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Abstract

This is the proceedings of the meeting on "Physics and Applications of High
Energy Density Plasmas Produced by Pulsed Power", which was held at the
National Institute for Fusion Science in March 9-10, 2004. The meeting topics cover
z-pinch plasmas, plasma focus, charged particle beams, high power discharges and
their applications to radiation sources, high power microwave, inertial confinement
fusion and shock waves in addition to pulsed power technologies. The papers reflect
the present status and trends in the research field of high energy density plasmas
generated by pulsed power.

Keywords: z-pinches, plasma focus, charged particle beam, X-ray sources, extreme
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PREFACE

The collaborative research meeting entitled "Physics and Applications of High
Energy Density Plasmas Produced by Pulsed Power" was held at National Institute
for Fusion Science (NIFS), Toki, in March 9-10, 2004. 22 papers were presented at
the meeting and totally 41 scientists attended from universities, institutes and
companies. These proceedings contain most of the papers.

As the field of high energy density plasma has a multi-disciplinary nature, the
extensive discussion of related subjects is difficult in conventional scientific
meetings. The purpose of the meeting has been to provide a forum to discuss
important technical developments, some applications, increased understandings,
new trends, and also the future prospects in the field of high energy density
plasmas. The meeting was successful from such view points.

We would like to express our sincere thank to all of the authors, participants
and National Institute for Fusion Science

Hidenori Akiyama

Sunao Katsuki

Department of Electrical and Computer Science
Kumamoto University
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Low inductance gap-less pulsed current generator
to drive z-pinch plasmas for EUYV light source

Akihiro Kimura, Sunao Katsuki and Hidenori Akiyama
(Dept. Electrical and Computer Engineering, Kumamoto University)

Abstract

This paper describes a compact z-pinch device driven by a low inductance gap-less
pulsed current generator, which is developed for an extreme ultraviolet (EUV) source. A
magnetic switch was installed to eliminate the reverse current and to achieve the high
repetition rate operation. The z-pinch discharge chamber is placed at the center of the
toroidal ferromagnetic core and is connected to a capacitor bank. A magnetic pulse
compressor (MPC), which operates with the repetition rate of 200 Hz, is used for the rapid
charging of the capacitor bank. The main circuit with an inductance of 30 nH is capable of
delivering the current up to 35 kA in 110 ns to the short-circuit load. The EUV emission
from the z-pinched xenon plasma is characterized with respect to in-band light energy

(13.5 nm, 2% bandwidth), spectrum, and angular distribution as well as temporal behavior
of the emission.

Keywords: pulsed current generator, low inductance, gap-less, z-pinch, extreme ultraviolet

1. INTRODUCTION

Discharge produced plasmas (DPP) are presently the most powerful extreme ultraviolet (EUV,
13.5 nm 2% bandwidth) source for the 45 nm or less rule photolithography process. Industrial
requirements are the average EUV power of hundreds of watts and 24 hours operation. There are
several discharge schemes to produce the high energy density plasmas for the EUV emission, such
as a dense plasma focus[1], capillary discharge[2], z-pinches[3], a hollow cathode discharge[4].
Generally, EUV emission energy from these pinched plasmas tends to be proportional to the square
of the peak current amplitude. On the other hand, the increase in electrical energy input to the
discharge causes the ablation of electrodes and insulator wall, which results in the generation of
large amount of debris and the impurity contamination in the target plasmas.

Shortening the discharge current pulses is one of the key techniques to reduce the thermal
problems and to improve the conversion efficiency from the discharge energy to the EUV emission.
Also the plasma is expected to behave more dynamically while pinching, which brings about the
increase in the plasma temperature and the decrease in the source size.

We have developed a compact z-pinch device for the EUV light source. The device is driven by
a 110 ns duration pulsed current delivered by a low inductance gap-less pulsed power generator.
This paper describes the structure and the operation of the pulsed current generator. Also the
characteristic of the EUV emission from the z-pinch plasma are presented.

2. EXPERIMENTAL SETUP

A. Fast z-pinch device




FIG 1 shows the cutting illustration of the z-pinch discharge chamber and its main electrical
circuit, which consists of a 42 nF capacitor bank, a toroidal ferromagnetic core, and a z-pinch
discharge chamber. They are sandwiched with two circular metal plates. FIG 2 shows the
appearance of the main part of the system. One of the metal plates is directly bolted on the vacuum
chamber, which is evacuated to 10™ torr. The other is provided with negative 10s of kilovolts. The
z-pinch discharge chamber, which consists of a hollow Cu-W alloy cathode, a ring anode and a
rounded alumina ceramic ring with the minimum diameter of 5 mm, is located in the center of the
coaxial structure. Mass flow of xenon gas fed into the chamber is controlled in the range from 2 to

100 cc/min.
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FIG1. Cutting view of the z-pinch device for the EUV source.

B. Driving Circuit

FIG 3 shows the equivalent circuit of the system including the z-pinch electrodes and a magnetic
pulse compressor (MPC). The MPC contains three saturable inductors. SLy works as a secondary
switch assisting the thyristor to reduce its switching loss. SL, and SL; work as switches for the pulse
compression. After SL, is saturated, energy stored in the capacitor Cy is transferred to the high
voltage capacitor C; through a step-up transformer. When the capacitor C; in the main circuit is
charged up to a certain voltage, the energy is quickly released to the z-pinch load through SL, being
saturated. The energy efficiency of the MPC exceeds 90%. The voltage and the energy per pulse
delivered to the 42 nF capacitor bank are 30 kV and 20 J, respectively.




z-pinch chamber
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FIG 2. External appearance of the low inductance gap-less pulsed current generator for z-pinch discharge based
EUYV source. High voltage circular plate is removed in the photograph.

g i e e SR e e
Y, L <
: : :
17 s
CD :Co C1 1 :
. o eosemliizia : l_
—P | Eaann auand ra
; SIThy SRR
1 . 1
' ' 1
' ‘ :
T e g oy oSO o e B s S oG
- - MPC - Main circuit

FIG 3. Equivalent circuit of the pulsed current generator including the z-pinch load. Cy =3 pF, C; =42 nF, C, =
42 nF, SLo, SL; and SL; are saturable inductors, PT is a step-up transformer (1:10). L¢ is the inductance
due to the connection between the MPC and the z-pinch device. Z is the electrical expression of the z-pinch
plasma.

Because of using the magnetic switch, the maximum charging voltage is limited by the cross
section of the toroidal core. If the magnetic flux density of the core is “reset” to By in advance, the
voltage of the capacitor V. is determined by

N(By +By)S= [Vt (1)

where N (=1), Br and By are the number of winding, the residual and the saturation magnetic flux
density of the core, respectively. T is the time when the core is saturated. Therefore, the capacitor
bank has to be charged up as quickly as possible in order to obtain higher voltage of the capacitor or
to minimize the core cross section, which determines the inductance of the main circuit. The
charging time ¢, is determined by




to = Ty(SLys +Lc)C )

where C = C,Cy/ (C1+(C2), SL;s is the inductance of SL; when saturated. The ¢, is mainly dependent
on SL,s and L.. Multi-staged pulse compression is usually performed to decrease t,, FINEMET™
FT-1H (Hitachi Metals), of which the property is summarized in Table 1, was selected as the core
material because of its large Bs and Br in addition to the fast transition from unsaturated to
saturated status.

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. Circuit operation (Short circuit load)

FIG 4 shows the typical waveforms of the charging voltage of the capacitor C; and the current
through the short circuit load placed in the z-pinch discharge chamber. The capacitor C; is charged
up to 34 kV in approximately 600 ns through the connection using two parallel plates. When the
magnetic switch is turned on, the pulsed current with 110 ns duration is delivered to the load. The
magnetic switch prevents the reverse current, so that the current ends at a half period of the
sinusoidal waveforms. FIG 5 shows the B-H curve of the core at SMHz derived from the voltage
and current waveforms in FIG 4.

FIG 6 shows the voltage waveforms for different primary energy in the MPC. The numbers
shown in the FIG 6 are the dial value of MPC controller, which is proportional to the charging
voltage of Cp. Although the reset current is fixed at 2 A, the integration of the voltage waveform
until the core being saturated depends on the charging voltage of C,. The current amplitude was
adjusted with changing the voltage of C,. As shown in FIG 7, the amplitude of the current peak is
proportional to the voltage when the core is saturated, /o, but not to the maximum voltage of the
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FIG 4. Voltage of the capacitor C,, V,, and the discharge current, 14.
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FIG 6. Voltage of the capacitor C,, V,, and the discharge current, L;.
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FIG 7. The plasma current peak as a function of the voltage in the capacitor when the magnetic switch tumns on.




TABLE 1. Specifications of FINEMET™ FT-1H

Structure, nano crystalline
-Ribbon thickness 18 ym
Saturation magnetic field, Bs 135T
Residual magnetic field, Bz 1.20T
Coercivity, H, 0.8 A/m
Relative magnetic permeability, p, 5000 (at 1kHz)
1500 (at 100 kHz)
Loss, Pcy 950 kW/m’ (100 kHz)

B. EUV emission from z-pinch plasma

Temporal behavior of the relative EUV emission intensity is monitored by a fast PIN photodiode
(Hamamatsu, 3883, 300 MHz) covered with a 150 nm thick Zr filter (Luxel). The transmission band
of the filter is from 7 to 18 nm. FIG 8 shows the typical waveforms of the plasma current and the
EUYV intensity in the case of xenon gas flow rate of 25 cc/min, which is the best condition for the 5
mm insulator wall with respect to the in-band EUV energy. The current in the order of 100’s A
flowing through the discharge before the main current plays a role of the pre-ionization of the xenon
gas. A couple of tens ns after the main current starts to flow, the EUV emission suddenly occurs and
increases rapidly. However the EUV emission decays quickly after the peak. The temporal
development of EUV emission drastically varies with the xenon flow rate. At the larger flow rate (>
40 cc/min) both intensity and energy tend to decrease with an increase in the flow rate and the
maximum emission is delayed.

The transmission grating spectrometer (TGS, 1000 L/mm, @50 pm) was employed to obtain
EUV spectra. FIG 9 shows the typical spectrum of the z-pinch plasma in EUV region. A bunch of
line associated with 4d-5p transition of Xe'®" is much smaller than 4d-4f transition of Xe''". Our
experiments show the spectrum depends on the plasma current and the xenon gas flow rate. Several
studies on EUV spectrum of discharge produced plasmas reported that the 4d-4f transition of Xe'!*
becomes stronger as the electron temperature is increased. The amplitude of the current and the gas
flow rate is influenced on the temperature.

The relative EUV energy at 13.5 nm with 2% bandwidth is measured using a device, which
consists of an x-ray Si photodiode (AXUV100Ts, IRD), a Si/Mo multilayer mirror, and a Zr filter.
The Si/Mo multilayer mirror determines the spectrum range to detect. The Zr filter excludes visible
light. FIG10 shows the angular distribution of the in-band EUV energy. There are two possible
reasons why the emission is not isotropic. One is the source size effect. Since the 4d-5p transition in
Xe'®*, which is associated with 13.5 nm, is optically thin in the pinched plasma, the source size seen
from the detector should be significant. According to the EUV source images taken by a pinhole
camera placed at 15° off-axis, the source appears to be a filament, of which the dimension is
approximately S00 pm in diameter and 3 mm in length. However, the decreased in the energy at 30°
cannot be explained by this. The second reason might be the absorption by dense xenon gas existing
in front of the plasma.

FIG 11 shows the in-band EUV energy as a function of the amplitude of the plasma current. The
optimum gas flow rate tends to be larger for the larger plasma current, so that the number of
emissive particles might be different for the different current amplitude. The EUV energy is
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proportional to the 2.5th power of the plasma current. The power number exceeding 2.0 indicates
the increase in the conversion efficiency from discharge energy to the EUV energy. One of the
possible reasons is that the number of the emissive particles confined in the pinch plasma might be
changed. We need further investigation including EUV spectra, source size, and electron density to
understand its physics more clearly.

40 . b . e e 0.5
5 mm¢ AlLO, insulator
30+ 23 :
— 0.4
§ 204
'
k-]
:é- 10 \ Preionization current 0.3
@ d
E o ¥+ -
8 -0.2 3
-104 §
0.1
-20 4 %
a0 EUV(PIN photodiode) >
[} =2
w
-40 T 1] L] L 1
08 0.7 08 0.9 1 11 1.2

t (ns)

FIG 8. The plasma current and the relative EUV power monitored by a fast PIN photodiode with a 150nm thick
Zr filter.
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FIG 9. Emission spectrum of the z-pinch plasma in EUV region. Strip indicates the spectrum range that will be
used for the photo lithography in semiconductor fabrications.
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FIG 11. In-band EUV energy of the z-pinch plasma as a function of the plasma current amplitude.

4. CONCLUSION

A gap-less low inductance pulse current generator was built and tested. The current delivered to
the short circuit load was 34 kA in 110 ns. A z-pinch plasma was driven by the pulsed current
generator and the EUV emission from the pinched plasma was detected. Experiments showed that
the larger driving current contributes on the improvement of the conversion efficiency from the
discharge to EUV energy.
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EUV SPECTRAL CHARACTERISTICS OF
ARGON AND XENON Z-PINCH PLASMAS

F. Kobayashi and K. Takasugi

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

ABSTRACT

Spectroscopic measurements of EUV light emitted from Ar and Xe gas-puff z-pinch
plasmas have been carried out. Spectral lines of Ar IX and Ar X were observed in the
Ar z-pinch. The tendency of spectral ratio Ar X/Ar IX is consistent with the energy
distributed to each particle. He gas was examined for the dilution of target gas, and
the possibility of controlling the EUV spectrum has been demonstrated for Ar and Xe
z-pinch plasmas. Strong radiation at the wavelength of 11 nm was observed in the
He-diluted Xe z-pinch plasma.

I. Introduction

Gas-puff z-pinch is an efficient system for generating high temperature and high density
plasma.[1] X-ray point sources called “hot spots” are generated on the axis of the pinch
column, and intense pulsed soft x-ray is radiated. X-ray spectroscopy shows that the electron
temperature of those spots is nearly 1 keV.[2] The temperature has increasing tendency with
the delay time of discharge from gas-puffing, which is opposite tendency to the bulk plasma
characteristics. As the strong contraction is driven by m = 0 mode of instability, the plasma
temperature is considered to be spatially distributed. As the pulse width of emission is
different between soft x-ray and EUV light, the temperature is distributed both spatially and
temporally.[3] EUV radiation from electrode material has been observed,[4] and this implies
possibility for new source of radiation.

Recently, EUV light source of wavelength region 11 - 13 nm is strongly demanded for the
next generation semiconductor lithography. The development of the light source using Xe or
Sn has been undergoing. The control of plasma parameter is essential for obtaining optimum
radiation spectrum. In this experiment the characteristics of EUV radiation from Ar gas-puff
z-pinch have been investigated depending on the delay time of discharge from gas-puffing.
And the effect of diluting by He gas for the control of EUV radiation from Ar or Xe z-pinch
plasma has also been examined.

II. 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).
Pressurized gas is injected through a hollow nozzle mounted on the anode. The plenum
pressure is 0.5 MPa during the experiment. The cathode has many holes in order to prevent
stagnation of gas. The spacing between the electrodes is 30 mm. Both electrodes are made of
Al. 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
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that flows between the electrodes. The input energy to the z-pinch system can be evaluated by
analyzing the discharge current waveform.

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 pm Be window, and it is sensitive to x-ray whose energy
is above 1 keV. The sensitive range 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 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°. Kodak BioMax-MS film is used for recording EUV spectra. Since
there is no filter between the plasma and the film, all light can be led to the film without loss.
The distance between the grating and the film is 235 mm. The available range of EUV light in
the spectrometer is 4 - 20 nm.

Rogowski Coil

Capacitive Divider

B | ___' Gas Valve
Insulator
Cathod Return Rods
aho%8  Anode (Gas Nozzle)

External Field Coil

Fig. 1 Schematic diagram of the SHOTGUN z-pinch device.

III. Delay Time Dependence

Delay time of discharge from gas-puffing is a key parameter of the gas-puff z-pinch. Gas
pressure between the electrodes monotonically increases with the delay time. An example of
discharge currents, scintillation probe and XRD signals at the delay time 14 = 0.35 ms are
shown in Fig. 2. Two currents are almost the same up to maximum pinch, and the discharge is
in the typical z-pinch operating region. At the maximum pinch, a dip in the current waveform
is generated due to rapid increase of load inductance, and soft x-ray emission occurred in
connection with this. The scintillation probe signal is in sharp pulses. The signal mainly
comes from K-shell radiation of Ar ions and K, radiation of impurity metal atoms. Pulse
width of XRD signal is wider than that from the scintillation probe, and this shows that the
EUYV radiation lasts longer than the soft x-ray radiation.
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Fig. 3 EUV spectra of Ar z-pinches at (a) 14 = 0.2 ms and (b) 14 = 0.4 ms.

Figure 3 shows EUV spectra of Ar gas-puff z-pinch plasma at the delay time (a) T4 = 0.2 ms
and (b) 14 = 0.4 ms. The number n shown in the figure is the order of refraction. Two groups
of spectral lines are observed. Both lines correspond to L-shell radiations of highly ionized Ar
ions. By the comparison of (a) and (b), the intensity of lines, especially Ar IX lines, increases
with the delay time. Figure 4 shows the delay time dependence of spectral intensities of Ar X
and Ar IX. Although the data is rather dispersive, the increasing tendency with the delay time
is reconfirmed. The intensity ratio of Ar X/Ar IX decreases with the delay time. This indicates
that the electron temperature decreases with the delay time.
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Delay Time [ms] 0.25 0.40
Pinch Time [us] 0.80 1.38
Pinch Current [kA] 151 201
Pinch Mass [ng] 17.5 49.0
Input Energy 3] 241 294
Energy per Ptl. [keV] 571 2.50

Table 1. Plasma parameters at each delay time.

Plasma parameters at the delay time of 0.25 ms and 0.40 ms are compared in Table 1. The
pinch time and the pinch current are the measured values. The pinch time increases with the
delay time due to the increase of amount of gas. As a result, the pinch current increases. The
net input energy to the z-pinch plasma is evaluated by analyzing the current waveform. The
energy increases the delay time. However, the energy divided by the number of particles
decreases with the delay time.

IV. Dilution with He Gas

The ionization potential of He ion is relatively low, and it is easily fully ionized in the
z-pinch plasma. Figure 5 shows EUV spectrum of pure He gas-puff z-pinch plasma. Highly
ionized Al ions (Al IX, Al X and Al XI) are observed in the spectrum. Diluting target gases
with He gas would be an effective method for controlling the plasma temperature.
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Fig. 7 EUV spectra of (a) pure Xe and (b) He-diluted Xe z-pinch plasmas.

Figure 6 shows the spectrum of He-diluted Ar z-pinch plasma (He:Ar = 500:1). Ar XI lines
which have not been observed in Fig. 3 are observed. This indicates the increase of electron
temperature, although the intensities of other lines are weak.

EUYV spectrum of pure Xe z-pinch plasma is shown in Fig. 7 (a). Highly ionized Xe ions
(Xe X, Xe XI and Xe XII) are observed in the spectrum, but the intensities of those lines are
not intense. Dilution with He is also examined for Xe z-pinch. Figure 7 (b) shows the
spectrum of He-diluted Xe z-pinch plasma (He:Xe = 500:1). A strong line of Xe XII at the
wavelength of 11 nm is observed. Other lines are not intense, and this indicates the increase in
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electron temperature.
V. Summary and Discussion

Ar IX and Ar X lines were observed in the Ar z-pinch plasma. Assuming thermal
equilibrium, the electron temperature is in the range of 30 — 40 eV, if those ions are
dominating. The temperature has decreasing tendency with increasing the delay time of
discharge. It is consistent with the decreasing tendency of input energy distributed to each
particle as shown in Table 1. The value and tendency of electron temperature are consistent
with the average plasma characteristics, and we can say that this is the bulk plasma.

In the He z-pinch plasma Al IX, Al X and Al XI lines were observed. The electron
temperature is estimated in the range of 40 — 80 eV assuming thermal equilibrium. The Al
ions may be originated from electrode material. The temperature range of the plasma is higher
than the Ar z-pinch plasma, and the contamination of He possibly controls the temperature of
the plasma. Actually Ar XI lines were observed in the He-diluted Ar z-pinch plasma, and we
can confirm the increase in the electron temperature.

In the Xe z-pinch plasma Xe X, Xe XI and Xe XII lines were observed. The electron
temperature is estimated in the range of 20 — 30 eV, if the plasma is in thermal equilibrium. In
the He-diluted Xe z-pinch plasma the strong line of Xe XII at the wavelength of 11 nm was
observed. The dilution of target gas with He gas is effective method of controlling plasma
parameters and the resulting EUV spectra.

References »

[1] K. Takasugi, H. Suzuki, K. Morioka and T. Miyamoto: Jpn. J. Appl. Phys. 35, 4051
(1996).

[2] N. Akiyama and K. Takasugi: NIFS-PROC-51, 17 (2002).

[3] K. Takasugi, T. Miyamoto, K. Moriyama and H. Suzuki: AIP Conf. Proc. 299, 251 (1994).

[4] F. Kobayashi and K. Takasugi: NIFS-PROC-54, 70 (2003).

15




Study of xenon capillary Z pinch extreme-ultraviolet light source for
lithography

Keita Kitade*, Inho Song, Mitsuo Okamoto, Yasushi Hayashi, Majid Masnavi,
Masato Watanabe, Akitoshi Okino, Koichi Yasuoka, Kazuhiko Horioka and Eiki Hotta

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

ABSTRACT

Extreme-ultraviolet (EUV) lithography is regarded as the potential candidate for technology under 50 nm
node optical lithography after 2007. In TITech EUV group, we have developed a capillary Z pinch EUV
light source which uses xenon gas discharge produced plasma:. The 4d-5p transition of Xe XI has strong
emission characteristic around 13.5 nm. For getting high efficiency .of EUV emission around 13.5 nm,
design of discharge part is important and capillary needs a current which has a risetime of less than one ps
and a peak value up to several tens kA. Therefore, we have devised electrode structure and a pulse power
circuit with a magnetic switch and SI thyristors, which has a discharge current risetime of 500 ns [1]. To
shorten the current risetime, a high voltage pulse transformer was applied and we got the discharge current
risetime of 160 ns. In this paper, we have investigated the characteristics of xenon gas capillary Z pinch
plasma for lithography, which is powered by two types of pulse power supply, using a high speed camera, a
spectrometer and an EUV photodiode. From the results, we confirm the 13.5 nm emission and that the fast
discharge current has better characteristics compared with the slow one in plasma dynamics, EUV power
and debns generation. The high EUV power and low debris generation make this light source system
attractive for a 13.5 nm EUV lithography application.

1. Introduction ,

The apparently unstoppable advance of miniaturization continues in silicon chip industry. However, the
inexorable advance of miniaturization is limited by the wavelength of the light sources used. The
semiconductor manufacturers were long in moving on from mercury lamps, which produce visible light of
436 nm wavelength. In successive production the industry currently uses ultraviolet lasers with a
wavelength of 248 nm and then with a shorter wavelength of 193 nm for 90 nm linewidth. The intention is
to deploy 157 nm lasers as from 2005. But the light source too quickly may reach the lower limit of 70 nm.
The semiconductor industry, however, is aiming in the next generation to achieve structure size of less than
65 nm in order to obtain higher storage density and switching speed. Therefore, new processes should be
found for the production of finer structures, which could be used to the end of the era of optical lithography.

Until a short time ago, a whole series of processes appeared to be possible candidates for next-generation

16




lithography: extreme ultraviolet (EUV) lithography, electron beam lithography, ion-beam lithography and
x-ray lithography. After the start of International SEMATECH in 2000, the choice was narrowed down to
EUV lithography. The application of EUV lithography to large-scale semiconductor chip manufacturing
requires the availability of high power EUV radiation sources with 13.5 nm wavelength. The combination
of the mirrors used in the illumination and imaging system results in the fact that only an effective
bandwidth of 0.27 nm around the wavelength of the reflectivity peak of the EUV radiation, which is 2 %
bandwidth of the emission wavelength, can be used for wafer exposure. Tool manufacturers demand EUV
in-band power of 115 W to achieve a throughput of 80 wafers per hour for production lithography. This
requirement in combination with the related lifetime issues of source components and optics makes the
EUV source the most critical issue in the development of EUV lithography. The various EUV source
parameters for production are summarized in table 1{2].

Table 1. Requirements for EUV source parameters to be installed in EUV lithography high volume

production tools. Most of the requirements are given in intermediate focus behind the first collector optics.

Source parameter Requirement
Central wavélength 13-14nm
EUV power (in-band) at intermediate focus H5SW
Repetition frequency >7kHz—10kHz
Integrated energy stability (3o, over 50 pulses) <03%
Maximum solid angle input to illuminator 0.03-0.2sr
Etendue (areax solid angle) ~1.0—-3.3 mm’sr
Condenser lifetime 30,000 hours
Spectral purity
10 -40 nm <100 %
40-130 nm <100 %
130 — 400 nm <TBD _7%
400 - 800 nm TBD
> 800 nm TBD
Spatial stability <2 % of size

The gas-filled discharge produced plasma (DPP) sources have the competitive advantages in low cost,
compactness and high power. But they have to achieve higher conversion efficiency and low debris
generation for industrial use of DPP EUV light sources. Firstly, conversion efficiency is of major
importance because this minimizes the demand on driving power for required EUV power. The driving
power influences directly the cost of ownership of the source with respect to both investment costs and
operational costs, so that a source with higher conversion efficiency has more chances for technical
realization. Secondly, discharge plasma sources tend to generate particulate debris resuiting from the
interaction between the plasma and the electrodes and/or capillary. Deposition of debris on the collector

surface or etching of mirror by debris degrades the reflectance of condenser optics in lithography system.
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Therefore, debris generation must be reduced to satisfy condenser lifetime requirement in table 1.

We know that a very thin xenon plasma column of high temperature and high density inside a capillary is
a source to generate EUV radiation. Therefore, we have to pump much electrical energy into the gas-filled
capillary in an efficient manner from an electrical source. High voltage is required to initiate breakdown
inside the capillary and a fast rising current is needed to heat and compress the charged particles to produce
such a plasma. At the beginning of discharge, a faint plasma layer (current sheet) is formed on the wall
surface and it drives a shock wave ahead of itself and they implode inward. It propagates toward the axis
with the Alfven velocity V. Axial confinement time is defined such as rc=i/2v,=1/28y/ Juopy (I
plasma length, B4 magnetic flux density, p,: mass density) and is about 147 ns on the condition of 0.2 mm
plasma radius, 3 mm plasma length, 10 kA discharge current, and 0.1 Torr xenon initial pressure. To
produce the desired density and temperature plasma with high EUV conversion efficiency, we should give
the maximum energy within the confinement time. After the pinch, the input energy heats the electrodes
and the capillary, and this leads to generation of particulate debris. Therefore, we should reduce the input
energy after the confinement as fast as possible for achievement of debris-free operation in EUV
lithography. In this paper results obtained with a slow pulse power supply, which has the discharge current
with slow risetime and long duration, and a fast pulse power supply, which has the current with fast
risetime and short duration, in xenon-filled capillary Z pinch EUV light source for lithography are
presented. We will discuss the research results on long and short pulse discharges for EUV light source that
generates high EUV output power with low debris. Also, we will show the spectrum result of our source
measured by EUV monochromator.

2. Experimental setup

Gas Supplying Part Magnetic Switch Vacuum Chamber

Water cooling

PFN (Capacitor Bank) gl

Water cooling Length : 10 mm

Fig. 1. Schematic drawings of system and discharge section.

Schematic drawings of the entire system and the discharge section are presented in Fig. 1. The discharge
head consists of molybdenum anode/cathode and an alumina capillary of 2 mm inner diameter and 10 mm
length. The features of electrode structure are to reduce the surface current density and to get enough EUV
light flux [1]. The xenon gas, which is fed through a mass flow controller, flows into the capillary through
the hollow cathode and was differentially pumped out of the system by use of the capillary itself as the
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differential pumping tube. The pressure of the xenon gas near the electrode is estimated to be controlled up
to several hundreds mTorr while the chamber pressure is maintained less than several mTorr. A magnetic
switch is connected in series with the capillary cathode electrode. The magnetizing current leaking through
the magnetic switch during the holding phase is used as the preionization current. Figures 2 and 3 show two
types of pulse power supply circuit and each discharge current waveform. The pulse power system is
composed of all solid-state components. The slow pulse power supply without magnetic pulse compression
shown in Fig. 2 (a) has a discharge current of 500 ns risetime and 3 ps pulse width. On the other hand, the
fast pulse power supply with pulse compression shown in Fig. 2 (b), which adopts a high voltage pulse

transformer and 40 nF capacitor, can produce a current with 160 ns risetime and 320 ns pulse width [3].
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Fig. 2. Pulse power supply system for EUV light source; (a) a slow pulse power supply without magnetic

pulse compression and (b) a fast pulse power supply with magnetic pulse compression.
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Fig. 3. Discharge current waveforms of each pulse power supply.

In order to measure a time evolution of EUV photon output over the wavelength range of approximately
5 ~ 15 nm, an EUV photodiode (IRD, AXUV-100) with Zr/C filter (thickness 200/50 nm) is used. Streak
photographs of capillary plasma in visible region are taken by using a high-speed image converter camera
(IMACON 468) for investigating plasma dynamics in a capillary. The spectral emission of this source is
analyzed by using a multi-channel spectroscope (Ocean Optics, HR2000) and a monochromator
(SHIMADZU: 1800 lines/mm and AA = 0.027 nm, HAMAMATSU: R928) in visible range and a grazing
incidence monochromator (McPHERSON, 248/310G) which is equipped with a 600 gr/mm grating and has

a measurable wavelength region from 1 nm to 300 nm and the maximum resolution of 0.08 nm. The
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radiation dispersed by the grating is recorded by BrightView (XUV-2010) consisting of a microchannel
plate (MCP) and a phosphor-coated fiber optic reducer. We used an ICCD camera as a detector. The MCP
together with grating is placed under high vacuum (<10™ Torr) by employing another turbo molecular
pump. The spectra is recorded by accumulating data for several pulses and calibrated by comparison with
previous results obtained for He discharge and with known line positions of Xe [4].

3. Results and discussions

Dynamics of pinching plasma is observed with a high-speed camera in the visible region. The streak
photographs of each pinch process with current waveform are presented in Fig. 4. Streak images
demonstrate that the plasma inside the capillary rapidly collapses and heats up. After stagnation, the plasma
column expands to the wall and the luminous region extends. Fast pulse power supply system produces
better plasma symmetry with respect to the axis than slow one. The rapid compression produces a
high-density plasma column, which is observed to be of smaller diameter than that produced by a longer
current pulse on the same conditions. We have demonstrated the stable generation of hot, dense capillary
plasmas with a diameter of less than 0.22 mm, which corresponds to 8 = 0.11 (& = 0.36 for slow one), by
fast discharge excitation. 8 is the ratio of the pinch plasma radius to the capillary radius at the maximum
current. This is consistent with theoretical studies, which indicate that the region of minimum instability for
pinch discharges is in the neighborhood of & =.0.1 [5]. We can see that the expanded plasma generated by
the slow pulse power supply contacts with capillary wall for a long time compared with that by the fast one.
This contact heats the wall of the capillary and thus produces particles from the wall material.

Wall

0 01 02 03 04 05 06 07 08 0.9
Time |psi

0.2 8.3
Time jus]

(®)

Fig. 4. Streak photographs of capillary discharge plasmas (a) slow pulse power supply, (b) fast pulse power
supply. Current waveforms are superimposed.

Waveforms of the discharge current as well as photodiode output are presented in Fig. 5. Each EUV
photodiode signal appears first (around 40 ns for fast pulse power supply) after the initiation of the
discharge inside the capillary and it reaches a maximum at the time of maximum compression of the
plasma. The maximum compression time was inferred from Fig. 4. During the early phase of discharge,
EUV output energy for fast pulse power supply is larger than that shown in Fig. 5 (a). And the photodiode
signal for slow pulse power supply lasts after the peak of the discharge current. Two mechanisms can
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explain the phenomena: first, peak EUV output energy for fast pulse power supply is greater than that for
slow one. The total conversion efficiency can be factorized to take into account the relevant processes Mo
= Tdriver’ Ncoupling’ Nplasma” 1, Where the efficiencies of generation of suitable driver pulses Mgrver, the
efficiency of coupling the driver pulse to the plasma 1coupiing, the efficiency of the conversion of the plasma
to the EUV Mpasme and the transmission coefficient in the beamline T are discussed separately. The most
effective coupling of the electrical energy to the emitting plasma is achieved when all the stored electrical
energy is consumed in the emitting pinch plasma. If the plasma load is mainly an inductive load and the
generator would be pulsed, a rough estimate of the coupling efficiency is Neoupling = Lp/(Lo+Lp), where Lp is
the pinch inductance and Ly the driver inductance. Thus, up to 50 % can be achieved in our case. In view of
TNeoupling, the efficiency of fast pulse power supply, which has small driver inductance with respect to the
slow one, is high. We can get the higher EUV output energy for fast pulse power supply. However, with
pulsed discharge system the fast temporal development of the pinching plasma which leads to a rapid
change of the dominating electrical properties load resistance and load inductance requires a more subtle
optimization of driver parameters with respect the plasma dynamics; second, the photodiode signal for slow
pulse power supply lasts after the peak of the discharge current. Compared with the photodiode signals
after the end of discharge current in Fig. 5, the ablation process is still active' when the current decreases
and provides more EUV emitters in case of Fig. 5 (a). Emission from ablation seems to be the more
efficient process for EUV production. However, it results in a limited lifetime of the capillary, a generation

of spectral impurities Al and O and debris from the source [4]. Therefore, we will discuss this with the
results of spectroscopic analysis.
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Fig. 5. Measured discharge current and photodiode signal waveforms (a) slow pulse power supply, (b) fast
pulse power supply.

Figure 6 (a) shows spectral results of the visible emission lines from plasma identified for the each pulse
system. The impurities O and Al observed in slow discharge come mostly from the capillary, while Mo
impurities of the electrode cannot be detected. We speculate that the contact time between the plasma and
the capillary in fast discharge is not long enough to allow the impurities ablated from the capillary.
Examination of the time variation of specific impurity lines with a monochromator reveals that the contact

of plasma with the capillary causes such impurities. Figure 6 (b) shows the starting timeof signals of Xe II
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(487.65 nm), Xe II (392.25 nm), Al IlI (452.91 nm) and O III (559.22 nm) lines for slow pulse system. For
the results of fast pulse power system, the beginning point of impurity lines relative to the discharge current
and kinds of impurities are the same as those for slow discharge, but the intensities of impurities are much
lower. It shows that after the plasma expands and heats the wall of capillary, the impurity lines are
generated. This unwanted effect of the instreaming of ablated wall material is to cool the plasma and reduce
the EUV production efficiency. Also, it affects the spectral purity of EUV source and makes debris. The
spectral purity of EUV source is one of the factors, which influence the lifetime of optics mirror and
generate a heating problem of it. To achieve a long capillary lifetime it is essential to stay the surface below
a melting point. This requires a choice of material with high melting temperature and good thermal
conductivity. Also, the longer lifetime can be achieved by reducing the contact time of plasma with in the
capillary wall by using such a fast pulse power system.
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Fig. 6. (a) Timeintegrated spectra and (b) the time variation of Xe and specific impurity lines in visible
range.
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Fig. 7. Timeintegrated spectra for a slow pulse power supply, AL = 0.08 nm.
Using the grazing incidence monochromator, xenon spectra for a slow pulse system were recorded in the
wavelength region from 9 to 18 nm. Figure 7 shows the photograph and the corresponding spectrum
obtained at a xenon supplying pressure of 6 Torr and charging voltage of 9 kV. Four broadband emission
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peaks can be observed. The peaks are centered at 11 nm, 13.5 nm, 15 nm and 16.1 nm. These peaks could
be identified as transitions in Xe XII, Xe XI, Xe X and Xe IX ions. Besides these broadband peaks a line
from oxygen impurity at 17.2 nm also appears [6]. This line O VI is attributed to the emission of impurity
from wall of capillary. According to M. A. Klosner and W. T. Silfvast, the observed ionization state Xe XII
corresponds to an electron temperature of at least 50 eV [4]. While the entrance slit of monochromator and
an aperture, which has 2 mm slot width and is installed at 450 mm from the capillary end, have been used
for elimination of stray light, the stray light cannot be completely removed. Therefore, we are now planning

an improvement of situation.

4. Summary

We have preformed streak camera and photodiode measurements and spectroscopic analysis of a
xenon-filled capillary Z pinch source within the visible and 9 ~ 18 nm wavelength region. Our experiments
and comparison of slow and fast pulse power system show that a short pulse current with fast risetime is
better for producing higher EUV output and lower spectral impurities and debris. EUV calorimeter
(designed by TITech and corrected by Emon) measurements, a elaborate time-resolved spectroscope and a
EUV pinhole camera analysis that are beyond of this project could lead to a more accurate analysis and
finally study of their dependence.

In order to characterize the EUV emission properties of xenon capillary Z pinch, we study the emission
under various conditions of gas pressure, discharge current and capillary radius and length. The variable
parameters affect the plasma temperature and density, which are key properties that influence the ionization
balance and hence the spectral emission. By observing how the emission changes with respect to the

operating parameters, we can gain an insight into the EUV light source for lithography.
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ABSTRACT

A repetitive pulsed high current generator has been constructed. It has been developed for
generation of high-density plasma as extreme ultraviolet (EUV) source. This generator has
peak output current over 40 kA with pulse width of less than 400 ns. The generator consists
of a semiconductor switch and a magnetic pulse compression (MPC) unit. This paper
reports the design details of circuit composition and the magnetic switches.

I. Introduction

The semiconductor technology is supporting our advanced information society in the recent
years. In semiconductor manufacturing process, lithography is necessary in order to
exposure the circuit pattern on the wafer surface. The light source used by lithography has
been evolving from mercury lamp to excimer lasers. The wavelength of the light source has
become shorter and shorter, following the requirement of the resolution R in the lithography
processes which is given by the following equation b,

R=k- %

where, k; is constant determined by the resist process conditions, 4 is the wavelength of the
light source, NA is the numerical aperture of the optics.

Now, the next generation light source for lithography is demanded by the semiconductor
industry. Among several potential candidates, extreme ultraviolet (EUV) light at 13.5 nm is

attracting great attention and various R and D are carried out all over the world.
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The EUV emission can be obtained from high temperature and high density plasma 2.
There are basically two approaches to pulsed EUV generation, laser produced plasma (LPP)
and discharge produced plasma (DPP).

In LPP, Xe gas jet is blasted out from a nozzle and irradiated by pulsed high-brightness

lasers 2 9.

In DPP, pulsed high-current discharge is carried out in the source gas > %, This
paper reports the design and test of a pulsed high-current generator development for DPP
applications.

In DPP, the plasma is generated by high-current pinch of pulsed discharge. For the pulsed
power generator, high-current capability and short rise-time are required. Therefore, very
low output-inductance is necessary. The minimum peak current calculated by the Bennett
equation is on the order of 10 kA.

In order to study EUV generation by DPP, we have developed a pulsed high-current

generator of which the designed output parameters are shown in Table 1.

Table 1 ~ Output parameters of the generator

Output current >30 kA
Pulse width < 600 ns

. 200 Hz (continuous operation)
Repetition rate

1 kHz (burst operation)

II. Circuit Design ,

In order to achieve the parameters listed in Table 1, the circuit composition is determined as
shown figure 1. The capacitance of the capacitor are determined as following, Cpc = 55 mF,
Co =16.8 uF, C; = 1.33 uF, and C; = 1.11 uF. The parameters of the discharge current from
the capacitors and the inductance of the transmission line are determined as shown Table 2.

! M MS MS, !
3 : Swl TR : “""SJO PT r"::;':,:"l fow Ez_ : .
_____ ﬁi}l,’ 1 — [ —>
VDC | [ Jk\ A . Je : I() . i ‘,'J . Il IZ ; | I}
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1 : - ! . 1! N ! | :
: 4 'X j L--- A - }——«--\ ______ _.J] AR A :
! Vo T SW, |

- - " > " " " - - . - e Sn - Y e e W - e e e e T - W e e

Fig.1 A schematic diagram of the designed generator.
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Table 2 Circuit parameters and expected values of peak current

Energy Transfer (Current) Duration, us Peak Current, kA | Inductance, nH
Co— Ci (Ip) 4.4 2.6 (2nd) 2580 (2nd)
Ci—=C M) 1.0 9.4 160

C; — load (Ip) 0.55 30 28

The generator basically consists of two units, the resonance charging unit and magnetic
pulse compression unit (MPC) 8 The capacitor Cpc is charged by DC voltage supply Vic
to 350 V. When SW; and SW;, are closed, the discharge current flows via Cpc-SW;-TR-SW,
so that the capacitor Co is charged to 1500 V. When the energy transfer is completed, SW3 is
After that, the current Iy flows via Cyp-MSe-PT-SW3,
and C, is charged to 4800 V. The energy stored in C; is compressed by MS; and MS; before

being released to the load.

triggered, the voltage applied on MSs.

SW; and SW; are IGBTs connected in series, so the switching voltage is only half of the
operating voltage. SWj is a stack of 28 IGBTS, in order to withstand applied voltage and
increase current capability. The generator uses three magnetic switches (MS) and a pulse
transformer that has a magnetic core of toroidal structure. These magnetic cores are made of

same material. Their parameters are shown in Table 3. MS, is not used for the pulse

PTis
the step-up transformer, which has a turn ratio of 3:10. MS; and MS; are used for pulse
compression, where the compression rate is 4.4 and 1.8, respectively.

compression. It is used as magnetic assistance to decrease the switching loss in SW3.

Table 3 Parameters of magnetic cores

Parameter Unit MS, PT (2nd) MS; MS,
Charge voltage, V kV 1.5 4.8 4.8 4.8
Outer diameter, b m 0.108 0.152 0.332 0.366
Inner diameter, b m 0.09 0.09 0.286 0.286

Thickness, d m 0.0254 0.0254 0.035 0.035
Cross section, S m® 0.00023 0.00079 0.00081 0.00140
Number of winding, n — 4 10 8 1
Magnetic flux swing, AB| T 1.7 1.7 1.7 1.7

Vxt Vit Vs 0.00155 0.01339 0.01095 0.00238

Saturation time, ¢ us 1.036 — 4.428 0.992
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Fig. 2 Waveforms of voltage and current

of each sections.

Numerical simulations are used to study
the circuit behavior and to confirm the
The

voltage and current waveforms are shown

output parameters. calculated
in Fig.2. The directions of Iy, I; and I,
are indicated in Fig.1. It is seen that the
peak value of Iy reaches ~ 2.6 kA in the
secondary winding of PT, with pulse
width of ~ 4.4 us. In addition, I; has a
peak value of 9.9 kA and pulse width of 1
us. It is noticed that the output current
(1) reaches 34 kA, with pulse width of

550 ns.

Figure 3 shows the generator designed with the above considerations taken into account.
The MPC unit has a coaxial structure with diameter of 575 mm. The tank, where the MPC is

located, is filled by transformer oil.
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Fig.3 Cross-sectional view of the generator.




II1. Operation Results

Test operation of the generator has been carried out with short circuit between the output
electrodes.

Figure 4 shows the waveform of output current (I;) on the shorted load. It was detected by
a Rogowski coil installed after MS; and recorded by a digital oscilloscope (L'T264 : LeCroy).
It has a peak value of 40.2 kA and a full-width of 397 ns. The current rise rate is
approximately 200 kA/us. From this waveform, the inductance after C; is calculated to be
14 nH. Figures 5 and 6 show the waveforms of charging voltage of Cy when the generator is
operated at repetition rates of 200 Hz and 1 kHz (burst), respectively. The reason to use the
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. 5 and 6. From these results, it is seen that the
generator can operate at 200 Hz continuously and 1 kHz in burst mode.
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Fig4 Waveform of output current
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Fig.5 Waveform of V¢ in 200 Hz operation Fig.5 Waveform of V¢ in 1 kHz operation
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IV. Conclusions

A pulsed high-current generator has been developed for EUV source applications. The
design and test of the generator were carried out, and the following conclusions were
obtained.

(1) The generator is successfully operated by using combination of semiconductor switch and
magnetic pulse compression.

(2) The saturated inductance of the last magnetic switch is found to be lower than 14 nH,
which resulted in the peak current of 40.2 kA on a shorted load, with pulse width of ~ 400
ns.

(3) The generator can be operated at repetition rates of 200 Hz continuously, and 1 kHz in
burst mode.
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DEVELOPMENT OF MINIATURE PULSE X-RAY SOURCE
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Abstract
For radiotherapy, a miniature pulse X-ray source is developed. The X-ray source is
capable of in-situ irradiation and repetitive operation. The miniature X-ray tube is
driven by a high voltage pulser through a thin coaxial cable with 25nsec/40kV/50Q and
2m in length. About 1Gy dose irradiation is obtained by the miniature source with
pulsed operation of 4000 shots. The basic concept, technological issues, and a

proof-of-principle experiment are briefly described.

I. Introduction
Radiation sources are widely used in industrial, scientific, and medical fields.
Especially, irradiation X-ray sources are playing significant roles in recent medical field.
It is thought that the role of the radiation source in cancer treatment continues to grow
with the increase of cancer patients.lll2] Conventionally, efforts for miniaturization of
an accelerator or the X-ray source have been made, focusing on the object for medical
treatments.8! However the management and their handling are still difficult in
medical sites. The equipment cost is still high, and the danger of contamination
outside of the regulated area still remains in the spot of medical treatment application.
In order to overcome the above-mentioned problems, we set the target to be the
development of a pulsed miniature X-ray tube, which is driven by a flexible cable, with
the size of less than a few cm. Compared with conventional X-ray sources or direct

e-beam irradiation methods, expected merits of the miniature X-ray tube are as follows;

-Small and lightweight equipment is expected.

- Capability of in-situ irradiation of required dose, only into a required place.

-Raise in X-ray energy, miniaturization and a long life are expected.

- Controllability of the dose rate by adjusting the operation voltage and repetition rate
of the pulser.l4

-Ease of handling and reduction of the operational cost.
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A conceptual figure of the miniature X-ray source is shown in Fig.1. The miniature
X-ray source currently drawn is a prototype for medical treatments for direct
irradiation, which is expected to be applied in-the living-body like a catheter. In the
R&D of the miniature pulse X-ray source, shortening of the electric power pulse used for
X-ray generating is essential point to attain compactness and long-life operation of the
X-ray tube.[sll6]

For that purpose, development of the pulse power generator, efficient power
transmission technology and selection of suitable electron beam source for earning the
required amount of X-rays is indispensable. In this report, a proof-of-principle
experiment of the miniature pulse X-ray source is described, and its possibility is

discussed.

flexible cable 2m~

H.V.pulser
~120kV

~20 nsec pulse

Ilcm—trnm

flexible cable

—1

vacuum chamber

electron beam

[ ' B,. .........
center wir*

insulator

outer conductor cathode

X-ray generator

Fig.1 Conceptual figure of the miniature X-ray source

31




II. Experimental set up

. Item Target value
The expected operating parameters for
. A . . X-ray tube si ~

medical application of this kind of . s @ 5mm

device are shown in Table 1. X-ray energy 30-120keV
Pulse width ~20nsec

I - 1. High-voltage-pulse power supply Transmission cable length Im~

The equivalent circuit of the developed The rate of a repetition ~10Hz

high-voltage-pulse power supply is Dose 8~10Gy

shown in Fig.2. This pulse power Table.1 Expected operating parameter of

generator consists of a capacitor bank, miniature X-ray tube

a primary switch, a pulse-forming-line (PFL), and a secondary switch through a (1:10)
pulse set-up transformer. The transformer is made of Ferrite cores and amplifies the
voltage pulse. Through the process of energy transfer between Ci and Cs, and the
operation of secondary switch, pulse compression is carried out. The spice circuit
simulation predicts that, for 20nsec pulse formation, the inductance of secondary switch
should be less than 0.2z H. Therefore, we have developed a coaxial type high-pressure
switch. The operational characteristic of coaxial high-pressure switch is shown in
Fig.3.

Fig.2 Equivalent circuit of high-voltage-pulse

power supply
1
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o
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&
00e®
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o
d=3E~33mm pulsq transformer (kV)
Sk 6 & T d=3i~em puisd outpyt (V)
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% o + d=345mn pulse fransformer (kV)
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¥
x X
& ; oo
to Y n
.
o
0

0 5 10 15 20 2
charge voltage (kV)

Fig.3 Operational characteristic of Coaxial

high-pressure switch
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I -2. Electron sources

We tested two-types of field emission cathodes for the candidate of the electron beam
source. The field emission type cathode is advantageous for the miniaturization
because it can operate at room temperature.ll8ll9] We used cathodes made of a
tungsten (W) needle and carbon nanotube. The needle cathode was manufactured by
the electrolysis etching method. Fig.4 is the microphotograph of each cathode. First,
we checked the characteristics of electron emission at D.C. voltage condition and, from
the obtained Fowler-Nordheim plots, we assured that each cathode was operating with

field emission mode in the low-voltage-region. (Fig.5)

0 30 60
[ | | (4 m)

(a) tungsten needle (b) carbon nanotube

Fig.4 Microphotographs of each cathode
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Fig.5 Field emission characteristic

II-3. X-ray detection experiment
The experimental arrangement for X-ray generation is shown in Fig.6. With a vacuum
system composed of a rotary, a turbo, and a sputter ion pump, the vacuum chamber was

evacuated less than 108 Torr and the tantalum (Ta/Z=73) with 0.1mm in thickness was
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installed as the anode target.

The distance between cathode-anodes was 22mm. To

demonstrate the X-ray emission, 4000 pulses with 40kV/25nsec were applied on the

cathode using the high-voltage pulser.

After 4000 shots irradiation, we evaluated the

X-ray dose by an X-ray film (GAFCROMIC MD55).

Il. Experimental results

The electron beam current obtained by
the pulse voltage application is shown in
Fig.7, and a dose distribution of the
X-ray film after operation of 4000-shots
is shown in Fig.8. As shown, about 1Gy
dose irradiation was assured from the
X-ray film. Here, the result shown in
Fig.8 is obtained using tungsten needle
cathode. When 40kV/25nsec pulse was

lonization
gauge
-
Target. Ta 0. lmm
e
“-‘:A cathode
pulser
-) =
d‘lp{>_ Xeray Film
I\ L
) ]
vacuum chamber
AL JON

Rotary pump
sputier 1on pump Turbo pump

Fig.6 Schematic of X-ray detection

applied at the same condition, using carbon nanotube cathode, the X-ray film was not

exposed, probably because it was destroyed in the early stage.
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IV. Conclusion and discussion
A 40kV/25nsec/50Q high-voltage pulser was developed using a step-up transformer and
a cable pulse-forming-line driven by a coaxial type low-inductance switch. Based on
the development of these components engineering, a proof-of-principle experiment for
the pulsed X-ray source was performed with tungsten needle cathode. In case of
carbon nanotube cathode, although the electron emission was much more efficient at
low voltage region compared with the needle cathode, the surface was broken at high
voltage operation. This result indicates that carbon nanotube cathode may become a
source of a large current electron, if its structure is modified and the current-voltage
scaling is extrapolated to a high-voltage region.

The conversion efficiency n from an electronic beam to bremsstrahlung X-ray is

approximately expressed as

n=KzZV (K=1.3x10% [kV-1])

where, V is the accelerating voltage. Then the X-ray power P can be expressed as
P=nVI=KZV?I

where, I is the electron beam current.

Experimentally observed electron beam current for pulsed, high voltage operation
was far larger than that for DC operation. This may be caused by plasma formation at
the tip of cathode. The cause of localized dose distribution of the film in X-ray detection
is not yet understood well. Therefore, it may be necessary to evaluate the energy
spectrum of X-ray dose, and the trajectory of electron beam.

In this report, we were able to clarify the future issues of the miniature pulse X-ray
source development through the proof-of-principle experiment. To increase the
accelerating voltage and the beam current, and to upgrade the repetition capability
including the lifetime of components, are the future subjects for the enhancement of the
X-ray dose. For the application to the treatments at a medical site, efforts are still
required to exactly evaluate the irradiation effect, safety level of each component, and
the conformability of the catheter-like power cable to the human body. Cooperation

with persons in life science and medical filed is inevitable for the clinical testing.
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ABSTRACT

A copper powder particle with a diameter of 100um is used to create a dense
microplasma. The early stage of pulsed discharges with it is investigated to establish efficient
energy delivering into the powder plasma, where the particle becomes a plasma state through
the phase transition from solid to gas. The plasma is created in the atmospheric condition. The
evolution of phase transition is verified by voltage and current characteristics and a laser
shadowgraph technique. The resistance component between the electrodes in which the
copper particle is placed increased drastically after the vaporization. The impedance matching
using a pulse transformer is effective to improve energy input into the particle.

I Introduction

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

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

The microplasma is often generated using gases for continuous operation with high
controllability and a high repetition rate. When a solid substance is used as an initial matter,
high-density microplasmas will be formed at any required position. We reported the pulsed
high current discharge of powder which is transiently injected between the electrodes by the
electrostatic force in vacuum®®. The discharge resembles the well-known vacuum sparks. In
this scheme, any materials in the periodic table of the elements will become plasmas as far as
they can be made to powder. In this paper we proposed to use a single powder particle as an
initial matter to form the microplasma. A copper powder particle with a diameter of about
several hundred microns is placed between discharge electrodes with a small diameter. Then it
is heated resistively by a pulsed discharge current. Since the initial matter is a solid material,
it is required to make the phase transition from solid to vapor efficiently.

II. Experimental Setup

The copper powder particle employed is 100um in diameter as shown in Fig.1. The
particles are spherical and their diameters are almost the same in the powder. It is hard to
determine the initial resistance of the copper particle. However, when we consider a 100um
diameter copper cylinder with the length of 100um, the resistance of it is 0.15mQ. We will
use this value for the discussion.

The experimental setup is shown in Fig. 2. A copper particle was placed between tungsten
electrodes with the diameter of 300pm in the air. The particle manipulation was carried out by
observing under a magnifying optical system with the combination of lenses and a CCD
camera. Since the melting point of tungsten, 3660K, is higher than that of the copper, 1357K,
the electrodes can endure even if the temperature of copper particle reaches its melting point.
The electrical contact between the particle surface and the electrodes was confirmed by

Electrodes
20F
# Optical
measurements £
Gap
Switch

Fig.1. Spherical copper powder particles Fig.2. Experimental setup of a single
with a diameter of 100um. powder particle discharge.
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measuring the resistance between the electrodes.

The pulsed discharges were powered by a capacitor of 2uF charged to 1kV with the
stored energy of 1J. The residual inductance in the circuit is 190nH. The voltage appearing
between the electrodes was measured with a resistive voltage divider. The current was
measured with a current probe (Pearson Current Monitor; 110A). Excitation and ionization
states were characterized by optical emission spectroscopy. Temporal change of the visible
light emitted from the discharge was also observed. A laser shadowgraph technique was used
to observe the discharge development of the copper particle. The second harmonic
wavelength of 532nm of a Nd:YAG laser with a pulse-width of 6ns was used as a probing
laser.

I1L. Results and Discussion
The discharge current reaches its peak value of 2.3kA in lus. Although the current
distribution in the copper particle is complicated because of its spherical shape, the skin depth
of copper is 100um for the current with the frequency of 250kHz. Therefore, the current will
flow through whole region in the particle. Fig. 3 summarizes the results on the temporal
change of voltage, current, input energy,
visible light emission, and copper atomic
line emission of 522nm in the early phase -
of the discharge. At the beginning of the @) //c':n:.f -
discharge, Joule heating takes place in the ' 7'\:@?5100
solid copper particle. Weak jump in the
voltage signal appears at 0.2us. This is 0
caused by the resistance increase of the ‘
particle when it has been vaporized. If we
assume that the resistance has increased
from 0.15mQ to 10m<, the circuit analysis i : 0 ok o T ds o
with the P-Spice shows the similar voltage
jump characteristics. The initial resistance
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in the early phase of the discharge.
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Table.1. Energy necessary for phase transition of the copper particle.

Melting Heat of Heat of Ionization
point fusion vaporization energy
Energy 1.96 mJ 3.08 mJ 285 mJ 83.3mJ

No visible light emission is observed until 0.2us. During this period, the particle is heated
resistively so that its phase transition from solid to liquid develops. When the particle
temperature reaches the melting point of copper, 1357K, at the end of phase (I), the particle
start to melt’®. At this moment the input energy amounted to 1.92mJ as shown in Fig. 3(b).
It agrees with the theoretical value of 1.96mJ, which is listed in Table.1 that describes the
energy calculated theoretically when the temperature reaches the critical points of phase
transition, namely the melting point, the boiling point, and the ionization.

The vaporization develops from the surface of the particle that is confirmed by both the
visible light and copper atomic line emission of 522nm as shown in Fig. 3(c) and (d). The
energy of 3.08mlJ is required to melt the whole copper particle. The input energy amounts to
18mJ at 0.6 ps that is less than 28.5mJ necessary for complete vaporization of the particle.
Consequently, the particle has not been fully vaporized at this time.

Macroscopic behavior of the copper particle discharge development observed by the laser
shadowgraph is shown in Fig. 4. Since the deformation of the spherical particle advances at
300 ns in which the voltage jump does not start yet, the melting process in the copper particle
progresses before the voltage jump. Radial expansion of copper vapor is remarkable at 400ns.
The discharge characteristics resemble that of the exploding wire on which many papers have
been published. However, differences from the exploding wire are as follows. The electrical
energy to create the plasma is low, which is order of tens mJ because the size of conducting

(@) t=0s T (®)t=300ns (¢) t=400ns

- s

g’ = Fig. 4 Snapshots of the single copper particle

4 ° discharge by the laser shadowgraph technique.
2000 20 &0 60 80 The timing of each shot is shown in (d).

Time [ns]
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materials is extremely small. Although the exploding wire is described in a two-dimensional
phenomenon, the copper particle discharge is a three-dimensional one.

The discharge was carried out in the air; therefore we observed formation of shock waves
originating from the particle surface. The discharge will be greatly affected by the
surrounding gases that are chosen for the applications. An advantage of the microplasmas is
that the energy is not necessary to be high to power the discharge in comparison with the
conventional plasma apparatuses. However, the circuit parameters for the discharge are not
optimized yet, because our experiment is in preliminary state. Although there is no energy
loss to the wall in the mass-limited mode, the energy loss to ‘the electrodes and to the
surrounding gas cannot be disregarded. The energy loss depends also on the amplitude and the
rise-time of the pulsed current in the early phase of the discharge.

The particle has to be vaporized efficiently, which is quite different from the situation in
gas discharges. Fast high current discharges are often employed to create the microplasmas. In
the copper particle discharge, a fast high current is not desirable during the vaporization
process from the viewpoint of the energy efficiency. When the rate of current rise is higher,
the voltage drop across the inductance in the circuit becomes also higher. In other word, the
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Fig. 5 The dependence of volage, current, Fig. 6 Temporal change of the voltage

and energy on the rate of current rise: across the copper particle: (a) and the
dl/dt. The charging voltages of the 2uF resistance between the tungsten
capasitor are 600V for (a) and 1kV for electrodes: (b).

(b), respectively.
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ratio of the resistive drop across the particle for
the inductive drop in the discharge circuit Ro:ﬁ?lf'g RF%‘:&
becomes smaller, which means the energy

‘ a:1l
dicipated in the particle decreases.The phase ]-C

T 0

!

transition process from solid to vapor was
examined by varying the rate of current rise as
shown in Fig.5. The energy used for vaporization
until the voltage jump is smaller for the 87 A testing circuit for power

, , , _ coupling with a pulse transformer.
discharge with the slower current rise. Fast high
current pulses are necessary after vaporization as

required for the gas discharges. Temporal control lzzh ]

of the discharge current pulse is needed to E col )
establish efficient creation of the microplasma B

with the conducting particles. The measured § “or )
voltage signals described so far contain both the 208 |
resistive and inductive drop across the tungsten 026 40 60 80 100
electrodes. They have to be eliminated to obtain Tums Ratio

the effective voltage drop across the particle. Fig.8 The influence of turns ratio for
The effective voltage drop is shown in Fig. 6(a) energy input.

for the charging voltage of 1kV. The resistive
component changes temporally as shown in Fig. 6(b). The resistance of the order of 10 mQ
agrees with that used in the P-Spice analysis.

The resistance of the copper particle is extremely small in comparison with the
impedance of the discharge circuit, which is evident in the voltage signal in Fig 3(a)b.
Impedance matching in the powder discharge circuit is a critical issue to realize efficient
power coupling between the energy storage capacitor to the copper particle. We made a circuit
analysis with the P-Spice to examine the effect of a pulse transformer with a turn ratio of a:1
to improve the coupling efficiency as shown in Fig.7. For simplicity, we only consider the
resistive component, where Ry is circuit impedance, and R, is powder impedance. Fig.8
shows the turn ratio dependence on the input energy. The input energy to the copper particle
becomes a maximum when the turns ratio is 58.

IV. Conclusion

A microplasma is created with the single copper powder particle by relatively low energy
pulsed discharges. The new method reported here is suitable for creating dense microplasmas.
From the observation of discharge development process using voltage-current measurement
and optical measurement, the phase transition was confirmed at the early stage of discharges.
The phase transition in the particle develops heterogeneously and the three states: namely a
solid, a liquid, and a gas, exist simultaneously. Since the impedance of the particle was
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extremely smaller than that of the circuit, the sufficient energy was not supplied into the
powder to be fully ionized. Impedance matching using the pulse transformer is effective to
improve the power coupling.
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ABSTRACT

To improve the purity of an intense pulsed ion beams a new type of pulsed ion beam
accelerator 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 By 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/cm’, duration ~ 1.5 ps was injected into the acceleration gap by the
plasma gun. 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 =~ 40 AJcm?, duration ~ 50 ns was obtained
at 41 mm downstream from the anode surface. 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 4- shots of the pulsed nitrogen ion beam irradiation.

1. Introduction

Intense pulsed ion beams (PIB) of carbon, nitrogen or aluminum, have a wide area of
applications including nuclear fusion, materials science, etc. For example, PIB is expected
to be applied to a “pulsed ion beam implantation” to semiconductor since doping process and
annealing process is expected simultaneously. The PIB is also expected to be use in a
crystallization process of semiconductor thin films or surface modification process of metallic
materials.

PIB can easily be generated in a conventional pulsed power ion diode using flashboard ion
source”. However, since many kinds of ions are produced in the same time in the flashboard
ion source, the purity of the beam is usually very poor. For example, in a point pinch ion
diode we found that produced PIB contains much kind of ions including protons, multiply
ionized carbons, and organic ions?. 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 (BPA)” was proposed [3-5]. As the first step of the development of the
BPA, a prototype of the experimental system of the accelerator was constructed to confirm the
principle. By using the system the acceleration of ion beam was successfully confirmed®.
In addition, the accelerated beam was used to irradiate amorphous silicon thin films to




evaluate the irradiation effects of PIB. In
the paper the results of the experiments are
described.

2. Bipolar Pulse Accelerator

Figure 1 shows the concePt of the
bipolar  pulse  accelerator. A
conventional PIB diode is also shown for
comparison. As shown in Fig.l (a),
proposed ion accelerator consists of a
grounded ion source, a drift 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
7, 1s applied to the drift tube and ions on
the grounded ion source are accelerated
toward the drift tube. If 7, is adjusted to
the time of flight delay of the ions to pass
the drift tube, the pulse is reversed and the
positive voltage of duration 7, is applied to
the drift tube when top of the ion beam
reaches the 2nd gap. As a result the ions
are again accelerated in the 2nd gap
toward the grounded cathode.

As seen in Figl (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 ions of H' in the
proposed diode (see Fig. 2). In the case,
ions of N* and H" are accelerated in the
Ist gap toward the drift tube 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*,

[a) Lion beam(at t,) 7
%ion beam(at t,)
1

1
| L————Grounded
2nd *p cathode

LLE )
A
(b) | |
] .
i /lon beam(at t,)
i
]
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| gad cathode
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Vi v, |t
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Fig.1. Conceptual drawing of (a) bipolar
pulse accelerator and (b) conventional pulsed
ion beam accelerator.

N* beam(at t,)
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Fig2. Principle of the improvement of the.
purity of the ion beam.

Here assuming that the length of the drift tube is designed to be same as the beam length of

N of duration g, at acceleration voltage V.

It is, for example calculated to be 7.8 cm when

Vo =500 kV, 7, = 60 ns. When N"beam of length 7.8 cm is in the drift tube (+ = #,) 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 at Vp =500 kV, 5, = 60 ns is 29.4 cm,
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73 % of the beam is out of the drift
tube at ¢ and it is not accelerated in
the 2nd gap. Hence 73 % of H*
beam is removed in the accelerator”.
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
field coil of grating structure is used
to produce uniform magnetic field in
vertical direction (y-direction).

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 Fig3. Conceptual drawing of By type magnetically
tube is connected to a high voltage insulated gap of the bipolar pulse accelerator.
terminal of a high voltage pulsed
power generator. A Blumlein type pulse forming line (PFL) was used [7], 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 accelerated toward the drift tube. The magnetic coil of the MIG is installed on
the rectangular drift tube where acceleration voltage is applied and produces 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 Pulse Forming Line ( PFL)
anode or ! -300 kV, 48 kA 60 ns

cathode) consist
of 8 blades each

and have a  GasPuff 1st gap 2nd gap Cathiodé
grating structure. lLlP@sma Gun l@m
Each of the :
blades (10 mm :
e e i s
Xmgllf)i mm" x 1 Magnetic Field
is i
Coil
connected in [ l
series and (tT°1 Drift Tube T
‘S:Otzsrtnruas coailln Induﬂively Isolated 10 ‘

- ) 0cm
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voltage pulse is : ) ) ]

. ppljgd pto the Fig.4. Cross-sectional view of the experimental system.
drift tube,
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pulsed current produced by the
capacitor bank (500 pF, 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 uH.

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

4
of
i o g
Anode 4 )
e &3 L °
=

2
1

% 02 04 06
B(T)

Fig5. Magnetic field (By) distribution in the
acceleration gap when charging voltage of the

transmission efficiency of 58 %. bank is 4.0 kV.
To produce anode plasma (source
plasma of the ion beam) gas puff
plasma gun was used,
which was placed inside Vilbve Chll v TSN Bipm Lom Collector
the anode. o
Figure 5 shows the [N, ¢ |
magnetic filed =
distribution in the gap. s T
As seen in the figure \
uniform B, field of swrY |V 1 Anode Drift Tube
strength 04 - 0.5 T is 6.5k 24 kV
produced in the
ac;:gleration gap of dax Fig.6. Cross-sectional view of the gas puff plasma gun.
=10 mm.

Figure 6 shows the detail of
the gas puff plasma gun used
in the experiment. 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 drive coil and the
vessel is pre-filled with N, gas.
By applying pulse current to
the drive coil, the magnetic
stress produced by the pulsed
magnetic field presses the

aluminum valve to open the Fig.7.

valve. As the results, filled
gas in the vessel expands with
a supersonic velocity and

Iy (kA)

0 ' 5 10
t (us)

Typical waveforms of the discharge current of the
plasma gun (/pg) and the ion current density (J;).
Ji was measured by BIC placed at 130 mm
downstream from the top of the plasma gun.
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reaches the gas nozzles on the inner
electrode of the plasma gun.

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 ps to
open the valve and several tens ps
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 z; around
200-300 ps. To apply pulsed
current to the gas puff coil and the
plasma gun, capacitor banks of 5 pF
and 1.5 uF were used, respectively.
Each capacitor was usually charged
to 6.5 kV, and 24 kV, respectively.
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Fig.8. The dependence of the ion current density J;

on the delay time of the discharge current rise
from the rise of gas puff current 7.

Figure 7 shows the waveforms of the discharge current of the plasma gun (/pg) and the ion

current density (J;) obtained by a biased ion collector (BIC) when 73 = 260 us.

As seen in

the figure Ipg rises in 2.5 us and have a peak value of 27 kA. The peak value of J; = 25
A/cm® was obtained at 130 mm downstream from the plasma gun on the axis at # = 7 us after

the rise of /pg.

Figure 8 shows the dependence of J; on 73 evaluated. As seen in the figure J; rises at iy ~
200 us and have a peak around 260 ps, and after that decreased. The results suggest that it

takes 200 us after
the election of gas
puff coil for the gas

to reach the
nozzles. Magnetic coil
Grounded Anode
4. Experimental Plasma Gun
Results 2
To confirm the 130 mm

-

PFL
Output 300KV , 48KA , 60ns

acceleration of ions

1

in the 1Ist gap

negative pulse was

56 mm

applied to the drift
tube. Figure 9
shows the set-up of
beam acceleration

experiment to
measure the
accelerated ion
beam. To limit

the beam diameter

b
( aperture ¢ 20 mm

48
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Fig.9. Experimental setup of beam acceleration experiment.




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
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 IC 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 ~ 240 us in advance to
the PFL operation and the PFL was
fired at 5, = 9-20 ps after the rise of
the /pg to apply negative high voltage
pulse to the drift tube.

Figure 10 shows typical waveforms
of the output voltage (Vy), the anode
current (/,) and the ion current density
(/). They were obtained at the
condition of 7, = 15.3 pus. Here, /,
was measured at the root of the
anode and it is considered to be
equivalent to the current flowing
across the 1st gap. Ji was
measured at 41 mm downstream
from the anode surface. As seen
in the figure, Vg rises at ¢ = -10 ns
and peak voltage of -240 kV was
obtained. /, rises with V; and has
a peak of 18 kA whereas J; rises at ¢
= 50 ns and have a peak of 27
Alem?,

Figure 11 shows the dependence
of Vg, I, and J; on the delay time
(%yp) for the fixed condition of 7z,
the insulating magnetic field and
the charging voltage of the PFL.
As seen in the figure J; increases
monotonically with increasing 7y
This seems to be due to that
quantity of the plasma on the anode
or in the 1st gap increases with
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Fig.10. Typical waveforms of gap voltage (Vy),
anode current (/,) and ion current density
observed at 41 mm downstream from the
anode surface (J;).
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increasing 7,,. Due to the increase of
output current of the PFL with 7, V,
decreases with increasing .

Figure 12 shows the beam pattern
obtained on the thermo sensitive paper.
The paper was placed at 41 mm
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 Amorphous Si Target !

indicating the strong irradiation of the Applied Magnetic ,:
beam. The size of the white part has an i 5 i

elliptic shape of long axis 60 mm short
axis 45 mm. The size is much larger Fig.12. Beam pattern obtained on a thermo

than the size of the plasma-limiting sensitive paper. The paper was placed
aperture of diameter 20 mm installed at 41 mm downstream from the anode
inside the anode. Which suggest that the surface.

size of source plasma expands in the
acceleration gap after passing the aperture.

S. 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 at 41 mm
downstream from the anode
and attached on the thermo
sensitive paper as shown in
Fig. 11. Here, the amorphous TN N
thin film placed at right-hand BT AR e SR |
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 Nt

evaluated. Figure 13 shows D SR T
the X-ray diffraction pattern 20 (deg)

of the target. As seen in the

figure no diffraction peak is )
observed in the target before Fig.13. X-ray diffraction pattern of the amorphous silicon

the irradiation. In contrast thin films before and after the ion beam irradiation.
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clearer peaks of Si(111) and Si(220) were observed on the target after the irradiation. The
results clearly indicate that the target of amorphous silicon thin film was poly-crystallized by
the irradiation.

6. 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 coaxial gas puff plasma gun was used as an ion
source, placed in the grounded anode. Source plasma (nitrogen) of current density ~ 25
A/em?, duration ~ 1.5 ps 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 ~ 40 A/cm?,
duration ~ 50 ns was obtained at 41 mm downstream from the anode surface. 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.
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Abstract

Characteristics of ion beams produced in the Mather type plasma focus (PF) were
studied experimentally to apply the beam to materials processing. The plasma focus
was pre-filled with H, of 250 Pa, or mixture of H, (270 Pa) and Ne (30 Pa). At 218 mm
downstream from the top of the anode on the electrode axis, ion beam of current
density ~ 4 kA/cm?, pulse width ~ 100 ns (FWHM) was observed when filling gas of
H, was used. The ion species and energy spectra were evaluated by a Thomson
parabola spectrometer. Protons of energy in the range of 0.1-1.4 MeV are observed
when PF was filled with H,. From the X-ray measurement pinch plasma column of 3—4
mm in diameter and 40 mm in length is observed and line emission of He-like and
H-like K shell X-ray emissions were observed when PF was filled with mixture gas.
Measurement of pinhole image and an incident angle resolved proton energy spectrum
ion production is found to be axial symmetry and the ion energy decreases with
increasing incident angle. To evaluate the irradiation effect amorphous silicon thin
films of thickness 500 nm was irradiated by the ion beam. By the X-ray diffraction
measurement of the films before and after the irradiation we found that the film was
poly-crystallized by the irradiation.

1. Introduction

Strong emission of energetic ions, and x-ray are known to be emitted from the pinch plasma
produced in plasma focus (PF). Especially, the energetic ions have following characteristics
and expected to be applied to materials processing.'®

a) High energy ions of energy ranging from 100 keV to several MeV are produced with
relatively low voltage pulsed power systems.”

b) The power density and the brightness of the beams are very high. 19

To clarify the mechanism of the production of the ion beams and to apply them to materials
processing we have evaluated the characteristic of the ion beam. In addition, the beam was
used to irradiate amorphous silicon thin film to evaluate the irradiation effect. In the paper the
experimental results are described.
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Fig. 1. a) Schematic of the experimental system. b) Detail of the anode top.

2. Experimental apparataus

Figure 1 shows the Table 1. Experimental condition.
schematic of the Charging voltage | Base Filling gas/
experimental apparatus. Store energy pressure pressure
Mather type PF was used in 44.8 uF, <7.0x 1073 | Hs 250 Pa
the experiment. The PF  |30kV/20.2kJ |Pa H: / Ne 270/ 30 Pa

consists of an inner
electrode (anode), an outer electrode (cathode), and a glass insulator. The anode is a
cylindrical copper electrode and its length and the diameter are 280 mm and 50 mm,
respectively. Figure 1 (b) shows the detail of the anode top. To reduce the production of
impurity ions and to reduce the damage of the electrode, the anode has a hollow shape top and
has a hollow of 40 mm in diameter and 20 mm.

The cathode consists of 24 copper rods of diameter 10 mm, length 230 mm and the
effective inner diameter of the cathode is 100 mm. The insulator is made of glass and the
length and the outer diameter are 125 mm and 60 mm, respectively.

A capacitor bank of capacitance 44.8 pF, maximum charging voltage 80 kV was used,
which was connected to the PF through 224 of coaxial cables. In the experiment the charging
voltage of the capacitor bank was fixed to 30 kV. The vacuum chamber was once evacuated to
< 7x107 Pa and after that filling gas was introduced. In the experiment pure hydrogen (purity
99.9 %, 250 Pa), and mixture gas of hydrogen (purity 99.9 %, 270 Pa) and neon (purity
99.99 %, 30 Pa) were used as the filling gases. The experimental conditions are summarized
in table L.
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3. Experimental results 1000

T : T ' |

’ T
3-1. Ion beam measurement BIC 2=218 mm)

(e}
o
<
Tt
1
o0

Figure 2 shows typical

current (/) measured by a

waveforms of  discharge g 600;
o

Rogowski coil, and ion

Ji (kA/cn?)

J; 1(
1\ e
by a biased ion collector i } ]
BIC) at z = 218 mm 0 W Wt
downstream from the top of "SR i ' l2 ' é

the anode on the electrodes time(Ms)

axis. The BIC has a cup Fig. 2 . Typical waveforms of I and J;.
electrode inside the grounded

current density (/;) measured

body and the ions are injected I ; v I B it mmr'= il
into a cup electrode through Jiz» 12600 mm, r = 20 mm
an aperture of 0.3 mm in

diameter. The electrode was
biased to -300 V to remove
co-moving electrons. In the

J; (kA/cm?)

experiment the PF was
pre-filled with pure H,.

4¢=0.035 ps el
2 L
0.1

As seen in the figure, 1, _
has a peak of 750 kA at 1 = time (Hs)

1.6 ps and after that 150 kA Fig. 3. Waveforms of J; at different axial positions for

of current dip is observed, TOF evaluation of ion velocity and energy.
which suggests the strong

pinch of the plasma. In the figure, J; rises sharply at the end of the current dip (at # = 1.7 us)
and has a peak of 4.5 kA/cm® with pulse width of 80 ns (FWHM). Considering the time of
flight (TOF) delay of J;, ions are accelerated at the dip phase of /..

Figure 3 shows the waveforms of J; at different axial positions (J;; and J;;) for TOF
evaluation of ion velocity. Two BIC’s fo J;; and J;; were placed at z = 400 mm,  (radial
distance from the electrode axis) = -20 mm and z = 600, r = 20 mm, respectively. The ion
velocity is evaluated to be 5.7x10° m/s from the time deference between the peaks of J;; and
Ji2. The velocity corresponds to the proton energy of 170 keV.

To evaluate the species of ions and their energy spectra, a Thomson parabola spectrometer
(TPS) was used. The TPS consists of a pair of pinholes (1% and 2™ pinhole) to collimate the
incident ion beam, a magnetic deflector, an electrostatic deflector, and an ion track detecting
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i Shot no. 2744

smely or multiphy jonzed
ions of C.N.O

Fig. 4. The track pattern obtained by TPS. The filling gas of H, 250 Pa was used. Here

E, Z and A are the ion energy in MeV, charge state of ions and the mass number
of ions, respectively.

film of CR-39, the detail of —~x 107

the TPS is shown in the ‘g !

literature”. Figure 4 shows E G

the ion track pattern : 0.4

obtained by the TPS. As S 1% &

seen in the figure, strong 3 03 i & . %
trace of protons is observed 02 03 04 05 06 07 08 09 1
with weak trace of Energy (MeV)

impurities such as oxygen,

nitrogen and carbon ions. Fig. 5. Energy spectrum of protons evaluated from Fig. 4.

The energy of the protons is
in the range of 0.1 - 1.4 MeV. The source of the impurities seems to be the desorbed gas from
the electrode surface.

To evaluate the spectral intensities (/;) of each beam energy from Fig. 4, line densities of the

ion tracks (N, track number density along the parabola trace) of each energy were carefully
evaluated. Here, J; is evaluated by the following equation .
I, = =4 N, d (1)
Q:8 "dE

Here, / is the length of the parabola trace, E is the ion energy, S is the area of the 1st pinhole,
€ is the solid angle of the 2nd pinhole observed from the 1st pinhole. Figure 5 shows the
result of the evaluation. As seen in the figure, /; decreases with increasing energy.

Figure 6 (a) shows the particle pinhole image on CR-39 obtained by a particle pinhole
camera. In the figure concentric circular patterns are observed, which suggest the axially
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symmetric ion beam generation.

Considering that ions passing
off-axis are bended by the
strong self-magnetic field of
azimuthal- direction, the ions
seem to be produced on the
axis.

To evaluate the angular
distribution of ion energy
spectrum, electrostatic  ion
energy spectrometer was used,
schematic of which is shown in
Fig. 7. The spectrometer
consists of a  pinhole,
fan-shaped electric deflector
and an ion track detecting film
of CR-39. The obtained track
pattern is shown in Fig. 6 (b)
with a pinhole image. From the
pattern we see that the ion
energy decreases with the
incident angle.

3:2. X-ray measurement

To evaluate the
characteristics of hydrogen
pinch plasma by X-ray
observations, 10 % of neon was
added as a seed gas (Hy/Ne =

=4
:
(=

Energy ( MeV )
-R288

Fig. 6. Particle pinhole image (a) and an angular
distribution of ion energy (b) obtained by a
particle pinhole camera and an electric mass
spectrometer, respectively. The incident
pinholes for both measurement were placed at
z =218 mm on the electrode axis.

Slit Electric deflector

Pinhole d=0.14
Cathode\ $=0.1 mm WW\
oy \
s scaney \\\\ \
s 73° CR-39

—--Anoded-------- -
S— P §
218 100 50 100 |

Fig. 7. Schematic of incident angle resolved electric
ion energy spectrometer.

270/30 Pa). Figure 6 shows time integrated X-ray image of the PF obtained by an X-ray
pinhole camera. Be filter of thickness 30 um was used in the camera to remove visible
light. As seen in the figure, X-ray images are observed from a pinch column of the plasma
and from the top of the hollow anode. The X-ray image of the pinch column has a size of
3-4 mm in diameter and 40 mm in length, hence we see that relatively uniform high
temperature pinch column of that size is produced. In addition, some bright spots are also
observed in the image, which indicate the existence of hot spot in the plasma. On the other
hand, bright X-ray image of the electrode top seems to be due to the electron irradiation.




Hence strong electron beam seems to
To
evaluate the time variation of X-ray

be produced in the pinch plasma.

emission, X-ray PIN diode was used.
The PIN diode was placed in the
vacuum chamber at 110 mm from the
axis of the PF. Be filter of thickness 35
um was used to remove light signal.

Figure 9 shows the waveform of
X-ray PIN diode output (Vin). As seen
in the figure, Vi, sharply rises with J;
and have a FWHM pulse width of less
than 50 ns.

Figure 10 shows X-ray spectrograph
obtained by a crystal spectrometer. In
the measurement KAP crystal (2d =
2.664 nm) was used with X-ray films
of IP-21 (Kodak). Incident slit of
width 0.25 mm was covered with Be
foil. As seen from the figure K shell
X-ray emission of H-like Ne and
He-like Ne is observed, which indicate
the existence of highly ionized Ne ions
(Ne*" and Ne’") in the pinch plasma.

3-3 Beam irradiation Experiment

To evaluate the annealing effect of
the pulsed ion beam to the materials
~ amorphous silicon thin films were
used as targets. The films have a
thickness of 500 nm and fabricated on
glass substrates. The target was placed
at z =500, r =30 mm, where J; was
evaluated to be 250 A/cm”.  Figure 11
shows the X-ray diffraction pattern of
the target before and after one shot of

Fig. 8

Fig.

Fig.
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irradiation. From the figure we see that clearer peaks of Si (111) and Si (220) appear by the
irradiation of ion beam, which indicate that amorphous silicon thin film was poly-
crystallized by the irradiation.

Due to the special characteristics of an intense pulsed ion beam, it is expected to applied
for materials processes such as surface treatment, pulsed ion beam implantation, thin film
deposition, etc. Pulsed power ion diode has been used for those applications”. However,
from this experiment we see that the PF is the potential beam source for material
processing since highly bright ion beam can easily be obtained by a low cost power supply
of simple capacitor bank.

Si(111) Si (220)
‘ |
After irradiation
Before irradiation
20.0° 30.0° 400° 50.0 ° 60.0°

20

Fig. 11. X-ray diffraction pattern of amorphous silicon thin film before and after
the ion beam irradiation.

4. Conclusion

Characteristics of ion beams produced in the Mather type plasma focus (PF) were
studied experimentally to apply the beam to materials processing, The plasma focus was
pre-filled with H; of 250 Pa, or mixture of H, (270 Pa) and Ne (30 Pa). At 218 mm
downstream from the top of the anode on the electrode axis, ion beam of current density ~
4 kA/cm?, pulse width ~ 100 ns (FWHM) was observed when filling gas of H, was used.
The species and energy spectra of ion were evaluated by a Thomson parabola spectrometer.
Protons of energy in the range of 0.1-1.4 MeV are observed when PF was filled with H,.
From the X-ray measurement pinch plasma column of 3-4 mm in diameter and 40 mm in
length is observed and line emission of He-like and H-like K shell X-ray emissions were
observed when PF was filled with mixture gas. From the measurement of pinhole image

58




and an incident angle resolved proton energy spectrum we see that ion production is axial
symmetry and the ion energy decreases with increasing incident angle.

To evaluate the irradiation effect, amorphous silicon thin film of thickness 500 nm was
used as a target and irradiated by the ion beam. By the X-ray diffraction measurement of
the thin films before and after the irradiation we found that the film was poly-crystallized
by the irradiation.
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ABSTRACT

Intense pulsed heavy ion beam (PHIB) of ion current density more than several tens of
A/em?® can be applied to materials processes. 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. 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/cm’ 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. 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 %.

To generate metallic ions vacuum arc plasma gun was developed. The characteristics
of the plasma gun were evaluated and source plasma of current density 8 Alcm®, plasma
drift velocity 4.7 % 10* m/s was found to be obtained.

1. Introduction

Intense pulsed heavy ion beams (PHIB) such as carbon, nitrogen, or aluminum have a wide
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;
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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"?, thin films deposition”, or an
implantation process.  Especially for the implantation process, PHIB is expected to be used
as a new type of ion implantation technology since the ion implantation and surface heat
treatment or surface annealing are completed in the same time.*”

Pulsed ion beams usually have been generated in pulsed power ion diodes with surface
flashover ion sources. However, in the diodes producible ion species are limited. In
addition the beams usually contains much quantity of impurity ions®”. In the implantation
process highly pure ion beam is required, hence conventional pulsed ion diode is not suitable
for the process.

To produce pulsed heavy ion beam with acceptable purity a new 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. In addition to produce metallic ions,

vacuum arc plasma gun was developed. In the paper preliminary results of the experiments
are described.

2. Ion 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). 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

: Insulator Cathode
the multi-turn step up 0\ Anode ( Magnetic Coil )
& )\
transformer using l I \ \ I 1
magnetic cores of :
metal. Th Capacitor \
amorphous meta e oo R
output parameter of ||| . Trans

the generator is 200 35 nF | 1:9
kV, 2 kA, 150 ns, Kot é ’
which is applied to WA
the anode of the L
diode. poasPult | Output: 200 kV , 2 kA , 200 ns
The diode consists

Fig.1. Schematic of the experimental system.

61




of a cylindrical 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 Cathode

length dax was adjusted ( Magnetic Insulation Coil )

to 10 mm and the vacuum

1
1
11

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 Gas Puff
Plasma Gun

60 mm. To introduce
the source plasma to the  pig 2 Cross-sectional view of the B, type magnetically insulated
acceleration gap, the acceleration gap.

copper plate is drilled

with apertures of 5 mm in diameter in

the central area of 40 mm in diameter. Driver Coil

The cathode has a grid structure to
pass through the accelerated ions. To
produce a magnetic field in the
acceleration gap for insulating electron
flow the cathode also acts as a

Inner Electrode

i \ Outer Electrode

Fig.3. Cross-sectional view of the gas puff
plasma gun.

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 uF, 5 kV is used to apply a
pulse current of rise-time 50 s to the coil. By applying a pulse current of 10 kA to the coil,
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 atm of N; gas. By applying pulse current to the driver coil, the magnetic pressure pushes
the valve to open. By the opening of the valve the gas expands and reaches to the electrode of
the plasma gun.

The plasma gun has a pair of coaxial 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 ps
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to open the valve and several tens ps for

N, gas to reach the gas nozzle on the
inner electrode of the plasma gun, the
capacitor bank of the plasma gun is
discharged with a delay time of z,, = 236
us. Capacitor banks of 20 uF and 3.3 pF
are used for the driver coil and the

plasma gun, respectively. Both banks 0 5 10

were charged to 5.5 kV, and 17 kV, t(hs)

respectively. Since the plasma gun is Fig4.  Typical waveforms of discharge

placed inside the anode where high current (/) and ion current density (J,)

voltage pulse is applied, pulsed , e —— 4

currents generated by the 300 - Tq=124s

capacitor banks are fed through o Va ’ .

inductively isolated coaxial 5 5

cable. £ 100 é
The ion current density of the > i

plasma (Jj,) was evaluated by a 0 _

biased ion collector (BIC) -100

placed at z = 90 mm o 100 200 300 400

downstream from the top of the t(ns)

plasma gun where anode is Fig.5. Typical waveforms of diode voltage (V) and

placed in the experiment. diode current (Z,).

Figure 4 shows typical

waveforms of the discharge current (/) and J;,.  As seen in the figure Ji, rises to 12 kA in 6
ps. I, of 28 A/cm” was obtained at 6 s after the rise of Ip.

3. Experimental results

In the experiment the pulse power system was fired at delay time of z after the rise of the
discharge current of the plasma gun. Figure 5 shows typical waveforms of diode voltage (V)
and diode current (/) at 7= 12 ps.  As seen in the figure, ¥, rises in 150 ns and has a peak
of 220 kV.  On the other hand /, rises with ¥, and have a peak of 2.0 kA at ¢ = 125 ns and
after that decreases. Figure 6 (a) shows the ion current density of the accelerated beam J;
measured by BIC placed on the axis at z = 55 mm downstream from the surface of the anode.
The waveform of V; is shown as the reference. As seen in the figure J; of 12 A/cm’ was
observed at 130 ns after the rise of V. Considering the time of flight delay, the ions
corresponding the peak of J; seems to be accelerated before the peak of V.
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5 10 15 20
t(ns) ra( us)

Fig. 6. Dependence of J; on the delay time of the rise of the main pulse from the rise of the
discharge current of the plasma gun (7).

Figure 6 (b) shows the dependence of J;
on 7. As seen in the figure J; rises at 73 =
6 us and has a clear peak at 7z around 12 ps.
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
ExB drift.

To evaluate the species and the energy

spectrum of the ion beam Thomson parabola Fig. 7. Damage pattern of the ion beam

spectrometer was used. Figure 8 shows the recorded on the thermo-sensitive
example of the track pattern recorded on the i

ion track detecting plate of CR-39. In the

S 30—+

> 40—+ |

i 50— N+ N -
g 100~ /

' 150—F / 7~
= 200—F

= 2507

Fig. 8. The example of ion track pattern obtained by the Thomson parabola spectrometer.
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Table 1. Energy and the number ratio
of each ion species evaluated

by TPS measurement.
Ion specie Nt| N2t| HT
Energy 60- | 100- | 60-

(keV) 1300 | 300 |150
Percentage 86.5 13.5

figure, singly and doubly ionized
nitrogen ions are observed with

impurity of hydrogen ions. The
energy range and the number ratio of
each ion species evaluated from the
track pattern and listed in table L
From the table the purity of the beam
was evaluated to be 86.5 %.

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®. Figure 9 shows the
experimental setup to evaluate the
characteristics of vacuum discharge.
Self breakdown type capacitor bank
of capacitance 1 pF, maximum
charging voltage 35 kV was used in
the experiment. As the discharge
electrode a pair of aluminum rod of
diameter 6 mm was used, which was

—AW
y. 35kV ] BIC
F = i ............................. E_
1 pF |
100 (mm)

Fig. 9. Experimental system of self-breakdown
type vacuum discharge ion source.

4 I 4 ¥ % I

I,(kA)
Ji(Alem?)

t(ps)

Fig. 10. Typical waveforms of discharge current
(/,) and ion current density (J;).

35 :"*'l'"'l‘"'IfT"I""I""l"":
30 | 2
25 | g0 e 0
20 | * L P
15 ¢

10 z—.o 0 @ @ -

YT

V,(kV)

% 510 15 20 25 30 35
Shet No.

Fig. 11. Dependence of V3 on the shot number.

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 in the vacuum of 4x10” Pa.
Figure 10 shows the typical waveforms of discharge current (/,) and ion current density

() at 29" shot after the exchange of the electrodes. At the shot the electrodes was
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self-broken at charging voltage V, = 16 kV.  As seen in the figure sinusoidal waveform of I,
of quarter cycle 2.5 ps, peak current 3.4 kA was observed. 4.8 s after the rise of Z,, J; of 8
A/cm’® was observed with pulse width 240 - 320 ns.

Figure 11 shows the dependence of /4, on the shot number. As seen in the figure the V3, has

a strong dependence on the shot number.

the V}, gradually increases after 7" shot
and reaches 30 kV around 25® shot.
The V4 still increases and it exceeds
the maximum charging voltage of 35
kV after 32™ shot.

To evaluate the drift velocity of the
plasma by a time of flight method
(TOF), a pair of BIC’s is placed. The
distances of the BIC’s from the
discharge gap was 112 and 206 mm,
respectively. Figure 12 the result of the
evaluation. As seen in the figure TOF
delay time 7 of 2 us was observed
between the signal of two BIC’s,
which corresponds the drift velocity of
4.7 x 10* m/s. Assuming the aluminum
ions the velocity corresponds to the ion
energy of 311 eV.

To apply the ion source to the
intense pulsed ion diode synchronized
operation of the ion source is required.
able
capacitor bank was used with a

For the purpose, a trigger
vacuum discharge ion source, which is
shown in Fig. 13. In the system a
Blumlein type capacitor bank using
two capacitors of 0.5 pF, 35 kV each
was used. The geometry of the
electrodes and the BIC was same as
shown in Fig. 9. The capacitors are
pre-charged to 27 kV each before the
discharge.

In the first 7 shots V4 is around 10 kV however,

T T T R R, i e e A

4 E V,=20kV |
g : o~
2 ' L £
b <
-2 3

- 0

-4
" 1
0 2 4 6 8 10 12 14

Fig. 12. Result of the time of flight evaluation of
the drift velocity of the plasma.

; 2 k:F | BIC
I:LV\/\,.[__._,_ é‘—g ............................. E_

for

100 : (mm)

Fig. 13. A vacuum discharge ion source using
triggerable capacitor bank.

T T .
Shot No. 47 1

I,(kA)
J,( Alem?)

t(ps)

Fig. 14. Typical waveforms of discharge current
(Z,) and ion current density (J;).
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Figure 14 shows the typical waveforms of /, and J; at 47™ shot after the exchange of the
electrodes. As seen in the figure 7, has a sinusoidal waveform of current rise time 2.3 us, peak
current 3.7 kA. Ton current density J; of the plasma was evaluated to be 3.6 A/cm” at the point
of 100 mm apart from the discharge gap. The arrival time of the plasma at the point is 3.1 ps
after the rise of /,.

S. 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/cm” 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). Ion 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 %.

To generate metallic ions vacuum arc plasma gun was developed. The characteristics of
the plasma gun were evaluated and source plasma of current density 8 A/cm?, plasma drift
velocity 4.7 x 10* m/s was found to be obtained.
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ABSTRACT

Droplet generation mechanism was clarified by observing a surface morphology of target
which was irradiated by intense pulsed ion-beam evaporation (IBE). A lot of spherical
projections were observed on an Al target after ion beam irradiation. The size of these
projections was 70 um in diameter, which was almost the same size as droplets on a thin film.
Therefore, it was thought that these projections were the origin of droplets. The droplet
generation model was considered as follows. First, the target surface layer was melted by ion
beam irradiation. Secondly, the melting layer was waved. Thirdly, spherical projections were
formed by surface tension of liquid. Finally, some spherical projections leave the surface, and
become droplets. In addition, the objections which are not able to leave the surface solidify

were observed. This model was validated by the experimental results of ion beam irradiated
Ag and Ti targets.

I. Introduction

When an intense pulsed light ion beam (LIB) is irradiated on a solid target, high-density
ablation plasma is generated. Utilizing the plasma, thin films can be deposited on a substrate
which is facing the target. This method was termed pulsed ion -beam evaporation (IBE) [1-6].
Various thin films including B12.xC3.x [4], SrAl;O4: Eu [5] and TiFe [6] were successfully
prepared by IBE.

However, many droplets existed on some of thin films prepared by IBE method. The
droplet generation becomes a serious problem in other physical vapor deposition method,
such as laser ablation methods or ion plating methods, as well as IBE method. Until now,
several groups have suggested various approaches to suppress the droplet formation. For
example, it was pointed out that the droplet was shielded by a shadow mask placed between
the target and the substrate [7]. However, this method has a problem that the film deposition
rate is significantly reduced. In other words, physical vapor deposition methods with little
droplet at high speed has not be realized. In order to develop the physical vapor deposition
method with little droplet at high speed, it is necessary to clarify the droplet generation
mechanism.

The purpose of this study is to clarify the droplet generation mechanism of thin films
prepared by IBE method. A reason to use IBE method for this study is as follows. In IBE
method, the LIB gives a target the very high energy in a short time. As a result, a lot of
droplets are generated. Therefore, it is easy to study the droplet generation mechanism in
detail compared with other physical vapor deposition method.

To realize the purpose as mentioned above, three kinds of targets, such as Al, Ag, and Ti,
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were irradiated by the LIB to prepare thin films. The following experiments were performed.
(1) The relation between the surface roughness of target and the decrease in target mass was
clarified. (2) The relation between the surface roughness of target and the amount of droplet
on the thin film was clarified. (3) Surface morphology of Al target after the LIB irradiation
was observed. From the results in the case of Al target, the droplet generation model was

proposed in IBE method. This model was applied to explain the number of droplets on thin
films prepared using Ag and Ti targets.

II. Experimental details
IT-1. Experimental setup

Figure 1 shows the experimental setup of the IBE process. Experiments were carried out
using an intense, pulsed power generator, "ETIGO-II [8]." The LIB was produced by a
magnetically insulated ion beam diode, where the motion of electrons was insulated by the
transverse magnetic field. By using a polyethylene sheet as a flashboard anode, proton content
in the LIB was more than 75 %, which was diagnosed with an energy spectrometer. Table 1
summarizes the experimental conditions. The operating conditions for the ion beam
evaporation were accelerating voltage of 1MV (peak), current of 80 kA and pulse width of 70
ns (full width at half-maximum). An Al target was inclined by 30 degrees to the ion beam axis.
The distance from anode surface to the target, and the distance from the target to the substrate
are defined as dyr and drs respectively. The thin film preparation chamber was evacuated to
~10" Torr.

Table 2 shows properties of targets. In order to elucidate of droplet generation mechanism,
three kind of metals (Al, Ag, Ti) were used for the target.

Flashtlaoard Table I Experimental condition
Substrate Accelerating voltage (peak) 1 MV
Pulse width (FWHM) 70 ns
Energy density of ion beam 30 J/em®
Ion species H' (75%)
Number of shots Fe=0
Pressure 2x107* Torr
Targets Al Ag, Ti
Angle of target (07) 30 deg.
Substarate Si (100)
Substarate temperature R.T.
; . ) ; d ar 200 mm
Fig' 1 Schematic of ion beam diode and Fes 100 mm

thin film preparation chambers.

Table II Properties of targets

Matenial | Range[pm] | Melting point[K] | Boiling point[K]| Thermal conductivity[W/mK]
Al 14 4 933 2793 237
Ag 6.95 1235 2435 429
Ti 10.4 1939 3562 219
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II-2. Experimental method

For paying attention to the increase in
surface roughness of the target by the
increase in the number of LIB irradiation
the following experiments were carried
out. (1) The Al target before irradiation
was observed with an optical microscope
and the surface roughness and the target
mass were also measured. (2) An Al
thin film was prepared on a Si substrate
by irradiation of the LIB on the Al target.
(3) The irradiated Al target was observed
again with the optical microscope. The
surface roughness and the target mass
were also measured. Ablated mass was
calculated from a difference between the
target masses before and after the LIB
irradiation.

.4

Beam center

o T

Beam area

arca

Fig. 2 Area of surface

roughness

measurements on irradiated target.

(4) The prepared Al thin film was observed with the optical micrograph.
new Si substrate was placed instead of the former substrate.

The process of (2)-(5) was repeated for 10 times.

The ablated mass was measured using an electronic balance. Figure 2 shows the schematic
damage pattern of target irradiated by an LIB. The target roughness (R,) was measured using
a surface profiler. Furthermore, the surface morphology of the ten LIB irradiated Al target
observed by a scanning electron microscope (SEM) operated at acceleration voltage of 5.0 kV.
The produced thin film was observed by an optical microscope.

II. Experimental results

(5) A
The same Al target was used.

[lI-1. Relation between surface roughness of target and number of LIB irradiation

Figure 3 shows the relation between
surface roughness of target and the
number of LIB irradiation. From this
result, in the case of Al target, the
surface roughness of the Al target
increased linearly with increasing the
number of shots. In the case of Ag
target, the surface roughness of Ag
target increased with increasing the
number of shot until 4th shot. However,
after 5th LIB irradiation, the surface
roughness of Ag target saturated about
Ra = 5 um. Moreover, in the case of Ti
target, the surface roughness of Ti
target after Sth LIB irradiation also
saturated about R,= 2 pum.

Surface roughness of target, R, [pm]
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[-2. Relation between decrease in
target mass and number of LIB
irradiation

Figure 4 shows the relation between
the decrease in target mass and the
number of LIB irradiation. In the case
of Al target, the decrease in Al target
mass increased linearly with increasing
the number of shots. In the case of Ag
target, the decrease in Ag target mass
increased with increasing the number
of shot until 4th shot. However, after
5th LIB irradiation, the decrease in Ag
target mass saturated (~ 26 mg). In the
case of Ti target, the decrease in Ti
target mass was constant (~ 8 mg).

IM-3. Relation between decrease in
target mass and surface roughness
of target

From the both results of Figs. 3 and
4, the decrease in target mass was
plotted as a function of the surface
roughness of the target as in Fig. 5.
From Fig. 5, in the case of Al and Ag,
the decrease in target mass on one shot
increased  with  increasing  the
roughness of target (R.). On the other
hand, in the case of Ti target, the
above-mentioned phenomenon was
not observed.

[I-4. Relation between amount of
droplet and surface roughness of
target

Figure 6 shows optical micrographs

w
o

N
o

10

Decrease in target mass [mg]

Number of shots

Fig. 4 Decrease in target mass as a function
of number of LIB irradiations.

Decrease in target mass [mg]

Surface roughness of target, R, [um]

Fig. 5 Decrease in target mass as a function of
surface roughness of the target.

on thin films with 1st, 5th and 10th LIB irradiation. From the observation, the huge droplets
were observed on the Al thin film. In addition, the number of huge droplets increased with
increasing the number of LIB shots. In the case of Ag thin films, the droplet size was smaller
than that on the Al thin films. In addition, the number of small droplets increased with
increasing the number of LIB shots. In the case of Ti thin film, the droplet was not almost

observed.

Moreover, occupied areas of droplets on the Al thin films are shown in Fig. 7. From Fig. 7,
in the case of Al thin films, the amount of droplet increased with increasing the number of

LIB shots.
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Fig. 7 Occupied areas of droplets on the
Al thin films as a function of number of
shots..

Occupied area of droplets

[I[-S. Surface morphology of the target

Figure 8 shows optical micrographs of Al target surface (a) before, (b) after one, (c) after
two and (d) after ten shots of LIB irradiations. As in Fig. 8 (a) the scratches that were
produced by polishing as pretreatment was observed. In Fig. 8 (b) the scratches were
disappeared and the surface of Al target were wrinkled by an LIB irradiated. In Fig. 8 (c)
projections spherical objects appeared. In Fig. 8 (d) the projection of surface became bigger,
the spherical objects was seen more clearly. An enlarged optical micrograph of one of the
spherical objects is shown in Fig. 9.

A scanning electron micrograph of the spherical objects is shown in Fig. 10. Many

73




spherical objects exist. Enlarged scanning electron micrograph of this spherical object is
shown in Fig. 11. The diameter of the spherical object is about 70 1 m and there are horizontal

stripes in the lower half of the spherical object. As shown in Fig. 6, the diameter of droplets
on the Al thin film which was prepared at the tenth LIB irradiation was about 10 -50 um.

100pm 100pm 100pm 100pm
(a) before shot  (b) after 1shot (c) after 2shots (d) after 10shots

Fig. 8 Surface morphology of Al target (a) before, (b) after one,
(c)after two and (d) after ten LIB irradiations.

- 9

100pm
Fig. 9 Spherical projeption on Al Fig. 10 A scanning electron micrograph of
target after ten LIB irradiations. many spherical objects on Al target after

ten LIB irradiations.

10-1,-1-111
Fig. 11 A scanning electron micrograph

of the spherical object on Al target after
ten LIB irradiations.
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IV. Discussion
IV-1. Al droplet generation model

From the above experimental results,
the droplet generation mechanism with the
Al target was considered.

A model is proposed as shown in Fig.
12. (1) LIB irradiated the Al target. The
ion penetrates the target to the depth of the
range (14.4 um) while losing its energy. At
the bottom of the range, the ion delivers
most of the energy. (2) The energy that the
target received is converted into heat. By
this heat, the target surface layer melts,

Fig. 12 A model of the droplet generating process
on the thin film prepared by IBE. (1) LIB

boils and generates plasma. The plasma is irradiation on a ftarget, (2) melting and
generated from the bottom of the range so evaporating the target, (3) application of recoil
that most of the energy 18 given to the from the ablation plasma, (4) splashing of the

bottom of the range. (3) When this plasma liguid surface, (5) formation of liquid drops and

- (6) cooling of the target to form spherical objects
ablates from the bottom of the range in the o the farget,
target, the melting surface layer is waved.
(4) The tip of the wave becomes spherical by surface tension of liquid Al. (5) LIB irradiates
again. The ablation plasma is generated from the bottom of the range again. Some spherical
objects leave the surface together with the ablation plasma, and become droplets. (6) The
objects which are not able to leave the surface solidify, and become spherical objections,
which are observed by scanning electron micrograph of target surface after LIB irradiation.

IV-2. The validity of this model

In the former section, a droplet
generation model on Al thin films
prepared by IBE method was proposed.
In this section, this model was applied to
explain droplet formation process in the
preparation of Ag and Ti thin films by
IBE method.

According to the above model, when
LIB is irradiated onto the target, the

surface layer of the target melts, melting Al Ag

layer is waved, the tip of the wave

becomes spherical by surface tension, Fig. 13 A model of the melting layer on
and these spherical objects become target surface

droplets.

It is thought that amplitude of the wave and diameter of the spherical objects increase with
increasing the melting layer.

Then, thickness of the melting layer is estimated in the case of Al, Ag and Ti. First, melting
point of each material is compared (Ti : 1939 [K] > Ag : 1263 [K] > Al : 933 [K] ). Secondaly,
ion range of each material are compared (Al : 14.4 [um] > Ti : 10.4 [um] > Ag : 6.95 [um]).
Finally, thermal conductivity of each material are compared (Ag : 429 [W/mK] > Al : 237
[W/mK] > Ti: 21.9 [W/mK]).
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The range of proton in Al is the longest, while, the melting point of Al is the lowest.
Therefore, Al is easy to melt. It is thought that the melting layer of Al is the thickest. On the
other hand, the melting point of Ti is the highest and the thermal conductivity of Ti is the
lowest. Therefore, it is thought that the melting layer of Ti is the thinnest though the range of
Ti is bigger than the range of Ag.

As the result, order of the melting layer thickness is as follows, Al1>Ag>Ti. Therefore, the
order of size of droplets should follow the same order, too, as shown in Fig. 13.

From Fig. 6, it is known that the droplet of Al is the biggest, the droplet of Ag is smaller
than Al, and there are few droplets in the case of Ti. It was concluded that this model may be
proven by the above-mentioned consideration.

V. Concluding remarks

LIB irradiates on the three kind of targets (Al, Ag, and Ti) in order to elucidate droplet
generation mechanism in IBE method.
(1) In the case of Al and Ag, the decrease in the target mass increased with increasing the
surface roughness of the target. On the other hand, in the case of Ti, even if the target was
irradiated by LIB, the surface roughness does not change.
(2) In the case of Al, big droplets which are 10 -50 pum in size was generated. The number of
big droplets increased with increasing the LIB shot. In the case of Ag, the droplet generated
from Ag target was smaller than that generated from Al target. The number of small droplet
increased with increasing the LIB shot, too. In the case of Ti, the droplets were not generated.
(3) After LIB irradiation on the Al target, surface morphology was changed. When LIB was
irradiated, at first, the surface wrinkled. With increasing the number of LIB shot, the wrinkle
grew big, and the spherical projections were generated on the target. The size of spherical
projection was 70pum in diameter, it was almost the same size as droplets.
(4) Tt was thought that these spherical objections were the origin of droplets. The droplet
generation model was considered as follows. First, the target surface layer was melted by ion
beam irradiation. Second, the melting layer was waved. Third, spherical objects were formed
by surface tension of liquid. Fourth, some spherical objects leave the surface, and become
droplets. The objections which were not able to leave the surface were solidified, and were
left on the target surface.
(5) According to the above model, a high-amplitude wave should be formed when the melting
layer is thick, and spherical objection formed by surface tension should be big when the
amplitude of wave is large. The order of the melting layer thickness is as follows; Al>Ag>Ti.
Therefore, size of droplet should follow the same order, too, as shown in Fig. 13.
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ABSTRACT

Diesel flue gas in a chamber spatially isolated from electron-beam source has been treated
by pulsed, intense relativistic electron beam (IREB). The chamber is filled up with the
diesel flue gas, and is irradiated by IREB (2 MV, 2.6 kA, 95 ns (FWHM)). The diesel flue
gas is supplied from a diesel generator (3 kVA) with and without 1.3-kW load. When the
flue gas exhausted from the diesel generator without load is irradiated by firing 10 shots of
IREB, the concentration of NOx, SO2, and CO are decreased from 77, 14, and 770 ppm to 5,
11, and 690 ppm, respectively. It is found that ~ 96 % of NOx is removed by firing 10 shots
of IREB with the load of 1.3 kW in the diesel generator. The reduction of CO2 has not been
observed in this experiment.

L. Introduction

NOx (Nitrogen oxide; NO (nitric monoxide) and NO2 (nitric dioxide)) and SO2 (sulfur
dioxide) have induced acid rain that causes environmental problem in the earth such as
deforestation. To reduce the NOx and SOz in atmosphere, flue gas treatment by electron
beam has been attracting attention. Pulsed, intense relativistic electron beam (IREB), in
particular, is a promising candidate for the electron beam source of the gas treatment due to
the high current density and the long range. For example, the range of IREB at 2 MeV is
calculated to be ~ 9 m in atmosphere(!). Therefore, the IREB irradiation is able to apply to
- flue gas treatment in long chimney and tunnel.

In previous research, dry-N2/Oz2-balanced NOx gas mixture has been successfully treated
by the IREB irradiation within a long chamber and a chamber spatially isolated from electron
beam source(2:3). However, there is very little data on NOx and SO2 treatment by IREB
irradiation in diesel flue gas which contains a lot of components such as NOx, SOz, H20
(water vapor), HC (hydrocarbon), CO (carbon monoxide), and COz2 (carbon dioxide).

In this study, the diesel-flue-gas treatment within distant gas chamber spatially isolated
from the IREB source has been demonstrated. The diesel flue gas is supplied from a diesel
generator (3 kVA), and is irradiated by the IREB passing through a 1.6-m-long room air. In
the above-mentioned experiments, a pulsed-power generator, “ETIGO-II" is used for
generating the IREB.
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IL. Principle of flue gas treatment by electron beam

Figure 1 shows the process diagram of NOx and SOz treatment by electron beam(4). The
diesel flue gas generated by the combustion of light oil consists of principal species of N2
(nitrogen), O2 (oxygen), CO2, and H20, and a little dose of poisonous species such as CO,
NOx, and SO2. These species are ionized and dissociated by irradiation of the electron (e),
and then the free radicals (e.g. N, O, OH, HO2, and S) will be generated. The NOx and SO2
are resolved by the collision with the free radical species into N2 and O2. In this treatment
process, unfortunately, HNO3 (nitric acid) and H2SO4 (sulfuric acid) are produced as by-
products. If adding NH3 (ammonia) into the flue gas, HNO3 and H2SO4 are converted into
NH4NO3 (ammonium nitrate) and (NH4)2SO4 (ammonium sulfate) which can be used as a
chemical manure for agriculture.

Free radical generation
N2, O2, CO2, H20, CO, NOx, SO2 5> N, 0, OH, HO, S

¥

— Denitration and desulfurization —
NO,NO; N0 5 Ny, 02
OH, HO::2 HNO3

0, OH, HO2

¥

Production of chemical manure
HNO3, Ho804 N3 5 NH4NO3, (NH4)2503

SOz

> H2S04

Fig. 1 Process diagram of NOx and SO2 treatment by electron beam.

III. Experimental apparatus

Figure 2 shows the schematic diagram of pulsed-power generator, “ETIGO-II" ). It
consists of a Marx generator, a pulse forming line, and induction acceleration cells of four
stages. The output voltage of the pulse forming line is ~ 670 kV, which is fed to the four
acceleration cells through the transmission lines in parallel. Three amorphous-metallic
magnetic cores are installed in each cell, producing approximately 2 MV per cell (670 kVx3).
The electron beam with the energy up to 2 MeV is generated by an electron-beam diode set at
the first acceleration cell. The field-emission foilless diode with a hollow cathode is used to
generate the electron beam. The inner and outer diameters of the hollow cathode are 59.5
mm and 60 mm, respectively. This electron beam is accelerated by each acceleration cell,
and the maximum energy of the IREB increases up to ~ 8 MeV. In this study, the first
acceleration cell is used as an IREB source for the diesel-flue-gas treatment.
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Fig.2 Schematic diagram of Fig. 3 Cross-sectional view of flue gas
“ETIGO-II". treatment chamber.

Figure 3 shows the cross-sectional view of flue gas treatment chamber. It consists of an
electron-beam diode, window, drift chamber, bulkhead, gas chamber, external magnetic field,
gas mixer, and gas system. The gas chamber is made of a stainless-steel pipe with the
volume of ~ 1.1 £. After the gas chamber is evacuated to ~ 20 Pa by the rotary vacuum
pump, it is filled up with a diesel flue gas with the pressure of 200 kPa. The diesel flue gas
is supplied from a diesel generator (KDG3500E-BL, Komatsu Ltd.) with and without 1.3-kW
load. The IREB generated by “ETIGO-II" is injected into the gas chamber through not only
the window and bulkhead but also the 1.6-m-long drift chamber filled up with room air. The
window consists of a titanium foil with the thickness of 40 pm and a stainless-steel
honeycomb flange with the optical transparency of ~ 53 %. The IREB is guided by an
external, axial magnetic field (~ 0.5 T) through the drift chamber and gas chamber. At the
IREB energy of 2 MeV, the kinetic-energy loss of the electron through the titanium foil and
the 1.6-m-long room air are calculated to be ~ 26 keV and ~ 447 keV, respectively(!), where
the path length of the electron in the air is estimated to be 2.2 m because the trajectory of the
electron becomes helical in the axial magnetic field. The concentrations of NO, NO2, SOz,
CO, CO2, and O2 in the flue gas are measured by a controlled potential-electrolysis gas
analyzer (GSV-350M/XL, testo AG) after mixing up the gas mixture for 3 minutes.

IV. Results and Discussion
(a) Accelerating voltage and current of IREB

Figure 4 shows the typical time evolution of acceleration voltage of IREB (V) and IREB
current (I, and I;), where I, and I, are measured by a Faraday cup with a Rogowski coil
placed at the inlet of the drift chamber and the gas chamber, respectively. It is found that the
IREB propagates up to the gas chamber. At ¥, ~2 MV, however, we found that the peak
current of the IREB decreases form /i, ~ 2.6 kA to I; ~ 0.1 kA due to the kinetic-energy loss
and scattering of the electrons within the window, bulkhead, and air. It does not matter in
practical application, because part of current loss is effective for the flue gas treatment if the
drift chamber is also filled up with the flue gas. The pulse width of I, and I; are estimated to
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Tablel Composition of flue gas J ' J T LB T
generated by diesel generator. TS
on
Load of generator £ é
. 0a s
Species none 1.3 kW > N
NO 45 ppm 192 ppm
- 3
NO2 30 63 S,
A
SO2 14 ~ 6 g5 < 1
O™~
CO 770 401 -~ 0
CO2 1.5 % 29 % .
02 185 » 160 - §_§
=
O™~
| 3 1 ) }

0 100 200 300

be ~ 95 and ~ 65 ns (FWHM), .

. e Time, ¢ (ns)
respectively. It indicates that the
electrons, which have the kinetic Fig.4 Time evolution of IREB
energy less than the energy loss in the : acceleration voltage V3 (a), IREB current
window, bulkhead, and 1.6-m-long air at drift chamber 4, (b), and IREB current

may not arrive in the gas chamber. at gas chamber /¢ (c).

(b) Composition of flue gas generated by diesel generator

Table I summarizes the composition of flue gas generated by the diesel generator with and
without 1.3-kW load. It is found that the concentrations of NO and NO: increase with
connecting the load to the diesel generator. Since the number of revolution of diesel engine
will be increased by connecting the load, the temperature in the combustion chamber of the
diesel engine rises. It induces to activate the chemical reactions of NOx generation such as
N2 + O2 — 2NO and 2NO + O2 — NOa.

(c) Treatment of diesel flue gas by IREB irradiation

Figure 5 shows the concentrations of NOx (sum of NO and NO2), SO2, CO, and COz in the
diesel flue gas as a function of number of IREB irradiation in cases without and with the 1.3-
kW load of the diesel generator. It is found that the concentrations of NOx are successfully
reduced by irradiating the IREB regardless of the load of the diesel generator. We also
found that ~ 94 and ~ 96 % of NOx are treated by firing 10 shots of the IREB irradiation in
cases with and without the 1.3-kW load of the diesel generator, respectively. Although
concentration of SO2 decreases from 14 to 11 ppm by firing 10 shots of IREB irradiation in
case without the load, the SO2 is not treated by the IREB irradiation in case with the 1.3-kW
load. The detailed discussion of this characteristic is found later (see Chap. IV (d)). We
can not recognize the treatments of CO and CO2 in our experimental conditions except for the
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Fig. 6 Concentration of SO2 as a
function of number of IREB shot at
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simulated flue gas (0). (a) o= 100
ppm, (b) o= 50 ppm, (c) o= 10 ppm.

CO treatment in case without the
load of the diesel generator.

(d) Characteristics of SO2 treat-
ment by IREB irradiation
The SO2 is not treated by the
IREB irradiation in case with the
1.3-kW load of the diesel generator.
The characteristics of SO2 treatment
seem to depend on the composition
of the flue gas. Therefore, the
characteristics of SO2 treatment are
investigated by wusing various

simulated flue gases having the initial SO2 concentrations of o = 10, 50, and 100 ppm. The
simulated flue gases are the dry-N2/Oz-balanced SO2 gas mixture with the composition of N2:
02 = 8:2, and are made by the commercial cylinder gases which have no impurities.

Figure 6 shows the concentration of SO2 as a function of number of the IREB shot at

various initial SO2 concentrations of simulated flue gas.

It is found that the concentration of

SOz2 decreases with every shot of the IREB irradiation at o= 100 and 50 ppm. At o= 10
ppm, on the other hand, the concentration of SO2 does not decrease in spite of irradiating the
IREB. These results prove that the characteristics of SO2 treatment by the IREB irradiation
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depend strongly on the initial concentration of SO2 in the diesel flue gas.

(e) Characteristics of NOx treatment in diesel flue gas by IREB irradiation
It is found form Fig. 5 that the concentration of

NOx decreases dramatically at the first two shots Tablell  Composition of sim-

of IREB irradiation, and then that decreases ulated flue gas.

slightly as the number of IREB shot increases. It

is known that OH (hydroxyl radical) is efficient to Gas 4 Gas B
treat the NOx. Here, OH is generated by the NO 44 ppm 180 ppm
collision between electron and H20 molecule NO2 35 63 -~
which is contained within the diesel flue gas(6). SO, 14 » 6
Table 1l shows the typical reaction rate constant of co 260 400

NOx treatment in diesel flue gas. It is found that

the reactions concerned with OH, Reaction (1) CO2 15 % 29 %

and (2), have a high rate constant in comparison O2 185 % 160 %
with the other reactions. The rate constants of N> balanced
i -1 -
Reaction (1) and (2) are of the order of 10 H,0 insignificant
10-10 cm3/s. To confirm the effects of OH (i.e.
HC none

H20) for the sudden NOx reduction at the first

Table I Typical reaction rate constant of NOx treatment in diesel flue gas.

Rate constant

Reaction k (cm3/s) Ref.
(1) OH + NO — HNO2 1.2x10°11 7
(2) OH+NO2+N2— HNO3 + N2 1.3x10-10 8 x
(3) NO+NO2+N2— N203 + N2 1.5x10°14 9 x
“4) O+NO—02+N 5.3x10-14 10
S)) N+NO—N2+0 1.9x10-11 11
6) 03 +NO2 — 02 +NO3 3.5x10°17 12
(7)  H20 +NO +NO2 — 2HNO2 2.2x10-20 13 =

* Since it is three-body reaction, the unit of the rate constant is reduced to two-body
reaction where the number density of the third body is assumed to be 4.9x101?
particles/cm3 (200 kPa, 293 K).
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two shots of IREB irradiation, the characteristics of NOx treatment are investigated by using
various simulated flue gases which have the insignificant amount of H20. The compositions
of simulated flue gas are summarized in Table . Here, Gas 4 and Gas B are simulated as
the diesel flue gases with and without 1.3-kW load of the diesel generator, respectively. The
simulated flue gases are the dry-N2-balanced gas mixture, and are made by the commercial
cylinder gases which have no impurities.

Figure 7 shows the concentrations of NOx as a function of number of the IREB shot on the
simulated gases (Gas A and Gas B) having the insignificant amount of H20, where the results
for the diesel flue gas are also plotted. It is found that the quantities of NOx reduction (¢) in
the diesel flue gas are larger in comparison with those in the simulated gas at the first two
shots of IREB. In the diesel flue gas in case with the 1.3-kW load, in particular, £ becomes
twice in comparison with that in Gas B. It becomes clear from these experimental results
and the theoretical knowledge on the rate constants mentioned above that the sudden
reduction of NOx at the first two shots of the IREB irradiation is caused by the effect of H20.
Since the H20 in the diesel flue gas is consumed in the first two shots of the IREB irradiation,

Simulated gas (w/o H,0 Diesel flue gas
) | 1 ¥ i 1 ) 1 T 1 I 1
100F (a) GasAT without load ]
e I :
. 50 45 ppm 4 51 ppm i
g
gt o LVt ~
= ooO© Vv
§ Oy
§ | 1 I I 1 1 ] L] ¥ I i I
g 300F ) GasBT 1.3-kW load |
° B R ——. - + V¥--oomoeeee- - 1
% 200j ° ._}_18 ppm “ 164 ppm
100} ® ® T v v- v ‘
! i V v |
0-.-.l. ---- l..-..i ..... I-‘....l ----- I--.---..; ..... I-.--‘; ..... I.---'-I ..... l-'.-

0 1 2 3 4 5 0 1 2 3 4 5
Number of IREB shots
Fig. 7 Concentrations of NOx as a function of number of IREB shot on
simulated gases Gas 4 (a) and Gas B (b). Comparison between

simulated gas (without H20) and diesel flue gas in cases without and
with 1.3-kW load of diesel generator.
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the concentration of NOx tends to decrease slightly as the number of IREB shot increases
after the third shot of the IREB irradiation.

V. Conclusions
Conclusions obtained from the studies of the treatment of diesel flue gas by the IREB

irradiation can be summarized as follows.

(1) The poisonous species (NOx, SO2, and CO) in the flue gas generated by the diesel
generator have been successfully treated by the IREB irradiation (2 MV, 2.6 kA, 95 ns
(FWHM)) at the chamber 1.6-m isolated from the IREB source. We have obtained that
94-96 % of NOx is removed by firing 10 shots of the IREB.

(2) The characteristics of SOz treatment by the IREB irradiation depend strongly on the initial
concentration of SOz in the diesel flue gas.

(3) The sudden reduction of NOx at the first two shots of the IREB irradiation is caused by the
effect of H20 in the diesel flue gas.
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ABSTRACT

An Inertial Electrostatic Confinement Fusion (IECF) device is a compact fusion neutron/proton
source with an extremely simple configuration, and a project using IECF neutron source for landmine
detection is ongoing now. In this paper, a new power system taken a pulse forming into account
is suggested, and a number of fundamental discharge characteristics of pulsed IECF operation was
yielded up using the fabricated power supply system. The validity of this new system was proved,
and the neutron production rate has increased to 1.25 x 10® n/s at 48.3 kV and 6.2 A of short-pulse
operation, and a prospect of success to achieve > 10® n/s, which is required for landmine detection,
was cleared up.

I. Introduction

Inertial Electrostatic Confinement Fusion (IECF) is a scheme to confine ions electrostatically with
two spherical electrodes. Ions are accelerated toward the origin with sufficient energy to cause fusion
reactions, and recirculate inside the anode through a highly transparent grid cathode (see Fig. 1).
Because of such a simple configuration and compactness of the device, IECF is expected to be a safe,
portable, and well controllable neutron source as a near-term application.

Grid Cathode Anode

Figure 1: Principle of Inertial Electrostatic Confinement Fusion

Now, a project, which is making use of IECF neutron source on landmine detection, is ongoing
in cooperation with other institutes. It is one of the projects for developing humanitarian demining
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technologies supported by Japan Science and Technology Agency. In this project, our research group,
Tokyo Tech., in charge of developing a high voltage pulse and DC power supply system for IECF
neutron source. Hence the object of this work is to develop such a power supply system where pulse
forming is taken into account, and to reveal the characteristics of pulsed IECF operation using the
fabricated system are focused on this paper.

I.A. Principle of Landmine Detection using Neutron

It is possible to detect landmines by taking advantage of back-scattering reaction and/or neutron
capture reaction on hydrogen and nitrogen in the explosives of landmines (see Fig. 2).

y-ray Detector D-D Neutron Source Neutron Detector
Neutron Captured el Back Scattered

y-ray Neutron

/ Neutron
, Ground

Figure 2: Principle of Landmine Detection using Neutron [1]

The existence of landmines are determined via detecting the back scattered neutron on the hydrogen
because landmines are rich in hydrogen. Also, the kind of explosives can be identified by detecting
neutron-capture 7-ray on hydrogen and nitrogen, and analyzing the ratio of them because the atomic
ratio of explosives is fixed (see Table 1).

Table 1: Atomic Ratio of Major Explosives

Atom
explosive H|C I N ] (0]
TNT SNNSTEN3 6
Pentrite 8 (5|4 112
Hexogen 2 5 2 =D
Ammonium nitrite | 4 | — | 2 | 3

In addition to determining the existence and identifying landmines, it is also possible to know how
deep the landmines are buried by using pulsed neutron flux. While the cross section of neutron capture
reaction is larger for thermal neutron, the time when the thermal neutron flux reaches a peak depends
on the depth where the landmines are. Hence, the depth is estimated by measuring the time evolution
of the neutron-capture 7-ray or back scattered neutron.
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II. Experimental Setup

Figure 3 shows an experimental setup of this work. A spherical gridded cathode and a mesh-type
spherical anode, which diameters are 70 mm and 300 mm, respectively, are set in the center of a
cylindrical vacuum chamber which diameter is 450 mm and is 300 mm high. It is connected to a
power supply system through a 30-m coaxial cable. The power supply system is composed of a CVCC
power supply, a storage capacitor, four ballast resisters, and two high voltage semiconductor switches
(SSW1 and 2). A high voltage pulse is applied to the cathode by discharging the storage capacitor
via SSW1.

Grid Cathode Cylindrical Vacuum
70 mm ¢ Chamber

Mesh Anode
300 mm ¢

Conductor

Coaxial Cable: 20D-2V
(50 £2, 100 pF/m, 30 m)

Semiconductor Semiconductor
Switch 1 (SSW1) Switch 2 (SSW2)
65kV,30 A 65kV,30 A

2kR

Figure 3: Schematic of an IECF device

In the former power supply system which consists of just one SSW, however, an afterglow shows
up as the SSW turns off because the coaxial cable, which connects the chamber and power supply
system, discharges through the cathode. Then another semiconductor switch (SSW2) was added
to a new power supply system to degrade such an afterglow and to generate rectangular discharge
waveforms. As the SSW2 turns on when the SSW1 turns off, the coaxial cable discharges through
SSW2 and an afterglow is to be degraded.
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I11.
II1I.A. Evaluation of Power S

Results and Discussion

upply System

Validity of a suggested power supply system was evaluated by way of comparing the current and
voltage waveforms of each system. Figures 4 and 5 show the waveforms of discharge current and
cathode voltage for hydrogen discharge at 14.0 mTorr. Charging voltage of the capacitor is 20.0 kV.

: S
R w/o SSW2 o
< I = with SSW?2 2 0
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Time [ps] Time [us]
Figure 4: Comparison of Discharge Current Figure 5: Comparison of Cathode Voltage
Waveform Waveform

By the improvement of the power supply system, both discharge current and cathode voltage fall
down faster as the SSW1 turns off. Comparing the fall time in discharge current, it is shortened from
46.2 ps to 10.0 us. Hence, the validity of the power supply system was confirmed.

III.B. Discharge Characteris

tics of Pulsed IECF

Figure 6 shows the -V characteristic in pulsed operation of IECF Device. Peak current increases
with square of peak voltage and gas pressure. While a plasma produced in DC discharge of the IECF

10
® :12.5 mTorr
" 2 :12.0 mTorr
8% :11.5mTorr
< | ¥ :11.0mTorr
e ¢ :10.5 mTorr
g 6F x :10.0 mTorr
g L ® :09.5 mTorr
35 4_‘ : 09.0 mTorr
§ r ® &
Q_‘ ®
2 ° A
L A
‘// 7 [TV VT R ] 0T T CL N 0] D DU TN R v PRl 1T T ST L
%O 25 30 35 40 45 50 55 60
Peak Voltage [kV]

Figure 6: I-V Characteristic
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device belongs almost to a normal glow region [2], that in pulsed discharge is found to belong to an
abnormal glow region because the relation between the current and voltage in an abnormal glow region
is expressed as
v 2l (1)
Po
where Vi is a voltage drop in the vicinity of the cathode, Vp and K are specific constants determined
by the kind of gas, j is a current density, and pg is a gas pressure.

Figures 7 and 8 show the dependence of delay time and rise time of discharge current on discharge
conditions where delay time is the time needed the current starts flowing and rise time, respectively.
Both delay time and rise time shortens as the peak voltage and gas pressure increase. In general,
spark-forming-delay time, t¢, shortens as the overvoltage rate, AV (= (Vp — V;)/V;), increases, where
Vp is a peak voltage of the pulse, and V; is a static breakdown voltage. Increase of the gas pressure
corresponds to the decrease of the static breakdown voltage because the low pressure plasma produced
by IECF device belongs to the left side of the Paschen’s curve. Hence, overvoltage rate increases with
peak voltage and gas pressure, then spark—forming delay time decreases and discahrge current rises
faster. Also, it is found that the higher charging voltage is, the more stable pulsed discharges are.
This is because that variance of stochastic-spark-delay time, t,, is small in case that an overvoltage
rate is large.
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Figure 7: Dependence of Delay Time on Dis- Figure 8: Dependence of Rise Time on Dis-
charge Condition charge Condition

III.C. Neutron Production

Figure 9 shows current dependence of neutron production rate at constant voltage. Neutron pro-
duction rate is proportional to I°8 ~ I3 Figure 10 shows voltage dependence of neutron production
rate at constant current. Neutron production rate increases with oppv, where opp is the cross section
for D-D fusion reaction and v is ion velocity, in case that the ion energy is assumed to correspond to

applied cathode voltage. These dependences are reasonable because fusion reaction rate, R, is denoted
as

=gt < o >V (2)

where n, and n, is a number density of particle a and b, respectively, o is a fusion cross section, v is an
ion velocity, and V' is a volume. If flowing ions collide and fuse each other, which is called Beam-Beam
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reaction, fusion reaction rate, R, is proportional to the square of the current because the current is
proportional to the number density in eq. (2). Also, if a flowing ion collides a cold neutral, which is
called Beam-Background reaction, fusion reaction rate is proportional to the current. Hence, Beam—
Background reaction seems to be dominant rather than Beam-Beam reaction in our IEC device from
Fig. 9. Also, current and voltage dependences enable to optimize the discharge condition in pulsed
operation.
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Figure 9: Current Dependence of Neutron Pro-

. Figure 10: Voltage Dependence of Neutron
duction Rate

Production Rate

Pulse width dependence of neutron production rate was measured changing pulse width at a constant
discharge condition, then time dependence of neutron production rate was calculated shown in Fig.
11. It indicates that neutron production rate is the highest at the time when discharge current reaches
its peak. One of the reasons is that both current and voltage reaches their peak at a moment the
current rises. Also, it implies that shorter pulse which is turned off as the current reaches its peak,
is more effective. Then short-pulse operation, where pulse width is 10 ~ 20 us, was carried out, and
the result is shown in Fig. 12. Neutron production rate is higher than that in long-pulse one shown
in Fig. 10. A maximum rate of 1.25 x 108 n/s was obtained at 6.2 A of peak current and 48.3 kV of
peak voltage.
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Figure 11: Time Dependence of Neutron Pro- Figure 12: Neutron Production Rate in

duction Rate Short-Pulse Operation

Discharge condition dependences of neutron production rate in pulsed operation are compared with
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those in DC operation, and are shown in Figs. 13 and 14. ”Pulse(a)”, ”Pulse(b)”, and "DC” in
figures mean the results on this experiment, those on previous pulsed operation by our group, and
those on DC operation, respectively. Figures 13 and 14 indicate that voltage and current dependence
of neutron production rate in pulsed operation are almost consistent with that in high current region
which is predicted by that in DC operation.
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Figure 13: Comparison of Current Dependence Figure 14: Comparison of Voltage Dependence
of Neutron Production Rate between Pulse of Neutron Production Rate between Pulse
and DC and DC

IV. Conclusions

It was confirmed that the suggested new power supply system for pulsed IECF operation was
effective by way of comparing the pulse waveforms. Then fundamental discharge characteristics of
pulsed IECF operation, such as -V characteristics, discharge condition dependence of current rising,
were yielded up. From the measurements of neutron production rate, it was found that the neutron
production rate increases with I%® ~ I3 and with oppv. From the measurement of time evolution
of neutron production rate, it was found that the rate was the highest at the time the current rises
and reaches its peak. Then a maximum rate of 1.25 x 10® n/s was obtained in short-pulse operation.
From a comparison between pulsed and DC operation, it was cleared out that current and voltage
dependence of neutron production rate were almost the same.
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ABSTRACT

Until now, without mask control by intense, pulsed ion-beam evaporation (IBE) method,
the compositionally gradient thin films have been successfully prepared by irradiating
an ion beam on two plates with different compositions. This investigation was carried
out to explain the deposition process of ablation plasma emitted from Cu and W plates,
and to reduce the compositional gradient (a) of the compositionally gradient Si-Ge thin
films. From the results of high-speed photographs and Rutherford backscattering
spectroscopy (RBS), the ablation plasma emitted from the Cu plate was clarified to
reach to the substrate before that of the W plate. Additionally, to optimize the
experimental conditions, a of the compositionally gradient Si-Ge thin films reduced

from 6.4 to 0.8 at. %/mm.
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I. INTRODUCTION

In recent years, functional thin films as semiconductive, fluorescent and magnetic
materials have been used in wide area. The functional thin films, which consist of many
elements, have been known to indicate excellent properties. To discover novel
electronic, optical and magnetic properties, it is necessary to optimize the composition
of thin films with many elements. Combinatorial methods, by which the optimization
of the composition can be achieved more efficiently and systematically, have become of
major interest lately.

In the combinatorial methods, to utilize pulsed laser deposition or sputtering,
compositionally gradient thin films have been prepared on substrates by controlling
masks that are located between targets and the substrates.'” However, these methods
have several problems that an experimental apparatus is expensive, and the system of
the apparatus is very lcomplicated.

Without the mask control by intense, pulsed ion-beam evaporation (IBE) method,
we have successfully synthesized compositionally gradient Si-Ge thin films,>* in which
the ratio of Si atoms for Ge ones changed from 0 to 100 % on substrates. The thin films
were obtained to simultaneously irradiate an ion beam on Si and Ge plates, which have
melting point (Z1) as 1414 and 938 “C, respectively. In contrast, the deposition process
of ablation plasma emitted from two plates has not been clarified until now. However,
it is very important to elucidate such process, since we are quite possible to synthesize
compositionally gradient thin films with two plates having the larger difference in Tt

Additionally, the compositional gradient (@) of the compositionally gradient Si-Ge
thin film has been reported to be large value as 6.4 at. %/mm.> When the phases in the

thin films are identified by X-ray diffraction (XRD), the irradiation area of X-ray is
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approximately 6 mm under the conditions as divergence angle of 0.5 °, diffraction angle
of 30 “and goniometer radius of 185 mm. In the compositionally gradient Si-Ge thin
film with a = 6.4 at. %/mm, the composition differs approximately 38 at. % at the
irradiation area of X-ray. Therefore, to clarify each phase in the compositionally
gradient Si-Ge thin films, it is necessary to reduce a in such thin films.

Therefore, this investigation was undertaken for (1) the explanation of the
deposition process of ablation plasma emitted from two plates, and (2) the reduction in
a of the compositionally gradient Si-Ge thin films. For the former purpose, to elucidate
the influence induced by the difference in Ty,, Cu and W plates, which the difference in

T was very large value as approximately 2300 "C, were used as target.

Il. EXPERIMENTAL SETUP

Figure 1 shows schematic illustration of the experimental setup of the IBE system.
An intense pulsed ion beam was extracted from a magnetically-insulated diode, which
was connected to a pulse power generator “ETIGO-II”. A polyethylene flashboard was
attached to an anode as an ion source. The high voltage of 1 MV (peak) was applied
between the anode and cathode with the pulse width of approximately 50 ns. To
prevent a current of electrons between the anode and cathode, the transverse magnetic
field of approximately 1 T was generated by the cathode as a theta-pinch coil. The ions,
which were produced by flashover of polyethylene flashboard, were mainly composed
of protons (more than 85 %) and some carbon ions. The ion beam passed through the
cathode with vane structure, and was geometrically focused on a target. When one of
the targets was set at the distance (dat) of 180 or 230 mm from the anode, the energy

density (Eq) of the ion beam on the targets was approximately 80 or 10 J/cm?

95




respectively. Ablation plasma induced by the ion beam irradiation was deposited on

substrates that were kept at RT in a vacuum of 1x 102 Pa.

/o) M
/ Cathode
Substrate ;

Diode chamber
Deposition chamber

FIG. 1 Schematic illustration of the experimental setup of the IBE system.

For the preparation of thin films, Cu, W, Si and Ge plates were used as targets, as
could be seen in Fig. 2 (a) and (b). In Fig. 2 (a), using the Cu and W plates as the target,
the thin film was prepared on single crystal Si substrate. Furthermore, the incident
angle (6) of the ion beam and the distance (drs) between the target and substrate were
30 “ and 70 mm, respectively. A high-speed camera (Ultra NAC FS501) was used to
record the deposition process of ablation plasma emitted from the Cu and W plates, and
the photographs were taken under the conditions as the photographing interval of 3 ps

and the exposure time of 50 ns. In addition, the time after camera operating was defined
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as t. In Fig. 2 (b), to irradiate the ion beam on the Si and Ge plates, the compositionally
gradient Si-Ge thin film was prepared on a stainless steel (SUS304) substrate under the

conditions as # =40 " and drs = 120 mm. Experimental conditions are listed in Table I.

Substrate +r Substrate

Target A Target

lon beam

lon beam

(a) Cu and W plates (b) Si and Ge plates

FIG. 2 Schematic illustration of configuration of target and substrate. Cu and W plates
are used as target in Fig. 2 (a). In contrast, in Fig. 2 (b), the target is comprised

of Si and Ge plates.

A Rutherford backscattering spectroscope (RBS) was applied to measure the

composition of the thin film, which was prepared by using the Cu and W plates. The
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composition of the compositionally gradient Si-Ge thin film was determined by an
energy dispersive X-ray spectroscope (EDS). The EDS was equipped with a scanning
electron microscope (SEM), which was operated at the acceleration voltage of 10 kV.
By this voltage, the incident depth of electrons corresponded to the thickness
(approximately 300 nm) of the compositionally gradient Si-Ge thin film. Thus, the
intensity of X-ray from the substrate was almost same as that of the background of EDS
spectra. Moreover, the composition of the thin films was determined by ®(p, z) method

using a Cliff-Lorimer factor,5 which was obtained from the spectrum of a standard Si-50

at. % Ge bulk.

Table I Experimental conditions

Main component of ion beam H'

Energy density (Eq) 10, 80 J/cm®

Targets Cu, W, Si and Ge plates
Substrates Si, SUS304

Distance from anode to target (dat) 180, 230 mm

Distance from target to substrate (ds) 70, 120 mm

Incident angle of ion beam for target (6) 30,40 °

Number of shot 1 shot

Substrate temperature RT

Pressure 1x107 Pa
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lll. RESULTS AND DISCUSSION
A. Preparation of thin film with Cu and W plates

Figure 3 shows high-speed photographs of ablation plasma emitted from composite
target that Cu and W plates are placed at the interval of 0.5 mm. The ablation plasma,
which appeared 7 = 3 pus after camera operating, reached to the substrate at t =6 ps. In ¢
ranging from 6 to 30 us, dark and light stripes were observed in the photographs of the
ablation plasma. This result was induced by the difference in Ty of approximately
2300 °C between the Cu and W plates. In our previous works, when ion beam was
simultaneously irradiated on two plates, the ablation plasma was firstly emitted from a
plate having lower melting point.® Therefore, in Fig. 3, the ablation plasma emitted
from the Cu plate is conjectured to reach to the substrate before that of the W plate.

Figure 4 shows depth profile of composition of thin film that is prepared by
irradiating ion beam on Cu and W plates. The thin film was found to consist of W, Cu
and O atoms. The O atoms in the thin film are probably incorporated the residual
oxygen in the deposition chamber. In Fig. 4, the Cu content in the thin film increased
with increasing in depth from thin film surface to Si substrate surface. Thus, in the
early stage of deposition, a greater part of ablation plasma could be provided from the
Cu plate. Additionally, when it is integrated along the lines attributed to Cu and W in
Fig. 4, the integral value of Cu is larger than that of W. Accordingly, the ablation

plasma of larger amount was emitted from the Cu plate than from the W one.

99




Substrate

6 us 12 us

15 ps 18 ps 21 us

24 us 27 us 30 us

FIG. 3 High-speed photographs of ablation plasma emitted from composite target that

Cu and W plates are placed at the interval of 0.5 mm.
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FIG. 4 Depth profile of composition of thin film that is prepared by irradiating ion

beam on Cu and W plates.

From the results of Figs. 3 and 4, using two plates, the thin film, which contained
the component of each plate, was synthesized for the irradiation of ion beam at once.
This fact indicated that a compositionally gradient thin film can be prepared by the IBE
method. Until now, although the compositionally gradient Si-Ge thin films were
prepared by using Si and Ge plates, one of the thin films showed large values as a = 6.4
at. %/mm.> The result was considered due to that it is difficult to control the amount of
ablation plasma emitted from each plates. Therefore, we proposed the configuration of
the Si and Ge plates as could be seen in Fig. 2 (b), since the ion beam is quite possible

to be uniformity irradiated on each plate.*
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B. Preparation of compositionally gradient thin film with Si and Ge plates
Figure 5 shows substrate position (r) dependence of the composition of thin film
that is prepared by irradiating ion beam on Si and Ge plates. As a result, since the ratio
of Si atoms for Ge ones changed continuously in » ranging from 0 to 80 mm, the
compositionally gradient Si-Ge thin film was confirmed to be prepared for the
irradiation of ion beam at once. Additionally, in Fig. 5, the Si content in the thin film
changed from 0 to 70 at. % on a substrate, and the compositionally gradient Si-Ge thin
film was observed to have low value as a = 0.8 at. %/mm. Therefore, in the XRD
measurement of the thin film, the difference in composition is approximately 5 at. % at
the irradiation area of X-ray. This value was found to become an eighth of that of the

previous work.?
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FIG. 5 r dependence of the composition of thin film that is prepared by irradiating ion

beam on Si and Ge plates.
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IV. CONCLUSIONS
From these experimental results, we have obtained the following conclusions:

(1) Using the IBE method, it is undertaken for the explanation of the deposition process
of ablation plasma emitted from Cu and W plates. As a result, in ¢ ranging from 6
to 30 us, dark and light stripes are observed in the photographs of the ablation
plasma. This result is induced by the difference in T}, of approximately 2300 C
between the Cu and W plates.

(2) The thin film, which is prepared by irradiating ion beam on Cu and W plates,
consists of W, Cu and O atoms.

(3) The ablation plasma emitted from Cu plate reaches to the substrate before that of W
plate. Additionally, the ablation plasma of larger amount is emitted from Cu plate
than from W one.

(4) Without mask control, the compositionally gradient Si-Ge thin film is synthesized
for irradiation of ion beam on Si and Ge plates. The compositionally gradient Si-Ge

thin film has low value as a = 0.8 at. %/mm.
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ABSTRACT

Generation of microwave pulse with frequency of 5 GHz, output power of 100 MW and
duration of 5 ns was demonstrated using an intense relativistic electron beam with current
of 5 kA, energy of 550 keV and duration of 12 ns, passing through cylindrical corrugated
structure. The illumination of fluorescent tubes showed structured pattern corresponding
to the excitation of TMy; mode. These results were compared with the results of PIC
simulation. The simulation suggested that the output power of the radiated microwave
was sensitively affected by energy and current waveforms of the beam. The radiation
mechanism of the microwave was supposed to come from the superradiance. Preliminary
experiments were carried out to transform the waveforms using a coaxial cavity and a
cavity with large radius for enhancement of the microwave radiation.

1 Introduction

Intense pulses of electromagnetic radiation are required for applications in nuclear
fusion, particle accelerators, radars, etc. Nearly continuous power output of ~1 MW is
achieved by Gyrotron. On the other hands, the microwave devices with output power
over 1IGW are still in an experimental stage. Usually, the devices with output power
of over 1 GW employ the conventional mechanisms for microwave radiation, which are
applied to the low power devices. An intense pulsed electron beam with duration of less
than 500 ns is used as an energy source. Because of strong electric field of the radi-
ated microwave, the breakdown limits the microwave duration less than 100 ns, and the
radiation efficiency decreased dramatically. Stimulated emission from extended electron
bunches - superradiance (SR) [1] can be considered as effective method of generation ul-
tra short intense electromagnetic pulses with output power over 1 GW. Different types
of SR emission (bremsstrahlung, Cherenkov, cyclotron) were studied theoretically and
were observed experimentally [2-4]. The most effective generation of SR pulses at Ka and
X bands was obtained using Cherenkov mechanism for short electron beam moving in
corrugated waveguide. It should be noted that increasing operating wavelength leads to
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increasing of the electron pulse total duration, which can be involved in formation of a
single SR pulse. In Ka band optimal pulse duration is about 1 ns. The transition to the
C band makes it possible to employ a quite long electron beam with duration exceeding
10 ns. We report experimental and simulation results on the C-band superradiance.

In difference from the case of steady state generation, the electron pulses with a
top plate waveform cannot be optimal for production of SR pulses. When a short SR
pulse occurs and propagates inside interaction space, it is appropriate to feed this pulse
by electrons with longitudinal velocities more and more exceeding phase velocity of the
wave. Using an electron beam with increasing energy and current, it is possible to increase
the SR pulse peak power [5-6]. The trapezoidal (nearly flat top) energy and current pulse
profiles can be transformed to the profiles increasing in time using additional cavities.
The experimental results of the transformation of waveforms are discussed.

2 Experimental setup

An intense relativistic electron beam (IREB) with energy of 580 keV was utilized as
an energy source. A cylindrical corrugated waveguide structure for microwave radiation
with frequency of 5 GHz was designed for the IREB. The final structure is shown in Fig.1.
The mean radius and periodic length are decided to be 25 mm and 30 mm, respectively,
by approximate dispersion relation for 4.9 GHz microwave radiation with the IREB. As
the backward wave of TMy; mode was expected, the inner radius of the waveguide was
decreased to be 22 mm (cut off frequency of 5.2 GHz) to reflect the wave to the downstream
side at the entrance of the corrugated part (indicated by A in Fig.1). Therefore, the outer
radius of corrugated part was set to be 28 mm. The beam radius was decided to be 20 mm.

A B C D
| Interaction region ! | Absorber

+

Outer radi TREB :

i er radius 3

nnes fadius Fout Periodic length + 0
+ | Z9 4

1-st Cross point 2-nd Cross point

Fig. 1: Cross section of the cylindrical corrugated waveguide where r, = 20 mm, r;,, =
22 mm, 7oy = 28 mm, 29 = 30 mm and ! = 300 mm. At the part indicated by A-B and
C-D, the radius is gradually increased to prevent the beam and microwave from reflection.
In the simulation, an absorber was set at the end of the tube and output microwave was
observed at 2-nd cross point.

We set the distance between the beam and inner wall, 2 mm, as small as possible. We
also used Particle-In-Cell simulation code KARAT (7] to optimize the parameters. The
difference between the inner and outer wall radii, 6 mm, was simulated to be an optimum
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depth. Gradually increasing radius regions were added at both sides of the interaction
region to prevent from the reflection of an electron beam and radiated microwave. The
output power of the radiated microwave was saturated at the length of 30 cm in the
simulation.

1500 mm Solenoid Coil

Fig. 2: Experimental setup

Figure 2 shows the experimental setup. An IREB with energy of 580 keV, current of
5.7 kA and duration of 12 ns was injected from a cold emission cathode into a drift tube
with radius of 20 mm. The cylindrical corrugated waveguide was located 30 cm apart
from the anode. A solenoid coil along the beam axis applied pulsed magnetic field with
strength of 1 T. The IREB was diverged to the wall at the end of the solenoid coil. At the
end of the drift tube, a horn was set. The microwave was radiated into the air through
a Lucite window. The radiated microwave was detected by a horn located more than 1
m far from the Lucite window. The microwave detection system is shown in Fig. 3. The
microwave received by a horn was attenuated by two variable attenuators. Five low pass
filters with frequencies from DC - 4 GHz to DC - 8 GHz were utilized after 8-way power
divider. Tunnel detectors detected microwaves passing through 1 the ow pass filters. The
variable attenuators, low pass filters and tunnel detectors were calibrated. As examples,
the output power of a tunnel detector was plotted against the output voltage (Fig. 3 (a))
and the output power of DC - 5 GHz low pass filter was plotted against the frequency
with the same output power (Fig. 3 (b)).

3 Experimental results and discussions

The waveforms detected by tunnel detectors are shown in Fig. 4. No signal was de-
tected without the corrugated waveguide. With corrugated waveguide, similar waveforms
through all low pass filters except the DC-4 GHz low pass filter were observed. The verti-
cal ranges of output power of all detectors except the DC-4GHz were comparable to each
other. It was suggested that the microwave with frequency of nearly 5 GHz was radiated.
The pulse width of the microwave of 5 ns is shorter than that of the beam current (Fig.
5). This very short radiation pulse is considered to be one of the typical characteristics
of the superradiance.

The angular distribution of the radiated microwave was observed. The horn was
moved along the circumference with radius of 1500 mm as shown in Fig. 6. The microwave
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output has one peak around 15 degrees from the beam axis. The distribution of radiated
microwave shown in Fig. 6 suggested the TMy; mode as expected. Fluorescent tubes were
located 550 mm far from the Lucite window to observe the radiation pattern directly. The

observed pattern shown in Fig. 7 was donuts like pattern that was consistent with the
above result.

t t t t 1 + +
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Fig. 6: The horn was moved along the circumference with radius of 1500 mm (left). The
output power was plotted against the angle from the beam axis (right).

The observed output powers detected at each angle were sum up to estimate the total
output power. The estimated total output power was about 50 MW. With the elongation
of output horn, the total output power was increased to be 100 MW. Now we try to
increase the output power with some arrangements of the apparatus.

Fig. 7: Fluorescent tubes were located 550 mm far from the Lucite window (left). The
donuts like pattern was observed (right).

It is difficult to declare that the microwave radiation described above is identified to
be SR. When the mechanism of microwave radiation came from the SR, the duration
of the beam pulse has the appropriate length for the maximum output power. We uti-
lized the code KARAT to investigate the relation between the beam duration and the
microwave output power. The simulation shows how the beam duration influences on
the microwave output. In Fig. 8, the simulated results of microwave outputs with differ-
ent beam duration using the parameters of the cylindrical corrugated waveguide and the
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IREB described above are shown. The microwave output shows the maximum value with
the beam duration of 8 ns.

In the experiment, the duration of the beam was 12 ns. The output power of the
experiment is about several times less than the simulation result. Experimental result
was shown with solid curve on the 12.5 ns simulation result (Fig. 8 left, the vertical scale
is not comparable with each other. ). The microwave duration of 5 ns observed in the
experiment is comparable with the simulated one. The simulation results showed that
the microwave output was very sensitive to the beam duration and the SR theory also
indicates that the beam length affects the output power strongly. As we considered that
the simulation results qualitatively agreed with the experimental ones, the microwave
radiation in the experiment was supposed to come from the SR mechanism.

The physics of these results can be explained by the behavior of electrons in the
simulation as below. When the duration of the beam is 8 ns, the tail of the beam electrons
has already passed the entrance of the corrugated part at the time when the backward wave
arrived at the entrance. On the other hands, the beam electrons are present together with
the microwave at the entrance of the corrugated part when the beam duration is longer
than 8 ns. It is supposed that the reflected microwave has a chance to be absorbed by the
electrons in case of the longer beam. The beam duration of 8 ns is the maximum duration
that the tail of the electron beam goes ahead of the head of the reflected microwave.
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Fig. 8: The simulated microwave output for different beam length (left). The maximum
microwave output is plotted against the beam length (right).

On the other hands, it was shown in [5,6] that due to nonstationary nature of SR
emission an accelerating voltage should change over electron pulse duration to enhance
peak amplitude of electromagnetic pulse. Optimization of profile of voltage and current
pulses provided possibility for increasing peak power of SR pulses. In the case of cylindrical
corrugated waveguide, the simulated results showed that the increasing energy and current
waveforms made the microwave output twice larger than flat top waveforms. As the
voltage between diode applied by a Marx generator and a pulse forming line is changed
by the evolution of the diode impedance, it is technically difficult to control the waveforms
at the diode. We carried out the experiments of reformation of IREB waveforms with a
coaxial cavity and a cavity with large radius located at the drift tube. The experimental
apparatus and results are shown in Fig. 9 and 10.
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Fig. 9: The experimental apparatus of transformation of IREB waveforms. The coaxial
cavity for energy transformation was followed by the cavity with large radius for current
waveform transformation.

The principle of transformation of energy waveform is the same as that of the au-
toacceleration. The energy in the former part of the beam was transferred to the latter
part of the beam through the cavity. The cavity length was the parameter to change
the waveform. The transformed energy waveform can be estimated by transmission line
theory. The current waveforms were a little changed by the coaxial cavity (Fig. 10 left).
And if needed, the second coaxial cavity can be set after the cavity with large radius
and the energy waveforme was transformed more strongly. The cavity with large radius
transformed the current waveforms (Fig. 10 right). Increasing the radius decreases the
space-charge limiting current. The length of the cavity arranged the transformed current
waveform. In our case, the cavity with length of more than 30 cm resulted in the same
current waveform. The energy waveform was little changed by the large radius cavity.
The transformed time-increasing waveforms were obtained and the experiments on the
SR with these waveforms will be carried out.

35
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Fig. 10: The experimental results of transformed IREB waveforms. Energy waveforms
after the coaxial cavity (left). The energy waveforms were transformed after one cavity.
The second cavity after the large radius cavity transformed the energy waveform more
strongly. Current waveforms after the cavity with large radius (right). The cavity length
more than 30 cm showed little difference.
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4 Conclusion

Microwave with frequency of 5 GHz, output power of 100 MW and duration of 5 ns
was obtained with an IREB with energy of 580 keV, Current of 5 kA and duration of
12 ns using cylindrical corrugated waveguide. The simulation results suggested that the
mechanism of the microwave generation came from the superradiance. Now, it becomes
possible to change the time evolution of the beam energy and current using a coaxial
cavity and a cavity with large radius within the limit of the injected waveforms. We will
try the enhancement of the efficiency of the microwave output with the time-increasing
waveforms.
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Abstract

This paper describes virtual cathode oscillator (vircator) developed recently. The
optimization of vircator was performed by both computer simulation and the experiment. At
the simulation, the maximum output power of microwave and the conversion efficiency to
microwave was 120MW and ~7.5%. Experimental studies were carried out by using the
repetitive pulsed-power generator “ETIGO-IV”. The maximum output power of microwave
was 80MW, giving the conversion efficiency of ~2%.

1. Introduction

Development of high power microwave (HPM) generators is demanded from many fields.
The virtual cathode oscillator (vircator) is one of the high power microwave generators. Since
vircator has very simple geometry, high peak power capability and high tuning ability,"
practical applications of HPM generation can be expected. The microwave generation by
vircator is attributed to the action of two mechanisms. One mechanism is an electrons
reflexing between the cathode and the virtual cathode, and the other is an oscillations of the
virtual cathode itself. Because these mechanisms coexist destructively and interfere, the
microwaves generated by vircators are propagating in many electromagnetic modes.” To
improve the microwave generation efficiency, we were optimizing the vircator with a new
configuration.

Figure 1 shows the vircator developed.
This vircator system consists of the
cylindrical cathode, mesh anode and anode
rod which fixes the mesh. The computer
simulation using simulation code “MAGIC”
performed the optimization design of the
vircator. Computer simulation is carried out
on the generation of high-power microwaves
by vircator using relativistic electron beam.
The parameters used in the simulations are
those corresponding to the operating
parameters of the repetitive pulsed-power
generator “ETIGO-IV”.

Cathode

: Anode ( Mesh) (==

Fig.1 Vircator with the cylindrical cathode.
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II. Simulation set up
.1 Simulation code “MAGIC”

The simulations are performed with “MAGIC”, a fully electromagnetic, and relativistic
particle-in-cell code.” The vircator is modeled in 2.5-dimensional (two spatial and three
velocity components) cylindrical coordinate system. Figure 2 shows the simulation model.
This model expresses the upper half of vircator shown in Fig.1. The point in a figure shows
the electrons. The particle trajectories in fig.2 show the beam flowing from the cathode to the
anode. The figure shows that the reflected electron makes the virtual cathode. Moreover, other
electrons spread to the waveguide.

—
S
(32}

=
=
(|

R (mm)

2 = . = - 8 T T
0 20 400 600 800
Z (mm)
Fig.2 Simulation model of virtual cathode oscillator by 2D “MAGIC” simulation.

II.II Simulation Parameters

In the simulation, cathode and waveguide are perfect conductors. And the anode is an
aluminum foil with thickness of 10 pm. Although the actual anode was made from the mesh,
in the simulation, thin aluminum foil was used as the anode for simplification. The length of
waveguide was set to 850mm and the radius was set to 105mm. These values are the sizes of
waveguide actually used by “ETIGO-IV”. Cathode width was changed by 10mm and 15mm.
And the A-Kgap was changed from 10mm to 30mm. In the simulation, 400kV of the voltage
rating of “ETIGO-IV” was impressed onto the A-K gap. Figure 3 shows the typical diode
voltage and diode current waveform obtained by simulation. On the condition of cathode
width=10mm and A-Kgap=17.5mm, 4kA current was obtained. Conversion efficiency to
microwave is calculated from input power and microwave output.

Tablel Simulation conditions. e “ T
= At ; 8 2
Input voltage 400 kV sl PP g
Cathode width 10, 20 mm By 3003 s -6 Q
= ‘ =
Cathode inner radius 30 mm S 200 4 é_:
O
A-K 10 ~ 30 B ! )

0l . Aol

Time ”[-S‘Onsreddiv]
Fig.3 Typical voltage and current waveform.
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. Simulation Results
M.I Measurement of microwave power

Figure 4 shows the output microwave power obtained by simulation. The Poynting vector
measured at the outlet of waveguide determined the microwave power. The maximum output
of microwave was obtained with cathode width=10mm and A-K gap=18mm. Under this
condition, the output power of microwave was 120MW and the conversion efficiency to
microwave was 7.5%.

Figure 5 shows the conversion efficiency to microwave as a function of A-Kgap. From this

result, the conditions of cathode width=10mm were higher efficiency than the conditions of
cathode width=20mm.

140 10 T T T T
=" ; : : =@~ Cathode width : 10mn|
E 120 w— g ___ oL __ _ |-Cathode width : 20mnf
tamd N |

100 9 !
3 < '
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£ 80 2
3 =
v 60 =
s 2
2 40 o
(=] 5
: £
E 20 @]
0

12 14 16 18 20 22
Time [50nsec/div]

A-Kgap [mm]
Fig.4 Microwave output waveform. Fig.5 Conversion efficiency versus
(Cathode width=10mm, A-Kgap=17.5mm) A-Kgap distance.

M. Measurement of microwave frequency

The electric field was measured at the outlet of waveguide. Figure 6 shows the time history
of the electric field E,. Microwave generation is verified by the strong oscillatory behaviour
of the electric field as depicted in Fig.6 (a).

Figure 6 (b) shows the frequency ingredient of microwave. The frequency of microwave
was calculated by FFT of an electric field waveform. Frequency of the microwave obtained
with this condition shows a strong peak at 2.9GHz.
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(a) Electric field waveform. (b) Frequency spectrum of microwave.

Fig.6 Electric field waveform and frequency spectrum of microwave by simulation.
(Cathode width=10mm, A-Kgap=17.5mm)
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M. Measurement of microwave propagation mode

The situation of the electric field distribution within waveguide is shown in Fig. 7. These
electric field distributions show that the dominant propagation mode of the microwave was
found to be TMy,. Here, the microwave frequency of TMy; is 2.9 GHz as shown in Fig. 6 (b).

B 400 [kV/m]

E S B 200
E o
= H o
lt B -200

2 ; _ B -400

0 200 400 600 800
Z (mm)

Fig.7 The electric field distribution within waveguide by 2D “MAGIC” simulation.

IV. Experimental configurations

Figure 8 shows the schematic of the experimental setup. The experimental system consists
of the diode chamber, circular waveguide, receiving antenna and the repetitive pulsed-power
generator “ETIGO-IV”. The cylindrical cathode and anode rod are made from brass, and the
mesh anode is made from the stainless steel. Velvet is stuck in order to support electronic
discharge on the surface of cylindrical cathode. The diode voltage and diode current are
measured by using capacitive divider and rogowski coil. The typical output waveforms
obtained by experiment are shown in Fig.9 (a). In the experiment, the cathode width was set
to 10mm, and A-Kgap was changed from 15mm to 25mm. If the voltage from “ETIGO-IV” is
impressed to the diode, the virtual cathode is formed in the chamber, and microwave is
emitted. In the meantime, the output microwave is measured by the receiving antenna. Typical
microwave output waveform is shown in Fig.9 (b).

ETIGO-V L{

b

Rogowski coil Cylindrical cathode

Receiving antenna

i 3.5 [m]
e Mesh anode
Capacitive
divider Anode rod

Attenuator

Vacuum pumj

Oscilloscope Detector

Fig.8 Schematic of experimental setup.
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V. Experimental Results and Discussions

Figure 9 (a) shows the typical diode voltage and diode current waveform obtained by
experiment. Moreover, Figure 9 (b) shows the microwave output waveform. The maximum
output of microwave was obtained with cathode width=10mm and A-Kgap=17.5mm. Under
this condition, the output power of microwave was 80MW and the conversion efficiency to
microwave was 2 %. As a result of comparing the diode current value obtained by the
experiment and the simulation, about 3kA difference was seen.
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Time [50nsec/div] Time [SOnsec/div]
(a) Voltage and current waveform. (b) Microwave output waveform.

Fig.9 Typical output waveform by Experiment.
(Cathode width=10mm, A-Kgap=17.5mm)

FigurelO (a) shows the A-K gap dependence of microwave output power. In the simulation,
the optimal condition of microwave output was found near A-Kgap=18mm. However, the
optimal condition of microwave output was not obtained in the experiment result. This
difference will be studied in detail by future investigations.

FigurelO (b) shows the A-Kgap dependence of microwave frequency. The frequency of
microwave was calculated by FFT of the electric field waveform. Frequency of microwave
output changed with variable of A-Kgap from 1.6GHz to 2.6GHz. From the result shown in
Fig10 (b), the similar tendency by both simulation and experiment was seen.
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(a) Microwave power versus A-Kgap distance. (b) Microwave frequency versus A-Kgap distance.

Fig.10 Output microwave power and frequency versus A-Kgap distance.
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VI. Conclusions

The computer simulation using simulation code “MAGIC” performed the optimization for
the design of new vircator. As a result, the maximum output power of microwave obtained by
simulation was 120MW, giving the conversion efficiency of ~7.5%. The frequency of
microwave is calculated to be 2.9GHz and the dominant mode of propagation in the
cylindrical waveguide was TMy,. In the meantime, high power microwave generation by
vircator was studied by using the repetitive pulsed-power generator “ETIGO-IV”. As the
experimental results, the maximum output power of microwave was 80MW, giving the
conversion efficiency of ~2%. The frequency of microwave depending on the A-K gap was in
the range of 1.6~2.6 GHz.
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Abstract

A two-dimensional modeling of the operating characteristic of a Si-MOSFET at low
temperature is discussed. In addition, a detailed measurement of the operating
characteristic of Si-MOSFET at low temperature is performed. The device temperature
is controlled actively using a liquid nitrogen cooling system. Comparing the
experimental result with the simulation result, various fitting parameters and low
temperature characteristic of the FET device are examined. Both theoretical and
experimental results reveal that the on-resistance decreases and mobility increases, with
decreasing the operation temperature.

1. Introduction

Power devices that offer great potential for high power, high voltage, high frequency,
low resistance applicants are required in many field. However there is a trade-off
between the operating frequency and current capacity of power devices, so operating
frequency becomes lower while current capacity becomes larger. Although both
operating frequency and current capacity of silicon power devices have been improved,
improvement of trade-off between high frequency and high voltage, low resistance is
upcoming to limit because of the intrinsic performance limit of silicon devices. Devices
that hoped exceed the silicon’s performance limit are based on wide band-gap materials
such as SiC and diamond.

SiC has been recognized as a potential semiconductor material for advanced power
devices owing to its large band-gap, high electron mobility and saturation drift velocity,
high thermal conductivity, high breakdown electric field strength [1]. However,
properties of experimental SiC devices have not achieved expected values because of
various undeveloped technologies of crystal-substrate growth and device process.
Therefore it’s necessary to find out detailed characteristic of SiC devices and investigate
to solve these subjects in order that SiC devices may reach to a level of practical
applications.

Because SiC MOSFETs are made to replace Si by SiC, there is no intrinsic
difference between a basic structure of SiC MOSFETs and that of Si MOSFETs, and
they make it possible to apply a model of Si MOSFETs operating characteristic for a
modeling of SiC MOSFETs. Among the characteristics of Si MOSFETs, the
performance at low temperature as high frequency and low resistance switching devices
is superior to that at room or high temperature. Especially the SiC performance at low
temperature is expected to be useful for applications where high frequency and low
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resistance are required. However behaviors of the SiC device at low temperature are
expected to be significantly different from Si-based device because of interface trapped

density [1]. So it’s necessary to establish a Si MOSFETs characteristic model at low
temperature first for SiC characteristic modeling.

We aimed to establish the model for MOSFETs operating characteristic at low
temperature by comparing the characteristics of Si MOSFETs and that with simulation.

In this paper, we briefly show preliminary results for the numerical modeling and the
experimental results of FETs at low temperature.

2. MOSFETs Experiment

For this work, we used an n-channel power Si MOSFET [NEC 2SK2488]. To measure
I-V characteristics at some temperature measuring points, we cooled MOSFET with a
system using liquid nitrogen.

The field effect mobility was derived from the experimental Ip-V¢ (drain current-gate
voltage) characteristic, using the following equation,

ol L
p=—"— (1)

Vg CoxVpW
where L and W are the channel length and width, respectively, and Cox is the

capacitance of oxide layer per unit area. Fig. 1 shows Ip-Vg characteristic of the
MOSFET as a function of the gate voltage at Vp=10V at some temperature points.
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Fig. 1. Measured Ip-Vg characteristic at Vp=10V at some temperature points.
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Fig.3. ON-resistance at some temperature points.

From the Ip-Vg characteristic we can derive the mobility. Fig. 2 shows the field effect
mobility as a function of the temperature. Fig.3 shows ON-resistance as a function of
temperature. )

As shown in Fig.2 and 3, mobility increases and ON-resistance decreases with
decreasing the operating temperature, and increase of mobility and decrease of ON-
resistance are closing to saturation under around 180K. Although there are several
scattering mechanisms to interrupt transfer of electrons, we use power MOSFET so we
consider ionized impurity scattering as a cause of the saturation at lower temperature.

3. Numerical Simulation

3.1 Mobility model

Using the Mathiessen’s rule [2], which implies that the local mobility is inversely
proportional to the sum of individual scattering rates, we obtain the following general
expression for the inverse of low-field mobility [3,4]:
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where u, is the carrier mobility in bulk of the semiconductor, x, is the carrier

mobility limited by surface-roughness scattering, and ,. is the carrier mobility limited

by lattice scattering (surface acoustic phonons).

Low-field bulk mobility depends largely on acoustic phonon and ionized impurity
scattering. The bulk mobility u, is modeled using empirical model proposed by
Caughey-Thomas for silicon[5,6], as follows.

maxT+ min
.uB=:umin+” D+ s )

N a
1+(—ﬁ’”—’J
N,
T 4
Himax = Hao X (%)

where N, is the total doping concentration, and f,, « My, ~ N, . @ are fitting

parameters. From the data in [3], we obtain ., =1417 , u =522cm*/Vs ,
N,, =9.68x10cm™, a =0.68, v =2.5 as initial parameters.

The surface roughness scattering mobility term is frequently expressed in the
following equation [2,3,4]:

D

ZE

Her Q)

where D is the fitting parameter. From the data in [3], we obtain D =5.82x10" as a
possible value of initial estimate for D.
The acoustic phonon term has the following form [2,3]:

-2 C{—— ©)
ﬂac EL T3 E_L

where B and C are fitting parameters. With the values given in [3], we obtain
B=4.75x10"cm/s . C=1.74x10°xN P K -cm/s-(V/cm)?”as an initial estimate
for the parameters B and C.

3.2 2-D simulation result

Having incorporated the mobility model into 2-D Poisson equation and drift-diffusion
equation, we obtain 2-D field effect mobility. For convergence, numerical analysis is
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performed with small doping density and gate voltage. Fig.4 shows a results of
numerically obtained 2-D mobility as a function of temperature at Vg=0.8V. Fig.5
shows resistance as a function of temperature at Vg=0.8V.

From figures 4 and 5, we can see that the temperature dependency of the mobility and
the resistance is corresponding to the experimental one, in terms of mobility increasing
and resistance decreasing with decrease of temperature.
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Fig. 4. 2-D mobility at V5=0.8V.
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Fig. 5. Numerically estimated ON-resistance at V=0.8V.

4. Conclusion
From the experimental results, it was shown that mobility increases and ON-resistance

decreases with decreasing the operating temperature. It means that switching frequency
will be higher and power loss will be smaller with decreasing the operating temperature.
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Experimental results also showed that increase of the mobility is closing to saturation
under about 180K, therefore each temperature region that each scattering is dominant at,
is different. Parameters of each mobility term can be obtained by measuring field
effect mobility and by fitting them with simulation result at some temperatures.

The simulation results can predict the temperature dependence on mobility and ON-
resistance corresponds to experimental results, so mobility model used in this work is
available at low temperature.

2-D MOSFET simulation at same voltage and doping concentration and fitting with
experimental results are required to establish mobility model at low temperature, and
after that 2-D transit state analysis is necessary. In addition, we need to consider
interface trapped density, which is especially important factor in modeling of SiC
MOSFET, and incorporate it into Si model. We are going to apply the model
established for Si-FET to SiC operation, and the final goal of us is to evaluate the
potentiality of SiC MOSFET as a switching device for special application [7], where
controllable power devices with high frequency, high voltage and low-loss are strongly
desired.
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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 cylindrical 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 conical electrode, and the localized intense

stress at crack seem to be the important mechanisms of ice breaking in the salt water.

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 commercial production of crude oil and gas started. At
present, production during the winter season is not carried out. Year-round production, including the
winter season, during which the Sea of Okhotsk is covered by the sea ice, is planned to start from
2004."

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 specially 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 navigation time is prolonged because continuous crushing is difficult or even impossible. If the
worst comes to the worst, 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.
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In this research, the icebreaking using pulsed power is proposed as a new method for the
operation of icebreakers in the icebound sea. ¥ The ice is broken by shock wave produced by the
pulsed power. The reasons for using pulsed power are as follows:

(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

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 several joints.

direction of travel
B .
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.s’ ® 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 a lack 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.
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2. Experimental 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 pF, was used as a pulsed power generator. The capacitors of the
generator were charged to a negative high voltage, and triggered by an external signal to a gap switch.
The circuit parameters R;, circuit inductance including L, were estimated to be approximately 20 Q
and 1.5 u F, respectively, assuming that C; was 33 u F. The ice 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. Ice samples were made from pure water.
The electrodes 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 tips 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 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: IWATSU) was used to

observe the waveforms.

To Marx generator ~ To earth
< ! y

=

High voltage probe 2 11
Electrodes : || , Polyethylene
|
280mm | ’/
“Current probe i i
uﬂater !
Y ! ' Ice sample

: ‘ ok
ice sample 777 / (

¢ 20mm ¢ 6mm

Fig. 2 Equivalent circuit and configuration of Fig.3 Configuration and dimensions of

apparatus. electrodes.
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Electrode 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 95 X 82 X28 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 ps 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 supply, which was calculated from the measured voltage just
before the discharge started, was 36 J. Therefore almost all charging energy was consumed by the
discharge between the electrodes, the discharge led to the breaking of the ice.

The V-1 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-/ characteristic was approximately 9 € at a current less than 1 kA.

3.2 Results in the case of using Salt Water
In practice, the sea ice 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
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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 also 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 waveforms in cases of (a)cylindrical and (b)conical electrodes.
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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-/ characteristics obtained from Figs. 5(a) and (b). It can be seen from this
figure that in the case of cylindrical electrode V-/ 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 Q. 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
5,
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Fig. 6 Discharge power waveforms in cases Fig. 7 V-I characteristics in cases of
of cylindrical and conical electrodes. 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-/
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-/ characteristics.

(2) Starting of arc discharge forms the shockwave.
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(3) Local intense stress occurs in the cracks inside the ice during propagation of the shockwave,

and then it is resulted in the break of the ice.

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

(1) The energy loss by leakage current decreased because the tip of electrode got into the ice
sample.
(2) The region with intense electric field was formed inside the ice.
Taking account of above effects, the following phenomena were supposed mechanisms for the
icebreaking.
(1) Ionized 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-/ characteristic shown in Fig. 7.
(2) The shockwave is induced by forming of ionized regions.
(3) Local intense stress occurs in the cracks inside the ice during propagation of shockwave, and
then it is resulted in the break of the ice.

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 leakage 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-/ 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.
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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 slightly 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.

(a) Before discharge (b) After discharge
Fig. 8 Photographs before and after the discharge .

o e

Q3305 1509

Contact point of electrodes

Fig. 9 Ice sample broken by 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 a localized discharge occurring at
which the insulators with different dielectric constant are located. Generally, ice also has many small

voids containing air. Therefore for the breaking of ice, although the partial discharge was not detected
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directly, it was possible that the partial discharge inside the void was one of the important mechanisms
of breaking of the ice sample

The sea ice contains brine, which is the seawater with high salinity. The brine is confined in the
microscopic regions inside the sea ice. It is known that the brine strongly affects the mechanical
strength of ice. Ref. 7 showed the empirical equation that indicated the relationship of mechanical

strength and relative brine volume, as follows.

ZL=1-4f7, )
O

where ¥, is relative brine volume, A is constant number, o yand ¢ ¢ are mechanical strength for sea
ice with brine and pure ice without brine, respectively. According to above equation, increase of
relative brine volume resulted in the decrease of strength in a function of V"2, Therefore it seemed
that the energy for breaking of sea ice would decrease more than in the case of the experiment
described here.

The relative brine volume depends on the ice salinity, ice temperature etc.¥ The crystal size and
orientation also affect the mechanical strength. It is difficult to evaluate the mechanical strength of the
ice quantitatively because of properties described above complexly change due to the way of freezing
of the water, its quality, etc. In our experiment, all 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 sea ice 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 conical 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

natural sea ice are necessary to be carried out as the next works in order to evaluate the efficiency of
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breaking.
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RAIL GAP SWITCH USING POROUS METAL AS ELECTRODE
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ABSTRACT

As for a multichannnel gap switch, 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 we expect that the
number of arc channels increases when porous metal is used as one of the electrodes
of a rail gap. Therefore, we compared the experimental results to confirm it. As a
result, in the case of the gap length of 1 mm, the number of arc channels increases
when porous metal is used as an electrode.

1. Introduction

As for a multichannnel gap switch, 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 rail gap
with the porous metal is expected to increase. Therefore, 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.

2. Experimental Setup

Fig. 1 Cylinder/mirror-finished plate Fig. 2 Cylinder/porous metal

Figures 1 and 2 show cylinder/mirror-finished plate gap and cylinder/porous 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 is a porous metal,
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we put the porous metal on the brass plate shown in Fig. 2. The active length of the rail gap is
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 and UV
irradiation was not carried out in our experiments. The porous metal we used is made of
copper and its average pore diameter is 600 um. Its size is 210X40 mm and thickness is 2
mm. It was manufactured by Mitsubishi Materials Corp.

The rectangular voltage gulses applied to the gap were generated by a 100-cm-long
coaxial-type ferrite sharpener®®. Figure 3 shows the electrical circuit to generate the 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 4(a)-(c) show the examples of voltage waveforms of
open-ended ferrite sharpener applied to the rail gap. The charging voltage of the capacitor Vj
is +10 kV. The voltages become approximately twofold V. Figure 4(a) shows the waveform
when dV/dt is high, using the circuit of Fig. 3. Figure 4(b) shows the waveform when dV/dt is
middle, inserting ferrite beads between the sharpener and rail gap to decrease dV/dr of the
pulses. Figure 4(c) shows the waveform when dV/d¢ is low, inserting 33-uH inductance
between the sharpener and gap to decrease dV/d¢ more. dV/d¢ of the pulses are summarized in
Tab. 1. Voltages were measured using a Tektronix high-voltage probe (P6015A) and a
Hewlett-Packard digital oscilloscope (HP54542A).

100V: 151:\/ 1M9 100
" l o G X

o transmission line ferrite sharpener
tcaia ’\) I RGSU- 10m

©

Fig. 3 Electrical circuit to generate the pulses applied to the gap
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Fig. 4(a) dV/dt is high Fig. 4(b) dV/dt is middle
i
Wise s ol Tab. 1 dV/dt of the pulses applied to the gap
b N e » charging dV/dt (kV/ns)
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. e e e s positivelOkV | 075 170 2.50
0 5 9 A . positivel 5kV 143 250 5.09
DA NN e A positive20kV 1.90 4.19 6.88
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Fig. 4 Examples of voltage waveforms of negativel5kV | -1.60| -333| -6.50
open-ended ferrite sharpener negative20kV -2.22 -4.29 -8.69
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3. Experimental Results and Discussion

First, we examined the relation between the position where the voltage pulse is applied
and the position where the arc channels are generated. Second, the number of arc channels is
investigated when the polarity, rise time and amplitude of the applied voltage, and the gap
length of the rail gap are changed. The number of arc channels was evaluated by open-shutter
photographs of a digital camera. Under each condition 10 shots were performed.

Fig. 5 First example of discharge photo Fig. 6 Second example of discharge photo

Figure 5 shows the first example of discharge photograph. The lower electrode is porous
metal and the charging voltage of the capacitor V; is +20 kV. dV/dt is low and the gap length
of the rail gap is 1 mm. As shown in the figure, 3 arc channels were generated. Figure 6
shows the second example of discharge photograph. The lower electrode is mirror-finished
plate and V4 is +20 kV. dV7/dt is low and the gap length of the rail gap is 5 mm. In this case, 1
arc channel was generated.

Figures 7(a)-(d) show the examples of voltage waveforms with breakdown. dV/dz is
middle and 10 shots are superimposed in each figure as 10 shots were performed under each
experimental condition.

3.1 Position where the voltage pulse is applied

First, we examined the relation between the position where the voltage pulse is applied
and the position where the arc channels are generated. We investigated it under several
conditions. Figures 8(a)-(c) show the example of results for (a) the position is left, (b) center
and (c) right. The lower electrode is porous metal and the charging voltage of the capacitor V5,
is —20 kV. dV/dt is middle and the gap length of the rail gap is 3 mm. A number in the
figures is a shot number and shows the position where the arc channels are generated. For
example, in the second shot of Fig. 8(c), 3 arc channels were generated where ‘2’ are written.
From these experiments, arc channels did not concentrate at the position where the voltage
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pulse is applied, so we concluded that there is no relation between the position where the
voltage pulse is applied and the position where the arc channels are generated.
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Fig. 7 Examples of voltage waveforms with breakdown

3.2 The number of arc channels when the parameters are changed

Second, the number of arc channels is investigated when the polarity, rise time and
amplitude of the applied voltage, and the gap length of the rail gap are changed. We
summarized the results in Tab. 2. The number of arc channels in the table is the average of 10
shots. H in the table means that dJ/df of the applied voltage pulse is high, M middle and L
low. In the case of the gap length of 3 mm and 5 mm, a significant difference between the
results of the mirror-finished plate and those of the porous metal was not observed. In the case
of the gap length of 1 mm, the number of arc channels increases when porous metal is used as
a lower electrode instead of the mirror-finished plate. The effect of dV7/df and polarity of the
applied voltage pulse was not almost observed.

4. Conclusion
We expect that the number of arc channels increases when porous metal is used as one of
the electrodes of a rail gap, so we compared the experimental results to confirm it. As a result,
we obtained the following results:
(1) There is no relation between the position where the voltage pulse is applied and the
position where the arc channels are generated.
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(2) In the case of the gap length of 1 mm, the number of arc channels increases when porous
metal is used as a lower electrode instead of the mirror-finished plate.
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Abstract

Temporal development of shock waves generated from streamers discharges in
water was observed by means of time resolved imaging based on laser Schlieren
method. Pressure of shock wave was calculated by Hugoniot’s equation, which
utilizes the relation between the shock pressure and its propagation velocity. The
streamer discharges were generated by pulsed positive voltages applied to a needle
electrode. The measurements indicate that the pressure exceeding 1 GPa takes place
only near the streamer discharges. Stronger shockwave was generated in more
conductive water.

L. INTRODUCTION

A large volume plasma, which consists of a bunch of thin discharges like strings, is generated
around an electrode with a sharp edge when a pulsed high voltage is applied to the electrode in
water. (Fig. 1) The thin discharges are so called pulsed corona or streamer in some articles [1,2]
because they resemble to streamers in gas discharges. The streamer discharges are coming to be
used for chemical and biological decontamination in water environment [1,3,4].

However, their character seems different from the gas discharges with respect to the
propagation mechanism, which is not still clear [2,3,5]. The streamers are accompanied by several
physical events, such as extremely intense electric fields exceeding 1 MV/cm, ultra violet rays, free
radical species, and shockwaves. Individual investigations of these events are attractive. Only a few
papers reported the radiation of ultraviolet rays and the generation of free radical species [6,7].
However, there is no quantitative study on the electric field and the shockwave due to the streamers.

This paper tries to characterize the shockwaves caused by the streamers in water by means of
framing and streaking photography based on the Schlieren method. The pressure of shock wave is
calculated by Hugoniot's equation using the propagation velocity derived from the streaking
photography. Streamers were produced by way of a pulsed voltage applied to a needle electrode
which was placed in water. The pulse duration and the amplitude of the applied voltage were
adjusted in order to make the discharges small enough to produce a single circular shockwave: The
shockwave pressure and its propagation property in different conductive water are discussed.

II. EXPERIMENTAL SETUP AND PROCEDURE
Figure 2 shows the experimental setup including a pulsed high voltage generator, a glass made
water container, the Schlieren imaging system and its timing control system. A needle to wire

electrode set with a space of 14 mm is fixed in the middle of the thin water container, of which the
dimension is 90 mm x 90 mm x 5 mm. The curvature of the needle tip is 5 pm and the diameter of
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the wire electrode is 1 mm which is large enough for the discharge not to be produced on the surface.
Positive pulsed voltages of 40 kV are given to the needle against the wire electrode. A relatively
low voltage up to 20 kV is generated by a Blumlein type pulse forming network (PFN) and is
stepped up to 60 kV by a transformer with ferromagnetic core. The pulse duration is adjusted by
changing the number of stages in the PFN. Output impedance of the PFN is approximately 200 Q.
The water conductivity was set to 0.1 and 20 mS/m, which lead the gap resistance of approximately
40 kQ and 200 €, respectively. A 200 Q resistor was placed in parallel to the electrodes in the case
of 0.1 mS/m water for the sake of impedance matching. The PFN starts operating with triggering a
spark gap switch. The voltage across and the current flowing through the electrodes were monitored
using a voltage divider (Pulse Electronics Co. Ltd, EP100K) and a current transformer (Peason 110).
Figure 3 shows the voltage waveforms for different number of stages in the PFN. 2 and 5 staged
PFNs generate a pulse duration of 120 and 250 ns, respectively.

The imaging system consists of a CW Ar ion laser (488 nm, 150 mW), an acoustic optical
shutter (ISOMET, AOM1205C), a beam expander, lenses, a knife edge and imaging devices. A
gated high speed digital camera (Stanford Computer Optics, 4 Quick) or a streak camera (Hadland
Photonics, IMACON 790) were used as the imaging device. The laser beam with a diameter of 30
mme passes through the water container so as to include the needle tip in the view. A couple of ps

Figure 1. Typical appearance of streamer-like discharge in water with the conductivity of 20 mS/m.
Positive pulsed voltage of 120 kV, 1.2 us was applied to a rod electrode.
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Figure 2. Schematic diagram of the experimental setup. Solid and dashed lines indicate the main
discharge circuit and the timing signals.
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after the optical shutter is open, the PFN is fired. And then a sparking noise of the gap switch was
used for triggering the imaging system. The timing of the imaging system was precisely controlled
by a delay generator (Stanford Research, DG535).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Appearance of shock waves from streamers

Figure 4 shows the time-resolved images of light emission of the streamer discharge (left) and
Schlieren images (right) at different ¢, which is the time from when the voltage starts. Although
micro structure of the streamer discharges is different from shot to shot, the emission intensity and
the spatial expanse of the discharge are similar. Therefore, the observation is appropriate to grasp a
summary of discharge development. Amplitude of the pulsed voltage applied between electrodes is
40 kV. The exposure time of each frame is 5 ns which is small enough to observe the streamer
behaviors since the streamer propagation velocity in water is approximately 30 km/s. For the light
emission at ¢ = 350 ns (a), several thin streamers emerging from the needle tip form a shape like a
root of trees. Some of the streamers split into a couple of streamers. The diameter of the streamer tip
is less than 100 pm, which is the spatial resolution of the imaging system. The lengths of all
discharges are almost the same, which indicates the propagation velocity of each channel is the
same. In Schlieren images at the same time, several bubble-like shades emerge from the electrode
tip. Although the spatial expanse of the shade is similar to the light emission area, its structure does
not appear to be like that of the emission. The light emission is no longer observed at ¢ = 750 ns or
later since no voltage remains after £ = 500 ns. On the other hand, the thick shades in the Schlieren
image are kept expanding since the beginning of the discharge. This is the evidence that the shock
wave occurs by the "quiet" streamer discharges in water.

Let us look into the detailed structure of the streamer discharges. Figure 5 show the time-
resolved Shadow image of the discharge at ¢ = 1000 ns. Pulse duration of the applied voltage was
250 ns for this shot. Even 700 ns after the voltage ends, several streamer shadows remain where the
streamers had existed. These streamer shadows stay for approximately 100 ps after the discharge.
The streamer is thick near the needle electrode and is thin at the tip. The characteristics of the
streamer propagation in water are described in [2]. Tens of shock waves are observed along each
streamer path. These phenomena suggest that the streamer propagates with small steps and each step
generates the shock wave independently. The step length, which is estimated by the gap between

Voltage, V [kV]

Figure 3. Voltage waveforms applied to the needle against the wire electrode. The numbers in
the figure show the number of stages in the pulse forming network.
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neighboring shock waves, is roughly 200 um.

Emission Schlieren

=350 ns

=750ns

t= 1850 ns

Figure 4. Emission photography and Schlieren image for different #, which are taken by a gated ICCD camera.
Exposure time is 5 ns. Amplitude and duration of the voltage pulse are 40 kV and 500 ns, respectively.

Figure 5. Time-resolved shadow photograph of the tree-like streamer discharge emerging from the positive needle
electrode at 7= 1000 ns. Exposure time is 5 ns.
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B. Measurement of shock wave pressure
There are a number of studies on shock wave propagation in fluids, and its properties are well

investigated. The shock pressure can be calculated from the Hugoniot equations, which are given
by

P = pyuu, (1)
u, = A+ Bu, @

where P is pressure of a shock wave, po is density of water (1 g/cm®), us is the shock wave speed, Uy
is the particle velocity, 4 is 1.45 km/s (acoustic sound velocity in water). B is 1.99, which is

experimentally provided by [8]. Therefore, the shock pressure P can be expressed as a function of
the measurable shock velocity ug

uS
P = pou, = 3)

The shock front is precisely marked by the Schlieren method and its movement is traced by using a
streak camera (Hadland Photonics, IMACON790). However, the multiple shock waves, which are
generated by the usual discharges as shown in Fig. 5, can not be traced. Only the chance to trace the
one shock wave is to produce a single layer shock wave. According to Fig. 5, the step length of the
discharge seems to be in the range of 200 um. The pulse duration of the voltage must be short
enough to obtain such a tiny discharge. Figure 6 shows a single layer shock wave produced by using
the 120 ns duration voltage pulse shown in Fig. 2. A slit of 100 pm is placed at the entrance of the
camera. The streak speed is 80 ns/mm, which is calibrated. The voltage applied to the electrodes
was 40 kV. The shock velocity was obtained by differentiating the trace.

Figure 7 shows the shock propagation velocities in water of different conductivity (p = 0.1 and
20 mS/m), obtained by differentiating the trace. The obtained velocity is at most 6 km/s that is much
slower than streamer propagation velocity in water. The shock wave velocity depends on the water
conductivity. The shock wave velocity quickly decays in both cases. Figure 8 shows the shock wave
pressure as a function of distance from the needle tip, which are derived from Fig. 7. Shock wave
velocity in 0.1 mS/m water exceeds 2 km/s, that leads the pressure exceeding 1 GPa. The pressure
decays quickly and settles down to the acoustic velocity in water. In the case of 20 mS/m water, the
velocity reaches 4.5 km/s, which leads the pressure of 6 GPa. The range where the pressure exceeds
1 GPa is more extensive than that in 0.1 mS/m water.

IV. CONCLUSION

Behavior of shock waves due to streamer discharges in water was investigated with the framing
and streak cameras combined with Schlieren method. The measured pressure exceeds 1 GPa in the
case of high resistive water, and quickly decays during its propagation. The pressure depends on the
water conductivity, which can be explained by the energy deposition into the discharges.
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Figure 6. Single circular shockwave generated by a tiny discharge at the needle tip, where the 120 ns duration
voltage pulse was applied. White dotted lines indicates the 100 pm slit, which determines the visib<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>