Eeos s
ISSN 0915-6348

NATIONAL INSTITUTE FOR FUSION SCIENCE

The Frontiers of Pulse Power and Particle Beam Technology

W. Jiang (Ed.)

(Received - Apr. 14, 2006)
NIFS-PROC-64 June 2006
/f"‘ -
f . 7

L

,ﬁ‘/

RESEARCH REPORT
NIFS-PROC Series

TOKI, JAPAN



This report was prepared as a preprint of work performed as a collaboration research of the
National Institute for Fusion Science (NIFS) of Japan. The views presented here are solely those
of the authors. This document is intended for information only and may be published in a journal
after some rearrangement of its contents in the future.

Inquiries about copyright should be addressed to the Research Information Office, National
Insitute for Fusion Science, Oroshi-cho, Toki-shi, Gifu-ken 509-5292 Japan.

E-mail: bunken @nifs.ac.jp

<Notice about photocopying>

In order to photocopy any work from this publication, you or your organization must obtain permission
from the following organizaion which has been delegated for copyright for clearance by the copyright owner of this
publication.

Except in the USA
Japan Academic Association for Copyright Clearance (JAACC)
6-41 Akasaka 9-chome, Minato-ku, Tokyo 107-0052 Japan
Phone: 81-3-3475-5618 FAX: 81-3-3475-5619 E-mail: jaacc@mtd.biglobe.ne.jp

In the USA
Copyright Clearance Center, Inc.
222 Rosewood Drive, Danvers, MA 01923 USA
Phone: 1-978-750-8400 FAX: 1-978-646-8600




The Frontiers of Pulse Power and Particle Beam Technology

Edited by Weihua Jiang

December 5-6, 2005
National Institute for Fusion Science
Toki, Gifu, Japan

Abstract

The papers appeared in this volume of research report have been presented at the “Symposium on
Frontiers of Pulsed Power and Particle Beam Technology” held by National Institute for Fusion Science.
They report the present status and recent progress in experimental and theoretical studies on pulsed power

and particle beam technology and their applications.
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PREFACE

The collaborative research symposium on “Frontiers of Pulsed Power and Particle Beam Technology”
was held at National Institute for Fusion Science (NIFS), Toki, on Dec. 5-6, 2005. This symposium was
attended by 36 researchers and students from universities, institutes and industrial companies. At the
symposium, 24 research papers were presented, each of them was followed by fruitful discussions. This
symposium has provided an excellent environment for information exchange between the researchers and
has promoted collaborations between NIFS and universities.

During the symposium, an LHD site tour was given by NIFS staffs especially for this symposium. The
attendees have obtained an exceptional opportunity to enjoy a close look at the LHD experimental facilities
and listen to the in-depth explanations by the NIFS researchers.

I'would like to express my sincere thanks to all of the symposium attendees, all of the paper authors, and

the staffs of National Institute for Fusion Science.

Weihua Jiang
Extreme Energy-Density Research Institute

Nagaoka University of Technology
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Current Control of Discharge-Pumped-Plasma EUV Source

Atsushi Kikuchi,* Kensaku Takahashi, Majid Masnavi, Mitsuo Nakajima,

Tohru Kawamura, Makoto Shiho, Eiki Hotta, and Kazuhiko Horioka
Department of Energy Sciences, Interdisciplinary Graduate School of Science and Engineering,
Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8502, Japan

To generate a high efficiency extreme-ultraviolet (EUV) source, effects of current profiles for
controlling radiative plasmas based ori xenon capillary discharge are experimentally investigated.
Results obtained by a two-step current discharge show that the pinching phase can be maintained
at a quasi-steady state by the additionial current, and the plasma condition depends on the timing
of the current in the pinching phase. Results also indicate that the two-step current discharge
scheme is effective for prolonging the emission period of radiative plasma based on Z-pinch discharge.
The current profile seems to have a sigtificant potential for enhancing the conversion efficiency of

capillary-discharged plasma.

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

pulse discharge

I. INTRODUCTION

Development of photolithographic technology for high
performance semiconductor devices depends strongly on
exposure wavelength of a light source. Up to now, the
fine processing in the technology for projecting circuits
onto a silicon wafer surface has been made possible by
continuous reduction in the exposure wavelength. An
extreme-ultraviolet (EUV) light source at around 13 nm
is expected to be the most promising candidate for next
generation lithography{1]. An effective wavelength region
is limited in +1% bandwidth centered at 13.5 nm, called
in-band, due to the reflection characteristic of multilayer-
coated optics, which is created based on Mo/Si ntirrors,
applied to EUV lithography system[2]. For the require-
ments such as at extremely short wavelength and within
narrow bandwidth, radiation emitted from specific ions
in a high energy density plasma generated with a com-
pact 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 above ef-
fective bandwidth[3-9]. Xe is an inert gas and thus has
significant advantages with respect to easy-to-tise as a
target material, free from macro-particle debris and sim-
ple setup in comparison with other two solid-taigets’ at
room temperature, which need complicated equipments
such as target supply and removal systems.

Thus far, two major technologies for geierating
a plasma EUV source, gas discharge-pumped-plasma
(DPP) and laser-pumped-plasma (LPP), have been
widely investigated[3-9]. In DPP, the electrical energy
stored in a capacitor bank is directly converted irto the
energy of emitting plasma. Therefore, DPP has several
advantages from the viewpoints of high conversion effi-

*Electronic address: g04m3112Qes.titech.ac.jp

ciency (CE) from primary electrical energy to EUV, com-
pact 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 by large heat load. Fur-
thermore, typical CE obtained in DPP are small, and this
means that an enormous input power, at least over sev-
eral tens of kilowatts, is required[10]. From these points
of view, the most crucial issue for development of EUV
sources based on discharge is to meet the required high
output power in combination with the long lifetimes of
source components[11]. Therefore, to meet these anti-
thetical demands together, plasma conversion efficiency
{PCE) defined as ratio of EUV in-band radiation to en-
ergy of emitting plasma{10, 12-14], which is quite low
and dominates the total CE, has to be improved. It ap-
pears that the reason of low PCE is attributed mainly to
short emission duration of Z-pinch based plasmas, which
transiently fulfill the condition of plasma such as electron
temperature (T.) and electron density (n.) 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. The
photon energy of the emitted radiation depends on target
material, ionization stage, and electron transition. The
ionization stage is basically determined by the plasma
parameters, T, and n.. In Xe plasma, the transitions re-
sponsible 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 ap-
propriate values, for instance 7, ~ 30 — 40 eV and n.
~ 10'® — 10'® cm™3[10, 15]. For the generation of a
long emission EUV source, the radiative plasma must
be maintained at appropriate condition in a quasi-steady
state. However, plasma parameters in pinching phase are
dynamically controlled by the main discharge parameters
such as capillary radius, initial gas pressure, and the cur-




rent shape. Then, in Z-discharge, the plasma transiently
evolves through the optimum condition for in-band radi-
ation during the pinching process. The plasma-dyhamics
in radial direction is principally controlled by the self
magnetic field of the current pulse. Therefore, only the
current has a significant potential for maintaining the
radiative plasma as a radiation source at a quasi-steady
state[16].

This paper reports the effects of current profiles for
controlling radiative plasmas based on Xe capillary dis-
charge experiments. Double-pulse discharge using a two-
step current was selected for confining a pinch plasma at a
quasi-steady state due to its simple system. In this study,
the main purpose is to carry out the initial evaluations
of the plasma-characteristics affected by an additional
current. Therefore, the experiments using a waveform
superimposed with two sinusoidal-like currents were per-
formed only for the purpose of proof-of-principle. The
radiative plasmas were generated with a tapered capil-
lary and an X-ray diode was used to measure the time
evolutions of plasma radiation.

E : Electrode :Insulatorj

s

Gas Outlet Gas Inlet
‘_—__.

(@) (b)

FIG. 1: Schematic of capillary shape (a) Conventional capil-
lary (b) Tapered capillary.

II. EXPERIMENT
A. Plasma-dynamics in tapered capillary

Behaviors of Xe plasma in a tapered capillary have
been experimentally investigated to evaluate its possi-
bility for a bright EUV radiation source[17]. The ta-
pered capillary discharge is suggested to generate a hot
and point-like plasma outside of the capillary for the
purpose of increasing collection solid angle and suppres-
sion of heat load to the source components in compari-
son with conventional capillary discharges. A schematic
view of the conventional capillary with constafit cross
section is shown in Fig.1(a), and that of the tapered one
in Fig.1(b). Xe gas is used as the working medium and
supplied with supersonic injection through the tapered
capillary from right (small radius) side to left (large ra-
dius) side in the figure.

Plasma-dynamics in the tapered capillary is different
substantially from that in the conventional one. Figure 2

: Current Sheet |

A

1 Gas Inlet
gl

3) Q)

FIG. 2: Pinching-process in tapered capillary.

FIG. 3: Typical time evolution of Xe plasma profile.

shows a conceptualistic pinching process in the tapered
capillary. 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 generator drives a high-current in Xe gas
inside the capillary (Fig.2(1)). After that, a discharge
plasma is compressed by magnetic pressure driven by self-
magnetic field, so-called pinch effect. Note that, there
exists a gradient of capillary-radius in the gas flow direc-
tion. The magnetic pressure of cylindrical plasma (Pg)
is expressed simply

P B X 72- (1)
where I is the discharge current and r is the plasma-
radius. As shown in the above equation, Pp varies de-
pending on the location with different r along discharge
axis inside the tapered capillary. Therefore, pressure dif-
ference is induced not only in radial direction but in ax-




ial direction ((Fig.2(2),(3)). Consequently, a hot dense
pinch plasma, as a point-like source, is genetated at
downstream of the capillary (Fig.2(4)). A typical time
evolution profile of Xe plasma observed by a fast fram-
ing camera (HADLAND PHOTONICS : Imacoti 468) is
shown in Fig.3. The pinch plasmas are ejected from the
upper side toward the downside in the figure and their
images are recorded by the camera through an acrylic
window at the vertical direction to the discharge axis.

B. Double-pulse discharge

An ordinary discharge current has a LCR damped os-
cillation waveform, as shown in Fig.4(a). As mentioned
at the closing paragraph of introduction, double-pulse
discharge scheme using a two-step current (Fig.4(b)), is
suggested to control the radiative plasma for prolonging
the emission period.

The concept of the double-pulse discharge is roughly
described as follows. A high current pulse driveh by a
first discharge starts to compress the cylindrical plasma.
The plasma condition for EUV radiation is generally
achieved with the maximum pinch at almost the same
time as the current reaches at its peak. The second cur-
rent is driven in the pinching phase before the plasma
expands and it prevents the plasma to get out of the
optimum condition for EUV radiation. Owing to the ad-
ditional current, the pressure balance between the fluidic
and magnetic pressure is controlled, and consequently
the pinch plasma is maintained at a quasi-steady state,
depending on the additional current profile.

The radiation source is characterized by the measure-
ments of time evolution of EUV-signals obtained by an X-
ray diode. The radiation characteristics observed by the
double-pulse discharge are compared with the results of
conventional single-pulse discharge. As a series of early-
stage experiments, the measurements are performed for
different delay time, which is defined as time interval from
the start of the first discharge to that of the second dis-
charge.
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FIG. 4: Typical current waveform (a) Single-pulse (b) Double-
pulse.
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FIG. 5: Schematic of tapered-capillary discharge system.

C. Experimental setup

A schematic diagram of the experimental arrangement
is shown in Fig.5. The capillary-length is 10 mm, inlet-
diameter is 2 mm, and outlet-diameter is 5 mm. The
cross section is gradually enlarged with constant gradi-
ent along the discharge axis. In addition, the capillary
has a Laval nozzle structure and therefore Xe gas is ac-
celerated through it with supersonic speed. This config-
uration is advantageous to recover the initial condition
inside the capillary tube after discharge. The gas supply
is controlled with an electrically controlled valve (ECV)
for pulsed flow. As shown in the figure, two electrical cir-
cuits are used to investigate the effects of current shape
for controlling the radiative plasmas, especially that of
additional current for confining the pinch plasma at a
quasi-steady state. A capacitor bank with capacitance of
0.4 pF is used in each circuit. Typically, the capacitor
C; for the first discharge circuit was charged to 16 kV
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FIG. 6: Typical waveforms of discharge current and XRD-
signals obtained by a single-pulse discharge.
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and C; for the additional discharge circuit to 10 kV. The
X-ray diode (XRD), which has a gold photocathode of
20 mm diameter, is located at the vertical direction to
the discharge axis and used to measure the time evolu-
tions of EUV-signals from the pinch plasmas only ejected
from the capillary. Bias voltage of the XRD was 500 V
at negative polarity. The discharge and the measurement
chamber are separated by an aperture of 6 mm diame-
ter for differential pumping in order not to cause electric
breakdown at the XRD. The center of the apetture is
arranged in the same straight line with the optical path
from exit of the capillary to the XRD. These chambers
are evacuated to a pressure of less than 10—* Torr by
turbo-molecular pumps in combination with rotaty vac-
uum pumps, respectively. The discharge current is mea-
sured by a Rogowski coil.

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 confirm the principle; i.e., the effects of
the additional current. Open time of the ECV, and tim-

ings of the first and the second discharge are controlled by
a delay pulser. Initial gas density was defined by stagna-
tion pressure fixed at 0.1 MPa, at upstream of the ECV.

[II. RESULTS AND DISCUSSIONS

Typical results obtained by a single-pulse discharge are
shown in Fig.6. In the figure, solid line and dot-line in-
dicate a discharge current pulse and a time evolution of
XRD-signal, respectively. A peak current of 8.15 kA was
obtained. As shown, the plasma starts to radiate at the
time of the current peak. This means that a high energy
density plasma was ejected outside the capillary at that
time.

Figure 7 shows a comparison of double-pulse discharge
experiments and a single-pulse experiment with delay
time of additional current as a parameter. Waveforms of
discharge current and time evolutions of the plasma ra-
diation obtained with delay time of 800 ns, 900 ns, 1000
ns, and 1100 ns are shown, respectively, in Figs.7(a), (b),
(c), and (d). As shown, typical results of single-pulse




discharge are overlaid for comparison.

In Fig.6, the waveform of plasma radiation is mono-
tonically decreasing after its peak value. In contrast to
this result of single-pulse discharge, figure 7 shows that
the radiation waveform obtained by the double-ptilse dis-
charge has a flat top region during about 2.0 - 2.5 us in
all of the figures. Furthermore, the shape at the flat top
region are different by the addition timing of second cur-
rent. This means that the pinching phase can be main-
tained at a quasi-steady state by the additional current,
and besides, the plasma condition depends on the timing
of second current in the pinching phase. In Fig.7(a), the
second current pulse and the radiation waveform are re-
spectively reached at each peak point approximately at
the same moment, therefore the highest value of XRD-
signals at the flat top region is obtained of the four re-
sults. As shown in Fig.7, the later the delay time is,
the lower the value of the flat top is. In Fig.7(d), the
addition timing of second current is obviously too late
to maintain the pinch plasma as a hot and dense state.
These results show existence of an optimum timing of the
second current in the double-pulse discharge.

IV. SUMMARY

We have investigated the effects of two-step current
profiles for controlling radiative Xe plasmas based on ta-

pered capillary discharge. The experimental results in-
dicate that the pinching phase can be maintained at a
quasi-steady state by the additional current, and besides,
the plasma condition depends on the addition timing of
the second current in the pinching phase. From the re-
sults reported here, it was demonstrated that the current
control is effective for maintaining a radiative plasma in
the pinching phase at a quasi-steady state and thus has
significant potential for enhancing the plasma conver-
sion efficiency of the capillary-discharged EUV source.
However, double-pulse discharge experiments using two
sinusoidal-like currents were performed only for the pur-
pose of proof-of-principle, and optimizations of current
profile were not subsequently implemented. We are plan-
ning to confirm the radiation characteristic of discharge-
pumped plasma EUV sources, and also to improve the
current profile for efficient EUV plasmas.
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Conversion efficiency calculations of tin, and xenon
plasmas for a discharge-based extreme ultraviolet source
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Extreme ultraviolet (EUV) discharge-based lamps for EUV lithography (EUVL) need to generate ex-
tremely high-power in the spectrum band 13.5 £ 0.135 nm. A simplified model including steady-state
collisional-radiative, and radiative transfer equation was developed to investigate the wavelength-integrated
output lights in xenon (Xe), and tin (Sn) plasmas. Results indicate that higher conversion efficiencies com-
pared to the so-called efficiency of a black-body source are formed in non-local thermodynamic equilibrium
(non-LTE) region, viz., a suitable electron density region of discharge-produced plasmas. Due to the higher
opacity of resonance transitions in Sn plasma, the optimum electron density region to maximize conversion
efficiency of Sn-based source is an order lower than Xe case.

Keywords: extreme-ultraviolet lithography, EUV source, conversion efficiency, Z discharge, radiant exi-

tance, opacity, collisional-radiative model

L Introduction

Pulsed power generator-based Z discharge plas-
mas have proved to be an effective radiation source in
the soft x-ray, and EUV spectrum bands. The latter is
of great commercial interest because it is the extension
of today’s optical lithography toward a shorter wave-
length. {1] In spite of the tremendous progress in the
development of discharge EUV sources over the last
several years, only Sn material demonstrated a large
conversion efficiency (CE) of input power to emission
in 2% bandwidth centered at wavelength A = 13.5 nm,
the so-called in-band radiation. Still, the failure in the
heat removal from a discharge tube at the high input
power level dictates us further investigation toward op-
timization of CE. Thereby, calculation results of the
optimum regions of CE and spectral efficiency in the
electron density-temperature space are presented for
Xe, and Sn ions. Calculations have done using de-
tailed atomic data of HULLAC code for charge states
ranging from Xe®+-Xe!”*, and Sn**-Sn!**+. Opac-
ity effects on all of the level populations and line-
broadening are considered using escape factor for a
cylindrical geometry. The detailed calculation model
and discussion will be reported elsewhere.

author’s e-mail: majid@es.titech.ac.jp

. Results

For a steady-state black-body radiator, viz., when
the plasma is in LTE condition, CE is defined by frac-
tion of the integrated radiant exitance, M}, in a wave-
length interval and total plasma radiation, [2] as shown
in Fig. 1.
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Fig. 1 CE of a black-body radiator (% in 2xsr) vs elec-
tron temperature 7,. Total in-band radiant exitance
M, and corresponding M,_for a cylindrical plasma
with radius R = 0.03, and length L = 0.4 cm, are
also shown. :




In a low electron density n, region relevant to
discharge-based sources, the plasma is in non-LTE
condition and different parts of spectrum saturated in
different n, region, since the transitions have different
oscillator strength. With going to high n, region, fi-
nally, the distribution of line transitions are same as gA
distribution. [3] Here, g and A are the statistical weight
and radiative decay rates of transitions, respectively.
Therefore, it is worthwhile to find out optimum 7, re-
gion for maximizing CE using a collisional-radiative
model.

A simple energy-balance equation of the follow-
ing form is used to estimate maximum of CE for Z
discharge type source

K=E/+Y+E, ¢))

where K is the kinetic energy of plasma in implosion
phase, E; is the plasma internal energy, Y is the en-
ergy yield by radiation (namely, total radiated power,
or, radiant exitance times emission duration), and E;
contains energy losses in neglected processes, for ex-
ample, radiation from other excitation before pinching
time (i.e., maximum compression). We assumed that
E; =0. This assumption is not so bad, when we take
into account effect of Joule heating, in particular, in
short pulse current. Please, note that, since the cou-
pling efficiency of pulsed power to kinetic energy of
plasma strongly depends on design of such systems
and also initial plasma conditions, Eq. (1), does not
include this factor. Thereby, the maximum CE can be
written as [4,5]

I Mj295p7T

CE(m 4ﬂSl') = m,

(2)
where M) ,q4, is the radiant exitance of transitions in-
side in-band region, Sp is plasma surface, 7 is emis-
sion duration, and E is defined as the minimum energy
needed to heat and ionize a plasma to a given ioniza-
tion state for Xe case, and plus the cohesive energy
for Sn plasma (3.14 eV/atom for Sn [6]). Equation
(2), clearly implies that 7 is of key importance in opti-
mization of CE.

Typical ionization fractions of Xe, and Sn plasma
vs T, at steady-state approximation are shown in Figs.
2(a) and 2(b) for n, = 10'® cm™3. Moreover, stem rep-
resentations of M, for Xe, and Sn plasmas at two dif-
ferent n, for a fix plasma dimension of R = 0.03, and
L = 0.4 cm are shown in Figs. 3(a)-(b), and 4(a)-(b),
respectively.
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Fig. 2 (a) lonization fraction of Xe, and (b) Sn, at n, =
1018 cm—3,

In Sn case, many charge states contribute to in-
band region, while major contribution to in-band re-
gion in Xe plasma is due to the ten-times-ionized Xe.

Figures 5(a) and 6(a) represent contours of CE
(% in 2nsr) vs n, and T,, for Xe, and Sn plasmas,
respectively. Plasma conditions span for n, and T,
while keeping photon path length (R = 0.03 cm) con-
stant. According to étendue limit (< 3.3 mm? sr), the
plasma length (L) assumed to be 0.4 cm. Addition-
ally, Figs. 5(a) and 6(a) illustrate contours of emis-
sion durations, t (dashed-line), log-scale, in units s.
In fact, a realistic calculation of CE requires informa-
tion about the plasma temperature-density history. For
a gas-discharge cylindrical plasma column, some ef-
forts have been made to model its dynamics such as
the snowplow model! and the slug model, or magneto-
hydrodynamic (MHD) calculation. These calculations
can be done [4] but they often shift the focus of calcu-
lation to fluid dynamics in most cases. Because we are
interested primarily in the kinetics behavior, we esti-
mated T using different approach.
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In Z discharge type transient plasmas T is gov-
emed by (1) characteristics timescales of hydrody-
namic behavior (2) ionization (7;), and recombina-
tion times of given ionization state at pinching phase.
Thus, to estimate 7 in Figs. 5(a) and 6(a), we have
considered shorter time between (1) inertial confine-
ment time (7.) and (2) ionization time of dominant
charge state. Additionally, we introduced other time
scale 7;, viz., the time required when thermal energy
of plasma converts to total radiation. Therefore, if 7
being shorter than 7; and 7., we consider this time.
Comparing Figs. 5(a) and 6(a) reveals that CE in the
Sn-plasma becomes maximize in low n, compared to
the Xe case, owing to the higher opacity of resonance
transitions in the in-band region. With the increas-
ing density, CE of Sn-based source continuously drops
down, i.e., the spectral intensity distributions for all of
the transitions approach to their intrinsic spectral radi-
ance.

Assume that, plasma in duration 7, is magneti-
cally confined and it is in ionization balance situation,
namely, the ionization and recombination fluxes are
the same. If we consider additional heating compen-
sates radiation loss, for example Joule heating, in this
case, we expect that CE approaches to the spectral ef-
ficiency (1), viz., put E = 0 in Eq. (2). Figures 5(b)
and 6(b) show contours of 1} vs n, and T, for Xe, and
Sn ions. Comparing Figs. 5(b) and 6(b) shows that the
optimum spectral efficiency region of Sn-metal occurs
at lower n, compared to Xe. This characteristic and
the fact that many charge states of Sn contribute to
the in-band radiation are important in the magnetically
confined Sn-based EUV source.
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Fig. 4 Typical stem representation of M, of Sn at (a) n,
=5 x 10'8 and (b) 1019 cm™3.

ITL. Conclusions

The calculation results show that large conversion
efficiencies of Xe (=2 0.45 % in 27sr), and Sn-metal (~
3 % in 27sr) plasmas are formed for the electron den-
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Fig. 5 (a) Contour of CE (% in 2zsr) for Xe plasma and
log 7 (s) which designated as dashed-line vs n,
and T, for a cylinder plasma with 0.06 cm in diam-
eter and 0.4 cm long. (b) Spectral efficiency n (%
in 2msr) vs n, and T,.

sity less than 10%° cm=3. In Xe, n, ~ 10" cm™3, T,
40 eV, and in Sn case, n, ~ 10" cm™3, T, ~ 30 eV,
are estimated to be optimum regions for maximizing
CE in discharge-based EUV source. The optimum re-
gion of the spectral efficiency of Sn plasma (1 =~ 11 %
in 27sr) occurs in very lower electron density region
compared to Xe case.
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Abstract

A short wavelength light source is required for a resolution improvement in optical lithography of
semiconductor manufacturing. And the development of extreme ultraviolet (EUV) light source with wavelength
of ~ 13.5 nm is carried out by various research organizations. In this study, the experiments for EUV generation
with high-current pulsed power generator have been carried out. And a plasma focus diode is used as a load. This
paper describes the behavior of plasma that is observed by a high-speed camera during the discharge of 200 Hz
burst mode. It was confirmed that the plasma has focused at a tip of the anode with the conditions of 40 Pa and
60 Pa. But it was not focusing with 80 Pa. When one compares the 1% and 900® discharge, the timing of focusing

is about the same time.

I. Introduction

The fine processing technology of semiconductors
is improving year by year and the semiconductors
have made a high integration with a speed of 4 times
at three years as it is known “Moore's Law”. This
high integration is supported by the development of
optical lithography technology. A minimum process
size in optical lithography follows Rayleigh’s
equation R=k,*A/NA [1]. Where R, k1, 2 and NA
are resolution, proportionality factor, wavelength of
light source and numerical aperture respectively.
From here it is found that the more the wavelength of
light source shortens, the more the minimum process
size shrinks. In fact in optical lithography, g-line
A=436 nm), i-line (365 nm), KrF excimer laser (248
nm), ArF excimer laser (193 nm) have used as light
source. And extreme ultraviolet (EUV) is presently
drawing attention as light source of next generation
for aspire to becoming more miniaturization [2

It is known that EUV is radiated from Xe'" ions.
There are laser produced plasma (LPP) method {3]
and discharge produced plasma (DPP) method {4] to
generate this kind of high-temperature and high-
density xenon plasma. In this study, research on
generation of EUV light source by DPP has been
carried out in consideration of the advantage that
equipments are inexpensive price and a conversion
efficiency is higher than LPP. A pulsed power
generator has designed and manufactured, and
operation tests have been demonstrated on the

1+

10

condition that the load was shorted along the way. A
peak current was 40 kA and a pulse width was 400 ns
with the load was shorted. [5]

This paper describes results of discharge tests with a
plasma focus diode fits as the load in the generator.
Changes of behavior of plasma associated with
differences of a pressure in the chamber and the
number of discharge were observed by a high-speed
camera.

I1. Experimental Setup
High-current pulsed power generator

The high-current pulsed power generator is
required to produce pinch plasma by DPP. The value
of current to cause pinch phenomenon is determined
by the Bennett’s equation [6]. The generator has
designed and manufactured for EUV generation by
DPP. The circuit diagram of the generator is shown
on Fig.1. The circuit of this generator consists of a
resonant charging unit (RCU) using semiconductor
switch IGBT and a magnetic pulse compression
(MPC) [7,8] unit.

In the RCU, a capacitor Cpc is charged through a
resistor by DC power supply. After that, the current
flows through a transformer TR by controlling
switching operation of IGBT switch SW, and SW,. A
capacitor Co is charged with a pulse width that is
dependent on the C, capacity and inductance of the
secondary winding. In the MPC unit, when an IGBT
switch SW3 is closed and a magnetic switch MS,




Load
Plasma focus

*: Place in insulating oil

Figure 1. Circuit diagram of the pulsed power generator

saturates, a capacitor C, is charged by current flow
through a pulse transformer PT with turn ratio is 3:10.

The MS, is used for the purpose of reduction of energy
dlss1pat10n in the SW3. The SW; consists of IGBTs of
2 in series and 14 in parallel. After C, is charged, the
energy is transferred from C, to the load via two-stage
magnetic switches MS; and MS,. The C, capacity is

1.11 pF and a voltage applied is approximately 4.2 kV.

Therefore, a stored energy is approximately 10 J. The
generator has coaxial structure for the purpose of
inductance reducing. An inductance of C; — load loop
that was calculated using the pulse width with shorted
load was approximately 15.2 nH. This generator can
operate at repetition rate of 200 Hz in continuous
mode or 1 kHz burst mode. A chamber is directly
connected with the generator, which is evacuated by
rotary pump and turbo-molecular pump.

Plasma focus diode

A dense plasma focus (DPF) [9,10,11] with plasma
focus diode has been used as the load. Figure 2
illustrates the load arrangement. The following is the
principle of operation of DPF. First, when the high-
voltage is applied between an anode and a cathode, a
sheet plasma formed between the electrodes due to
occur flashover discharge at the surface of insulator.
This plasma sheet that is accelerated by the Lorentz
force moves rapidly to the tip of the anode, which
eventually focuses. The EUV is radiated from this
high-temperature and high-density xenon plasma. In
DPF, there is less erosion of the electrode than other
type of discharge load due to the short duration of
expose electrodes to the plasma by moving the plasma.
And the timing of focusing can be controlled by the
electrode configuration. Materials of the anode, the
cathode and the insulator are stainless steel, copper
and alumina respectively. The xenon gas is injected
center of the anode and the helium is injected from
the other port.
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Figure 2. Plasma focus diode
employed in the form of load.

III. Experimental result

Discharge tests have been carried out by using a
high-current pulsed power generator. The visible-light
photographs were taken by a high-speed camera.
Table 1 shows the experimental conditions.

Table 1. Experimental conditions

Anode length 10 mm
Anode outer diameter 10 mm
Cathode inner diameter 13 mm
Anode material Stainless steel
Cathode material Copper
Insulator material Alumina
C2 voltage 42kV
Stored energy 10J
Repetition frequency 200 Hz
Gas flow rate Xe, He 50 sccm
Exposure time 20 ns
Interval time 40 ns
Capturing duration 1* and 900 discharge
Pressure in chamber 40, 60, 80 Pa
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using a flash lamp

These photographs of electrodes taken with high-
speed camera and the discharge current waveforms are
shown in Figs. 3~5. In addition, Fig.6 is a picture of
electrodes in light using a flash lamp. In Figs.3~5, the
numbers of the photographs and the waveform relate
to each other in terms of time. An emission of visible
light can be seen between electrodes as discharge
starting, and can be confirmed generating of plasma in
the all photographs. It appears that the discharge is not
arising at creepage surface of insulator but the vicinity
of tip of the anode. However, the plasma moves to the
center of tip of the anode with time, and focuses at a
point.

Figure 5. Current waveforms and photographs of electrodes during the discharge with
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80 Pa.

And then the plasma is gradually attenuating. In
addition, the timing of focusing with 60 Pa is later than
40 Pa, and the focusing is not arising with 80 Pa. This
is attributed to the fact that the plasma couldn’t focus
during the passage of a current because the mass of
plasma increased with the rising of pressure.

There is a little difference between peak values of
current waveform when one compares the 1% and 900®
discharge in the each photograph, but the timing of
focusing is about the same time. Because the repetition
frequency is 200 Hz, or the time cycle is Sms, so
previous discharge didn’t influence the next discharge
in the 900™ discharge.

IV. Conclusions

Discharge tests using the high-current pulsed power
generator have been carried out. The high-speed
camera took the visible-light photographs. It was
confirmed that the plasma has focused at the tip of the
anode for gas prcssurc of 40 and 60 Pa. And the
timing of focusing with 60 Pa was later than that of
40 Pa. The focusing was not confirmed with 80 Pa.
This is attributed to the fact that the mass of plasma
increased with the rising of pressure, timing of focus
delayed. So plasma couldn’t focus during the passage




of a current. In addition, it appears that the discharge
is not arising at creepage surface of insulator but the
vicinity of tip of the anode.

When one compares the 1% and 900® discharge, the
timing of focusing is about the same time. Because the
repetition frequency is 200 Hz, or the time cycle is
Sms, so previous discharge didn’t influence the next
discharge in the 900™ discharge.
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High-Energy-Density Physics Researches based on Pulse Power Technology
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Plasmas driven by pulse power devices are of interest, concerning the researches on

high-energy-density (HED) physics.

Dense plasmas are produced using pulse power driven

exploding discharges in water. Experimental results show that the wire plasma is tamped and

stabilized by the surrounding water and it evolves through a strongly coupled plasma state. A

shock-wave-heated, high temperature plasma is produced in a compact pulse power device.

Experimental results show that strong shock waves can be produced in the device. In particular, at

low initial pressure condition, the shock Mach number reaches 250 and this indicates that the shock

heated region is dominated by radiation processes.

Key-words; pulse power, high energy density, warm dense matter, shock wave, equation of state,

electrical conductivity, radiation transport

1 INTRODUCTION
Properties of dense and/or high temperature
plasma are of interests concerning the high energy
density (HED) physics. We are working on two
topics. The first one is a warm dense plasma
made by exploding wire discharges in water and
the second is a high temperature plasma induced
by a strong shock wave. Both of those plasmas
are driven by compact pulse power devices with
laboratory scale.

A warm dense (WD) state is produced by a

wire explosion in water using a small, cylindrically

arranged, pulse power generator.  Electrical
conductivities are directly estimated from the
voltage-current  characteristics of the wire

explosion. Compared with previous researchi [1],

we intended to make a semi-empirical approach to
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the exploding wire plasma; we discuss the scaling
of equation of state (EOS) and transport

coefficients of numerical

from comparisons
calculations and experimental observations of
which cylindrically

evolve high density plasma. As the structure and

hydrodynamic  behaviors,
the hydrodynamics of HED plasma are dominated
by the EOS and the transport coefficient of them,
we can discuss those values from the comparison

of numerical

experiment observation and
simulation. In particular, we propose to use shock
wave trajectories in water as a fitting parameter of
the hydrodynamic behaviors.

The structure of strong shock waves in high-Z
gas is expected to be completely different from
that of conventional hydrodynamic shock waves,

because relaxation processes and/or radiative




processes in the shock heated region affect the
structure of shock wave itself [2].

For the discussion of such a complicated
hydrodynamics, the geometry should be as simple
as possible. The exploding plasma in water is
tamped and stabilized by the surrounding water
and it makes cylindrically expanding plasmad. To
well-defined,

temperature plasma, we designed a compact pulse

make a steady state, high
power device, which has a pair of tapered
electrodes and a cylindrical guiding tube. This
configuration enables us to use one-dimensional

assumption.

2 WIRE EXPLOSION IN WATER FOR
WARM DENSE MATTER PHYSICS

In order to make warm dense plasmas,  thin

(50 £ m-100 © m dia.) wires are exploded in a

water-filled chamber. In the experiments, wire

materials, their radius and the charge voltage are

changed to make the plasma over a wide ratige of

parameters.

Load Secton Filled with Water|

Picture of Lood Section

(3) Pressure history can be measured by shock
n X

Fig.1 Experimental set-up and photograph of the

device for exploding wire experiments

2-1 Experimental Arrangement

Figure 1 shows a schematic diagram of the
exploding wire discharges in water [3,4]. A
capacitor bank C, consists of cylindrically arranged
8x0.4pF low inductance éapacitors. The stray
inductance Ls of the device was estimated to be
Ls=105uH and it drove the wire explosion in water
with time scale of psec. The current and the
voltage are measured with a Rogowski coil and a
resistive voltage divider. The evolutions of
wire/plasma boundary and the shock wave are
measured with fast streak/framing camera. From
these measurements, we can directly estimate the

electrical conductivities of exploding plasma.

2'2. Electrical Conductivity

Using the framing camera, the radius and the
particle density was estimated to be typically
10”'cm® at 2psec from start of the discharge.
Figure 2 shows the evolution of -electrical
conductivities of aluminum (Al), copper (Cu), and

tungsten (W) wires.

10° T B o e
ot Igidl Goriducaiyany
|1t Rdorh. Teniperatur
PLAREESE
£
)
z  1®
2
g
3
£ 10°
¥
10°
SO e e
0 05 1 15 2

Time[ps]

Fig.2 Evolution of conductivities for Al, Cu, and

W wire explosion in water
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Fig.3 Experimental and numerical evolutions of

wire/plasma boundary and shock surface in water

The dotted lines in the figure show theoretical
values for conductivities based on a modified
the

experimental observations of the conductivities are

Sptzer’s model, and as can be seen,
more that 10times of the theoretical values.
We calculate the hydrodynamic behavior of the
exploding plasma and the shock wave propagation
in water using a 1D magneto-hydrodyramic
simulation. To make the calculation, we need
EOS models and the transport coefficients.
Figure 3 shows the comparison of numerical and
experimental evolution of the shock wave and the
plasma boundary for Al wire
obtained

Q-EOS model [5] are used in this calculation.

explosion.

Experimentally conductivities and
As the hydrodynamics are strongly deperident
on the EOS model,

applicability in the parameter region of WD

we can evaluate its
plasma, by using it as a fitting parameter.
Especially the numerical shock trace is itore

strongly affected by that of plasma boundary ;i.e.,

17

the EOS model. Figure 4 shows an illustration of
the shock trajectory induced by the plasma
evolution. The exploding wire/plasma induces a
cylindrically developing shock wave, as a piston,
through “characteristics” in water. As illustrated
in the figure, the shock trace expands the behavior
of the plasma motion, both in space and time. This
indicates that the shock wave trajectory in water is
informative for estimation of the plasma pressure,

i.e., for the EOS modeling.

3 FORMATION OF STRONG SHOCK
WAVES WITH PULSE POWER DEVICE

Another compact pulse power device is

constructed for generation of quasi-steady,

one-dimensional, strong shock waves. The
cross-section of the discharge region is gradually
decreased with a pair of tapered electrodes. The

shock wave induced by an electro-magnetically
driven current sheet is guided through the tapered
section to the top of electrodes. At the end of the
electrodes, an acrylic guiding tube is attached to

make one dimensional flow [6].

Fig.4 Schematic illustration of exploding wire

discharges in water




3-1 Experimental Arrangement
The experimental set up of the pulse power device
is shown in Fig.5. The acrylic guiding tuibe is

advantageous to observe the shock wave

propagation. The shock speed is measured by a
fast framing/streak camera through the acrylic
guiding tube. To drive the electro-magnetic pulse,
twelve plastic capacitors are arranged in a
cylindrical geometry. They are normally charged
to 20kV and switched by a pressurized gap switch,

which drove 160kA in the discharge chamber.

3-2 Experimental Results

Figure 6 shows typical experimental results. The
solid line in the figure shows a criterion of
radiative shock based on a steady state one
dimensional flow [7]. As shown, the front velocity
increased with the decrease of initial filling
pressure of Xe. When the discharge chamber is
filled with low pressure Xe gas, the shock Mach
number M reached M=250, and, as shown in the
figure, this value adequately exceeds the criterion

for radiative shock waves.
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Fig.5 Experimental arrangement for shock Heated
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Fig.6 Observed front speed and shock Mach

number versus initial filling pressure of Xe

A streak picture is shown in Fig.7, together with a
typical
electromagnetically driven flow of Xe. The

numerical calculation  of  the
upper part is the streak image of the flow and the
lower shows a schematic of typical profiles of the
relaxation region. In the calculation electron-ion
and ionization relaxation process of the Xe plasma

is estimated under

an assumption of

one-dimensional shock heated, steady flow.

g

Dark optical area |

behind shock 1
Shock Front

F1g.7 Streak image and typical temperature profiles
of shock heated Xe plasma




When the front speed exceeds the criterion derived
from the one dimensional simplified analysis, the
The
results indicate that structure of the shock heated

streak image had an interesting structure [6].

region is dominated by the ionization relaxatioh in
Xe plasma and its initial condition should be
provided by a radiative process from the heated
region. This means from the comparison of

experimental  observation and  numerical
calculation, we can quantitatively discuss the effect
of radiation transport on the hydrodynamics of

heated gas with a strong shock wave.

4 SUMMARY

Plasmas produced by compact pulse power devices
are proposed for HED and/or WDM physics.
Results show that plasmas made by wire explosion
in water can be appropriate sources for scaling of
the equation of state and transport coefficients in a
wide range of parameters of warm-dense materials.
Coupling parameter of the plasma is estimated to
On
the other hand, shock wave heated pldsmas

be at least 2, up-to discharge time of 2 u sec.

produced by pulse powered electro-magnetic force
in a pair of conical electrodes, are demonstrated to
be a suitable one-dimensional test sample for high
temperature hydrodynamics involving ionization
relaxation and a radiative energy transfer.

These devices can cover a dense moderate
temperature region and a high temperature low
density region in the density-temperature diagtam
for HED physics [8]. Advantages of these
approaches are compactness, capability of making
larger spatial and temporal scale plasmas, and also

providing a well-defined condition, compared with
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those of high power laser methods.
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ABSTRACT

Recently, cyanobacteria blooms (or water blooms) occurred on the surface of water bodies frequently and
extensively due to the eutrophia of the water. That has been posed a more and more serious environmental
problem worldwide. In this work, we try to use pulsed power technology to realize water blooms treatment. A
stainless needle with 30 u m in diameter was employed as a point discharge electrode, 15cm apart from the
cylindraceous cathode, and applying a 2 us, 160kV pulse. A pulsed streamer-like discharge in water was
obtained in the water filled with cyanobacteria cells (named as sample water in this paper). From the
experimental result, it can be found that the discharge collapsed the intracellular structure - gas vesicles and the
colonies of the cells sank to the bottom and didn’t float up during 15 days after the discharge treatment.

L INTRODUCTION

Cyanobacteria (often referred to as blue-green IL
algae) are members of a group know as eubacteria or
true bacteria V. They are a frequent component of
many freshwater and marine ecosystems. Under
certain conditions, especially where waters are rich in
nutrients and exposed to sunlight, cyanobacteria may
multiply to high densities - a condition referred to as
a water bloom ©. Large blooms of cyanobacteria can
clog intake pipes and filter lines, and are aesthetically
unappealing. When a bloom dies in a pond or shallow
lake, severe oxygen depletion can produce
objectionable odors and even cause fish kills. Some
cyanobacteria produce substances that are extremely
toxic, and are capable of causing serious illness or
even death if consumed . Recently, cyanobacteria
outgrow rapidly and easy to form blooms in lakes and
agricultural ponds because of the eutrophication.
Therefore, the blooms of cyanobacteria have been
posed a serious environmental problem all over the
world. In this paper, we present of result of the effects . 2 X
of streamer—lillzepdischarge in water for the treatment cyanobacteria _genus . % GVs filled with gas.
of cyanobacteria blooms. Therefore, cya‘n-oba(.:terla 'cells can ﬂoat towaf(! water

A Blumlein-type pulsed forming network (B-PFN) surface §§) position in optimal sun lgght condition for
was employed to provide a 2u s, 160kV pulsed growth : The electrical conductivity of the sample
voltage to a point-to-plate electrode geometry and water was 11.6 mS/m.
generate a tremendously high electric field and
formed streamer-like discharge in sample water
which was collected from Higawa Dam in
Kumamoto, Japan.

EXPERIMENTAL APPARATUSES

A. Sample water from Higawa Dam

The sample used in the experiment was collected
from Higawa Dam in Kumamoto, Japan. It was
confirmed that the major genus was M. aeruginosa.
M. aeruginosa with 3.2-6.6 pum in diameter are a
typical genus of toxic cyanobacteria 4). It can be
observed from Fig. 1 (a) that M. aeruginosa in the
sample water appeared black in color. It can be also
observed that hundreds or thousands of M
aeruginosa cells gathered together and formed the
colonies and the colonies appeared to be small-green
particles and floated in the water. Fig. 1 (b) shows a
single cell of M. aeruginosa with 1000 times of
magnification. It can be seen that the mucilaginous
sheath (MS) surrounded cell of M. aeruginosa, and
the gas vesicles (GVs) showed blackish appearance
due to the refraction of background light. GVs are the
special intracellular structure of the bloom-forming
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the sample water from Higawa Dam. The output from
the pulsed power generator was connected to the
needle electrode and the cylinder electrode of the
discharge chamber was grounded. The charging
voltage into B-PFN was fixed at +25 kV. In this case,
the positive polarity of pulsed voltage was applied to
the needle electrode. For the utilization of the
maximum flux swing of PT core, the reset current of
2 A was flown near the PT core.

Gas vesicles
(GVs)
Cell wall
and cell

. membrane
(CW/CM)

Fig.2 Schematic diagram of pulsed power
generator.

(b)

Fig. 1 M. aeruginosa sampled of Hikawa dam. 1:
mucilaginous sheath (MS), 2: gas vesicles
(GVs).

B. Pulsed streamer-like discharge system

Fig. 2 shows the schematic diagram of the pulsed
power generator used in this work. The generator
consisted of a positive dc source (E, HDV-50K3US,
Pulse Electronic Engineering Co., Japan), the
Blumlein type pulse forming network (B-PFN) and a
pulse transformer (PT). A triggered spark gap switch
(SGS) was used as a closing switch of B-PFN.
B-PFN had 15 stages of LC ladder which were e
composed with 20 nF of capacitor and 0.2 pH of vessel

inductor. The characteristic impedance (24/L/C ) and

the pulse width (2Ny/LC ) of B-PFN, calculated e,
from capacitance (C) and inductance (L) of LC ladder,
and number (N) of LC ladder stage, were
approximately 6 Q and 1.9 ps, respectively. The
FINEMET™ (FT-3H, Hitachi Metals, Japan) was
utilized as the core material of PT. PT had 5 of the
winding ratio (windings: secondary windings = 1: 5).
Therefore, the total characteristic impedance of the
generator was computed at 150 Q (6 Qx5?).

Fig. 3 shows the configuration of the discharge

s
Needle electrode

00€

Polyethylene
insulator

chamber used in this experiment. The needle to (b)

cylinder electrode was utilized as the discharge

chamber. The needle electrode with 30 pm in tip Fig_ 3 (n) Photo of dischm‘gc chambecr. (b) Cross
curvature was put concentrically into the cylinder section of the chamber

electrode with 300 mm in inner diameter and 180 mm
in length. To enhance the electric field at the tip of I11. EXPERIMENTAL RESULTS AND

needle electrode, the needle was covered with DISSUSIONS
polyethylene insulator except the part of tip. In the A. Discharge treatment of M. aeruginosa
experiment, the discharge chamber was filled with Fig. 4 (a) shows the photograph of the discharge

2]




chamber soon after it was filled with the sample
water of Hikawa dam. It can be seen that the colonies
of M. aeruginosa were suspending in the entire
discharge chamber. Fig. 5 shows the waveforms of
applied voltage to and discharge current with through
the discharge chamber with 160 kV and S00A of the
peak value respectively. The input energy into the
discharge chamber was calculated at 83 J/pulse. Fig.
6 shows the appearance of single discharge in the tap
water with conductivity of 11.6mS/m. It was
confirmed that the streamer-like discharges spread
from the positive needle electrode toward the ground
cylinder electrode and did not shift to an arc
discharge. The diameter of discharge area was about
100 mm. Fig. 4 (b) shows the appearance of single
discharge of the chamber after about 2 hours.

(b)

Fig. 4 Discharge chamber just after sample water
injection (a) and 2 hours later after discharge (b)

B. Diagnosis of M. aeruginosa

In order to diagnose M. aeruginosa conditions after
applying discharge, a part of the discharge-treated M.
aeruginosa was collected from the bottom of the
discharge chamber and carried out the microscopical
observation.

Fig. 7 shows the bright-vision photomicrographs
(a: X400 magnification, b: X 1000 magnification)
of M. aeruginosa cells after single discharge
treatment. As the result of the comparison of Fig. 1
with Fig. 7, it can be seen that the GVs in the cells of
M. aeruginosa disappeared.
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Fig. 5 Applied voltage to and discharge current
through chamber

Fig. 6 Discharge appearance in chamber

It can be said that the GVs were collapsed by the
pulsed discharge treatment. Furthermore, the
discharge-treated M. aeruginosa were kept in a test
tube for 15 days under 24°C 12 hours sunlight. Fig.
7 shows the time dependence of the appearance of the
test tube with the discharge-treated M. aeruginosa. It
was observed that the discharge-treated M.
aeruginosa didn’t float up to the surface of water and
changed color from green to yellow. Finally, they
disappeared after 15 days from the discharge
treatment. There is a possibility that the treated M.
aeruginosa cells were catabolized by other bacteria
or plankton in the sample water.




(b)

Fig. 7 M. aeruginosa after discharge treatment. (a)
the colony, (b) single cell.

Swas 5ay

1 day

15 days

Fig.8 Time dependence of discharge-treated -
M. aeruginosa

C. Discussion

It is well known that the pulsed streamer-like
discharge in water can cause four physical
phenomena, such as the intense electric field near the
discharge electrode, the radical formation in the
plasma, the ultraviolet irradiation and the shockwave
generation ¥. What is the most impact factor in the M.
aeruginosa  treatment experiment should be
considered. In this experiment, M. aeruginosa cells in
the discharge chamber were treated by single
discharge. It is obvious from Fig. 6 that the discharge
didn’t spread to the entire space of the discharge
chamber. The radical formation has no effect at the
outside of discharge region. And the use of UV
radiation has been described for obtaining axenic
cultures of cyanobacteria. . Therefore, ultraviolet
irradiation doesn’t seem to play a role in influence on
the cyanobacteria cells. As conclusion, the
shockwave and pulsed electric field due to the pulsed
streamer-like discharge in water are the most
effective factors for M. acruginosa treatment.
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IV. CONCLUSIONS

Pulsed streamer-like discharge in water were used
to treat M. aeruginosa cells from the Higawa Dam,
Kumamoto, Japan. The following conclusions have
been deduced:

1) After single discharge treatment, M.
aeruginosa sank to the bottom and didn’t
float up since the GVs of the cells were
collapsed by discharge;

2) Discharge-treated M. aeruginosa were
gradually disappeared during 15 days;

3) There is a possibility that the pulsed
streamer-like discharge will become one of
effective options to treat cyanobacteria
blooms.
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ABSTRACT

In this paper, the authors have developed an all solid state pulsed power generator that consists of magnetic pulse
compressor (MPC) and Blumlein-type pulse forming network (BPFN), which is operated with high repetition rate,
long lifetime and high reliability for practical industrial applications such as laser exciters, decomposition of
harmful gases, removal of volatile toxic compounds, water discharges and so on. And they have given a detailed
explanation about the simulation methodology using Electromagnetic transient program (EMTP) in order to give a
guidance for more efficient design of the pulsed power generator with MPC and BPFN. It was found that the
simulation results and the experimental ones with manufactured MPC and BPFN showed a good consistency.
Finally, large volume of streamer discharges was generated in water by the developed system.

LINTRODUCTION

Since W. Melville described a magnetic pulse
compressor (MPC) by using the nonlinear permeability of
ferromagnetic materials in 1951 [1] as a breakthrough for
the high repetition rate pulsed power generators,
researches on MPCs have focused on high power pulse
generation such as radar modulation, nuclear particle
acceleration and impulse testing for a long time.

Comparatively recent developments of ferromagnetic
materials [2,3] and semiconductor switches with excellent
characteristics have allowed the high repetitive operation
of magnetic switches (MS) with very low loss, and have
made it possible to use the repetitive pulsed power
generated by an MPC on practical industrial applications
such as laser exciters, decomposition of harmful gases,
removal of volatile toxic compounds, water discharges
and so on [4,5,6,7] due to its high repetition rate, high
stability and long lifetime.

Meanwhile, there are numerous applications in both
physics and electrical engineering for short (¢, < 10 us)
electrical pulses. These applications often require that the
puises have a good square shape, i.e. they have fast rise
and fall times (1, # < 1, ) [8]. Although there are many
ways for generating such pulses, the pulse forming
network (PFN) is one of the simplest techniques. It is
possible to control the pulse width of the output pulse
voltage by varying the number of the units of the inductor
and the capacitor. The Blumlein-type pulse forming
network (BPFN) is very popular due to the fact that the
power supply used to charge the network may have the
same output potential as the required pulse amplitude.

Although there has been much need for the design and
analysis techniques of the high repetition rate pulsed
power generator using MPC and BPFN, there has been
few studies concerning the simulation methodology of the
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MPC [9] and the BPFN, probably due to difficulties in the
design of the nonlinear permeability of ferromagnetic
cores for the MS and the pulse transformer (PT).

In this paper, the authors have developed an all solid
state pulsed power generator, which is operated with high
repetition rate, long lifetime and high reliability for
industrial applications and given a detailed explanation
about the simulation methodology using Electromagnetic
transient program (EMTP) in order to give a guidance for
more efficient design of the pulsed power generator with
MPC and BPFN. It was found that the simulation results
and the experimental ones with manufactured MPC and
BPFN showed a good consistency. Moreover, much
contribution of the proposed methodology is expected to
the design of the nonlinear devices in the pulsed power
field as well.

II. FUNDAMENTAL THEORY

Figure 1 shows a typical MPC circuit [8]. MS, and MS;
refer to the unsaturated and the saturated inductances,
respectively. And, suppose that C, = C, = C3 = C and
MS, << L; << MS,. Referring to Figure 1, on switch
closure the capacitor C,, initially charged to a potential Vj,
is discharged through the inductor L, into capacitor C. As
the potential on C, rises a point is reached at which the
magnetic switch MS will saturate. C, then discharges
rapidly into capacitor C;.

Consider the charging of capacitor C; from the previous
capacitor C, via the inductor L,. The voltage V,(t) on C,
will be given by

C V.
V()= V()—C——‘C—(l—cosat) =—2°—(1—cosax)(1)

1 2
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And, the time t to charge C, is given by

where @ =

t= 7./ L,C, )
where C,, = ——Ccfé =%
174,

As a result, the maximum voltage on C; is equal to the
charging voltage V, on C;, and the voltage amplification
does not occur. The current amplification ratio 7 is given

-

lmax
Figure 2 shows a typical Blumlein-type pulse forming
network which consists of LC ladder networks. In the
figure, the pulse transformer was attached to the network

7.

t\lﬁ
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Fig. 2. Diagram of the Blumlein pulse forming network.

in order to obtain a higher output voltage. It is possible to
control the pulse width of the output pulse voltage by
varying the number of the units of the inductor and the
capacitor in the BPFN. The pulse width T is given by

T=2N~VLC O

where N refers to the number of units. And,
characteristic impedance of the BPFN is given by

-
C

PULSED POWER SYSTEM
COMPONENTS

the

5)

IIIL.

The block diagram of the repetitive pulsed power
system that we developed is shown in Figure 3. The
developed system consists of MPC unit, BPFN unit and
load unit.

A. MPC unit ,

The MPC consists of a charger, low inductance
capacitors (Co, C;), saturable inductors (SIy, SI,), thyristor
switch (Thy) and a pulse transformer (PT)). The charger is
high voltage power supply using resonant inverter (202A,
LAMBDA EMI). An average capacitor charging rate is
2000 J/s(Joule per second). The capacitances of C, and C;
are 6.6 pF and 200 nF, respectively. Fe-based
nanocrystalline magnetic cores (FT-1H, Hitachi metals
Ltd) were used as the magnetic switches (Slg, SI,). The
thyristor is a high speed thyristor for pulsed power
application (SSTH20H4501,ABB). The magnetic assist by
the saturable inductor (SI) follows the thyristor
switching. Magnetic assist has the effect of reducing the
switching loss of the thyristor [8]. The PT, has a function
of step-up transformer. The voltage gain of the PT, is 6
(winding ratio, primary : secondary = 4 : 24). In the
experiment, the applied voltage to and the discharge
current through the needle to plane electrodes were
measured using the voltage divider (EP-100K, Pulse
Electronic Engineering Co., Japan) and the current
monitor (Model 110A, Pearson Electronics, Japan),
respectively. The Oscilloscope (HP54542A, Hewlett-
Packard, USA) recorded the signal from the measurement
devices.
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Fig. 5. Measured waveforms of V2, V3, I3 and I,
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maximum BPFN charging voltage is about -20kV. The
capacitance and inductance of each stage in the BPFN are
20 nF and 500 nH, respectively. Therefore, the BPFN was
designed to have the characteristic impedance of 10 ohm
and the output pulse width of 1 us. Figure 5 shows the
measured voltage and current waveforms of V2, V3, I3
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Fig. 7. Schematic diagram of the EMTP simulation circuit for the pulsed power generator.

and L, respectively. In this figure, the charging process
and the resultant output voltage of BPFN can be observed
although the waveforms looks complicated due to the
stray component in BPFN,

C. Load unit

The load consists of a point to plane electrode and a
non-inductive resistor of 360 ohm in parallel, which is
matched to the characteristic impedance of the BPFN unit.
The needle to plane geometry electrode which was
immersed into tap water (Conductivity: 25 mS/m) was
used as the discharge electrode in this experiment. The
radius of curvature at the needle tip was 30 pum. The
distance between the tip of needle electrode and plane
electrode was fixed at 100 mm.

Figure 6 shows the typical waveforms of the output
voltage and current from the PT,. The output voltage V4
has 3 inherent peaks, that is, Peak 1, Peak 2 and Peak 3.
Peak 1 is due to the fact that the reset circuit is adopted
for the maximal swing of PT 2, and that the peak appear
till the core saturates in the negative direction. The Peak
1 is undesired, but it is an unavoidable result. Peak 2 is
due to the un-uniform charging over the BPFN capacitors.
This will be dealt with in following section. Peak 3 is the
main output voltage peak. It will be observed that the
peak voltage, rise time and pulse width (FWHM) were
about 140 kV, 200ns and 1us respectively.

IV.EMTP SIMULATION RESULTS

In this paper, EMTP was used to analyze the transient
phenomena of the high repetition rate pulsed power
generator with nonlinear elements such as the magnetic
cores, Figure 7 shows the schematic diagram of the
EMTP simulation circuit for the pulsed power generator
which is originally based on that of figure 3.

Figure 8 shows the flux and current relationship for
magnetic cores, SI0, SI1 and SI2, respectively, which
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were used in figure 7. The curves were derived from the B
— H curves of the same magnetic core using the following
relationship
®=n'B'A and I=H'l /n 6)

Where @ is flux, n is the number of turns, B is flux
density, A is sectional area of the core, I is current, H is
magnetic field, and | is average length of magnetic path of
the core.

Table 1 shows the unsaturated and the saturated
inductances of the magnetic switches. The ratio of the
unsaturated inductance to the saturated inductance is 2240
which is due to the fact that the unsaturated relative
permeability, i , and the saturated relative permeability,
I 5 is calculated to 4480 and 2, respectively.

Before the performance verification of EMTP with the
proposed circuit of figure 3 in comparison with the
experimental results, the authors checked the stray
inductances in the circuit as shown in Table 2. Stray
inductances LO, L1, L2, L3 and L4 were minimized in
manufacturing the pulsed power generator. Meanwhile,
stray inductance 1.4 show quite a high value of 90 uH due
to the long line to the load.

Figure 9 shows the simulated waveforms of V0, V1, 10
and I1, respectively. In the figure, energy transfer from
C0 to ClI can be observed in the same way as figure 4.
The simulation results show a good agreement with the
experimental ones.

Figure 10 shows the simulated waveforms of V2, V3,
I3 and L, respectively. In the figure, the output voltage of
the BPFN, V3 can be determined from the difference
between voltage at P6 and voltage at PS5 (in this case,
stray inductance 3 can be neglected). Figure 11 explains
the generation of Peak 2 and the output voltage V3. The
output pulse has the pulse width of 1 gs, and the
combination of the inductors and capacitors in the BPFN
generated higher peak voltage than the charging voltage.

s
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Table 1 Calculated Inductances of the magnetic switches

for EMTP simulation.
SIo SI1 SI2
Lu 0.18 mH 3.7mH 0.63 mH
Ls 0.08 uH 1.64 uH 0.28 uH

Table 2 Stray inductances used in the EMTP simulation

circuit.
Stray L O | Stray L 1 | Stray L 2 | Stray L 3 | Stray L 4
0.50uH | 0.35uH | 0.16 uH | 1.50uH | 90 uH
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Fig. 9. Simulated waveforms of V0, V1,10 and I1.
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Fig. 14. Streamer discharge generated by the developed
system in water.

Figure 12 shows the simulated output voltage of the
over all system. It can be seen that Peak 1 in figure 6 can
not be observed since the reset circuit for PT 2 was
modeled as a bypass path with a switch in such a way of
figure 7. By the proposed reset circuit, undesired Peak 1
was removed, while charging the BPFN was still
successful.

V. STREAMER-LIKE DISCHARGE
IN WATER

Large volume of streamer discharges was generated in
water by the developed system as shown in figure 13.
Figure 14 shows a photograph of a streamer discharge in
water. The streamer discharge is growing radially from
the tip of the positive point electrode. The propagation
distance of the streamer is about 35 mm. These streamer-
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like discharges in water can produce a high electric field,
high energy electrons, ozone, chemically active species,
ultraviolet rays and shock waves, which readily sterilize
microorganisms and decompose molecules and materials.

VI. CONCLUSIONS

The authors have developed an all solid state pulsed
power generator, which is operated with high repetition
rate, long lifetime and high reliability for industrial
applications. The output voltage showed the peak voltage,
rise time and pulse width (FWHM) of about 140 kV,
200ns and 1ps, respectively.

The feasibility of EMTP simulation for more efficient
design of the pulsed power generator with MPC and
BPFN was successfully studied with a good consistency
with the experimental results.

Moreover, water discharges generated by the developed
system succeeded.
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PRODUCTION OF ATMOSPHERIC-PRESSURE GLOW USING
INDUCTIVE ENERGY STORAGE SYSTEM PULSED POWER
GENERATOR

K. Takaki, H. Kirihara, C. Noda, S. Mukaigawa, and T. Fujiwara

Iwate University, 4-3-5 Ueda, Morioka, Iwate 020-8551, JAPAN

ABSTRACT

An atmospheric pressure glow discharge was generated using a needle-array electrode in nitrogen,
and the voltage-current characteristics of the glow discharge were obtained in a range from 1 mA to
60 A. A pulsed high-voltage with short rise time under 10 ns was used to generate homogeneous
streamer whole discharge space simultaneously, which prevent the glow-to-arc transition caused by
inhomogeneous thermalization. Semiconductor opening switch diodes were employed as opening
switch to shorten the rise time. The glow voltage was almost constant until the discharge current
became 0.3 A, whereas the voltage increased with the current higher than 0.3 A. Electron density
and temperature in a positive column of the glow discharge at 60 A were obtained to 1.4x10'2 cm™
and 1.3 eV from calculation based on nitrogen swarm data.

1. Introduction

Research on atmospheric pressure glow
discharges (APGD) is motivated by applications
such as instantly activated reflectors and absorbers
for electromagnetic radiation, surface modification,
thin film deposition, dry etching, remediation and
detoxification of gaseous pollution, sterilization, and
light sources as gas lasers and excimer radiation
[11-[5]. Much of the efforts in generating stable glow
discharges at atmospheric pressure have focused on
preventing the onset of instabilities, particularly in
the region close to the cathode, because of high
electric field and consequently high power
deposition compared to that in the positive column
of the discharge [6].

A pulse voltage on preventing the thermal
instability is commonly employed in the laser
community to generate the pulsed glow discharges
operated at current densities above threshold for the
glow-to-arc transition [7]. This paper describes the
generation of APGD in nitrogen gas using pulsed
power supply which can generate pulse voltage
consisted of a narrow over-voltage pulse and a long
width pulse. A needle-array electrode instead of
planar electrode was used to generate streamer
discharges homogeneously between the electrodes
and to keep the glow discharge stable for long
duration. The properties of the APGD plasma such
as voltage-current (V-I) characteristics, an electron
density and an electron temperature are also
described.

2. Experimental Setup
A schematic diagram of the experimental facilities
is shown in Fig. 1. The grounded electrode plate

30

with rounded edges is made of brass and set in the
discharge chamber. The overall diameter and
thickness of the electrodes are 10.7 cm and 1.5 cm,
respectively. The needle-array electrode made of
brass is set to the upper part of the chamber. The
needle-array electrode consists of 331 needles which
have a dimension of 1.3 cm in height and 50 um in
radius of the tip. Typical gap length d from needle
tip to the electrode surface is 1.0 cm. The discharge
chamber is evacuated with a rotary pump and is
filled with the nitrogen gas to atmospheric pressure.
The power supply consists of 8.0 nF capacitor C,
gap switch, 20 uH inductor L and semiconductor
opening switch (SOS) diode. The capacitor C is
charged up negatively to the voltage ¥, using a DC
high voltage power supply. The charges are released
from the capacitor by switching-on the gap switch
mechanically, as the results, the current flow to the
LC circuit through the SOS diode as
forward-pumping current [8]. After the current
direction reverses with LC oscillation, the reverse
current is injected into the SOS. With the current

L lo
l Needle-arra’
—/—"(w y) T V¢ electrode
Gap ,5 ;
switch
VCT::
c S0S
diode
Y  Discharge
i Sy chamber
Figure 1 A schematic diagram of the

experimental facilities used for generation of the
atmospheric pressure glow discharge.




interrupted by the SOS, the high voltage pulse is
applied to the needle-array electrode as a short
nanosecond pulse. Figure 2 shows the typical
waveforms of the circuit current I, the capacitor
voltage capacitor ¥, and the output voltage V,,
which is measured at point of ¥4 shown in Fig. 1
without connecting to the discharge load. This
nanosecond pulse produces the streamer discharges
from all needle tips simultaneously. The streamer
discharges are followed by the glow discharge with
the charge remained in the capacitor C as shown by
Vc in Fig. 2. The current and voltage are measured
with Pearson 2878 current transformers and
Sony-Tektronix high-voltage P6015A probes. The
signals stored in a digitizing oscilloscope Tektronix
TDS3054B are transmitted to a personal computer
through a GP-IB cable in order to calculate the
energy consumed in the discharge.

T
C=8.0 nF

{L=20.0 uH
Vo=-10 kV

w
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Figure 2 Typical waveforms of circuit current and
voltages of the capacitor and the semiconductor
opening switch diode at -10 kV charging voltage.

3. Experimental Results
3.1 Glow-to-arc transition

Representative waveforms of the transient glow
discharge current and the voltage between the
electrodes for three different charging voltages are
shown in Fig. 3. When the narrow over-voltage
pulse is applied to the needle-array electrode, the
breakdown occurs and the discharge current rises
rapidly. The long pulse voltage, which has an
altitude of the voltage lower than charging voltage,
follows the over-voltage pulse and keeps the glow
discharge in a quasi-stable state, i.e. a transient glow
phase. The glow discharge is sustained for 3 ps at
-10 kV charging voltage as shown in Fig. 3(a) with
glow current from 10 A to 3 A. At the time of 3 ps,
the voltage collapses to a few hundred volts with
glow-to-arc  transition characterized by an
appearance of a luminous spot on the cathode
surface [6]. Figure 3 clearly shows that the
quasi-stable state glow discharge current increases
with increasing the charging voltage whereas the
duration of the glow phase decreases.

Figure 4 shows the transient glow duration as a
function of charging voltage at various gap lengths.
Clearly, the glow duration increases with reducing
charging voltage and with increasing gap length.
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Figure 3 Voltage and current waveforms of the
discharge for three different charging voltages.
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Figure 4 Glow phase duration as a function of
charging voltage for three different gap lengths.

This result is due to the fact that energy fed into the
discharge increases with the charging voltage and/or
decreasing gap length. It was previously reported
that the duration of a transient glow discharge of 3—
15 A in nitrogen at pressures of 40-130 Torr is
independent of gap length in a range of 0.2 to 7.0
mm [9]. This conclusion disagrees with the present
result in which the glow duration depends on the gap
length. The criterion for the glow-to-arc transition
appears to be a certain quantity of surface density of
the dissipated energy [10]. The power density on the
cathode ¢ is given by
$=jVx M

where Fy is cathode fall voltage. The current density
J can be obtained by dividing glow current by the
cathode area. Under the present experimental




conditions the glow current increases with gap
length as shown in Fig.5. This means that the power
density ¢ increases with the gap length. However,
under the conditions of the previous work, the power
density ¢ is dependent on the gap length due to the
constant current density which is in agreement with
the formula, j = 400x107°p> A cm™ for low-pressure
normal glow discharge [7]. Thus the difference
which exists in the previously reported dependence
of the transient glow duration on the gap length may
be explained by the different dependences of the
dissipated power density on the gap length between
the two investigations.
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Figure 5 Glow current as a function of charging
voltage for three different gap lengths.

3.2 Criterion for the glow-to-arc transition
Chalmers suggested that the criterion for a
glow-to-arc transition is that a certain quantity of
energy is consumed in the gap during the glow phase
[t1]. Figure 6 shows the plots of the energy
consumed in the discharge during the glow phase as
a function of charging voltage for three different gap
lengths. The consumed energies are calculated with
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Figure 6 Consumed energy for glow-to-arc
transition as a function of the charging voltage
for three different gap lengths.
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time-integration of the power, which is obtained by
multiplying the discharge current with the voltage,
during the time duration of the glow phase. The
consumed energies are almost independent on the-
charging voltage though the measured values are
scattered. The mean value of the consumed energy
increases with increasing the gap length, 0.07 J, 0.17
J, and 0.37 ] for 0.5, 1.0, and 1.5 cm in gap length,
respectively. These values of the consumed energy
can be used as a criterion for a glow-to-arc transition
[6], [11]. The energy input to the discharge can be
changed with the capacitor C, the inductor L, and/or
inserting a damping resistor into the circuit in series.
Figure 7 shows the photographs of atmospheric
glow discharge at -10 kV charging voltage. The gap
length is 1.0 cm. The capacitance and the inductance
are chosen to 4.2 nF and 12.6 pH, respectively, to
satisfy above mentioned criterion as shown in Fig. 6.
The glow discharges were generated with repetition
rate of 50 Hz and the photographs were taken with
exposure time of one second. The glow discharge
successfully occurs without glow-to-arc transition as
shown in Fig. 7. The glow discharges develop from
all tips of the needle.

wrrrrrey”

Figure 7 Photographs of atmospheric-pressure
nitrogen glow discharge at 1.0 cm gap length.
(C:4.2nF, L: 12.6 pH)

3.3 Voltage-current characteristics

A lot of processes in a direct current glow plasma
are governed by the V- I characteristics of the
discharge [12]. The V-I characteristics of a transient
glow discharge can be obtained in wide current
range from milliamps to larger than 100 A using the
discharge current and the voltage waveforms [13].
Figure 8 shows the V-I characteristics of the
quasi-stable glow discharge in atmospheric pressure
nitrogen gas at 1.0 cm gap length obtained in the
same manner. The capacitance and the inductance
are adopted as 8.0 nF and 20.0 pH, respectively. The




lines were overwritten at different charging voltage
in order to obtain in wide current range. The glow
voltage is almost constant, 3 kV, when the glow
current is lower than 0.3 A. This independency of
the voltage on the current is typical feature of a
normal glow discharge [13]. The glow voltage
increases from 3 kV to 14 kV with increasing glow
current from 0.3 A to 60 A. The glow voltage is
almost constant at lower current than 0.3 A while it
increases with increasing current in a range larger
than 0.3 A. This fact implies that the discharge
changes from a normal glow to an abnormal glow at
the discharge current of 0.3 A.
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Figure 8 Chrrent-voltage characteristics of
nitrogen glow discharge at 1.0 cm gap length.

3.4 Electron density and temperature

The value of electric field in the positive column
of the glow discharge can be predicted from glow
voltage and cathode fall voltage, which is
determined by ‘‘zero length voltage™ extrapolating
the potential distribution across glow discharge to
zero gap length [14]. Figure 9 shows the plotted gap
voltage just prior to the glow-to-arc transition as a
function of the gap length. The gap voltage
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Figure 9 Glow voltage as a function of gap
length for nitrogen atmospheric glow discharge.
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decreases linearly with reducing gap length. The
extrapolation of the potential distribution to zero gap
length results in a voltage drop equal to 210 V,
which is almost agree with the low-pressure data
base [15]. In the normal glow mode (<0.3 A), the
electric field of the positive column is roughly
obtained to be 2.8 kV/cm, which is consistent
to1.1x10™*® Vem? in reduced electric field E/N. The
electron temperature Te can be calculated from
swarm parameters of electrons in nitrogen as
well-known Einstein’s equation,
kgT,/le~D,/u, (2)
where f, kg and D, are drift mobility, Boltzmann
constant (1.38x10% JK™') and the diffusion constant,
which can be expressed as a function of E/N [16]. As

the results, the electron temperature is predicted to
be 0.9 eV for the normal glow and 1.3 eV for

.abnormal glow at 60 A in glow current. The

averaged electron density in the positive column can
be estimated using formula,
N,=jleW (3)
where j, e, and W are current density, electron
charge, and electron drift velocity, which also can be
calculated as a function of E/N [16]. The current
density j in the abnormal glow mode is determined
by division of the total glow current by the cross
section of the positive column; we assumed the cross
section to 42.7 cm?, which was the area of outline of
needle-array positions. As the results, the electron
densities are calculated to be 0.8x10" cm™ for

normal glow (<0.3 A) and to be 1.4x10" ¢cm™ for
abnormal glow at 60 A in glow current.

4. Conclusion

The atmospheric pressure glow discharge was
generated using a needle-array electrode in nitrogen,
and the voltage-current characteristics of the glow
discharge were obtained in a range from 1 mA to 60
A. The results show the glow voltage was almost
constant until the discharge current became 0.3 A,
whereas the voltage increased with the current
higher than 0.3 A. Electron density and temperature
in a positive column of the glow discharge at 60 A
were obtained to 1.4x10" cm™ and 1.3 eV from
calculation based on nitrogen swarm data.
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Energy Efficiency of Pulsed Plasma Thruster

T.Ikeda, M.Nakajima and K.Horioka
Department of Energy Sciences, Tokyo Institute of Technology, 4259 Nagatsuda, Midori-ku,
Yokohama, 226-8502, Japan

A pulsed plasma thruster(PPT") composed of a flashover plasma source and an electromagnetic pulsed
driver is constructed and basic characteristics, such as voltage, discharge current, and plasma flux are
investigated. In order to improve the specific impulse of PPTs, effects of late-time ablation on the plasma
flux are discussed based on a consideration of the impedance matching between the driver and the flashover
plasma. Results indicate a possibility of the impedance matching by adjusting the electrode geometry and

the circuit parameter of the device.

[. INTRODUCTION

Propulsion systems can be divided into mainly
two types. One is chemical propulsion generally
used for launch from the earth and the other is
electric propulsion which is often used in space.
Exhaust speed of the propellant which most
electric propulsion can achieve is 1-10 times that
of chemical one by changing the propellant plasma
state. High exhaust speed can save the propellant
use, so electric propulsion is essential to missions
in space.

As the technology in industrial world progress,
diverse device can be downsized extending to
satellite world, so that attention to small satellites
is consequently increasing.

PPT is an electric propulsion needing no warm
up time and no standby power, and particularly if
solid propellant like Teflon is adopted, no tankage,
feeding line and mechanical valves, so that can be
easily downsized and more can get credibility
which is an important element at the same time.
PPTs also attract attentions for control of micro
satellite which will appear in near future, because
PPTs have a capability of pulsed operation and
generate a tiny impulse bit as its characteristic and
so can carry out precise digital control.
Additionally there is a possibility of using for
control and holding in oscillation for large scaled
soft structure.

Development of a small thruster having high
propulsion efficiency is urgently needed because
satellite’s life often depends on lack of the
propellant. PPTs are able to operate in lower power
compared to large or middle size thrusters which
need relatively higher power like hall thruster or
ion thruster and so on. However, PPTs also have
defect; the propulsion efficiency is almost half
compared with those thrusters. Recently a
phenomenon called late-time ablation has been

noted as the cause of the deficiency. It generates
consecutive ablation from the propellant after
discharge. Low energy particles caused by this
phenomenon don’t bring effective acceleration.
Moreover, the particles having lower speed from
surface of propellant consume the propellant as
macro particles during the discharge. This makes
the average exhaust speed lower, resulting in a
decrease of propulsion efficiency. One of the
factors of this macro particle formation is
discordance of impedance matching of the
apparatus and the generating plasma.

We fabricated a PPT which have two 1 pF oil
filed condensers for main capacitor bank and
measured the discharge current and the voltage
waveforms. Our report includes discussion of the
matching condition by changing the state of
plasma and varying the voltage charged to
capacitor bank.

II. EXPERIMENTAL APPARATUS

PPTs accelerate the propellant by electro-
magnetic force and aerodynamic force.” A concept
of propellant acceleration is schematically shown
in Fig.1.

Feeding system Tgniter
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Fig.1: Schematic diagram of propellant
acceleration in PPT
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P.S for capacitor
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Fig.2: A sketch of experimental apparatus

Fig.3: A sketch of our PPT

The parallel electrodes are charged to several kV
by directly connected capacitor bank and a solid
propellant fills the gap between the two electrodes.

When the igniter makes a high voltage pulse, a
creepage discharge is induced between the igniter
and the electrodes. The flashover generates a
plasma on the surface of propellant filled in two
electrode, then the plasma fills the electrode gap.

As the plasma creates a well conductive channel,
the stored charge flows at a burst mode through
this channel between electrodes, and then the main
discharge is induced. As the discharge deposits the
electric energy onto a solid propellant surface, the
propellant is ablated. Some of this ablated
propellant receives gas dynamic acceleration
induced by the high enthalpy gas expansion. A part
of the ablated material becomes a plasma state and
receives electromagnetic acceleration induced by
the discharge current and self induced magnetic
field. Ablated particles are exhausted from the
thruster by these mechanisms. In addition, feeding
system like a spring always maintains the
propellant surface at same position.

Fig.2 and Fig.3 schematically displays the PPT
adopted in our experiment. The PPT is arranged in
a vacuum chamber at 2.5x10° torr. The PPT is
driven by a 2 pF capacitor bank composed of two
1 uF condensers. Two electrodes are connected to
the capacitor bank directly. The gap distance
between the electrodes is S mm, and the width of
electrode is 15 mm. This bank has charging
voltage limit at 2.5 kV, so achieves maximum
storage energy of 6.25 J. Using a Rogowski coil,
the discharge current is measured, and a high
voltage probe is used to measure the discharge
voltage. To estimate the specific impulse, we use
an ion probe.

II. RESULT & DISCUSSION

Fig4 shows typical discharge current and
voltage waveforms. This diagram includes the data
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Fig.4: Typical discharge current and voltage waveforms




g

2000

g

1500

g

1000

input power(kW)

500

2000

1500

1000

500

o

g

input power(kW)

g

g

-500

w
(=]
w

500

300
200

100

g

(=4
W

time(us)

time(ps)

5 -100

o

2.5
time(us)

Fig.5: Typical power history

operated with charged voltages of 2.5 kV, 2.0 kV,
1.5 kV, 1.0 kV, 0.5 kV and 0.25 kV respectively.
Paying attention to the current waveforms, we can
see that the current peak in the second period is
diminishing with decrease of the charging voltage
and at 0.25 kV the waveform shifted to a critical
dumping form. Even in this voltage level, the
plasma luminescence generated by the flashover
can be confirmed as same as other charging level,
and rapid falling off cannot be observed in the
current and voltage waveform. Fig.5 shows typical
input power histories which are made from the
absolute value of current and voltage product in
Fig.4. From the figure, we can see that oscillating
waveforms of input power are also gradually
shifting to a simple damping waveform.

As described above, a possibility of impedance
matching can be pointed out.>* However, whether
this impedance matching restrain the generation of
low speed particles or not is necessary to know.
This means we have to know how much high speed
particles and low speed particles exist. In short,
when we define M, as the total propellant
consumption mass, my, as the high speed particles
mass, m; can be expressed as the low speed
particles mass by;

m; = M,'—mh .

The prospect needs a measurement after several
thousands shots because the propellant
consumption mass per shot estimated to be order
of ug. We can know propellant consumption mass
by comparing the mass after several hundreds
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Fig.6: Typical ion probe signal at 2cm
from the thruster

shots to the propellant mass measured beforehand.
By the ion probe, we can get information of the
plasma quantity and quality. To measure the total
plasma by using this probe, we have to evaluate
flux distribution.

Fig.6 shows a typical signal of the ion probe. As
shown in the figure, the ion signal peaks at 0.5
psec after the peak of discharge signal. The
distance from the PPT’ s front to the probe is 2 cm,
accordingly the average plasma velocity is
estimated to be 40 km/s. Moreover, from the
waveform we can see that the plasma has two or
three peaks. The waveform suggests that the
second peak current also ablates the propellant
surface and then second plasma is generated. If we
assume that the second plasma is originated from




the second current peak, the second plasma
velocity is estimated to be 20 km/s. Assuming that
the plasma particles composed of high speed
particles, using 40 km/s as v and 9.8 m/s” as g, the
specific impulse of our PPT can be estimated to be
40 s from the next equation:

=2

sp

To know the average velocity of the propellant,
direct measurement of kinetic momentum’ is
needed because it is difficult to get precise
information of the velocity profile of the plasma
flow. If it is obtained, not only impulse a shot, but
also the propulsion efficiency;

lAmv2
2

can be estimated, using the total electric energy W.

IV. SUMMARY

We have pointed out a possibility of impedance
matching between generating plasma and the
apparatus by the current of electric component and
the discharge geometry, in this paper. By the ion
probe measurement, we can approximately
estimate the velocity of high speed particles. To get
more information of the plasma flow, we are
planning to use a fast streak camera to get the
image data.

We are also planning to investigate the effect of
electrode geometry and the input energy history on
the formation of low energy particles.

As a future work, investigation is needed to
know how impedance matching relate to the
generation of low speed particles, by changing the
input energy, electrodes geometry, including the
electrode’s width and the gap length.
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Characteristics of Bipolar-Pulse Generator for

Intense Pulsed Heavy Ion Beam Acceleration
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Abstract

Intense pulsed heavy ion beams are expected to be applied to the implantation technology for
semiconductor materials. In the application it is very important to purify the ion beam. In order to
improve the purity of an intense pulsed ion beams we have proposed a new type of pulsed ion beam
accelerator named “bipolar pulse accelerator (BPA) ”. A prototype of the experimental system has been
developed to perform proof of principle experiments of the accelerator. A bipolar pulse generator has been
designed for the generation of the pulsed ion beam with the high purity via the bipolar pulse acceleration
and the electrical characteristics of the generator were evaluated. The production of the bipolar pulse

has been confirmed experimentally.

1. Introduction

Intense pulsed heavy ion beams (PHIB) have a
wide area of applications including nuclear fusion
and materials science, etc. In the past two decades,
the PHIB has been used as a tool for surface mod-
ification process of materials!4 and a crystalliza-
tion process of thin films(5l. The PHIB is also ex-
pected to be applied to a new ion implantation
technology i.e. “pulsed ion beam implantation”to
semiconductor, since the doping process and an-
nealing process can be completed in the same time.

The PHIB can easily be generated in conven-
tional magnetically insulated ion diodes using a
flashboard ion source. However, the purity of the
beam is usually very poor since many kinds of ions
are produced simultaneously in the flashboard ion
source. For example, the PHIB produced in a
point pinch ion diode contains much kind of ions
including protons, multiply ionized carbons, and
organic ions!®!. Hence, the application of the PHIB
to the pulsed ion beam implantation has been ex-
tremely limited.

A new type of pulsed ion beam accelerator
named “bipolar pulse accelerator (BPA) "has been
proposed in order to improve the purity of an in-
tense pulsed ion beams!”). A prototype of the ex-
perimental system was constructed to confirm the
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principle of the BPAI,

type magnetically insulated ion diode with an ion

The system utilizes B,

source of a coaxial gas puff plasma gun and op-
erated with single polar negative pulse. The ions
are successfully accelerated from the grounded an-
ode to the drift tube by applying negative pulse
of voltage 240 kV with the pulse duration of 100
ns to the drift tube.
current density 90 A/cm? and the pulse duration
50 ns was obtained at 40 mm downstream from

Pulsed ion beam with the

the anode surface. It was found from Thomson
parabola spectrometer (TPS) measurement that
the ion beam consists of N* and N2t with the
energy 150-300 keV.

As the next step of the development of the BPA,
a bipolar pulse generator was developed to carry
out the bipolar pulse acceleration experiment. The
design parameters of the bipolar pulse generator
are negative and positive pulses of voltage 200
kV and pulse duration 70 ns each. In the devel-
oped generator, the multichannel rail gap switch
with an enhanced trigger circuit is employed as a
main switch of a pulsc forming linc to generate the
bipolar pulse. The characteristic of the switch and
the electrical characteristics of the generator were
evaluated. In this paper, these experimental re-
sults are described.




2. Basic concept of bipolar pulse ac-
celerator

Figure 1(a) shows the conceptual drawing of the
bipolar pulse accelerator. For comparison a con-
ventional PHIB diode is also shown in Fig.1(b).
The proposed BPA consists of a grounded ion
source, a drift tube and a grounded cathode. As
seen in Fig.1(a), The BPA is a 2-stage accelera-
tor and operated with a bipolar pulse. When the
bipolar pulse (V) is applied to the drift tube, ions
produced in the grounded ion source are acceler-
ated in the 1st gap toward the drift tube because
at first the negative voltage pulse with the pulse
duration 7, is applied. After 7, the polarity of
the pulse is reversed and the positive voltage with
the duration 7, is applied to the drift tube. As
a result, the ions are again accelerated in the 2nd
gap toward the grounded cathode. The condition
for the most effective acceleration is that the pulse
duration of the negative voltage is adjusted to the
time of flight delay of ions to pass through the drift
tube, i.e. 7, = L/v;, where v; is the ion velocity
after accelerated in the 1st gap and L is the length
of the drift tube. This condition can be satisfied
by adjusting the parameter of the bipolar pulse
and the drift tube length. In the above condition,
when the top of the ion beam reaches the 2nd gap
the pulse is reversed and the whole ion beam is
accelerated effectively. As seen in Fig.1, the merit
of the proposed BPA is that the ion source can
be installed on the grounded anode, while in the
conventional PIB diode, the ion source is placed
on the anode where the high voltzige pulse is ap-
plied. This seems to be favorable for the active ion
sources where ion source is powered by an external
power supply.

(a) (b)
B lon | drift tubejq ETOUNded Llon H
f—%ﬁ) i . = ion beam (at t,
=m gap 2nd |ng el '.P= |
* r__

s t
vy, |

(3

Fig.1 Conceptual drawing of (a) bipo-
lar pulse accelerator and (b) conventional

pulsed ion beam accelerator.
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As above mentioned the bipolar pulse accelera-
tor has the advantage of the improvement of the
purity of the ion beam. As shown in Fig.2, assum-
ing that ion source contains N* and impurity ions
of H* in the proposed diode, let us consider the ac-
celeration of the ions. In the case, ions of N* and
H* are 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 this figure, the length of HT
beam is much longer than that of N* due to the
difference of the velocity. Here assuming that the
length of the drift tube is designed to be same as
the beam length of N* of duration 7, at accelera-
tion voltage V,, it is, for example calculated to be
11.6 cm when V,, = 200 kV and 7, = 70 ns. When
the voltage is reversed and the positive voltage is
applied to the drift tube at ¢ = ¢;, Nt beam of
length 11.6 cm in the drift tube is accelerated in
the 2nd gap. In contrast, since length of HT beam
at V, = 200 kV and 7, = 70 ns is 43.3 cm, 73 %
of the beam is out of the drift tube at ¢, and it is
not accelerated in the 2nd gap. Hence 73 % of H*
beam is removed in the accelerator.

—

=l

Fig.2 Principle of the improvement of the
purity of the ion beam.

3. Experimental Setup

Figure 3 shows the cross-sectional view of the
bipolar pulse generator developed in the present
experiment. The output parameters of the de-
signed generator are (-200 kV, 7 Q, 70 ns) + (+200
kV, 7 Q, 70 ns). The generator consists of a Marx
generator and a water coaxial type pulse forming
line (PFL). As shown in Fig.1(a), the line consists
of three coaxial cylinders with a rail gap switch
connected between the intermediate and the outer
conductors on the end of the line and is charged




by a low inductance Marx generator with the out-
put voltage 300 kV and the stored energy 1.6 kJ
at a charging voltage(Vg) of 50 kV. The waveform
of the bipolar pulse is very sensitive to the per-
formance of the rail gap switch, that is, the time
to reverse the pulse is dependent on the induc-
tance of the switch. In order to realize the bipolar
pulse with the fast reversing time and the fast rise
time, the multichannel rail gap switch with an en-
hanced trigger circuit is utilized as the main switch
of low inductance. The rail gap switch is operated
with pure SFg and a mixture of SFg with N5. The
detailed structure of the rail gap switch is shown
in Fig.3(b). The rail gap switch is constructed of
a pair of main electrodes and a trigger electrode.
The knife edged trigger electrode is placed between
the main electrodes. These electrodes are carefully
aligned and installed in the acrylic vessel.

Rail Gap

Dummy
Switch

Load

Capacitor
Divider
(Ver)

(a)

vy

Divider
™)

<
>R

=

=

(c)
Fig.3 (a) Cross sectional view of the bipo-
lar pulse generator utilized in experiment.
(b) Detailed structure 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 trig-
ger circuit consists of resistors of divider(R) and a
self-breakdown spark gap switch, where ceramic
resistors of 100 € are utilized as R. In the circuit,
point A is connected to the intermediate conduc-
tor of the line and the trigger electrode is kept at
the half of the charging voltage of the line in the
charging phase. When the discharge gap switch is
self-broken the potential of the trigger electrode is
dropped to the ground level. As a result, break-
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down of the rail gap switch is initiated and the
bipolar pulse is transmitted to the load.

4. Experimental Results

Figure 4 shows the typical waveforms of the
charging voltage of the PFL (Vppr) and bipolar
pulse output (V) and the photograph of the rail
gap switch, where the rail gap switch is filled with
the mixture of SFg with Ny (SFg : No=1: 1, to-
tal pressure 4.8 atm) and the pressure of the spark
gap switch (SW) is optimized to produce a trig-
ger pulse. The capacitive voltage divider and the
resistor divider are applied to measure Vppr, and
Vo, respectively (see Fig.3(a)). The production of
the bipolar pulse has been confirmed by the ex-
perimental result in which the bipolar pulse of the
first pulse (-115 kV, 65 ns) and the second pulse
(+80 kV, 60 ns) can be seen just after the charg-
ing voltage of PFL reaches the peak 240 kV at
t ~ 185 ns and the rail gap switch is triggered.
The peak voltage of negative pulse is almost equal
to the half of the PFL charging voltage as be ex-
pected. In contrast the voltage of positive pulse is
smaller. The reduction of the voltage in the 2nd
pulse seems to be due to the resistance of the rail
gap switch. The bipolar pulse seems to be dull
waveform with the rise time of 30 ns and the re-
versing time of 40 ns. This is considered to be due
to the impedance mismatch between the PFL and
the transmission line and to switching inductance
of the rail gap switch.

300 4

200
time (ns)

Fig.4 (a) Typical waveforms of PFL charg-
ing voltage (VprL) and bipolar pulse(V}). (b)
Photograph of rail gap switch at the shot.

L L
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It is found from Fig.4 that the number of con-
ducting channels in the rail gap is around 15
and that the falling time (90-10 % fall time) of
Vpr is 10 ns. Considering that the characteris-
tic impedance of the line between the outer and




intermediate conductors is 6.7 2, the switching in-
ductance is estimated to be 22 nH.

For comparison, Fig.5 shows the waveforms of
the PFL charging voltage in the case of (a) the rail
gap switch is operated in triggered mode and (b)
in self-breakdown mode when the rail gap switch
was filled with pure SFg. The fall time of Vpry
in the case with trigger and without trigger are
13 ns and 19 ns, respectively. Estimating the
switching inductance from the fall time in the same
manner, the corresponding inductances are 29 nH
and 42 nH, respectively. This estimation indicates
that the switching inductance is reduced by us-
ing enhanced trigger circuit and the mixed gas. In
Ref.[9], it is reported that the switching inductance
of the multichannel rail gap switch can be reduced
to less than 10 nH when using the mixture of SFg
with Ny. Although the bipolar pulse can be pro-
duced by the developed generator, there seems to
be need for making improvements including the
performance of the rail gap switch.

Ver(kV)

AT s 55000
Time ( ns )

R R T T T T )
Time (ns)
Fig.5 Waveforms of the PFL charging volt-
age for the case (a) with trigger and (b)
without trigger.

5. Summary

We have developed the bipolar pulse generator
to carry out proof of principle experiments of the
bipolar pulse accelerator. The production of the
bipolar pulse has been confirmed experimentally
We have found that the performance of the rail
gap switch is improved by using enhanced trigger
circuit and the mixture of SF¢ with No. Further
improvements of thc bipolar pulsc generator arc
now undertaken in order to produce the bipolar
pulse with sharp rise time and reversing time.
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Development of Intense Pulsed Heavey Ion Beam
Diode Using Gas Puff Plasma Gun as Ion Source
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Faculty of Engineering, University of Toyama
3190 Gofuku, Toyama, 930-8555, Japan

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. The nitrogen plasma produced by the plasma
gun is injected into the acceleration gap of the diode with the external magnetic field system. The ion
diode is operated at diode voltage ~ 200 kV, diode current &~ 2 kA and pulse duration ~ 150 ns. A
new acceleration gap configuration for focusing ion beam has been designed in order to enhance the ion
current density. The experimental results show that the ion current density is enhanced by a factor of 2
and the ion beam has the ion current density of 27 A/cm?. In addition, the coaxial type Marx generator
with voltage 200 kV and current 15 kA has been developed and installed in the focus type ion diode. The
ion beam of ion current density ~ 54 A/cm? is obtained. To produce metallic ion beams, an ion source
by aluminum wire discharge has been developed and the aluminum plasma of ion current density ~ 70
A/cm? is measured.

‘The pulsed ion beams usually are generated

1. Introduction in conventional magnetically insulated ion diodes
High-intensity pulsed heavy ion beam (PHIB) (MID) with transverse magnetic field in the ac-
technology has been developed over the last two celeration gap to suppress the electron flow and
decades primarily for nuclear fusion and high en-  enhance the ion flow. The conventional MID, how-
ergy density physics research [!]. One of most in- ever, has the fault that the producible ion species
teresting topics is the application of PHIB to de- is limited to the material of electrode and that the
velop a unique pulsed energy source as a tool for beam usually contains much quantity of impurity
the surface modification of materials %3, Com-  ions (%19 since the surface flashover ion source is
pared with conventional ion implantation, the used. Therefore, the conventional pulsed ion diode
PHIB process possesses high power density and is not suitable for the implantaton process. We
short pulse width to rapidly melt, evaporate, or ~ have developed a new type of By type MID with
ablate a thin surface layer of treated materials at  an active ion source of a gas puff plasma gun in or-
high heating and cooling rate of 10® — 10'! K/s.  der to produce the PHIB with acceptable purity.
Due to the characteristics of PHIB technology, its ~ The nitrogen ion beam with ion current density ~
application for the surface engineering currently 13 A/cm? and the purity of the beam ~ 85 % has
focuses on two aspects, i.e. PHIB irradiation to  -been obtained at 55 mm downstream from the an-
modify the surface of materials 4~%] and PHIB ab-  ode {!1]. The ion current density, however, is not
lation to deposit the thin film 7). Fspecially for intense enough to apply PHIB to the implatation

the implantation process, PHIB technique has re- process.

ceived extensive attention as a new type of ion im- A new electrode of ion diode for focusing ion
plantation technology, since the ion implantation = beams has been designed and installed in MID to
and the surface heat treatment or the surface an- enhance the ion current density. We also have de-
nealing can be completed in the same time (8. veloped the coaxial type Marx generator with volt-
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age 200 kV and current 15 kA as the pulsed power
generator of ion diode. The generator has power
energy enough to generate the high-intensity PHIB
for the implantation process. In this paper, we
report experimental results on the generation of
nitrogen ion beam. In addition, the preliminary
results of the experiment on the pulsed metallic

ion source by a wire discharge are described.

2. Experimental Setup

A schematic configuration of the intense pulsed
heavy ion diode system is displayed in Fig.1. The
system consists of a high voltage pulsed power gen-
erator, a gas puff plasma gun, a By type magnet-
ically insulated ion acceleration gap (diode), and
a stainless-steel vacuum chamber with a diffusion
pump package. The vacuum chamber is evacu-
ated to 5 x 1073 Pa. The pulsed power generator
used in the experiment consists of a fast capacitor
bank and a multi-turn step up transformer using
magnetic cores of amorphous metal. The capacitor
bank of maximum charging voltage 50 kV produces
a high power pulse of pulse duration about 150 ns
(FWHM) and the pulse voltage is magnified by the
step up transformer with winding ratio 1:9. The
output parameter of the generator is voltage 200
kV, current 2 kA and pulse duration 150 ns, which
is applied to the anode of the ion diode.

Cathode
\ M

\

/ /
Gas puff !
plasma gun

Anode

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 at the top and a cath-
ode of grid structure. The top of the anode is a
copper plate, in which 37 holes of 5 mm diameter
are drilled at the central area of anode in order
to allow the source plasma to inject into the ac-
celeration gap. The cathode has a grid structure
to pass through the accelerated ions. The cath-
ode also acts as a multi-turn magnetic field coil
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in order to generate a transverse magnetic 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 pF and charging voltage
5 kV. By applying a pulse current of 10 kA with
rise-time 50 ps, a uniform magnetic field of 0.8 T
is produced in the gap.

Cathode
( Magnetic coil )

Gas puff
plasma gun

Anode
( High voltage )

lon Beam

Cathode
(front view)

Fig.2 Cross-sctional view of B, 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 anode.
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 inner elec-
trode 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 N3 gas up to 1.4 atm. By
discharging the capacitor bank of 20 uF and charg-
ing voltage 5.5 kV, a pulsed strong magnetic field
is produced in the driver coil, which pushes the
valve. As a result, the valve opens quickly in the
time order of 100 us 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 capacitor bank of the
plasma gun with the optimal delay time, since it
takes ~ 150 us to open the valve and several tens
us for Ny gas to reach the gas nozzle on the inner
electrode of the plasma gun. The ion current den-
sity of the plasma produced by the plasma gun is




estimated to be 28 A /cm? by a biased ion collector
(BIC) placed at z = 90 mm downstream from the
top of the plasma gun where the anode is placed in
the acceleration experiment. The capacitor bank
3.3 uF for the plasma gun is charged up to 17 kV.
Figure 3 shows a schematic drawing of the focus
type diode. The ion diode is basically same as the
diode shown in Fig.2 but both the anode and the
cathode have a spherical configuration to achieve
geometrical focusing of the PHIB. The radii of cur-
vature of the anode and cathode are 80 mm and
70 mm, respectively. In the experiment the accel-
eration gap length da_g is adjusted to 10 mm.
The diode voltage (V) and diode current (I4) are
measured by the capacitive voltage divider and Ro-
gowski coil, respectively. The values of diode volt-
age and diode current is calculated by the ratio
factor of the voltage divider 136000 and the coeffi-
cient of the Rogowski coil 27 kA /V. For the mea-
surement of the ion current density BIC is used.

Anode ,":,G"—‘Md* Center of
o ,c./ curvature

Fig.3 Schematic drawing of focus type ion
diode and experimental setup.

3. Experimental Results
3.1 Focus type ion diode

In the acceleration experiment the high voltage
pulsed power generator is fired at a delay time 74
after the rise of the discharge current of the plasma
gun. Figure 4(a) shows typical waveforms of the
diode voltage (Vy), the diode current (I4) and the
ion current density of the accelerated beam (J;)
obtained with the focus type ion diode system.
Here, the pulse power system is triggered at 74=9.4
us and J; is measured by the BIC placed on the
axis at z = 55 mm downstream from the surface
of the anode. As seen in the Fig.4(a), Vy rises in
100 ns and has a peak of 190 kV. On the other
hand, I; rises with V; and have a peak of 2.2 kA
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at £ = 120 ns and after that decreases. It is ob-
served from Fig.4(a) that the ion beam with J; of
27 A/cm? and pulse duration of 120 ns in FWHM
is obtained at 160 ns after the rise of V. Consid-
ering the time of flight delay, the ion beam corre-
sponding the peak of J; seems to be accelerated
around the peak of V;. For comparison, the ex-
perimental results obtained with conventional ion
diode is shown in Fig.4(b), where 74=12 us. In
case of conventional ion diode, the ion diode is op-
erated at V43=220 kV, I;=2 kA and J; of 13 A/cm?
is obtained, as seen in Fig.4(b). It is evident from
comparison of Fig.4(a) and (b) that by using the
spherical electrode, the ion current density is en-
hanced by a factor of 2.

13 A/em?

AT

»
>

J, (Alem?)

[P D oS LA | i A i
0 100 200 300 400 0 100 200 300 400
time ( ns ) time (ns)

Fig.4 Typical waveform of diode voltage
V4, diode current I; and ion current den-
sity J; obtained with (a) Focus type MID
and (b) conventional MID, respectively
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Fig.5 (a) A schematic view of shadow box
setup and (b) typical pinhole image of the
ion beam obtained at z = 50 mm.




Figure 5 shows an arrangement of shadow box
measurement and an example of shadow box im-
age obtained at z = 55 mm. As seen in Fig.5(a),
the shadow box consists of a multi-pinhole plate
and an ion track detecting plastic of CR-39 placed
at 10 mm behind of the pinhole plate. The pin-
hole plate consists of 9 pinholes of diameter 0.1
mm each at the interval of 15 mm as shown in
Fig.5(a) Position of each pinhole and pinhole im-
age obtained with the conventional MID are shown
in the figure as the reference. We can see from
Fig.5(b) that the divergence angle of the focus type
MID is small compared with that of the conven-
tional MID. Therefore, the enhancement of the ion
current density is due to the effect of geometrical
focusing of the PHIB by using the spherical elec-
trode.

3.2 Ion diode installed coaxial type Marx
generator

The ion current density is enhanced by using
the focus type ion diode with the spherical elec-
trode. The ion current density, however, is not
enough for the material processes. Since the step
up transformer is used to magnify the pulse volt-
age, the diode current is limited. Thus, the coaxial
type Marx generator, which can supply both high
voltage and large current, has been developed and
installed in the intense pulsed heavy ion diode sys-
tem in order to achieve ion current density enough
for the material process. Both schematic view and
circuit diagram of coaxial type Marx generator are
shown in Fig.6. The circuit component of the Marx

generator is shown in Fig.6(b). The generator has

WER
Ve : SW. ‘m
R CRCH
Capacitor .
AV V""""l (, 100/30F R<20kQ
ER A I E %
‘5-5

Fig.6 (a) Schematic view and (b) circuit di-

agram of coaxial type Marx generator.
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basic characteristics of voltage 200 kV, current 15
kA and pulse duration 100 ns and is about 8 times
higher output power than conventional one.

Figure 7 shows typical waveforms of diode volt-
age (Vq4), diode current (I;) and the ion current
density (J;) where the delay time 7, between the
plasma gun and the pulse power system is 7;=10
ps. Both ion diode system and measurement setup
are the same as the focus type ion diode shown
in Fig.3 except that the Marx generator is em-
ployed as the pulsed power generator. As seen in
the Fig.7(a), V4 rises in 75 ns and has a peak of 190
kV, whereas I, rises with V; and have a peak of 16
kA at ¢ = 80 ns and after that decreases. We can
see from Fig.7(b) that the ion beam with current
density of J; = 54 A/cm? and pulse duration of
80 ns(FWHM) is obtained at 30 ns after the peak
of V4. Considering the time of flight delay, the ion
beam corresponding the peak of J; seems to be ac-
celerated around the peak of V. It turns out from
comparison of Fig.4 and Fig.7 that I, increases by
8 times, whereas J; is about 2 times as large as
that of the focus type MID. Further investigations
on optimal conditions are now undertaken.

0 100 200 300 400 0
time (ns)

Fig.7 Typical waveforms of (a) V4, I; and
(b) Ji.

100 200 300 400
time (ns)

3.3 Development of wire discharge metallic
ion source

Pulsed metallic ion beams has received extensive
attention for the material processes, however they
cannot be obtained yet. We have developed the
vacuum discharge ion source as an intense pulsed
metallic ion source 11:121. The vacuum discharge
ion source, however, cannot produce the stable
metallic ion beam. For the purpose of obtaining
the stable ion beam we are doing experiments on
the wire discharge metallic ion source.

Figure 8 shows the experimental setup to eval-




uate the characteristics of the wire discharge ion
source. An aluminum wire of 30 mm length by
0.1 mm diameter is stretched between two elec-
trodes. Electrodes are connected to a capacitor
bank through a gap switch. The capacitor bank of
capacitance 1 pF is charged at 30 kV. The wire is
melted, evaporated and ionized by the Joule heat-
For the
measurement of the ion current density and of the
spatial distribution three BIC’s are placed at 150
mm apart from the wire, as shown in Fig.8. The

ing to produce the ion source plasma.

experiment is done in the vacuum of 5 x 10~2 Pa.
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150 ’ 150
Top view Side view

Fig.8 Experimental setup of aluminum
wire discharge ion source.

Figure 9 shows the typical waveforms of dis-
charge current (I,) and ion current density (J;)
measured by BIC1 placed on the central axis. As
seen in Fig.9, the discharge current I, has a sinu-
soidal waveform of peak current 11 kA and quarter
cycle 2 ps. The ion beam of the peak current den-
sity J;=65 A/cm? and pulse duration of 2 us is
observed at about 7, = 6.5 us after the rise of I,.
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Fig.9 Typical waveforms of discharge cur-
rent (I,) and ion current density (J;).

Figure 10 shows the dependence of the peak cur-
rent density (Jipeak) and the delay time (7,) of
Jipeak from the rise time of I,. As seen in Fig.10,
each Jipeqr measured by BIC1, 2 and 3 has a scat-
tering. Taking the result measured by BIC1 as
an example, the average value of Jipeqr in the 10
shots is calculated to be 67 A/cm?, whereas the
standard deviation is evaluated to be 14 A/cm?.
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Fig.10 Dependence of (a) Jipear and (b) 7,
on shot number.

On the other hand, 7, is relatively stable and
the average value of 7, in the 10 shots is 6.2 us.
Each average value of J;peqr and Tp and the stan-
dard deviation(SD) of Jipeqr are summarized in
Table.1. Those values of the vacuum arc discharge
ion source are also shown as the reference. We
can see from Table.1 that the SD of J; is 1 or-
der of magnitude smaller than the vacuum arc ion
source. The average current density decreases by a
factor of 3 but is enough for the ion source. The ex-
perimental results also indicate that the ion beam
has an almost uniform spatial distribution of the
ion current density. This device is expected to be
employed as the ion source for the intense pulsed
metallic ion beam system.

Table 1 Experimental results

Ji (A/cm?) | 7, (us) | SD of J;
BIC1 67 6.2 14
BIC2 72 6.4 15
BIC3 69 6.5 22
Vac. arc 181 6 161

In order to evaluate the drift velocity of the
plasma by a time of flight method (TOF), two
BIC’s are placed at 77 and 155 mm downstream
from the discharge gap, respectively. The TOF de-
lay time between of two BIC signals is 4 us, which
gives the drift velocity of 1.96 x 10* m/s. Assum-
ing aluminum ions it corresponds to the ion energy
of 54 eV.

4. Summary

We have develop the intense pulsed heavy ion
beam diode with ion current density as large as
~50 A/cm? in order to apply PHIB to material
processes For the purpose, two approaches to the




enhancement of ion current density have been em-
ployed, i.e. the focus type ion diode and devel-
opment of the coaxial Marx generator. When the
plasma, produced by the plasma gun is injected into
the acceleration gap of the focus type ion diode,
the ion diode is successfully operated at diode volt-
age V4 =~ 190 kV, diode current Iy ~ 2.2 kA and
pulse duration ~ 150 ns (FWHM). The ion beam
of ion current density J; = 27 A/cm? is obtained
at 55 mm downstream from the anode. By using
the spherical electrode for focusing ion beam, the
ion current density is enhanced by a factor of 2.
When the coaxial Marx generator is employed as
the power supply for the ion diode, the ion diode is
operated at diode voltage V; &~ 200 kV, diode cur-
rent Iy ~ 16 kA, pulse duration = 100 ns and the
ion beam of J; = 54 A/cm? is obtained. We find
that Iy and J; increases by about 8 and 2 times
compared to those of the focus type MID, respec-
tively. We are currently investigating the optimal
conditions to generate the ion beam with the ex-
pected ion current density.

We are developing the wire discharge metallic
ion source in order to produce the intense pulsed
metallic ion beam. The characteristics of the ion
source are evaluated and the source plasma of cur-
rent density ~ 70 A/cm? with the plasma drift ve-
locity 1.96 x 10* m/s is obtained. The ion source is
expected to be applied to the intense pulsed metal-
lic ion beam system. There seems to be some room
for making improvements including the electrode
structure.
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INVESTIGATION OF THE PLASMA DYNAMICSAND EMISSION OF
ION BEAMS AND NEUTRON WITHIN THE PLASMA FOCUS DEVICE
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Abstract
This paper reports some of the results that are aimed to investigate the neutron emission from the middle energy
Mather-type plasma focus. Multiple compression were investigated and it seems that multiple compression
regimes is occurred at low pressure and single compression is appeared at higher pressure where is the favorable
to neutron production, and also accompany with these multiple compression, more than two neutron pulse and
ions were detected, this implies to different kind of acceleration mechanisms. Multiple compression is proposed
has a correlation with m=0 instability.

Key word: Plasma focus; Neutron; x-ray; Ion beams; m=0 instability.

Introduction

In spite of many efforts in the plasma focus devices corresponding to a single-compression of the pinch,
with different energy there are some unclear the other one is the multiple compression regimes
mechanisms yet that they might be’good response to associated with two or more compressions of the
unresolved question. For example the multiple focused column [4]. Multiple compression peaks on
compression mechanism is still remained unclear. the voltage probe signal were reported by R.S.Rawat
Different kind of acceleration mechanisms for [S].Also they reported that there is no direct
charge particle were identified[ 1, 2].During the relationship between the soft x-ray yield and
compression phase the rapid local changes in the compression peaks. In this paper [5] not found any
magnetic flux is the main case to produce the high explanation for multiple compression mechanism.
electric field.[ 3)also this phenomena can be Observation of Multiplei peak spectra of ions and
occurred during the m=0 instability developments. electrons reported just by two groups respectively
Two plasma focus regimes were identified operating [6] and [7].Two neutron pulses were observed and
in deuterium; one is the single- compression regime reported on the POSEIDON and PF1000 Devices by
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Jager and M.Scholz in Germany and Poland
respectively. The first pulse occurs in the quiet
phase with 0 -150 ns life time. The second neutron
pulse in the both case is more intense than the first
and lasts for 150 -300 ns. Rossel and choi studied
the neutron emission in the medium energy (28 kJ)
plasma focus with admixture gas of neon and
krypton, two neutron emission periods were
Experiments

Our Mather-type plasma focus is energized by a
capacitor bank of 448 pFA30 kV [9]. In this
experiment are used 242mm anode length and
230mm cathode length. The outer -electrode
(cathode) was composed of 24 copper rods. The
plasma focus chamber was evacuated up to 4 x10°

mbar, using a rotary and diffusion pump. To reduce

impurity effects, after five shots the previous gas

reported, the first period occurs when the tight
plasma column is being formed, well before the
disruption of the plasma column, and lasts for less
than 50 ns [8].The first aim of this work was to
investigate of the multiple pinch mechanism and
relation with the neutron production and the other
main was to investigate of the ion acceleration

mechanism and neutron production.

was purged and the chamber filled with fresh
deuterium. A scintillator — photomultiplier system
was used to measurement the time- resolved hard X-
ray, neutron. This diagnostic was placed 10 m away
from the anode head. lon beams signals detected by
baise ion collector (BIC) to synchronization and
determination of a relation between the hard x-ray

and neutron production.

Photomultiplier Plastic

scintillator detector

10m

Schematic Diagram of Plasma Focus Device
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Results and Discussion

The current signals show that for low pressure there
are multiple compressions or pinch. From the fig. 1
the multiple corﬁpressions are found within the
pressure range of 2-8.0 mbar, beyond this range
single compression is observed. From 2 mbar the
numbers of current oscillations where we are calling
multiple compressions, and also height of current
drop is increase till 5 mbar. After 8 mbar these
numbers will be decreased and toward the 13 mbar a
single compression is observed.

Figure 1 and 2 present, from 2 mbar to Smbar
multiple compression regimes associated with more
than two compressions peak and from 6 to 9 mbar
two peaks but from 10 till 13 mbar just single
compressions can be observed. Another important

point to note that through the comparison of fig. 3a

3mbar
/’—\\\ 4mbar
Smbar
6mbar
Tmbar
Embar
Smbar
10mbar
11imbar
12mbar
13mbar

T T T 1

-1 0 1 2 3 4 5
Time (us)

Figure 1.Current signals at different pressure

and 3b is that during the multiple compression
regimes in spite of many compression peaks,
neutron intensity is lower than single compression
regime and there is no direct relation between the
neutron and the compression peaks as the number of
peaks is maximum at 2mbar pressure, whereas the
neutron intensity is. rather low among all the
pressures. It seems that at low pressure where the
pressure is optimum for soft x-ray, multiple
compression can be appears and this regime is
favorable for soft x-ray emission. As the pressure
increase multiple compressions is decreased and
greatest neutron peak is appeared. It has been
noticed that during the multiple compression peaks,
hard x-ray emission is increased. Multiple pinches

are might be due to the multiple instability.
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Figure2. Average number of compression peaks at different
pressure
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Figure (3a, b) show current signal, hard x-rays and neutron pulses at 2mbar and 13 mbar respectively
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Figure (4a) show, current signal, ion beams .Figure (4 b) show, current signal, hard x-rays and neutron pulses

In the figure 3a, at low pressure muitiple, pinches
can be observed also during these pinches three
neutron pulses are detected, but at high pressure just
one pinch and two neutron pulses detected. With
compare, fig.3a and b, single compression or stable
mode is occurred at high pressure where is the
neutron intensity is grater. Figure 4a presents the ion

beams pulses which were detected by BIC (Baise
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lon Collector) and Figure 4b presents the hard x-ray
and neutron pulses which were recorded by the
scintillation probe. From the fig. 4a and b with the
compare the ion emission and hard x-ray emission
time it is almost same with some ns error. It is
indicated that ion and electron beams are accelerated
by the same electric field. For the first ion, till third

1on there is this synchronization but the forth ion is




not coincide with any pinch or hard x-ray. We can
assume that there is another acceleration mechanism
regardless of the m=0 instability. First hard x-ray is
coinciding with first pinch. Time Difference
between the first hard x-ray and first neutron pulses
is about 430 ns therefore from the neutron time of
flight for 10 meter it is evaluated that the neutron
energy about 2.45 Mev. For the second hard x-ray
and second neutron this is 410ns it means that
second neutron energy is more. For the second pinch
event, just neutron pulse appeared. Last ion pulse
appeared with different time as pinch time, it seems,
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ion = emission time is connected to another
acceleration mechanism. The observation m=0
instability, without neutron emission {10] in spite of
author suggestion indicated that electric fields which
were occurred by m=0 instability, have not
suffusion energy to accelerate the ion or produce the
neutron. The proposed mechanism for the multiple
neutrons or multiple compressions is m=0 mnstability.
This instability can appear at low pressure whereas
toward the high pressure a stable phase is occurred
in which there are single compression and highest
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SIMULATION OF MULTICHANNEL ARC GAP
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ABSTRACT

A multichannel arc gap is a switch which produces a large number of arc channels in
parallel. We have been investigating the characteristics of the self-breakdown-type
multichannel arc gap experimentally. In this report, we examine the relation between
the breakdown time and the number of arc channels by means of experiment and
simulation. Using the experimental data of single gap, we ran the simulation of
multichannel gap and compared them with the experimental results of multichannel
gap. The experiments and simulations show similar tendency, however, the number of
arc channels in the simulations is larger than that in the experiments.

1. Introduction

A multichannel arc gap is a switch which
produces a large number of arc channels in parallel.
Compared to a single gap, a multichannel arc gap has
a lower switching inductance and electrode erosion
rate, which is superior due to its fast rise time and
long lifetime. Therefore, a multichannel arc gap is
frequently used as a switch for the pulsed power
technology. We have been investigating the
characteristics  of the  self-breakdown-type
multichannel arc gap experimentally”. In this report,
we examine the relation between the breakdown time
and the number of arc channels by means of
experiment and simulation.

2. Experimental Setup

Figure 1 shows the geometry of the
multichannel arc gap. The gap comprises 12 steel
needle electrodes and a brass rod electrode of 18 mm
in diameter. The rod electrode is grounded, and
positive or negative voltage pulses are applied to the
needle electrodes. The rectangular voltage pulses
applied to the gap are generated b?r a 140-cm-long
coaxial-type ferrite sharpener™. The ferrite
sharpener can produce a voltage pulse which has a
fast rise time due to its nonlinear effect. The
experiments are carried out in air at 1 atm. The
number of arc channels is detected by a Hitachi DVD
video camera (DZ-MV380). Fifty shots under each
experimental condition are performed and the data of
the number of arc channels is handled by taking the
mean. Voltages are measured by a Tektronix
high-voltage probe (P6015A) and a Hewlett-Packard
digital oscilloscope (HP54510A).

UV light is irradiated to the gap to generate the
initial electrons. UV light source (Hamamatsu
Photonics 1.937-02) is set parallel to the gap. The
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gop longth d

Fig.1 Geometry of the multichannel arc gap

distance between the source and the gap is 100 mm.
To confirm the effectiveness of UV irradiation, the
preliminary experiments are carried out. Figure 2
shows the discharge voltage waveforms (a) without
UV irmradiation and (b) with UV. Fifty shots are
superimposed in each figure. The geometry of gap is
sphere-sphere and the gap length is 3 mm. The
charging voltage of an energy storage capacitor is
+15 kV. As shown in the figures, the jitter of
breakdown time decreases as UV light is irradiated.

3. Method of simulation

Figure 3 shows the equivalent circuit of
experimental system. It is composed of an energy
storage capacitor, a transmission line and the
multichannel arc gap. In the experiments there is a
ferrite sharpener between the transmission line and
gap, but it is neglected in the simulations.

It is well-known that a breakdown time
comprises a statistical time lag and formative time lag,
as shown in Fig. 4. Irradiating sufficient UV light
makes a statistical time lag zero. First, the breakdown
times of single gap are measured and their jitter are
simulated using normal-distribution random numbers




by Box-Muller method. Then the simulation of
multichannel gap is performed and we compare them
with the experimental results of multichannel gap.
We assume that each gap can be bridged until the
voltage between the gap decreases to V.
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Fig.2 Discharge voltage waveforms with and without
UV irradiation
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4. Results and Discussion
4.1 Experimental results of single gap

The energy storage capacitor is charged to =+ 10,
15 and 20 kV and the gap length is 1, 3 and 5 mm.
Fifty shots under each experimental condition are
performed and the average and jitter of breakdown
time are measured. Figure 5 shows the example of
discharge voltage waveform (a) without UV
irradiation and (b) with UV. The charging voltage is
+15 kV and the gap length is 1 mm. It is obvious that
the jitter of breakdown time with UV irradiation is
shorter than that without UV because UV irradiation
makes statistical time lag zero. Also, in the case of
gap length of 1 mm, the breakdown voltage with UV
is smaller than that without UV. It is not seen in the
cases of 3 mm and 5 mm.
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Fig.5 Example of discharge voltage waveform

Figure 6 shows the frequency distribution of
breakdown time under different experimental
conditions. The charging voltage of both (a) and (b)
is +10 kV. The gap length of (a) is 1 mm and that of
(b) 5 mm. As shown in the figurcs, the cffect of UV
irradiation is significant when the gap length is short.

4.2 Experimental and
multichannel gap

The experimental and simulation results of
multichannel gap are summarized in Fig.7. The

simulation results of




energy storage capacitor is charged to +10, 15 and 20
kV and the gap length is 1, 3 and 5 mm. The polarity
of voltage pulses is positive. In both experiments and
simulations 50 shots under each condition are
performed and the data of the number of arc channels
is handled by taking the mean. The experiments and
simulations show similar tendency as follows: The
number of channels increases with the charging
voltage and decreases with increasing gap length.
However, the number of arc channels in the
simulations is larger than that in the experiments. The
tendencies of these characteristics are also observed
for negative polarity.
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Fig.6 Frequency distribution of breakdown time

5. Conclusions

Using the experimental data of single gap, we
ran the simulation of multichannel arc gap and
compared them with the experimental results of
multichannel gap. The experiments and simulations
show similar tendency, however, the number of arc
channels in the simulations is larger than that in the
experiments. We plan to run the simulation using the
experimental data of breakdown time of multichannel

gap.
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Generation of Microplasmas with a Liquid materials
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Abstract

An ethanol droplet of 300pm in diameter is used to create a dense microplasma by pulsed discharge. When the
droplet came into the space between miniature electrodes to which a dc high voltage was applied, the pulsed
discharge took place simultaneously. Vaporization and dissociation of ethanol were confirmed in the discharge
because the atomic line of hydrogen was observed in optical emission spectroscopy. Taylor cone is formed on
the anode surface where the remaining ethanol is dragged to the cathode by electrostatic force after the discharge.
We utilize the filament formed at the tip of the Taylor cone as an initial state of liquid for generating

microplasmas.

1. Introduction

Microplasmas are small-scale plasmas with the size
of hundreds microns. The plasmas will be formed in
the required position and with the amount of only
necessary volume. By making use of the feature of
microplasmas as a miniaturized plasma source, there
are a variety of applications such as plasma display
panels (PDPs), microelectromechanical systems
(MEMS), light sources and
micro-reactors in chemistry. Many methods to form
microplasmas have been proposed and examined
experimentally. The discharges are usually operated
in atmospheric pressure to obtain high-density
plasma.

short wavelength

The methods of creating the microplasmas are
classified roughly into three modes as follows.
Microplasma is generated at a sharp tip of thin
electrode due to high electric fields. We call it as an
energy-concentrated mode. The plasmas are formed
also in micro-cells or capillaries to limit the plasma
volume. The PDP discharge is an example of a
space-limited mode. Dielectric barrier discharges are
commonly used to make such plasmas. Since the ratio
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of the surface area for the plasma volume is
extensively larger in comparison with that of the
conventional plasmas, the discharge characteristics
are affected by the surface of the micro-cells and the
capillaries. Electron emission from the electrodes and
the dielectric surface plays an important role for the
discharge development in the small space. Electrons
and ions easily recombine at the surface of walls,
which causes the particle loss. Fast electrical energy
input is required to form the microplasma in the
space-limited mode because energy and particle
losses develop in a very short time. To overcome
these drawbacks, we eliminate the wall to limit
plasma volume and use a microdrop or a powder
particle to create dense microplasmas by pulsed
electrical discharges. We name the method a
mass-limited mode[1][2].

In this paper we propose to use a single droplet or a
liquid filament as an initial matter to form the
microplasma. Because mass densities of liquids are
higher than those of gases and the liquids change
their volume-shape more freely than solids, it is
expected that dense microplasmas with a variety of
shapes are generated ecasily. However, most liquids




are in molecular state, processes developing from
their initial state to plasma are more complicated than
those for gases. Chemical reactions often develop in
the liquid phase with heat. In microplasmas with
liquids, additional energy can be supplied to the
reactions through electrical discharges. Non-thermal
reactions by high energy electrons are also expected.
We discuss
microplasmas

discharge characteristics of liquid

and how to make the initial

micro-structure of liquids.
I1. Experimental

Fig.l is the experimental set up for the discharge
using ethanol droplets which is supplied by a micro
dispenser (MJ-020 by MECT, Ltd.) between the
electrodes. The spherical droplet with a diameter of
300pum and a volume of 10nl was dropped into the
discharge space from the dispenser head. The
electrical discharge develops simultaneously when
the droplet passes between the miniature electrodes in
which DC voltage is applied. The electrode system
used is either a needle-to-needle one or a
sphere-to-sphere one. The needle electrodes are made
of stainless steel with a curvature radius of 40pum and
the spherical electrodes are made of tungsten-carbide
of 2mm in diameter. The pulsed discharge current is
supplied by a capacitor connected to the electrodes in
parallel. The light emitted from the discharge was
observed with a PIN photodiode (DET200 by Thorlab
Ltd.) and was analyzed by a multi-channel optical
spectrometer (EPP2000C by Stellar Net Ltd.). The
temporal and spatial behavior of the droplet discharge
was observed with a high-speed video camera
(FASTCOM -512PCI by Photoron Ltd.). Early stage
of the discharge was recorded with a fast ICCD
camera (DH734-18U-03 by Andor technology Ltd.)

Fig.2 is the experimental set up for the discharge of
ethanol filament which is created by electrostatic
force between electrodes. A dc power supply was
used for the electrostatic force creating liquid
filament. A sphere-to-plate electrode system was
employed. The spherical electrode is made of
tungsten-carbide of 1-3mm in diameter. Electrode
diameters and applied voltages affected the created
shape of ethanol filament. When the liquid filament

was created, a capacitor discharge circuit was
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switched on. The typical chargeing voltage is 5kV.

T

electrode

2~500nF

H.V

1~3kV capacitor

Fig.l experimental set up for the discharge
of ethanol droplet

Plate
DC power supply filament j
Sphere electrode =
smdee capacitor
resistor TGk [
1~S0nF
\ HV
Gap swich

Fig.2 experimental set up for the discharge
of ethanol filament

IT1. Results and Discussion

The ethanol-droplet discharges are basically pulsed
ones. The electrodes for the discharge work also as a
closing switch in the capacitor discharge circuit. Fast
pulsed discharges are possible because no switching
device is necessary. One does not have to use
expensive pulsed generators with an extremely low
residual inductance. The discharge energy wad varied
from 10mJ to 1J by changing capacitance and
charging voltage. The binding energy of the ethanol
droplet is approximately 100mJ. Therefore ionization
and heating energy are not enough to generate ethanol
plasma. Fig.3 shows the voltage and current
waveforms recorded in the discharge with a capacitor
of 500nF charged to 2kV and temporal evolution of
the microplasma taken with the fast ICCD camera.




The stored energy in the capacitor is 1J. In the first
frame, intense light appears at the surface of the
ethanol droplet. Bright areas between the electrodes
expand during the discharge.

8
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Fig.3. Current and voltage waveforms of the ethanol
discharges and temporal evolution of the microplasmas.

Fig4 is time-integrated optical emission spectra
of the discharges. Vaporization and dissociation of the
ethanol droplet took place in the discharge because
the hydrogen atomic lines were observed as shown in
fig.4. When the capacitor energy is increased the
intensity of H,:656.28nm line increases. The ratio of
the intensity of H, line to that of nitrogen atomic
line:500.1nm also increases, because dissociation of
ethanol is enhanced.
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Fig4 Time integrated optical emission spectra of
ethanol droplet discharge

Fig.5 shows snapshots of the discharge taken by
the ICCD camera with a narrow band interference
filter that transmits the light of wavelength near H,
line: 650 nm. The exposure time is 5ns. Intense light
appears at the surface of the ethanol droplet.
Photographs in fig.6 are taken with the interference
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filter of the center wavelength near nitrogen line: 500
nm. The distribution of light emission for nitrogen
differs from that of hydrogen shown in Fig.5.

Fig.7 shows the temporal behavior of the discharge
including current and spectral lines. The peak of
nitrogen line appears immediately after the current
start to rise. The maximum of H, line intensity delays
by 1 ps from that of the nitrogen line. The results
mean that the discharge appears initially near the
surface of the droplet, and then discharge develops
into the interior of the droplet.

500ns 1000ns 1500ns

Fig.5.Snap-shot of droplet discharge using
interference filter (650nm).

500ns

1000ns 1500ns

Fig.6.Snap-shot of droplet discharge using
interference filter (500nm).
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Fig.7. Temporal change in nitrogen and hydrogen lines.

To examine materials produced after the micro
discharge of ethanol droplet, detecting tubes of
hydrogen were used. After ten to twenty discharges in
a closed camber, the detecting tube indicates the




existence of hydrogen as shown in fig.8. Fig. 9 shows
that Hydrogen generation increases with increasing
the number of discharges. Because chemical bonds of
ethanol molecules are easily cut during the discharges,
hydrogen gas and various hydrocarbons will be
created. Chemical reactions taking place in the
discharge are wuseful for various applications.
However, these results are rather qualitative. We are
going to analyze the materials using a mass
spectrometer.

Fig.8. Reaction of hydrogen detecting tube by discharge

of ethanol droplet.

[%]

hydrogen generation

1
10
count of dischare

20

Fig.9. Ratio of hydrogen generation to count of
discharge.

A small amount of ethanol was left on the surface
of the electrode after the discharge. The ethanol on
the anode was dragged to the cathode by electrostatic
force, which transformed the shape of ethanol into
conical one, that is called Taylor cone. At the tip of
the cone, ethanol filament is grows toward the anode.
The structure is affected by electrode separation,
electrode configuration, and applied voltage [3][4]
We propose a new scheme to generate dense
microplasma by pulsed discharge with the liquid
filament that is created by electrostatic force between
electrodes in air [5].
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The height of Taylor corn and the length of
filament are controlled by changing the applied
voltage, if the voltage is lower than that for dielectric
breakdown of ethanol and is higher than that for the
filament generation. Fig.10 shows the change in the
formation of Taylor corn according to the applied
voltage. The sphere electrode is 2mm in diameter.
When the electrode diameter is smaller, the filament
is generated with a lower voltage because the electric
field is concentrated at the tip of the electrode. The
length of filament becomes longer if the applied
voltage is increased as shown in Fig.11. On the other
hand, the height of Taylor corn becomes lower.

i,

2kV

Fig.10. Generation of Taylor cone and filament.
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Fig.11. Difference of length of Taylor cone and
filament according to applied voltage.

Time resolved behavior of the liquid filament
discharges in air powered by capacitor discharges of
3nF and 50nF is shown in Fig.12 and Fig.13.
Phaotographs were taken using the ICCD camera with
the exposure time of 5ns. The discharges initiated at
the surface of the ethanol filament. Current density is
high because the discharge current has to flow in the
thin filament. By changing the length of filament, we




can control the size of plasma. When the discharge
current is increased to hundreds kA, fiber pinches
with liquid filament of tens pm in diameter will be
possible. The microplasmas with liquid filament have
a variety of applications, because the plasma size and
density can be changed in a wide range.

Ons 30ns 70ns 110ns

Figl2. Snap-shots of the liquid filament discharges
with a 3nF capacitor taken by an ICCD camera.

30ns

80ns 200ns 500ns

Figl3. Snap-shots of the liquid filament discharges with a
50nF capacitor taken by an ICCD camera.

IV. Conclusion

Microplasmas with the ethanol droplet and filament
are generated by electrical discharge in air. The
generation of liquid-microplasma has a number of
features that are specific to the microplasma. In the
droplet discharge, pulsed discharges are obtained
without high-voltage pulse generators, because the
discharge starts as soon as the droplet comes into
between the electrodes. Hydrogen molecules were
detected after the discharge in the closed chamber
using the detecting tube.

The formation of Taylor cone is useful as a
viewpoint of microplasma generation. We utilized the
filament observed at the tip of the Taylor cone as an
initial state of liquid microplasma. The height of
Taylor corn and the length of filament are controlled
by changing the applied voltage. In the previous
solid fibers were
commonly used. However, one can conduct liquid

researches on fiber pinch,
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filament pinch experiments using our scheme.
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Plasma spraying by electromagnetic acceleration using a copper particle
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ABSTRACT

Microplasma was generated with a copper powder particle of 100pm in diameter. We propose a novel spraying
method using the copper microplasma accelerated along miniature rail-electrodes electromagnetically by Lorentz
force. We used a crowbar diode in the discharge circuit to obtain the discharge current without ringing for
establishing efficient acceleration process. The velocity of microplasma is related to the discharge current, the
pulse width and the inductance of the rail electrode per unit length. The electromagnetic acceleration of copper
plasma was observed with a high-speed video camera, a streak camera, and an ICCD camera. The average
velocity along the rail-electrodes was approximately 900m/s during 3pus after the initiation of the discharge.
When the copper microplasma sprayed on a substrate, copper thin film was formed on the surface.

Keyword: copper, particle, plasma spraying, microplasma, electromagnetic acceleration

I .Introduction

Microplasma is utilized in a variety of applications
such as microelectromechanical systems (MEMS),
plasma display panels (PDPs), short wavelength light
sources, and micro-reactors in chemistry. We have
studied the dense microplasma generated with a
metal powder particle with a diameter of 100-200um,
which is heated and vaporized by Joule heating.!)
Fiber pinches and exploding wires by pulsed high
currents are well known as the plasma generated from
solid materials.2-3) They are powered in the range of
10-100kV and 1kJ-1MJ. However, the required
energy to power the powder particle discharges is
only tens of joules.

Plasma spraying is widely used as the coating
technique to form electrical insulation, heat resistance,
and other functional layers on the material surfaces.?)
Recently, new spraying techniques, such as
electro-thermally exploded powder spraying and
electromagnetic acceleration plasma powder spraying
are proposed and studied. We propose a novel
spraying method that is microplasma spraying using
electromagnetic acceleration of the copper powder
microplasmas. In this paper, we discuss the
electromagnetic acceleration of microplasmas and
characterize the formation of copper thin film on
substrates.
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Il .Experimental apparatus

Spraying material is an 8.18ug spherical copper
particle of 120pum in diameter. Fig.1 is a photograph
of the copper particles. A spherical material is
suitable for the experiment because the handling is
easy and the reproducibility of the pulsed discharge is
high. It is advantageous for operation and application
that the discharge experiment is carried out in air. The
ratio of the electrostatic force to gravitational force
on the particle increases with decreasing of the radius
of particle. This enables us to control the particle with
electrostatic force which makes the particle to be
placed on the surface of electrodes. Manipulation and
setting of the copper powder particle are performed
observing a CCD camera image using an optical
magnifying lens system.

Copper has often been used in the experiments of
exploding wires and fiber pinches. Therefore, there
are many data on the properties of copper, which is
appropriate to be used in the microplasma spraying
experiment.




Fig.1. Spherical copper powder particles of 120um in
diameter

Fig.2 is a schematic of the discharge circuit. A
capacitor bank of 6ptF is charged to 2kV with a stored
energy of 12J and is discharged with a spark-gap
switch triggered by a pulsed voltage. When the
pulsed current flows through the copper particle, its
temperature will increase by Joule heating in a very
short time. The particle develops into plasma from
solid state through the phase transition process. It is
accelerated by electromagnetic force simultaneously.
We used a crowbar diode in the discharge circuit to
obtain the discharge current without ringing for
establishing efficient acceleration process. The rail
electrodes are made of tungsten, of which both
melting point and boiling point are higher than those
of copper. Consequently, the plasma 1s not
contaminated with tungsten. The length of the
electrodes is 20mm and the cross section is lmm x
Imm.

The discharge and electromagnetic acceleration are
characterized using optical emission spectroscopy
and current-voltage measurements. The spectroscopic
measurements are conducted with an optical
mulch-channel analyzer to examine excitation and
ionization of copper atoms. Temporal and spatial
evolution of the electromagnetic acceleration is
observed with a streak camera, an ICCD camera, and
a high-speed video camera.

Fig.2. Schematic of the discharge circuit.

63

II.Theoretical analysis

When current flows through the particle between rail
electrodes, the particle gets electromagnetic force

F}):l"ll('l«’ of Cquation ( 1 )
£ =i[lL'xizj=—l—L'i2 (1)
ox\ 2 >

Where L’ is the rail inductance per unit length, x is
the distance of particle along the rail electrode and i
is current. The velocity of copper plasma v is
expressed as equation (2)

V2

v (fi—+_/‘)z

2
e (2)

Where M is the mass and f is the external force
except the electromagnetic force. The external force f
includes frictional drag force and pressure drag force.
However, these components are neglected, because
they are much smaller than the electromagnetic force.
Therefore, the electromagnetic acceleration depends
on the discharge current and the rail inductance per
unit length,.

The rail inductance per unit length L' is expressed

2
dtan"‘(—"—)+ﬁ1n 22,
7h 2d° 4 2

h

Where d is the separation between the rail
electrodes.®) It is equal to diameter of the particle.
Therefore, the rail inductance per unit length L' is
determined by the width of the rail electrode 4. Fig.3
shows that the rail inductance per unit length
decreases with increasing the width of the rail
electrode. We took the width of the rail electrode as
Imm. Therefore, the rail inductance per unit length is
130nH/m.

as

= 2t (3)

( 1 1
% 10
h(mm)

20 30

Fig.3. Relation between the rail inductance per unit
length and the width of the rail electrode.




Resistance and inductance in the discharge circuit
was determined as follows. In order to make the
pulse width of the discharge current T long, the
resistance has to be as small as possible. When the
inductance is changed, temporal change of the
discharge current is obtained with circuit analysis.
The velocity v is calculated using the equation (2)
taking the inductance as a parameter. Fig.4 shows
the relation between the inductance and the plasma
velocity. The inductance has to be chosen as 0.1pH
~1.5uH to obtain efficient acceleration.
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Fig.4. The plasma velocity dependence on the circuit
inductance.

IV.Results and discussion

Fig.5 is the discharge current with the copper particle
at charged voltage of 2kV. The current peak is SkA at
3.3ps. The discharge current oscillates until 30us
because of the residual inductance in the circuit. The
resistance 53m ) and the inductance 800nH are
obtained using the circuit analysis. The discharge
current density is 1.1 X 10’A/cm?, which is almost
similar level of that in high energy fiber pinches.

current(kA)
. N , [ . I .

—

(=]

-20 0

60

30
time(ps)

Fig.5. Discharge current with the copper particle at
charged voltage of 2kV.
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Fig.6 shows the temporal change in voltage,
discharge current, and the resistance between the rail
electrodes. The resistance is calculated from the
relation between voltage and discharge current. The
effective resistance between the rail electrodes is
obtained as approximately 10mQ, which stays
constant during 20ps. The constant resistance
means that both the copper vapor and the copper
plasma exist for a long time between the rail
electrodes.

current(kA)

voltage(V)

resistance(m £ )

time(ps)

Fig.6. Temporal change in voltage, current, resistance
of the discharge.

The incorporation of contaminated materials is a
critical issue of the spraying technologies. Fig.7
shows time-integrated optical emission spectral
profiles of copper atoms in the discharges. The
copper atom lines, Cu I of 510.55nm, 515.32nm,
521.82nm, and 529.25nm are observed. Any other
spectral lines of tungsten, oxygen, and nitrogen are
not observed. Consequently, melting of the tungsten
electrodes and ionization of molecules in air did not
develop, because the electric field is lower than




IMV/m. Therefore, the formation of thin film with
low contamination becomes possible.®)

T T T T T T T
- Cu 1521.82nm E

.. Cul 515.32nn .

ICu I 510.54nm

light intensity(a.u.)

Cu 1529.25nm

510 520 530

wavelength(nm)

540

Fig.7. Time-integrated spectral profiles of the copper
atomic lines.

Although the discharge is a phenomenon in tens
micro-seconds, the high-speed video camera is useful
for observing the macroscopic behaviors. Fig.8 shows
a set of continuous frames of the discharge taken with
the high-speed video camera operated with an
exposure time of 32us. The capacitor is charged to
2kV. The optical images of the plasma move toward
the direction of the electromagnetic force. Therefore,
it is confirmed that the electromagnetic acceleration
takes place. When the current path was changed in
such a way that electromagnetic force did not act to
the copper plasma, no acceleration was observed.

first position

Fig.8. A set of continuous frames of the discharge
taken with the high-speed video camera.

The temporal evolution of plasma acceleration was
observed with the streak camera. Fig.9. shows the
plasma acceleration along the rail electrodes. Time
resolution of the streak camera is 400ns/mm. The
charging voltage is 2kV. In the figure, the direction of
electromagnetic force works upward. Axis of
ordinates is 1.8mm and abscissa is 30ps. Because the
copper vapor and plasma expands in orthogonal
direction to the rail-electrodes, electromagnetic force
decreases along the electrodes.

Fig.9. Streak photograph of copper plasma
acceleration.

Time resolved structure of the discharge was
recorded using the ICCD camera with the exposure
time of 4ns. Fig.10 shows the temporal change in
visible light emission of the copper plasma generated
with the capacitor discharge. The capacitor is charged
to 2kV. Strong light emission appears at the contact
region between the particle and the rail electrodes,
where Joule heating is remarkable because the
current density is extremely high. The bright region
moves along the electrodes. However, a portion of
the particle stays at the initial position.

first position

mmd force

Fig.10. Time resolved structure of the discharge was
recorded using the ICCD camera.

The plasma velocity reaches its maximum at 3s.
The velocities are obtained using the ICCD
photographs at 3us. Fig.1l1 shows the maximum
velocity dependence on charging voltage. It increases
with increasing charging voltage. When the charging
voltage is 2kV, the plasma velocity is approximately
900my/s at the maximum.
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Fig.11. The maximum velocity dependence on
charging voltage.

V. Formation of thin film

In order to verify whether it is possible to form thin
film with the copper microplasma acceleration,
substrates such as silicon or flat glass is placed near
the end of rail-electrodes. The separation between the
electrodes and the substrate was 2mm. Fig.12. is
copper thin film formed on the glass observed with a
microscope. We name the method micorplasma
spraying. This is one of the fine processing
technologies with microplasmas. The feature is that
the process can be operated in atmospheric condition
and the whole system is assembled compactly.

Fig.12. Copper thin film formed on the glass
substrate.

VI. Conclusion

The copper micorplasma is accelerated by
electromagnetic force in the narrow channel between
the miniature electrodes. We used a crowbar diode in
the discharge circuit to obtain the discharge current
without ringing for establishing efficient acceleration
process. In addition, the inductance had to be chosen
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as 0.lpH~1.5pH to obtain efficient acceleration.
When the charging voltage is 2kV, the current peak is
5.5kA at 3.3us. Time-integrated spectral profiles
showed that melting of the tungsten electrodes and
ionization of molecules in air did not develop. The
electromagnetic acceleration of copper plasma was
observed with the high-speed video camera, the
streak camera, and the ICCD camera. It was
confirmed that the electromagnetic acceleration took
place. Moreover, the plasma velocity was
approximately 900m/s at the maximum. Finally,
copper thin film was formed on the glass substrate
with the accelerated copper microplasma.
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Lasing of recombination pumped soft X-ray laser
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Abstract

Characteristics of soft X-ray radiation from nitrogen Z-pinch plasma column energized by a capillary discharge
is reported as a fundamental study for H-like N recombination pumped soft X-ray laser, wavelength of which is
13.4 nm emitted by quantum transition from » = 3 to n = 2. A current pulse of about 15 kA with half-cycle
duration of about 110 ns was utilized to excite nitrogen plasma in a 3.0 mm diameter channel. From
spectroscopic measurement using a transmission grating spectrometer, ionization degree of nitrogen ion in the
plasma was analyzed to estimate plasma parameters and the discharge current required for a H-like N

recombination soft X-ray laser.
Keywords:

I. Introduction

Wavelength of a laser has been shortened to soft
X-ray region with technological advancement. A soft
X-ray laser shows strong interaction with matter, by
which are motivated application of photophysics,
photochemistry, holography and lithography. Much
effort has been made to realize soft X-ray lasers with
shorter wavelengths. However, pumping devices
should be extremely large in size such as
synchrotrons used for free electron laser and high
power lasers used for production of high-density
high-temperature plasma, because exciting power is
inversely proportional to 4th power of its wavelength.
In 1994, J.J. Rocca et al. demonstrated the lasing of
46.9-nm Ne-like Ar soft X-ray laser utilizing fast
capillary discharge to efficiently generate a plasma
column in which amplification of radiation is
obtained by collisional excitation!"’. In 2001, we also
successfully lased a 46.9 nm Ne-like Ar soft X-ray
laser utilizing this scheme by suppression of
instability owth  with effective use of
predischarge'”. The pumping scheme of capillary
discharge Ne-like Ar soft X-ray laser is as follows.
Once discharge current pulse of ~30 kA is applied to
the capillary filled with preionized argon gas, a
plasma column with an electron temperature of 60-80
eV and an electron density of 0.2 - 2x10" cm™ is
formed due to the Z-pinch compression, which results
in the generation of the population inversion for the
3p-3s transition. To shorten the wavelength of laser
by capillary discharge, we investigate the possibility
of H-like N recombination pumped soft X-ray laser,
wavelength of which is 13.4 nm emitted by quantum
transition from » = 3 to n = 2. This range of
wavelength is so attractive because of existence of a
Mo/Si multilayer mirror. And the possibility of
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soft X-ray laser, recombination pumping, Z-pinch, capillary discharge.

H-like N recombination laser by cal)illary discharge
has been reported by Viba et al’! In this paper,
ionization degree of nitrogen ion in a pinched plasma
will be analyzed to estimate plasma parameters and
discharge current required for recombination laser.

IL Principle of recombination pumping
The elementary process of three-body collisional
recombination is expressed by

N +e+e — (N )*+e.

The required excited state (N®*)* corresponds to the
upper level of the Balmer o transition n=3 to n =2,
and the lasing wavelength is 13.4 nm. In capillary
discharge, as a current increases, a current sheet
begins to implode toward the axis with increase of
mass of plasma shell. A shock wave also propagates
ahead of the current sheet, and converges on the axis.
The current sheet subsequently reaches the axis and
highly compresses the plasma column. This leads to
production of a hot dense plasma, which is capable of
generating highly ionized nitrogen N”*. In the pinch
time, plasma temperature required to generate fully
stripped nitrogen ions should be higher than about
150 - 200 eV according to the Saha equation. After
the maximum pinch the plasma column then starts to
expand and the plasma temperature becomes cooler.
To obtain the gain G > 1 cm’, in this expansion
phase, required electron density is of the order of 1 X
10* cm? and plasma temperature should be lower
than about 100 eV to initiate the recombination
process in the plasma according to three-body
collisional scheme, where G is given bellow!* %!
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Here, A is the wavelength of laser, A4, is the
Einstein’s coefficient, F is the inversion function, »n,
is the ion number density in upper level,

. 2=6
nu - Z Cn:J,n'=k

k

Nz=6

n=k *

The collisional transition rate C,, is expressed as a
function of an electron density and an electron
temperature of the plasma in the expansion phase,

C::ll = <0':-"V, )Nc
mnr | e ; 2m, o —5‘%—
Y 2AE. [45011 .l W"'>] (sz) & A,

where, v, is the velocity of electron, o, is the
average collisional transition cross section by
coulomb potential, N is the ion number density, z is
the ionic charge number, E,., is the gap energy of
two-level system and y is the wave function of
H-like nitrogen.

III. Experimental

The discharge system used in this experiment
consists of a 3-stage Marx generator, a 2:28 step-up
transformer, a 3-nF water capacitor and a discharge
section including a capillary with diameter of 3 mm
as shown in Fig. 1. Using this apparatus, Ne-like Ar
46.9 nm laser was observed as a spike of X-ray diode
(XRD) signal as shown in Fig. 2 on the following
condition, discharge current with moderately low
peak amplitude of 13 kA and half cycle duration of
110 ns, and initial filling Ar gas pressure of 300
mTorr.

Spectroscopic measurement of radiation from the
nitrogen plasma was carried out using a transmission
grating spectrometer with a lattice constant of 1/1000
mm” in combination with an X-ray CCD camera
which has a 1024 x 1024 pixel area. Each pixel is a
13-um square. The transmission grating was placed
at a distance of 60 mm from the end of capillary. The
distance between the grating and the CCD camera
was 40 mm. A resolution of the spectrometer in this
configuration is about 1 nm. Discharge condition was
similar to that of Fig. 2, with current peak value of
about 15 kA, initial gas pressure of 300 mTorr.
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Fig. 1. Schematic diagram of the discharge system.
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Fig. 2. Discharge current waveform and XRD signal
of Ne-like Ar laser.

IV. Results and discussion

Obtained emission spectrum is shown in Fig. 3.
Strong line emissions at wavelengths corresponding
to N VI-III are observed in 10 - 40 nm range which is
maximum abundant at a temperature of ~10 - 30 eV.
On the other hand, weak line emissions in the range
of 5-10 nm reveal the existence of N VII which is
necessary for recombination pumping. It suggests
that a plasma temperature at the pinch time is higher
than about 150 eV. Assuming that Bennet’s relation
can be applied to the pinch plasma and nitrogen atom
is fully ionized to N VI, plasma temperature T, in the
pinch column is evaluated to be

= Hy 25

I = S72aN k 1* =100 [eV],

where N, is the electron number density, k is the
Boltzmann constant and a is the diameter of pinch
plasma ~ 100 pum. In this evaluation, electron density
at the pinch time can be approximated by the
following equation,




N,» 3 zZN* = 5x2x px Ny~ 2x10" [em™],

z2=]1-5

where p is the compression ratio of the pinch, N, is
the initial nitrogen gas density. Thus, dynamic pinch
plasma temperature in this experiment is higher than
that estimated by Bennet’s relation. It is due to the
shock wave heating, joule heating of plasma and
conversion of kinetic energy of current sheet into
thermal energy.

For realizing a H-like N recombination soft X-ray
laser, required electron density may be higher than
the order of 1x10% cm™, which is about 5 times
higher than that used in this experiment. Besides,
recombination occurs in the expansion phase after the
pinch. In the expansion phase, plasma density
becomes a few times lower than that at the maximum
pinch. In the maximum pinch phase, plasma
temperature required to generate fully stripped
nitrogen ions should be higher than about 150 - 200
eV, and in the expansion phase, plasma temperature
should be lower than about 100 eV to initiate the
recombination process in the plasma. Actually, in the
expansion phase, plasma starts to cool down due to
expansion, radiation losses and current decay. As a
simple estimation, assuming that the plasma expands
adiabatically, adiabatic condition gives the relation
between the electron number density of the pinched
plasma of about 200 eV and the expanding plasma of
about 100 eV,

1
Ne,expunsion = Ne,pid) (Texpansion / 7;)1"4:}\ )ﬁ i Ne,pir,h /3

where y is adiabatic constant y = 5/3. So, the
electron density at the lasing time is about 3 times
lower than that at the pinch time.

Thus, to obtain required electron density for
recombination laser N, > 1x10%° cm™ at the pinch
time, initial filling gas density should be 5x3 ~ 10 -
20 times higher than that used in this experiment.
Since a current amplitude is proportional to the
square root of an electron density from Bennet’s
relation to obtain such high density plasma, discharge
current should be increased to over 3 — 5 times higher
than that used in this experiment, which is about 15
kA. Thus, required discharge current for H-like N
recombination laser will be over 50 - 70 KA.
Therefore, to obtain enough population inversion for
lasing a 13.4 nm soft X-ray laser, it is necessary to
make substantial improvement of discharge system.

V. Conclusion

As a fundamental study for lasing a H-like N
recombination soft X-ray laser, spectroscopic
measurement was carried out using a transmission
grating spectrometer. Strong line emissions at
wavelengths corresponding to N VI-III were
observed in the 10 - 40 nm range. On the other hand,
weak line emissions in the range of 5 - 10 nm reveal
the existence of N VII which is necessary for
recombination pumping. It suggests that a plasma
temperature at the pinch time is higher than about
150 - 200 eV. However, to realize the H-like N
recombination laser, an electron density must be 10 -
20 times higher than that used in this discharge
experiment, which suggests that required discharge
current for H-like N recombination laser will be over
50 - 70 kKA.
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Fig.3. Emission spectrum of the radiation from the capillary discharge in nitrogen.

Initial filling pressure is 300 mTorr, capillary diameter is 3 mm,

peak discharge current is 15 kA.
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ABSTRACT

Emittance growth due to the transverse focusing field error is investigated during the final beam bunching
in the energy driver system of heavy ion inertial fusion. The beam bunch is longitudinally compressed
during the transport with the field error in the continuous focusing (CF) or the alternating gradient (AG)
field lattices. Numerical calculation results show the only 2% difference of the emittance growth between
the cases with and without field error in the CF lattice. In the case of the AG lattice model with the field
error of 10%, the emittance growth of 2.4 times is estimated, and the major difference between the CF and

AG models is indicated from the numerical simulations.

1 Introduction

In heavy ion inertial fusion (HIF) [1] , energy of
several MJ should be injected as a short time pulse
to a fuel pellet. The target pellet illuminated by
the energy driver is rapidly imploded. The implo-
sion can cause a high energy density state at the
center of the pellet, and thermonuclear reactions
can produce the high-temperature dense plasma.
The intense heavy-ion beam (HIB) is one influen-
tial candidate as the energy driver, and the physics
of space-charge-dominated beams is crucial in the
HIF study [1].

Required parameter values of HIB are several
GeV particle energy, ~100 kA total current, and
~10 ns short pulse duration [2], and the beam pa-
rameters are far from those of conventional particle
accelerator system. Therefore the beam dynamics
and control are important research issues in HIF.
At the final stage, the beam pulse must be longi-
tudinally compressed from ~100 to ~10 ns.

Induction voltage modulators, which have a
precise waveform controllability, arc uscful devices
for this purpose [3]. For an effective pellet implo-
sion, we should transport and compress the bunch
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of HIB with a low emittance growth. A final fo-
cus and beam illumination are crucial, but a large
emittance interferes the focusing to the small fuel
pellet [4, 5]. For this reason, the final beam bunch-
ing and the final focusing are a key technology in
the HIF driver system. In these regions, the in-
tense HIB is in the space-charge-dominated state,
and beam instabilities occur during the beam trans-
port. Dilution of particle distribution can also
cause the emittance growth, because nonequilib-
rium particle distribution will approach to a ther-
mal equilibrium state [6].

In our previous studies [7, 8, 9, 10}, the beam
instability excited by the strong space charge effect
was observed using multiparticle numerical simu-
lations during the final beam bunching. The final
beam bunching was carried out by the beam trans-
port using the continuous and alternating focusing
lattice system. In this study, we also investigate
the beam dynamics during the bunch compres-
sion with the focusing error field. The particle-
in-cell (PIC) [11] simulation with a longitudinal
bunch compression model [12] is carried out to in-
vestigate transverse particle behaviors. The emit-
tance growth due to the field error is shown by




using the numerical simulations.

2 Simulation model and beam
parameters

The high-energy particle beam is transported by
using a magnetic quadrupole focusing channel as a
unit of focus-drift-defocus-drift (FODO) lattice [13].
Generally, the beam transport by the FODO lat-
tice causes a non-axisymmetric behavior in the
beam cross-section. We are interested in such beam
dynamics with a longitudinal bunch compression.
For the above reasons, the fully three-dimensional
numerical scheme is essentially required by the beam
dynamics simulation. From the viewpoint of the
computational cost, the full calculations are diffi-
cult. While the longitudinal bunch length is of the
order of meter, the scale of the transverse cross
section is only a few cm in the stage of final beam
bunching [14]. Consequently, the small-scale phe-
nomena by the space charge structure will be dom-
inated by the transverse beam dynamics.

We deal with the particle dynamics in the trans-
verse cross section of the beam by multi-particle
simulations, and the effect of longitudinal com-
pression is introduced as the beam current increases.
The linear current increase model causes the most
serious influence in the particle dilution in the phase
space. From the viewpoint of the beam physics
study, the history of linear current increase is as-
sumed as model of the longitudinal bunch com-
pression.

We use the PIC method for descriptions of the
transverse behavior with the longitudinal compres-
sion, the effect of which was evaluated by assuming
linear increase in the beam current. In this study,
we simply assume the effect of the self-magnetic
field as factor of 1/~2 [15]. The charge and mass of
the super particles are re-weighted with the beam
transport [12]. The quadrupole occupancy is fixed
at 0.5, and the one lattice period is 3 m.

The beam parameters are assumed as Table 1 [2].
The initial generalized perveance is assumed to
3.58 x10~%. The initial undepressed and depressed
phase advances are gg = 72 deg and o = 65.2 deg.
The transverse calculation region is fixed at the
square of 10 cm x 10 cm, and the outer bound-
ary condition is given as a conductor wall. The
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Table 1: Beam parameters for final beam bunching
in HIE.

Ion species PbF
Number of ions 6.25x10%4
Particle energy [GeV] 10
Initial beam current [A] 400
Final beam current [kA] 10
Initial pulse duration [ns] 250
Final pulse duration [ns] 10

rms matched Gaussian [16] beam is chosen as the
initial particle (non-stationary) distribution.

Since the behavior likes a quasi-neutral plasma,
the Debye shielding is important issue in this re-
gion. The grid size of 0.23)\p is used to satisfy the
Debye shielding effect and the calculation cost {11].
For the validation of the numerical convergence,
we also tried to check the calculation results us-
ing the different numbers of grids and super par-
ticles. The mesh number is varied from 64x64
to 1024x1024, and the super particle number is
changed from 1 x 10% to 3 x 10%. As mentioned
earlier, we tried to check the many test calcula-
tions to change the numbers of particles and cells
used.

We study the emittance growth mechanism with
two types of the transverse focusing lattice system,
i.e. an alternating gradient (AG) focusing and a
continuous focusing (CF) configurations. Figure 1
shows the focusing models during the beam trans-
port. The transverse focusing coefficients &k, and
k, are constant for the continuous focusing model,
and are given as the alternate values for the AG
focusing model as shown in Fig. 1. Studying the
effect of the focusing field error, we introduce the
error 0k, which has the normal distribution. As a
result, the focusing forces including the field error
are given by k; + 6k and k, + 6k.

3 Numerical Simulation Results

We simulate numerically the beam dynamics with
the focusing field error during the final beam bunch-
ing with the CF and AG focusing models. The
emittance value can be used to evaluate the beam
quality. We define the average of unnormalized
rms transverse emittance ¢ as

__ €z,rms T €yrms

o Ll )




Figure 1: Calculation model of transverse focusing lattice system, (a) for continuous focusing (CF) lattice
case, (b) for alternating gradient (AG) focusing case (FODO).

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

€zrms = [(@2)(@?) — (@a')]"/?,

()
and
1/2
€y,rms = [(312)<y’2) - (yyl)] ’ (3)
respectively. The initial emittance is assumed at
€ = €z,rms = €y,rms =10 mm mrad.
The evolutions of the emittance growth ¢/e;,
which indicates the ratio of the average emittance
to the initial one at each lattice period, are shown

in Figs. 2 and 3. Figure 2 shows the calcula-
tion result with the field error in the case of the

beam transport with the CF lattice. The rela-
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Figure 2: Evolution of the rms emittance during
the final beam bunching with CF lattice.

tive rms value (6k/k)rms of the field errors ap-
plied by the pseudo random numbers of the nor-
mal distribution is 0.1. As shown in Fig. 2, the
additional emittance growth after the longitudi-
nal bunch compression is observed by only 2 %.
Figure 3 shows emittance growth history during
the final beam bunching with the focusing field
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error in the AG field lattice. To change the fo-
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Figure 3: Evolution of the rms emittance during
the final beam bunching with AG focusing lattice.

cusing field error ratio (6k/k)rms = 0 ~ 0.1, we
can compare the emittance growth due to the lon-
gitudinal compression with the field error. In the
case of (8k/k)rms = 0.01, the emittance growth is
almost same value in the comparison with the re-
sult in no-field error case. However, the emittance
growth of 2.4 times is indicated in the longitudi-
nal bunch compression with the 10% focusing field
error. The results show the difference between the
beam transport in the CF and AG field lattices
with the focusing field error.

4 Conclusions

The emittance growth during the final beam bunch-
ing with the transverse focusing field error was nu-
merically investigated for the HIF driver system
design. The longitudinal bunch compression with
the focusing field error caused the additional emit-
tance growth due to the field error. In the case of
the CF lattice transport, the emittance growth due
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to the field error was only 2% lager than the nor-
mal case, but the emittance growth of 2.4 times
is estimated in the case of the AG focusing lat-
tice with the field error of (6k/k)rms = 0.1. It is
found that the beam behaviors in the axisymmet-
ric assumption differ substantially from the non-
axisymmetric model in the final beam bunching
with the focusing field error.
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Abstract
This paper reports the development and evaluation of a pulsed high-voltage generator that used static induction
thyristor (SIThy) for achieving high repetition rate. The surface temperature rise of SIThy had been measured by
using thermo-couple. For switching loss of ~ 2 kW, the temperature rise of the switching unit is estimated to be ~

62 "C while using a cooling system.

L. INTRODUCTION for operating pulse generator that used SIThy of high
Pulsed power generators are being developed for repetition rate.

potential applications to induction synchrotrons. Figure 1 shows the photograph of a SIThy. The

These generators are expected with the following specifications of this SIThy is as follows: withstand

capabilities. Maximum repetition frequency > 1 MHz,  voltage 4 kV, peak current 400A. It is a normally-on
voltage > 2kV, and current > 20 A. So far, MOSFETs element and is possible to operate at high speed
are used as the switching devices for the pulsed switching.
power generators.” However, the withstand voltage

of MOSFET is relatively low compared with other
semiconductor switches. Therefore, they are used in

series connection. The generator uses many

MOSFETs at the same time that are synchronized

with each other.

By replacing MOSFET with static induction

thyristor ~ (SIThy),  generators may  expect

S5cm

characteristics such as low failure probability and
small size. We have developed pulse generator using Fig.1 Photograph of SIThy.
SIThy of high repetitive rate and succeeded in Tr

£ 3n

SI-

with that of MOSFETs. In order to opcratc the L % FETThy
driver[—*

operation at 2 kV and 1 MHz. However, the L Do

0, &
switching loss increased significantly when compared

generator in continuous mode, it is necessary to

develop a stronger cooling system. This paper

developed and evaluated different cooling systems Fig.2 Experimental circuit.
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Table 1 Experimental conditions

Input voltage 200V
Load - 1.3kW
Operating frequency 1~50kHz
Cooling nethod Air, Oil
Oil amount 401
Oil flow 10V/min
Water flow 15/min
Operating time 10 minute
Cooﬁggiyﬁem Neo.0, No.1, No.2

T T

<200k — current 2

2 220 =
> — voltage - g
= — energy = 5
S 100 1810 &
: :
3 3
© >

1ps/div

Fig.3 Voltage and current waveforms of SIThy and

switching-loss energy of 1 shot.

I1. Experimental Setup

Figure 2 shows the experimental circuit.
Capacitors C, and C, are charged to 200V by DC
power supply. When MOSFET is closed, C,
discharging current flows through SIThy via primary
winding of transformer and inductive energy
accumulates to the transformer. When the MOSFET
is switched off during the C, discharging, current
flowing through SIThy switches to anode-gate from
anode-cathode and the carriers of SIThy are extracted
from gate electrode. The current is interrupted at
high speed. Tﬁen, the voltage, which is given by
Ldi/dt, appears in the primary winding of the
transformer.

The voltage V=Ldi/dt appear across the voltage

amplifying transformer appears across load resistance
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Rioad- This kind of circuit, where the output voltage is
generated by using inductive energy, is called
induction energy storage (IES) generator.” Table 1

shows experimental condition.

Figure 3 shows typical voltage and current
waves of IES generator. The voltage and current
waveform was measured by using high-voltage
probe, Pulse Electronic Engineering EP-50K, and
current monitor of Pearson 110A. Current
waveform is composed of the following 3 parts.
The first part, current increases linearly, MOSFET
is in conduction state. The second part, it is the time
period when the current switches from MOSFET of
off-state to SIThy.

The third part, it is time to produce depletion
layer. Switching loss energy of 1 shot was calculated

by the following equation.
Energy = I Vg lgdt

where Vg and Ig are voltage across SIThy and
current flowing through SIThy, respectively.

The switching loss of SIThy is about 23 mJ. To
obtain the switching loss of 2kW with IES circuit, it
needs repetitive rate of 100 kHz. Table 1 shows
experimental conditions of cooling system. No.0
cooling system operate generator in the air without
cooling. No.1 cooling system operate generator in the
oil tank. The oil was circulated by cooling unit,
SL-307W1. No.2 cooling system combines no.l
cooling system with two cooling heat sinks. Figure 4
shows photograph of circuit that is mounting water
cooled heat sinks. The generator use these system is
operated at frequency of 1 ~ 50 kHz for 10 minutes.
Surface temperature of SIThy is measured every 1
minute by thermo-couple. Since maximum allowable

operation temperature of SIThy is ~100'C, maximum




operation temperature of this experimental is set at

80°C. AT is obtained by subtracting initial =2 ) e P P
I ®
temperature from surface temperature of SIThy. — 40r d ; s ;tg;
! e | = S5kHz
2 a s " a a ® =@ ¢ 10kHz
i - . “ N A A e D0k 7
Water cooled heat sink Za0L v * ot A & 1
g k2 ® 40kHz
gl0r . 48 638 383 ¢ ¢ 3 ¢ 50kHz
il OF 3 5 0N
0 2 4 6 8 10

Time [minute]

Fig. 6 When repetition rate was changed by using
no.l cooling system, it is relation of operation time
and temperature rise.

Fig. 4 Photograph of circuit that is mounting water

cooled heat sinks
100 ey
o | * Temperature rise after 10 minute
III. EXPERIMENTAL RESULTS = 80F — linearization 7
Figure 5 shows experimental result obtained in the ; 60.— 2 kW-
air. The repetition rate of 3 kHz and 5 kHz, surface 5 - P 1
- v = 40} 2
temperature reached 80C in 6 and 3 minute, = 1
[~ L]
respectively. Figure 6 shows experimental result oé- 20+ .
®
obtained with no.1 cooling system. = ¢ ) N
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Repetition rate [kHz]
50 o T ‘ T A i T
) X o . : e
:40” g A 1 Fig. 7 By using no.l system, it is relation of
< A ]
g % A 42 éﬁg repetition rate and temperature rise after 10minute
o - * 3kHz
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Fig. 5 Relation of operation time and temperature rise g o i 1)
=) L]
in the air when repetition rate was changed. & TR ELAET RS
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Fig. 8 When repetition rate was changed by using
no.2 cooling system, it is relation of operation time

and temperature rise.
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Fig.9 By using no.2 system, it is relation of repetition

rate and temperature rise after 10minute

Temperature after 10 minutes is saturated
repetition rate of 1~50 kHz. From this result, Fig. 7
shows relation of repetition rate and temperature rise
after 10 minutes. Where solid line is collinear
approximation of plot. For this graph, repetition rate
and saturate temperature is direct proportionality
relation. If repetition rate assured 100 kHz (switching
loss is 2 kW) from line and plot, temperature rise is
about 84, 94 'C, respectively. Therefore, cooling
capacity is lacking only no.1 cooling system. Figure
8 shows experimental result of no.2 system.
Temperature after 10 minutes is saturated repetition
rate of 1~50 kHz. From this result, Fig.9 shows
relation of repetition rate and temperature rise after
10minute. Where solid line is collinear
approximation of plot. For this graph, repetition rate
and saturate temperature is direct proportionality
relation. If repetition rate assured 100 kHz (switching
loss is 2 kW) from line, temperature rise is about 62

"C. Therefore, cooling system needs modification.

IV. CONCLUSION
+  When the generator operated with repetition rate

of 5 kHz (switching loss is 60 W) in the air,
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temperature rise reaches 50 'C in 3 minutes.
When switching loss is 2 kW, temperature rise of
element is expected 94 °C by using no.1 cooling
system.

When switching loss is 2 kW, temperature rise of
element is expected 62 'C by using no.2 cooling

system.
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5 GHz superradiance using intense electron beams with
modified energy waveforms
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Pulsed intense electromagnetic wave with frequency of 5 GHz, power of 300 MW
and duration of 4 ns was observed, when an intense relativistic electron beam with
energy of 500 keV, current of 5 kA and duration of 12 ns was injected into a
corrugated waveguide. Particle-in-cell code KARAT indicated that the mechanism
of radiation was identified to be superradiance. The time evolution of the energy
of the electron beam was modified by a coaxial cavity. The experimental results
showed that that the energy waveform of the electron beam affected the output

power of the radiation.

1. Introduction

Intense electromagnetic radiation sources
are developed for applications in nuclear fu-
sion, particle accelerators, radars, etc. Radi-
ation sources with output power of ~1 MW
and frequency of up to 200 GHz are achieved
by Gyrotron etc, however, those with output
power over 1IGW are still in an experimental
stage. An intense relativistic electron beam (
IREB ) is used as a convenient energy source
for the radiation sources with power over 1
GW, though its low beam quality caused by
expansion of diode plasma and small repeti-
tion rate for operation are remained to be de-
veloped technically. Usually, the high power
devices employ the conventional mechanisms
for microwave radiation, which are applied to
the low power devices. However, the strong
electric field of the radiation causes the break-
To de-

velop new mechanisms of short-pulsed electro-

down in the device within 100 ns.

magnetic radiation with high efficiency is im-
Stimulated
emission from electron bunches, superradiance

portant for high power devices.

(SR), is an attractive method of generating
ultra short electromagnetic pulses. Different
types of SR emission ( Cherenkov, cyclotron,
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etc. ) were studied theoretically and genera-
tions of SR pulses have been observed experi-
mentally at millimeter waveband through the
frequencies 35-150 GHz [1-5]. As the peak out-
put power proportional to N? is emitted in SR,
where N is the number of electrons, the SR
can be considered as effective method of gen-
eration of ultra short intense electromagnetic
pulses with output power over 1 GW using an
IREB. As the increase of operating wavelength
leads to the increase of the electron pulse total
duration, an IREB with pulse duration of 10 ns
can be employed for the long wavelength in S
band. Cherenkov mechanism with short elec-
tron beam moving in corrugated waveguide is
expected to be the most effective scheme for
generation of SR pulses at S bands. We report
here the experimental results of S-band SR us-
ing a corrugated waveguide. Moreover, it was
proposed that the output power of SR could
be increased by using an electron beam with a
time-increasing energy waveform [6]. A coax-
ial cavity was used to modify the time evo-
lution of the energy waveform of an electron
beam. We observed the possibility of the out-
put power increase of SR with the modified
electron beam.




2. Particle-in-cell simulation

An IREB with energy of 550 keV , cur-
rent of 5 kA and duration of 12 ns was utilized
as an energy source. A cylindrical corrugated
waveguide structure for microwave. radiation
with frequency of 5 GHz was designed for the
IREB. The mean radius and periodic length
were decided to be 25 mm and 30 mm, re-
spectively, by approximate dispersion relation
for 5 GHz microwave radiation with the IREB.
Optimum precise parameters were obtained by
particle-in-cell simulation code KARAT. The
depth of the slot, 6 mm, was simulated to ob-
tain maximum output. The final structure is
shown in Fig.1. We set the distance between
the beam and inner wall, 2 mm, as small as
possible, so that the beam radius was decided
to be 20 mm. As the backward wave of TMg;
mode was expected, the inner radius of the
waveguide was decreased to be 22 mm (cut off
frequency of 5.2 GHz) to reflect the wave at
the entrance of the corrugated part (indicated
by A in Fig.1). Gradually increasing radius re-
gions ( AB and CD in Fig.1.) were located at
both sides of the interaction region to prevent
beam electrons and radiated microwave from
being reflected by the edges.

A B . . C
i | Interaction region ! |
— 4

Figure 1: Cross section of the cylindrical cor-
rugated waveguide, 7, = 20 mm, 3, = 22 mm,
Tout = 28 mm, 25 = 30 mm and [ = 300 mm.
At the parts indicated by A-B and C-D, the
radius are gradually increased. In the simu-
lation, an absorber was set at the end of the
tube.

By the PIC simulation code KARAT, the
radiated microwave with frequency of 5 GHz,
output power of 600 MW and duration of 4
ns was expected when the electron beam with
energy of 550 keV, current of 4.5 kA and dura-
tion of 12 ns was injected into the corrugated

80

Electric field [kV/m]

5 10

Frequency [GHz]

15

Figure 2: Simulated frequency spectrum of the
radiated microwave
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Figure 3: Simulated microwave outputs for dif-
ferent beam lengths. (a)Time dependence of
microwave output. (b)The peak output values
are plotted against the beam lengths




Diode

Coaxial cavity Corrugated waveguide

Lucite Window

Solenoid coils

Hom

Figure 4: Experimental setup. The coaxial cavity was used only when the experiments with

the modified energy waveforms.

waveguide described above. Monochromatic
frequency spectrum (Fig.2) and short duration
of 4 ns suggested the radiation was caused by
SR.

To examine the dependence of the number
of electrons to the output power, microwave
outputs with different beam lengths were sim-
ulated. The plasma frequency of the beam is
the important parameter of the radiation, so
that the beam current cannot be changed. The
beam length instead of the beam current was
changed to keep the same plasma frequency.
In Fig. 4, it is shown that the simulated peak
output power of radiation is proportional to
the square of the number of electrons (beam
length) as expected in SR. Therefore, the 5
GHz SR was expected in the experiment.

3. Experiments
3.1 Experimental setup

The system was composed of three sections,
the diode, the coaxial cavity and the corru-
gated waveguide as shown in Fig. 4. An an-
nular electron beam of 600 keV, 4.5 kA, 12 ns
with diameter of 38 mm and thickness of 2 mm
was injected from the diode into a conducting
drift tube with inner diameter of 44 mm.

At first, experiments on 5 GHz superradi-
ance were carried out. The coaxial cavity was
removed. The corrngated waveguide was con-
nected at 100 mm downstream of the diode.

For the second experiment with modified
energy waveforms, the coaxial cavity was in-
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serted at 200 mm from the diode. The princi-
ple of the modification of the energy waveform
is the same as the autoacceleration scheme (7).
Though the cavity length was changed, the
entrance of the corrugated waveguide was lo-
cated at 1100 mm from the diode for any cavity
length. The schematic of the experiment with
the modified waveforms is shown in Fig. 4.

In both cases, the microwave was radiated
into the air through a Lucite window. The sys-
tem was immersed in axial magnetic field of 1
T applied by solenoid coils. The base pressure
was maintained below 1 x 10~° Torr.

The radiated microwave was detected by a
horn located more than 1 m far from the Lucite
window. The microwave received by the horn
was attenuated by two variable attenuators.
Five low pass filters with frequencies from DC
- 4 GHz to DC - 8 GHz were utilized. Tunnel
detectors detected microwaves passing through
the low pass filters. The variable attenuators,
low pass filters and tunnel detectors were cal-
ibrated by low power devices. Two band bass
filters, 5 £+ 0.15 GHz and 5.5 £ 0.15 GHz, were
also used.

Fluorescent tubes were utilized to observe
the radiation pattern.

3.2 Experimental results and discussions
without the coaxial cavity

At first, the coaxial cavity was removed
for the experiments of 5 GHz SR. The dis-
tance from the diode to the corrugated waveg-




(a)

(b

)

Figure 7: Fluorescent tubes were located 550 mm far from the Lucite window (a). The donut
like pattern was observed (b). The damage on the Lucite plate located at the 200 mm down-

stream side of the corrugated waveguide.

uide was 100 mm. The signals detected by
tunnel detectors through low pass filters are
shown in Fig. 5. No signal was detected with-
With corru-
gated waveguide, similar signals were detected
through DC-5 to DC-8 GHz low pass filters,
though no signal was observed through the
DC-4 GHz. The signals with and without band
pass filters of 5 + 0.15 GHz and 5.5 + 0.15 GHz
are shown in Fig. 6. The same signals were
detected with and without the 5 + 0.15 GHz
band pass filter. The signal was not detected
with 5.5 £0.15 GHz . Therefore, the frequency
of the radiated microwave was around 5 GHz.

out the corrugated waveguide.

The detected pulse duration was 5 ns. The mi-
crowave signals and the frequency characteris-
tics were not changed by the axial magnetic
field from 0.7 T to 1.0 T.

Fluorescent tubes were located 550 mm far
from the Lucite window to observe the radia-
tion pattern(Fig. 7(a)). The observed donut
like pattern is shown in Fig. 7(b). It agrees
with the pattern emitted by the TMo; mode.
A Lucite plate was set at 200 mm downstream
side of the corrugated waveguide. After sev-
eral shots, the damage pattern as shown in
Fig. 7(c) was obtained. The radius of the
damage showed a good agreement with that
of the maximum electric field of TMy; mode
in the drift tube.

The horn moved along the circumference
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Figure 5: Signals through low pass filters with
cylindrical corrugated waveguide
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Figure 8: The peak output power was plotted
against the angle from the beam axis.

with radius of 1500 mm from the center of the
Lucite window to observe the angular distri-
bution of the radiated microwave. In agree-
ment with the observed radiation pattern the
microwave output has one peak around 20 de-
grees from the beam axis as shown in Fig. 8.
Total output power of the radiated microwave

estimated by the angular distribution was 300
MW,

Table 1: Results

Experiment | Simulation
Frequency | around 5 GHz | 4.98 GHz
Power 300 MW 600 MW
Duration 5 ns 4 ns
Mode ™ 01 ™ 01

The experimental and simulated results are
shown in Table 1. The frequency, the dura-
tion, the mode and the total power of the radi-
ated microwave were in good agreements with
the simulated results of SR. Therefore, we con-
cluded that the 5 GHz SR was observed.

3.3 Experimental results and discussions
with the coaxial cavity

For the second experimental stage with the
modified electron beam, the coaxial cavity was
inserted between the diode and the corrugated
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Beam Energy [ keV]
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Figure 9: Energy waveforms for different cav-
ity length.

The distance from the diode to
the corrugated waveguide was elongated to be
1100 mm. The gap of the coaxial cavity was
covered by a thin pipe when the data without
cavity were necessary. Therefore the distance
between the diode and the corrugated waveg-
uide always kept to be 1100 mm in the sec-

waveguide.

ond stage experiment. The energy waveform
was modified by the length of the coaxial cav-
ity as shown in Fig. 9. The former part of
the beam was decelerated and the latter was
accelerated. The duration of each part corre-
sponded to the cavity length. The beam cur-
rent waveform was little changed by the length
of the coaxial cavity. The frequency, the du-
ration and the radiation mode of the radiated
microwave were not changed by the length of
the cavity.

The angular distribution of the peak out-
put power of the microwave for different cavity
length is shown in Fig. 10. The estimated peak
output power is plotted against the length of
the coaxial cavity in Fig. 11. The lower to-
tal power than in the first stage experiment
should come from the difficulty of the beam
alignment with increase of the distance be-
tween diode and slow wave structure to in-
sert the additional cavity. The difference of
the total energy in the beam pulse was esti-
mated by the waveforms of the beam energy




transparent cathode. The transparent cathode
consists of independent and parallel cathode
strips shown in Fig.1. Each live strip caused
azimuthal electric field. The enhanced azimuthal
electric field at center of vane can cause faster
startup and operate longer pulse lengths [5]. The
electrons near the cathode strip are accelerated
by Lorentz force of this azimuthal magnetic field
and the motion of impressed electromotive force.
Because the radial drift velocity of electrons is
accelerated more than that of electron emitted
from general cathode, the new magnetron with
transparent cathode should short start up.
Additionally, azimuthal electric field penetrates
the cathode strips, so the new magnetron should
improve operation efficiency.

In this work, preliminary step toward the
experimental, we compare new magnetron with
transparent cathode to the traditional magnetron

with solid cathode by numerical analysis.

2. The model for analysis

Figure 2 shows the conventional magnetron

(@

v
ol

Fig.1. The model of transparent cathode
(a)The transparent cathode consists of
independent cathode strips. (b)The
magnetic effect of transparent cathode

near the strip.
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consists of a cylindrical anode and an interiorly

coaxial cylindrical cathode, and resonator
cavities are cut in the anode block. The input
power to this device is applied to the center
cathode. The emissive electrons would tend to
move radially outward to the ring anode
surrounds cathode. The figure.l1 shows the
transparent cathode formed from narrow, parallel
longitudinal strips. The number and shape of the
resonator cavities and the dimensions of the
cathode and anode determine the frequency and
operation characteristics of the device. We
choose the parameter of well-known A6
magnetron [3]. The parameter of A6 magnetron
is the radius of cathode r.=1.58 cm, radius of
anode r,=2.11 cm, the gap of resonator vanes on
the side of anode y = 20°, and the depth of
resonator vans r,=4.11 cm, shown in Fig.2. The
number of resonator vans is M=6. The axial
length of body is 7.2 cm, which is decided by the
wave length of the operation electromagnetic
wave. We assume the operation mode is 7T
-mode (3rd mode) by using anode strap. The

fundamental operation mode is shown in Fig.3.

Fig.2. The schematic of magnetron




The external radius of transparent cathode is
same to the radius of conventional magnetron
cathode r.. And the number of strips is same to
that of resonator vans M.

We will use repetitive pulsed-power
generator called ETIGO IV, 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. The magnetron can
oscillate within the certain region of
magnetic field prescribed by the Hull and
Buneman-Hartree conditions [6]. The
parameter space of operation is shown in
Figure 4. In general, the Hartree voltage is
less than the Hall cutoff voltage magnetic
insulation. The magnetic field ranges from

Hull 0.5 T, where

oscillations could not be established. The

cutoff, at about
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
with  and

interacts provides  the

electromagnetic wave. On this device, A6

~
>

—_ N

frequency[GHz]

L n_th mode
J

Fig.3. The fundamental mode
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magnetron operates in the range 0.5 T to 0.9 T.

3. Discussion

A detailed study was undertaken using the 3D
electromagnetic particle-in-cell code MAGIC to
investigate the effects by the transparent cathode.
In this study, The magnetron with transparent
cathode was compared with the general
magnetron by cold test, witch was calculated by
MAGIC. Figure 5 and Figure 6 shows the
distribution of azimuthal electric field caused by
the electromagnetic field of operation mode. This
figure is a cross section of the part where the
resonance vane is included. In the case, the
external diameter of transparent cathode and
conventional column cathode is the same number,
the operation frequency of the magnetron with
is different to that of

The

transparent cathode

conventional  magnetron. operation
frequency of general magnetron is 2.54 GHz, and
that of new magnetron with transparent cathode
is 2.27 GHz. It is preferable that those operation
frequencies are same for more accurate
comparing. When we consider the equivalent
circuit, it is necessary to expand the interval
between the radius of cathode r. and that of

anode r,. The similar numerical result is obtained

. 1
800 —Q—Hall criterion
700
= 600 - ~-®---Buneman-—
P
S 500 H
o 400
«
= 300
o
> 200
100
0
E
0 0.2 04 0.6 038 1
Magnetic field Bz[T]
Jadery & e

Fig.4. The region of operation of the A6 magnetron




by 3D simulation [4]. The RF electric fields
penetrate through the cathode strips, shown in
Fig.6. In the region between anode and cathode,

the electric field of new magnetron is stronger

than that of general magnetron. In the result with

transparent cathodes, the larger electric field
amplitude in the electron hub region which
enhances electron capture into spokes will cause
short start-up and more efficiency operation. And
this effect may influence the Buneman-Hartree
condition as change in condition by this priming
of magnetron operation.

The transparent cathode can enhance
magnetron efficiency with minimum change
from conventional magnetron. In the future, the
characteristics of magnetron with transparent
cathode are observed, and they will contribute to

increasing efficiency of relativistic magnetron.
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Fig.5. The distribution of azimuthal electric field

with old cathode.
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Fig.6. The distribution of azimuthal electric field

with transparent cathode.
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ABSTRACT

A high power large orbit gyrotron is being developed as a millimeter wave and submillimeter wave radiation
source. We have designed and constructed a large orbit gyrotron using an intense relativistic electron beam. The
output characteristic of the gyrotron is expected frequency of 143.6 GHz, power of 9 MW and cavity mode of
TE,4 by the numerical simulation. Corresponding electron beam has energy of 400 kV and current of 200 A.
Preliminary operation of the gyrotron is being examined at fundamental operation. In this paper, results of

preliminary tests of the gyrotron are described.

L Introduction

One of the most important tasks in terahertz
technology is development of high power radiation
source. A gyrotron is capable of high power radiation
in millimeter wave and submillimeter wave region.

The development of gyrotron is being advanced in
two ways. One way is the development of high power,
millimeter wave gyrotrons for the electron cyclotron
heating of fusion plasmas. A gyrotron with a diamond
window has achieved output power of 1 MW at 170
GHz by pulsed operation of several second. "

The other way is development of high frequency
gyrotrons as millimeter wave and submillimeter wave
radiation sources for broad applications. In university
of fukui, the gyrotron series has achieved frequency
from 38 to 899 GHz. 2 Output power of the gyrotron
series has been from several tens of watts to several
tens of kilowatts.

In order develop such high frequency conventional
gyrotrons, we usually require high magnetic fields
generated by superconducting magnets and operation
at second of electron cyclotron frequency. In the case
of the conventional gyrotron, higher harmonic
operation is difficult to realize, because the efficiency
decreases with harmonic number. The third harmonic
operation was very rare.

Recently, we have developed a high harmonic
gyrotron with an axis-encircling, high power electron
beam. > A gyrotron with an axis-encircling electron
beam (a so called large orbit gyrotron “LOG” ) is
capable of n th harmonic operation (n = 3, 4 ...),
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because the high efficiency is kept even at high
harmonic of electron cyclotron frequency.

Moreover, A gyrotron is capable of high power
radiation by using a high power electron beam. A
high power LOG is being developed. We use a pulsed
power generator “ETIGO-IV” for generation of a
high power electron beam. * ETIGO-IV is capable of
delivering to matched load an output pulse 400 kV in
peak voltage, 13 kA in peak current and 120 ns in
pulse length at the repetition rate of 1 Hz.

In this paper, the design of LOG with a high power
electron beam, construction and results of
preliminary tests are described.

II. Operation mechanism and Advantage of LOG

The LOG is characterized by the trajectory of the
electron beam in the cavity it is shown in Fig. 1. A
beam electron gyrates around the center axis of the
cavity ¥, while in a conventional gyrotron, a beam
electron rotates around a gyration center located on a
concentric cylinder of cavity. When we use an axis-
encircling electron beam and TE,, cavity mode, the
interaction the electron beam and the high frequency
electromagnetic wave takes place at the n th
harmonic. Therefore, we can expect good mode
selection, because mode competition with lower
harmonics does not occur. This is an importantly
advantage, because mode competition is the most
severe problem in conventional high harmonic
gyrotrons.
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Fig. 1 Trajectory of electron beam in the cavity.
Conventional gyrotron (left) and LOG (right). “R”

Some parameters of the LOG were obtained for
fundamental, second harmonic and fourth harmonic
operations. Table 1 shows some parameters for three
type operations. For fundamental operation, the
frequency is 143.6 GHz. Corresponding cavity mode
is TE;s. The output power is 9 MW. For second
harmonic operation, the frequency is 256.7 GHz.
Corresponding cavity mode is TEy,. The output
power is 1.5 MW. For fourth harmonic operation, the
frequency is 312.0 GHz. Corresponding cavity mode
is TE44. The output power is 0.2 MW.

Table 1 Parameters of cavities.

means beam radius. “7” means lamor radius. Harmonic number 1 2 4

Operation mode TE 4 TE»4 TE44

Q value 143.6 256.7 312.0
11, Experimental setup Frequency [GHZ] 678 2317 7398

Fig. 2 shows a schematic drawing of the LOG Power [MW] 9.0 1.5 0.2
device. Numerical simulation was carried out for Efficiency [%] 11.3 6.5 1.7
optimization of the electron gun, the magnet system
and the cavity. 7 Cavity radius [mm] 3.90 245 2.44
The electron gun is diode type. An electron beam is Cavity length [mm] 100 10.0 15.0
generated from a solid cathode by explosive emission. Magnetic field [T] 8.0 7.6 4.57
The maximum accelerating voltage is 400 kV. An
axis-encircling electron beam is formed passing Electron energy [kV] 400 381 381
through thin slit in anode plate and cusp magnetic Beam current [A] 200 60 30
field. Beam current is controlled by shape of the slit. Pitch factor 151 1.6 1.6
The cusp magnetic field is produced by combination
of five cw coils and a pulse coil. The electron beam is
injected into the cavity following to the magnetic
field.
CW coils
Pulse coil
ETIGO-1V
-
5 A t
|
l |
; Collector Window
- Cawity
To Pump
- 15745 mm e
Fig. 2 Schematic drawing of the LOG device.




The inside of the LOG tube is pumped out by an
cryogenic pump. The pressure is kept at 10 torr. A
collector is used to monitor the beam current, and the
electromagnetic wave generated in the cavity is
transmitted along a collector as a circular wave guide.
A pyroelectric detector is used to monitor the
gyrotron output emitted from a vacuum window.

IV. Experimental results

The preliminary tests of the gyrotron sube have
being carried out at fundamental operation. The test
results are as follows.

Fig. 3 shows typical diode waveforms. The diode
valtage was 400 kV in peak. The diode current was 7
KA in peak. The pulse width was 120 ns. The flattop
was not obtained, because evolution of cathode
plasmas was effective. -
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Fig.3 Diode waveforms (voltage and current).

The operation test of the gyrotron was carried out
in two ways. One way is conventional gyrotron
operation without cusp magnetic field. Additional cw
coils was not used. Main pulse magnetic field was
adjusted to 8 T. Fig. 4 shows collector currents. Four
shots were monitored at the same condition, but
waveforms had two types of variation with current of
several A. Fig. 5 shows output voltage of pyroelectric
detector at the same shots in Fig. 4. If peak of beam
current was around diode voltage of 400 kv, output
voltage of the pyroelectric detector was higher. But,
pyroelectric detector does not have fast time response.
Therefore, we could not fine the detail of information
of gyrotron output.
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Fig. 5 Output of pyroelectric detector.
‘ Without cusp magnetic field.

The other way is large orbit gyrotron operation with
cusp magnetic field. Current of the additional cw
coils was 240 A. Main pulse magnetic field was
adjusted to 8 T. The cusp point was between the
cathode and the anode. Fig. 6 shows collector
currents. Two shots ware monitored at the same
condition. Fig. 7 shows output voltage of pyroelectric
detector at the same shots in Fig. 6. output of the
pyroelectric detector was not obtained, because beam
current was only 0.5 A.

In the experiments, the electron trajectory was not
optimized, because the electrooptic system of
electron gun was changed by space charge effect.
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Fig. 7 Output of pyroelectric detector.
With cusp magnetic field.

V. Conclusion

We have constructed a large orbit gyrotron (LOG)
with a pulsed power electron beam. The electron gun
and the profile of the magnetic field ware designed
for generation of a high quality axis-encircling
electron beam with a small ripple and large pitch
factor. Experimental test was carried out for
fundamental operation. A cavity was optimized for
TE 4 cavity mode.

Expected beam current was 200 A, but obtained
beam current was 0.5 A in LOG operation. Therefore,
radiation power was very low. The optimization of
electrooptic system of electron gun is need in
experiments.
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Abstract

We are studying large orbit gyrotron (LOG) as
an oscillator for far-infrared radiation. LOG is a
gyrotron that uses axis-encircling electron beam
whose guiding center situates on the center axis.
Numerical simulations were performed using the
particle-in-cell simulation code “MAGIC”. The
simulations were carried out by dividing LOG into
two portions, the electron beam diode and the
interaction cavity. The electron beam parameters
obtained by two-dimensional simulations of the
electron beam diode are used as the boundary
conditions for the three-dimensional simulations of
the interaction cavity. The simulation was
performed in the range of intensity of magnetic field
of 6-8 T. As the results, output power can expect
about 1 MW at about 100 GHz.  The simulation
results were used to perform experimental device
design and to understand the general behaviors of
LOG.

Keywords- far-infrared radiation, electron beam, Large
Orbit Gyrotron , terahert; radiation

I. INTRODUCTION

High power microwave (HPM) sources have
various applications in thermal nuclear fusion, pulsed
radar, particle acceleration, wireless power
transmission, and other industrial and military fields.
Among many kinds of HPM generators, gyrotron has
advantages in high efficiency and high frequency".

Gyrotron is a microwave oscillator that makes use
of the electron cyclotron motion in a magnetic field.
The oscillation happens when the electron-beam
bunching occurs at the resonant frequency. For this
reason, the oscillation frequency depends on the
strength of the applied magnetic fields.

Gyrotron is considered to be a potential source for
powerful radiation in far-infrared region.?
Electromagnetic waves in this frequency range are
expected to have many applications in new-material
development, advanced analysis, and plasma
diagnostics. The challenge of using gyrotron for
generation of far-infrared radiation is achieving high
frequency and mode control.

For example, the electron cyclotron frequency in
THz range corresponds to a magnetic field on the
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order of tens of Teslas, which is very difficult to
obtain experimentally. A practical method to multiply
the oscillation frequency without increasing the
magnetic field is making use of the higher harmonic
modes. However, due to strong mode competition, the
experimentally obtained efficiency for higher
harmonics is usually very low for conventional
gyrotrons.

Large Orbit Gyrotron ( LOG ) is a special type of
gyrotron, where the electron cyclotron radius equals
the beam radius. Due to this unique property, it is
theoretically expected that the mode competition can
be effectively controlled so that the higher harmonic
wave efficiency can be significantly increased.

In this paper, a LOG is studied by simulation code
“MAGIC”® which is a fully electromagnetic,
relativistic, particle-in-cell simulation code widely
used for plasma and particle beam studies. The
simulations are carried out for electron-beam
parameters of pulsed power generator “ETIGO-IV”»,©®
L.e., diode voltage of 400 KV, diode current of 13 kA,
and pulse width of 120 nsec.

In the simulation, the LOG is divided into two
portions, an electron-beam diode and an interaction
cavity.  The diode is studied by using two-
deimensional simulations and the interaction cavity is
studied by using three-dimensional simulations. This
paper reports our recent simulation results of the
electron-beam diode and the interaction cavity.

II. NUMERICAL SIMULATIONS

A.  Structure of large orbit gyrotron ( LOG )™

The general view of LOG under present
development is shown in Fig. 1. A CW coil generates
magnetic field for forming the helical electron beam
and a pulsed coil provides strong magnetic field for
the interaction cavity. When a high voltage is applied
between the anode-cathode gap, an electron beam is
extracted from the cathode and accelerated toward the
anode. Since the cathode is in a cusped magnetic field,
the electrons have large component of momentum
perpendicular to the magnetic field when they reach
the anode. The gradient of the axial magnetic field
between the anode and the cavity further increases the
perpendicular component of the electron momentum
and compresses the electron beam diameter. The ideal




situation at the cavity entrance is a thin electron beam
having a cyclotron radius that equals to the beam
radius and a cyclotron frequency that resonates with
the cavity.

Cathode

Fig.1 The general view of LOG

B. Particle-in-cell simulation™”

The simulation model of the electron diode and its
distribution of the intensity of the magnetic field are
shown in Fig. 2. It is axially symmetric and the
simulation is carried out in 2.5-dimensional cylindrical
coordinate. Across the anode slit, an aluminum foil of
1.0 nm in thickness is used in order to define the
electrical potential of the inner part of the anode.
Electrons are emitted from the cathode surface facing
the anode. Both electrodes are considered as perfect
conductors.
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Fig.2 The simulation model and distribution of the

magnetic field of the electron beam diode.

The applied voltage is 320 kV, which is the output
voltage range of “ETIGO- IV ”.  However, for
simplicity, a constant voltage is used instead of the
real waveform. The cell size is 0.1 X 0.1 mm and the
simulation time is 4 ns. ‘L'he applied magnetic field is
varied in the rang of 6-8 T, which is the output
magnetic field range of our coils, typical distribution
on the center axis is also that shown in Fig. 2 (z= 75 is
the emission surface ).
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The current of the CW coils and pulse coil changes
this magnetic field distribution. The CW coils
changes the position of the cusp region. The pulse coil
changes the peak intensity of the magnetic field and
distribution of magnetic field.

The electron map obtained from the simulation is
shown in Fig. 3. From Fig. 3, it is seen that the
electrons are emitted from the cathode and only a
small portion of them can pass through the anode slit.
From Fig. 3(a), the electrons reached the right
boundary of the simulation model are only a small
portion, because the electrons passed through the
anode slit impact the tube. In contrast. from Fig. 3
(b), the rate of electrons impacted the tube is decreased.

200
(B~3}

( a) minimum radius of taper = 1.2 mm

50

100 150
(b ) minimum radids éFtaper =2.7 mm
Fig. 3 The electron map obtained by the simulation.
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The electron beam parameters, electron
mentum parallel to the magnetic field (P,),
perpendicular to the magnetic field (P,) and beam
current are shown in Fig. 4. And the dependence of
the electron beam momentums on the distance is
shown in Fig. 5. From Fig. 4, the annular beam that
incidence of the interaction cavity is a very little
current, and P, tend to increase and P, tend to
decrease. And from Fig. 5, the electron beam exhibits
large energy spread which is considered to be caused
by the space charge effect and mirror effect.
Therefore, it is necessary to improve the diode
configuration.
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Fig. 5 Distribution of electron momentum on distance

The simulation model for interaction cavity is
shown in Fig. 6. It is axially symmetric and the
simulation is carried out in three-dimensional
cylindrical coordinate. The objects are considered as
perfect conductors. An electron beam which had
beam current equals to 25 A and pitch-factor of 1.5 is
injected from the left boundary. The cell size is
0.1mm X 0.1mm X 0.0625 = and simulation time is 4
ns. The applied magnetic field is the same as that of
the diode model.

Wave guide
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Fig. 6 The simulation model of interaction cavity
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The electron map obtained from the simulation is
shown in Fig. 7. From Fig. 7, the electron beam
breaks down its form a little and has a certain
thickness.
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Fig. 7 The electron map obtained by simulation

Figure 8 shows the time history of the electric field
E,. Electromagnetic wave generation is verified by
the strong oscillatory behavior of the electric field as
seen in Fig. 8 (a). Fig. 8 (b) shows the frequency
spectrum of the electromagnetic wave by the FFT of
the Fig. 8 (a).

The dependence of oscillation frequency on
intensity of magnetic field is shown in Fig. 9. As a
result, in the range from 6 to 8 T, it turns out that it is
not single mode oscillation. As a cause, it is thought
to the parameter of the electron beam that is carrying
out incidence that the form of interaction cavity is not
the optimal. About this, it is due to improve from now
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Fig. 9 Dependence of oscillation frequency on
magnetic field.

Figure 9 shows the typical waveform of output
electro-magnetic power and dependence of output
power on intensity of magnetic field obtained by the
simulation. The Poynting vector measured at the
outlet of waveguide determines the electromagnetic

power. As the results, output power can expect about
1 MW,
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III. CONCLUSIONS

Numerical simulations are carried out for large
orbit gyrotron (LOG). The simulation model divides
the LOG into two portions, the electron diode and the
interaction cavity. This paper reports the simulation
results on the diode and the interaction cavity. As a
result, electron beam from the diode exhibits large
energy spread which is considered to be caused by the

space charge effect and some mirror effects. It is
necessary to improve the diode configuration.
Output power and frequency of the

electromagnetic wave are obtained to be ~ 1 MW and
~ 150 GHz, respectively. However, it turns out that,
its frequency spectrum had two or more peaks are

identified by the FFT and not a single mode oscillation.
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