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Abstract
The papers presented at the symposium on “New aspects of high energy density plasma’ held
at National Institute for Fusion Science are collected in this proceedings. The papers reflect
the present status and recent progress in the experiments and theoretical works on high energy
density plasma produced by pulsed power technology.
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PREFACE

The collaborative research symposium on “New aspects of high energy density plasma’ was
held at National Institute for Fusion Science (NIFS), Toki, from 7 to 8 May, 2005. During the
two days, 60 scientists and students attended from universities and institutes. Totally 31
papers were presented at the symposium on the physics and applications of Z-pinch plasmas,
high power particle beams pulsed discharge and pulsed power technology. The proceedings
contain most of the papers presented at the symposium. Great achievements were obtained by
this symposium through fruitful discussions. | would like to express my sincere thanks to all
of the authors, participants and stuff of National Institute for Fusion Science.

Eiki Hotta

Department of Energy Sciences

Interdisciplinary Graduate School of
Science and Engineering

Tokyo Institute of Technology
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Sudy of Plasma Focus Device for EUV Sour ce Development

Nobuaki Oshima, Yugo Kubota, Tomoyuki Yokoo, Weihua Jiang and Kiyoshi Yatsui
Extreme Energy-Density Research Institute, Nagaoka University of Technology
Nagaoka, Niigata 940-2188, Japan

Akira Tokuchi
Nichicon Corporation
2-3-1, Yagura, Kusatsu, Shiga, 525-0053, Japan

Abstract

Generation of extreme ultra-violet (EUV) emission was studied by using a plasma focus device driven

by a pulsed high-current generator.

full-width of 450 ns, with a current-rising rate of approximately 200 kA/pus.

The driving current pulse had a peak value of 31.7 kA and a

Visible light images of the

source during discharge were obtained by a high-speed camera. The EUV spectra radiated from the

plasma were measured by a spectrometer.

Keyword : pulsed power, magnetic pulse compression, EUV, plasmafocus, IGBT

1. Introduction
Development of the advanced semiconductor
technologies in recent years has greatly improved the
computers and other information-processing instruments
in both speed and capacity.  The semiconductor
lithography technology, which is the fine processing
technology for projecting circuit patterns on to silicon
is especialy
The resolution of the lithography is

wafer surface, important in this
development.

determined by the following equation®.

2
R =k~
14

where k; is constant determined by the resist process
conditions, A is the wavelength of the light source, and
NA isthe numerical aperture of the optical system. Itis

seen that the resolution R is proportional to wavelength 1

and the wavelength of the light source has to be reduced
in order to achieve higher resolution of lithography.

The light source for the next generation lithography is
demanded by the semiconductor industry. Among
severa potential candidates, extreme ultraviolet (EUV)
light at 13.5 nm has been chosen due to the fact that there
exists a multilayer coating® that has a relatively high
reflectance near this wavelength. The required EUV
source specifications includes an output power in the
range of 100 W ~ 120 W, a bandwidth of 2 % at the
wavelength of 13.5 nm, an energy stability of + 0.3 %,
and a lifetime of more than one year.

The EUV emission can be obtained from a high
temperature and high density plasma. In order to
generate such plasma, basically two approaches have

been suggested. One is laser produced plasma (LPP)



and the other is discharge produced plasma (DPP). In
LPP, atarget is blasted out from a nozzle and irradiated
by a high-power pulsed laser @ @, In DPP, pulsed
high- current discharge is carried out in the source gas®"
©®. We are studying EUV generation by DPP for the
reason that DPP has advantages of low cost and high
efficiency compared to LPP. A pulsed high-current
generator has been developed for EUV generation in our

7)

previous studies”.  In this paper, a plasma focus device

is designed and tested on the high-current generator.

2. Experimental Setup
2.1 Pulsed power generator

Plasma focus systems were driven by large pulsed
power generators with energy storage more than tens of
kJ ® O These generators are not applicable to EUV
generation due to their disability in repetitive operation.
We have developed a repetitive pulsed high-current
generator as shown in Figs. 1 and 2 ).  The generator
consists of two units. One is a resonant charging unit
which is used to charge C, and the other is a magnetic
pulse compression ™ unit which compresses the pulsed
output of C,.
shorted load is shown in Fig. 3. It has a peak value of

40.2 kA and afull-width of 397 ns. From this

A typical output current waveform on a

— 3 e~ e e
—> —  —>
Voe ly [ ° Iy I, Load
—  Coc= c, ;Hi —c¢ =—cq
55 mF 16.8 pF ‘ 1.33 pF 111 pF

Fig.1 A schematic diagram of the generator.
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Fig.2 Cross-sectional view of designed generator.



waveform, the current rise rate is approximately 280
kA/us and the inductance after C, is calculated to be 15.2

nH. The output voltage on an open load shown in Fig.

4 ismeasured in order to confirm the stored energy on C,.

From this waveform, the voltage on C, is 4 kV and the

energy is calculated to be 8.9 J.

Current, I,[ 10 kA/div ]

Time, t[ 100 ng/div ]
Fig.3 Typical output current on a shorted load.

Voltage, Vo [ 2kV/div ]

|
Time, t[ 10 ug/div ]
Fig.4 Output voltage on an open load.

2.2 Plasmafocus system
The designed plasmafocus diode is called Mather type
The anode is made of stainless

In order to feed

® as shown in Fig. 5.
steel, with an outer diameter of 10mm.
Xe gas at the tip of the anode which is the focus point,
the anode has an opening with diameter of 3 mm on the
central axis. It isrequired that the melting point of the
insulator should be high because it is exposed to a high
temperature plasma.  Therefore, an Al,O3 (melting point
> 2000 °C) plateis used astheinsulator. The cathodeis

made of copper, with an inner diameter is 13 mm.

The plasma focus diode is placed in the vacuum
chamber. It is exhausted by a turbo-molecular-pump to
5x 102 Pa  After that, Xe and He gases with flow rates

of 50 sccm are injected into the chamber increasing the

pressure to 10 Pa.
Anode
NN
‘ Cathode
ey ' |
|
|
[ P —|
i
|
‘ -
|
i
|

‘ Insulator

Fig.5 Schematic diagram of M ather type plasma focus.

3. Resultsand Discussions
3.1 Discharge current

Typical discharge current is shown in Fig. 6. The
waveform has peak value of 31.7 kA and full-width of
450 ns. The current rise rate is approximately 200
kA/us and the inductance after C,, including the plasma
focus diode, is calculated to be 185 nH. The plasma

focus has caused the inductance increase of ~ 3.3 nH.

Current, I, [ 10 kA/div ]

Time, t [ 100 ng/div ]
Fig.6 Typical output current on ashorted load.



3.2 Observation of sourceimage

EUV is emitted from a high temperature and high
density plasma. In order to generate such plasma, a
plasma focus is developed in this study. Therefore, it is
important that a high-temperature and high-density
plasma is formed at the focus point. Shown in Figs. 7
and 8 are visible light images taken by a digital camera
and a high-speed camera ( UltraNAC FS501, of which

the specification isshown in Table 1 ).

Tablel Technical specification of the high-speed camera.
Frame speed 5 x 10° ~ 20 x 10° frames/sec
Exposure time 10 ns~ 200 us
Inter-frame time 40 us~ 200 us
Inner delay 30ns~40ns
Photographic sensitivity 400 nm ~ 900 nm

Fig. 7 Visible light images taken by digital camera.

1080 ns

Fig. 8 Visible light images of the plasma focus diode
during the discharge. The exposure time is 100 ns, the
inter-frame time is 40 ns.

It is seen from Figs. 7 and 8 that very intense light
emission is observed near the tip of the anode, indicating
the existence of a discharge plasma. However, due to
the high intensity of the light emission and the saturation
of the exposure, it was not possible to quantitatively
determine the spacial dimension of the light source.
Therefore, it has not yet been directly confirmed that a

dense focus did happen in our experiment.

3.3 Spectral characterization of the source

The EUV spectra were obtained using the grating
incidence spectrometer, as shown in Fig. 9. It consists
of a Zr filter, a dit, a diffraction grating with 1200
lines’'mm, and a EUV-sensitive CCD. In this setup, the
measurable range of wavelength is 5 nm to 50 nm.
Figure 10 shows a spectrum emitted from the plasma
focus. Since the spectrometer is not yet calibrated, the
horizontal axis is the pixel number of the CCD.
Although the absolute wavelength is not determined, the

light emission in the wavelength range of 5-50 nm is

confirmed.
CCD alloy
Slit
Source  Zrfilter
Grating
900 mm 100 mm 240 mm 235 mm

Fig. 9 Schematic of the transmission grating spectrometer.



Intensity [ a.u. ]

0 200

400 600 800 1000

Pixcel number
Fig. 10 Spectraemitted from the plasma focus.

4. Conclusions
A plasma focus diode has been driven by a pulsed high
current generator. Visible light images of the light

source and an EUV spectrum were obtained by a

high-speed camera and a grating incidence spectrometer,

respectively. The following conclusions have been
obtained.

(1) The discharge current from C,, which is charged to
4 kV, has a peak value of 31.7 kA and a full-width
of 450 ns, with a current rise rate of 200 kA/pus.

(2) The focus point is not confirmed although intense
light emission around the plasma focus diode is
confirmed.

(3) Light emission in wavelength range from 5 ~ 50 nm

is obtained.
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Plasma Focus EUV Radiation Source

T. Hayashi and K. Takasugi

College of Science and Technology, Nihon University
1-8-14 Kanda-surugadai, Chiyoda-ku, Tokyo 101-8308, JAPAN

A small plasma focus device was constructed for the EUV radiation experiment. The storage energy
of capacitor bank is 3.4 kJ, and the maximum discharge current is 125 kA. Although the device was not
well optimized for strong pinch, EUV radiation was observed from bulk plasma. The plasma dynamics
was affected by electrode material, and the use of Sn electrode was proved to be effective for producing

Sn plasma.

Keywords: plasma focus, EUV, radiation source, Sn

I. Introduction

Self-contracting systems such as z-pinches and
plasma focus are efficient for generating high density
and high temperature plasma.[1] Among the systems
the plasma focus has advantages as EUV radiation
source to the conventional z-pinches. The plasma
focus has a single radiation point, which is produced
by 3-dimensional local concentration of stored energy.
The location of the point (hot spot) is reproducible and
the size is small. During the contraction process, the
ambient gas is collected by snowplow, and the
self-absorption of EUV emission by the gas is
minimized. The focus plasma has a directed
momentum due to the anti-symmetric configuration of
discharge electrodes, and the exhaust of plasma after
maximum pinch can be removed easily.

Recently EUV light source at the wavelength of
13.5 nm is strongly demanded for the next generation
semiconductor lithography. The development of the
light source using Xe or Sn has been undergoing. In a
gas-puff z-pinch experiment EUV radiation from
electrode material has been observed,[2] and this
implies possibility for new source of radiation. We
propose a method of producing Sn plasma in a small
plasma focus device. Some new results on EUV
radiation and metal plasma generation are presented.

II. Experimental Setup

Schematic drawing of the plasma focus device is
shown in Fig. 1. The storage section consists of 7.5 uF
fast capacitor bank which is charged up to 30 kV (3.4
kJ). The diameters of center conductor and chamber
wall are 30 mm and 156 mm, respectively. The center
conductor (anode) has a hole on its top in order to
prevent concentration of discharge current. A
Rogowski coil is used for the measurement of the
discharge current. Ar or He gas is used in this

experiment. The operating gas is supplied by a needle
valve (gas nozzle).

A scintillation probe is used for detecting time
dependent signal of soft x-ray emitted from the
plasma. The probe is filtered by a 10 pm Be window,

Gas Nozzle

S T
Rogowski Coil

it~ N [ '

N <

Ja N\

_]i?w|ch ][]2
—

N

Anode

Capacitor Bank

Insulator
nsulator ety

Fig. 1 Schematic drawing of the plasma focus device.

Parameters Value
Maximum Current  [kA] 125
Quarter Period [us] 2.83
Decay Time [us] 30.0
Inductance [nH] 430
Resistance. [nQ] 25.6

Table 1. Circuit parameters of the discharge system.



and it is sensitive to x-ray whose energy is above 1
keV. The sensitive range of the probe contains both
K-shell radiation of Ar ions and K, radiation of
impurity metals coming from Hot Spots. The EUV
light emitted from the plasma is detected by an x-ray
diode (XRD) with Al photocathode. The XRD covers
wide range of energy from UV to soft x-ray (1 — 100
nm).

Table 1 shows circuit parameters of the discharge
system measured by short-circuiting the electrodes.
The peak current at the charged voltage of 30 kV is
125 kA. The quarter period of the oscillating current is
2.83 ps and the decay time of the envelope is 30 ps.
From those measurements the circuit inductance is
obtained as 430 nH, and the circuit resistance is 25.6
nQ. The inductance is rather high for conventional
plasma focus device, and it is not well optimized for
strong pinch.

(a)
150 : T 1
——— Current (kA) -— XRD(V)
100 ‘ / \\ | 0.8
/ \ 3
o | @
é 50 / ; 06 3
£ f =
@ ".ro" | [
5 0 f 0.4 g
¥ / L é 5
/ \ ? =
-50 : e 0.2
", ~ N Q.
/ b
| A lI\""---.n
-100 el = 0
=2 -1 0 1 2 3 4 5 6
Time(us)
(b)
0.7 T ; T T
. —e— Intensity (arb. unit)
‘E 0.5 | } ; =
= | |
=
2 04—
i1
£
[4 7 J S
0.2 | ] 1 |

0 0.02 0.04 0.06 0.08 0.1
Gas Pressure(Torr)

Fig. 2 (a) Discharge current and EUV signal of Ar
z-pinch plasma with Al electrode. (b) Gas pressure
dependence of EUV intensity.

III. Experimental Results

First we made Ar discharge with Al electrode, as we
have experiences on Ar z-pinch. If we have hot spots,
we can detect soft x-ray from He-like Ar ion, and also
we can have EUV emission from Ne-like (Ar X) or
Na-like (Ar IX) ions.

Figure 2 (a) shows typical discharge current and
EUV signal of Ar discharge, and Figure 2 (b) shows a
dependence of EUV intensity with gas pressure.
Current peak occurs at the time nearly equal 2.83 ps.
The EUV signal comes from highly ionized Ar ions,
and is the evidence of hot plasma formation. The
signal is spread over few microseconds, and the
intensity decreases slowly with the pressure. As the
amount of gas is proportional to the gas pressure, the
decreasing tendency indicates the decrease of electron
temperature. Soft x-ray signal was not observed in the
experiment.

(a)
150 T 1
=t Gurrent (kA) s - XRD;:V)
100 i " - ; - 0.8
=1
—_ (0]
é 50 | {063
£ =
4h]
—
5 0 A 0.4
O L1 P =
’ -, =
7 . E
i ~
-50 / NN o02
] “'\
/ [
) >, &
-100 e L 0
-2 -1 0 1 2 S 4 5 6
Time(us)
(b)
0.7
—e— Intensity (arb. unit)
0.6
.*é
g 0.5
[
&
r
2 0.4 =
o o—F—0 —e—
=
0.3
0.2
o} 0.02 0.04 0.06 0.08 0.1

Gas Prssure(Torr)

Fig. 3 (a) Discharge current and EUV signal of He
z-pinch plasma with Al electrode. (b) Gas pressure
dependence of EUV intensity.
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Next we made He discharge in order to utilize
electrode materials for EUV radiation. Figure 3 (a)
shows typical discharge current and EUV signal of He
discharge with Al electrode. Both waveforms are
similar to those of Ar discharge. As He plasma does
not emit EUV line radiation, the EUV signal comes
from Al ions. Figure 3 (b) shows a dependence of
EUYV intensity as a function of gas pressure. The EUV
signal is almost constant with the pressure.

Figure 4 (a) shows discharge current and EUV
signal of He discharge with Sn electrode. The current
waveform is similar to the other discharges, but EUV
intensity is much higher than them. The pressure
dependence of EUV signal is almost constant.

In Fig. 5 pinch times of discharges with Al and Sn
electrodes are compared. The pinch time of discharge
with Sn electrode is clearly longer than that with Al

electrode. The difference comes from the amount of
contamination of electrode materials in the pinch
medium, and the dynamics was changed.

IV. MHD Simulation

2-dimensional MHD simulation was carried out for
better understanding of the development of plasma
focus. The MHD code has been developed by Dr. V.
Vikhrev in Kurchatov Institute.

Figure 6 shows evolution of plasma focus discharge
with the experimental parameters. The 7.5 uF
capacitor bank is charged up to 30 kV, and the
chamber is filled with 5.0 Torr D, gas. The discharge
is initiated on the surface of the insulator. The current
sheet goes down to the right slowly. The velocity of
the sheet is a little higher near the center conductor,
and it becomes obvious at time 1.8 us (Fig. 6 (a)). The
balloon of current sheet develops near the center
conductor, and it comes to the front surface of the
conductor at time 2.2 us (Fig. 6 (b)). And it reaches to
the hole of the conductor at time 2.4 ps (Fig. 6 (¢)).
The radial motion is very rapid and finally the balloon
contracts on the center axis at time 2.5 ps (Fig. 6 (d)).
The simulation shows that the axial flow velocity is
rather slow, but a ballooning occurs near the center
conductor, and the radial motion of the balloon is
rapid. The discharge current at the maximum pinch is
123 kA, which reproduces experimental results.

Time(us)
L8]

Gas Pressure(Torr)

Fig. 5 Effect of electrode materials on the pinch time
of z-pinch plasmas.
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V. Summary and Discussion

A small plasma focus device was constructed for
EUYV radiation experiment. The maximum current and
the quarter period are almost the same as the values
expected from circuit parameters. This means that the
change of plasma inductance due to dynamic pinch is
small compared to the circuit inductance, and the
efficiency of energy transfer is small.

In every discharge, the period of EUV radiation is
comparable to the current pulse. This indicates that the
plasma temperature is low, and the radiation comes
from bulk plasma. Pinch is not so strong to produce
hot plasma.

As shown in Fig. 5, the pinch time is different for
each electrode materials. This means that the
evaporated electrode materials are contaminated to the
pinch medium. As the melting point of Sn is lower
than Al, Sn is much easier to be evaporated for taking
in the pinch plasma, and the use of Sn electrode was
proved to be effective for producing Sn plasma.

MHD simulation of the focus development shows
that only a small amount of the plasma near the center
electrode moves rapidly to produce pinch plasma. The
rest large amount of plasma does not contribute to the
pinch plasma formation. This geometry of plasma
focus needs to be improved for more efficient energy
transfer.
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A SKETCH ON PROBLEMS OF DISCHARGE
PUMPED PLASMA EUV SOURCES
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This paper presents a brief review on the some rigid requirements of source for the extreme-ultraviolet
lithography (EUVL) system. In addition, the conversion efficiency of xenon plasma in the pulsed power
generator-based Z discharge plasmas is studied using an analytical snow-plow model coupled to the circuit
equations and a zero-dimensional collisional radiative model. As an example and in connection with fast
plasma heating in capillary-discharged plasma EUV source, the transient ionization effect on the plasma
conversion efficiency ofid® — 4d’5p transitions A ~ 13.5 nm, i.e., in-band transitions) of xenon has been
theoretically investigated using one-dimensional, two-temperatures magnetohydrodynamic (MHD) model
which includes a time-dependent xenon ionization model. Results indicate that for high volume manufactur-
ing (HVM) EUVL system, the required in-band power is beyond of xenon gas at the current experimental

conditions using a single discharge system.

Keywords: extreme-ultraviolet lithography, EUV source, conversion efficiency, Z discharge, capillary dis-

charge, MHD model, ionization dynamics

BACKGROUND

Pulsed power generator-based Z discharge plas-
mas have proved to be an effective source of soft x-
ray radiation. In particular, in the past few years
capillary-discharged plasmas became reliable table top
light sources in the soft x-ray and extreme ultravio-
let (EUV) spectrum range. They opened up the way
for a laboratory operation of a variety of applications
such as the generation of intense coherent soft x-ray
radiation, [1] laser wakefield accelerators, [2] or ex-
treme ultraviolet lithography (EUVL). [3] The latter is
of great commercial interest because it is the extension
of today’s optical lithography towards shorter wave-
length. Currently, the work focused on three ionic
systems (xenon, [4] tin, [5] lithium [6]) using laser-
produced plasmas and discharge-produced pinch plas-
mas, [7—18] in which are believed to produce sufficient
flux in the EUV region. Unfortunately, each elements
have some critical problems, in point of view of indus-
trial applications in the EUVL system such as low con-
version efficiency, fast evaporation to the tube wall, or
high debris production. Some of the industrial require-
ments and critical issues related to the source are listed
in Table. 1. In fact, some of the requirements listed in

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

Table 1 Some industrial requirements and critical issues

EUV power (26 bandwidth) 80-120 W
Repetition frequency >6000 Hz
Integrated energy stability +/-0/83
Etendue of source output (1-3.B)ymésr

Source power and lifetime including condenser optics
Debris mitigation

Heat removal from discharge tube < 30 kW

Table. 1 depend on the companies, for instance, the
Etendue for Canon’s requirementds1 mn¥sr. In
addition, these are few requirements which are inter-
ested in the present article. Figure 1 shows a cartoon
of source position and requirement power at the source
and intermediate focus. The requirement power at the
source is calculated based on the average value of the
Etendue range. The Etendue is the measure of light
gathering power which depends on the source size and
numerical apertureNA), for instance, in the case of
the spherical source, it is expressed as Etendug'2 (

x Plasma Diametex NA)?. Therefore, the Etendue
limits the source size, as shown approximately in Fig.

We are interested to carry out the present work by
our interest in the possible use of pulsed-power plasma
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Fig. 1 A cartoon of source position and power require-
ments at the source and intermediate focus. The
plasma source size is approximately based on the
Etendue range.

Table 2 Capillary discharge source

Some of the advantages

Direct and efficient electric discharge EUV production
Simple and compact

Scalable to multi-kHz operation

Stabilized against neck-type instabilities

Etendue well-matched to andB-tools

Some of the challenges

Capillary erosion and required replacement

Debris mitigation

EUV power (xenon), big issue (tin): debris, supply and re-
move tin

sources of the capillary-discharged Z pinch type in
light source experiments. In fact, with regards to the
process of EUV radiation, all axially symmetrical dis-
charges can be subdivided in two unequal groups of
stabilized and non-stabilized against neck (sausage)
type instabilities: 1) capillary-discharged (wall sta-
bilized discharges), and 2) Z discharges (Z pinches,
plasma focus, gas embedded Z pinches, etc.), respec-
tively. Table 2 shows some of the characteristics of
capillary-discharged EUV source. A comparison of
different discharge-produced pinch plasmas could be
found in literature, for instance see refs. 19 and 20.

DISCUSSION AND CONCLUSIONS

Although xenon as a working gas has advantages
compared with other ionic systems, for instance, ow-
ing to the low debris production due to it's inert char-

acteristics at the room temperature, unfortunately, it's
conversion efficiency (CE) to EUV in-band radiation
(namely, within2% bandwidth centered at wavelength
of ~ 13.42 nm [21]) is small (perhaps the best result is
~ 0.16% sr 1 in Z discharge [5]) since a huge driving
power is required to achieve practical exposure inten-
sities at an intermediate focus (L15 W). On the other
hand, the failure in the heat removal from a discharge
bore tube [22] at the high power levet (30 kW) dic-
tates us further investigations toward optimization of
the CE of discharge-produced plasmas. The CE should
depends on the conversion of stored electrical energy
of pulsed-power generator to the internal plasma en-
ergy (i.e., the coupling efficiency of generator (CEG)),
and then to in-band radiation of xenon (namely, the
plasma conversion efficiency (PCE) or the intrinsic CE
of plasma). [10, 23, 24] Theoretical results revealed
that in the discharge-pumped xenon plasma, the tran-
sitions responsible for in-band radiation are mostly in
ten-times-ionized xenon (Xe XI). [9]

(A) The snow-plow model coupled to the circuit
(RLC) equations: The CEG

It is clear that the CEG depends on the de-
sign of pulsed-power generator (such as the induc-
tance and the resistance) and initial parameters of the
plasma load. For instance, the calculation results using
RLC circuit equations coupled to zero-dimensional
dynamic model (a simplified snowplow model [25])
for Z discharge [26, 27] revealed that the optimum
regime of energy coupling to the plasma strongly de-
pends matching between circuit and plasma, namely,
on the mass, tube radius, and inductance. Gener-
ally, the Z pinch radial kinetic energy (namelg, ~
Y1V Timp Where ¢ is the efficiency of the converting
delivered electrical energy into implosion kinetic en-
ergy which depends on the design of generatandV
are the current and voltage at the insulator, apgd is
the implosion time or the pinching time, i.e., the time
of maximum compression) of implosion per unit of Z
pinch massi!) should be optimized to produce max-
imum radiation. This relation shows an optimization
can be done for a loweér and longerTiy, (or longer
rise time of plasma currenty), if we assume thatmp
~ Ty), if cylindrical gas symmetry in implosion phase
could be controlled. However, tH€¢/M can also be
roughly scales as

K/M OV2, 0 (Re/Tmp)? O (Re/T)2 (1)

wherevimp is the implosion velocity an&; is the cap-



illary radius (initial radius of plasma). This scale re-
veals that for a given pulsed-power device (constant
current), for a longem; (Timp), the capillary radius
must be increases to get the same optimurk gf.
Furthermore, an optimum value Kf/M is required to
avoid overheating a small amount of xenon gas (high
temperature of the imploding plasma is generally not
desirable, since this results in a shorter ionization time
of Xe Xl charge state, rapid plasma expansion, low
density, and less effective stagnation) or insufficiently
heating (i.e., long ionization times of the lower charge
states than Xe Xl at the pinching phase) a large amount
of gas.

Figure 2(a) shows a typical results of the nor-
malized plasma radius (namelg = r/Rc) and cur-
rent C= I/Io) calculated using the snow-plow model
coupled to the RLC circuit equations for two different
conditions, namelyRa (Rg) andCx (Rg) against the
normalized time (i.e.T = t/tc), respectively. Here,
te = v/LoCo Wherelg is the fixed stray inductance of
the circuit,Cp is the capacitance of the capacitor bank,
andlg is the maximum of the current. To calculate
the coupling efficiency of the generator to the internal
plasma energy (i.e., the CEG), we follow the methods
described in refs. 26 and 27. The equations are writ-
ten using two scales @ = (ul /2m) /Lo wherel is the
plasma length, and is the permeability of free space.

Other scale izr = tc/t, wheret, = /4m2poRe /I

is the pinching time angy is the initial density. The
coupling efficiency is defined based on the plasma en-
thalpy at the minimum plasm radius (i.e., the max-
imum compression) to the energy initially stored in
Co. [26,27]a is a scaling parameter which shows the
characteristic capacitor discharge time to the charac-
teristic pinch time. B shows the characteristic pinch
inductance to the external inductance. Figure 2(b)
shows that for fixeq3 value, thea parameter which
includes mass, current, and capillary radius must be
selected to make maximize the CEG. In other words,
results based on kinetic energy and energy balance the-
ory revealed that the optimum pinching condition for
sinusoidal-like current is at some point after maximum
where current isv (20-30p6 less. [26—-28]

(B) Zero-dimensional collisional radiative model:
The PCE

The problem of calculating kinetic factors that af-
fect the PCE falls into two parts: the ionization dynam-
ics, which determines the fractional abundance of Xe
Xl charge state and the excited state kinetics, which

0.5

N o o
N ©w S

Coupling Efficiency

Normalized Radii and Currents
o

Homalz Tne

Fig. 2 (a) The normalized plasma radii and currents as
function of normalized time. (b) The coupling ef-
ficiency of energy against a and for different 8 =
0.1, 0.5, 1, and 2 values.

determines the excited states populations of the Xe Xl
stage and the in-band radiation.

In plasmas created by fast capillary discharge,
ionization dynamics are extremely important due to
the very fast timescales of changing hydrodynami-
cal plasma parameters at the pinching time (i.e., at
the maximum compression of plasma), and ionization
state distributions are considered to be far from their
steady-state values. The transient effects become of
increasing importance if the time scales for atomic
processes are large in comparison to the time scales for
the change of the plasma parameters. For example, if
the plasma suffers a fast heating process such as shock
wave heating (i.e§ < (Netn) %, whereNe is the elec-
tron density,§ is the total ionization rate coefficient,
andty, is the heating time), or in the case of fast cooling
(i.e., Tr < (Netc) ™%, whereT, is the total recombination
rate coefficient, antl. is the cooling time) the ioniza-
tion state distributions, and consequently, the average
ionic charge state, lag behind the electron temperature
due to the relaxation effect of different charge states, in
particular in the low electron density regime relevant
to the fast capillary-discharged EUV source.

The dominant ionic charge state in relation to
electron temperature is shown in Fig. 3, for different
values of theNgt parameter whereis the time. The
solid line (Net = 3 x 10 cm~23 s) almost corresponds
to the result of the collisional radiative equilibrium
(CRE) model. We note that the solid line presented
in Fig. 3 is consistent with the previous calculation
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using the CRE model, [29, 30] which gives the tem-
perature range of the maximum Xe Xl ionization state
[ATe(Xe XI)] of 35 < ATe(Xe XlI) < 40 eV. HereTe

is the electron temperature. It should keep in mind
that, the steady-state ionization model (i.e., solid line
in Fig. 3), does not depend on the ionization dynamics,
namely, ionizing plasma history.

Figure 4 shows our calculated spectrum for the
absorption coefficient at the line center of Xe Xl
against the important wavelength region from 13.2 to
13.7 nm aiNe ~ 10 cm~3 andT, ~ 40 eV using the
the necessary atomic data taken from the HULLAC
atomic code package.

In Fig. 5, we show as an example a typical spec-
trum of Xe XI with assumption of 0.02 nm broaden-
ing of the transition lines. Using collisional radiative
model and with comparison of theoretical and exper-
imental spectrum, it is possible to understand more
about the plasma parameters evolution in Z discharge
type sources.

Figure 6 shows a contour plot of the PCE (in the
unit of % sr-1 within a 2% bandwidth (BW), where
2% BW is calculated for thet0.135 nm bandwidth
centered at the wavelength of 13.42 nm [21]) as cal-
culated using the CRE ionization model. To calcu-
late the PCE at% BW, we have evaluated the level
populations and optical depths based on the HULLAC
data. To take into account the radiation transport, a ho-
mogenous plasma cylinder for the pinch plasma with
dimensions of (a) 0.03 cm and (b) 0.04 cm diameter
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Fig. 4 Calculated spectrum of absorption coefficient at
the line center of the Xe XI state versus wave-
length for the region of 13.2 to 13.7 nm at Ng ~
109 cm 3 and Te ~ 40 eV.
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Fig. 5 The spectrum of Xe Xl charge state with assump-
tion of 0.02 nm broadening of the transition lines.

and 0.1 cm length has been assumed. Maximum of
the PCE is achieved fat0'® < Ne < 10 cm=3. In
pinch-type discharge-produced plasmas, the emission
duration depends on the characteristic timescales of
the changing plasma parameters, and also the ioniza-
tion and recombination times of the given ionization
state at pinching time. Generally, in the rapidly ioniz-
ing regime, the emission duration is approximately of
the order of ionization time. However to estimate the
PCE in Fig. 6, a typical value of the emission duration
is estimated on the basis of inertial confinement time to
beAt ~7.2x 1077 (d/cm) v/2Z, (T; /eV)fl/z, where

d is the plasma diameteF, is the ion temperature, and

Za is the atomic number. Note that it is assunied:

Ti. A comparison of Fig. 6(a) and 6(b) indicates that
the larger plasma radius (in fact inside of the Etendue
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limits) increases the PCE owing to the longer lifetime
of the plasma and saturation of resonance lines due to
the higher opacity.

(C) lonization dynamics and one-dimensional
MHD model

In fast capillary discharges, the plasma temper-
ature at pinching time increases rapidly due to the
thermalization through a shock implosion that is con-
sidered as a dominant heating process. [31, 32] The
plasma thermalization timerf) can be estimated by
the time taken for a reflected shock wave to pass
through the collapsing plasma shell that approximately
is given by; Tih ~ d/(v+w). Here,d is the plasma
thicknessy is the shock velocity, and is the veloc-
ity of reflected shock wave. For example, for shock
velocity of v ~ w ~ 5x 10f cm/s (in fact, the re-

flected wave is always slower than primary one), and
plasma thickness a ~ 0.02 cm, the thermalization
time is estimated to be order of 2 ns. Since the re-
laxation time of different ground states of xenon are
greater than the timescale for change of the temper-
ature and density at the pinching time, we coupled
the MHD model to the quasi-steady-state based CR
model. Hence, in order to evaluate the nonequilib-
rium effects on the PCE of Xe Xl ion, the time evolu-
tions of all the ground states are traced during the cal-
culation of hydrodynamical plasma parameters using
the one-dimensional, two-temperatures MHD model
with cylindrical geometry in which is solved in the La-
grangian reference frame. [33]

A plot of the radius-time trajectories of the La-
grangian cells and the driving current is shown in Fig.
7(a). When the plasma is compressed by the azimuthal
magnetic field generated by the induced current in the
skin layer as shown in Fig. 7(a), it is also heated and
finally producing a high density and temperature at the
time of maximum compression called pinch. The time
evolutions of the ion densityX), Te, T, and average
ionic charge stateZ_() against radius for times before
pinching time (implosion phase) and after pinch (ex-
pansion phase) are shown, respectively, in Figs. 7(b),
7(c), 7(d), and 7(e). In addition, Fig. 7(f) shows the
time evolutions ofNe and Te on the capillary axis.
An inspection of Fig. 7 reveals that the plasma tem-
perature at pinching time increases rapidly, in other
words, the maximal radiation in capillary-discharged
EUV source corresponds to the moment of pinch for-
mation. At the pinch, the plasma thermal energy ex-
ceeds the magnetic energy containing the plasma tem-
porarily. As a result, the plasma expands as shown in
Fig. 7(g) and in doing so reduces the temperature and
becomes less dense. The population density of Xe Xl
charge stateN2), Z, and total integrated PCE-(0.14
% sr1) on the lifetimes of Xe Xl stage is shown in
Fig. 7(h). It should be noted that, to estimate opacity
effect, we calculated optical depths and escape prob-
abilities of each Lagrangian cells based on their local
parameters, for instance, photon on the axis experi-
ences absorption of each of the Lagrangian cells be-
fore escaping from the plasma. Comparing Fig. 7(a)
and 7(g) shows that the expansion time~isl4 ns
which has agreement with the time-scale characteris-
tic of the Bennett equilibrium, i.e., the mean Adfv
transit time fa = a/\7A wherea is the plasma radius,

Va (M/s) =(1/4)y/Ho/ MiN1 is the mean Alfén ve-
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total integrated PCE. Note that the total PCE inte-
grated on the lifetime of the Xe Xl charge state.

locity, | is the plasma currenly; is the ion mass, and
N = [2rm(r)rdr is the line density of ion).

If the external parameters (e.g., current pulse,
capillary radius, gas pressure) are controlled in a suit-
able way, it is possible to enhance the conversion effi-
ciency of discharge-pumped plasma EUV sources. For
instance, the calculation results for different initial pa-
rameters reveal that the plasma efficiency of xenon
to in-band radiation up tev 1.5 % in 25T is possi-
ble with optimum selection of plasma parameters. On
the other hand, the coupling efficiency of input energy
from generator (it should keep in mind that, based on
the simple results of the RLC circuit equation coupled
to snow-plow model) to the plasma up to (40-%0s

realistic. Therefore, the total Ck 0.75 in2m. With
assumption of 30 (70) kW input power, the output is
225 (525) W at the source. For HYM EUVL system
(> 1000 W), the required power is beyond of xenon
gas at the current experimental conditions.

The detail of simulation results for different set of
initial parameters and ions, in particular, new concept
to overcome the CE limitation in discharged-pumped
plasma EUV sources will be reported as future works.
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Abstract:  This paper describes the effect of an axial magnetic field (B;) on plasma pinch
dynamics and on the extreme ultraviolet (EUV) emission property of a compact Z-pinch device
for EUV sources. The Z-pinch xenon plasma was driven by a pulse current with an amplitude of
27 kA and duration of 150 ns in an alumina tube with a diameter of 5 mm. A quasi-static
magnetic field of up to 360 gauss is applied to the plasma. The EUV emission was evaluated for
spectra, spatial distribution of the emission, and light energy at 13.5 nm with 2% bandwidth. A
time-resolved interferogram provides the electron line density and pinch dynamics of the plasma.
When a magnetic field of 160 gauss was applied to the plasma, the emission energy was
approximately double that without the magnetic field. The spectroscopic measurement shows that
the EUV spectrum drastically varies with magnetic field strength. The time-resolved
interferogram indicates that the axial magnetic field contributes by making the plasma
compression smoothly and by sustaining certain plasma conditions longer. From these
experimental results, it was concluded that applying an axial magnetic field can be an effective

method to improve EUV emission..

Keywords : Z-pinch, axial magnetic field, EUV, spectrum shift, time-resolved interferogram, electron density

profile

1. INTRODUCTION

Presently, the extreme ultraviolet (EUV) emission of
xenon, tin or lithium ions are intensively being
investigated for its use in future 32 nm or less rule
photolithography process [1]. The "usable" in-band EUV
power (13.5 nm 2%BW) required for the practical
lithography tool is 115 W, which corresponds to the net
output power at the source, is more than 500 W.

Discharge produced plasmas (DPP) are presently the

most powerful EUV source. In DPP EUV sources, with
its highly repetitive operation in the range of 5 kHz, a
huge electrical power of tens of kW is dissipated in the
discharge chamber of which volume is in the range of a
few cm®. The power density at the inner surface facing to
the plasma amounts to tens of kW/cm?. The thermal load
at the chamber causes problems, which degrade the
lifetime of the components including electrodes,
insulator wall as well as the light condenser optics. Most

of the problems in DPP sources attribute the thermal load



to the components. In order to reduce the thermal load, it
is important to minimize the energy input to the
discharge and to improve the conversion efficiency (CE)
from the discharge to in-band EUV energy, in addition to
the  components cooling. The  experimentally
demonstrated CE of the tin discharges EUV source is at
most 2% so far [2,3]. The optimization of the plasma
temperature and density for the 13.5 nm emission is very
important to improve the CE unless new target materials
and their combination for larger CE are found.

The generation process of the high energy density
plasmas in DPP scheme is relatively flexible compared to
the laser produced plasma (LPP) scheme EUV sources,
and dependent on the current waveforms, target gas
pressure, electrode geometry and initial ionization state
of the target gas [4,5]. In addition, applying an axial
magnetic field to the plasma is well known technique to
suppress plasma instabilities during the compression [6],
and used in several experiments of high energy density
plasmas, such as Z-pinch X-ray sources [7] and capillary
DUV lasers. The suppression of the plasma instabilities
and the change in the emission spectra by applying an
axial magnetic field were experimentally demonstrated
[8]. However, there is no experiment that investigates its
effect on practical-scale Z-pinch plasmas. We have
developed a 15 J Z-pinch device for EUV light source to
seek for the possibility to improve the conversion
efficiency from discharge energy to 13.5 nm emission by
using an axial magnetic field. In this paper, an effect of
the axial magnetic field on the EUV emission from
Z-pinch plasmas is discussed on the plasma behavior
observed by using a time-resolved interferogram in
addition to the in-band EUV emission energy and the

EUV spectra.

2. EFFECT OF AXIAL MAGNETIC FIELDS

In a conventional Z-pinch scheme, an annular

plasma, which is produced by a surface discharge at a

cylindrical insulator wall for example, is compressed
by magnetic pressure due to the current flowing
through the plasma, I,. In the pinch phase, strong
compression and heating of the plasma occurs due to
kinetic energy in the radial direction, a shock wave
driven by the current sheet, and Joule heating.
Therefore, temperature and density rapidly rise
together, and high energy density plasmas, or
so-called hotspot, are generated. High energy photons
are emitted from the highly ionized ions in the high
energy density plasmas. The emission spectrum varies
with the energy density of the plasma. According to
the calculation for radiation equilibrium, the optimum
electron temperature and density for 13.5 nm emission
from xenon plasmas are 30 ~ 40 eV and 10* ~ 10*°
cm’®, respectively.

When an axial magnetic field is applied to an
annular plasma as shown in Fig. 1, the pinch process
changes. The external magnetic field flux cannot
traverse the plasma sheet because the plasma shrinks
rapidly enough to sustain eddy current in the plasma
sheet. In the case of a gas uniformly distributed in the
discharge chamber, the flux is gathered by the
shrinking plasma together with the particles inside the
annular plasma, which leads to an increase in the
magnetic field strength inside the plasma. When the
plasma shrinks to radius r, the magnetic flux density

inside the plasma, B, is given by;

2
B4k, )
where Bo, ro and # are the initial flux density of the
external field, initial plasma radius, and leakage of the
(O<<1),

respectively. In the fast compression, # = 1 can be

magnetic  flux during compression
assumed. Therefore, the increasing magnetic pressure
inside the plasma opposes the compression force
driven by the plasma current. This phenomenon
weakens the plasma compression and lowers the

electron temperature and density in the plasma, which



leads to a shift in the emission spectrum toward a
longer wavelength. We can make use of this effect to
control the energy density of the pinched plasmas.
Plasmas for which the energy density is most suitable
for a specific wavelength, especially for 13.5 nm, are
possible by adjusting the external axial magnetic field.
The weakened compression allows for long
sustainment of the high energy density plasma, which
results in longer duration of emission of a specific
wavelength. This would improve the conversion
efficiency from the discharge for emission of the
specific wavelength. There are some other practical
benefits associated with the weakened compression
achieved by using the axial magnetic field. Plasma
instabilities can be suppressed, which leads to
suppression of high energy ions in addition to the long
plasma stagnation. Also the axial magnetic field is
expected to result in effective heating of the plasma

due to the Larmor motion of electrons.

3. EXPERIMENTSL SETUP

Figure 2 shows the cutting illustration of the main
part of the z-pinch device, which consists of a 42 nF
capacitor bank, a toroidal ferromagnetic core, and a
z-pinch discharge tube. They are sandwiched with two
circular metal plates. One of the metal plates is directly
bolted on the vacuum chamber evacuated to 107 torr.
The other is provided with negative high voltages. The
z-pinch discharge tube, which consists of a hollow
copper-tungsten alloy cathode, a stainless steel ring
anode and a rounded alumina ceramic tube with the
minimum diameter of 5 mm and the length of 10 mm, is
located in the center of the coaxial structure. A flow rate
of xenon gas fed into the discharge tube is fixed to be 50
cc/min. The discharge chamber can be optically accessed
thorough two windows installed both side of the

chamber.
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Figure 2 Cutting view of the Z-pinch device for the
EUV source.

FINEMET™ FT-1H (Hitachi Metals) was chosen as
the material for the magnetic switch of the main circuit
because of its high saturation field. The 42 nF capacitor
bank is rapidly charged up to the voltage of 27 kV by a
(MPC).
efficiency of the MPC exceeds 90%. The voltage and the

magnetic pulse compressor The energy
energy per pulse delivered to the capacitor bank are 27
kV and 15 J, respectively. This circuit delivers the

current with amplitude of 34 kA and pulse duration of



110 ns to a short circuit load. The magnetic switch
prevents the reverse current, so that the current ends at a
half period of the sinusoidal waveform. An air-core
solenoid coil generating the axial magnetic field in the
discharge chamber is fixed on the anode. The coil is
driven by an independent power supply of and
synchronized with the main discharge.

The maximum magnetic field strength generated on a
discharge tube is 500 gauss. The charging voltage of the
capacitor was measured with voltage divider (EP100K
Pulse Electronic Engineering) and the discharge current
is detected by a pick-up coil. EUV emission is evaluated
with respect to an in-band EUV energy, EUV spectrum
and source size. A transmission diffraction grating
spectrometer (TGS) is used to observe EUV emission
spectra of Z-pinch plasmas. Since a grating lattice (1000
lines/mm) is fixed on a 50 um diameter pinhole, the
spectrometer works also as a one dimensional pinhole
camera in the perpendicular direction of the diffraction,
which corresponds to the Z axis of the discharge.
Wavelength and spatial resolutions of the spectrograph
are 0.3 nm and 200 pm, respectively. The 1st order
diffraction light is visualized by a micro channel plate
(MCP) with a phosphor screen. Obtained spectra are
calibrated by several sharp line spectra of oxygen ions in
the CO, discharges. The in-band EUV energy is
monitored by the EMON (Jenoptic Microtechnik), which
basically consists of a calibrated silicon photodiode, two
silicon/molybdenum multilayer mirrors and a zirconium
filter. In addition, a time-resolved Mach-Zehnder laser
interferogram is employed to observe the behavior of the
Z-pinch plasmas. The second harmonic light of Nd-YAG
laser (Surelite 11, Contimuum) passes through the
discharge tube along Z-axis of the system, and then
meets the reference beam at the cubic half mirror. The

interferogram was recorded by a CCD camera.

4. RESULTS AND DISCUSSION

4-1. In-band EUV energy with Bz

The figure3 shows the time-integrated in-band EUV
energy (13.5 nm, 2% band- width), which is detected by
EMON, as a function of the external axial magnetic field
strength. The output EUV energy depends on the external
magnetic field strength. When the Bz = 170 gauss is
applied, the EUV energy gains more than factor of 2
compared to that without the axial magnetic field. The Bz
= 40 gauss is large enough to gain 100% of the emission
energy. The energy gain tends to decrease with
increasing the magnetic field more than 190 gauss. The
magnetic fields more than 255 gauss do not contribute to

gain the EUV energy.
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Fig. 3 Time-integrated in-band EUV energy (13.5 nm,
2% band- width), which is detected by EMON, as a

function of the external axial magnetic field strength

307
Rep. Rate 1Hz

N
1
1

170G
255G

0V (0G)

o
1

Current (kA)
B RN
.4

5_
(0% 7 SIS e
-5 T T T T "
-100 0 100 200 300
Time (ns)

Fig. 4 Plasma current waveforms for different external

magnetic field.



4-2. The discharge current with Bz

Figured shows the plasma current waveforms for
different strengths of the external magnetic field. In the
case no magnetic field is applied, the plasma current is
suppressed at 22 kA because of the increase in the
discharge inductance and resistance due to the strong
compression. The average impedance defined by Z,, =
Volly is 1.23 Q, where the impedance of the short circuit
load is 0.90 Q. When the pinch is released the current
slightly is increased. When the magnetic field of 75
gauss is applied to the plasma, the current reaches 27 kA
that is 90 % of that for short circuit load. This increase in
the plasma current implies the compression should be
weakened. When the larger magnetic field more than 170
gauss is applied to the plasma, on the contrary, the
plasma current tends to decrease and the pulse duration
increase with increasing the magnetic field strength. The
pinched plasma is spatially stabilized by the strong axial
magnetic field, which leads to the increase in its
impedance. This is because the length of the pinched
plasma along Z-axis becomes larger even though the

plasma swells out.

4-3. EUV spectrum
Figure 5 shows the emission spectra in the EUV
region of the Z-pinch plasma with different axial

magnetic field strength of 0, 75, 170 and 255 gauss. Each

00
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Fig. 5 Bz dependence of EUV energy Spectrum.

spectrum is averaged over 100 shots. There are three
major bands in this spectrum region, 11, 13.5 and 15 nm.

At first, at Bz = 75 gauss, a line around 11 nm
becomes very strong, and other peaks also become larger.
When Bgz is increased to 170 gauss, the 11 nm band is
reduced, and the 13.5 and 15 nm bands become more
intense in contrast. At Bz = 255 gauss, the intensity of
the whole lines in this spectrum range are reduced.
Especially, the 13.5 nm band almost disappears. In
addition, 11 nm band appears to shift to longer
wavelength side. In this condition, Bz of 170 gauss is the
best strength with respect to the output of 13.5 nm

emission.

4-4, Behavior of Z-pinch plasma with BzFigures 6
shows equi-density contour plots of the history of the
radial profiles of the electron density integrated along
the Z axis, called the line density, during the pinch.
This is composed of several time-resolved line density
profiles at different times. The reproducibility of each
shot is sufficient to explain the plasma dynamics.
Fig. 6 (a) and (b) are for the cases of B, = 0 and 160
gauss, respectively. The outer most electron density
contour and the interval between contours are 0.5>
10" cm™. Also, the shading is proportional to the
electron line density.

According to Fig. 8(a), an annular plasma was
initially formed near the insulator wall of the
discharge chamber, and then the plasma moves toward
the center. Strong compression occurs around t = 100
ns and the high density plasma stagnates at the center
for tens of ns’ in the case of B, = 0. Subsequently the
line density decays exponentially with a time constant
of approximately 300 ns. When a magnetic field is
applied to the plasma, the core plasma at the
compression becomes thicker and the density gradient
at the outskirt becomes smaller. the electron density
rises relatively slower when the magnetic field is

applied, and the rise rate becomes even smaller for the
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larger magnetic field, while the duration of high

density is sustained longer..

5. SUMMARY

An external axial magnetic field was introduced
for the purpose of controlling Z pinch plasmas, and its
effects were investigated with respect to EUV
emission energy, spectrum, and plasma dynamics. An
axial magnetic field with the appropriate strength can
double the EUV emission energy. In addition, the
dominant emission bands shift towards longer
wavelengths with increasing magnetic field strength.

The time-resolved interference measurement shows

that the behavior of the plasma varies with the axial
magnetic field strength, which suggests a change in
the energy density of plasma during the pinch phase.
These experimental results lead to the conclusion that
applying the axial magnetic field is an effective
method of optimizing pinched plasmas for emission of
a specific wavelength.

6. REFERENCES

[1] V. Banine, J.P. Benschop, M. Leenders, R. Moors,
“Relationship between EUV lithographic system,”
Proc. SPIE 3997, 126-135 (2000)

[2] Pankert, The 3rd EUVL Symposium, Miyazaki,
Japan, Nov. 1~4, 2004, SoP05 (unpublished)

[3] Stamm, The 3rd EUVL Symposium, Miyazaki, Japan,
Nov. 1~4, 2004, SoP05 (unpublished)

[4] K. Bergman, G. Schriever, O. Rosier, M.
Mueller,W.Neff,R.Lebert, “Highly repetitive extreme
ultraviolet radiation source based on a gas-discharge
plasma, Appl. Opt., 38, 5413-5417 (1999)

[5] W.N. Partlo, I.V. Fomenkov, R. Oliver, D.L. Bir x,
“Development of an EUV (13.5 nm) light source
employing a dense plasma focus in lithium vapor,”
Proc. SPIE 3997, 136-156 (2000)

[6] M.A. Liberman, J.S. De Groot, A. Toor, R. B.
Spielman, “Physics of High-Density Z-Pinch
Plasmas”, Springer-Verlag (1998)

[7]1 T. lgusa, K. Takasugi, T. Miyamoto, “Control of
radial motion of a gas-puff Z-pinch plasma by an
axial magnetic field,” NIFS PROC Series, Vol. 39,
pp.70-79 (1998)

[8] A. Kimura, S. Katsuki, et al, “Modification of
Z-pinch plasma using an External Axial Magnetic
Field,“ Poster at the 3rd EUVL Symposium,

Miyazaki, 2004, SoP06 (unpublished)



Development of gasjet type Z-pinch extreme ultraviolet light
source for next generation lithography

Inho Song, Yusuke Honma, Kazuhiro Iwata, S.R. Mohanty, Masato Watanabe,
Toru Kawamura, Akitoshi Okino, *Koichi Yasuoka, Kazuhiko Horioka and Eiki Hotta

Department of Energy Sciences, Tokyo Institute of Technol ogy,
Nagatsuta 4259, Midori-ku, Yokohama 226-8502, Japan
*Department of Electrical and Electronic Engineering, Tokyo Institute of Technology
O-okayama, Meguro-ku, Tokyo 152-8552, Japan

ABSTRACT

A new gas jet Z-pinch source of 13.5 nm radiation, which has the characteristics of a gas jet type electrodes
configuration and the scheme for radial extraction of extreme ultraviolet (EUV) light, has been developed. The
gas jet type Z-pinch discharge head has two nozzles and two diffusers. The EUV beam is collected from the side
of pinch plasma, generated in between the inner nozzle and corresponding diffuser, at the radial direction. The
design feature of the gas jet type Z-pinch source accommodates the cylindrical annular shape helium (He) gas
curtain that is produced by the outer nozzle. The estimated dimension of pinch plasmaisto be FAVHM diameter
of 0.07 mm and length of 0.34 mm, and FW 1/€* diameter of 0.15 mm and length of 1.2 mm. The EUV output in

2 % bandwidth at 13.5 nm is0.78 mJ/s/pulse.

K eywords. EUV light source, double gas jet, Z-pinch, radial collection, debris mitigation

1. Introduction

Cheaper, faster and smaler has been the
long-standing mantra of the semiconductor industries.
Therefore, in order to move with the pace of the
motto, the semiconductor manufactures have to look
for the new optical lithography tool for high volume
manufacturing (HVM) of the next generation chips.
Undoubtedly, the lithography at extreme ultraviolet
(EUV) waveength is a front-runner for the next
generation chip-manufacturing tool. The EUV light
source, the most critical component of the EUV
lithography systems, plays a decisive role for early
implementation of this tool in commercid scale
production of chips a the 45 nm technology and
beyond that [1]. Two major techniques based on
discharge produced plasma (DPP) and laser produced
plasma (LPP) ae currently under intense
investigations and these are still to compete for fitting
into the EUV lithography scanner. The DPP sources
using Xe appear to be capable of efficiency in the
range of 0.6 % in 2 % bandwidth at 13.5 nm into 2r

s relative to the energy dissipated in the plasma [2-5].

The eectrical input power requirement is, therefore,
approximately 100 kW in order to generate 100 W of

clean light at the intermediate focus (IF) of EUV
scanner, taking into account the optical requirements
that are expressed by the system etendue and
cleanliness of the wholeimaging system.

The EUV emission from the source based on DPP
is incoherent and more or less isotropic in full solid
angle. Due to congtraint in the electrodes shape and
the proximity of light emitting plasma to the
electrodes, the DPP sources normally emit usable
light into the forward direction. The light from these
sources emerges out in a solid angle typically smaller
than 2r . In this case, the grazing incidence
reflectors can ideally be positioned in the free space
in front of the light emitting plasma to collect EUV
beam and then focus to the IF. On the contrary, in
case of the LPP EUV sources, the laser and the
injection apparatus are located a relatively large
distances from the pinch plasma and, hence, the light
can be collected in a solid angle equasto 4n 9. The
collector mirror for the LPP sources is nearly at
normal incidence to the source and the mirror
surrounds to a large extent the nearly isotropically
radiating LPP EUV source [6]. Because of the small
and high brightness EUV plasma in case of LPPR, its



collector optics may be designed to collect radiation
emitted into a solid angle of up to 5 sr. On the other
hand, in case of DPP plasmas, the current collector
designs support only a 1.8 s collection angle [7].
Nevertheless the DPP light sources have the
advantages of efficiency, compactness and low cost.
In order to apply the DPP light source to EUV
lithography further development in collection angleis
needed for improving HVM power. Another
challenge of DPP EUV light source is the debris-free.
The debris consisting of high energetic ions, neutrals
and eectrons from the plasma and the eectrode
materials lead to sputtering effects on the surface of
the collector optics. Usualy, a region of high-speed
gas flow, named gas curtain are currently under
development in many laboratories to sow down or
stop the highly energetic particles debris. The gas
curtain thickness must be of the order of a few
centimeters in order to have a minima absorption of
EUV light and the gas type must have a high cross
section for scattering of debris particles. Nevertheless,
the gas curtain debris shielding arrangement is not
easy to design and to install when adapted to a large
solid angle electrode in DPP source [8].

The aforesaid challenges of designing a debris free
EUV source having wider collection angles prompt
us to propose and develop a new DPP source, named
as gas jet type Z-pinch that address both the issues
simultaneously. The devel oped gas jet Z-pinch source
has a provision for extraction of EUV light in radia
direction with respect to pinch axis so that it has a
larger collecting solid angle than the genera DPP
sources and it may use the normal incidence reflector
collector mirror like LPP system. In practice, the
debris of DPP sources generally emerges out in a
cone in forward direction and, therefore, the radia
extraction of EUV light must be an interesting
methodol ogy to have a clean EUV light. Also, helium
gas jet for gas curtain suppresses the debris and
confines Xe in the Z-axis by limiting the expanson.
Our approach promises a solid angle closer to that for
LPP sources and a smple gas curtain; at the same
time, it retains the characteristics of low cost and high
efficiency of DPP sources. In this article, we address
the early stage results of our investigation based on
our innovative gas jet type Z-pinch EUV source.

2. Thegasjet Z-pinch
The new gas jet type Z-pinch source has two
nozzles and two diffusers. The inner nozzle (cathode),

a device that accelerates gas flow, is responsible for
Xe gas jet formation in between inner nozzle and
corresponding diffuser. The diffuser (anode), a device
that decelerates the gas flow, controls the vacuum
inside the chamber for reducing the EUV absorption.
The outer nozzle produces annular cylindrical He gas
jet, which acts as a gas curtain. He gas curtain is
paralel to Xe gas flow and, therefore, it helps the
confinement of Xe. The source design assures that
the entire EUV emission path is covered by the gas
curtain. The EUV light is collected from the side of
pinch plasma at the radial direction in order to
improve the collection efficiency. Xe gas jet is
positioned centrally between the cathode and anode
viathe action of inner nozzle.
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Fig. 1. Schematic of gasjet Z-pinch source showing
(a) Xeand He gasjet flow; (b) gection of weekly
ionized Xe plasmaand (c) pinch formation along

with EUV generation.

The axis of both the gas jet is aigned to the axis of
device (Z-axis) as shown in Fig. 1(a). The
preionization of the working Xe gas is spatially
separated from the main discharge region and a high
voltage pulse is applied between preionization
electrode and cathode, which are separated by a



ceramic insulator. The free electrons ionize the
ambient Xe gas forming a low-density cold plasma,
which comes out from the preionization region due to
continuous flow of Xe gas. Thus, Xe ions stream
together with neutral Xe atoms accelerates towards
anode as shown in Fig. 1(b) and their flow dynamics
is very complex that mainly depends upon pressures
and nozzle's dimenson. After a short while of
preionization discharge, a pulsed high current is
delivered from a pulsed power supply to ignite the Xe
jet that appears in between the electrodes. The high
current forms the main plasma and the self generated
azimuthal magnetic field owing to the high current
compress the main plasma to form a hot and high
density pinch plasma column as shown in Fig. 1(c).
This high-temperature plasma mainly radiates at
around 13.5 nm in full solid angle. Many parameters
such as separation between the dectrodes and Xe gas
flow rate control the EUV intensity and dimension of
the EUV emitting plasma volume. The interesting
feature of this configuration is that there is an ample
scope of extracting clean EUV radiation in radid
direction with respect to Z-axis

3. Experimental setup

Fig. 2. Photos of gas jet type Z-pinch discharge head
and discharges taken by digital camera.

Photos of the gas jet type Z-pinch source and
discharge is shown in Fig. 2. Figure 2 shows the
photos of gas jet type Z-pinch discharge head, which
consists of cathode el ectrode (inner nozzle for Xe gas
jet and outer nozzle for He gas curtain) and anode
(diffusers). The eectrodes of the source were made of
stainless steel and the their dimension were typically
chosen so as to suit the load current as well as to fit
inside the detection chamber. The diameter of inner
nozzle was 2 mm and cylindrical type opening, which

had 0.2 mm width, was used as outer nozzle for He
gas jet. Diameter of inner diffuser for anode was 6
mm and maximum and minimum diameters of outer
diffuser were 20 mm and 24 mm, respectively. The
flow rate of Xe gas in the gas jet type Z-pinch head
was varied by changing Xe gas supplying pressurein
between 5 Torr to 17 Torr so that the pressure inside
the detection chamber was maintained below several
mTorr. The preionization plasma was first created in
the Xe gas jet by applying 6 kV pulse in between
anode and cathode and, subsequently, the main
plasma was formed by delivering a 9.5 kA current
pulse having 320 ns pulse width and 160 ns risgtime
to the preionized plasma. The 9.5 kA current pulse
was generated by the S| thyristor switched pulse
power supply having stored energy of 15 J (9 kV
charging voltage).

Several diagnostics were employed for studying
the dynamics of the plasma, determining the size and
energy of EUV plasma and inspecting visible spectra
of plasma source. To look into the plasma dynamics
between the electrodes, the framing photographs in
vishle region were taken by using a high-speed
image converter camera (IMACON 468, 10 ns time
resolution). In order to measure the time evolution of
EUV photon output, an EUV photodiode (IRD,
AXUV-100) coupled with Zr/C filter (200/50 nm)
was employed. An EUV mini calorimeter consisting
of a Zr filter, a Mo/Si multi-layer mirror and a
photodiode, was aso employed. The EUV mini
calorimeter was calibrated by E-Mon (JOMT and
AIXUV) [9] and was manly used for the
measurements of absolute in-band EUV energy and
angular distribution of the emitted EUV radiation.
The spectra emission of the source in the visible
region was analyzed by employing a multi-channd
spectroscope  (Ocean  Optics, HR2000) having
maximum resolution of the order of 0.027 nm. The
EUV pinhole camera that consists of 50 um diameter
pinhole, Zr filter (150 nm thickness) and X-ray CCD
camera (Andor Technology Ltd. DO434) was
employed at 90° from Z-axis for measuring the
dimensions and stability of the EUV plasma. The Zr
filter has a transparency of about 13 % to EUV light
with a wavelength between roughly 12 and 18 nm,
but it blocks over 99 % of any vacuum ultraviolet
light emitted by the source at larger wavelengths. The
X-ray CCD camera has 55 % quantum efficiency for
soft to medium X-ray detection. The distance from
the pinhole to the X-ray CCD was fixed at 369 mm
and the distance from the source to the pinhole was



119 mm resulting in a magnification factor of 3.1.

4. Reaults and discussions

4.1 Plasma dynamics at different Xe gas
supplying pressure

Keeping input stored energy at 15 J, the dynamics
of the plasma inside the gas jet type Z-pinch was
studied at radial position with the aide of high-speed
framing camera in visible region by varying the Xe
gas supplying pressure. A typical set of time-resolved
high-speed camera photographs together with the
main discharge current recorded a 10 Torr Xe flow
rateisillugtrated in Fig. 3. The photographs captured
before the main discharge current visibly indicates
the evidence of feeble preionized plasma that are
generated as a consequence of the preionization
current. The evidence of pinch plasma is prominent
in the framing photo taken at atime around 80 ns. In
fact, the pinch plasma occurs just before the
maximum of discharge current pulse. The plasmais
enough heated to emits copious amount of higher
ionizetion date of Xe ions as evident from
photodiode output. An intense EUV photon signal
appears after about 60 ns of the initiation of discharge
and it reaches its peak vaue during the pinch of
plasma. The pinching action may last for few tens of
nanoseconds and the plasma, after the pinch, expands
in the radia direction thereby increasing the volume
large luminous plasmain between e ectrodes.
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Fig. 3. Time-resolved framing photographs at
charging voltage: 9 kV and Xe gas supplying: 10
Torr.

On further increase in the flow rate (17 Torr), the
signal of EUV photodiode could not distinguished
from the noise because of very low EUV output. Yet
the framing photograph obtained after 300 ns of the
start of main current exhibits some signature of pinch
plasma as shown in Fig. 4. The delayed pinching
action and the low output of EUV can be attributed to
the initial condition of gas density. It may be noted
that the higher Xe gas supplying pressure increases

the initial mass condition that takes part in pinching
action resulting a very slow pinching process. The
plasma may not be enough heated to generate high
EUV yield due to dow pinching action. However, the
gas dynamical expansion from the nozzle, which is
not only causes the density to drop but also moves the
plasma out of focal volume, limits the heating of
main plasma.

Fig. 4. Time-resolved framing photographs at
charging voltage: 9 kV and Xe gas supplying: 17
Torr.

4.2 EUV pinhole images at different input
energy and pressure

Cathode edge
$=2 mm

9kV/10 Torr

(
9kV/17 Torr 10kV/17 Torr
(

Fig. 5. EUV pinholeimages for 10 pulses averaged at
different input energy: (a) Xe gas supplying: 10 Torr
and (b) Xe gas supplying: 17 Torr.
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EUV pinhole images were recorded at 90° with
respect to electrodes axis with an EUV pinhole
camera for various input energies (15 Jto 27 J) and
Xe gas supplying pressures. Figure 6 shows the EUV
images recorded at the typical experimental
conditions as inscribed in those images. In the case of
10 Torr Xe gas supplying pressure, the EUV plasma
images, shown in Fig. 5(a), are found to be extremely
narrow cylindrical shape, which are fairly
symmetrical with respect to the axis However, a look
at the images recorded at 17 Torr, shown in Fig. 5(b),
indicates that the shape of the EUV plasma is blunted
shape and the EVU radiating plasma is |ocated at the
upstream ind de the cathode nozzle. The set of images
shown in Fig. 5(a) is indicative of strong contraction



of main plasma into a narrow region whereas the set
of images shown in Fig. 5(b) do not show any
evidence as a point source. These results are in
complementary to the evidences explained in
preceding section. To investigate whether the input
energy has any influence on the EUV intensity,
measurements were made with four different input
energies such as 15 J, 185 J, 22.4 J and 26.6 J by
varying the charging voltages. The effect of input
energy on EUV intensity is easily seen in those
images shown in Fig. 6 and it is noticed that the
intensity increases linearly with the increase of input
energy.

4.3 Positional and ener gy stability

e

] e

(b)
Fig. 6. EUV pinholeimages for (a) single pulse and
(b) 20 pulses at 9 kV charging voltage and 10 Torr Xe
gas supplying pressure.

In practice, the performance of an EUV light
source for lithography depends upon their positiona
as well as energy stability. Therefore, these factors
are estimated for our gas jet type Z-pinch source by
superimposing images obtained for 20 discharges
taken at 9 kV charging voltage and 10 Torr Xe gas
supplying pressure. These results are shown in Fig. 6.
The lineout of the single discharge image gives that
the radial length of the source in the measure of
FWHM and FW 1/&* are about 0.07 and 0.15 mm,
respectively. On the contrary, the axial length of the
source in terms of FWHM and FW 1/&” are about
0.34 and 1.2 mm, respectively. For the 20 discharges
image, the radial FWHM and FW 1/€® length of the
source are of the order of 0.16 and 0.66 mm and the
axial FWHM and FW 1/€? length are of the order of
0.96 and 3.0 mm. The average image of 20
discharges demonstrates that the plasma size appears
to be 2.5 times larger than in the single discharge
image due to the fluctuations in both the size and
positiona stability. An unstable source would lead to

a bigger integrated image size and thus undesired for
coupling into EUV lithography system. Furthermore
we have estimated of the EUV energy stability by
integrating the intensity of EUV pinhole images for
20 discharges and the results show 5 % intensity
fluctuation in our case. International SEMATECH
requires that pulse-to-pulse positional stability must
be below 10 % of the source size and energy stability
is £ 0.3 % [10]. The characteristics of pinch plasma
depend on several operating parameters such as the
input energy, the discharge current rising time, the
repetition frequency and the Xe gas supplying
pressure and especially the dimensions and the shape
of nozzZle in gas jet type Z-pinch. Further
investigations are needed to determine the position
stability and intensity fluctuation under typica
exposure conditions.

4.4 Spectraresult in visiblerange
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Fig. 7. Visible spectraresults of capillary discharge
and gas jet type Z-pinch at the same input energy.

As mentioned earlier, the main interest in
developing this gas jet type Z-pinch EUV sourceisto
reduce the debris substantially by innovative
configuration. It is, therefore, interesting to study the
spectral emission in visible region at first to have an
idea about impurities emerging out of the source in
radial direction. At 15 Jinput energy and 10 Torr Xe
gas supplying pressure the visible spectrum is
recorded at 90° with respect to eectrode axis and
shown in Fig. 7. The spectrum is superimposed with
another spectra obtained in our work based on
capillary discharge EUV plasma source for
comparison of debris generation in both schemes.
The detail of the capillary discharge work is
communicated in Ref. 11. It appears from the Fig. 7
that the capillary discharge generates much impurity
linesin visible range than that of gas jet type Z-pinch.
The observed impurity lines of different ionization
states of O and Al in capillary discharge come mostly



from the alumina capillary wall. No significant
impurity contribution from the electrode materials is
marked in the gas jet type Z-pinch discharge. The
impurity lines together with Xe lines of lower
ionization dtate affect the spectral purity of a EUV
lithography source. The impurity line of EUV source
is one of the factors, which influences the lifetime of
optics mirror. Reference 12 discusses the spectrd
purity requirements for EUV source parameters to be
installed in EUV lithography high volume production
tools. The visible spectrum establishes that our gas jet
type Z-pinch source radiates very clean EUV light
with minor contamination in low ionization state of
Xe and the prospects of radia extraction of EUV
light seemsto be fruitful.

4.5 Absolute in-band EUV measurement
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Fig. 8. A schematic view of the EUV mini
calorimeter setup (&) and angular distribution of
in-band EUV radiation observed at 9 kV, 10 Torr Xe
gas supplying pressure.

As discussed earlier, the power requirement at IF
of EUV lithography tool is ill have a great
challenge for source developmental work. So, in
order to check the capability of our gas jet type
Z-pinch source, the EUV power in absolute numbers
is determined with the help of an absolutely
calibrated EUV mini calorimeter. The schematic view
of the mini calorimeter setup is shown in Fig. 8(a)

and the measured angular distribution of in-band
EUV radiation at 9 kV charging voltage and 10 Torr
Xe gas supplying pressure is illustrated in Fig. 8(b).
The EUV output in 2 % bandwidth at 13.5 nm is0.78
mJs/pulse, which is much lower value than as
observed in other schemes. The available observation
angle (+ 8 degree) may lead to partial obscuration of
the source and thus by dropping the output power. In
spite of the low output energy, we believe that
increasing the discharge current and improving the
present nozzle design can achieve the high EUV
yidd.

5. Summary

In order to permit large solid collection angle and
avoid the presence of debrisin DPPEUV light source
for lithography, it seems to be a good idea to collect
EUV from the side of pinch plasmaat radia direction.
The concept of radia extraction of clean EUV light
was successfully demonstrated by our new gas jet
type Z-pinch discharge. The results of high-speed
camera shows that the characteristics of gas jet type
Z-pinch plasma has strong dependence on Xe gas
supplying pressure. At 10 Torr Xe gas supplying
pressure, the EUV plasma is extremely narrow
cylindricd structure with 0.07 mm FWHM diameter
and 0.34 mm FWHM length. No significant impurity
spectra in visible range are marked in gas jet type
Z-pinch discharge. Protection of condenser optics is
probably easier in a gas jet type Z-pinch source by
using cylindrical annular He gas nozzle The
characteristics atained with gas jet type Z-pinch
source such as asmall pinch plasma, large solid angle
and an opportunity to reduce the effects of debris
make such source the subject of our great interest.

We continue to study the emission under various
conditions of gas pressure, discharge current, gap
distance and different nozzle/diffuser dimensions for
the characterization of the EUV emission properties
of gasjet type Z-pinch and evaluation of the debris.
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Abstract:

Xenon Z-pinch discharge sources are being developed for extreme ultraviolet (EUV) light for

next generation lithography. However, the current sources generate in-band (2%), 2x EUV emission with

conversion efficiency (CE) of <1%. Here we report progress in the development of a Z-pinch EUV source

using a tin target, which was found to have significant potential for high conversion efficiency with

wavelength of 13.5 nm. Xenon was used as the background gas, the experiments show that the magnitude of

the EUV emission depended on not only the distance between the plasma and the rod surface, but also the

pulse repetition rate of the discharge. Pinhole imaging, an EUV spectrograph and an in-band EUV energy

monitor were used to characterize the EUV emission from the Z-pinch discharge.

Keywords:

1. INTRODUCTION

Extreme Ultraviolet (EUV) radiation is becoming
the semiconductor industry choice for next-generation
lithography (NGL)[3]. Among the major source
concepts, laser-produced plasma and gas discharge
sources are most prominent contenders. However, the

gas discharge plasma source has drawn much attention

in last decade due to its simplicity and cost-effectiveness.

The present xenon Z-pinch discharge sources generate
in-band (2%), 2n= EUV emission with conversion
efficiency (CE) of <1%. Tin targets were found to have
significant potential for high conversion efficiency (CE)
with wavelength of 13.5 nm. Theoretical calculations [1]
show that predominantly 4d-4f transitions in a number

of adjacent ion stages (S.**-S,***

) produce unresolved
transition arrays (UTAs) [2] that are localized in this
spectral area.

In this paper, we report the progress on z-pinch

EUV sources, z-pinch, xenon emissions, tin plasma.

EUV source with tin target. Tin vapor including atoms
and ions is produced by the ablation of the solid tin rod
(diameter of 6 mm), which is due to the energy flux
from the plasma. Xenon or helium is used as a
background gas. The EUV emission depends on the
distance between the plasma and the rod surface (~ 10s
mm) and on the pulse repetition rate of the discharge (<
200 Hz). The z-pinch plasma is driven by the pulsed
current with amplitude of 30 kA and duration of 110 ns.
The EUV emission from z-pinch discharge is
characterized with pinhole imaging, EUV spectrograph
and in-band EUV energy monitor.

2. EXPERIMENTAL SETUP

A schematic of the Z-Pinch EUV sources is shown
in Figure 1. Xenon gas is used as EUV emitter, which is
continuously flowing through the discharge tube
(diameter 3 mm and length of 5 mm). The capacitor
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Fig. 2 Transmission grating spectrometer

banks, having a capacitance of 42 nF, were positioned
symmetrically on the axis of Z-pinch discharges to
provide electrical energy up to a charging voltage of
maximum 35 kV. A tin rod with a 6 mm in diameter is
fixed on the high voltage flange and its tip is faced to
the plasma. The position of the tin rod tip can be moved
continuously.

The EUV radiation from the Z-Pinch plasma was
characterized by measurement for the temporal behavior
of the EUV intensity and the pinhole images. We have
optimized the Z-Pinch design parameters as well as the
electrical parameters of the pulsed power excitation
circuit (high voltage, capacitance and inductance to
achieve the required source characteristics at high
conversion efficiency. It is worth mentioning that the
maximum EUV radiation is the most sensitive to the
xenon flow rate and the discharge current. The EUV
energy monitor E-Mon is used to measure pulsed
EUV-energies from high power EUV-sources at central

wavelength of 13.5 nm with a bandwidth of 2%. The
energy monitor consists of a Zr filter, two Si/Mo
multilayer mirrors and a calibrated photodiode. The
principle of operation is filtering out the in-band range
from the broad band spectrum of an EUV-source. The
radiation is detected in a well-defined solid angle that is
determined by an aperture and its distance from the
source along the beam path. Figure 2 shows the
structure of an EUV spectrometer, which also works as a
pinhole camera. The spectrometer consists of a slit (10
pm), a Zr filter, a transmission grating, a micro channel
plate (MCP) image intensifier, and a commercial-type
digital camera. Wavelength and spatial resolutions are
0.3 nm and 90 um, respectively.

3. RESULTS AND DISCUSSION

Experiments were performed with discharge peak
value current of 30 kA, and a rise time in the range of
about 110 ns. Figure 3 shows a typical discharge current
signal and the corresponding EUV emission of a single
discharge. About 45 ns after the ignition of the discharge
the pinching of the plasma is indicated by the dip in the
current signal, which is due to an increase of the
inductance of the contracting plasma column.
Experiments show that EUV emission strongly depends
upon discharge current (amplitude, duration), filling gas
pressure as well as charging voltage.

Time-integrated emission spectra of Z-pinch discharge
system were recorded by employing EUV spectrometer

at one end-on position. Figure 4 shows EUV spectra and

Plasma Current, | (k&)
EUV Emission (a.u)

Fig. 3 A typical discharge current and EUV emission
indicated by the photodiode
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Fig. 4 EUV spectra: Transmission Grating Spectroscopy (AA=0.3 nm)
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corresponding source sizes obtained by the transmission
grating spectroscopy (AA=0.3 nm). Figures 5 and 6 show
the EUV spectra and spatial distribution of EUV
emission along Z-axis, respectively, derived from Fig. 4.
We can clearly notice two or three broad band peaks
within the 8-16 nm range. The most distinguished broad
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Fig. 6 Spatial distribution of the EUV emission along
Z-axis. The position Z=0 indicates the center of electrode
system.

(b) xenon (40 cc/min.) + tin rod placed at 15 mm from the plasma.

band peaks are centered at 11, 13.5 and 15 nm, each
having a bandwidth of approximately 1-1.5 nm. These
broad band peaks are attributed to the various ionization
states of xenon (Xe'*, Xe'® and Xe®") and tin vapor. In
the Figure 5, the spectrum in the case of xenon gas has
only a very low photon flux at 13.5 nm in comparison to
11 nm. On the other hand, in the case of xenon + tin,
although the spectrum still has a large photon flux at 11
nm, 13.5 nm emission is comparable to the 11 nm
emission. The fact implies that the tin vapor is mixed in
the plasmas and highly ionized together with xenon ions.
As for the spatial distribution of the emission, the source
size in the case of xenon + tin tends to be large. The tin
might change the xenon flow and the electric field
distribution.

Figure 7 show the in-band EUV energy as a
function of discharge repletion rate, for both cases with
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Fig. 7 In-band EUV energy per shot as a function of

the discharge repetition rate.



(a) fresh surface

(b) 100 Hz

(c) 167 Hz

Fig. 8 Tin rod surface before (a) and after 100,000 discharges for different repetition rate of the operation.

Distance between the rod tip and the plasma is 15 mm.

and without the tin rod. With the repletion rate less than
50 Hz, in-band energy is the same between two cases.
Also their spectra are quite similar to each other. The
operation with 100 Hz, emission characteristic has
dramatically changed. Even in the case of xenon, the
EUV energy is increased with increasing the discharge
repetition rare in our device. Furthermore, about 30 % of
in-band energy is gained by using the tin rod. However,
with the operation at 150 Hz, reproducibility of the
emission energy is worse, and the energy is quite small
at 167 Hz. It is deduced that the discharge repetition rate
should be one of the factors to determine the
temperature of the tin rod surface. The distance between
the rod surface and the plasma is one another factor for
the surface temperature. From the experiments with Tin
rod with various distances, we found that the intensity of
13.5 nm emission strongly depends upon the distance.
As one decrease the distance the intensity of the
spectrum increase. The experimental result suggests that
temperature control at the tin rod surface should be
important for this technology. Figure 8 shows the
photographs of the tin rod surface before and after
100,000 discharges for different frequencies. At the
repetition rate of 100 Hz, which is the optimum
condition for EUV emission energy, the surface seems
to be molten and shape has been changed. At 167 Hz,
apart of the rod is drooped down to the cathode wall.
This might cause the discharge unsymmetrical to Z-azis.

The EUV energy monitor E-MON has been
utilized to estimate the radiated energy at 13.5 nm
having a bandwidth of 2%. It is estimated that our
source emits 1.5-4.9 mJ/sr per pulse at 13.5 nm when
input electrical energy is around 8 J. Typical in-band
(13.5 nm) energy radiated by the only xenon filled
Z-pinch is around 0.15 mJ/sr/shot for 2.5 J input energy,
and the conversion efficiency is 0.4%. At present, 0.5%
in-band (13.5 nm) conversion efficiency is achieved.
The improved in-band conversion efficiency, in present
set-up with tin target plus xenon as background gas, is
due to tin vapor contributing to EUV emission.

4. CONCLUSION

The experimental results presented in this paper
have shown the conversion efficiency from electrical
energy to energy radiated at 13.5 nm was improved with
tin target plus xenon as background gas in comparing
with xenon gas only. The spectra exhibits tin target
produced intense flux of photons at 13.5 nm. Tin vapor,
including both atoms and ions, is produced by the
ablation of a solid tin rod (6 mm diameter) by the energy
flux from the plasma. The magnitude of the EUV
emission depends on the distance between the plasma
and the rod surface (~ tens of mm) and on the pulse
repetition rate of the discharge (< 200 Hz). Further
optimization potential is given by a better matching of



the current pulse to the pinch plasma load thus achieving
better plasma conditions for radiating in the spectral
range of interest.
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EUV Emission from Sn Z-Pinch Plasma

Y. Yamaguchi and K. Takasugi
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Sn z-pinch discharge was carried out for EUV emission experiment. The emission from Sn ion at the
wavelength 13.5 nm was observed. The use of gold mirror was proved to be effective for the protection
of the grating. The pinch time, the pinch current and the intensity of EUV emission increased with the

delay time of discharge from gas-puff up to 0.35 ms.

Keywords: z-pinch, EUV, Sn, spectroscopy, gold mirror

I. Introduction

Z-pinch is an efficient system for generating high
temperature and high density plasma.[1] Strong
radiation from visible light to soft x-ray region comes
out of z-pinch plasma. Hot spots are generated on the
axis of the pinch column, and x-ray spectroscopy
shows that the electron temperature of those spots is
nearly 1 keV.[2]

Recently, EUV light source at the wavelength of
13.5 nm is strongly demanded for the next generation
semiconductor lithography. The development of the
light source using Xe or Sn has been undergoing. In
the gas-puff z-pinch experiment EUV radiation from
electrode material has been observed,[3] and this
implies possibility for new source of radiation. In this
experiment we have examined the possibility of
producing metal plasma by the choice of electrode
materials.

As we have experience on Ar gas-puff z-pinch, the
EUV emission from highly ionized Ar ions can be
used for calibration of EUV spectroscopy. We have
also tried a gold mirror for protecting the grating.

I1. Experimental Setup

Schematic diagram of the SHOTGUN z-pinch
device is shown in Fig. 1. The storage section consists
of 24 uF fast capacitor bank which is charged up to 25
kV (7.5 kJ). Plasma opening switch (POS) section has

been installed for discharge current control experiment.

Due to this section, the peak current is limited to about
200 kA. Pressurized gas is injected through a hollow
nozzle mounted on the anode. The plenum pressure is
0.5 MPa in the experiment. The cathode has many
holes in order to prevent stagnation of gas. The
spacing between the electrodes is 30 mm. The anode
is made of Sn in order to utilize electrode metal for
EUV emission.

Rogowski coils are used for the measurement of

discharge currents. The anode coil measures the input
current from the power supply, and the cathode coil
measures the current that flows between the
electrodes.
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Return
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Fig. 1 Schematic diagram of the SHOTGUN z-pinch
device. The POS section is attached for discharge
current control experiment.
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Plasma Slit Gold Mirror Stit

X-ray film

Fig. 2 Schematic diagram of the grazing incidence
spectrograph. A gold mirror is installed for the
protection of the grating.
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Fig. 3 Current waveforms, EUV and soft x-ray signals of the z-pinch plasma at (a) 14 = 0.25 ms , (b) tg = 0.3 ms,

(¢) t1¢=0.35 ms and (d) T4 = 0.38 ms.

A scintillation probe is used to detect time
dependent signal of soft x-ray emitted from the
plasma. The probe is filtered by a 10 um Be window,
and it is sensitive to x-ray whose energy is above 1
keV. The EUV light emitted from the plasma is
detected by an x-ray diode (XRD) with Al
photocathode. The sensitive range of XRD is
spreading from UV to soft x-ray (1 — 100 nm). The
XRD signal mainly shows L-shell and M-shell
radiations of Ar ions.

A glazing incidence spectrometer is used for the
measurement of EUV light. The grating has the
groove density 1200 lines/mm, and it is coated by Au.
The spectrometer is designed at the incident angle 8=
87°. The distance between the grating and the film is
235 mm. Kodak BioMax-MS film is used for

recording EUV spectra. Since there is no filter
between the plasma and the grating, a gold mirror is
attached for protecting the grating from sputtering.
(Fig. 2) The available range of EUV light in the
spectrometer is 4 - 20 nm.

III. Discharge Characteristics

Delay time of discharge from gas-puff is an
important parameter of the gas-puff z-pinch. Gas
pressure  between the electrodes increases
monotonically with the delay time. Figure 3 shows
discharge current waveforms, XRD and scintillation
probe signals. (a) At the delay time 14 = 0.25 ms
maximum pinch occurs at time 3.4 us. A dip is formed
in the current waveform, and XRD signal is observed.
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Fig. 4 Soft x-ray pinhole photograph of the
z-pinch plasma. Intense soft x-ray is emitted
from the surface of anode.
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Fig. 5 EUV spectrum of He z-pinch plasma with Sn
electrode. The spectrum is superposed on the Ar
z-pinch spectra.

Soft x-ray signal is not coincident with the pinch. Soft
x-ray pulses are detected prior to the pinch. (b) At tq4 =
0.3 ms the pinch occurs at time 4.0 pus. The maximum
plasma current is about 200 kA. The cathode current is
a little different from the anode current. The difference

indicates some leakage of discharge current. (c) At 14
= 0.35 ms the pinch occurs at time 4.4 pus, but the
current dip is not clear. The XRD signal is most
intense at this delay time. (d) The signal becomes a
little small at tq = 0.38 ms. The difference in the
currents becomes large.

IV. Soft X-Ray and EUV Radiation

A soft x-ray pinhole photograph of typical z-pinch
discharges is shown in Fig. 4. Intense soft x-ray is
emitted from the surface of anode. The soft x-ray is
thought to be L-shell radiation of Sn ions. The soft
x-ray is emitted in the burst before maximum pinch.

EUV spectra of Sn z-pinch plasma were measured
by a grazing incidence spectrometer. As we have
experience on the spectroscopy of Ar gas-puff z-pinch,
Ar discharge was used for wavelength calibration of
EUV spectroscopy. Figure 5 shows the Sn spectrum
superposed on the Ar z-pinch spectra. Intense lines at
4.33 — 4.50 nm are Ar X, and lines at 4.87 — 4.92 nm
are Ar IX. The observation is third order reflection of
the grating. The weak line observed at 13.5 nm is the
emission from Sn ions.

Figure 6 shows the spectrogram of He z-pinch
plasma with Sn electrode. The data is exposed over 15
shots. The Sn spectrum at 13.5 nm is observed.

Intensity (arb.unit)

Wavelength (nm)

Fig. 6 EUV spectrum of He z-pinch plasma with
Sn electrode.



V. Summary and Discussion

Sn z-pinch experiment has been conducted using
He gas-puff z-pinch with Sn electrode. The use of
gold mirror for grazing incidence spectroscopy was
proved to be effective for the protection of the grating.
Sn vapor and Sn ions are generated on the surface of
anode, and EUV emission at the wavelength of 13.5
nm was observed.

As is common to the gas-puff z-pinch, pinch time
and pinch current increased with the delay time t4 up
to 0.35 ms. Input energy of contracting z-pinch is
roughly proportional to square of the current. This
mechanism helps increasing in the intensity of EUV
radiation.
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Performance of soft x-ray laser pumped by capillary discharge

Yusuke Sakai, Yuji Kakuya, Yifan Xiao, Hiroaki Taniguchi, Yasushi Hayashi, *Hamid Ghomi,
Masato Watanabe, Akitoshi Okino, Kazuhiko Horioka, and Eiki Hotta

Department of Energy Sciences, Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 226-8502, Japan.
*Laser Research Institute, Shahid Beheshti University, Evin, 19839 Tehran, Islamic Republic of Iran

Abstract

We report the output characteristics of capillary discharge single-pass 46.9 nm Ne-like Ar soft-X-ray laser generated
by a capillary z-pinch discharge. The coherence properties of the laser have shown to be improved with the increase of
the length of laser amplifier from 20 up to 35 cm. The high degree of the spatial coherence of the laser beam produced
by 35 cm long capillary is demonstrated by the results obtained in a classical Young’s double-slit experiments. We
found that the coherence length of the laser is 50 um. For the 20 cm-long capillary, the diameter of a laser beam is in a
range from 3.2 to 4.0 mm, which is corresponding to a range of divergence from 2.2 to 2.8 mrad. Finally, we introduce
two spikes on X-ray diode (XRD) signal observed in a single shot.

KEYWORDS: capillary discharge, Z-pinch, soft X-ray laser, spatial coherence, coherence length, beam spot size, beam

divergence.
1. Introduction

A laser has some excellent properties such as
monochromaticity, high intensity, and coherency. These
characteristics have made the laser more attractive than
an ordinary light. For a soft X-ray laser, especially, its
short wavelength enables material manipulations at
molecular level. This has attracted great research
interests in producing soft X-ray sources, because the
above-mentioned properties have been urgently expected
by some pioneering scientific application, such as
biotechnology, X-ray holography, X-ray microscopy, and
the diagnostics of dense plasma [1,2,3,4]. However, the
excitation power for such soft X-ray lasing follows a 4.5
power rule of the lasing frequency. Producing an intense
laser of shorter wavelength will therefore require a
device of extremely large scale such as synchrotrons,
which usually leads to high cost.

A novel table-top soft X-ray source, which is using
Z-pinch plasma produced by capillary discharge, has
been proposed. It is capable of generating high output
laser, repeatable in operation and, most importantly,
compact in size and low in cost. The process in
generation of 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 is formed with an electron temperature of 60-80
eV and an electron density of 0.2-2> 10" cm™ due to the
Z-pinch compression, which results in the generation of
the population inversion for the 3p-3s transition that is
required for the Ne-like Ar lasing. In 1995, Rocca et al
demonstrated the lasing of Ne-like Ar soft-X-ray laser
(3p-3s transition, wavelength is 46.9 nm) by the
above-mentioned method, using a capillary with inner
diameter of 3-4 mm and argon gas pressure of 6-100 Pa
[5]. A spike in XRD output signal similar to Rocca’s has
been observed and reported in our previous works [6,7],
which has been proven as Ne-like Ar lasing (J=0-1,
u=46.9 nm) by spectroscopy [8]. In this paper, we have
evaluated the characteristics of the Ne-like Ar soft-X-ray

laser, such as spatial coherence and divergence. We
found that the coherence of the laser were improved by
increasing the length of capillary discharge plasma from
20 up to 35 cm. High degree of spatial coherence of the
laser beam produced by 35 cm long capillary has been
demonstrated. A convenient measuring method for the
divergence of the laser beam has been proposed. And we
found two spikes on XRD signal in a single shot using a
35 cm-long capillary.

2. Experiment setup

The device used in this experiment is schematically
shown in Fig. 1. We used a capillary with an inner
diameter of 3 mm and a length of 200 mm or 350 mm,
which is made of Al,O3 ceramics to reduce the degree of
ablation from the inner wall.
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Fig. 1. Schematic diagram of the experimental apparatus

The discharge system is driven by a pulsed power
supply as shown in Fig. 2, which consists of a 3-stage
Marx generator, a 2:28 step-up transformer and a
pulse-forming line (PFL) made of a water capacitor. The
impedance of the PFL is 5.5Q. The gas in a capillary is
predischarged by a current of ~20 A, which is provided
by a separate circuit. The maximum output voltage of the
Marx generator is 60 kV, which subsequently yields a



PFL output voltage of 430 kV. With this power supply
system, it is able to obtain a discharge current pulse up to
32 KA. In this experiment, the system is operated at 1
pulse per minute. The time evolution of laser output
power is detected by an X-ray diode (XRD). The XRD
used is schematically shown in Fig. 3. The photocathode
is made of gold, which enables a sensitive detection of
X-ray from 10 to 100 eV [9]. In order to reduce the noise
from the background radiation and the reabsorption of
laser light by the neutral argon gas between the end of
capillary and the XRD, a pinhole of 1 mm in diameter is
located at a distance of 15 mm from the end of the
capillary and the section between them is differentially
pumped. The distance between the pinhole and the XRD
is adjustable in order to obtain a qualitive indication of
the directivity of the laser. A negative bias voltage of 800
V is applied to the photocathode of the XRD with respect
to its mesh anode, and they are separated by a distance of
2 mm. When a laser spot has an diameter of 2 mm, the
output of XRD is estimated to saturate at a current of
0.45 A, which corresponds to an output voltage of 22.5
V.

3. Experimental results
3.1 Beam divergence

As shown in Fig. 3, an aperture of 4 mm in diameter
has been adapted in front of the mesh anode to eliminate
the background radiation. The XRD is located at a
distance of 72 cm from the end of the capillary. A
bellows is adapted at the upstream end of the drift tube,
which enables adjustment of the location of the XRD
without breaking vacuum. Two series of the experiments
have been conducted to measure the beam size of the
SXR laser by changing the location of the XRD
horizontally (x direction) and vertically (y direction),
where the center of the beam is set initially in the vicinity
of the origin of coordinates. Fig.4 (a) shows the XRD
output measured by changing the location of the XRD
horizontally. The laser signal is observed in a range from
—4.0 to 4.0 mm, which corresponds to a range of 8.0 mm
and is relatively symmetrical with respect to the center of
the beam axis. This indicates that the beam spot has a
diameter of 4.0 mm, since the aperture radius of 2 mm
has to be subtracted from both sides. Fig.4 (b) shows the
plots of the results measured by changing the position of
the XRD vertically. It is seen that the axial symmetry in
vertical direction becomes worse than that in horizontal
direction. The laser signal is observed in a range of 7.2
mm from -3.2 to 4.0 mm, which corresponds to a beam
size of 3.2 mm. This result indicates that the cross
section of the beam is not circular and its diameter varies
from 4.0 to 3.2 mm. The range of the beam diameter
obtained above corresponds to a range of beam
divergence from 2.2 to 2.8 mrad. However, we cannot
obtain the beam diameter from the full width at half
maximum of the beam intensity because it is not possible
to obtain the radial distribution of laser intensity. Efforts
will be made in the future to reduce the diameter of the
aperture or use a slit for deducing the laser beam
diameter.
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3.2 Spatial coherence

Schematic diagram of classical Young’s double slit
experiment using a tungsten wire is shown in Fig.5. In
this experiment, we have used a cylindrical thin tungsten
wire with a diameter of 50 pm or 100 um. Double-slit
interference fringe pattern of the laser was detected by an
X-ray CCD camera having 1024><1024 pixels and 13
pm pixel size. We used also an Al filter with a thickness
of 0.8 um to reduce the intensity of laser and cut off the
background radiation. Distance between the double-slit
and the X-ray CCD is 580 mm or 1070 mm as shown in
Fig.5. From Fig.6 (a) and (b) it is shown that the
coherence of the laser is improved with increasing the
length of lasing medium from 20 cm up to 35 cm. This
indicates that the aspect ratio of the plasma column has
been increased and only the central part of the laser,
which has a good spatial coherence without being
refracted by electron density antiguiding, can reach the
wire double-slit[10,11].

Comparing interference fringe pattern of Fig.6 and 7,
we can see that the contrast of interference fringes
becomes more distinct with increasing distance between
the double-slit and the screen, from 580 mm to 1070 mm
because the intervals of interference fringes are larger.
From the interference fringes shown in Fig.7 (a) and (b),
which are obtained by using a wire with a diameter of 50
pm and 100 pm, respectively, we have confirmed that the
wavelength of the laser is 46 £ 0.9 nm and 46 + 1.2 nm.
The result is in good agreement with the wavelength of
Ne-like Ar soft-X-ray laser (3p-3s transition, 46.9 nm).
And the coherence length[12] of the laser is obtained to
be 50 um.
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Fig.5 Schematic diagram of Young's double slit
experiment using tungsten wire.
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Fig.6 Interference fringes observed with a wire
double-slit (wire diameter = 50 um) using (a): 20cm or
(b): 35 cm-long capillary. Distance between
double-slit and X-ray CCD camera is 580 mm.
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Fig.7. Interference fringes obtained by a wire double-slit
((a): wire diameter = 50 pum, (b): wire diameter = 100
um ) using a 35 cm-long capillary. Distance between
double-slit and X-ray CCD camera is 1070 mm.

3.3 Two spike of XRD

Using a capillary with a length of 35 cm, we
sometimes observe two spikes of XRD signals as shown
in Fig.8. The second spike is observed about 5 ns later
than the first one. According to the report by the group of
Czech researchers, there is a possibility to obtain a
Be-like Ar 2p-2s transition (A is 42.6 nm) by
recombination excitation. To evaluate the second spike,
spectroscopic measurement is needed.
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Fig.8 XRD signal from discharge in a 350 mm-long
ceramics capillary. (a) : One spike in XRD signal. (b) :
Two spikes of XRD signal.



4. Conclusion

We report the output characteristics of capillary
discharge single-pass 46.9 nm Ne-like Ar soft-X-ray
laser. For the 20 cm-long capillary, divergence of laser
beam is measured to be 2.2 to 2.8 mrad. By Young’s
double slit experiment using a cylindrical tungsten wire,
we confirmed that the wavelength of soft-X-ray laser is
46.9 nm. Coherence of the laser has been improved with
increasing the length of laser medium from 20 cm up to
35 cm and the coherence length of the laser is found to
be 50 um. Finally we observed two spikes of X-ray diode
(XRD) signal in a single shot, which indicates the
possibility of lasing by recombination excitation.
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Rail Gap Switch Using Porous Metal as Electrode with UV Irradiation
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For multichannel gap switches, the shorter the formative
and statistical time lags of each gap, the larger the
number of arc channels. As we examined the breakdown
characteristics of a sphere/plane gap wusing a
mirror-finished brass plate and a porous metal as plane
electrodes, we confirmed that formative and statistical
time lags decrease when porous metals are used as a
discharge electrode, so we expect that the number of arc
channels increases when porous metal is used as one of
the electrodes of a rail gap. We have already confirmed
that the number of arc channels increases in the case of a
gap length of 1 mm when porous metal is used as an
electrode. In this report we describe the effect of UV
irradiation on the rail gap using a porous metal as
electrode.
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metal, ferrite sharpener, UV irradiation

1. Introduction

As for multichannel gap switches, the shorter the
formative and statistical time lags of each gap, the larger
the number of arc channels. As we examined the
breakdown characteristics of a sphere/plane gap using a
mirror-finished brass plate and a porous metal as plane
electrodes, we confirmed that the formative and
statistical time lags decrease when porous metals are
used as a discharge electrode”, so the number of arc
channels of a self-breakdown-type rail gap with a porous
metal is expected to increase. Then we compared the
results of the rail gap using a mirror-finished brass plate
and a porous metal as one of the electrodes of the rail
gap®. In the case of a gap length of 1 mm, the number of
arc channels increases when porous metal is used as a
lower electrode instead of a mirror-finished plate. In this
report we describe the effect of UV irradiation on the rail
gap using a porous metal as electrode.

(b) cylinder/porous metal
Fig. 1 Geometry of gap
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2. Experimental Setup

Figures 1(a) and 1(b) show a
cylinder/mirror-finished plate gap and a cylinder/porous . RS
metal gap, respectively. The upper electrode is a brass :
cylinder of 18 mm in diameter and the lower electrode is
a brass plate of 5 mm in thickness. When the lower
electrode was a porous metal, it was placed on the brass
plate shown in Fig. 1(b). The active length of the rail gap
was 200 mm. The lower electrode was grounded and
positive or negative voltage pulses were applied to the
upper electrode. The experiments were carried out in air
at 1 atm. Figure 2 shows the surface micrograph of the
porous metal we used. The porous metal was made of
copper and its average pore diameter was 600 um. Its
size was 210 mm long, 40 mm wide and 2 mm thick. It
was manufactured by Mitsubishi Materials Corp. UV
light source (Hamamatsu Photonics L937-02) was set
parallel to the rail gap, as shown in Fig. 3. The distance
between the source and the gap was 100 mm.

The rectangular voltage pulses applied to the gap
were generated by a 100-cm-long coaxial-type ferrite
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Fig. 3 Geometry of gap with UV light source
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Fig. 4 Electrical circuit to generate pulses applied to gap

sharpener®®. Figure 4 shows the electrical circuit used to
generate pulses. The input voltage pulse which has a
slow rise time is steepened at the end of the sharpener
due to its nonlinear effect. Figures 5(a)-5(c) show the
voltage waveforms of the open-ended ferrite sharpener
applied to the rail gap. Figure 5(a) shows the waveform
when the charging voltage of the capacitor V; is +10 kV,
Fig. 5(b) +15 kV and Fig. 5(c) +20 kV. The voltages
become approximately twofold V, \oltages were
measured using a Tektronix high-voltage probe
(P6015A) and a Hewlett-Packard digital oscilloscope
(HP54542A).

The number of arc channels was evaluated by
open-shutter photographs of a digital camera. Under each
condition 10 shots were performed.
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Fig. 5 Woltage waveforms of open-ended sharpener

3. Experimental Results and Discussion

Figure 6(a) shows an example of a discharge
photograph with UV irradiation. The lower electrode is
porous metal and the charging voltage of the capacitor
V, is +20 kV. The gap length of the rail gap is 1 mm. As
shown in the figure, 3 arc channels were generated.
Figure 6(b) shows another example of a discharge
photograph with UV irradiation. The lower electrode is a
mirror-finished plate and V, is +20 kV. The gap length of
the rail gap is 5 mm. In this case, 1 arc channel was
generated.

a) porous metal, +20 kV, 1 mm

(b) mirror-finished, +20 kV, 5 mm
Fig. 6 Discharge photographs with UV irradiation

Figures 7(a)-7(d) show voltage waveforms with
breakdown. The left in each figure shows the waveform
without UV irradiation and the right with UV irradiation.
Ten shots are superimposed in each figure as 10 shots
were performed under each experimental condition. In



the case of a gap length of 1 mm, shown in Figs. 7(a) and
7(b), the breakdown voltage with UV irradiation is
smaller than that without UV irradiation. In the case of 5
mm, shown in Figs. 7(c) and 7(d), as for the breakdown
voltage and the jitter of breakdown time, a significant
difference is not apparent.
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Figures 8(a)-8(f) show the number of arc channels
when V, is changed. In the case of a short gap length, the
number of arc channels with UV irradiation increases
when the lower electrodes are both a porous metal and
mirror-finished plate. In the case of a long gap length, the
effect of UV irradiation is small. As for the increase rate
of the number of arc channels, a significant difference
between the results of the mirror-finished plate and those
of the porous metal was not observed.

4. Conclusion

We examined the effect of UV irradiation on the rail
gap using a porous metal as electrode. As a result, we
obtained the following results.
(1) As for the jitter of breakdown time, a significant
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difference between the results with and without UV
irradiation is not apparent. However, in the case of a
short gap length, the breakdown voltage with UV
irradiation is smaller than that without UV
irradiation.

In the case of a short gap length, the number of arc
channels with UV irradiation increases when the
lower electrodes are both a porous metal and
mirror-finished plate. In the case of a long gap
length, the effect of UV irradiation is small.

As for the increase rate of the number of arc
channels, a significant difference between the results
of the mirror-finished plate and those of the porous
metal was not observed.
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Development of Pulsed Power Generator using
Semiconductor Opening Switches
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Abstruct

A compact repetitive pulsed power generator with semiconductor opening switch (SOS) has been developed.

The generator has been designed to acheve the peak output voltage of over 10 kV with maximum repetition rate of

1 kHz. A pulse compression circuit with a saturabe transformer and an insul ated-gate bipolar transistor (IGBT) are

employed to operate the SOS. This paper reports the circuit design and its operating characteristics.

Keywords: pulsed power technology, semiconductor opening switch, inductive energy storage

1. Introduction

Pulsed power technology has been widely applied
for various fields such as discharge-pumped excimer
laser, flue gas treatment, sterilization, and so on.

In typical pulsed power generators, capacitive
energy storages and solid-state switches such as power
semiconductor devices and saturable magnetic cores
are employed to operate at high repetition rate.
However, due to the energy transfer time from
capacitor to the load depend on time constant RC, this
type of generators have difficulty in obtaining shorter
output pulse durations on a high impedance load.

The pulsed power generator with inductive energy
storage can be realized to output shorter voltage pulse
due to the energy transfer time from the inductor to
the load depend on time constant L/R. In addition,
peak output voltage increases and its rise time
decreases if the current interruption time is shortened.
Therefore, it is considered that this type of generator

is more suitable for discharged load.

In this paper, the development of a compact
repetitive pulsed power generator with inductive
energy storage and its characteristics are described.
The generator employs a semiconductor opening
switch (SOS) to obtain a shorter pulse duration and
high repetition rate with the inductive energy storage
scheme. A pulse compression circuit with saturable
transformer and a semiconductor switch (IGBT) are
used to operate the SOS.

2. Semiconductor opening switch

An SOS diode® @

semiconductor diode for using as opening switch,

is a speciadly designed

which has a semiconductor p*-p-n-n" structure and is
fabricated to obtain a super hard reverse recovery
under the large reverse current conditions. The SOS
diode conducts reverse current during a certain
specific time due to the residual carrier in the structure
of semiconductor. The residua carriers are provided

by the forward current flows through the SOS diode.



When the reverse current flows through the SOS

diode, uncompensated holes arises in the p region of

Table 1 Specifications of the SOS-60-4 diode.

structure, due to the drawing of residual carriers. As a Maximum peak reverse voltage 60 kv

. . Maximum forward pumping current 1 kA

result, the voltage across the SOS rapidly increases M aximum reverse (cutoff) current 4 KA

and the reverse current through the SOS is switched to Forward pumping time 150-400 ns

) ) ) ) Reverse pumping time 40-100 ns

the load which is connected in pardlel. This Current interruption time 515 ns
phenomenon is called SOS-effect. Dimension 65x62x 44 mm

Mass ~0.2 kg

The SOS-60-4 is employed in the present systems.
Its assembly consists of 80 diodes connected in series
to achieve a maximum reverse voltage of 60 kV. Fig. 1
shows the photograph of SOS-60-4. Its specifications
arelisted in Tablel. Regardless of the small dimension,
the SOS-60-4 is able to conduct large current (up to 4
kV) and is able to interrupt it in very short time (less
than 15 ns). Due to the diode recovery time is less
than 1 us, the repetition rate at continuous operation
can be as high as 1 kHz and is only limited by the
thermal loss at the switching. As seen in Fig. 1, the
SOS-60-4 has copper heat sinks to enhance the heat

releases from the diodes.

3. Experimental setup

Our target is to develop a repetitive pulsed power
generator for applications to flue-gas treatment. The
basic requirements to the generator at output are
shown in Table 2. To achieve these output parameters,
we have developed a circuit design as shown in Fig. 2.
The parameters of the forward current, the reverse
curent (I and |5 as shown in Fig. 2.) and the
inductance of the transmission line determine as
shown in Table 3

Table 2 Output parameters of generator.

Peak output voltage | >10kV
Voltage pulse width | <100 ns
Repetition rate 1 kHz
Fig. 1 Photograph of SOS-60-4.
Table 3 Circuit parameters.
Transmission line Current pulse width Peak current Total inductance
Co—>C1 (o) 1ms 200 mA 1H
C,—>Cy(Ir) 200 ns 140A 3.4 uH
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Fig. 2 Circuit diagram.

It is considered that a relatively high cutoff current
can be obtained if the reverse current pulse width is
shorter than forward current. Therefore, the magnetic
pulse compression circuit with a saturable transformer
is employed to present systems.

Saturable transformer ST is used to increase the
voltage and to isolate the secondary winding from the
primary when the charging of C, is finished. IGBT is
use asan initial switch SW.

A capacitor Cy is charged by DC power supply. Due
to resonance between C, and C,, the C; charging
voltage is two times higher than the voltage of DC
power supply. When the charging of C; is finished, it
discharges with the triggering of SW. During the
discharging of C;, the ST is unstauration state.
Therefore, the electrical energy from capacitor C; is
transferred via C;-L,-ST and C, is charged by a

resonant current and the voltage is amplified by the ST.

The secondary winding current that charges capacitor
C, flows in forward direction of SOS and injects
carriers. When the voltage of C, reaches the peak, ST
saturates. The C, discharging current pulse is
compressed, which flows through the SOS as a
reverse current. At the same time, the energy from C,
is transferred to inductance of ST. Finally, due to SOS

effect, reverse current is interrupted and then a sharp
high voltage pulse switch causes inductive energy
arisesin the load.

As a inductor of saturable transformer ST, toroidal
type magnetic core is used with the winding ratio of
1:8. The saturation period of the specific magnetic
coreis estimated by the following equation.

Verp -1 =Ng,ABS @

where Vg, , t, Ng,, ABand Sare the voltage
across the secondary windings, the period until
saturation, the number of secondary windings, the
saturation magnetic flux and the cross-section of
magnetic core, respectively.

The saturated secondary inductance Lg o, IS

estimated by following equation.

(b
Le o» =27°zln(aj-l Ny 2

where po, @,band | are space permeability, the inner
diameter, the outer diameter and the thickness of the core.
The ST has a common reset circuit for allowing

full-magnetic flux variation. The reset circuit has a bias



coil of approximately 20 pH to separate it from the
generator. The parameters of magnetic core are shown
in Table 3.

Table 3. Parameters of saturation transformer ST

Charging voltageV; , 8kV
Inner diameter a 0.0763 m
Outer diameter b 0.1013m
Sicknessl| 0.0125m
Cross section S 0.00016 m*
Number of winding Ng;, 16 Turn
Saturation magnetic flux AB 177

V-t 0.004 Vs
Saturation timet 1.08 us
217 nH

Saturated inductancelLg ¢,

4. Experimental result

The voltage and current were measured by high
voltage probe (Iwatsu Test Instruments corp. HV-P30)
and current transformer (Pearson Electronics, LTD.
Model 110) respectively. All measured signals were
recorded by a digital oscilloscope (Lecroy Corp.
WR6030). Due to the relatively low output power of
the DC power supply, the test was carried out with
burst mode operation (20 shots burst and 2 sec rest
period).

Figure 3 shows (a) the capacitor C; voltage and (b)
secondary winding current waveforms of shorted load.
During 1 us, the peak forward current of 15 A flowsin
forward direction of SOS, while the capacitor C; is
charged to approximately 7 kV. The reverse direction
current reaches 140 A in 100 ns. The inductance of the
circuit C,-ST-SOS was calculated to be 3.4 uH from
Fig. 3(b)
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Fig. 3 Wavefirms of (a) capacitor C, Voltage and (b)

secondary winding current of shorted load

Figure 4 shows (a) the voltage waveform of 200
Q and (b) the current waveform of SOS. The reverse
current reaches 130 A in approximately 100 ns, and
then interrupted.This results in voltage with amplitude
of 12 kV across the load with pulse width of 100 ns.
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Current, A
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(b)
Voltage, kV

Time, 200 ns/div

Fig. 4 Wave forms of (@) SOS current and (b) voltage of

resistive load of 200 Q

Figure 5 shows (a) the voltage and current
waveforms of the resistive load and (b) output power

and total output energy. The load current reaches 40 A.



Output power and total energy were calculated to be
380 kW and 10 mJ respectively.
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Fig. 5 Waveforms of (@) voltage and current of resistive

load of 200 Q and (b) output power and energy

Shown in Fig. 6 is dependence of the peak output
voltage and the total output energy on the load
resistance. It is clearly seen that the output voltage is
increased if the load resistance is increased, but the

output energy decreases correspondingly.

Figure 7 shows the dependence of the energy
transfer efficiency on the load resistance. The energy

transfer efficiency is calculated by following equation

n= % x100 (%) 3)

C1

where, E; and E., are the total output energy
and the capacitor C; stored energy respectively. It is
clearly that the energy efficiency from the stored
energy in the initial capacitor to the load decreases as
the load resistance is increased. In this experiments,
the maximum energy efficiency of 27 % is obtained
on the resistive load of 200 Q. It is necessary to
optimize the circuit parameters to improve the energy

efficiency.
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Fig 6. Dependence of the peak output voltage and the

total output energy on the load resistance.

Load Resistance RL, Q

Fig.7 Dependence of the energy transfer efficiency on

the load resistance.

Figure 8 shows the voltage waveform of capacitor
C, when the generator is operated at the repetition
rate of 1 kHz The reason to use the C; charging
voltage waveform to confirm the repetitive operation

is that the output pulse is too narrow to be seen in the



time scales of Figs. 8 From this result, it is seen that

the generator can operate at 1 kHz in burst mode. 1) Peak output voltage of ~12 kV on a resistive
load of 200 Q with pulse width of 100 ns
U EEEEEEEEEEERERE were obtained.
LTI IT 2 oad volege incresces nc the output enery
> soolll | decreases with incleasing load resistance. The
>%>' a00 Ly maximum energy transfer efficiency in this
o 200 experiment is 27%
8 or 3) The generator can be operated at the
S izz SRR repetitionrate of 1kHz in the burst mode.
00— i & & i & §§ o §§ ;i ;
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ABSTRACT

The breaking of ice using shock waves produced by a pulsed power generator is suggested as a new method
for navigation of icebreakers in order to realize the safe and quick navigation in icebound sea. The shock wave can be
produced by applying the voltage between the electrodes contacted to an ice sample. The ice breaking by the pulsed
power was demonstrated in the tap water experimentally. During the experiments the ice sample was artificially made
from pure water. In the salt water with salinity of 3.5 %, the ice sample was not broken according to the results
obtained using the cylindrica electrode with flat tip. Using the conical electrode with the sharp-pointed tip, above ice
sample was broken. The shockwave caused by the ionized region formed at the tip of conica eectrode, and the
localized intense stress at crack seem to be the important mechanisms of ice breaking in the salt water.

Keywords : pulsed power, shock wave, ice, icebreaker, icebound sea

1. Introduction

Recently, the development of navigation system for icebreakers on icebound sea has been important for the
advancement of the natural resources production. For example, in 1999 in the Northern Sakhalin in the Sea of
Okhotsk, the commercia production of crude oil and gas started. At present, production during the winter season
isnot carried out. Year-round production, including the winter season, during which the Sea of Okhotsk is covered
by the seaiice, is planned to start from 2004.7%

To make possible the navigation in icebound sea, an icebreaker crushes the sea ice using the force
generated by the ship’s mass. As the ship advances into an unbroken ice field, crushing of ice begins to occur at
the point of contact. A specialy shaped hull made of high-strength material is required for the design of the
icebreaker. Furthermore, in the regions, where the thick ice sheets exist, a havigation time is prolonged because
continuous crushing is difficult or even impossible. If the worst comes to the wordt, it is possible that the
navigation is impossible. Realizing a new method of icebreaking to decrease the disadvantage points above is
beneficial to the marine transport and shipbuilding.

In this research, the icebreaking using pulsed power is proposed as a new method for the operation of
icebreakers in the icebound sea. ¥ Theiceis broken by shock wave produced by the pulsed power. The reasons for
using pulsed power are asfollows:

(1) The degree of damage to the hull can be significantly decreased.

(2) The continuous breaking can be realized because the pulsed power generator can be operated

7
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repetitively.
The overview of the icebreaking process using the pulsed power is shown in Fig. 1. The pulsed power generator is
loaded on the ship, and the electrodes connected to the generator are guided to the ice surface from the bow using

an insulated rod with severa joints.

direction of travel
B e

Pulsed power generator

Insulated arm

Surface of the sea Sea ice

Electrodes
Fig. 1 Overview of the icebreaking process using pulsed power.

The fundamental researches on the destruction of solid materials using the pulsed power were carried out for
the development of the new drilling and demolition technologies.> ® On the works described in Ref. 6, the Marx
generator was employed as an energy source, and granite was used as a sample of solid material. The rod
electrodes were contacted to surface of sample, which was immersed in water. Although the destruction of solid
materials such as rocks using the pulsed power was tested in detail until now, there was alack of the experimental
results for breaking of ice. Thus, the demonstration of the breaking of ice and the obtaining of the fundamental
data were necessary.

The final purposes of this research are to evaluate the efficiency of ice breaking by pulsed power, and to
discuss the usefulness of this method. In order to do that, the demonstration of ice breaking and the discussion of
the breaking mechanisms are needed. In this research experiments on breaking of ice are carried out using the
pulsed power generator and an ice sample. In these experiments ice samples were made from pure water, placed
into a plastic vessel, which was filled with water or salt water. Also the shape of electrode was tested. In this paper,

experimental results and mechanisms of breaking are described and discussed.

2. Experimenta Apparatus and Method

Figure 2 shows a schematic diagram of the experimental apparatus.‘” A Marx generator, with six capacitors
with a capacitance of 0.2 uF, was used as a pulsed power generator. The capacitors of the generator were charged
to a negative high voltage, and triggered by an externa signal to a gap switch. The circuit parameters R, circuit
inductance including Ls were estimated to be approximately 20 Q and 1.5 p F, respectively, assuming that Cs
was 33 F. Theice sample was placed into a plastic vessel, which was filled with water. At first the tap water was
used. On the next step salt water with salinity of 3.5% was used to simulate the actual condition. |ce samples were
made from pure water. The el ectrodes were made of a dielectric material (Polyethylene) and metal (copper).

Figure 3 shows setup of the electrode system and the dimensions of the electrodes.? The ti ps of electrodes
contacted the surface of the ice sample. In this experiments, two kinds of shapes of electrodes, cylindrical and

conical (shown in Fig. 4), were tested to investigate the electrode shape effects, especially in the case of using salt

217



water.

In the experiments the voltage between the electrodes was measured using a high-voltage probe (EP-50K:
Pulse Electric Engineering Co., Ltd.), and the current was measured using a current probe (Model 110A: Pearson
Electronics, INC). The digital oscilloscope (DS4374: IWAT SU) was used to observe the waveforms.

To Marx generator  To earth

--— —
High voltage probe A i i
Marx generator Electrodes i i | , Polyethylene
| ! '
|
! 2gomm| [i| |
: "Current probe i i
i Rs water il 1i
i v | | Ice sample
1
1
1
1
1
1
1

ice sample 777
P ® 20mm @ 6mm

Fig. 2 Equivalent circuit and configuration of Fig.3 Configuration and dimensions of
apparatus. electrodes.
Electrog- Polyethylene Electrode  Polyethylene
(a) Cylindrical electrodes. (b) Conical electrodes

Fig.4 Cylindrical (a) and conical (b) electrodes.

3. Experimental Results and Discussions
3.1 Results in the case of using Tap Water?

The experiments in the case of using the tap water were carried out. In this experiments, the cylindrical
electrodes were used, and dimensions of ice sample were 95x 82x 28 mm (thickness of 28 mm). The
experimental results were shown in Ref. 4. At t=0 a voltage of 50 kV was applied to the electrodes, and after 30 us
the discharge current started to rise. The photograph of discharge between the electrodes was taken. It was
confirmed from this photograph that the discharge occurred on the surface between the electrodes. The
photographs of the ice sample after applying the voltage, which were presented in Ref. 4, clearly showed that the
ice sheet was broken by the discharge.

The power was calculated from the current and voltage waveforms, and the energy was calculated from the
integral of the power. The inductance of the discharge region was neglected. It can be seen that the values of the

maximum power and energy were 40 MW and 33 J, respectively. At that time the charging energy of the power
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supply, which was calculated from the measured voltage just before the discharge started, was 36 J. Therefore
amost al charging energy was consumed by the discharge between the electrodes, the discharge led to the
breaking of theice.

The V-I characteristics obtained from voltage and current waveforms had two regions, which had negative
and positive slopes (refer to Ref. 4). The negative slope denoted the formation of the arc discharge, and the
positive slope denoted the decrease in the discharge current during a time constant for the parameters of the
electric circuit including the discharge region. The resistance evaluated from positive slope in the V-I

characteristic was approximately 9 Q at a current lessthan 1 KA.

3.2 Resultsin the case of using Salt Water

In practice, the seaice exists in a seawater or water with higher conductibility than the tap water. Thus, the
experiments using the salt water with the salinity of 3.5 % were carried out in order to simulate the real conditions.
The voltage and current waveforms in the case of the salt water are shown in Fig. 5(a), where the cylindrical
electrodes were used. In above case icebreaking was not confirmed. Also the discharge emission could be
observed only at the tip of electrodes. The total charging energy of pulsed power generator was 60 J. On the other
hand, using the conical electrodes the ice sample was successfully broken, with the same total charging energy.
Fig. 5(b) shows the voltage and current waveforms in the case of conical electrodes. In this case aso the discharge
emission could be observed only at the tip of electrodes. Although the voltage waveforms were decreased in a
certain time constant after the peak value in both cases, the clear difference was indicated in the current
waveforms. The higher peak current was observed in the case of the conical electrodes than the cylindrical
electrodes.
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Fig.5 Voltage and current waveformsin cases of (a)cylindrical and (b)conical electrodes.

Fig. 6 shows the waveform of the discharge power calculated from the voltage and current waveforms
presented in Fig. 5. The peak value of discharge power increased from 25 MW to 40 MW by changing the
electrode shape from the cylindrical to the conical one. From the experimental results it was found that the conical
electrode with sharp-pointed tip was effective for the breaking of ice.

Figure 7 shows the V-1 characteristics obtained from Figs. 5(a) and (b). It can be seen from this figure that in
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the case of cylindrical electrode V-1 characteristics had almost constant positive slope, what indicated that the
current observed here was caused by the ions contained in the salt water. The resistance evaluated from this
positive slope in Fig. 7 was approximately 63 Q2 . In the other words, this current could be regarded as a leakage
current because it did not contribute to the breaking of ice sample. Such a leakage current was consumed as a
joule loss. In the case of the conical electrode the negative slope region was observed at voltage of 50 kV to 40 kV,
and then the positive slope region appeared at less then 30 kV. The resistance evaluated from this positive slope
was approximately 30 Q2 .
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Fig. 6 Discharge power waveforms in cases Fig. 7 V-1 characteristics in cases of
of cylindrical and conical dectrodes. cylindrical and conical electrodes.

4. Discussions

In the tap water, formation of arc discharge between the electrodes was observed clearly, and the ice sample
was broken, where the cylindrical electrodes were used. The negative slope region in V-I characteristic (shown in
Fig. 7 of Ref. 4) indicates the formation of arc discharge. From these results, main phenomena for the discharge
and icebreaking in the tap water was presumed as follows,

(1) By applying voltage across the electrodes the arc discharge starts to be formed at the surface of ice

sample. This step corresponds to the negative slope region in V-1 characteristics.

(2) Starting of arc discharge forms the shockwave.

(3) Local intense stress occurs in the cracks inside the ice during propagation of the shockwave, and then it

isresulted in the break of theice.

Using the conical electrodes the sharp-pointed tip of the electrode got into the ice sample, and the icebreaking
was redlized in the salt water, while in case of cylindrical it did not take place. The main effects of using the
conical electrode were asfollows:

(1) Theenergy loss by leakage current decreased because the tip of electrode got into the ice sample.
(2) Theregion with intense electric field was formed inside the ice.
Taking account of above effects, the following phenomena were supposed mechanisms for the icebreaking.
(1) lonized regions are formed by the high electric field at the tip of the conical electrode. This step
corresponds to the negative slope region in V-1 characteristic shown in Fig. 7.
(2) The shockwave isinduced by forming of ionized regions.
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(3) Local intense stress occurs in the cracks inside the ice during propagation of shockwave, and then it is

resulted in the break of theice.

The difference of above phenomena between the cases of tap water and salt water is caused by resistivity of
water. In the case of salt water no arc discharge path was observed between the electrodes because of |eakage
current caused by low resistivity of salt water. It suggests that the shockwave with enough pressure for
icebreaking can be not generated in the case of salt water and cylindrical electrodes. Using the conical electrodes,
the leakage current was decreased and ionized region was formed inside the ice sample. The formation of ionized
region results in the formation of negative slope region in V-l characteristic. The peak value of discharge power
increases rather then in the case of cylindrical electrodes. It seems that the ionized region promotes the formation
of the shockwave with high pressure and realizes the icebreaking. In the medium with low resistivity, the
following things are important for icebreaking.

(1) To decrease leakage current flow through the medium.

(2) To make a source of shockwave inside ice sample, for example using electrode with sharp-pointed tip.
Fulfilling above conditions causes that the peak value of the discharge power increases, and the formation of
shockwave is promoted. In Fig. 6 the higher peak power, obtained in the case of conical electrode, is caused by the
above conditions. In our results, threshold value of the discharge power for icebreaking was unknown. In order to
evaluate the threshold value, the experiments in which the charging energy is changed, are necessary.

Figs. 8(a) and (b) shows the photographs before and after the discharge. Presented sample with the thickness
of 40 mm was not broken during the first discharge. It could be seen from this photograph that the cracks were
formed around the electrodes. This sample was broken after the third shot at the same charging energy of the
capacitor. Fig. 9 shows the sample broken by the discharge. It was possible that the discharge power was dlightly
changed at every shot, while the charging energy of pulsed power generator was constant. In almost all cases the
sample was broken along the line through the point of the electrodes contact, as shown in Fig. 9. It seemed from
the observations shown in Figs. 8 and 9 that the cracks were formed by the discharge, and then these cracks

induced the break of the ice sample. Also the observations confirmed the breaking mechanisms described above.

.. (030505 1s09
4

Contact point of electrodes
ik PG

Fig. 8 Photographs before and after the discharge . Fig.9 Icesample broken by discharge.

(a) Before discharge (b) After discharge

According to Ref. 6 it was found that on the destruction of granite with large number of voids, a partial
discharge affected the energy efficiency of destruction. It is alocalized discharge occurring at which the insulators
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with different dielectric constant are located. Generaly, ice also has many small voids containing air. Therefore
for the breaking of ice, athough the partial discharge was not detected directly, it was possible that the partial
discharge inside the void was one of the important mechanisms of breaking of the ice sample

In our experiment, al the ice samples were made in the same freezer and under the same conditions.
Therefore each experimental data obtained here could be compared relatively. In the future works, the experiments

taking account of the property of ice, and the experiments using the natural seaice are planed.

5. Conclusions

In this research, the icebreaking using the pulsed power was proposed as a new method for operation of the
icebreakers in icebound sea. In this research breaking of the ice sample artificially made from pure water by
pulsed power was demonstrated in the tap water experimentally. In order to simulate actual condition, the ice
sample in the salt water with salinity of 3.5 % was tested. From the results using the cylindrical electrode with flat
tip, the ice sample was not broken. Using the conical electrode with sharp-pointed tip, the ice sample was
successfully broken. It was found from the results that the conical shape is effective for icebreaking in medium
with low resistivity. It seemed that the shockwave caused by ionized region at tip of conica electrode, and the
localized intense stress at crack were important mechanisms of the ice breaking in the salt water.

The experiments taking account of the various properties of ice, and the experiments using the natura sea

ice are necessary to be carried out as the next works in order to evaluate the efficiency of breaking.
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ABSTRACT

To improve the purity of an intense pulsed ion beams anew type of pulsed ion beam accel erator named “ bipolar pulse
accelerator (BPA)" was proposed. To confirm the principle of the accelerator a prototype of the experimental system
was developed. The system utilizes B, type magnetically insulated acceleration gap and operated with single polar
negative pulse. A coaxial gas puff plasma gun was used as an ion source, which was placed inside of the grounded
anode. Source plasma (nitrogen) of current density » 25 A/cn?, duration » 1.5 ms was injected into the acceleration gap
by the plasmagun. Theions are successfully accelerated from the grounded anode to the drift tube by applying negative
pulse of voltage 240 kV, duration 100 ns to the drift tube. Pulsed ion beam of current density » 90 A/cnf, duration »
50 ns was obtained at 40 mm downstream from the anode surface. lon species and energy of the beam was evaluated by
TPS and found that the beam consists of N* and N* of energy 300-150 keV. To evaluate the irradiation effect of the ion
beam to solid material, amorphous silicon thin film of thickness » 500 nm was used as the target, which was deposited
on the glass substrate. The film was found to be poly-crystallized after four shot of irradiation. For the bipolar pulse
experiment bipolar pul se generator has been developed.

Keyword: intense pulsed ion beam, bipolar pulse, plasma gun, nitrogen ion beam

1. Introduction 2. Bipolar Pulse Accelerator

Intense pulsed ion beams (PIB) of carbon, nitrogen or Figure 1 shows the concept of the bipolar pulse
aluminum, have a wide area of applications including accelerator [3]. A conventional PIB diode is also shown
nuclear fusion, materials science, etc. For example, PIB

is expected to be applied to a “pulsed ion beam (a) Lion beam(at 1)

implantation” to semiconductor since doping process and lon source 4/|on beam(at t,)

annealing processis expected simultaneously. The PIB is

also expected to be use in a crystalization process of

semiconductor thin films or surface modification process

of metallic materials. I I L’GTOU”dEd
PIB can easily be generated in a conventional pulsed 1st gap I 2nd ghp _cathode

power ion diode using flashboard ion source [1]. ;

However, since many kinds of ions are produced in the drift tube i |

same time in the flashboard ion source, the purity of the t —‘ !

beam is usualy very poor. For example, in a point pinch P ! >

ion diode we found that produced PIB contains much 4y 1,

kind of ions including protons, multiply ionized carbons, (b)

and organic ions [2]. Hence an application of the PIB has
been extremely limited.

To improve the purity a new type of pulsed power ion
beam accelerator named “bipolar pulse accelerator

/ion beam(at t)

(BPAY' was proposed [3-5]. As the first step of the < Grounded
development of the BPA, a prototype of the experimental gagl cathode

system of the accelerator was constructed to confirm the 1 N i i

principle. By using the system the acceleration of ion V T I i

beam was successfully confirmed [6,7]. In addition, the 2V, t, R
accelerated beam was used to irradiate amorphoussilicon t, t

thin films to evaluate the irradiation effects of PIB. In Fig.1. Conceptual drawing of (a) bipolar pulse
the paper the results of the experiments are described. accelerator and (b) conventional pulsed ion beam

accelerator.



N* beam(at t,)
H* beam(at t,)

ion source

\.\\

= 2nd gap
. T .
drift tube V1 V

Fig.2. Principle of thei mprovement of the

purity of theion beam.

for comparison. As shown in Fig.1 (a), proposed ion
accelerator consists of agrounded ion source, adrift tube
and a grounded cathode. In the diode, bipolar pulse
(V1) is applied to the drift tube. At first the negative
voltage pulse of duration tp is applied to the drift tube
and ions on the grounded ion source are accelerated
toward the drift tube. If tp is adjusted to the time of
flight delay of the ions to pass the drift tube, the pulseis
reversed and the positive voltage of durationtp isapplied
to the drift tube when top of the ion beam reaches the
2nd gap. As aresult the ions are again accelerated in
the 2nd gap toward the grounded cathode.

As seen in Fig.1 (b), in the conventional PIB diode,
ion source is placed on the anode where high voltage
pulse is applied, while in the proposed ion diode, ion
source is on the grounded anode. This seems to be
favorable for the active ion sources where ion source is
powered by an external power supply.

Here, considering the acceleration of ions in the case
that ion source contains N* and impurity ionsof H' in the
proposed diode (see Fig. 2). In the case, ions of N* and
H* are accelerated in the 1% gap toward the drift tube

Meagreic Col

9 Arub

Qf = (grounded)

Fig.3. Conceptual drawing of By, type magneticaly
insulated gap of the bipolar pulse accelerator.

when negative voltage is applied. In Fig. 2, N" and H'
beams are schematically described and as seen in the
figure, due to the deference of the velocity the length of
H" beam is much longer than that of N*. Here assuming
that the length of the drift tube is designed to be same as
the beam length of N of duration t, at acceleration
voltage V,. It is, for example calculated to be 15.7 cm
when V, = 500 kV, t, = 60 ns. When N"beam of length
15.7 cmisinthe drift tube (t =t;) the voltage is reversed
and positive voltage is applied to the drift tube, which
accelerate N" beam in the 2nd gap. In contrast, since
length of H* beam atV, = 500 kV, t, = 60 nsis58.7 cm,
73 % of the beam is out of the drift tube at t; and it is not
accelerated in the 2nd gap. Hence 73 % of H beam is
removed inthe accelerator [4].

Figure 3 shows the conceptual design of the BPA.
The accelerator consists of a grounded anode, drift tube
and a grounded cathode. To produce insulating
magnetic fields in both acceleration gaps, a magnetic

-300kV, 48 kA, 60 ns

@ =

il

Gas Puff

H% Drift Tube
Inductively I solated
Current Feeder (1C)

Fig.4. Cross-sectional view of the experimental system.

Pulse Forming Line ( PFL )

2nd gap

|

10cm
1

field coil of grating structure is used to
direction (y-direction).

produce uniform magnetic field in vertical
Cathode

3. Accelerator Experiment

Figure 4 shows the cross-sectional view
of the experimental system. The system
consists of a grounded anode (copper), a
drift tube (stainless steel) and a magnetically
insulated acceleration gap (MIG). The
drift tube is connected to a high voltage

—
Magnetic Fie  terminal of a high voltage pulsed power
i Cail generator. A Blumlein type pulse forming

line (PFL) was used [8], which generate an
output pulse of -300 kV, 48 kA, 60 ns. By
applying negative pulse to the drift tube,
ions on the anode are accel erated toward the
drift tube. The magnetic coil of the MIG is
installed on the rectangular drift tube where
acceleration voltage is applied and produces
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Fig.5. Magnetic field (By) distribution in the
acceleration gap when charging voltage of the
bank is4.0kV.
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Fig.7. Typica waveforms of the discharge current of the
plasma gun (Ipg) and the ion current density (J;).
J; was measured by BIC placed at 130 mm

downstream from the top of the plasma gun.

Biased lon Collector
(pinholef 1 mm)

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

130 mm

_ﬂ_\\: O.5C valve consists of anylon vessel, an
i'_,/,=' aluminum valve and a drive coil

and the vessd is pre-filled with N,

Fig.6. Cross-sectional view of the gas puff plasmagun.

magnetic field of vertical direction (y-direction). To
obtain higher transmission efficiency of the ion beam,
right and left sides of the coil (facing the anode or
cathode) consist of 8 blades each and have a grating
structure. Each of the blades (10 mm" x 118 mnt x 1
mm') is connected in series and constructs an 8turn coil.
Since high voltage pulse is applied to the drift tube,
pulsed current produced by the capacitor bank (500 n, 5
kV) is applied to the coil through an inductively isolated
current feeder (IC). The IC is a helically winded coaxial
cable and the outer conductor of the IC is connecting the
grounded vacuum chamber and the drift tube with
inductance of 12.4 H.

The anode and the cathode are brass electrode of
diameter 78 mm, thickness 5 mm. The electrodes are
uniformly drilled with apertures of diameter 4 mm,
giving beam transmission efficiency of 58 %. To produce
anode plasma (source plasma of the ion beam) gas puff
plasma gun was used, which was placed inside the
anode.

Figure 5 shows the magnetic filed distribution in the
gap. As seen in the figure uniform B, field of strength
0.4 - 0.5 T is produced in the acceleration gap of dax =
10 mm.

Figure 6 shows the detail of the gas puff plasma gun
used in the experiment. The plasma gun consists of a

Anode Drift Tube

gas. By applying pulse current to
the drive coil, the nagnetic stress
produced by the pulsed magnetic
field presses the aluminum valve to
open the valve. As the results,
filled gas in the vessel expands
with a supersonic velocity and
reaches the gas nozzles on the
inner electrode of the plasmagun.

The plasma gun has a pair of coaxial brass electrodes,
i.e. an inner electrode of outer diameter 6 mm, length 65
mm, and an outer electrode of inner diameter 16 mm.
Since it takes about a hundred ns to open the valve and
several tens ns for N, gas to reach the gas nozzle of the
plasma gun, the capacitor bank of the plasma gun is
discharged with a delay time of ty around 230-320 ns.
To apply pulsed current to the gas puff coil and the
plasma gun, capacitor banks of 5 nF and 1.5 nF were
used, respectively. Each capacitor was usually charged
to 6.5 kV, and 24 kV, respectively.

Figure 7 shows the waveforms of the discharge current

of the plasma gun (Ipg) and the ion current density (J;)
obtained by a biased ion collector (BIC) when tq = 260
ns. As seen in thefigure Ipg rises in 2.5 ns and have a
peak value of 27 kA. The peak value of J; = 25 Alcnf
was obtained at 130 mm downstream from the plasma
gunontheaxisatt =7 ns after therise of Ipg.
Figure 8 shows the dependence of J; on ty evaluated.
As seen in the figure J; rises at ty » 230 ns and have a
peak around 290 ns, and after that decreased. The results
suggest that it takes 230 s after the election of gas puff
coil for the gas to reach the nozzles.
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Plasma Gun 4. Experimental Results
To confirm the acceleration of ionsin the 1st
130mm gap negative pulse was applied to the drift tube.

I

A

Figure 9 showstheset-up of beam acceleration

ol

Biased lon Collector
(pinholef 1 mm

experiment to measure the accelerated ion
beam. To limit the beam diameter and enhance
the beam current density on the axis, aperture
plate of aperture diameter 20 mm is installed
inside the anode. BIC was installed inside the

)

31 mm

Drift Tube
Fig.9. Experimental setup of beam acceleration experiment.
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Fig.10. Typical waveforms of gap voltage (Vy), anode
current (1) and ion current density observed at 40
mm downstream from the anode surface (J;).

drift tube to observe the ion current density (J;).
Since high voltage pulse is applied to the drift
tube, inductively isolated coaxial cable of

same structure as |C was used to transport the
BIC signal. The system was operated at 80 %
of the full charge condition of the PFL.

Insulating magnetic field of 0.3 - 0.4 T was applied to the
acceleration gap of gap length dax = 10 mm. The
plasma gun was operated at the condition of ty » 290 ns
in advance to the PFL operation and the PFL wasfired at
tpp = 920 ns after the rise of the Ipg to apply negative

high voltage pulse to the drift tube.

Figure 10 shows typical waveforms of the output
voltage (Vy), the anode current (1) and the ion current
density (J;). They were obtained at the condition of t,, =
12.5 ns. Here, 1, was measured at the root of the anode
and it is considered to be equivalent to the current
flowing across the 1st gap. J; was measured at 40 mm
downstream from the anode surface. As seen in the
figure, Vg rises at t = -5 ns and peak voltage of -230 kV
was obtained. |, rises with Vg and has a peak of 20 kA
whereas J; rises at t = 80 ns and have a peak of 27 Alcnf.

Figure 11 showsthe dependence of the peakvalue of J;
on the delay time (t,,) for the fixed condition of tg, the
insulating magnetic field and the charging voltage of the
PFL. As seen in the figure J; increases monotonically
with increasing tp, This seems to be due to that quantity
of the plasma on the anode or in the 1st gap increases
with increasing t,,. Due to the increaseof output current
of the PFL with tpp, Vy decreases withincreasing tpp.

Figure 12 shows the beam pattern obtained on the
thermo sensitive paper. The paper was placed at 41 mm
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Fig.12. Beam pattern obtained on a thermo
sensitive paper. The paper was placed at
41 mm downstream from the anode
surface.

Energy (kev /2Z)

Fig.13.

downstream from the anode surface and 4 shots of ion
beams were fired to enhance the contrast of the pattern.
As seen in the figure, round black pattern is observed
with white central part around the beam axis. The
white part is due to the ablation of the surface of the

paper, hence indicating the strong irradiation of the beam.

The size of the white part has an dliptic shape of long
axis 60 mm short axis 45 mm. The size is much larger
than the size of the plasma-limiting aperture of diameter
20 mm installed inside the anode. Which suggest that
the size of source plasma expands in the acceleration gap
after passing the aperture.

To evaluate the species and the
energy spectrum of the ion beam

lon track pattern obtained by the Thomson parabola spectrometer.
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Fig.14. X-ray diffraction pattern of the anorphous
silicon thin films before and after the ion beam
irradiation.

5. Beam irradiation Experiment
To evaluate the annealing effect
of the pulsed ion beam to the
materials, amorphous silicon thin
films was used as a targets. The
films have a thickness of 500 nm
and fabricated on the glass
substrate. Two targets was placed
a 41 mm downstream from the
anode and attached on the thermo
sensitive paper as shownin Fig. 12.
Here, the amorphous thin film
placed at right-hand side was removed after the
irradiation due to that beam intensity was too strong and
cause surface ablation. Hence only the target placed at
left-hand side was evaluated. Figure 14 shows the
X-ray diffraction pattern of the target. As seen in the
figure no diffraction peak is observed inthe target before
the irradiation. In contrast clearer peaks of Si (111) and
S (220) were observed onthe target after the irradiation.
The results clearly indicate that the target of amorphous
silicon thin film was poly-crystallized by theirradiation.

Thomson parabola spectrometer

Oil

was used. Figure 13 shows the
example of the track pattern

L.

recorded on the ion track detecting
plate of CR-39. Here, deflecting
magnetic field and electric fieldare
applied in vertical direction; hence
ions are deflected in vertica
direction and horizontal direction
by the electric field and the
magnetic field, respectively. In the
figure, singly and doubly ionized
nitrogen ions of energy 300-150
keV are observed with impurity of
hydrogen and heavy ions.

Marx Generator

acceleration
gap

Inner Electrode

L

Intermediate Electrode  Gap Switch

Outer Electrode | 50 cm |
Dielectric Water
Charging voltage 400 kV
Output voltage + 200 kV
Pulse length 70 ns

Fig. 15. Cross-sectional vies of the Bipolar pulse generator.



6. Development of Bipolar Pulse generator

For the bipolar pulse experiment, we are developing
abipolar pulse generator. The cross-sectional view of the
pulse line is shown in Fig. B. The line is the double
coaxial type [3] and has an enhanced trigger type rail gap
switch on the end of the line between the intermediate
conductor and the outer conductor. The expected
switching inductance is 10 nH [9]. The designed output
pulseis (-200 kV, 7 W, 70 ns) + (+200 kV, 7 W, 70 ns).
The line was constructed and new we are evaluating the
electrical characteristics.

7. Conclusion

To confirm the principle of the bipolar accelerator a
prototype of the experimental system was developed.
The system utilizes By, type magnetically insulated
acceleration gap and operated with single polar negative
pulse. A coaxia gas puff plasma gun was used as an
ion source, placed in the grounded anode. Source
plasma (nitrogen) of current density » 25 A/cn, duration
» 1.5 ns was injected into the acceleration gap. The
ions are successfully accelerated from the grounded
anode to the drift tube by applying negative pulse of
voltage 240 kV, duration 100 ns to the drift tube.
Pulsed ion beam of current density » 90 A/cn, duration
» 50 ns was obtained at 40 mm downstream from the
anode surface. lon species and energy of the beam was
evaluated by TPS and found that the beam consists of N*
and N?* of energy 300-150 keV. To evaluate the
irradiation effect of the ion beam to solid material,
amorphous silicon thin film of thickness » 500 nm was
used as the target, which was deposited on the glass
substrate. The film was found to be poly-crystalized
after four shot of irradiation. For the bipolar pulse
experiment bipolar pulse generator of designed output
pulseis (-200 kV, 7 W, 70 ns) + (+200 kV, 7 W, 70 ns)
has been devel oped.
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Formation of Strongly Coupled Plasma Using Pulse-Power Discharges in Water
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Dense plasmas are produced using exploding wire discharges in water. The exploding plasma
is tamped and stablized by the surrounding water. From a comparison of them with exploding
wire discharges in air, the point of wire evaporation is assured. The evolutions of plasma radius,
conductivity, and a shock wave accompanied with the explosion, are measured. These measurements
are compared with theoretical estimations based on a simplified model and MHD simulation. The
results show that, at 2usec from start of discharge, the coupling parameter of them are 2-3 and the
electrical conductivities are almost 10 times larger than the ones obtained with Spitzer’s model.

Keywords: strongly coupled plasma, equation of state, conductivity, pulse-power discharge, wire explosion

I. INTRODUCTION

Properties of dense plasma are of interest concerning
the interiors of the giant planets, white dwarfs and the
hydrodynamics of fuel pellet of inertial confinement fu-
sion(ICF) [1-5]. To optimize the fuel pellet dynamics of
heavy-ion-beam ICF, ion beam stopping power, pressure
and thermal transport in the dense plasma sholud be
accurately predicted especially at the tamper surface of
direct fusion or in the X-ray converter of indirect fusion
pellet. The stopping power and transport coefficients of
strongly coupled plasma are investigated on a theoret-
ical basis using distribution function[6-8] or Moleculer
Dynamics (MD)[9] simulation. If the data base of these
parameters are wrong, the gain of fuel pellet is difficult
to optimize. The reason why this is that the fuel pellet
is irradiated with finite number of beams. The allowable
level of nonuniformity should be intrinsically decided by
that of the energy deposition profile of the target. We
need to know the initial pressure profile and transport
coefficients for making a high gain pellet. In a labratory
experiment, the warm and dense plasma is not station-
ary. Therefore, the fast energy input is required to make
the dense plasma state[10-15].

The dense and/or low temperature plasma is correlated
by Coulomb force and characterized by the Coulomb cou-
pling parameter I" for the ions and the degeneracy pa-
rameter 6 for the electrons. Here, I' is a measure of the
Coulomb interaction and is defined as the ratio of average
Coulomb interaction energy to average kinetic energy

2,2
I — 276, (1)
dregakpT
where a = (3/47rni)1/3 is the ion-sphere radius, Z is the
average ionization state, kp is the Boltzman’s constant,
n; is the ion density, and 7T is the plasma temperature.
The degeneracy parameter used as a measure of the level
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of degeneracy of electron is

kBT ZmEkBT

0 = = s
Er K2 (37r2ne)2/3

(2)

where Er is the Fermi energy, n. is the electron density
and m, is the mass of electron.

The plasma in strongly coupled state is produced by
wire explosion driven by a fast pulse generator. A
density-temperature diagram with a possible parameter
regime of the exploding wire plasma is shown Fig. 1. In
this study, we concentrate our efforts on the behavior of
strongly coupled plasma, both experimentally and nu-
merically. In contrast to previous experiment, our study
is intended to make a semi-empirical scaling of the equa-
tion of state and transport coeflicients.

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental arrangement
is shown in Fig. 2 [14, 15]. The capacitor bank; C con-
sists of cylindrically arranged 8 x 0.4uF low inductance
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FIG. 1: Expected parameter regime of wire explosion plasma
and some typical parameters on density-temperature dia-
gram.
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FIG. 2: Schematic diagram of experimental arrangement for
exploding wire in water.
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FIG. 3: Enlarged photograph of 50um wire.

capacitors. The wire specimens are copper, aluminium
and tungsten. The capacitor bank was charged to at
least 10 kV to ensure vaporization of the wire, and it
is switched by a low-inductance spark gap switch. Fig-
ure 2 shows the positions of the Rogowski coil and the
voltage detector. These detectors directly measured the
current and voltage of the wire plasma. The test cham-
ber was filled with water, and the expanding plasma
was tamped at high density by the surrounding water.
We measure the plasma evolution using an image con-
vertor camera (HADLAND PHOTONICS : Imacon 468)
mounted with a discontiguous microscopic lens (QUES-
TAR : QM100). Shock surface-time diagrams of the
exploding wire were obtained a shadowgraph method
using a streak-camera(Hamamatsu : ¢2830) and a LD
Laser(532nm, CW 250mW:LDC-2500:SUWTECH).

The experimentaly obtained voltage waveform is com-
posed of resistive and inductive parts. The stray induc-
tance of system of the discharge device was estimated to
be L = 105nH from the short circuit waveforms of the
current and voltage. Thus, the effective resistance R(t)
was evaluated using the next equation;

V(t) — LdI/dt

R(t) = = (3)

and leading to the conductivity of the wire o(t) via
l
t) = —5—~—— 4
)= R @

[ being the length of the wire and/or plasma, and r,(t) its
radius. The effect of self-magnetic field on the resistance

(a) (b)

FIG. 4: Framing photographs of Al plasma; (a) in air and
(b) in water, taken with an image converter camera with gate
time 10 ns, at 240 ns after beginning of discharge.

are negligible because the electron collision frequency is
much higher than the electron cyclotron frequency. In
this experiments, the wire length is selected to be 18 mm.
The diameter of wire is selected to be 100 pum, considering
the skin depth ¢ given by

1
6= ook ()

where p is the permeability and f is frequency of the
electro-magnetic wave. For all wires employed in this
experiment, the skin depth was larger than the diameter
of the wires.

IIT. RESULTS AND DISCUSSIONS

A. Vaporization timing and comparison of plasma
evolution in air and in water using Al-wire

Figure 4 shows a comparison of wire discharges in wa-
ter and in air. As shown, the surrounding water is effc-
tive in tamping and stabilizing the plasma. These results
show a benefical effect of water for making a dense and
uniform plasma column. The other reason of stabilizting
effect is the initial condition of wire(Fig. 3). As shown,
it had little nonuniformity on surface. The evaporation
time of Al is predicted to be about 200ns by the image.

Typical voltage and current waveform of the Al-wire
discharge in water and in air are shown Fig. 5. The cur-
rent waveforms have two peaks both in air and in water.
The first peak of the current waveforms can be correlated
to the phase transition of evapolation. The first peak of
voltage in water delays compared with that in air. Fig-
ure 6 shows evolutions of the resistance of wire/plasma
in water and in air using the same wire. The diameter of
wire/plasma is almost constant while solid - liquid phase.
Therefore, the resistance of wire/plasma is coincidentally
evolved unitl the liquid-vapor phase transition. The re-
sistans curves in Fig. 6 are indicating the liquid-vapor
phase transition at about 200 ns. Thus, the evolution
of input energy and required energy for evaporation are
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shown in Fig. 6. The required energy for evaporation of
Al-wire is estimated to be 5.1 J. A comparison of evolv-
ing registance and energy deposition also indicates the
liquid-vapor phase transition at about 200ns. Similar re-
sults are also obtained for the other wire materials. After
about 200 ns, the energy input to Al-wire is ceased for a
while, due to increase of the resistivity. Probably because
the expansion wave of in the Al-wire plasma arrives at
the axis, which cool down the plasma.

B. Evaluation of wire plasma

All of framing images of the fast framing camera
showed symmetric cylindrical expansion of the plasmas.
The evolution of plasma surface is shown in Fig. 7. The
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FIG. 7: Evolution of plasma surface taken from images of
converter camera.

evaporation time of Cu-wire was about 200ns, and W-
wire was about 300ns. The results are consistent with
the one shown in Fig. 6. In case of exploding plasma
with strongly tamped mode, the velocity of wire surface
is affected by the initial density. Therefor, Cu and W
wires have almost the same velocity profile.

A streak shadowgraph of the Cu-wire explosion is
shown in Fig. 8. It indicates that the Cu-wire evolved ac-
companied with a cylindrical symmetric shock wave. The
shock velocity in water was estimated to be 3 x 103 m/s
and corresponding Mach number was about 2. Evolu-
tions of shock surface are shown in Fig. 8(b). In case of
instantaneous line explosion, a self-similar solution pre-
dicts the shock evolution as,[16]

R(t) = & (f)w t1/2, (6)

where £ is normarized length, F is the energy of unit
length, p is the density, ¢ is the time. Equation 6 shows
that the cylindrical shock radius evolves depending on
t1/2. However, we can see from Fig. 8(b) the experimen-
tal results are independent of this scaling and this means
the shock behavior is affected by the history of plasma
pressure.

The evolution of energy and the region of liquid-vapor
phase transition are shown in Fig. 9 for Al,Cu and W
wires. The Cu-wire can receive the fastest energy input.
The result shows that initial resistance of wire also affect
the evolution of wire plasma.

The particle number density is predicted from the evo-
lution of contact surface. Assuming a homogeneous ex-
pansion, the number density of the plasma is obtained
from

n(t) = o (@)) 7)

where r,(t) is wire/plamsa radius, o is the initial wire
radius and ng is the initial particle number density. The
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FIG. 8: (a)Streak image of Cu-wire plasma and shock surface
from 1.17us to 1.77us. (b)Evolution of shock surface.

particle number density of all materials is estimated to
be over 10211 /cm? until 2us.

Assuming LTE(Local Thermodynamic Equiblium),
the temperature of wire/plasma is given by the next
equation;

Einput - (6(9, T) + z;) Muywire, (8)

where FEj,p: is the input energy, e(p,T) is the internal
energy of unit mass, p is the pressure, p is the density,
Maire 18 the mass of wire. The ideal EOS approximation
leads to,

N w

Einput = (1 + Z) kBTNOa (9)

where Ny is total particle number. The average ion
charge Z is estimated using the Thomas-Fermi ioniza-
tion state model of More[17], and eq. (9). Using the
simplified assumption mentioned above, the temperature
is estimated to be about 5 ~ 10 eV, and the average
ionization is predictied to be 2.5 ~ 3 at 2 us.

100,

Energyl[J]

Time[us]

FIG. 9: Evolution of input energy for Cu, Al and W-wire
discharges.

C. Conductivity and coupling parameter

The curves of wire/plasma conductivity are obtained
from the evolution of radius and resistance shown in
Fig. 7 and eq. (4), which is shown in Fig. 10 for Al, Cu
and W wires. The wire plasma evolved with phase tran-
sition from solid, liquid, and to vapor then dense plasma.
After the first phase transition, the conductivity of Cu
and Al have minimum values at 500 ns, W at 1us. The
region is supposed to be dominanted by dense low tem-
perature vapor. After this phase, conductivity of all of
wires gradually increases according to the plasma evolu-
tion.

The Sptizer’s conductivity[18, 19] is used as a compar-
ison with the strongly coupled plasmas. The Spitzer’s
conductivity o is

3/2
€

ZInA’

Osp = 2.63 x 1072y (10)

where T, is the electron temperature, In A is the Coulomb
logarithm, ~y is the coefficient depending on the average
ionization Z. The Coulomb logarithm In A, depends on
the temperature and the density, which includes a de-
generacy factor modeled by Lampe [20-22]. Figure 10
shows the predicted conductivity using the electron tem-
perature T, and the average ionization Z. As shown,
observed conductivities are 10 times the Spiter’s conduc-
tivity.

The evolution of coupling parameter is shown in
Fig. 11. The coupling parameter I depends on the aver-
age ion charge, temperature and density. The estimated
coupling parameter is I' ~ 2 for Al-wire, I' ~ 2.5 for
Cu-wire and T ~ 3 for W-wire.
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FIG. 11: Evolutions of coupling parameter.

IV. SIMULATION MODEL AND RESULTS
A. Simulation model

In our study, we intended to make a semi-empirical
scaling of the equation of state (EOS) and transport co-
efficients in strongly coupled plasma. To describe the hy-
drodynamics generated by a pulsed electro-magnetic en-
ergy applied to a wire, an 1D-MHD model was used. The
set of equations of the model consists of the law of con-
servation of mass, momentum, and energy together with
Maxwell’s equations. We calculate the hydrodynamics
of wire plasma using the RCIP-CUP method[23-26]. To
solve the hydrodynamics, the ideal EOS or QEOS[27]
is used. The first step to understand the evolution of
strongly coupled plasma is to make a comparison of the
hydrodynamic evolutions based on the ideal EOS and
QEOS. In this calculation, the transport coefficients are
introduced from Spiter’s model. For the undefined pa-
rameter of Coulomb logarithm, Lampe’s degeneracy fac-
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FIG. 12: The evolution of shock surface and contact surface
driven by the hydrodynamics based on ideal EOS and QEOS
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FIG. 13: The evolution of electrical conductivity based on
ideal EOS and QEOS

tor is used [20-22].

The initial condition of simulation is set in a cylin-
drical coodinate and 50pm wire radius is assumed. The
other region is filled with water. The initial temperature
is assumed to be 3000 K for Al-wire evolution, consider-
ing the vaporization temperature at 2690 K of Al. The
voltage is derived from the experimental result.

B. Comparison of results based on ideal EOS and
QEOS

The evolution of shock surface and contact surface us-
ing these EOS models are shown in Fig. 12. We can see
that the shock velocity depends on EOS models and, the
shock velocity using QEOS is to be about 3 x 103m/s.
The result using QEOS could give us a better prediction
of the experimental results. However, both results could
not predict the behavior of contact surface, probably be-
cause of incorrect transport coefficients.

These results using the ideal EOS and QEOS are com-



pared, and both results show the density profile is uni-
form. This result is supporting the estimation of the wire
plasma density from experimentally observed diameter of
plasma column. Both results also show that the current
density has uniformed profile.

Evolutions of electorical conductivity derived from the
numerical simulations using both EOS are shown in
Fig. 13. We can also see that the results strongly de-
pend on EOS models.

V. CONCLUSIONS

In this paper we have shown the time evolution of elec-
trical conductivity, density, shock wave and input energy
accompanied by Al; Cu and W-wire explosion using pulse
power discharges. We have compared the plasma evolu-
ations in air and in water. Experimental results have
shown that the surrounding water is effctive in tamping
and also in stabilizing the plasma. From the comparison,
we could determin the timing of evaporation. Using a
simplified model, we have predicted the temperature and

effective charge as a function of input energy. The pre-
dicted temperature and effective charge indicate the for-
mation of the low temperature and high density plasma.
The coupling parameter I' is estimated to be 2 for Al-
wire, 2.5 for Cu-wire and 3 for W-wire at 2us from the
start of the discharge. In this parameter regine, the ex-
perimentally obtained conductivities are 10 times larger
than the ones based on Spizer’s formula.

We have discussed effects of EOS and transport co-
effients on the magnetohydrodynamics using numerical
simulations. Results show that both the behavior of
plasma evolution and the shock wave evolution in sur-
rounding water are strongly depending on these factors.

The results shown here are the first step to make a
semi-empirical scaling of EOS and transport coefficients
in strongly coupled plasmas.

We are planning to evaluate the pressure history from
the shock wave trace in water, and also directly es-
timate the temperature using a time-resolved spectro-
scopy. These measurements together with the MHD
simulation based on them should enable us the semi-
empirical scaling of the strongly coupled plasma.
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Abstract

Recently, pulsed discharge plasma produced underwater has been an attractive method to treat wasted water. It is
well known that pulsed discharge in water has some physical effects, such as an intense electric field at a tip of
discharge plasma, an ultra violet radiation, a chemically radical formation and shockwave generation, for cleaning water.
However, the physical characteristics of the pulsed discharge plasma induced underwater are still unclear. For the
optimization of the water treatment system utilizing pulsed discharge in water, it is essential to have knowledge about
the plasma feature generated by electrical discharge underwater.

In this paper, the temperature of and the electron density in the discharge plasma underwater are described. The
magnetic pulse compressor (MPC) was developed and was used to cause the electrical breakdown in water. The
developed MPC is all-solid state and is, therefore, maintenance-free generator. Two kind of spectroscopic
measurements called as the line-pair method and the Stark broadening carried out for define the temperature of and the
electron density in plasma produced underwater. According to experimental results, the temperature of and electron
density in the discharge plasma between point-plane electrodes immersed in water are determined 15,000 K and

10%/cm?, respectively.

Keywords: Pulsed discharge, electron temperature, electron density

I.INTRODUCTION

In last decade, the pulsed power technology has been
developed quickly and can cause the electrical discharge
breakdown in liquid medium, such as water and dielectric
oil. The discharge in liquid follows some physical
phenomena, such as an intense electric field at a tip of
discharge column, a radical formation in discharge
channel, an ultra violet radiation from discharge and a
shockwave generation on boundary between plasma and
liquid medium. These phenomena are very attractive for
treatments of polluted water and aquatic harmful bacteria
and are, however, still lack of knowledge. To realize
variety of industrial, medical and environmental
application, it is considerable interest in the understanding
of electrical breakdown in liquid medium for the
optimization of the application systems.

Analysis of optical emission induced by a pulsed
discharge underwater was available to define the
temperature (Tp) of and the electron density (Ng) in
discharge plasma. In this work, the line-pair method and
the Stark broadening of H, spectral were utilized to
compute the Tp and Ne, respectively.

1. EXPERIMENTAL SET-UP AND
CALUCULATION THEORY

A.Pulsed power generator and discharge electrode

Fig. 1 shows the electrical circuit of the magnetic pulse
compressor (MPC) used in this paper. The maximum
charged energy into C, is 40 J/pulse. Firstly the dc power
supply charged C, up to setting voltage and then the gate-
turn-off thyristor (GTO) turned on. After switching GTO,
the saturable inductor SL, saturated and main discharge
current from C, flowed in primary circuit. At that time,
the stored energy into C, forwarded into C; through the
pulse transformer PT,; (4:24). After the energy
transportation from C, to Cy, the saturable inductor SL;
saturated and then the discharge current from C; flowed
in secondary circuit. At the same time, the stored energy
into C; forwarded to load via the pulse transformer PT,
(2:5). Finally, the positive pulse voltage was generated at
the secondary circuit of PT,. All magnetic core in the
MPC were made by the FINEMET™ (FT-3H, Hitachi
Metals, Japan). The MPC has no mechanical and
discharge switches and was constructed using all-solid
state devices. In the experiments, Coy was charged up to
2.0,2.8and 3.6 kV.

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 um. The
distance between the tip of needle electrode and plane
electrode was fixed at 100 mm. 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.

FigT.1 Equivalent circuit of MPC used in the paper.

B.Calculations of plasma temperature and electron density

Optical emission spectroscopy is a suitable diagnostic to
obtain physical information about discharge plasma, such
as composition, temperature and electron density. In this
paper, the temperature of and the electron density in the
discharge plasma produced underwater were calculated
by two kinds of spectroscopic measurements. One is the
line-pair method for the calculation of the plasma
temperature. Another one is based on the Stark
broadening of H, line which has interaction with the
electron density.

The temperature of discharge plasma induced in water
was given by the following equation [1],

A 1

In(Ag )= T E,+C Q)
where I, A, A, g4, k, T, E, and C are with emission
intensity, its wavelength in nm, its transition probability
in 10%s, its statistical weight, Boltzmann’s constant in
eV/K, plasma temperature in K, upper energy level in eV
and constant. In this work, four emission lines from
copper as anode needle were observed and were used for
the calculation of plasma temperature with the
Boltzmann’s plot. The values of A, A, g, and E, for
copper emissions were in Ref. 1.

On the other hand, the electron density was calculated
by following equation [2],

u

12 AkHaStarkFWHM 3
N, =8.02x10" X[——]? 2
Oy StarkFWHM
where Ne, Alnosarkewnm  @nNd  Olpgsarewnm  are with
electron density in cm®, full width at half maximum
(FWHM) of H,, spectral broadened by the Stark effect in
nm and the Stark constant which was given in Ref. 3. Fig.
2 shows the dependence of N, on Alpesarkrwrm fOr
different plasma temperature. It is obvious from Fig. 2
that the plasma temperature in the range of 5,000 to
40,000 K has no significant influence on agstarkrwHMm-
Fig. 3 shows the typical integrated photograph of
discharge plasma produced in water. In all spectroscopy
measurements, a dotted circle in Fig. 3 indicates the
region of anode needle tip utilized to sample the discharge

emission. The optical multi-channel analyzer (Macs 320,
Atago Bussan, Japan) monitored the emission coming out
of the anode discharge region through the quartz optical
fiber. The emission spectra were displayed by the
personal computer.
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Fig. 2 Relationship between N and A\ ygstarkrwHm-

Fig. 3 Typical steel photograph of discharge induced
underwater. Condition: Vg, into C, of MPC=3.6 kV.

1. RESULTS AND DISSCUSSIONS
A.apperances of pulsed discharge plasma underwater

The integrated-photographs of the pulsed discharge
induced in water are shown in Fig. 3. It will be observed
from Fig. 3 that the discharge spread in all directions for
all applied voltages in the range of maximum voltage
from 67 to 82 kV. The length of discharge plasma was
almost same for different applied voltages to the needle
electrode. On the other hand, the number of discharge
channels increased with increasing the applied voltage.



Fig. 3 Discharge appearance for different applied voltages

B.Temperature of pulsed discharge plasma underwater

Fig. 4 shows the typical time-integrated copper spectra
of discharge emission in case of 82 kV of applied voltage
to the needle electrode. In this experiment, the copper
needle was utilized as the discharge electrode. It is
confirmed from Fig. 4 that four copper spectra were
emitted from discharge plasma locating around needle
electrode. Fig. 5 shows the Boltzmann’s plot calculated
by the Eq. (1) and spectra in Fig. 4. From the inclination
of the Fig. 5 (Boltzmann’s plot), the plasma temperature
was computed at 15,000 K. This temperature (=15,000 K)
was also calculated in cases of 67 and 72 kV of applied
voltage.
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Fig. 4 Four copper spectra emitted from discharge plasma.
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Fig. 5 Boltzmann’s plot computed from Eq. (1) and Fig. 4.

C.Electron density in pulsed discharge plasma underwater

It should be noted that spectral broadening caused by
the Doppler effect can be ignored when the plasma
temperature is 15,000 K. For this plasma temperature, the
Doppler broadening computed at less than 0.1 nm. The
following equation was used in the calculation of the
Doppler broadening [1].

2kTIn2 1
Ahp =271 o 3)
where Alp, K, T, M, ¢ and A, are with broadening width
caused by Doppler effect in nm, Boltzmann’s constant in
JIK, plasma temperature in K, radiator mass in
kg/molecule, light speed in m/s and unshifted wavelength
in nm, respectively.

Fig. 6 shows the typical spectral of H, (=656.3 nm)
broadened by Stark effect. To define the FWHM of
broadened H,, spectral, the Lorentzian function was used
to make the fitting curve to the spectral measured in
experiment. The Lorentzian function is well known as a
main function for Stark broadening and is expressed as
follow.

0=

- 2
(o -2f +(B5

where I, A, Ao, A, B and C are with emission intensity,

wavelength in nm, center wavelength (656.3 nm for H,,)

in nm, constant, constant corresponding to the FWHM

and constant, respectively.
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Fig. 6 Typical H, spectral broadened by Stark effect

Fig. 7 shows the dependence of H,, spectral on time and
the waveforms of the applied voltage to and the discharge
current in the electrode. It was seen in Fig. 7 that the
Stark broadening was smaller with time. This is because
that the stored energy in C; of MPC decreased with time.
Fig. 8 shows the time-dependence of electron density in
the discharge plasma underwater and the waveforms of
the applied voltage to and the discharge current in the
needle to plane electrode. For all applied voltages, the



electron density in discharge plasma located around
needle electrode exceeded 10 /cm® during early
discharge time (<4 ps) and then it decreased quickly with
being lower voltage and smaller current.

IV.  CONCLUSIONS

The magnetic pulse compressor was constructed as the
maintenance-free generator for producing the discharge
plasma in water. The temperature of and the electron
density in the pulsed discharge plasma induced in water
have been calculated by spectroscopic measurements. The
following have been deduced.

1. The maintenance-free generator based on the
magnetic pulse compressor circuit was utilized to
produce the discharge underwater.

2. The temperature of the discharge plasma induced in
water was calculated at 15,000 K.

3. The electron density of the discharge plasma
underwater was estimated at above 10" / cm? in the
initial discharge phase.
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Abstract

In recent years, several studies about electrical discharge plasma in supercritical carbon dioxide (CO,) have been
carried out. One of the unique characteristics of supercritical fluid is a large density fluctuation near the critical point
that can result in marked dramatic changes of thermal conductivity. Therefore, the electrical discharge plasma
produced in supercritical fluid has unique features and reactions unlike those of normal plasma produced in gas phase.
In our experiments, two types of large volume plasma, namely the pulsed streamer discharge and the pulsed arc
discharge have been generated in a supercritical CO,. It was found that the characteristic of the pulsed discharge
plasma in supercritical CO, depends on the change of the CO, density near the critical region.

Keywords: Pulsed discharge, Arc discharge, Streamer discharge, Plasma, Supercritical carbon dioxide

I.INTRODUCTION

Recently, the supercritical fluid is greatly considered as
the substitute of the organic solvent used in foodstuffs,
medicine and also in chemical reaction technology due to
its benign property to environment [1, 2]. Supercritical
fluids have unique tunable properties like diffusivity,
density, thermal conductivity and mass transfer rate,
which can be adjusted continuously by changing
temperature and /or pressure. Specially, in the chemical
reaction field, supercritical fluid is effectively used to
enhance the reaction rate with the control of reaction path
such as prevention of the catalyst degradation evolving
poisoning material, radical reaction and ion reaction at
high temperature. In water medium and at atmospheric
condition, discharge plasma was successfully produced
and actively used to treat aquatic harmful living
organisms, environmental contaminant and also for
recycling of building construction materials [3, 4, 5, 6].
Discharge plasma in supercritical fluid has various active
chemical effects those might be very interesting and
peculiar which would indicate a new horizon to this field.

A large volume of pulsed discharge plasma was
successfully produced in supercritical CO, at 8 MPa [7].
Specially, near the critical region of CO, (31.1°C and 7.38
MPa), a large fluctuation of its density is observed that
can results in some dramatic change of thermal
conductivity. Supercritical carbon dioxide is considered
as reaction medium because it is nontoxic, non corrosive,
inflammable and not explosive. The objectives of our
works are to study the potentiality of supercritical CO, as
a unique medium for plasma formation as well as the
characteristics of pulsed discharge plasma.

Fig. 1 shows a typical photographs of the arc discharge
(thermal plasma) produced by our experimental apparatus
at 0.1 to 8.0 MPa and at 60°C. For instance, the light
emitted from discharge plasma directly indicates its
chemical activity.

In supercritical CO,, it is observed that the discharge
plasma is much brighter than that in gas phase. It has been
already reported that the micrometer-scale discharge
plasma in supercritical CO, can be generated with very
lower voltage than predicted by Paschen's law, but the
mechanism for this phenomenon remains unclear [8].

High pressure gas
-

o=
60°C, 4.0 MPa

60°C, 0.1 MPa

60°C, 8.0 MPa

Figure 1. Pressure dependency of arc discharge in CO,

II. EXPERIMENTAL SETUP

Fig. 2 shows the schematic diagram of the supercritical
plasma reactor (AKICO Co., Japan) provided an
inspection window through which continuous monitoring
is performed. Reactor vessel is made of stainless steel:
SUS316 having compressive strength of 30 MPa and the
total volume of reaction cell of 1,300 ml. Carbon dioxide
was pumped with the syringe pump (THAR SE100X,
ISCO Inc., USA) to the cell. The pump head was cooled
at about 8°C by flowing cooling liquid through cooler. A
thermocouple and a backpressure regulator controlled the
temperature and the pressure of the reaction cell. The
experimental pressure was changed from 0.1 to 20 MPa

* The work is supported by the 21st century center of excellence (COE) program on pulsed power science.

® email: kyan@sci.kumamoto-u.ac.jp



by introducing carbon dioxide at constant experimental
temperature. Fig. 3 shows the electrical circuit of a
Blumlein type Pulse Forming Network (B-PFN) consists
of 7 stages, which has a capacitor (1.7 nF) and an inductor
(0.2 uH), and the pulse transformer (winding ratio 1:3).

A high voltage probe (EP100K, Pulse Electronic
Engineering Co. Ltd., Japan) was used to measure the
voltage. The current was measured by a current
transformer (4997, Pearson Electronics, Inc., USA),
which was connected to a digital oscilloscope. During
experiment, B-PFN charging voltage was constant at 17.5
kV and 13 kV for the cases of pulsed arc discharge and
streamer discharge, respectively, by using DC power
source (PS/EW40R15, GLASSMAN HIGH VOLTAGE,
INC., USA). The point to plane electrode was employed
and the gap distance of electrode was fixed at 10mm.

Figure 2. Schematic diagram of the experimental setup,
and indices mean as follow; (a) SCF cell, (b) CO, inlet,
(c) CO, outlet, (d) Syringe pump, (¢) Cooling system, (f)
CO, cylinder, (g) Digital oscilloscope, (h) B-PFN DC
power source, (i) Current transformer, (j) High voltage
probe, and (k) Point to plane electrode.
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Figure 3. The schematic of Blumlein type pulse forming
network and pulse transformer.

III.RESULT AND DISCUSSION

Two types of pulsed discharge plasma such as arc
discharge plasma and streamer discharge plasma were
produced in supercritical CO, by applying pulse voltage.
The experimental conditions are shown in Table 1.

Table 1. Experimental conditions

Discharge type Arc discharge Streamer discharge
Charging voltage 17.5kV 13kV
Temperature 325C [ 100C 37C
Pressure From 0.1 to 20 MPa From 0.1 to 10 MPa
Electrode gap 10 mm 10 mm
Pulsed width 260 ns 195 ns

A. Arc discharge

Fig. 4 shows the photograph of typical arc discharge
plasma in supercritical CO, The electrode gap was 10mm,
and was conducted using needle to plane simple electrode
geometry. Fig. 5 shows the waveforms of the applied
voltage and the discharge current in the needle to plane
electrode.

Figure 4. Photograph of typical arc discharge plasma in
supercritical carbon dioxide at pressure of 8MPa.
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Figure 5. The typical waveforms of applied voltage and
discharge current at different pressures in temperature of
32.5C.



Fig. 6 shows the dependence of the peak voltage on the
pressure in cell at temperature of 32.5°C and 100°C.
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Figure 6. Characteristic of peak voltage at different
pressures and temperatures.

Fig. 6 shows that the peak voltage is almost constant at
the vicinity of 2 MPa followed rapidly increase, and
decreases at the vicinity of 5-7 MPa. The peak voltage is
almost again constant after around 10 MPa. This effect
may be due to the output voltage of B-PFN did not reach
at the design value and was saturated with about 90kV.

Ito and Terashima [8] reported that a rapid decrease of
the breakdown voltage happens in the supercritical region
using the electrode gap of the micrometer scale. Similar
tendency was observed in our experiment but it was not
so remarkable. In general, the clustering phenomenon [1,
2] may be considered to explain the competitive effect of
the intermolecular interaction of the solvents (effect of the
microscopic) and the swinging in the vicinity of a critical
point (effect of the macroscopic) on breakdown. Because
of the index that relates to fluctuation is the isothermal
compressibility k7 and it is specifiable as follows:

P ] [826] 1 (an
T, 2| T Aap |

vier* ) vier),
where V, P and T show the volume of fluid, pressure and
absolute temperature, respectively. G stands for Gibbs’s
free energy. The density fluctuation Fy is obtained from

the relationship of that spatial fluctuation of the molecules
number Ap? — < N2>—< N>2 , the isothermal compressibility

kr and Boltzmann’s constant kg [9]:
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Therefore, from the equation of states, and density Ap?, it
is easily seen that the following relations hold:
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Figs. 7(a), 7(b) show the pressure dependency of "Time
delay from the voltage impression to the dielectric
breakdown: Tpesy" in the point-plane electrode set up in
supercritical CO, on "Density of carbon dioxide: N¢o,".

160 [ Temperature of CO2; 32.5 °Cc ]
| ] .
. r Fig. 7(a) - 1000
2 i
c 140 - n 1 )
E : 800 3
S e
X r —
S 120 = YT
o L - 51600 =
& « 9
S 100 ] N
% b . 400 =
o ] Qe
3 L
o 8+ _ ] 3
s - L= ®  Time delay, ns - 200
= I —=—Density, Kg/im3 ]
60 + 4
L ! A S A SR B¢
0 5 10 15 20
Pressure of CO2, MPa
Temperature of COz2; 100 °c ] 600
o 140 |- Fig. 7(b)
= . . - 500
c " O
s 1T 9
S 120 Ta00 @
| 2
o )
S 1300 ~
» 100 - " ] @)
o o
Y— r ] N
= 1 !
© I 200 &
(] 7 -
o 80+ 3
() | | ] w
£ - ®  Time Delay, ns - 100
= r —e— Density, Kg/m3 1
60 - m 1
S E R R B |
0 5 10 15 20

Pressure of CO2, MPa

Figure 7. Characteristics of time delay for breakdown and
of density of CO, at different pressure and at temperature
of (a) 32.5°C and (b) 100°C.

The Tpeiay is defined as Full Width at Half Maximum
(FWHM) of applied voltage. The solid lines in Fig. 7(a)
and 7(b) indicate the variation of CO, density with
pressure at 32.5°Cand 100°C, respectively, is calculated
from the equations of stats. It reveals that the time delay
gradually increases near critical point where the large
density fluctuation of CO, is usually observed this may be
due to which a local channeling between the electron and
cluster is formed.

B. Streamer discharge
For the production of streamer discharge, the charging

voltage to the generator was controlled so as not to occur
the arc discharge and applied voltage to the electrode was



13 kV of peak while the gap between the point and plane
electrode was 10 mm. The temperature of reaction cell
was kept at 37°C. Photographs of the streamer discharge
were taken by using a digital single lens reflex camera
(D30, Canon, Japan) through the inspection window of
reaction cell. The operating conditions of the camera were
the diaphragm F22, exposure time 3s (4 shots integrated)
and ISO sensitivity 200. Under our experimental
condition (0.1-10 MPa), the waveform of voltage during
the production of streamer discharge was almost
unchanged and the pulse width and the peak voltage were
195ns and 69kV, respectively.

9.5MPa

Figure 8. Photograph of the streamer discharge plasma at
pressure of 9.5MPa and at temperature of 37°C.

Fig. 8 shows the integration photograph of the pulsed
streamer discharge at 9.5MPa. It was observed that the
brightness and thickness of electrical discharge channels
increase with the increase in pressure and the brightest
one obtained at 9.5 MPa shown in Fig. 6 except at near
critical pressure, 7.5 MPa. This effect may be because of
the higher input energy at 9.5 MPa and other causes such
as thermal conductivity.

IV.SUMMARY

We have produced discharges plasma (arc discharge,
streamer discharge) both in gaseous carbon dioxide and in
supercritical carbon dioxide. And we have investigated
that the relation of time delay and the solvent density in
supercritical carbon dioxide. Time delay of breakdown
voltage and peak voltage were measured at 32.5°C and
100°C for arc discharge and at 37°C for steamer discharge
within the pressure ranges of 0.1 to 20 MPa.

It is concluded that from near critical conditions the
time delay for breakdown voltage gradually increased
with pressure, though there was fluctuation before critical
pressure. A greater discrepancy of the time delay for
breakdown was observed near this critical point due to the
abrupt change of the density of CO,. The brightest and
thickest streamer discharge plasma was produced at 9.5
MPa. So we think the density of CO, is vital parameter
for the plasma production in supercritical fluids.
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Electromagnetically Driven Radiative Shocks and Their Measurements
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Experimental results on a generation of strong shocks in a compact pulse power device are re-
ported. The characteristics of strong shocks are different from hydrodynamical shocks’ because
they depend on not only collisions but radiation processes. Radiative shocks are relevant to high
energy density phenomena such as the explosions of supernovae. When initial pressure is lower than
about 50 mtorr, an interesting structure is confirmed at the shock front, which might indicate a

phenomenon proceeded by the radiative process.

Keywords: Radiative shocks, Pulse power, High energy density physics

I. INTRODUCTION

Strong shocks and related phenomena are universal in
astrophysics, such as supernovae. The energy of shock
is related to the neutrino luminosity[l] and agree with
the observation on SN (SuperNova) 1987A. Especially,
examining the structure of radiative shock is important
to make clear the composition of elements vicinity of a
supernova. If pressure, temperature and / or the other
physical quantity of the supernova explosion are repro-
duced in a laboratory scale device, they can significantly
contribute to astronomic observation and simulation of
the stellar evolution.

It is well known that ordinary hydrodynamic shocks
have a well-predictable discontinuous surface. However,
characteristics of the radiative shocks are different from
hydrodynamic Shocks’. The temperature behind shock
is so high that radiative process dominates to form the
shock structure. Temperature distribution is not discon-
tinuous and has a precursor[2]. This precursor makes the
X-ray emission of the shocked surrounding medium more
complex|[3].

Recently, using laser, the high energy density plasma is
generated for astrophysics[3, 4]. The high energy density
plasma is generated in laser irradiated target because it
has characteristics of high intensity and directivity. Al-
though laser can produce extremely high power, it is in-
efficient and too large equipment. In contrast with laser
system, pulse power is more efficient and more compact.
In this paper, experimental results on a generation of
radiative shock in the pulse power is reported.

I1I. EXPERIMENTAL SETUP

It is the purpose of this study to generate strong
shocks and investigate the radiative process in a labo-
ratory scale pulse-power device. A plasma focus system
is used for generating shocks. The concept of plasma fo-
cus is schematically shown in Fig.1. To make a strong
and plain shock wave, cross section of the discharge area
is gradually decreased with tapered electrodes and an
acrylic guiding tube with constant cross section is lo-
cated behind the electrodes. For generating strong shocks

\ / current sheet

@ anode
insulator
—

FIG. 1: Plasma focus system

cathode —

such as radiative shocks, it is necessary that contact sur-
face, fixed current sheet, push the fluid. A thin Al foil is
mounted on the insulator to play the role.

The experimental setup of pulse power and its equiva-
lent circuit are shown in Fig.2 and 3. 12 capacitors of 0.4
uF are arranged in a concentric pattern for reducing the
inductance of the experimental setup. Charging Voltage
is 20 kV and discharge current is measured by a Rogowski
coil. Typical discharge current has LCR damped oscilla-
tion waveform, which is and shown in Fig.4. As shown,
the peak discharge current is about 180 kA at 0.9 us.

To change Mach number that indicate the strength of
shock wave, initial pressure of gas is controlled by a ro-
tary vacuum pump.

This configuration composed of the acrylic guiding
tube is advantageous to measure the shock speed and en-
ables us to make one-dimensional analysis. Shock speed
is measured by a fast framing-streak camera through the
acrylic tube.

III. EXPERIMENTAL RESULTS

The initial gas is air in this experiment. Initial pressure
is measured by a pirani gage and a capacitance manome-
ter. A typical experimental result is shown in Fig.5 at
initial pressure of 300 mtorr. In the figure, 4 parts at
2100, 2300, 2500 and 2700 ns are framing images and the
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FIG. 6: Relation between initial pressure and shock speed

upper-right is the streak record of the discharge plasma
through the guiding tube between 1800 and 2800 ns in
Fig.5.

The shock speed is estimated to be about 16.2 km/s
from the streak picture in Fig.5 at initial pressure 300
mtorr. The shock speed is evaluated as a function of
initial pressure. A relation between the initial pressure
and the shock speed is shown in Fig.6 in the range from
100 to 1000 mtorr. The Mach Number M is standardized
by a sound velocity vy, of N at room temperature, 300
K.

UN, = ”g_}p)‘s = /YRT = 353[m/s] (1)

D

”UN2

M =

(2)

Where R is gas constant, D is the shock speed of ex-
perimental results. It is clear in Fig.6 that the lower the
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FIG. 7: An experimental result at initial pressure 50 mtorr

initial pressure is , the higher the shock speed is. The
line is a fitting curve derived from the Rankine-Hugoniot
relation. The Rankine-Hugoniot relation is

2 1- 2

(LA S Y i N A Ve (3)

o v+l y+1 ~y+1
CEEE N 1

~ S =a (4)
v P21 /D1

where, p; is the pressure in front of a shock surface, ps is
the pressure behind the shock, « is the specific heat ratio
in air, v = %, and « is a constant. The relation of Eq.4
by least-square fitting is shown with line in Fig.6. Here,
« is evaluated to be 843.19. Using Eq.4, ps is estimated
to be about 8.3 x 10% torr. Here, ps is the effective mag-
netic pressure, which is supposed to be dominated by
the discharge current and the experimental set up. In

this experiment, ps is assumed to be constant.

As shown in Fig.6, the experimental results can be
fitted with the Rankine-Hugoniot relation appropriately
between 200 and 1000 mtorr.

The experimental result obtained in lower than 100
mtorr is different from that in higher than 100 mtorr.
The result obtained by the fast camera at initial pressure
50 mtorr is shown in Fig.7. In the figure, 4 parts at
1500, 1700, 1900 and 2100 ns are framing images and the
upper-right is streak picture at between 1720 and 2720
ns.

We have to pay attention that the streak picture in
Fig.7 can be divided into two parts. The shock speed is
estimated to be about 24 km/s in the first part and 44
km/s in the second part. The shock speed in the first
part, 24 km/s, corresponds to the scaling curve in Fig.6,
but in the second part is different.

IV. DISCCUSION

The shock wave measured at pressure lower than 100
mtorr has an interesting structure. The shock wave
can be classified by a criterion for shock speed D. The
criterion[5, 6] for the radiative shock wave is derived from
the Rankine-Hugoniot relations including radiation pres-
sure and energy|[7]. The Rankine-Hugoniot relations in-
cluding radiation pressure and energy are

P1Ul = PU2 = m (5)

muy + Pip1 + Prag1 = mug + Pipo + Praa2 (6)

. P, 1
m(%;i’;l 5”%) + ul(Eradl + P’radl)
. P, 1
— m(% 2+ 5u8) + wa(Braz + Praaz) - (7)

where p, u, P, and E are, respectively, density, velocity,
pressure and the energy density. The subscript 1, 2, ”th”
and "rad” refer to the upstream flow, downstream flow,
thermal element and radiation element. In the equations
above, the radiation flux is not taken into account since
outside the transition zone there is no gradient. The cri-
terion, which characterize a full radiative regime, yields

Tk ny ) s
— (8)

D Z Drad - ( oy /.L:I)

where k, a, n; and u; are, respectively, the Boltzmann
constant, the first radiative constant, the particle den-
sity, and the particle mass in the upstream region in
front of the shock surface. However, the criterion as-
sumes that matter and radiation fulfill the local thermo-
dynaical equilibrium condition[6]. When the observed
shock speed is more than the critical value D,..q, it sat-
isfy the condition that ratio between thermodynamical
pressure Py, and radiative pressure Prqq, Proa/Pin ~ 1
in the downstream region behind of shock surface.

The experimentally obtained D and the critical speed
D,wq in between 50 and 1000 mtorr are shown in Table
I.

This estimation indicates that the condition lower than
100 mtorr satisfies the criterion for the radiative shock
wave. The experimental result at p; = 50 mtorr, in which
the interesting structure is confirmed, might indicate that
it was proceeded by a radiation process.

V. SUMMARY

In this paper, experimental results on a generation of
raditative shock in a compact pulse power device is re-
ported. Results show that the lower initial pressure is,



TABLE I:

Reraltion between The experimentally obtained D and the
critical speed Dyqq in a initial pressure.

Initial pressure [mtorr] D [km/s] Dyqq [km/s]
1000 13.0 23.5
700 12.0 22.1
300 16.3 19.4
100 19.8 16.1
50 23.9 14.3

the higher shock speed is. Electromagnetically driven
shocks with M ~ 50 are observed.

In operating condition with initial pressure of less than
50 mtorr, an interesting structure was confimed. This
result might indicate that it was proceeded by a radiaiton
process.

However, when the initial pressure is 50 mtorr, mean
free path in front of the shock wave is & mm. In this
condition, an anomalous factor may affect the structure
and speed of the shock wave because the characteristic
length of experimental setup is ~ mm. D,,q must be
decreased to sufficiently satisfy the criterion for radiative
shock wave. As D,.q is inversely proportional to the
particle mass, we are planning to change the working gas
to a heavier gas such as Xe in the future experiments.
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Optimum Insulator Length in Mather- Type Plasma Focus Devices
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Abstract

It was studied plasma focus devices in order to identifying the design parameters and reasonable

relationship among device characteristics. In this paper we have pointed out that the Mather-type plasma

focus device operated in the optimum regimes has remarkably low effect on design parameters related to

the insulator-electrode geometry. A quantitative parameter has been defined as the ratio of insulator sleeve

length and radial distance between the electrodes, " Lin% —a "

1. Introduction

Plasma focus (PF) devices have proven to
be an effective tools in the investigation of a
variety of phenomena such as JXB acceleration
of current sheath, pinch formation, neutron
generation and the production of x-rays in high
temperature, high-density plasma. The plasma
focus is an excellent device for studying plasma
dynamics and thermodynamic processes. It is
also a rich source of soft x-rays and a variety of
the plasma phenomena including nuclear fusion
plasmas can be investigated [1]. A number of
factors must come together to make the device
work properly, which such as geometry of
electrodes, geometry of insulator sleeve, type
and pressure of filling gas, and the rate of
discharge current rise (the steeper the better).
The insulator that surrounds the first part of the
inner electrode has an important role in the
plasma focus dynamics. Since the anode length
has reverse correlation with insulator length
therefore when the insulator length is decreased

or increased actually Anode length is change.

Zakaullah etal (1989) indicated that the neutron
yield is relatively low whenever the insulator
sleeve length deviates from the optimum value.
For optimum sleeve length, the sleeve surface
appears symmetric and homogeneous all round,
predicting an azimuthally symmetric current
sheath which in turn leads to higher neutron
yield [2]. The optimum insulator sleeve length
also reduces the neutron flounce anisotropy.
Zakaullah and et al [3] have reported that when
the sleeve is too long, the increase inductance
may cause the current sheath, to remain at the
sleeve surface for longer period of time, and that
when the sleeve is too short, the rapid current
sheath development may cause spoke formation.
As it is known that soft x-ray and neutron yield
strongly depends on the curvature of current
sheath and the curvature of current sheath has a
correlation with the dimension of the device
especially to insulator [4,5].similar investigations
have been done in the neutron yield dependence

on pressure of filling gas for different anode



length [6]. And they could show that optimum
anode length can provide highest neutron yield.
Since the filling pressure is strongly correlated
with the electrode length therefore dependence
of neutron yield on the filling pressure was
studied by zakaullah etal (1995, 1998, and

1999).In this paper we present a comparative

2. Theoretical considerations

Much effort has been allocated to the finding of
scaling laws for the neutron output with various
input parameters, specially the input energy.
Accordingly, it has been tried to identify a
relationship between insulator length and the
spacing between the anode and the cathode under
an optimum condition during the pinch. Based
on zakaullah et.al, s recent article on a PF device
with different insulators and the investigation of
neutron efficiency and optimum pressure, it can
bee concluded that there is an optimum length
for insulator sleeve. The optimum insulator
sleeve length provides neutron yield over a wide
pressure range of 2-10 mbar whereas for other
lengths the pressure range of interest appears
relatively narrow [2]. PF devices are generally
operated with deuterium in the pressure range of
0.5-10 mbar but recently J .M. Koh etal [4] have
reported that highest neutron yield can be
produced under 20 mbar pressures. It was found
that the insulator length strongly affects the
filling pressure and hence the neutron yields.
Generally the discharge tends to shorten its path
with increasing pressure. Hence by increasing or
decreasing the insulator length the pressure range
of the gliding discharge is shifted toward lower
or higher pressure values, respectively. If the

insulator length becomes smaller than the radial

study of some Mather-type device in an optimum
condition and introduce two new models.
Actually with this model we can obtain insulator
and anode length optimum limitation as
approximately and then with adjustment the
pressure we will reach to optimum condition of

device.

distance between the electrodes we will not only
have a discharge along the cylindrical insulator
but also a discharge radial between the electrodes
becomes visible [7]. Therefore, we introduce an
optimum insulator sleeve length, (L) in which,
the optimum pressure corresponding to the
maximum neutron yield, is increased with an
increase in the insulator length up to L, with a
sudden subsequent decrease. In the present study
more than twenty PF devices with different
energies have been examined and a limit for the
design of insulator length has been arrived at

(Table-1). The scaling parameter can be defined

as Li’% —a which takes up values from 1 to

1.8.Where b is the inner radius of the cathode, a
is the outer radius of the anode and L;, is the
insulator length (Fig. 1). This quantity controls
the discharge of the plasma in the gun tube and
its constancy over a wide range of plasma focus
devices. Since changing insulator length actually
points to the curvature of the current sheath; we
have tried to find a correlation between the
curvature of the current sheath and the neutron
yield. The current sheath curvature for different
insulator lengths in a PF device has been plotted,
and neutron yield for them compared through

eq.().
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Where r is the distance from the axis, a the radius
of the center electrode, py the density of the
undisturbed gas, I the current in the plasma
sheath, and u the velocity of the sheath. It seems
that for optimum insulator length in every

x+(x>-q°)

12

(D (8]

1+(1_q2)l/2

@

plasma focus device in which current sheath is
passed from point of r=b, there is the highest
neutron yield. The optimum length has been
determined by use of r=b in eq.(1) for different
devices , it means that Z(r=b) =L,,.

o o
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Fig.2 Current sheathe curvature for a device [2] with constant dimension and four different insulator

lengths

Results and Discussion

In the first model, a dimensionless parameter

" L"”% —a " was defined and found that a good

focusing effect is usually obtained in plasma

focus experiment when this parameter is in the

limited range (b-a) < L;,s < 1.8 (b-a). This length
can provide optimum pressure with the highest
neutron or x-ray yield. Also found that when
insulator length deviates from this range, neutron

yield is decreased.



Tablel: List of characteristics data for various Mather-Type PF devices

Fig. 1 Schematic of Plasma focus device

Insulator|

Mather-Type | W, |V, a b L L, Min <L, < Max L .
PF devices «H | vy | (mm) | (mm) " b—a | Min | Max "
Reference (9) ? 20 105 |25 25 1.7 14.5 26 19 |>1.6
Reference (10) | 2.2 25 105 | 36 45 1.8 255 46 49 | >2.1
Reference (11) | 1 22 8.5 25 25 1.5 16.5 29 27 > 1.8
Reference(12) | 2.3 12 9 25 25 1.5 16 29 25 > 1.8
Reference(13) | 2.2 25 10.5 40.5 45 1.5 30 54 65 >2.2
PFII(14) 4.7 30 18 36 35 1.9 18 34 19 | >15
Reference(15) | 7 25 17.5 40 26 1.1 225 40 28 > 1.6
Reference (16) | 3.3 15 9.5 32 27 1.2 22.5 40 42 | >2
Reference(2) 23 12 9 25 16 1 16 29 25 > 1.8
Reference(2) 2.3 12 9 25 22 1.3 16 29 25 >1.8
Reference(2) 2.3 12 9 25 30 1.8 16 29 25 >1.8
Reference (17) | 4.7 30 19 42 35 1.5 23 41 28 >1.6
Reference(18) | 700 25 48 76.5 45 1.5 28.5 51 22 | >13
KPF-1M(19) 40 25 25 50 30 1.2 25 45 27 >1.5
Reference(20) | 1.8 38 10 225 |20 1.6 12 22.5 15 | >1.6
CPF-1M(21) 40 25 40 65 30 1.2 25 45 20 | >13
Reference(22) | 200 | 20 50 100 63 1.2 50 90 53 | >15
Reference(23) | 2.3 12 9 25 25 1.5 16 29 25 | >1.8
Reference(24) | 2.3 12 9 288 |25 1.2 20 36 35 | >2
DPF-40(25) 18 20 32 59 35 1.3 27 49 26 |>1.4
ICN-( 26) 33 30 20 50 30 1 30 54 42 | >17




The curve of current sheath was plotted by use
of egs.l (with g=1) for a device with constant
dimension and four different insulator lengths. In
accordance with Zakaullah,s[10] finding , the
neutron yield in optimum condition were
approximately 6x107, 1.7x10% 2x10°, 8x10’ for
insulator lengths of 16, 22, 25, 30 respectively.
These results indicate that the neutron yield for
an insulator length of 25 mm is the highest.
Figure (2) from (a) to (d) shows that with an
increase in the insulator length, the tail of
parabolic goes higher. Therefore, it can bee seen
that whenever current sheath is passed from the
point of r=b we will have the highest neutron
yield. This result in good agreement with our
insulator length's range (table-1, ref.10, 11), Also
as shown in table (1), optimum insulator length
for more devices is in good agreement with the
range of defined range. When the insulator
length deviates from the optimum value, the
leakage current will be increased And the
modification factor, as well as, the current sheath

speed is decreased. Consequently transit time of
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ABSTRACT

We newly constructed a 120 kJ plasma focus device. In a preliminary experiment, the
discharge current reached at 670 kA by 3.7 microseconds from initiation of discharge

current, and a clear dip is seen at the tops of it.

Moreover generation of soft X-rays is

verified by the PIN diode signal with the beryllium foil of which thickness was 20

micrometers.

Keywords: plasma focus, soft X-ray

1. Introduction

The plasma focus device is well known as an
inexpensive and compact source of intense soft X-rays.
It has been used for number of applications: soft X-ray
microscopy”, soft X-ray lithography?, X-ray
backlighting for high-density plasmas®. Recently the
plasma focus device has been also studied asa EUV light
source®.  For the EUV light source, high repetition rates
and less debris are important, but high intensity is
required for the soft X-ray source. In order to obtain
higher intensity of the soft X-ray source, control for the
size and the geometry of soft X-ray sources generated in
the focused phase is important. More easy way to
obtain higher intensity of the soft X-ray source is
increase of the plasma current in the focused phase.  So
we newly constructed a 120 kJ plasma focus device.

We had been performed the experiment with a small
plasma focus device®. There were two problemsin this
small plasmafocus device. First problem was the weak
intensity of the soft X-ray source. We tried
measurement with a crystal spectrometer, but clear line
images were not obtained. This fact suggests the
weakness in the intensity of the soft X-ray source.
Second problem was the shape of the soft X-ray source.
It iswell known that the geometries of soft X-ray sources
are column shapes in the case of low Z gases, and are
spot shapes (hot spot) in the case of high Z gases®. In
our experiment, images of soft X-ray sources were often
column shapes in the case of argon gas (high Z gas).
This fact might be caused by no optimization for
working condition, but we simply consider that the
current flowing into pinched plasma is relatively low.
Therefore we constructed a new large plasma focus
device.

In this paper details of the new plasma focus device
and the results obtained by preliminary experiment are
presented.

2. Experimental Setup
We newly constructed a 120 kJ plasma focus device.

This device is consisted of a condenser bank, electrodes,
a vacuum vessel and several cables. The photograph of
this device is shown in Fig. 1. The condenser bank is
composed from eight condensers, and box shape
condensers are shown in left side of Fig. 1. The
maximum voltage and the maximum stored energy of
each condenser are 45 kV and 15 kJ, respectively. Total
stored energy of this condenser bank is 120 kJ. Each
condenser has a start switch and a crowbar switch,
because these condensers were firstly made for power
supply of magnetic confinement experiment at STP
group in Ingtitute of Plasma Physics a Nagoya
University. The crowbar switches are not required in
our experiment, but there are kept upon the condensers
because replacement of thoseis so difficult.

The start switches are fired by using a three-stage
triggering system shown in Fig. 2. First stage of itisa
thyratron pulse generator of which output voltage is 16
kV. This output voltage fires the gap switch of second
stage, and the output voltage of 28 kV is supplied to the
gap switch of the third stage. Finally the pulsed

voltages of 45 kV are supplied to the start switch
attached to the condenser.  Then the charges stored in

Fig. 1 The photograph of 120 kJ plasma focus device.



the condensers are transferred to the electrodes  through
the several cables. The cables are the RG-17A/U
coaxia cables and there lengths are 4 m.  Twenty-four
cables are connected to each condenser, and the sum of
the cables is 192. The al cables are connected to a
collector plate. The collector plate is 0.95 m in
diameter and is attached to the vacuum vessel. The
vacuum vessel is cylindrical shape and is shown in right
side of Fig. 1. The collector plate and the vacuum
vessel are made of aluminum. The charges passing
through the cables are collected and supplied to the
electrodes.

Fig. 2 Schematic drawing of the three-stage
triggering system.

In the vacuum vessel, an inner and an outer electrode
are placed. The outer electrode is constructed from
18-copper rods of which diameters are 10 mm; the
geometry of the outer electrode is like a square cage.
The inner electrodes are column shape, and outlooks of
the electrodes are shown in Figs. 3. Figures 3 (a) and
(b) show the electrodes for 120 kJ plasma focus device
and that for the small plasma focus device, respectively.
The outer diameter of the inner electrodes and the inner
diameter of the outer electrodes are 50 and 100 mm,
respectively. The lengths of the electrodes are different
in Figs. 3 (a) and (b). The lengths of the electrodes are
380 mm in Fig. 3 (a), and are 2.45 times longer than
those in Fig. 3 (b). The difference in the lengths of the
electrodes is caused by the difference in capacitances of
the condenser banks. The value of 2.45 is empiricaly
determined by the ratio of the capacitances (119.2u F
55.6p F). Insulators are located between the inner and
the outer electrode. The insulators are made of a Pyrex
glass, and the outer diameters of those are 55 mm. The
length of the insulator shown in Fig. 3 (a) is 75 mm, and
is little longer than the value of 51 mm shown in Fig. 3
(b).

Figures 4 show the schematic drawings of the
experimental setup and the four stages in plasma focus
operation. In the 120 kJ plasma focus device, the four
stages in plasma focus operation are same as those in the
usua plasma focus devices, breakdown occurs on the
surface of the insulator, the current sheet is generated and
runs down, the current sheet radialy collapsed and the
focused plasma is finally generated on the axis of the
diodes. The feature of our new device islong run down
phase. This caused by the large capacitance of the
condenser bank mentioned above. In the preliminary
experiments reported here, the condenser bank was used
with the charged voltage of 12 kV. Hydrogen gas was
used as aworking gas, and its pressure was 5 torrs.

In the experiments, a Rogowski coil was used to
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Fig. 3 Outlooks of the electrodes; 120 kJ plasma focus
device (a), small plasmafocus device (b).

measure the discharge current, and two PIN diodes were
used to detect the visible lights and soft X-rays generated
from the pinched plasma. In front of one PIN diode, the
beryllium foil of which thickness was 20 micrometers
was set as afilter, and was used to detect the soft X-rays.
In front of another PIN diode, the thin quartz glass of
which thickness was 1.5 mm was attached. This quartz
glass is able to pass through visible light and ultraviolet

rays of which wavelengths are longer than 170 nm.
Appearance of this signal suggests the pinched plasma
moves into a small region around the diode axis.
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Fig. 4 The schematic drawings of the experimental setup
and the four stages in plasma focus operation.



3. Experimental Results

The typical waveforms of a discharge current and the
PIN diode signals are shown in Figs. 5.  In upper figure
of Figs. 5, the upper and the lower trace correspond to
the discharge current and the PIN diode signal,
respectively. In these figures the PIN diode signals
obtained with the thin quartz glass are called by visible
lights. In the shot shown in upper figure of Figs. 5, the
discharge current reaches to about 670 kA by 3.7
microseconds from initiation of discharge current, and a
clear dip is seen at the tops of it. From the signal called
by visible light, pinching of the plasma is verified. In
the shot shown in lower figure of Figs. 5, the maximum
value of the discharge current is relatively low, but
generation of soft X-rays is verified. The maximum
value of the PIN diode signal is 25 V, and this value
became high in comparison with that obtained by the
small plasma focus device.
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Fig. 5 The typical waveforms of a discharge current
and the signals of the PIN diodes

4.  Summary

We newly constructed a 120 kJ plasma focus device.

In a preliminary experiment, the discharge current
reached at 670 kA by 3.7 microseconds from initiation of
discharge current, and a clear dip is seen at the tops of it.
Moreover generation of soft X-rays is verified by the
PIN diode signa with the beryllium foil of which
thickness was 20 micrometers. The preliminary
experiments were performed by the charged voltage of
12 kV. After maintenance of the condenser bank, we
will try the experiment with higher charged voltage.
Our god in near future is to perform the experiment in
which the discharge current exceeds 1 MA.
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ABSTRACT

A new type of pulsed heavy ion beam diode was developed, where a new acceleration gap configuration is used
with activeion source of gas puff plasma gun. With the plasma gun, nitrogen plasma was produced and injected into
the acceleration gap of the diode. The ion diode was operated at diode voltage » 200 kV, diode current » 2.0 kA,
pulse duration » 150 ns. lon beam of ion current density » 13 A/cnf was obtained at 55 mm downstream from the
anode. From Thomson parabola spectrometer measurement we found that N* and N** beam of energy 60-300 keV
were accelerated with impurity of protons of energy 60-150 keV. The purity of the beam was estimated to be 87 %.
By using spherical electrode for focusing ion beam ion current density was enhanced by a factor 2 and ion current
density of 27 A/cnf was obtained. To generate metallic ions, vacuum arc plasma gun was devel oped and aluminum
plasma of ion current density > 500 A/cn was obtained with plasmadrift velocity 2.5x 10* mis.

Keywords Intense pulsed ion beam, Pulsed power ion diode, Plasma gun, Magnetically insulated ion diode

1. Introduction

Intense pulsed heavy ion beams (PHIB) such as carbon,
nitrogen, or aluminum have awide area of applications
including nuclear fusion, materials science, etc. For
example, by the irradiation of PHIB on to the material,
very attractive effects are expected as shown in the
followings;

1) Pulsed surface heating,

2) Production of high dense ablation plasma,

3) Production of strong pressure and shock wave,

4) Deposition of atoms.

Hence it is expected to be applied to surface
treatment [1], thin films deposition [2], or an
implantation process. Especialy for the
implantation process, PHIB is expected to
be used as a new type of ion implantation

acceptable purity anew type of pulsed ion beam source
has been developed. In the ion souse By type
magnetically insulated acceleration gap is used with
active ion source of gas puff plasma gun [4,5]. In
addition to produce metallic ions, vacuum arc plasma
gun was developed[4]. In the paper preliminary results
of the experiments are described.

2. lon Diode Experiment

Figure 1 shows the schematic of the experimental
system. The system consists of a high voltage pulsed
power generator, a gas puff plasma gun, and a By type
magnetically insulated ion acceleration gap (diode).

Cathode

Insulator ( .
(Magnetic Cail )

N \ Anode

A\

technology since the ion implantation and
surface heat treatment or surface annealing

AN |

are completed inthe sametime [3-6].

Pulsed ion beams usually have been Capacitor \
generated in pulsed power ion diodes with fr‘ﬁz %
surface flashover ion sources. However, in 85 nF 1) 9'
the diodes producible ion species are limited. 50 kV :

In addition the beams usually contains much || L

quantity of impurity ions [7,8]. In the

implantation process highly pure ion beamis
reguired, hence conventional pulsed ion
diodeis not suitable for the process.

To produce pulsed heavy ion beam with
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Fig.1l. Schematic of the experimental system.



Cathode ==

High
Voltage|

Pulse:

GasPuff [ 02005, )
PlasmaGun &% /) Anode

== (front view)
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Fig. 3. Qoss-sectional view of the gas puff
plasmagun.

The pulsed power generator used in the experiment
consists of a fast capacitor bank and a step up
transformer. The capacitor bank of maximum charging
voltage 50 kV produces high power pulse of duration
~150 ns (FWHM). The pulse is voltage magnified by
the multi-turn step up transformer using magnetic cores
of amorphous metal. The output parameter of the
generator is 200 kV, 2 kA, 150 ns, which is applied to
the anode of the diode.

The diode consists of acylindrical anode of diameter
60 mm at the top, length 115 mm, and a cathode of grid
structure. Inside the anode a gas puff plasma gun was
installed to produce ion source plasma. In the
experiment the gap length da_« was adjusted to 10 mm
and the vacuum chamber was evacuated to 5 x 10° Pa.

Figure 2 shows the detail of the diode. The top of the
anode is a copper plate of diameter 60 mm. To
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Fig. 4. Typical waveforms of discharge current
(Ip) and ion current density (J;) of the plasmagun.

Cathode (front view

introduce the source plasmato the acceleration
gap, the copper plate is drilled with apertures
of 5 mm in diameter in the central area of 40
mm in diameter. The cathode has a grid
structure to pass through the accelerated ions.
To produce a magnetic field inthe acceleration
gap to insulate electron flow, the cathode also
acts as a multi-turn magnetic field coil. The
coil is made of phosphor bronze strip of
thickness 1 mm, width 10 mm and has an
8-character like shape. A capacitor bank of 250
nF, 5 kV is used to apply a pulse current of
rise-time 50 nsto the coil. By applying a pulse
current of 10 kA, uniform magnetic field of
0.8 T is produced in the gap.

Figure 3 shows the cross-sectional view of the gas
puff plasma gun. The plasma gun consists of a
high-speed gas puff valve and a coaxial plasma gun.
The gas puff valve consists of a nylon vessel, an
aluminum valve and a driver coil. The vessel is
pre-filled with 2 am of N, gas. By applying pulse
current to the driver coil, the magnetic pressure pushes
the valve to open. After opening of the valve the gas
expands and reaches to the gas nozzle on the inner
electrode of the plasmagun.

The plasma gun has a pair of coaxia electrodes, i.e.
an inner electrode of outer diameter 6 mm, length 80
mm, and an outer electrode of inner diameter 18 mm.
Since it takes » 150 ns to open the valve and several
tens ns for N, gas to reach the gas nozzle on the inner
electrode of the plasma gun, the capacitor bank of the
plasma gun isdischarged with a delay time of tg, = 236
ns. Capacitor banks of 20 n¥ and 3.3 nF are used for
the driver coil and the plasma gun, respectively. The
capacitor banks were charged to 5.5 kV, and 17 kV,
respectively. Since the plasma gun is placed inside the
anode where high voltage pulse is applied, pulsed
currents generated by the capacitor banks are fed
through inductively isolated coaxial cables.

Theion current density of the plasma (J;p) produced
by the plasma gun was evaluated 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. Fgure 4 shows typical
waveforms of the discharge current (1) and J;,. Asseen
in the figure I, rises to 12 kA in 6 ns and J;, of 28
Alen? was obtained at 6 ns after the rise of. 1, Form
the peak value and the pulse width of J;, (28 Alen?, 1.1
ns (full width at half maximum)) and considering the
geometric transparency factor o the anode plate the
quantity of injected plasma is estimated to be 10*
ions/cn/shot.

3. Experimental results

In the acceleration experiment the pulse power
system was fired at delay time of tq after therise of the
discharge current of the plasma gun. Figure 5 shows
typical waveforms of diode voltage {/y) and diode
current (Ig) when tq = 12 ns. As seen in the figure Vy
rises in 150 ns and has a peak of 220 kV. On the other
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Fig. 5. Typica waveforms of diode voltage (Vgy) and
diode current (Ig).
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hand I4 rises with Vg and have a peak of 20 kA at t =
125 ns and after that decreases.

Figure 6 (a) shows the ion current density of the
accel erated beamJ; measured by the BIC placed onthe
axis at z = 55 mm downstream from the surface of the
anode. The waveform of Vy is shown as the reference.
As seen in the figure J; of 13 Alcnt is obtained at 130
ns after the rise of V4. Considering the time of flight
delay, the ions corresponding the peak of J; seemsto be
accelerated before the peak of Vy. Figure 6 (b) shows
the dependence of the peak values of J; on ty. As seen
inthe figure J; risesattqy = 6 ns and has a clear peak at
tq around 12 ns. The result suggests that when tgq < 12
ns J; increases with ty due to the increase of the
quantity of injected plasma whereas when tq > 12 ns
the quantity of the plasma penetrated to the
acceleration gap is too much and the diode impedance
becomestoo low to keep the accel eration voltage.

Fig. 7. Damage pattern of the ion beam recorded on
the thermo-sensitive paper.
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Fig. 8. The example of ion track pattern obtained by
the Thomson parabola spectrometer.recorded on the
thermo-sensitive paper.

Figure 7 shows the damage pattern of the ion beam
recorded on the thermo-sensitive paper. Position of the
anode is shown in the figure as the reference. As seen
in the figure the beam tends to sift to the direction of
E" B drift.

To evaluate the species and the energy spectrum of
the ion beam Thomson parabola spectrometer [9] was
used. Figure 8 shows the example of the track pattern
recorded on the ion track detecting plate of CR-39.
Here, deflecting magnetic field and electric field are
applied in vertical direction; henceions are deflected in
vertical direction and horizontal direction by the
electric fieldand the magnetic field, respectively. Inthe
figure, singly and doubly ionized nitrogen ions are
observed with impurity of hydrogen ions. Since each
ion track on CR-39 is produced by a irradiation of



Tablel. Energy and the number ratio of each ion
species evaluated by TPS measurement.

lon specie Nt N2+ Ht
Energy 60- 100- 60-
(kev) 300 300 150

“Center of
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Fig. 9. Cross-sectional view of the focustype ion
diode.
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Fig. 10. Typica waveforms of (a)Vq4 and Iy, and (b)
Ji.

single ion, we have evaluated the ion number ratio on
each ion species by counting the track number. The
energy range and the number ratio of each ion species
evaluated from the track pattern are listed in table I.
From the table we see that 13.5 % of impurity ions of
protons are included in the beam, hence the purity of
thebeam is evaluated to be 86.5 %.

To enhance the ion current density focusing typeion
diode was used. Figure 9 shows the cross-sectional
view of the diode. The diode is basically same as the
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Fig. 11. Experimental setup of self-breakdown
type vacuum discharge ion source.
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Fig. 12. Typical waveforms of discharge current (l,)
and ion current density (J;).

diode shown in Fig.2 but the anode and the cathode are
spherically shaped with radius of curvature of 80 mm
and 70 mm, respectively. The gap length was adjusted
to the same value as the diode shown in Fig. 2.

Figure 10 shows the typical waveforms of Vg, I4 and
J; of the diode obtained at t4 = 8.8 ns. Here, J; was
measured on the axis at z = 55. As seen in Fig. 10 (a),
Vq risesin 100 ns and has a peak of 190 kV whereas l4
rises with V4 and have apeak of 2.2 kA att =120 ns. In
Fig.10 (b), we see that J; of 27 A/cnt is obtained at 170
ns after the rise of V4. Considering the time of flight
delay, the ions corresponding the peak of J; seemsto be
accelerated around the peak of Vy. From the experiment
we found that by using spherical electrode, J; was
enhanced by factor 2.

4. Development of vacuum discharge metallic ion
source

Pulsed ion beams of metallic ions are attractive for
materials processes, however they cannot be obtained
yet. To develop an intense pulsed metallic ion source
we are developing vacuum discharge ion source [10].
Figure 11 shows the experimental setup to evaluate the
characteristics of vacuum discharge. In the experiment
sdf-breakdown type capacitor bank of C=1nt,
maximum charging voltage 35 kV was used. As the
discharge €electrode a pair of auminum rod of
diameter 6 mm was used, which was placed face to
face with gap length 1 mm. To measure the ion current
density BIC was placed at 100 mm apart from the gap.
The experiment was done inthe vacuum of 4x10° Pa.

Figure 12 shows the typica waveforms of
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discharge current () and ion current density (;) at
29" shot after the exchange of the electrodes. At the
shot the electrodes was self-broken at charging voltage
Vp = 16 kV. As seen in the figure sinusoidal waveform
of I, of quarter cycle 2.5 ns, peak current 3.4 KA was
observed. About 4.8 ns after the rise of 1, J; of 8
Alcn’ was observed with pulse width 240 - 320 ns,

The V,, has a strong dependence on the shot number.
In the first 7 shots V, is around 10 kV. However, V,
gradually increases after 7th shot and reaches 30 kV
around 25th shot. The V,, still increases and it exceeds
the maximum charging voltage of 35 kV after 32nd
shot.

To evauate the drift velocity of the plasma by a
time of flight method (TOF), two BIC's were placed at
112 and 206 mm downstream from the discharge gap,
respectively. The TOF delay time between of two BIC
signals was 2 ns, which gives the drift velocity of 4.7
x 10* m/s. Assuming aluminum ions it corresponds to
theion energy of 311 €V.

To apply the ion source to the intense pulsed ion
diode synchronized operation of the ion source is
required. For the purpose, a Marx type capacitor bank
was used, where two capacitors of 0.5 nF, 35 kV each
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was used as shown in Fig. 13. A coaxial type
configuration is used as the vacuum discharge
electrodes in the experiment. The inner diameter of the
outer electrode, the outer diameter of the inner
electrode and the length are 12 mm, 8 mm, and 80 mm,
respectively. On the root of outer electrode disc
electrode is placed to reduce the gap length to 1 mm.
The experiment was done at the total charging voltage
of 60 kV.

Figure 14 shows the typical waveforms of I, and J;
observed at 150 mm downstream from the top of the
electrode. As seen in the figure snusoidal waveform
of I, of quarter cycle 1.3 ns, peak current 10 kA was
observed. About 6.2 ns after the rise of I, J; of 200
Alcm? was observed with pulse width 2.1 nrs.

Figure 15 shows the dependence of the peak value
of Ji (Jipe) and the delay time of the peak of the J;
from the rise of the la(tpea). As seen in the figure
Jipeac has a large scattering but tend to increases with
shot No. Very large value of Jipeax > 500 Alcnt was
obtained at shot No. > 140. The average val ue of Jipeac
in the 200 shot is calculated to be 181 A/cnf whereas
the standard deviation was evaluated to be 161 A/cnf.
tpeakiS relatively stable and tend to increase gradually
with shot. The average value of tpea in 200 shot was
around 6 ms. Form the average value of tpeq the drift
velocity of the plasma was estimated to be 2.5x 10*
m/s.

5. Summary

To apply PHIB to materials processes purity of the
beam is very important. For the purpose a new type of
ion beam diode was developed. In the diode a new
acceleration gap configuration is used with active ion
source of pulsed plasma guns. Two types of plasma
guns were developed to generate variety of ion beams,
i.e. a gas puff plasma gun and a vacuum arc plasma
gun. With the gas puff plasma gun, source plasma of
nitrogen ions was produced. The current density of
the plasma was evaluated to be » 28 A/cnf at 90 mm
downstream from the top of the plasma gun. The
plasma was injected into the acceleration gap of the



diode and the ion diode was successfully operated at
diode voltage » 200 kV, diode current » 2.0 kA, pulse
duration » 150 ns (FWHM). lon beam of ion current
density » 13 A/cm® was obtained at 55 mm
downstream from the anode. The energy and species
of the beam was evaluated by a Thomson parabola
spectrometer and found that N* and N?* beam of
energy 60-300 keV were accelerated with impurity of
protons of energy 60-150 keV. The purity of the
nitrogen beam was estimated to be 87 %. By using
spherical electrode for focusing ion beam ion current
density was enhanced by a factor 2 and ion current
density of 27 A/cnf was obtained.

To generate metallic ions vacuum arc plasma gun
was developed. The characteristics of the plasma gun
were evaluated and source plasma of current density >
500 A/cnf was obtained with plasma drift velocity
2.5x 10" mis.
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ABSTRACT

Inertial Electrostatic Confinement Fusion (IECF) device is a compact fusion proton/neutron source with an
extremely simple configuration, high controllability, and hence high safety. Therefore, it has been studied for
practical use as a portable neutron/proton source for various applications such as landmine detection and
medical positron emission tomography. However, some problems remain for the practical use, and the most
critical one is the insufficiency of absolute neutron/proton yields. In this study, a new IECF device was
designed and tested to obtain high neutron/proton yields. The key features of the new device are the
cylindrical electrode configuration in consideration of better electrostatic confinement of ions and extraction
of protons, and an integrated ion source that consists of sixteen ferrite magnets and biasing the grid anode.
To investigate the performance characteristics of the device and the effect of the ion source, three kinds of
experimental setup were used for comparison. At first, the device was operated with the basic setup. Then
a cusp magnetic field was applied by using ferrite magnets, and the grid anode was negatively biased. Asa
result, it was confirmed that the ion source works effectively. At the same voltage and current, the obtained
neutron production rate was about one order of magnitude higher than that of the conventional spherical IECF
device. The maximum neutron production rate of 6.8x10° n/s was obtained at a pulsed discharge of =70 kV

and 10 A with an anode bias voltage of —1.0 kV.

Keywords

Inertial Electrostatic Confinement, Fusion, Proton Source, Neutron Source, Positron Emission Tomography

1. Introduction

Inertial Electrostatic Confinement Fusion (IECF)'
is a scheme to confine ions electrostatically with two
concentric  electrodes. Generated ions are
accelerated toward the center with sufficient energy
to cause fusion reactions, and recirculate inside the
anode through a highly transparent grid cathode.
Because of such a simple configuration of the device,
IECF s

neutron/proton source that is more safe and

practically expected as a portable

controllable.

As one of the IECF applications, medical positron
emission tomography (PET) is most featured now.
PET scanning is an advanced diagnosis with using
nuclear medicine. It provides us the functional
information inside our body and is used especially for
But the PET scanning

system is very expensive because it must include a

detecting cancers or tumors.

cyclotron, which is used for the production of the
short-life positron emitters on demand, and this high

initial cost of the system is the obstacle to popularize



the PET inspection. Thus the IECF proton source is

expected to be replaced the cyclotron. However,
some problems remain for the practical use, and the
most critical one is the insufficiency of absolute
proton yield. In this study, a new IECF device was
designed and tested to obtain high proton yield,

which is enough to produce the short-life PET nuclei.
2. Experimental Setup

The key features of the new device are the
cylindrical electrode configuration in consideration of
better electrostatic confinement of ions and extraction
of protons, and an integrated ion source that consists
of ferrite magnets and biasing the grid anode.

The schematic and the cross section of the
cylindrical IECF device are shown in Figs. 1 and 2,
respectively.  The cylindrical vacuum chamber
made of stainless steel is 393-mm dia. and 340-mm
high. A cylindrical grid anode is 200-mm dia.,
320-mm high, which consists of 32 stainless steel
rods of ¢1.2 mm, is placed at the center of the
chamber. A cylindrical grid cathode is 40-mm dia.,
380-mm high, which consists of 16 stainless steel
rods of ¢l.6 mm, is set inside the anode
concentrically. The chamber is evacuated to 107
Torr with a turbomolecular pump, and then the
pressure is controlled at 1-100 mTorr by feeding D,

or H, gas through a control valve.

Cathode Grid
(40 mm Diameter,
380 mm High)

Anode Grid
(200 mm Diameter,
320 mm High)

H, or D,

1-10 mTorr
Vacuum Chamber \__ ~~-LLUjHl
(393 mm Diameter,
340 mm High) 0-1kV

Fig. 1 Schematic of the cylindrical IECF device

Grid Cathode
(¢40 mm, ~ —100 kV)

Grid Anode
(¢200 mm, ~ -1 kV)

Ferrite Magnet
(B,=036T)

Vacuum Chamber
(¢393 mm, GND)

Cusp Magnetic Field

Fig. 2 Cross section of the cylindrical IECF device

A negative high voltage is applied to the cathode
by a CVCC dc power supply of =100 kV, 60 mA or a
pulse generator system of —100 kV, 10 A, 200 pps.
The anode is negatively biased by another CVCC dc
power supply and a few resistors of 20-100 kQ
The cathode voltage and the
anode bias voltage are conditioned independently.

connected in parallel.

To generate energetic ions efficiently, an ion source,
which consists of 16 ferrite magnets and biasing the
grid anode, is installed. The ferrite magnets are
11-mm square and 300-mm long, and have a residual
magnetic flux density of 0.36 T. To form a cusp
magnetic field near the chamber wall, the ferrite
magnets are mounted around the chamber with
alternating the magnetic polarities. Electrons
accelerated toward the chamber wall are trapped in
the cusp magnetic field and the path and life of
electrons are elongated. As a result, the electrons
ionize more deuterium molecules, and then these
generated ions are extracted toward the center by the
negatively biased anode. Thus the ions can obtain
the almost full energy that corresponds to the cathode
voltage. In this paper, to investigate the
performance of the new IECF device and the effect of
the ion source, three kinds of experimental setup

were used for comparison.



3. Reaults and Discussions
3.1 Characteristics of basic |ECF setup

At first, the cylindrical IECF device was operated
with the basic setup. In this setup, ions are
generated only by the glow discharge between the
cathode and the grounded anode. Figure 3 shows a
bottom-view photograph of star-mode discharge
plasma. The formation of a converged plasma core
at the center and the light emission like spokes are

clearly observed with the shadow of the cathode end.

Fig. 3 Photograph of discharge plasma

The neutron production rate of the basic IECF
setup in dc operation was measured. Figure 4

shows the relationship between the neutron
production rate and the cathode current at constant
cathode voltages. The neutron production rate is
proportional to the cathode current. The neutron
production tendency of the new cylindrical device is
almost the same as that of conventional spherical
ones. This implies that the beam-background fusion
reaction is also dominant in cylindrical device as well
as conventional spherical ones. The maximum
neutron production rate of 2.1x10° n/s was obtained

at a dc discharge of —60.0 kV and 10.0 mA.
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Fig.4 Neutron production rate vs. cathode current

at constant voltages (basic setup)

Figure 5 shows the comparison of neutron
production rate between the basic setup and the
conventional spherical one’. The new cylindrical
device can generate 3-8 times higher neutron yield
than the conventional spherical one. This increase
may be caused by the better electrostatic confinement
of ions, which results from the reduced influence of
the feedthrough to the cathode.

spherical device, it can not be avoided physically that

In case of the

the electric field is distorted by the existence of the
feedthrough. Therefore, many recirculating ions are
pulled to the feedthrough and then lost by colliding
with it.
recirculate without the collisional loss because the

However, in the cylindrical device, ions can

feedthrough does not affect essentially.
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Fig. 5 Comparison of neutron production rate
between the basic setup (C) and the conventional
spherical device (S)



3.2 Effect of cusp magnetic field

A cusp magnetic field was applied to the basic
IECF setup by using ferrite magnets in order to
investigate its effect. In case of this setup,
generated ions are extracted toward the center by the
electric field leaked through the grounded grid anode.

Figure 6 shows the breakdown voltage of the
cylindrical device. The breakdown voltage was
reduced to a half with applying the cusp magnetic
field. This indicates that the cusp magnetic field

works effectively as an ion source.
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Fig. 6 Breakdown voltage vs. gas pressure

Figure 7 shows the comparison of neutron
production rate between the setups with and without
the cusp magnetic field. The neutron production
rate was enhanced by a factor of about 1.5 with
This also
indicates that the cusp magnetic field works

applying the cusp magnetic field.

effectively as an ion source, and implies that the
average energy of ions was increased. However, the
neutron production tendency is almost the same as
that of the basic setup without the cusp magnetic field
and conventional spherical devices, hence the

beam-background fusion reaction is also dominant.
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Fig. 7 Comparison of neutron production rate
between the setups with and without the cusp
magnetic field

3.3 Effect of biasing anode

From the previous experimental results, it was
confirmed that the cusp magnetic field works
effectively as an ion source. For more efficient
extraction of ions generated in the cusp magnetic
field, the grid anode was negatively biased by a few
hundreds volts.

resistors of 20, 50, 100 kQ and a dc power supply

To bias the anode, three shunt

were used. Because the discharge current flows into
the grid anode, the anode can be negatively biased in
the case that only an anode resistor is used.

Figure 8 shows the relationship between the
relative neutron production rate and the anode bias
voltage at a cathode voltage of —15.0 kV. Here, the
relative neutron production rate was normalized by
It is found

that the neutron production rate increases and

the result of the grounded anode case.

becomes saturated with the anode bias voltage. The
saturation indicates that the biased anode works well
and most of ions generated outside the anode are
extracted. Figure 9 also shows the relationship
between the relative neutron production rate and the
relative anode bias voltage. In this figure, the anode
bias voltage was also normalized by the cathode
voltage, and the results at some cathode voltages are
plotted together. This graph indicates that the
neutron production rate is enhanced by a factor of
about 1.4 with effectually biasing the anode. In

addition, at the same voltage and current, the neutron



production rate obtained with this setup was about
one order of magnitude higher than that of the
conventional spherical IECF device.
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3.4 Condition of stable dc operation

From the previous experimental results, it was
confirmed that the neutron yield was effectively
enhanced by using the cusp magnetic field and
biasing the anode. However, there is a problem that
a stable dc operation can hardly be obtained with
enhancement of ion source effect. Figure 10 shows
the experimental condition for stable dc discharge.
In case of the basic IECF setup, the stable dc
discharge can be obtained at almost all the region.
But a periodic discharge occurs and the stable region

shifts to higher current and lower voltage side with

enhancement of ion source effect. The periodic
discharge is caused by the CV/CC mode change of
the dc power supply system because the CVCC
control can not follow the rapid decrease of
impedance as a result of the enhanced ion/electron
multiplication effect in the discharge formation. For
stable dc operation, three kinds of CVCC dc power
But the periodic discharge
To stabilize the dc

discharge at a high voltage, a dc power supply system

supply were tried to use.
was observed in all cases.

with larger current capacity and better load following
capability is needed. However, these requirements
do not matter to pulsed operation essentially.
Therefore, the ion-source-assisted IECF is suitable

for pulsed operation.

60 T T T T T T T T T
50+ i
401 Basic Setup 7

30+ i
F + Cusp M.F.

20 -

+ A-Bias =300 V|

Cathode Voltage [kV]

| L | L | L | . | .

10 10 20 30 40 50 60
Cathode Current [mA]

Fig. 10 Experimental condition of stable dc

discharge

3.5 Pulsed operation

Pulsed operation was carried out in order to
investigate the characteristics of the device in a
high-voltage and high-current region. The pulse
repetition rate and the pulse width were set at 4 Hz
and 20 ps, respectively. Figure 11 shows the
relationship between the neutron production rate and
Here, the data of the anode bias

voltage of —1.0 kV and the anode ground are plotted

the pulse current.
for comparison. In this pulsed high-current region,
the neutron production rate is also proportional to the
cathode current, which implies that beam-background

fusion reaction is dominant. And the anode bias



voltage does not affect the neutron production
tendency of the device. However, it is found that
the biased anode is also effective in pulsed operation.
The maximum neutron production rate of 6.8x10° n/s
was obtained at a pulsed discharge of =70 kV and 10

A with an anode bias voltage of —1.0 kV.
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Fig. 11 Neutron production rate vs. pulse current
(B: anode bias voltage of —1.0 kV, G: anode
grounded)

4. Conclusions

A new cylindrical IECF device with an ion source
was designed and tested. At first, the device was
operated with the basic setup. As a result, it is
found that the cylindrical device can generate several
times higher neutron yield than conventional device.
This increase may be caused by the better
electrostatic confinement of ions that results from the
cylindrical electrode configuration. The maximum
neutron production rate of 2.1x10° n/s was obtained
at a dc discharge of —60.0 kV and 10.0 mA.

Then a cusp magnetic field was applied by using
ferrite magnets and the grid anode was negatively
biased by a few hundreds volts. It was confirmed
that the cusp magnetic field and the biased anode
At the same

voltage and current, the obtained neutron production

works effectively as an ion source.

rate was about one order of magnitude higher than
that of the conventional spherical IECF device.
However, there is a problem that a stable dc operation
can hardly be obtained with enhancement of ion
source effect.

In order to investigate the characteristics of the
device in a high-voltage and high-current region,
pulsed operation was carried out. It was also
confirmed that the integrated ion source works
effectively. The maximum neutron production rate
of 6.8x10° n/s was obtained at a pulsed discharge of
—70 kV and 10 A with an anode bias voltage of —1.0
kV. This result demonstrates that the cylindrical
IECF device has potential applicable to a proton
source for PET scanning system because the proton
yield required to produce short-life PET isotopes is
10° /s or higher.
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Abstract

Diamond-like carbon (DLC) films were prepared by a hybrid process of plasma-based ion implantation and

deposition (PBIID) using hydrocarbon gas plasmas. It was found that the film stress, density, hydrogen content, and

hardness were dependent on negative pulsed voltage for ion implantation. lon implantation to substrate served to

produce a graded interface of carbon component in the boundary region of DLC film and substrate. lon implantation to

DLC film reduced the residual stress to several MPa, enhancing the adhesive strength of DLC film. Furthermore, the

adhesive strength of DLC film on SUS304 substrate was increased above the epoxy resin strength by implantation of

mixed Si and C ions.

Keywords: diamond-like carbon, plasma-based ion implantation and deposition, residual stress, density, hydrogen

content, hardness, carbon depth profile, adhesive strength

1. Introduction

Diamond-like carbon (DLC) has been studied by
many researchers in recent years because DLC has
excellent mechanical and tribological properties such as
high hardness, strong wear resistance, low friction
coefficient, and chemical inertness™. Typical preparation
methods of DLC film are sputtering deposition, ion beam
deposition, plasma CVD, and cathodic arc deposition.
However, DLC films produced by these dry processes
usually had the large compressive residual stress above
10 GPal* that often caused for poor adhesion, so that
thick DLC films of more than a few pum in thickness
were hard to produce on metal surfaces. Metallic
interlayer®, such as Si or Ti, and graded interface of
carbon composition, produced by carbon implantation !
were used to improve the adhesive strength of DLC film.
Compressive residual stress was also found to be a
strongly correlated with the ion energy during deposition
and to be reduced by the ion impact!® or ion implantation
to the film!"®. Plasma-based ion implantation (PBII)!* 1

technique is, which is able to implant ions with high

energy above 10 keV into three-dimensional substrates,
can be a promising surface treatment method for
industrial applications. Authors have successfully
prepared the thick DLC films of more than 10 um in
thickness on three-dimensional substrates using a hybrid
processing system of PBII and deposition (PBIID)M3,
However, effects of ion implantation on properties and
adhesive strength of DLC film have not been fully
understood yet.

In this paper, we present effects of ion implantation on
residual stress, density, hydrogen content, hardness,
depth profile of carbon in a boundary region of DLC film
and substrate, and adhesive strength of DLC film
prepared by PBIID method using methane (CH,),
acetylene (C,H,), toluene (CsHsCH3), and organic metal

compound gas including silicon.

2. Experimental
Figure 1 shows a schematic diagram of PBIID system.
RF pulse for

plasma generation and negative

high-voltage pulse for ion implantation were applied to a



sample through a single electrical feed-through. The
RF pulse had the frequency of 13.56 MHz, the peak
power of 300 W, the pulse duration of zgg = 50 ps and
the repetition rate of f = 0.5 ~ 1 kHz. Plasma ions were
implanted to the substrate and deposited film by the
negative high-voltage pulse of V,= 0 ~ -20 kV and the
pulse duration of 7y =5 ps. The precursor gases were
CH,, C,H,, C¢HsCHj3, and organic metal compound gas

including silicon.

Negative
RF pulse high-voltage pulse

Matching circuit
and filter

— Feed-through

Antenna — Plasma
(Sample holder) O — Sample
Pump{'%l {—Gas

Fig. 1. A schematic diagram of plasma-based ion

implantation and deposition system.

The preparation process of DLC film for measurement
of residual stress, density, hydrogen content, and
hardness was as follows: The first step was the
sputter-cleaning process using the Ar plasma with the

negative high voltage pulse (V,=-10 KV, 7qvy= 5 ps, f =

1 kHz). In the second step, the ion implantation during
deposition process using C,H, or C¢HsCH3 plasma and
the negative high voltage pulse (V,=-10 kV, 7py=5 s,
f = 1 kHz). The gas pressure was held at p = 0.5 Pa.
Substrates used in the experiments were silicon wafer
and quartz glass. The silicon samples were used for
hardness, RBS analysis, and ERDA measurements. The
quartz glass samples were used for residual stress
measurements in DLC film. Adhesive strength of DLC
film, prepared with 3 conditions as shown in Table 1 on
SUS304 substrate (12 mm in diameter and 2 mm in
thickness), was measured by the adhesion test.

The residual stress was determined from curvature of
quartz glass plate (25 mm in length, 5 mm in width and
0.5 mm in thickness) after DLC film coating and
thickness of DLC film using Stoney’s equation™!. The
curvature and film thickness were measured by stylus
profilometer (Dektak3, ULVAC). The density was
determined from the area density measured by RBS. The
hydrogen content was measured by ERDA. The hardness
was measured by nano-indentation tester (ENTZ1100,
ELIONIX). Depth profile of each element of DLC film
and silicon wafer substrate was measured with Auger
Electron Spectroscopy (AES, Model 255, PHI). An
adhesion testing apparatus (Sebastian Five-A, Quad
Group) was used to measure the adhesive strength of

DLC film. An epoxy pre-coated aluminum stud (2 mmg

Table 1. Coating conditions for DLC preparation.

Conditions Stage Cleaning Interlayer treatment Deposition
Gas CgHsCHy
(a)| As deposition |Pulsed voltage (kV) -10 -5
Process time (min) 120
Gas CHy Cally CglisCH;
) C ::121 Ez‘gifi‘tliﬂ”“ Pulsed voltage (kV)|  -10 220 220 -5
Process time (min) 30 30 120

C and Si1ions

(c

—

deposition

Gas CHy | CHy#8i |CaHa+8i|CaHy [ CgH5CH3
implantation and | Pulsed voltage (kV)| -10 -20 -5 -5 -20 -5
Process time (min) 25 5 5 25 120




><12 mm) was vertically set to the sample. After curing
at 150 degrees for 1 h, the sample was inserted into the
machine platen and gripped. When applied, the stud was
pulled down against the platen support ridge until failure
occurred, and the tensile force required to cause failure
was registered. All samples after adhesion test was
observed with a (\VH-8000,

KEYENCE).

CCD microscope

3. Results and Discussion
3.1 Properties of DLC

Figure 2 shows the compressive residual stress in
DLC film prepared using C,H, and CgHsCH; plasmas as
a function of negative pulsed voltage, where 7y =5 ps,
f=0.5 kHz, 7gre)= 50 ps, p = 0.5 Pa, and processing time
T = 2 h. The compressive residual stress in DLC film
prepared using C,H, plasma is decreased with increasing
negative pulsed voltage from about 0.47 GPa at V, = 0 to
0.16 GPa at V, = -20 kV. This reduction of compressive
residual stress may be result from the local heating
(thermal spike) by ion energy®®. On the other hand, the
compressive residual stress in DLC film prepared using
CeHsCHj; plasma is about 0.25 GPa at V, = 0, and reduce
to about several MPa at V, = -5 ~ -7 kV. This is the same
result as the C,H, plasma. For negative pulsed voltage
above about -10 kV, however, the compressive residual
stress is increased up to 0.25 GPa. At this time, a strong
optical emission around the substrate was observed at the
same time as applied negative pulsed voltage™,
indicating the generation of glow discharge due to
secondary electrons emitted by ion bonberdment to the
substrate. Then, an increase in residual stress at V,, > -10
kV is ascribed to little ion implantation because of
generation of glow discharge by negative pulsed voltage.
In either case, the observed compressive residual stress
in DLC film prepared using C,H, or C¢HsCH; plasma in
present condition by PBIID system is at least two orders
less than that of other methods.

Figure 3 shows the density, hydrogen content, and
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Fig. 2. Compressive residual stress of DLC film

prepared with C,H, or CgHsCH; plasma as a

function of negative pulsed voltage for ion

implantation.
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Fig. 3. Density, hydrogen content, and hardness of
DLC film prepared with C,H, or C¢HsCH; plasma as

a function of negative pulsed voltage.

hardness of DLC film prepared using C,H, or C¢HsCH3
plasma as a function of negative pulsed voltage, where f
=1 kHz, film thickness is 0.5 um (density and hydrogen

content) or 1 um (hardness), and the other conditions



were the same as Fig. 2. The density of DLC film
prepared using C,H, plasma ranges from 2.0 to 2.5
glcm™, and has a peak at the negative pulsed voltage of
-5 kV. For CsHsCH3; plasma, the density ranges from 1.6
to 2.4 glem™® and has a peak at the negative pulsed
voltage of -15 kV. As mentioned above, the effect of ion
implantation is enhanced when the residual stress in
DLC film is reduced by ion implantation during
deposition. In other words, the density decreases when
the effect of ion implantation is enhanced, indicating the
thermal spike effect™ is caused by ion implantation
during deposition. The hydrogen content in DLC film
decreases slightly with the increase of negative pulsed
voltage, ranged from 17 to 37 %. The observed reduction
of hydrogen content results from ion implantation during
deposition. It is found that the hydrogen content in DLC
film decreases with a little effect of ion implantation. The
hardness of DLC film prepared using C,H, plasma
ranges from 12 to 22 GPa, and has a peak at the negative
pulsed voltage of -3 kV. For CsHsCH; plasma, the
hardness ranges from 3 to 19 GPa, and has a peak at the
negative pulsed voltage of -15 kV. The higher density
and the lower hydrogen content are, the higher hardness
of DLC film is, indicating the hardness are dependent on
the density and the hydrogen content. That is to say, the
residual stress, density, hydrogen content, and hardness
depends in good part on magnitude of ion implantation
effect.
3.2 Adhesive strength

Figure 4 shows AES depth profile of carbon in DLC
film on a silicon wafer prepared with the C,H, plasma
for various negative pulsed voltages of V,= 0, -10, -20
kV, where f = 1 kHz, T =5 min, and the other conditions
were the same as Fig. 2. As seen in Fig. 4, a carbon
composition gradient, needed to improve the adhesive
strength of DLC film, decreases with the increase of
negative pulsed voltages. When applied negative pulsed
voltage of -10 and -20 kV, carbon ions are implanted into

the substrate and also deposited on the substrate,
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Fig. 4. AES depth profile of carbon in DLC film
prepared with C,H, plasma on a silicon substrate
for various negative pulsed voltages for ion

implantation.
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Fig. 5. AES depth profile of carbon in DLC film
prepared with CH,4, C,H,, and CgHsCH; plasmas at
the negative pulsed voltage of -10 kV.

indicating the formation of a mixing layer of carbon and
silicon. The deposition rate and the width of mixing layer
are increased with increasing negative pulsed voltage.
Figure 5 shows AES depth profile of carbon in the DLC
film on silicon prepared using CH,4, C,H,, and CgHsCH3
plasmas at the same conditions as those in Fig. 2 except
Vp = -10 kV. As seen in Fig. 5, when using the CsHsCH3
plasma, the deposition rate of DLC film increases
approximately 10 times than that using the C,H, plasma.

For CH,4 plasma, carbon ions are mostly implanted into
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Fig. 6. Adhesive strength of DLC film prepared on
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the substrate, but little deposition. A carbon composition
gradient in DLC-coated silicon prepared using CH,
plasma decreases than that of using C,H, and C¢HsCH3
plasmas, indicating the use of CH, plasma can more
deeper implant carbon ions to the substrate. Carbon ion
implantation in the interlayer treatment step in the film
preparation procedure using the CH, and C,H, plasmas
serves to produce an interfacial mixing layer between the
DLC film and the substrate material. The use of
CeHsCHj; plasma leads to high speed deposition rate.
Figure 6 shows the adhesive strength of DLC film
prepared on SUS304 substrate with the conditions in
Table 1, where the error bar indicates the amount of
scatter in measured values of 5 samples. Note the DLC
films were prepared with the condition of the lowest
residual stress. As seen in Fig. 6, the adhesive strength of
about 49 MPa without ion implantation (condition (a))
increases to about 81 MPa with carbon ion implantation
in the boundary region of DLC film and substrate
(condition (b)). Furthermore, implantation of mixed
carbon and silicon ions (condition (c)) leads to
considerable enhancement of adhesive strength up to

about 88 MPa which is larger than that reported by

Pin side Substrate side

(a)

(b)

(c)

Fig. 7. Photograph of DLC-coated SUS304 and
untreated SUS304 surfaces after tension test, where
(@) as deposition, (b) C ion implantation and
deposition, and (c) C and Si ions implantation and

deposition.

Walter et al. .

Figure 7 shows the photograph of stud pin (left) and
DLC-coated SUS304 (right) surfaces after tension test.
DLC coating film prepared with the condition (a) is
completely removed and with the condition (b) is mostly
removed. With the condition (c), on the other hand, there
is no delamination of DLC film, indicating that the
adhesive strength of DLC film is enhanced above the
strength of epoxy resin glue. The observed enhancement
in adhesive strength by carbon ion implantation should
be ascribed to the production of interface, graded in
carbon composition, and the relaxation of residual stress
in DLC film. Considerable enhancement in adhesive

strength by implantation of mixed carbon and silicon



ions suggests the formation of chemical bonding such as
SiC in the substrate.

4. Conclusions

DLC films were prepared by a hybrid process of
plasma-based ion implantation and deposition using
hydrocarbon gas plasmas and examined the effects of ion
implantation on DLC preparation. Compressive residual
stress in DLC film was considerably reduced to several
MPa that was two orders less than that of conventional
methods. Density, hydrogen content, and hardness are
dependent on magnitude of ion implantation effect to a
grate extent, ranged from 1.6 to 2.4 g/cm?, from 17 to
37 %, and from 12 to 22 GPa, respectively. Carbon ion
implantation led to the formation of a mixing layer in the
boundary region of DLC film and substrate. Adhesive
strength is enhanced from 49 MPa without ion
implantation to 81 MPa with carbon ion implantation.
Furthermore, implantation of mixed carbon and silicon
ions resulted in considerable enhancement of adhesive
strength up to 88 MPa exceeding epoxy resign strength.
lon implantation to the film or substrate has an intense

effect on properties and adhesive strength of DLC film.
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The optical emissions in PBIID system were measured. CH (431 nm), H, (656 nm), Hg (486 nm),
and H, (434 nm) line spectra were observed from hydrocarbon gas plasma of acetylene and toluene. It
was found that the deposition rate of DLC film was almost in proportion to the CH (A%A - X1,
431.4nm) line emission at measured various conditions for acetylene. The CH line emission intensity
showed a peak near surfaces and decreased with distance.

1. Introduction

Plasma-based ion implantation is a technique
developed in the late 1980s. The principle of operation is
that the object to be ion-implanted isimmersed in plasma
and biased with a high voltage power supply. A sheath
forms around the object and ions are accelerated across
the sheath into the surface of the immersed object. The
bias is pulsed to alow the plasma to replace depleted
ions between the pulses. The low-density plasma sources
for ion implantation are usually produced by glow
discharge, thermal ionization, cathode arc discharge, and
RF discharge.

Recently, the technique has been adapted to a RF
discharge plasma. The RF pulse discharge electrode is
the solid object itself, which generates isotropic
low-density gas plasma around the solid object. The RF
discharge pulses are applied during times between high
voltage negative pulses. The plasma generation around
the solid object and ion implantation by high voltage
pulseis alternately repeated.

Plasma based deposition of carbon is a particularly
interesting field due to the fact that the carbon films are
typically harder, smoother, and more resistant to
chemical attack than polymer films. Especially, DLC
(diamond-like carbon) films are used as many
mechanical parts because of their superior tribological
properties of high mechanical hardness, high wear
resistance and low coefficient of friction [1]. The
advantage of PBIID (plasma-based ion implantation and
deposition) process is small residua stress compared
with conventional process [2,3]. For the hybrid system
combined with the RF pulse and negative high voltage
pulse, the deposition rates and the properties of deposited
carbon films can be varied widely by changing the
deposition parameters such as gas pressure of
hydrocarbons and negative pulse voltage. In order to get
some insight into the plasma processes for C2H2 gas
plasma, we have used optical emission spectroscopy as a
diagnostic tool.

In this paper, we report optical emission spectroscopy
of C2H2 hydrocarbon plasma used for a-C:H deposition

by PBIID (plasma-based ion implantation and
deposition) process, and we also report optical emission
distribution for a solid object with trenches.

2. Experimental setup

Figure 1 shows the experimental setup for the
measurement of optical emission from hydrocarbon gas
plasma such as acetylene and toluene plasmas in PBIID.
In PBIID system, RF pulse for plasma generation and
negative pulsed voltage for ion implantation were
applied to a hexagonal sample holder through a single
electrical feed-through. The RF pulse was the peak
power of 300 W, the pulse duration of 50 ps, and the
frequency of 1356 MHz. The plasma ions were
implanted to a substrate by negative pulsed voltage of
0to —20 kV and the pulse duration of 5 ps.
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Fig. 1. PBIID process and experimental setup

Figure 2 shows the typical pulse shapes of RF pulse
voltage of 50us duration, negative pulsed voltage
delayed 50us after end of RF pulse, and the high voltage
current. The current in the Fig.2 shows the typical
waveform of the plasma-based ion implantation, in
which steeply rise and following decay current are due to
growth of plasma sheath around objects.



Figure 3 is sample photographs of a golf driver head,
a pipe, and trench objects in PBIID process. The thin
plasma luminescence around solid objects was observed.

Optical emissions were measured by an optical
multichannel analyzer (HAMAMATSU, C7460) and by a
photo-multiplier (HAMAMATSU, R1463) with
band-path filters. Deposition rate of DLC film was
calculated by thickness of DLC film and by deposition
time. A thickness of DLC film was measured with a
stylus profilometer (Dektak3, ULVAC).
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Fig. 2. Typical pulse shapes of RF pulse, pulse high
voltage and current.

Fig. 3. Photographs of PBIID process of a golf
driver head, a pipe, and trench objects

3. Optical emission measurements

Figure 4 shows the spectra of time integrated optical
emission from acetylene for various negative pulse
voltages. The main emission spectra were CH (A%A -
XI1) at 431.4 nm, H,, Balmer line at 656.28 nm, H; at
486.13 nm, and H, at 434.05 nm. The same emission
lines were observed for toluene plasma. The emission
lines result either from dissociative excitation of the
hydrocarbon molecules or from electron impact
excitation of radicals and atoms.

Figure 5 shows high voltage pulse currents and
optical emissions for various voltages in acetylene gas at
pressure of 0.5Pa. The optical emission was measured by
the photo multiplier without filter, and then all emissions
from ultraviolet to near infrared spectra were integrated.
The emissions seems that formation of excited atoms or

molecules for emission need order of micro-second and
also same order of time for decay. The emission intensity
increased according to increase the pulse voltage.

If some lines of the optical emissions from the plasma
can be in proportion to DLC deposition rate, it is very
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Fig. 4. Typical spectrum from acetylene plasma
at various negative pulsed voltages.
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useful for controlling the thin film deposition. The
emission lines from carbon plasma were not observed in
conventional spectral range of 250nm to 900nm, which is
important for the process monitoring. Then, we selected
the other these bright lines, CH at 431.4 nm, H, at
656.28 nm, and Hg at 486.13 nm for the monitoring. The
hydrogen H,, Hg, H, Balmer lines radiate to same lower
energy level, then H,, Hy lines are samples to study the
Balmer lines.
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Fig.6 Emission intensity and DLC deposition
rates at acetylene gas pressure of 0.5 Pa
and repetition rate of 0.5kHz.

The CH emission and deposition rate of DLC film for
acetylene plasma increased with straight lines for
negative pulsed voltage. On the other hand, the H,, Hg
line intensities did not show linear correlation between
the line intensities and deposition rate. The excitation of
H Bamer lines may be complicated process, resulting in
weak correlation.
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Fig. 7. Intensity of CH spectrum as a function
of deposition rate of DLC film for
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Fig. 8. Intensity of CH spectrum as a function of
deposition rate of DLC film for toluene
plasma. o 0.5kHz, 0.5 Pa,H.V.(0~-10 kV),

0.5kHz, 0.5 Pa, H.V.(-15,-20 kV), e
-5kV, 0.5 Pa, Freq.(0.5 ~4 kHz)

Figure 7 and 8 show DLC deposition rate and CH
emission intensity for acetylene and for toluene plasmas
at pulse repetition rate of 0.5 to 4 kHz, gas pressure of
0.5 to 3 Pa, and negative pulsed voltage of 0 to —20 kV to
confirm the correlation. The deposition rate of DLC film
for acetylene seams in proportion to the CH emission in
any conditions. On the other hand, the deposition rate of
DLC film for toluene was not clear for the CH emission,
especialy for higher pulse voltage of more than —10kV
in Fig.8. The voltage and current pulse shapes at the
voltage of more than —15kV showed different waveforms
compared with those of less than —10kV. The current
pulse shapes suggested plasma discharge, resulting in
different DLC deposition process.
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Fig.9 Measurements of emission distribution
for trench solid sample.



The bright emission was observed for a trench
structure in Fig. 3. We measured the optical emission
distribution in space for a trench solid sample and for a
flat sample as a reference. Figure 9 shows a setup for
emission distribution measurements from plasma for a
trench solid sample. The CH line emission of 431nm
selected by the band-pass filter was measured by the
photo multiplier. The space resolution was 2mm, which
was limited by an aperture diameter in front of the photo
multiplier. The measured points were 20mm in depth
from the edge surface.
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Fig.10 Emission distribution at right angle for
flat surface. Negative pulse voltage of
—10kV and acetylene pressure of 0.5Pa.
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Fig.11 Emission distribution at right angle for
trench. Negative pulse voltage of —10kV
and acetylene pressure of 0.5Pa.

Figure 10 and 11 show the emission distribution at
right angle for a flat and for a trench solid sample with
the bottom width of 10mm, the depth of 20mm, and the
length of 40mm, respectively. The conditions of the
plasma operation were in the same way as negative pulse
voltage of —10kV, pulse width of 5us, acetylene gas
pressure of 0.5Pa, and repetition rate of 0.5kHz. The CH
line emission showed a peak near surfaces and decreased
with distance, in which tendency of emission profile
seemed almost in the same manner as the flat sample and
as the trench sample. The optical emission had almost

the same time history except intensity at the measured
points for the flat sample and for the trench sample. It is
interesting that the higher optical emission intensity was
measured near the bottom surface in the trench than that
near the flat surface. On the other hand, the electric field
in atrench must be lower than a top surface as a common
sense. Discharge in the trench seems to be the most
probable, resulting in the bright emission.
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