire. The
discharge is controlled by a gap switch and a thyratron
pulser. We used Tungsten or copper wire with 24.5mm
in length and 25 or 50 μm in radius. The skin depth is
estimated to be larger than the radius of wire, during the
discharge time.

Advantages of this device is as follows; 1 Axial sym-
metry plasma is generated. 2 Density of the plasma can
be maintained by the tamping effect of water. 3 Plasma
resistivity and input energy can be measured directly us-
ing the waveforms of current and voltage. 4 Conductiv-
ity data can be measured in a wide parameter regime by
changing a condition of wire discharge. 5 The density,
the temperature, and the conductivity of plasma can be
simultaneously obtained in one shot.
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FIG. 1: Schematic diagram of wire discharges in water
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FIG. 2: Top view of experimental setup

The expansion of plasma is observed by a streak of
shadow imaging. Using it and Eq.(1), the density of
plasma is estimated;

ρwire(t) =
( r0

rwire(t)

)2

ρ0, (1)

where r0 is initial radius of plasma, and rwire(t) is the
radius of plasma, and ρ0 is initial density of plasma, and
ρwire(t) is the density of plasma.
　 The time evolution of input energy Einput(t) can be
estimated by the following equation (2),

Einput(t) =
∫ t

0

(
V (t) − L

dI(t)
dt

)
I(t)dt, (2)

where V(t) is the voltage, I(t) is the current, L is the
circuit inductance.

The current I(t) and the voltage V(t) are measured
by a Rogowski coil and a high voltage probe. Using
them, the value of plasma resistance is directly esti-
mated. However, the experimentally obtained voltage
is contain inductive contribution. Thus, the effective re-
sistance Rwire(t) of plasma is estimated using the next
equation;

Rwire(t) =
V (t) − LdI(t)/dt

I(t)
. (3)

The electrical conductivity σ(t) is estimated using
Eq.(3), and expansion of plasma using the following equa-
tion;

σ(t) =
1

Rwire(t)
l

π(rwire(t))2
, (4)

where Rwire(t) is the radius of plasma, and l is the
length.
　 Plasma temperature is estimated from intensity ratio
of plasma light emission. To measure the ratio, a spec-
trometer is made using a flat field grating (Shimadzu
Corporation) and photodiode (S5971: Hamamatsu Pho-
tonics). The light emission was measured at 458nm and
658nm. The wavelength is calibrated by a laser (fre-
quency doubled YAG; λ = 632nm ). The spectral sensi-
tivity is calibrated by a xenon lamp (L7810: Hamamatsu
Photonics). In the experiment, plasma emission is fo-
cused on the slit with 0.3mm width.

The emission intensity can be

B(λ, T ) =
2hc2

λ5

1
ehc/kBTλ − 1

, (5)

where λ is wavelength, c is the speed of light, h is the
Planck’s constant, kB is the Bolztmann constant, and T
is temperature.

III. RESULTS AND DISCUSSIONS

Figure 3 shows typical waveforms of current and volt-
age, and Figure 4 is a streak-shadow image of copper wire
explosion taken by the streak camera. Figure 5 shows
typical input energy history of copper plasma. The wire
length is 24.5mm, and the radius is 50μm. As shown in
Figure 3, waveform of the current has two peaks. The
first peak corresponds to liquid-vapor phase transiotion.
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FIG. 3: Typical waveforms of current and voltage
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As shown in Figure 5, the integrated input energy of
copper plasma arrives at evaporation energy at 0.2 μs
discharge time. In this timing, evaporation of wire is
observed from Figure 4, and shock wave is driven in wa-
ter. The wire is considered to be dense weakly ionized
plasma. The current increases again and the wire gas
evolves to a warm plasma at the second peak in Figure
3. As shown in Figure 4, the current increase drives com-
pression waves in the shock compressed region.

　 The spectrum of plasma emission is observed us-
ing a fast framing camera and analyzed assuming local
thermodynamic equilibrium (LTE) condition. Figure 6
shows the emission spectra at discharge time of 2μs, 3μs
and 4μs. The visible light of plasma is observed be-
tween 500nm and 550nm. Thin copper plasma has line
emissions at 510nm, 515nm and 521nm. However, the
broad spectrum is observed as shown in Figure 6. There-
fore, we concluded that LTE can be assumed at observed
time. The plasma temperature can be estimated using
the wavelength intensity ratio of plasma emission based
on Eq.5.

2us

3us

500

wave
length
[nm]

550

4us

C
u
rr
e
n
t 
[k
A
] V

o
lta
g
e
 [k
V
]

Time [us]

-10

 0

 10

 20

 0
-10

 0

 10

 20

 1  2  3  4  5  6  7

Current

Voltage

FIG. 6: Typical spectrum of Cu plasma

Density[kg/m3]

C
o

n
d

u
c

ti
v

it
y

[S
/m

]

Spitzer(30kK)
Spitzer(60kK)

Lee-More(15kK)
Lee-More(30kK)
Lee-More(60kK)

Ichimaru(30kK)
Ichimaru(15kK)

Ichimaru(60kK)

10
3

10
4

10

1 10 100

5

30kK

14kK
13kK

15kK

50kK40kK

60kK

Density[kg/m3]

C
o

n
d

u
c

ti
v

it
y

[S
/m

]

Ichimaru(10kK)
Ichimaru( 5kK)

 1  10  100
10

3

10
4

10
5

6kK

5kK

Spitzer(10kK)
Spitzer( 5kK) Lee-More( 5kK)

Lee-More(10kK)

5kK

6kK

9kK

8kK
7kK

(a)

(b)
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　 Figure 7 (a) and (b) show the conductivities in
density-coductivity diagrams. They show the compari-
son of experimental results with theoretical estimation
based on the Spitzer[18], the Lee-More[12], and the
Ichimaru[9] formulae. The plots show experimental re-
sults, and numbers at the side of plots show the tem-
perature, for tungsten in Figure 7 (a) and copper (b)
respectively. At high temperature, the measured con-
ductivity almost consistent with the Lee-More model as
shown in Figure 7 (a). When temperature decreases, the
measured one approaches to the Ichimasu model. How-
ever, the quantitative behavior of measured conductivity
can not be explained by the conventional models in the
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whole parameter region. In case of copper, the measured
values do not consistent with conventional conductivity
models. The measurements also indicate that the tem-
perature dependence is much stronger than the model
predictions.

IV. CONCLUSION

In this study, copper and tungsten plasma in warm
dense state are produced using pulse-power discharges in
water. A method of electrical conductivity measurement
is established under the well-defined condition. In the
estimation, the state of matter is well defined by temper-
ature and density measurements. The density of plasma

is estimated by time evolution of the plasma boundary
using streak camera. The temperature of plasma is es-
timated via spectroscopy. The electrical conductivity of
plasma is estimated by the waveforms of current and volt-
age, and the evolution of plasma boundary, together with
the temperature measurements.

Results show that in the high density regime (-
10kg/m3), the experimental conductivity data reveal
that conductivity of copper and tungsten can not be
explained well using conventional conductivity models,
probably because of an unclarified WD effect.

Efforts to make more detailed data base and consider-
ation of more sophisticated model based on them are the
issues of future works.
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