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Abstract
In this proceedings, the papers presented at the symposium on “Evolution of pulse
power and its peripheral technology” held at National Institute for Fusion Science on
January 8-9, 2015 are collected. The papers reflect the present status and recent progress
in the experimental and theoretical works on plasma science using pulsed power

technology.
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Editor’s Preface

The symposium on “Evolution of Pulse Power and its Peripheral Technology” was
held at National Institute for Fusion Science on January 8-9, 2015 at National Institute
for Fusion Science (NIFS), Toki. This symposium was organized as a part of the
General Collaborative Research of NIFS. Over 56 researchers and students from
universities, institutes and companies joined in the symposium. The number of oral
presentations was 34. Twenty-two papers presented at the symposium are included in
this proceeding.

The main topics of this symposium were developments and applications of the pulse
power technology. Scientists presented their results at many other symposia or
meetings of their own fields. In this symposium, scientists from various fields related
to the pulse power technology presented their latest studies. The topics covered recent
developments on pulsed power technology and experimental and theoretical studies on
physics, accelerator, biology, electromagnetic wave source, inertial fusion, etc. using
pulsed power technology.  Scientists engaged in fruitful discussions from various
points of view. It is our pleasure if this symposium contributes to the progress in the
science and technology using pulsed power technology.

We would like to acknowledge the contribution of all the participants and staff of
NIFS.

Keiichi Kamada

Kanazawa University

Tetsuo Ozaki

National Institute for Fusion Science
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Recent Technology trends of Pulsed-power Generator

Akira Tokuchi

Pulsed Power Japn Laboratory Ltd.

ABSTRACT
Many industrial applications require high performances of high voltage pulsed power generators such as high
reliability, high repetition, long life and easy adjustment of high voltage output waveform. In order to achieve
these requirements, we are developing many kind of high voltage pulsed power supplies using semiconductor
switches as output switches. In this paper, we introduce recent technology trends of pulsed-power generators .

Keywords

Pulsed-power Generator, Semi-conductor Switch, LTD, SOS diode.

1. Introduction

Recently a pulsed-power technology is evolving
rapidly with developing of each technology namely a
power conversion technology, a pulse compression
technology and a pulse conversion technology.

In a power conversion technology, old devices such
as IVR and the SCR have been replaced by
MOS-FETs or IGBTs. By using combination with
such high-speed devices, high power conversion has
become possible with high stability, high speed and
high efficiency. In near future, these devices may be
replaced by SiC with higher performances.

In a pulse compression technology, old devices
such as gap switches or thyratrons have been replaced
by also MOS-FETs, IGBTs. Furthermore, SlI
thyristors or the SOS diodes are used as new pulsed
power devices. Of course the SiC devices are
expected as next-generation devices, too.

In a pulse conversion technology, semi-conductor
MARX circuits, semi-conductor LTD circuits,
induction voltage adders and unitized pulsed
transformer are greatly improves the flexibility of the
high-voltage pulsed power generator, it has become
possible to adjust easily the very short pulsed
high-voltage waveform.

By these remarkable improvements of pulsed power
generator, many industrial applications using pulsed
power technology are rapidly expected.

2. Expected Industrial Applications

Figure 1 shows examples of expected industrial
applications. In particular, since the degree of
freedom of the high voltage waveform is increased,
innovative good results in applications of the engine
combustion promotion, wastewater treatment and
EUV generation is expected.

Expected industrial applications

" Electron S [ Combustion
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Non destructive " Pulsed Power lmvar'w'::l:ﬂlt
Inspection |
Particle Research Technology | efficiency |
Material Analysis —
( Cancer ( Flavor
Treatment improvement
Germination Expiration date
growth control \ extension

Fig. 1 Expected industrial applications using pulsed
power technology
requirements from new
applications for pulsed power generators are as

follows,
® High voltage

Recent industrial

< several 10kVp

@ Short pulse < several 10ns
®  Fast rise time < 10ns

® High repetition kHz ~ MHz
o

Portable(compact, lightweight, battery powered)



Adjustable waveform

Long life

Maintenance free

Digital control (microcomputer, FPGA, DSP)

3. Specific application examples
3.1 Wastewater treatment

Purification of industrial wastewater by the
streamer discharge is expected as industrial
applications of pulse power. Figure 2 shows a circuit
diagram of the pulsed power generator for the

streamer discharge.
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Fig. 2 Acircuit diagram of the pulsed power
generator for the streamer discharge

By using a SOS diode, this generator is very
compact and a weight of just 16.5kg is very light.
Furthermore it is portable because of a battery drive.
After confirming the effect of the wastewater
treatment by using this power supply, we are
planning a higher performance of the pulsed power
supplies for the streamer discharge in accordance
with the developing roadmap shown in figure 3.

Road Map of SOS Generator Development
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Fig. 3 Adeveloping roadmap of the pulsed power
generator for the streamer discharge
In the latest power supply, we can operate it at
50kHz of repetition frequency in burst and 60kV of
an output voltage. Furthermore an output voltage
height of each pulse during the burst operation can be
changed easily by a digital control. Figure 4 shows

the output voltage waveforms at an example pattern.
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Fig. 4 The output voltage waveforms at an example
pattern. 10kV/div and 10us/div

By changing the time duration of conduction time
on IGBT shown in figure 2 pulse to pulse, we can
change the output voltage height in burst operation.
This enables a more precise control of a streamer
plasma, and the higher efficiency of wastewater
treatment can be expected.

3.2 Klystron modulator for the ILC (International

Linear Collider)

ILC are planned by international cooperation as an
accelerator of the next generation. ILC will use many
number more than 500 of the high voltage pulsed
power generators for RF source. Since it is necessary
to install in a narrow tunnels, a small size and a high
efficiency power supply is required. TABLE 1 shows
a requirement parameter of the klystron modulator
for ILC.

TABLE 1. REQUIREMENTOF ILC KYLSTRON MODULATOR

Requirement of ILC KLYSTRON MODULATOR

Parameter Requirement value
Output voltage -120V
Output current 140A
Pulse width 1.7ms
Pulse repetition frequency 5Hz
Ripple Ratio <+0.5%

In order to achieve the requirements mentioned
above, we chose a new circuit using semiconductor
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Fig. 5 Acircuit diagram of a MARX unit of the klystron modulator for ILC
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MARX circuit with a chopper modulation. Figure 5
shows the circuit diagram of a MARX unit of the
modulator. This MARX unit uses four MARX cells
and each MARX cell generate 1.6kV of an output
voltage. Thus this unit can generate 6.4kV of an
output voltage by using 4-MARX cells. Using 20
number of the MARX units, 120kV of an output
voltage may be generated. Each MARX cell has
chopper switch using SiC-MOS-FETs to get a good
flatness of long pulse of output voltage. This chopper
frequency is 50kHz and by changing the phase of the
chopper frequency for each MARX cells, the ripple
of the output voltage is effectively reduced. Figure 6
shows a timing chart of the chopper operation.
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Fig. 7 An output voltage waveform of the MARX
unit

Figure 7 shows an output voltage waveform of the
MARX unit with the output voltage waveforms on
each MARX cells. It is difficult to distinguish all
waveforms because all waveforms are piled up, but
most of each wave pattern are the same wave patterns,
and only the phase of the wave patterns are different.
The output voltage waveforms on each MARX cells
are Ripple of output voltage on each MARX cell is
very large more than +40%, but a ripple of the
output voltage of MARX unit using four MARX cells
is effectively reduced about *=4%. Furthermore by
using 20 MARX units, good flatness less than =+
0.5% of the output voltage may be obtained.

3.3 Muon beam kicker for J-PARC

Materials and Life Science Facility (MLF)

of J-PARC generates world's highest intensity of
neutron beam and muon beam by pulsed proton beam.
In order to supply double pulse structured muon
beam to each experimental area efficiently, beam
kicker is installed at a branch to beam line legs of
muon beam line in MLF experimental hall. The
purpose of beam kicker is to distribute double pulse
structured muon beam to each experimental area
efficiently. Figure 8 shows beam kicker position,
beam kicker is installed at a branch to beam line legs
of muon beam line in MLF experimental hall.

51-54 experimental site

SK4-1,5K4-2
SK3-1,5K3-2 SK2-1,5K2-2
power supply
Pulse transformer
a Coaxial cable and
SK1-1,5K1-2 dummy load
A
Beam kicker

Muon beam track

2 Control rack

Fig. 8 Planned experimental site for muon beam
line at MLF, J-PARC
As pulsed power supply using in beam Kkicker,
requirement is defined Table 2 shown in below.

TABLE 2. REQUIREMENT OF PULSED POWER SUPPLY FOR

MUON BEAM KICKER

Requirement of pulsed power supply for Muon beam kicker

Parameter Requirement value

Rated output voltage +54kV and -54kV (bipolar)

Output pulse width 300ns (+54kV), 300ns (-54kV)

Output impedance 50Q
Discharge voltage wave form square wave
Output pulse rise time 50nsec
Reputation frequency 25Hz




In order to achieve the requirements mentioned
above, we chose a new circuit using semiconductor
MARX circuits and inductive voltage adders with a
high-voltage and a high-response.

Figure 9 shows a block diagram of the pulsed power
supply for the muon kicker.

HV UNIT#11
(-9kVv)

—» Output voltage

| Pulse transformer unit
.

»

Bias current drive

1
Dummy load !
1
1
1
1
1
1
: ‘
HV UNIT#26 500
(-9kV) ® °
| Pulse transformer unit

Bias current drive
Dummy load

Pulse transformer unit for
Induction voltage adder

Fig. 9 HV pulsed power supply unit and Pulse
transformer unit for Induction voltage adder

Each HV unit generate 9kV, 300ns of an output
pulse voltage by using 16-stage MOS-FET based
MARX circuit. And using 6 HV units, 54kV, 300nsec
of an output voltage pulse is generated. By using two
different types of polarity pulse transformer in series,
we succeeded to obtain a high voltage bipolar pulse.
Figure 10 shows an output voltage waveform of the
pulse transformer.

tek00133

Fig. 10 Output waveform of the pulse transformer
20kV/div, 200ns/div

It is succeeded that a pair of bipolar high voltage
pulse of +54kV and -54kV of each peak voltage is
obtained during a short time interval of one
microsecond.

Since HV units is constituted by MARX circuit, it is
possible to change the waveform of the output
voltage by changing the inserting the trigger. In the
near future, it is expected to greatly assist in the
precise control of the muon beam.

4. Conclusions

Some attracting attention as a recent trend of pulsed
power technology were introduced in this paper. By a
progress of replacement to semiconductor devices as
high voltage switches of high-voltage pulsed power
supplies, it will be expected that
applications using them to be progressed. We hope to
promote further development of the pulsed power
technology to assist a progress of new industrial
applications of the pulsed power.

industrial



Implementation of Magnetic Pulse Compression Circuit in
Inductive Energy Storage Pulsed Power Generator

Yuki Takahashi, Takuya Uyama, Masato Watanabe, Eiki Hotta

Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama, 226-8502, Japan

ABSTRACT

Magnetic pulse compression circuit was added to an inductive energy storage pulsed power generator, in order to

shorten the pulse width and consequently achieve high voltage rise rate. As a result, we got the pulsed voltage of
15.6 kV with a full width at half maximum of 51.5 ns. The voltage rise rate was 408 kV/us, which was

approximately two times higher than that obtained without a magnetic pulse compression circuit. The energy

transfer efficiency was about 20%.

Keywords

Pulsed power generator, inductive energy storage, magnetic pulse compression, magnetic switch

1. Introduction
Currently, depletion of energy resources and
environmental pollution by the exhaust gases from
factories and automobiles, etc. have become a problem
on a global scale. Therefore, the development of
combustion with high efficiency and low pollution is
required for the internal combustion engine. The
examples are lean burn technology and waste
recycling technology in the spark ignition engine [1].
In recent years, plasma-assisted combustion using a
non-thermal plasma has drawn attention. This is
intended to facilitate the fuel ignition and combustion
in the internal combustion engine by generating
reactive species such as radicals. By utilizing it for a
spark ignition engine, higher efficiency and lower
emission can be expected. Ignition using non-thermal
plasma for spark ignition engine are studied by many
researchers [2-5]. In the previous report, for examples,
Tanoue et al. reported that the reduction of ignition
delay time and the extension of flammability limit was
observed by applying the repetitive nanosecond pulse
discharge to the ignition systems [2].

As described above, plasma-assisted combustion with
non-thermal plasma is intended to enhance the fuel
ignition and combustion of the engine by the reactive

species such as radicals. Therefore, it is important to

produce a large amount of the active species. In
general, it was reported that energy efficiency of the
active species generation using pulse discharge is very
high [6-8]. Here, we consider shortening the pulse
width of pulse voltage waveform. The voltage rise rate
dV /dt increases by shortening the pulse. From a v-t
curve, generally the breakdown voltage in the air gap
increases as dV /dt of applied voltage becomes larger.
When the discharge voltage is high, it can be expected
that the number of high energy electrons increases.
They contribute the excitation, ionization and
dissociation of neutral particles, which leads to the
formation of active species. Therefore, increase of an
amount of active species can be expected if the number
of high energy electrons increased.

In view of the above mentioned concept, in this study,
we attempt to shorten the pulse width of pulsed power
generator in order to achieve higher voltage rise
rate dV /dt.

2. Experimental Setup

2.1. Pulsed power generator

The schematic of the pulsed power generator used in
this study is shown in Fig. 1. The pulsed power
generator is an inductive energy storage (IES) system.

IES system stores energy in the inductor as magnetic



energy, and outputs a pulse voltage by interrupting the
flow of current by using opening switch. The IES
system has about 1 - 2 order higher energy storage
density per unit volume, as compared to capacitive
energy storage system [9]. For this reason, downsizing
the power supply is easy. In other words, it is
advantageous in the viewpoint of attachment to the
vehicle body. Furthermore, IES system is capable of
operating at low voltage, which means that restriction
of the dc power supply is little.

Vout
Output T * ]’
Y
*
R D "am)de
DCpower | i SI Thy y
supply - - a4’ |
E C
121 mosreT

Driving circuit

Fig.1. Schematic diagram of IES pulsed power

generator
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Fig.2 Typical waveforms of output voltage and SI
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In Fig. 1, the primary winding of transformer works as
an inductor for storing energy. The inductance L was
about 5 pH. MOSFET and Static Induction Thyristor
(SI Thy) connected in series to the transformer act as
the opening switch. The peak value of output voltage
is expressed as nLl, /At, where n is the turn ratio of
the transformer, I, is the peak anode current of the SI
Thy at the end of the energy storage period and At is
the interruption time of the current. For more
information on this circuit and operation principle,
refer to [10].

Figure 2 shows typical waveforms of the output

voltage and the SI Thy anode current. The peak value
of the SI Thy anode current at the end of the energy
storage period, I,, was 100 A for no-load. Full width
at half maximum (FWHM) of the output voltage
was 243 ns. The voltage rise rate, dV/dt, was
245 kV/ps. In this study, it is noted that dV /dt was
defined as the slope of a straight line connecting 90%
and 30% of the peak voltage.

2.2. Magnetic pulse compression circuit

In this study, we used a magnetic pulse compression
(MPC) circuit as a method for shortening the output
pulse width. MPC circuit is one for compressing the
pulse width of current using a magnetic switch (MS)
[9,11]. Figure 3 (a) and (b) show the circuit diagram of

MPC and the waveforms of voltage and current.

SW Ll Vl MS Lau, Las
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(a) The circuit diagram
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(b) Waveforms of voltage and current
Fig.3. Schematic of basic MPC circuit

Table 1 Specification of MP3210VF3T Hitachi

Metals, Ltd
Outer diameter [mm] 35
Internal diameter [mm] 19.9
Height [mm] 11.5
Mean magnetic path length [mm] 85.8
Effective cross section [mm?] 40.7
Total flux 20, [Wh] 97.4

For MS, the saturated inductance, L,,, should be
much less than the unsaturated inductance, L,,,, that is
Lys K Ly & Ly, . Suppose that, the initial charged
voltage of C, is V; and MS is unsaturated initially.



When the switch SW turns on att = 0, a current i;
flows to C; from C, through L;. During this phase
where L; < Ly, the current i; does not flow to the
resistor R. Therefore,

C01

i; =V, |[-—sinwt €))
1

1. Co
V1 = C—lf lldt = VO m [1 - COS(/)t] (2)

where
CoCy 1

Cor=7—7—"", w= 3
ot C0+C1 L1C01 ()

The half cycle 7; of i;, ie. pulse width before

compression is given by

T =Ty L,Coq 4

When t = 74, the energy transfer from C, to C; is
completed, and the voltage of C;, V; takes a peak
value. If MS is designed to saturate at this moment, the
Now, the

inductance of MS is L,,. Because L,; < L;, almost

pulse compression process begins.
no current flows in the circuit on the left side of Cj.

The current i, flowing through R is given by
_ 2VoCoy

iy sinw't (5)
Zscl
where

1
N ©

The half cycle 7, of i,, ie. pulse width after

wl

compression is

T, = T/ L,sCy 7

The ratio of 7, to 14, i.e. the compression ratio of

pulse is

T_2=”—VLZSCI= ﬁi«l (8)
Tt mwL,Cyy Ly Coy

In practice, to shorten the pulse width of the IES
system using the MPC circuit, we replaced €, with
the IES system. In general, voltage of 10~20 kV is
required in the spark ignition engine. Therefore, in this
study, the target voltage value was set to be 10 —
30kV. In the previous report [5], measurement of

amount of OH generated by using a pulsed power
supply with a pulse width of 111 —310ns was
performed. To enable the investigation in a shorter
pulse width region, the target pulse width was set to be
less than 100 ns.

2.3. Magnetic switch

For designing the MPC circuit, what is important is the
timing at which MS turns on. In other words, the time
Tt for which MS holds the unsaturated state is
important. The relationship between the time 7 and
the voltage V applied to MS can be given by the
following equation (9). The equation (9) is called the
voltage-time product.

det=Nf BdS = NAAB = N -2¢;  (9)
0 A

where N is the number of turns, A is the cross
section of the magnetic core. 2¢)¢ is the available
amount of the magnetic flux, and the value is
determined by the magnetic properties of the magnetic
material [9]. In this study, we used FINEMET core
MP3210VF3T made by Hitachi Metals Ltd., as the
magnetic material of MS. The specifications of the
MP3210VF3T is shown in table 1. When actually
manufacturing MS, silicone rubber insulated wire was

wound around the core.

3. Results and Discussion

3.1 Selection of capacitance

First, we determined the value of the capacitance C.
When [, = 100 A, the energy stored in the primary

winding of the transformer per pulse is

1
ELla2 =25m] (10)

In the IES system, since the energy transfer efficiency
of the transformer is approximately 40 — 50%, the

resulted energy E stored in the capacitor C is
1
E=ECV2=25><0.4=10m] (11)

Setting 25kV as the charged voltage of C, the
capacitance is calculated as
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We used a coaxial cable (RG-8A/u) with capacitance
of 97 pF/m as a capacitor and obtained C of
23.7 pF by adjusting its length. The capacitor C was
used as C; in Fig. 3-(a).

3.2. Fabrication of magnetic switch

Next, magnetic switch was designed. In order to obtain
the required voltage-time product, the voltage V. of
C was measured by using the circuit shown in Fig. 4.

The results are shown in Fig. 5.
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Fig. 5 Waveforms of the voltage of each part

In Fig. 5, the dashed-dotted line shows the voltage V.
of C and the thin solid line shows the current I,
flowing from the IES system. The half cycle 7 of I,
is about 215 ns which corresponds to 7; ineq. (4).
Then, the voltage-time product concerning V. was
calculated. V. in Fig. 5 corresponds to eq. (2).
Therefore, the fitting was conducted on V, shown in
Fig. 5 using the following eq. (13), which was obtained
by substituting C, = C; = 23.7 pF ineq. (2).

V,
A 7” [1 — coswt] (13)

where 1, is the peak value of I and the angular

frequency @ was obtained from wt =m . The
waveform of V. is shown by the broken line in Fig. 5.
By replacing V! with V in eq. (9), the voltage-time
product can be calculated. Here, the integration time

was T = 215 ns. The result is shown in eq. (14).
T
N -2¢, = f Vdt = 2.30 mWb (14)
0

From eq. (14) and the value in table 1, 24 was obtained
as the number of turns of MS. The unsaturated
inductance of MS L,,, was 10.3 mH and saturated
inductance L,; was 343 nH. From eq. (7), the
theoretically obtained pulse width after compression

was 8.96 ns.

3.3. Operation of the fabricated MPC circuit

MPC circuit was made by using C which selected in
section 3.1 and MS fabricated in section 3.2. Figure 6
shows the circuit diagram. In Fig. 6, the output is the
voltage across R of 2 k(. Figure 7 shows the typical
waveforms of voltage and current of each part. In Fig.
7-(a), the dashed-dotted line and the solid line show
the voltage 1, of C and the output voltage Vypc,
respectively. In Fig. 7-(b), the broken line, the dashed-
dotted line and the solid line show the current [;zg
flowing from IES system, the current I, flowing into
C and the current I flowing through R ,
respectively. From Fig. 7-(a), it can be seen that the
pulsed voltage Vyp with the peak value of 11.6 kV
and the FWHM of 100 ns is obtained. The voltage
rise rate dV/dt of Vype is 64.5 kV/ps . In
comparison with the case without MPC circuit, the
pulse width is shorter, however, dV/dt becomes
smaller.

From Fig. 7-(a), at the time around 0.25 ps, it can be
confirmed that Vyp. rises rapidly. This suggests that
MS turns on at this moment. In earlier time before
0.25pus, it can be seen that Vyp. is gradually
increasing. This is probably caused by the leakage
current flowing through MS during the charging
period of C. By the effect of the leakage current, it
may be considered that dV/dt of Vyp. becomes
smaller than that obtained in the case without the MPC
circuit. In order to reduce the leakage current, it is



necessary to increase the unsaturated inductance of
MS.

Reset
current

IEs| les 1:1 MS [Rl
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=

Fig.6. Schematic diagram of MPC circuit with IES.
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Fig. 7. Waveforms of voltage and current of each part

3.4. Re-design of magnetic switch

In the previous section, it was confirmed that the
leakage current flowed before the MS turned on. It can
be expected to decrease the leakage current by
increasing the inductance of the MS. Therefore, it was
tried to increase the inductance of the MS by
increasing the number of turns. This also means that
the on-timing of the MS is delayed. The integration
period of the voltage-time product was lengthened to

315 ns from 215 ns. The voltage —time product is

10

N-2¢s = (15)

T
f Vdt = 4.08 mWb
0

From eq. (15) and the value in table 1, 42 was obtained
as the number of turns of MS. The unsaturated
inductance of the MS L,, became 31.5mH and
saturated inductance L,; became 1.05 nH. From eq.
(7), the theoretical pulse width after compression
became 15.9 ns. The new MS replaced the previous
MS having the number of turns of 24. Figure 8 shows
the typical waveforms of voltage and current of each
part in MPC circuit in which the MS was replaced. In
Fig. 8-(a), the dashed-dotted line and the solid line
show the voltage V. of C and the output voltage
Vupc, respectively. In Fig. 8-(b), the broken line, the
dashed-dotted line and the solid line show the current
I;gs flowing from IES, the current I, flowing into C

and the current I, flowing through R, respectively.
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Fig. 8. Waveforms of voltage and current of each part

From Fig. 8-(a), at the time around 0.3 s, it can be
confirmed that Vyp. rises rapidly. Therefore, it is

considered that MS turns on at that time. In an earlier



period before 0.3 ps, it is confirmed that the slope of
Vypc 1s smaller than that shown in Fig. 7-(a). It is
conceivable that the leakage current decreases by
increasing the inductance of MS. The pulse width of
Vupc obtained by use of redesigned MS was 51.5 ns.
The dV/dt was 408 kV/us and the peak value
was 15.6 kV. The energy consumed by R was about
5m] per pulse. Therefore, the obtained efficiency of
the IES pulsed power supply with the supplementary
MPC circuit was approximately 20%.

4. Conclusions
In order to achieve higher voltage rise rate dV /dt, we
attempted to shorten the output pulse width of IES
system by connecting MPC circuit. As a result, we
obtained the pulse voltage of 15.6 kV with FWHM
of 51.5ns and dV/dt of 408 kV/us . The
obtained efficiency of the IES pulsed power supply
system with circuit

supplementary MPC was

approximately 20%.
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ABSTRACT

In this study, to generate warm dense diamond-like carbon, we investigate a dependence of
output energy of electron beam on the structure of electron beam diode in intense pulsed power
generator "ETIGO-II.” The results indicated that the fluctuation of output energy of electron
beam for #10 mesh anode was higher than that for #20 mesh anode. The electron beam
generated by using the curved blade with mesh anode concentrates around the center of the
acrylic plate in comparison with that for the curved blade anode. These results indicate that
the output energy of electron beam depends on uniformity of the electric field between the
cathode and the anode. The energy fluence and the irradiation energy are evaluated by using
a calorimeter with an aperture.

Keywords

Inertial Confinement Fusion, Pulsed Power, Warm Dense Matter, Thermonuclear Fusion Energy,

Fast Ignition, Diamond-Like Carbon (DLC)

1 Introduction

Thermonuclear fusion energy is expected as a so-
lution of energy problems [1]. In fast ignition of in-
ertial confinement fusion [2], the fuel target which
is compressed high density by implosion laser is
satisfied ignition conditions by irradiating addi-
When irradiate additional
heating laser, the fuel target of fast ignition is used

tional heating laser.

the guiding-cone to not affected by the ablation
plasma. Diamond-Like Carbon (DLC) is one of
candidates as the guiding-cone material due to the
improvement of conversion efficiency because low-
7 material decreases a divergence angle of the fast
electron and radiation loss [3,4]. The guiding-cone
becomes warm dense matter by irradiating an ad-
ditional heating laser. However, physical proper-
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ties of warm dense DLC, which affects the conver-
sion efficiency in the ignition target, are unclear.
We consider measuring the physical properties of
warm dense DLC.

To generate warm dense DLC with well-defined
state, we proposed a flyer impact method gener-
ated by intense electron beams. A flyer is acceler-
ated by the reaction force from the expanding ab-
lation plasma, which is generated by irradiation of
the electron beams formed with the intense pulsed
power generator “ETIGO-II” [5]. The ETIGO-II
consists of a Marx generator, an energy-storage ca-
pacitor, a main gap switch, a pulse-forming line, an
output gap switch, a pulse-transmission line, and
an electron beam diode. Flyer acceleration with
intense proton beam by using the ETIGO-II has

been demonstrated [6]. The flyer impact method
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Figure 1: Configuration of electron beam diode
for measurement of output energy of the electron
beam for (a) electron beam diode, (b) disk cath-
ode, and (c) mesh anode.

has advantages such as well-defined plasma param-
eters and measurable state of matter with Rankine-
Hugoniot relation [7].

The flyer impact method to generate the re-
producible warm dense DLC requires stable and
intense electron beams. The size of the flyer and
DLC being considered are tens of mm. To obtain
the stable and intense electron beam, the output
energy of electron beam should be evaluated. In
this study, to generate the warm dense DLC by us-
ing the flyer impact with the ETIGO-II, the elec-
tron beam characteristics with the structure of the
electron beam diode in the ETIGO-II is evaluated.

2 Experimental setup

Figure 1 shows a configuration of the electron beam
diode for measuring the output energy of electron
beam. The electron beam diode is set on the termi-
nal of pulse transmission line (PTL) in ETIGO-IL
The electron beam diode consists of a disk cathode
and a mesh anode. The electron beam is emit-
ted at the cathode surface, and passes through
The cathode current and the

electron beam current are measured by using Ro-

the mesh anode.

gowski coils. A gap distance between the anode
and the cathode in the electron beam diode is set
as 13 mm.

Figures 1(b) and (c) show the disk cathode of
210 mm diameter and the mesh anode of 300 mm
diameter, respectively. The material of disk cath-
ode and mesh anode is used for stainless steel.
To investigate the dependence of output energy
of electron beam on the mesh structure, the mesh

13

@) (b) Cathode
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Figure 2: Configuration of electron beam diode to
focus electron beam for (a) electron beam diode,
(b) curved shape cathode, and (c¢) curved shape
blade anode.

anode is changed for #10 mesh (the thickness of
wire is 0.4 mm) and for #20 mesh (the thickness of
wires is 0.3 mm). ”#10 mesh” means ”10 meshes
per 1 inch.”

Figure 2 shows a configuration of the electron
beam diode for focusing electron beam. Figures 2
(b) and (c¢) are photographs of the curved cath-
ode and the curved blade anode. The material of
cathode and anode were used for brass and stain-
less steel, respectively. To focus the generated
electron beam, the electrodes are used with the
curving shape having 135 mm of the curvature ra-
dius. The acrylic plate is set on 135 mm from
the cathode surface. The gap distance between
the anode and the cathode in the electron beam
diode is 10 mm. To confirm the geometrical effect,
the anode is set as the curved blade and/or the
The curved

blade with mesh anode is made by the blade an-

curved blade with mesh structures.

ode pasted the mesh. The focused electron beam
is irradiated to the acrylic plate, which is placed
to observe Lichtenberg patterns.

3 Experimental result

Figure 3 shows the typical output waveforms of
ETIGO-II. The output voltages were measured in
the pulse-transmission line of ETIGO-II using a
capacitive voltage divider. The output energy E of
electron beam was evaluated using electron beam
current and the voltage of the PTL waveforms,

E:/ I, Verr dt (1)
0
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Figure 3: Typical output waveforms of ETIGO-II
for (a) cathode current and electron beam current,
(b) voltage of PTL.

1000
L]
S 800 |- 410
L]
By 600 I
= #20 .
r-% 400 | ® .
200 |
o 1 1
800 900 1000 1100
Voltage (kV)

Figure 4: Output energy of electron beam at each
mesh anode structure.

where, 7, is the pulse duration of the electron
Ib(t) and VPTL = VpTL(t) are the
electron beam current and the voltage of the PTL,

beam, [, =

respectively. In this case, the pulse duration of the
electron beam is assumed by 7, = 1us.

Figure 4 shows the evaluated output energy
The hori-
zontal axis is used as the maximum value of the

of electron beam on the mesh anode.

PTL voltage, because of the value fluctuates for
each experiment. The output energy of electron
beam for #10 mesh was higher than that for #20
mesh. However, fluctuation of output energy of
electron beam for #10 mesh was larger than that
for #20 mesh. It indicates that the fluctuation of
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Figure 5: Acrylic plates after irradiation of elec-
tron beam, (a) for blade anode and (b) for blade
and mesh anode.

Aperture
Calorimeter
Thermo couple

Calorimeter

Figure 6: Setup of energy fluence measurement
using calorimeter with aperture.

output energy of electron beam depends on uni-
formity of the electric field between the anode and
the cathode. To understand the dependence of fo-
cusing the electron beam on the anode structure
using curved electrodes, Lichtenberg patterns of
the acrylic plate after irradiation of the electron
beam were observed.

Figure 5 shows photographs of the acrylic plate
after irradiation of the electron beam (a) for the
”curved blade” anode and (b) for the ” curved blade
with mesh” anode. The electron beam for the
curved blade with mesh anode concentrates around
the center of the acrylic plate in comparison to that
for the curved blade anode. It is found that the
curved blade with mesh anode generates uniform
electric field in comparison with the curved blade
anode.

Figure 6 shows the output energy measurement
by using a calorimeter with an aperture. The aper-
ture diameter is 5 mm. The calorimeter is stainless
steel, and has 0.5 J/gK of the specific heat ¢,. The
mass m of calorimeter is 79.8 g.

A part of electron beam passages through the
aperture, and the calorimeter is heated up by the



electron beam irradiation. By measuring the tem-
perature increase of the calorimeter, the input en-
ergy fluence V¥ is evaluated by

cymAT

W= o (2)

where AT is the temperature increase and S =
19.6 mm? is the area of the aperture.

The experimental result showed the tempera-
ture increase of 1.1 K. By using the above equa-
tion, the energy fluence of the electron beam is
evaluated by 2.2 MJ/m?.  And then, the beam
focal size is assumed by 20 mm of diameter esti-
mated with the irradiation spot. For this reason,
the irradiation energy is evaluated by about 690 J.

4 Conclusion

To generate the warm dense DLC by using flyer
impact method with the intense pulsed power gen-
erator "ETTIGO-IT”, the output energy of electron
beam on the structure of the electron beam diode
in ETIGO-II was investigated. The results showed
that the output energy of electron beam depended
on the anode structure. The fluctuation of out-
put energy of electron beam was higher for #10
mesh than that for #20 mesh. It indicates that
the output energy of electron beam stabilizes in
uniformly electric field. The electron beam with
the curved mesh anode was focused around the
center of acrylic plate compared to that with the
curved blade anode. It indicates that the curved
mesh anode can generate the uniform electric field
compared with the curved blade anode.

The energy fluence was evaluated by using the
calorimeter with the aperture, and was estimated
by 2.2 MJ/m?. The irradiation energy was eval-
uated by about 690 J with from the viewpoint of
the trace around the aperture.

From these results, to obtain stable and intense
output energy of the electron beam, uniform elec-
tric field between the cathode and the anode is
required.
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Radical production in Corona discharge reactor driven by SOS
pulsed power generator
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ABSTRACT
Energy efficiency for radical production in a corona discharge reactor driven by inductive energy storage pulsed
power generator using a semiconductor opening switch and an arrester. The experiment was conducted on ozone
generation and NO removal to estimate O and N radical densities in the corona reactor, respectively. A coaxial
reactor consisted of center rod wined with spirally-twisted tungsten wire and outer electrode was employed. The
0O, gas and N,/NO mixed gases were injected to the reactor for ozone generation and NO removal, respectively.
O and N radical densities in the plasma were ranged from 0.2 to 1.1 X 10 m™ and 1.8 to 8.0 X 10" m™ with the
arrester, respectively. The energy efficiency for O radical production with the arrester was ranged from 84 to 88
g/kWh, which was about 1.6 times higher than that without the arrester. The energy efficiency for N radical
production with the arrester was ranged from 24 to 52 g/kWh, which was about 9.4 times higher than that

without the arrester.

Keywords

pulsed power generator, fast recovery diodes, arrester, energy efficiencies for radical productions

1. Introduction includes a relatively large number of high-energy
A pulse discharge is one of the promising electrons to dissociate molecules such as oxygen and
candidates for high-efficiency ozone (O;) generation nitrogen. Additionally, the continuous energy input
and nitric oxide (NO) reduction[1]-[4]. The pulse during the secondary streamer phase reduces the
discharge develops basically in two phases; streamer energy efficiency for radical production owing to a
corona discharge propagation phase and glow-like decrement of the high-energy electrons[7].
discharge phase[5],[6]. When a positive high voltage Moreover, the duration time of secondary streamer
is applied to a center electrode (i.e., anode), a small phase is longer as the pulse width increases[8].
luminous zone called a streamer head develops from Therefore, shortening the pulse width of voltage
the center electrode to the outer electrode (i.e., applied to the corona reactor, to suppress the
cathode). The streamer head reaches the cathode and secondary streamer phase contribute to improve
generates an ionized filament that bridges the gap energy efficiency for radical production.
between the anode and cathode. This initial phase of We developed an inductive energy storage (IES)
the streamer propagation is called a “primary system using semiconductor opening switch (SOS)
streamer”. After the arrival of primary streamer at for interruption of an inductor current within 100
the cathode, a subsequent streamer develops from ns[1],[9],[10]. The output voltage of the pulsed
the anode toward the cathode. That is called a power generator using the SOS diodes can be
“secondary streamer” or a ‘“glow-like discharge”. changed easily by changing values of the circuit
The characteristics of the primary and secondary parameters[1],[11],[12]. The waveform of the
streamers are quite different. The primary streamer voltage applied to the corona reactor can also be
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without the corona reactor.

changed with the arrester connected in parallel to the
reactor because the arrester can be used for diverting
the short circuit to exceed the threshold voltage. In
other words, the arrester is a suitable component for
evaluating effect of the pulse width on radical
production efficiency.

In this paper, the energy efficiencies for O radical
and N radical productions in the corona reactor are
evaluated at various pulse widths of the applied
voltage. The pulsed voltage is generated by pulsed
power generator using SOS diode with the arrester.
The

generation and NO removal.

radical densities are estimated with O;

2. Experimental Setup
2.1 SOS pulsed power generator

Figure 1 shows the schematic diagram of the
pulsed power generator using the SOS diode. The
pulsed power generator consists of a gap switch, a
primary capacitor C;, a pulsed transformer (Hitachi
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Metals, Ltd., FT-3H), a secondary capacitor C,, a
secondary inductor L,, the SOS diode, a resistor R
and the arrester. The SOS diode consists of four
serially and three parallelly connected fast recovery
diodes (Voltage multipliers Inc., KI00UF,
10kV/100A, reverse recovery time 100 ns). The
arrester consists of seven serially connected
surge-absorbers (Mitsubishi
DSA-362MA). The capacitance of C; and C, are 20

and 4.0 nF, respectively. The inductance of L, is 20

Materials,

pH. The turn ratio of pulsed transformer is 2:10. The
resistance of R is 20 kQ. The C, is charged by a DC
voltage power supply. After closing the gap switch,
the charge stored in C; flows through the pulse
transformer to the SOS diode in forward direction.
After the pulsed transformer saturates magnetically,
the charge stored in C, flows through the SOS diode
in reverse direction. Then the current in the SOS
diode is rapidly interrupted. As a result, a pulse
voltage is generated by an induced electromotive
effect.

Figure 2 shows typical waveform of output
voltage when the corona reactor is not connected.
The full width at half maximum (FWHM) of pulse
width is 47 ns with the arrester and is 70 ns without
the arrester. The output voltage duration time is

significantly reduced with connecting the arrester.

2.2 Radical production
Figure 3 shows a schematic diagram of the
experimental setup for radical production. The

coaxial corona discharge reactor consists of 2 mm



stainless wire of the center electrode and 28 mm
inner diameter stainless cylinder with the 300 mm in
length. The center rod electrode is wrapped with a
spirally twisted tungsten wire of 0.2 mm diameter
with 5 mm intervals to reduce the corona onset
voltage[13]. The experiment was conducted on O;
generation and NO removal to estimate O and N
radical densities, respectively. In the case of Os
generation, the oxygen gas is fed into the reactor at
gas flow rate of 2 L/min. The ozone concentration is
measured using an O; monitor (Ebara Jitsugyo,
EG-2001B). In the case of NO removal, the NO gas
is diluted with nitrogen (N,) and is fed into the
reactor at gas flow rate of 5 L/min. The NO initial
to be 200 ppm. The
concentration of NO is measured using a gas
analyzer (BEST Sokii, BCL-511) at the outlet of the

reactor. The voltage applied to the corona reactor

concentration is set

and the current in the corona reactor are measured
using a high-voltage probe (Tektronix, P6015A) and
transformer CT-D1.0-B),
respectively.  Digital (Tektronix,
DPO-4104B) is used to record the voltage and the

current signals. The pulse repetition rate is changed

a current (Bergoz,

oscilloscope

from 5 to 80 pps. The energy consumption in the
corona reactor U per one pulse is calculated by
integrating the electric power obtained by the
applied voltage and the current in the corona reactor.

The input energy density w [J/L] is expressed as

w80y

where U [J] is the energy consumption per one pulse
in the corona reactor, f [pps] is pulse repetition rate
and ¢ [L/min] is gas flow rate. The NO removal
efficiency NOemoval 1S €xpressed as

NO NO

treatment 100 [%]

initial

initial

NO

NO

removal -,
where NOyiia [ppm] is the NO initial concentration
(200 ppm), NOyeatment [ppm] is the NO concentration
after discharge treatment. O and N radicals are
estimated under the assumption that O; generation
and NO removal reactions are dominant reactions in

the plasma at O; generation concentration in the

Table. 1 Reactions and rate coefficient of main
reactions in the case of O3 production.
NO. Reaction Rate coefficient
R1 0+0,#M—0+M 6.2*%107°%(7/300)
R2 O0+0+M—0,+M 1.3*102(7/300)!
exp(-170/T)
R3 05+0—20, 8.4*10 " %exp(-2060/T)
Table. 2 Reactions and rate coefficient of main
reactions in the case of the NO removal.
NO. Reaction Rate coefficient
R4 NO+N—N,+0 3.4%10™ exp(-24/T)
RS NO+O+M—NO,+M 1.0%107(7/300) "%
R6 N+N+M—-N,+M 1.78*10Fexp(485/7)
R7 N+O+M—>NO+M 5.46*10%exp(155/T)
R8 0+0,*M—05+M 5.7%107* (7/300)
R9 NO+0;—NO,+0, 1.4*10™%exp(-1310/T)
R10 | NO,+O+M—NO;+M 9.02*%10 exp(7/298)™
R11 NO,+O—NO+0, 6.5%10"%exp(120/T)
RI12 NO,+0;—NO;+0, 1.2*%10"3exp(-2450/T)
RI13 2NO,+M—N,0,+M 1.4*%10% (1/300)38
R14 | NO;+NO,2#M—>N,0s+M |  2.7*%107° (7/300)>*
RI15 NO;+NO—2NO, 1.6*10exp(150/T)
R16 N,0,+M—2NO,+M 1.3*%10°(7/300)>8
exp(-6400/T)
R17 | N,Os+M—NO,+NO;+M 1.3*%10°3(7/300) >3
exp(-11000/T)
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range from 0 to 500 ppm and at NO removal
efficiency in the range of 0 to 20%, respectively.
Energy efficiency for radical production 7 [g/kWh]

is expressed as

_60-g-[AM
~ N-P <107 [ghWh]

where ¢ [L/min] is gas flow rate, [A] [ppm] is
concentration of O and N radicals, M is molecular
weight of O and N radicals, and P [W] is the power

consumed in the reactor.

2.3 Radical derivation process

Table 1 and 2
coefficient of main reactions in the case of O;
production and the NO removal[14]-[21]. M is the

third collision partner; it takes part in energy

show the reactions and rate

absorption, but does not react chemically, and T is

gas temperature. The dominant reactions concerned
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with O; production process in the plasma are O,
production reaction (R1) and decomposition reaction
of O3 (R3). Since the rate constant of (R1) decreases
and the rate constant of (R3) increases with
increases with increasing 7, the ozone production
decreases with increasing gas temperature. Figure 4
shows the ratio of O radical consumed in the
reaction (R1) to that in reactions (R2) and (R3)
calculated as a function of the O; concentration
under various gas temperatures. The ratio decreases
with increasing the O3 concentration and the gas
temperature. In the glow-like discharge, the gas
temperature increases with the lapse of time, which
reaches up to about 450 K at 100 ns in sustained
time of the discharge[8]. When the gas temperature
and O; concentration are less than 450 K and 500
ppm, respectively, number of O radical consumed in
(R1) is at least 100 times higher than that in (R2)
and (R3). In this condition, since the O radical
generated by the discharge is mostly consumed in
the reaction (R1), the reactions (R2) and (R3) can be
assumed negligible. Therefore, the production rate of

03 and O radical can be obtained as

{d[03]/df =k [0,][0]M]
—d[O]/dt = k,[0,][O][M]

where k; is the rate constant of reaction (R1). Thus,
O radical

concentration.

density can be estimated by O;
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Fig. 5 The ratio of NO reduced in the reaction

(R4) to that in other reactions calculated as a
function of NO removal.

In the gas mixture of N, and NO, NO is mainly
reduced through the decomposition by N radical
through the reaction (R4). Some species such as O
and O; produced in the NO removal process
contribute to the NO reduction and NO, oxidization
as shown in table2. Figure 5 shows the ratio of NO
reduced by N radical in the reaction (R4) to that in
other reactions calculated as a function of the NO
concentration under various gas temperatures. The
ratio decreases with increasing the NO removal and
the gas temperature. When the gas temperature and
NO removal are less than 450 K and 40 ppm,
respectively, number of NO reduced in (R4) is at
least 100 times higher than that in other reactions. In
this condition, since the NO is mostly reduced in the
reaction (R4), the other reactions can be assumed
negligible. Therefore, the decomposition rate of NO
and N radical can be obtained as

~d[NOJ/dr = k,[NOJ[N]
{— d[N]/dr = k,[NOJ[N]

where k4 is the rate constant of reaction (R4). Thus,
N radical density can be estimated by NO removal.

3. Results

3.1 O radical production

Figure 6 shows the ozone concentration as a
function of the input energy density. The ozone
concentration increases with increasing the input

energy density. Figure 7 shows the O radical number
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density as a function of the input energy density. The
O radical density is ranged from 0.2X10*to 1.1 X
10 m™ with the arrester. Figure 8 shows the energy
efficiency for O radical production as a function of
the O radical number density. The energy efficiency
for O radical production is ranged from 84 to 88
g/kWh with the arrester and from 51 to 63 g/kWh
without the arrester. The energy efficiency with the
arrester is approximately 1.6 times higher than that

without the arrester.

3.2 N radical production

Figure 9 shows the NO removal efficiency as a
function of the input energy density. The NO
removal efficiency increases with increasing input
energy density. Figure 10 shows the N radical
number density as a function of the input energy
density. The N radical number density is ranged
from 1.8X 10" to 8.0X 10" m™ with the arrester.

Figure 11 shows the energy efficiency for N radical
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production as a function for the N radical number
radical
production is ranged from 24 to 52 g/kWh with the
arrester and from 3.3 to 3.5 g/kWh without the
arrester. The energy efficiency with the arrester is

density. The energy efficiency of N

approximately 9.4 times higher than that without the

arrester.

3.3 Electrical property

Figure 12 shows typical waveforms of the applied
voltage, discharge current, energy consumption, and
the impedance between the electrodes with and
without the arrester in the case of oxygen injection.
The discharge current is obtained by subtracting the
displacement current (i) from the total current in the

corona reactor, calculated by following equations[22];

i =C, %[A]
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where v is the applied voltage at the center electrode
of the corona reactor, C, is the capacitance of the
corona reactor of 9.0 pF, iyis discharge current, and
io is the total current in the corona reactor. The
impedance between the electrodes is calculated by
dividing the applied voltage at the center electrode
by the discharge current. The pulse width is 32 ns
with the arrester and is 103 ns without the arrester.
The energy consumption in a pulse is 6.1 mJ with
the arrester and is 30 mJ without the arrester. The
energy consumption with the arrester is 5 times
lower than that without arrester in the case of
oxygen injection. The impedance decreases below
several kQ gradually, which indicates that the
discharge phase transformed to the glow-like
discharge[8]. By the shortening pulse width with the
arrester, the decrease of the impedance is inhibited
and the duration of the glow-like phase is
reduced[8]. The energy into the reactor with the
glow-like discharge is consumed to heat the plasma
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through a Joule heating process because of low
impedance compared with the streamer discharge[8].
Therefore, the shortening pulse width of the applied
voltage contributes to improve the energy efficiency
for O radical production.

Figure 13 shows typical waveforms of the applied
voltage, discharge current, energy consumption, and
the impedance between the electrodes with and
without the arrester in the case of N, and NO mixed
gases injection. The FWHM of pulse width is 34 ns
with the arrester and is 47 ns without the arrester.
The energy consumption is 6.6 mJ with the arrester
and is 70 m] without the arrester. The energy
consumption with the arrester is 10.6 times lower
than that without the arrester. The impedance is kept
low value during the output voltage is maintained
which indicates that the
glow-like discharge is sustained. The duration of the

without the arrester,

glow-like phase is approximately 600 ns without the
arrester and is significantly reduced with the arrester.

In the case of O, containing gas, the conductance
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and sustained time of the discharge decrease with

increasing O, concentration due to electron
attachment of O,[7]. Therefore, in comparison with
O radical production with O, gas infection, the
shortening the pulse width of the applied voltage is
particularly effective for the improvement of the
energy efficiency for N radical production with

N,/NO mixed gas infection.

4. Conclusions

The energy efficiencies of O radical and N radical
productions in the corona reactor are evaluated at
various pulse widths of the applied voltage. The
energy efficiency for O radical production is ranged
from 84 to 88 g/kWh with the arrester, which is
approximately 1.6 times higher than that without the
arrester. The energy efficiency for N radical
production is ranged from 24 to 52 g/kWh with the
arrester, which is approximately 9.4 times higher

than that without the arrester.
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ABSTRACT

We studied the effect of rise time of discharge current on the EUV output from the Li plasma in

counter-facing discharge device and investigated the plasma dynamics in the device. Results indicated the

waveform can control the plasma dynamics and improve the conversion efficiency. The EUV output depended

on the shot number in a successive operation mode. The results indicated that changes of Li surface condition

during the successive operation affect the plasma dynamics.

Keywords

Key Words : EUV light source, Plasma focus, High energy density plasma, Pulsed current waveform

1. Introduction

The miniaturization of integrated circuits (ICs) has
contributed to the technological progress of modern
societies because the smaller the IC is, the more
efficient electronic devices become. Photolithography
in the microfabrication processes uses a light source
to transfer a circuit pattern from a mask to a
light-sensitive ~ chemical = photoresist on a
semiconductor wafer [1]. Therefore, it is important to
develop a shorter wavelength light source for the
miniaturization of ICs.

Recently, plasma-based extreme ultraviolet (EUV)
light sources have been developed for the next
generation lithography. EUV is a wavelength region
corresponding to a range of 0.2 — 100 nm [2] in

which the photons are easily absorbed by various
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substances. A multilayer mirror using Mo/Si, which
has reflectivity of about 70% at the wavelength of
13.5 nm [3,4], was developed to accommodate the
optical system of lithography.

The EUV light is contained in a radiation from a
high (Te=10~30eV,
ne=108~10' cm3) [5]. There are mainly three ways

energy density plasma
to produce the EUV photons at the wavelength of
13.5 nm. They are a synchrotron radiation, radiation
from a Laser Produced Plasma (LPP), and a
(DPP). As the

synchrotron radiation source is extremely expensive,

Discharge Produced Plasma
it is not appropriate for the industrial use. The
plasma-based radiation sources are more practical
compared to the synchrotron radiation. In the case of
LPP, the EUV plasma is produced by focusing a



pulsed laser on a target, while DPP utilizes a hot and
dense plasma produced by a pulsed discharge [6,7].
Although LPP is a simple scheme to produce the
EUV emission, the laser efficiency is a bottleneck of
the application because it extremely degrades the
plug-in efficiency and increases the operating costs.
In contrast to the LPP sources, DPP is much more
practical scheme because the electrical energy is
directly converted to EUV plasma [7].

In order to realize an efficient EUV light source,
we have developed a counter-facing plasma focus
system [7]. From the proof-of-principle study so far,
we assured that the pulse output of EUV light was
typically 100mJ per shot. The next step is to
demonstrate an average power exceeding 200W or
more at 13.5nm (2% bandwidth) [8]. Therefore, the
final goal of our research is to operate the device
continuously with repetition of 1kHz — 10kHz.
One

operates

However, there are some problems. is

the

repetitively. One of the causes of the damage is

electrodes damage when device
considered to be joule heating by the pulsed current.
Although the problem may be solved by reducing the
drive current, the output of EUV tends to decrease.
We need to optimize the waveform of pulsed current
in order to prevent the decline of output of EUV. In
the lead the

improvement of the plug-in efficiency.

addition, optimization can to

It is expected that it takes time until the discharge
plasma starts to move by the Lorentz force because
the rising time of the pulsed current is limited by the
circuit parameter. The Li vapor proceeds to evaporate
and expand while the current is still low level. If the
rising rate of current is low at the initial phase of
operation, the quantity of plasma which moves to the
place of EUV radiation may be too much and the
acceleration of plasma is not enough to come up to a
hot-dense plasma which emits the EUV light.

In this paper, we discuss the effect of current rise
rate on the plasma dynamics, in which we tried to
increase the output of EUV with a fast rising current

made by additional capacitors.
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2. Experimental Setup
2.1 Counter-facing Plasma Guns for EUV Light
Sourse

Figure 1 shows a component of the plasma focus
devices which consists of seven electrodes; a center
electrode with a positive voltage and six outer ones
with ground potential. For the plasma source, a target
(Li) is set up in the middle of the center electrode.

A couple of the focus electrodes are facing each
other and the operation procedure is shown
schematically in Fig. 2. At first, capacitors connected
between the center electrode and the outer electrodes
are charged to — 7 kV and a Laser (Nd : YAG -2
o) irradiates the Li sources at the middle of two
center electrodes. Then, the pulsed currents are
induced through the plasma by the laser ablation. The
the of the

counter-facing electrodes by the Lorentz force. The

plasma is accelerated to center

plasmas which move from the counter-facing

electrodes collide and thermalize at the center of

electrodes. Then a high energy density plasma is



generated through the thermalization of the plasma.
We designed the time-constant of discharge current to
be more than psec. Therefore, we can expect that the
plasma is confined at the place and emits an EUV

light during an order of psec.

2.2 Relation between rising time of the pulsed
current and the EUV output

The plasma is accelerated by the Lorentz force as
schematically shown in Fig. 2. However, the pulsed
currents hardly flow through the plasma right after
the laser ablation because the breakdown process
depends on the particle distribution between the
electrodes. The evaporation and the expansion of Li
last during the operation time. Then, the mass of
plasma is expected to depend on the breakdown time
from the laser irradiation. As has been discussed in
the introduction, if the mass is too much compared
with an appropriate quantity, the output of EUV
decreases because the energy to be distributed to the
electrons decrease. That is, the electron temperature
does not rise sufficiently when they collide and
thermalize at the center of electrodes.

In this experiment, we added a peaking capacitor
to drive an additional current in the conventional RC
circuit and modified the current waveform as shown
in Fig. 3. Then, we compared the output of EUV light
with and without the additional current.

4 Additional current waveform

Conventional current waveferm

Current [kA]

»
>

Time [ 14sec]
Fig. 3. Modification of current waveform.
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Fig. 4. Schematic of the ion flux measurements.
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2.3 Observation of the ion flux after the formation
of high energy density plasma

We set up a Faraday-cup 34cm above the center of
counter-facing electrodes to investigate the plasma
dynamics in the device. A schematic of the
configuration is shown in Fig. 4. We can expect to
observe the ion flux after time-of-flight of the EUV
plasma, namely several psec from the laser ablation,
and

if the plasma is accelerated, thermalized,

confined in the place during the order of ~psec.

3. Results and Discussion

3.1 Evaluation of the effect of additional circuits

Figure 5 shows a comparison of current waveforms
driven by (a) the conventional circuit and (b) the
modified one. As shown in the figure, the first peak
made by the additional circuit corresponded to
roughly 30% of the maximum peak. The rise time to
reach 30% of the maximum peak from the laser
breakdown was 70 nsec in the case of (a), while it
reduced to 60 nsec in the case of (b). Therefore, we
know that the additional circuit slightly increased the

rising rate of the current.

3.2 The output of EUV light

Figure 6 compares typical EUV signals obtained
from the plasma driven by the currents (a) without
and (b) with additional circuit. Although similar
waveforms of EUV shown in (b) was observed in the
case of the conventional current waveform too, the
higher peak signal (= 6 V) tended to appear in the
case of (b). We observed that the peak of the EUV
output tended by the
modification.

to increase waveform

current — cLitant —

"
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Fig. 5. Comparision of current waveforms driven by

(a) conventional circuit and (b) modified one.
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Fig. 6. EUV waveforms (a) without and (b) with

additional capacitors.

3.3 Two characteristic EUV waveforms in the case

of the modified current waveform

We observed that the EUV waveforms have two
modes in the case of the modified current waveform.
The EUV waveform shown in Fig. 7 (a) was
the
experiment, while the one shown in Fig. 7 (b) was

observed frequently right after starting
observed after successive operation of about 20 times.
We think two modes of EUV waveforms are caused
by the imprint of Li surface due to the laser ablation.
A schematic of the ablation from smooth (a) and the
imprinted surface (b) is shown in Fig. 8.

It is expected that the plasma made by the laser
ablation expands spherically as shown in Fig.8 (a) if
the Li surface is smooth, while it should expand with
oval shape if the surface is imprinted by the
successive laser irradiations as shown in Fig. 8 (b).
The results indicate that the plasma formation process
depends on the condition of Li surface. In other
words, the value of the plasma quantity moving to the
center depends on the Li surface condition in the case

of solid plasma source.
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Fig. 7. Typical EUV waveforms;
(a) with narrow peak and (b) broad peak.
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Plasma

Fig. 8. Ablation of the plasma from (a) smooth and
(b) imprinted surfaces.

3.4 Plasma dynamics after plasma thermalization

After the thermalization, the plasma is expected to
be confined during the current pulse. After that, the
plasma should expand isotropically when the EUV
plasma is confined properly. To confirm the behavior,
we placed a Faraday-cup 34 cm above the plasma.
We can expect an ion flux waveform which has a
peak after several psec from the laser ablation if the
plasma is properly confined during several psec.

Figure 9 shows typical ion flux waveforms. There
were two kinds of EUV waveforms as shown in the
figure. The first peaks of about 2 psec duration
shown in both figures are considered to be the signal
by a photoelectric effect. The peak at 6 ~ 8 usec did
not appeared in the case of (a), while the one
appeared in the case of (b). This peak was expected
to be the signal of the ion flux originated from the
confined plasma.

Therefore, we know that the cause of the narrow
EUV waveform in the case of (a). That is, in the case
(a), the plasma temperature reaches the appropriate
value for irradiating EUV light in a moment, it can
not keep the state for several psec, probably due to
the non-uniformity of current sheet. Then, the current
sheet can not keep the EUV plasma for the time
duration. The arrival times of the current sheets seem
to be different due to jitters of the discharge channels.
Consequently, the plasma cannot keep a quasi-stable
state in the case shown in Fig. 9 (a).
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4. Conclusions

We investigated the effect of current waveform on
EUV-signals by placing additional capacitors in the
discharge circuit. A highly peaked signal (= 6 V)
appeared in the operation driven by the modified
circuit. In addition, there were two modes in the EUV
waveforms with the additional circuit; the narrow
peaked and the broad ones.

We set up a Faraday-cup (to observe the ion flux)
above the center of the counter-facing electrodes to
examine whether the plasma is confined in the right
place for several psec. The EUV waveform had a
broad peak width when the plasma was observed
after 6 ~ 8 usec from the laser ablation. Therefore, we
could interpret that the plasma was confined as
expected, if the EUV waveform had the broad peak.

Results also showed that waveform can control the
plasma dynamics. Decreasing the rising time of
pulsed current is likely to lead the output increase of
EUV light. That is, the waveform control has a
possibility not only to prevent the electrode damage

but improve the plug-in efficiently also.
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ABSTRACT

Center electrode damages of couter-facing discharge device for Extreme Ultraviolet(EUV) source were clas-
sified to stationary damage and pulsed damage. We estimated stationary thermal load by using a semi-empirical
simulation. As a results, we found that the electrode temperature becomes too hot under the stationary operation.
Also, we examined pulsed thermal load by establishing a simplified model based on the Child-Langmuir sheath.
The results showed that the calculation over-estimated the sheath potential, which showed the need to develop a
self-consistent model which can deal with the plasma sheath boundary.
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Key Words: EUV Light Source, Plasma Focus, Thermal Damage, Sheaths, High energy density plasma

1 Introduction

Integrated circuits(ICs) are indispensable for our
moden society. Performance of ICs basically depends
on the scale of the integration, so raising of the accu-
mulation rate is the first priority. ICs are usually pro-
cessed by photolithography, and the minimum work-
ing size depends on wavelength of the light source [1].
Therefore, development of a shorter wavelength light
source is important. What expected for the next gen-
eration lithography is Extreme Ultraviolet(EUV) light
source, which means 13.5 nm wavelength light here,
and it is contained in a radiation from a high energy
density plasma.

For industrial use, the way of making the high en-
ergy density plasma is classified into Laser Produced
Plasma(LPP) or Discharge Produced Plasma(DPP). In
LPP scheme, a high energy density plasma is produced
by irradiating a high intensity laser to the target. LPP
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is easy to be controled, but the energy conversion effi-
ciency is basically very low. In DPP scheme, a high en-
ergy density plasma is produced by a pulsed discharge.
DPP has high energy conversion efficiency, but the elec-
trode damage is a serious issue to be solved and is dif-
ficult to manage due to the complex nature of the dis-
charge process.

To develop an efficient EUV light source, we have
developed a plasma device which has counter-facing
plasma focus electrodes. By the research and devel-
opment of this device so far, we have attained a 100 mJ
EUYV output per 1 operation [2]. For the next step, we
are aiming at repetitive operation at 1 kHz, but there
are some problems. One of them is the thermal dam-
age of the electrode because of the load of high current
and the electron spattering. Electrode thermal damages
can be classified to two types. The first is a stationary

damage due to the Joule heating and heat-flow through
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Fig. 1. Configration of one side electrodes in couter-
facing discharge plasma focus device.

Fig. 2. Schematic of operation of counter-facing plasma
focus system.

the sheaths, the second is a pulsed damage due to arc-
discharge. To achieve repetitive operation for long pe-
riods, these damages should be suppressed under a per-
missible limit.

The purpose of this research is to evaluate the elec-
trode thermal damages quantitatively and examine the
condition in which electrode thermal damages are kept

under the permissible limit.

2 Experimental Setup and Method of
Evaluation of Electrode Thermal Dam-
ages

2.1 Counter-facing Discharge Plasma Focus De-

vice
We have developed a counter-facing discharge de-
vice which is composed of a pair of six-channel plasma
focus electrodes. Figure 1 shows the focus device
composed of a center electrode and six outer elec-
trodes. The plasma source(lithium) is embedded in

a groove of the center electrode. Figure 2 schemati-

cally shows the operation of the device to make EUV

plasma. At first, capacitors between a center elec-
trode and independent six outer electrodes are charged

to high voltage(5~7kV). A laser irradiates the plasma
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source at middle of the center electrodes and makes the
plasma. Then, currents start to flow between the center
electrode and the outer electrodes through plasma. The
plasma is accelerated to the center of the counter-facing
electrodes by the Lorentz force. The counter-facing
plasma driven by the current sheets collide and ther-
malize at the center, where it is confined by the Lorentz
force. Then, a high energy density EUV plasma is gen-
erated.

2.2 Numerical Analysis of Stationary Thermal
Load

In the plasma focus device, the current flows with
a time constant of usec and the heat deposition in the
electrode diffuses with order of msec. Therefore, the
electrode temperature repeats rise and down. But in a
time scale longer than the time constant, the electrode
temperature can be regarded as having a simply rising
character. We call such a heat inflow as a stationary
load” here.

Stationary thermal load raises the electrode tem-
perature, and the temperature distribution can be ob-
tained by solving a thermal diffusion equation. In two-
dimensional cylindrical coordinates system, the ther-
mal diffusion equation is given as follows,

oT 0*T 10T °T

o = W+;E+B—Z2)+q(r,z), @)
where T is the electrode temperature at (r,z), a is
thermal diffusivity, g(r,z) is internal heating term [3].
We made a numerical simulation code with two-
dimensional cylindrical coordinate system and evalu-
ated the electrode temperature.

2.3 Sheath Modeling for Evaluating Pulsed Ther-
mal Load

When the discharge current is localized at a point of
electrode surface, an arc discharge may occur. The arc
discharge damages the electrode. We call this damage
as a ’pulsed thermal load” here.

To evaluate the pulsed thermal load, it is important

to understand the sheath dynamics. But there is no es-



Tab. 1. Parameters for thermal calculation.

Parameter Value

Material of electorode W(head), Cu(root)
Length of electrode 32.5 mm
Curvature of electrode head 1.5 mm

Charging voltage of capacitor 7 kV

Pulse rate 1 kHz
Sheath heat 270 W
Cooling temperature 200 C

Tab. 2. Physical properties of electrode materials.

Parameter Tungsten  Copper
Melting temperature [K] 3700 1450
Thermal conductivity [W/mK] 173 401
Specific heat [J/gK] 0.138 0.379
Mass density [g/cm?] 0.138 0.379
Electrical resistivity [nQQm] 52.8 16.8

Tab. 3. Conditions for numerical calculation.

Parameter Value

Time step At 1.0 x 107 sec
Division number of z-axis 300

Division number of r-azis 30

tablished model about the sheath dynamics. So we are

developing a new sheath dynamics model.

3 Results and Discussion

3.1 Numerical Simulation for Evaluating Station-
ary Thermal Load

3.1.1 Analysis conditions

Table 1 shows basic parameters of the numerical
study. Table 2 shows physical properties of the elec-
trode materials, and Tab. 3 represents the conditions

for the numerical calculation.

3.1.2 Time to achieve quasi-steady state

Figure 3 shows temporal evolution of the electrode
head temperature. As the figure shows, it takes about
10 sec to achieve the quasi-steady temperature distribu-
tion. In other words, we can reach a steady state tem-
perature distribution by the time integration of Eq. (1)

for 10 sec.

31

2000

1600 |

e
N
o
o

Temperature [°C]

N
o
o

200

10 15 20
Time [s]

Fig. 3. Evolution of electrode head temperature.

1400~

[°C]

e

1000F——————————————— ———-

Temperatur

2005 700 500 300 00

Sheath heat [W]

1100

-
o
(o]
o

Temperature [°C]
g 8
I
I
I
I
I
I
I
’
I
I
I
I
I
I
I
I
I
!

©
o
o

250 260 270 280 290 300
Sheath heat [W]
(from 250 to 300W)

Fig. 4. Temperature change of electrode head as a func-
tion of sheath heating power.

3.1.3 Evaluation of sheath heating by parameter
survey

It is difficult to evaluate the sheath heating phe-
nomenom with a numerical modeling. So we tried to
evaluate the sheath heating semi-empirically, namely
by fitting the numerical calculation with the experimen-

tal observation. We know that temperature of the elec-
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trode head reaches around 1000 °C when the plasma
focus device operated for 1 second at 1 kHz. Figure
4 shows the temperature change of electrode head as
a function of sheath heating power ranging from 0 W
to 400 W. As Fig. 4 shows, the sheath heating corre-
sponding to the electrode temperature is estimated to be
270 W. After this, we regard the sheath heating as 270
W.
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3.1.4 Change of the electrode temperature when
the electrode shape is changed

EUYV output depends on the electrode configuration
[4], and it is expected that the electrode temperature
also depends on the electrode shape. So we varied the
electrode length form 19.0 mm to 36.0 mm and the elec-
trode head curvature from 0.5 mm to 1.5 mm. Figure
5 shows a typical electrode temperature distribution in
the case of condition shown in Tab. 1 . As it shows, we
know that the electrode head temperature rises about
2000 C.

Figure 6 shows the temperature change of the elec-
trode when the electrode length is changed and Fig. 7
shows the temperature as a function of the electrode
head curvature. As these results show, the electrode
temperatures decrease as the electrode becomes shorter
or the electrode head curvature becomes bigger. The re-
sults also show that if we suppose that the temperature
limit of tungsten is 1000 °C, the electrode length has to
be shorter than 22 mm or the electrode head curvature
has to be bigger than 2.5 mm. But from the point of
view of EUV output, this geometry is not optimum, so
we have to consider a rational cooling system to opti-

mize the electrode geometry for EUV conversion.

3.1.5 Change of the thermal temperature distribu-
tion when the input power is changed

If we increase the input power, EUV output is ex-
pected to be increased, but the electrode temperature is
also expected to increase. It is important to examine
the input power limit, so we made analysis when input
power is changed. Experimental results show that when
the charge voltage of capacitor is raised, EUV output
increases. So we varied the voltage of capacitors from
5 KV to 7 kV. Also, we varied the repetition frequency
from 1 kHz to 10 kHz. Figure 8 shows the temperature
change of the electrode head versus the charging volt-
age and Fig. 9 shows the temperature versus repetition
frequency. As shown, the electrode head temperature

increases as the input power is raised. We are aiming
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at a continuous operation at 10 kHz, but the head load
limits the repetition less than 3 kHz to avoid the melt-
ing of tungsten electrode. So we have to improve the
energy conversion efficiency.

3.2 Modeling the Sheath Physics for Evaluating
Pulsed Heat-inflow

3.2.1 Evaluating the Sheath Potential from the
Child-Langmuir Law

Generation of arc spots depend on the sheath poten-
tial and width. They can be evaluated from the Child-
Langmuir law. The Child-Langmuir law is given by
4 (2e)”2 ¢

J=§<9o;i 2

(@)

where j is the current density, &y is the permittivity of
free space, e is the elementary charge, m; is the mass of
ion, ¢ is the sheath potential, d is the sheath width [5].
We can know j because j is primarily determined by the

external circuit in case of the discharge plasma device.
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So ¢ can be calculated using Eq. (2) by assuming d.
Generally, the sheath width d is considered to be the

order of the Debye length 4, given by

/ld = (SOkBTe)l/z )

3

nee?

where kg is the Boltzmann constant, T, is the electron
temperature, 7. is the electron density. The sheath po-
tential ¢ is calculated as shown in Fig. 10 . In the
calculation, we assumed d = 101,, T. = 10eV, n, =
1.0 x 10 cm™ and m; = 1.15 x 10726 kg(lithium). As
shown, the sheath potential was obviously much larger
than real one. So we have to develop a self-consistent

model which can deal with plasma and sheath dynam-

ics.
4 Conclusions

We estimated stationary temperature distribution of
the center electrode by numerical simulations and com-
pared it with experimental observation. We found that
time to achieve the quasi-steady state is 10 sec and the
sheath heating is ~ 270 W. The results also indicate that
the electrode head temperature reaches around 2000 C
in typical conditions at a steady operation. If we as-
sume that the electrode limit temperature is 1000 °C, we
have to improve the cooling system and/or increase the
energy conversion efficiency.

Also we calculated the sheath potential using the

Child-Langmuir law for evaluating the pulsed thermal
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Fig. 10. Calculated sheath potential assuming the
Child-Langmuir sheath.



load. The calculation over-estimated the sheath poten-
tial, so we have to consider a model which can deal with

the plasma and the sheath without contradiction.
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ABSTRACT
The pulse-switching characteristics of an implantation epitaxial MOSFET developed by the Tsukuba

Power-Electronics Constellations (device A) and commercially available SiC-MOSFET device (device B)

were compared with various operating temperatures. In the room temperature region, switching loss of the

device A is larger than that of device B. With increasing the device temperature, the switching loss of the

device A decreased, whereas that of device B increased. Consequently, the total energy loss of device A is

smaller than that of device B at temperature above 120 °C. The conduction loss of the device A increased with

increasing temperature owing to the increase of the on-resistance. The temperature dependency of switching

loss is attributed to a change in Miller capacitance and gate threshold voltage.
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1. Introduction

Silicon carbide (SiC), a wide-gap semiconductor
material, is expected to play a role in power
electronics during the 21st century because of its
characteristics. For example, SiC has a dielectric
breakdown field strength ten-fold that of Silicon (Si)
alone. As a result, SiC can achieve a target applied
voltage with a thinner and more concentrated drift
layer than Si [1]. This means that extremely low
on-voltage devices can be fabricated with SiC
because the resistive component of high-voltage
power devices depends strongly on the thickness of
the drift layer. In addition to this, SiC has many other
desirable properties relative to Si, such as triple the
thermal conductivity and twice the saturated drift
velocity [2, 3].

In previous studies, have

we extensively

investigated the switching characteristics of a SiC
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junction field-effect transistor (SiC-JFET) and have
obtained excellent results [4]. Additionally, we have
developed a custom-built high-power SiC-JFET
package [5] and used it to accelerate ion beams in the
KEK digital accelerator [6]; in that experiment, an
induction acceleration cell was driven by a pulsed
power supply based on a SiC-JEFT [7]. We are also
interested in  SiC  metal-oxide—semiconductor
field-effect transistors (SiC-MOSFETs), which have
been progressing rapidly around the world. These are
very attractive to us, because the fact that
SiC-MOSFETs are normally off devices with a
simple driving circuit system allows various
applications to be developed with relative ease.
Recently, an implantation epitaxial MOSFET
(IEMOSFET) [8] has been developed during joint
research at Tsukuba Power-Electronics Constellations

(TPEC) [9]. Figure 1 shows a cross-sectional
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Fig. 1 Cross-sectional schematic of the [EMOSFET.

Table 1 Typical electrical specifications.

Parameter Device A Device B Unit
Blocking voltage 1200 1200 \Y%
Gate-source voltage (Max) 20 22 \
Pulse drain current 30 80 A
On resistance 120-175 80-117 mQ

schematic of the IEMOSFET [10]. The upper half of
the p-well is formed by epitaxial growth without
activation annealing, and the smooth surface prevents
the gradation of channel mobility that occurs with the
conventional double implantation method. The buried
channel structure drastically reduces the on-resistance
[11].

In this paper, the pulse-switching characteristics of
the IEMOSFET and a SiC-MOSFET are compared

with various operating temperatures.

2. Experimental Setup

The IEMOSFET developed by TPEC (device A)
and a SiC-MOSFET (ROHM, SCH2080KE, Device
B) are employed in the evaluation. The typical
electrical specifications of these devices are
summarized in Table 1.

Figure 2 shows the evaluation circuit for devices.
The circuit consists of a DC power source, a charging
resistor of 50 kQ, a load resistor of 50 Q, a
capacitor of 12 uF, a gate drive circuit and a delay
generator (Stanford Research Systems, DG645). The

settings configured as a drain-source voltage (Vpg) of
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1 kV and drain current (Ip) of 20 A. In order to
investigate the switching characteristics on operating
the DUT on a
temperature-controlled heat plate (AS ONE, ND-1).
The temperature is varied from 20 °C to 150 °C.

temperature, is  mounted

Figure 3 shows a schematic diagram of the gate
drive circuit. The circuit consists of a 24 V DC power
source, P-channel MOSFETs (IRF9530), N-channel
MOSFETs (IRF530), (Rg), a
gate-source capacitor (Cg) and a zener diode
(IN5357BRLG, Vz = 20 V). A pulse voltage
generated by the delay generator is applied to the gate

a gate resistor

drive circuits to switch the N-channel and P-channel
MOSFETs  alternatively.  Switching  between
N-channel and P-channel MOSFETs allows rapid
charging and discharging of the gate input
capacitance of the DUTs, respectively, which realize
fast switching of the DUTs. Resistance of Rg and
capacitance of Cg were optimized experimentally in
such a way as to decrease the overshoot and ringing

of the gate- source voltage.
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Fig. 4 Waveforms of the gate-source voltage, the
drain—source voltage, the drain current, and the
total loss of the device A and B.

As aresults, Rg of 1.5 Q and Cg of 0 pF, i.e. without
Cg, were chosen for device A and Rg of 1.5 Q and Cg
of 2000 pF were chosen for device B.

3. Results and discussion

Figure 4 shows the waveforms of the gate—source
voltage, the drain—source voltage, the drain current,
and the energy loss of the both devices at room
temperature. The turn-on time of both devices, which
is defined as the drain-source voltage fall time from
90% to 10%, were 46 ns and 30 ns, respectively. The
turn-off time, which is defined as the drain-source
voltage rise time from 10% to 90%, were 20 ns and
26 ns, respectively. The turn-off delay time, which is
defined as the intervening time between the 10% fall
of the gate-source voltage and the 10% rise of
drain-source voltage, of device A was shorter than
that of device B.

Table 2 summarizes the turn-on losses, turn-off

Table 2 Turn-on losses, turn-off losses, conduction
losses and total energy losses of the device A and B at

room temperature.

Parameter Device A Device B Unit
Turn-on loss 0.147 0.113 mJ
Conduction loss 0.105 0.091 mJ
Turn-off loss 0.105 0.113 m]
Total energy loss 0.357 0.317 mJ
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losses, conduction losses and total energy losses of
the both devices at room temperature, where the
conduction period is defined as the time during the
drain-source voltage of less than 10%. As shown in
table 2, the turn-on loss of device A is larger than that
of device B, the reason of which is considered to be
caused by longer turn-on time. The difference of the
total losses between both devices is mainly due to the
difference of the turn-on losses because there isn’t
much of a difference in the other losses.

Figure 5 shows the total energy losses of device A
and B as a function of temperature. The total energy
loss of device A decreases with increasing
temperature, whereas that of device B increases with
temperature, consequently they are reversed above
120 °C. Figure 6 shows the turn-on, conduction and
turn-off losses of the both devices as a function of
temperature. The conduction losses of both devices
increased with increasing temperature owing to
increase of on-resistance. The turn-on losses of both
devices decreased with increasing temperature. With

increasing temperature, the turn-off loss of device A
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Fig. 7 Waveforms of gate-source voltage and
drain-source voltage during the turn-on period in

the case of device A for various temperatures.

decreased and that of device B increased.

Figure 7 shows the waveforms of gate-source
voltage (a) and drain-source voltage (b) during the
turn-on period for various temperatures of device A.
The rise time of the gate-source voltage and the
turn-on time decreases with increasing temperature.
Figure 8 shows the close-up view of the gate-source

voltage waveform during the turn-on period in the
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Fig. 8 Close-up view of the gate-source voltage
waveform during the turn-on period in the case
of the device A.

case of the device A. The gate-source voltage during
the Miller
temperature. This result suggests that the Miller

period increased with increasing

capacitance probably decreases with increasing
temperature. Therefore, the turn-on loss of device A
decreased at increasing temperature, which mainly

causes the decrease of the total energy loss.

4. Summary

The  pulse characteristics
SiC-MOSFETs by TPEC
commercialized by ROHM were compared. The
switching loss of the IEMOSFET was larger than that
of the commercialized device at room temperature.
However, the switching loss of the IEMOSFET

temperature due

of
and

switching

developed

decreased with increasing to
decrease of turn-on loss. The switching loss of
IEMOSFET decreased with increasing temperature,
and is lower than that of commercialized device at

temperature above 120 °C.
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ABSTRACT

With the aim of accelerating giant clusters by a tandem accelerator, we have been developing a negative ion

source of Cg fullerenes. This paper reports the progress in the development of the components of the cluster

negative ion source and the results of preliminary experiments. In a Cgy sublimation experiment, we confirmed

the formation of a neutral beam of Cg by heating a ceramic container of Cgy powder. Furthermore, an electron

current density of 20 pA/cm® was achieved in the ionization section using thermal electron emission from

tungsten filaments, which satisfies the requirement evaluated from the desired performance of the ion source.

Keywords

Ceo, Cluster, Negative ion source, Tandem accelerator

1. Introduction

An aggregate of several to several million atoms or
molecules is called a cluster. A cluster shows
different characteristics from either mono-atom or
macroscopic material. In addition, it is known that
the cluster can have various three-dimensional
structures and changes its properties with size.
Therefore, the cluster is also called a new phase of
material.

When clusters with a kinetic energy of about
100 keV/u or more hit a solid target, they are injected
deeply into the target. Because the distance between
neighboring atoms in a cluster is almost the same as
the lattice distance of solid material, a cluster beam
can make much higher energy density in the material
than a monoatomic ion beam. Depending on the
energy of cluster, the cluster beam can give the
materials very high radiation effects because of a
stopping power increase by proximity effects. Thus

the interaction between high-energy clusters and solid
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materials has been a very interesting topic, and the
cluster beam has been expected to be applied to
industrial fields as a novel material reforming tool.
Relatively small clusters composed of 2 to 10
atoms has been accelerated up to about ~ 1 MeV/u by
71 On the other hand,

clusters composed of 50 atoms or more such as Cg

electrostatic accelerators

has been accelerated up to 36.2 MeV by a tandem
electrostatic accelerator at IPN Orsay in France for
the first time ™. The acceleration of Cyeo has been also
carried out in some accelerator facilities in Japan "%,
However, the acceleration energy of clusters in these
than 10 keV/u. The

maximum acceleration voltage of the electrostatic

experiment remained less
accelerator typically is about 20 MV because of the
restriction of high voltage insulation. On the other
hand, high-frequency circular accelerators such as
cyclotron or synchrotron are not suitable for the
acceleration of clusters having extremely small

mass-to-charge ratios (q/m).



Takayama et al. recently proposed and developed a
new type of accelerator called “induction synchrotron”
and succeeded in a proof-of-principle experiment ',
Since it has in principle no limitation on the q/m of
accelerated particles, it is suitable for the high-energy
acceleration of giant clusters such as Cg. Iwata et al.
recently succeeded in generating giant silicon clusters
efficiently !'*,
the

high-energy acceleration of giant clusters, we plan to

Using the above new technologies for
perform a preliminary experiment of high-energy
acceleration of giant clusters using a tandem
electrostatic accelerator. The tandem accelerator
needs the injection of negative ions; however,
negative ionization techniques for giant clusters have
not been established.

The purpose of this study is to develop a negative
ion source that can supply negative giant clusters to

the tandem accelerator.

2. Negative ionization of cluster
To

accelerators, cesium sputter ion sources have been so

supply negative cluster ions to tandem
far employed. However, the sputtering efficiency of
clusters was too low to obtain sufficient amount of
cluster beam current ).

On the other hand, a negative ion production
method using sublimation and electron attachment is
non-destructive for clusters. This method has been
mainly used in the basic studies of clusters, such as
the structural analysis of Cgg (131 However, it has not
been applied to negative ion sources for accelerators
yet.

Cgo has relatively high electron attachment cross
sections (- 10™"® m?) for electron energies from zero to
10 eV "3, From the electron attachment cross section,
we can calculate electron attachment probability
using Eq. (1).

P =onl . - (D
Here, o is cross section, n is electron density, and
/ is the length of electron attachment region.
We assumed that the desired cluster beam current of

the negative ion source was 10 nA. Furthermore, we
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assumed that the cross section of the beam was 1 cm?
and all Cg clusters produced by sublimation entered
the ionization region. Then, we can evaluate the
specific lifetime of the beam source from the electron
attachment probabilities. Here, the specific lifetime is
defined as time duration for which the ion source can
continuously supply a 10-nA beam current with a 1-g
Ceo powder initially loaded. The relation between the
lifetime and the electron attachment probability are
presented in Fig. 1. If the required lifetime is 10° -
10* s/g, the ionization probability needs to be 10 -
107. The relation between the electron current
density and the electron attachment probability is
shown in Fig. 2. Here, we assume that the electron
energy was 5 eV and the length of the electron
attachment section was 10 cm. From this relation the
electron current density needs to be 20-200 pA/cm’
to achieve an ionization probability of 10 - 107



200 mm

|
20mm O AN/ O/ N\NNO
) ° o

ODCoooooooooo

[ C——ooooooooooog
Sublimation apparatus o ° ° I

: ovieiner]

M
I
J—» z Ionization section

Fig. 3. A schematic of experimental setup.

Fixed block
Tamman tube — Aperture
B S —— E ,,,,,, _ /8 1mm
75 [T
100mm | | it o 36 mm
[ g5 mm 20 mm
g
= ™
y = 120 mm & 50 mm
I Support leg Tantalum filament = { mm
Z

Fig.4. A cross section of C¢, sublimation apparatus.

3. Experiment

The experimental device used in this study consisted
of a sublimation apparatus and an ionization section.
The experimental setup is schematically shown in
Fig. 3. A neutral beam of Cg generated by the
sublimation apparatus was ionized when the beam
passes through the ionization section. Then the beam
was extracted as a negative ion beam by an extractor
located downstream.

The structure of the sublimation apparatus is shown
in Fig. 4. We used a tammann tube made of alumina
as a container of Cg. Cgp powder was located in the
tammann tube. Cgy is known to be sublimated at
about 400 “C. To heat up the tube, we used tantalum
wire (¢ 0.3 mm), which was wound around the
tammann tube and fixed with a ceramic bound. The
wire had a resistance of 1 Q in total. An aperture (o 1
mm) was attached to the front of the tammann tube.
We used a stabilized DC power supply (30 V, 20 A)
to drive the heater.

The structure of the ionization section is illustrated
in Fig. 5. Four tungsten filaments were used as

thermal electron emitters. Each filament had a
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resistance of 1.1 Q. Positively biased grid electrodes
made of stainless-steel mesh (12mesh/inch, g1.4 mm)
were placed on the both sides of the beam line
(dash-dotted line in Fig.5) to extract electrons from
the filaments. The porosity of the mesh was 66 %.

A circuit diagram of the ionization section is shown
in Fig. 6. The filaments were connected in parallel to
a stabilized DC power supply A (30V, 20 A). The
extraction voltage (up to 18 V) was applied to the
mesh electrodes by a stabilized DC power supply B
(18V, 5A).

In the ionization section, as mentioned in Section 2,
electron current density obtained in the region where
the Cgp neutral beam pass is important. Therefore, a
charge collector was placed in the middle of the mesh
electrodes to measure the electron current flowing
into the ionization section with a picoammeter. Since
the same potential was applied to the collector and
the mesh electrodes, there was no electric field in the
space between them. In addition, the electron currents

flowing into the mesh electrodes were measured at

Beam Line

Filament



the same time.

To investigate the spatial distribution of the electron
current between the mesh electrodes, we used two
kinds of collectors. One was 60 mm in width, 60 mm
in height, and 1 mm in thickness so that it could
cover the entire area of the mesh electrodes (collector
A). The other was 60 mm in width, 10 mm in height,
and 1 mm in thickness so that it could cover the
region where the neutral beam passed (collector B).

4. Results and Discussion

In the experiment of Cg sublimation, an input
powder of about 900 W was applied to the heater
wire at a maximum. During the experiment the
pressure in the chamber increased from 6.0 10™ Pa
to 1.2X 107 Pa. Black deposit was observed on the
back surface of the aperture plate after the operation
for 6 minutes, which indicates that sublimated Cg
was attached to the wall. Form this result, we
confirmed the sublimation of Cg. To reduce the loss
of Cygo, it is necessary to improve the structure of the
sublimation apparatus so as to maintain all
components at the same temperature (~ 400 °C)

The results of electron current measurement by the
collectors A and B are shown in Fig. 7. In both cases
(A and B), the electron -current increases
monotonically with the acceleration voltage (grid
voltage). In addition, we evaluated the ratio of the
electron current /, measured by the collector A to the
electron current /, by the collector B, plotting it as a
function of the acceleration voltage in Fig. 8. Filled
squares and filled triangles are 7,//, when the filament
input power was 35 W and 56 W, respectively. When
the input power was 56 W, I/I, was 54 - 67 %, and
when input power is 35 W, 1/I, was 6 - 38 %. These
results indicate that the spatial distribution of the
electron current flowing into the ionization region
depended on the input power to the filaments. The
voltage applied to the filaments can affect the
potential gradient between the filaments and the mesh
electrodes, which may be the cause of the change in
the electron current distribution.

The results of the electron current measurement by

the collector B when the power was over 56 W are

2.5
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Fig.7. Dependency of electron current on acceleration

voltage.
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shown in Fig. 9. The electron current was about
120 pA at a maximum. It was 80 times higher than
the value at 56 W. This is probably because the
number of thermal electrons emitted from the
filament drastically increased with the filament
temperature.

The electron use efficiency is plotted as a function
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Dependency of electron current density on filament

of acceleration voltage in Fig. 10. The electron use
efficiency was estimated by dividing the electron
current measured by the collector B by the sum of the
electron currents measured by the collector and the
mesh electrodes. When the acceleration voltage was
more than 2 V, we found that the efficiency was less
than 15 % at any input power. When the acceleration
voltage was 0 V, the electron use efficiency was high,
compared with those when the acceleration voltage
were applied. Also, when the acceleration voltage
was more than 8 V, the efficiency increased with
increasing input power.

Figure 11 shows the dependency of the electron
current density measured by the collector B on the
filament input power. The electron current density
rapidly increases when the input power exceeds 60 W
and it reached about 20 pA/cm” at a maximum at

107 W. This current density satisfies our target value.
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To obtain higher electron current, it is necessary to
reduce the distance between the filament and the
mesh electrodes and improves the thermal electron
emission rate by the Schottky effect. In addition, we
are also planning to increase the electron current
density by using an oxide thermionic cathode for the
electron gun. By guiding thermal electrons emitted
from the electron gun by a solenoidal magnetic field,
it is expected to suppress the spread of the electrons
and drastically increase the electron current density in

the ionization section.

5. Summary

For a Cg negative ion source for the tandem
accelerator, we adopted the sublimation and electron
attachment method and carried out preliminary
experiments using the sublimation apparatus and the
ionization section independently. When heating the
Ceo powder loaded in the tammann tube, we observed
an increase in the chamber pressure and black
carbon-liken material deposited on the back side of
the aperture plate, which indicates the sublimation of
Ceo-

filaments were accelerated toward the beam line by

When thermal electrons emitted from the

the mesh electrodes, we confirmed that an electron
current of about 20 pA/cm’ was obtained at a
maximum. This value satisfied our target for the
electron current density in the ionization section. In
order to achieve more efficient electron attachment,
we are planning to make the confinement of electrons
in the electron attachment section by a solenoidal

magnetic field.
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Abstract

We have been developing a spatiotemporally confined cluster ion source to supply narrow size-dispersed
silicon cluster ions to particle accelerators. The size dispersion of cluster is known to depend strongly on the
process of the cluster generation. However, it has not been clarified how the generation process quantatively
affects the size dispersion. We observed the light emission of a silicon vapor plume in the cluster generation
cavity by a high-speed ICCD camera to clarify the hydrodynamic characteristics of the cluster generation
region. The obtained images showed hydrodynamic behaviors of the plume and the existence of multiple light
emission peaks, which is not observed in laser ablation processes in vacuum. Additionally, we performed a
detailed fitting analysis on the light intensity profile to investigate the behavior of the peaks, and found that
the intensity of the peaks was closely related to the light emission of Si atoms, which was acquired by a
spectroscopic measurement.

Keywords
Cluster generation, Laser ablation, Plume dynamics, Shock wave

1 Introduction to be employed. A concept of an induction microtron,
a circular accelerator which is suitable for the accel-
eration of exceedingly heavy particles such as cluster
ions, was recently proposed by Takayama et al.[4], and
its design work is under way at KEK. We have been
developing a cluster ion source based on a spatiotem-
porally confined cluster source (SCCS) developed by
Iwata et al[2]. This cluster source can produce sili-
con cluster and the number of the constituent atoms

Recently nanoparticles called micro clusters, which is
composed of a number of identical atoms, attracts
much attention as beam particles heavier than lead
or uranium. The usage of these cluster ions as a
beam driver for the inertial confinement fusion has
been recently discussed. Generally, as the particles of
the beam driver become heavier, the required beam
current becomes lower, which is advantageous for the
high-current beam driver because space charge effects

) Ablation Laser lonization

can be largely reduced. Cluster Generation Cell Laser

The high energy acceleration of Fullerene Cgp,
which is the most famous cluster, was demonstrated //:/ s Si Cluster Si Cluster lon
for the first time at IPN Orsay in France and S b RSN B
then have been performed also by some facilities in Shock War ~ -
Japan[l]. In these studies electrostatic accelerators
such as tandem accelerators were mainly used to ac- Si Target Skimmer

celerate the cluster ions, and the achievable beam en-
ergy was several tens of MeV at the most. To achieve
much higher beam energy, circular accelerators need
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Fig. 1. A schematic of the spatiotemporal confined

cluster ion source.



(size) exceeds 100[6]. It was proved that the generated
clusters had a considerable narrow size dispersion[6].
Only cluster ions having a specific charged-to-mass
ratio can be accelerated in the circular accelerator, so
the cluster generation with a narrow size dispersion
is a key issue to achieve efficient cluster ion supply to
the accelerator.

The principle of the SCCS is schematically illus-
trated in Fig. 1. A silicon target is placed in a cluster
generation cavity having an ellipsoidal shape which
is filled with helium gas cooled to the liquid nitrogen
temperature. A silicon vapor plume is produced by
the laser ablation of the silicon target. The plume in-
duces a shock in the background gas. Since the target
surface is located just on the focal point of the ellip-
soidal cavity, the induced shock converges on another
focal point after reflecting on the cavity wall. When
the plume reaches to the focal point, the plume is
instantaneously confined by the convergent shock. A
rapid cooling of the silicon vapor occurs in a small vol-
ume where the silicon vapor and the helium gas are
mixed around the contact surface between the plume
and the shock. We consider that the substantial clus-
ter growth occurs in this phase and the short duration
of the plume confinement (cluster growth) contributes
to the narrow size dispersion. The generated clusters
are ejected from an exit hole of the cluster generation
cavity. The clusters are ionized by a short wavelength
laser or an electron beam downstream.

Although the size-dispersion strongly depends on
the cluster generation process, i.e. the behavior of
the plume and the shock in the cavity, the relation-
ship between the operational conditions (e.g. laser ir-
radiation energy density, helium gas pressure) of the
SCCS and the generated cluster properties has not
been clarified quantitatively. Thus, we observed the
light emission of the silicon plume in the cluster gen-
eration cavity by a high-speed imaging camera in or-
der to clarify the hydrodynamic characteristics of the
plume. The observed images revealed that the light
emission of the plume separated into a few peaks dur-
ing the expansion, which was particular for laser abla-
tion in background gas. Additionally, we performed a
detailed fitting analysis of these peaks to investigate
their behaviors and compared it with the result of
a spectroscopic analysis[3] of the light emission from
the cluster generation cavity.
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2 Experimental setup

An experimental configuration used for the high-
speed photography is shown in Fig.2. The ablation
laser was a frequency-doubled Nd:YAG laser, whose
wavelength, pulse duration (FWHM), and repetition
rate are, respectively, 532 nm, 12 ns, and 20 Hz. The
laser spot on the silicon target surface was an ellipse
shape (4.6 mm x 2.0mm), and the irradiation energy
density was typically 4.1 J/ecm?. The steady rotation
of the target prevented the target surface from being
unevenly distorted by the laser ablation. A silicon
plume produced by the laser ablation was emitted
normal to the target surface. An ICCD camera was
installed to observe the behavior of the laser ablation
plasma normal to the drift direction of the plume.
The light emission of the plume passed through an
observation window and was converged by a cam-
era lens on a photoelectric surface of the ICCD. The
ICCD is sensitive to light in a wavelength range of
350 - 900 nm. The timings between the Q-switch of
the Nd:YAG laser, the exposure of the ICCD, and
the image capturing by a PC were synchronized by
a pulse delay generator. The vacuum chamber was
evacuated by a turbo-molecular pump. The degree
of vacuum was typically ~ 10~® Torr without helium
supply. The helium supply was adjusted by a vari-
able leak valve. The pressures were monitored right
behind the variable leak valve and downstream of the
turbo-molecular pump to maintain the helium flow
rate.

The high-speed imaging of the silicon plume was
performed for a single laser shot. We obtained a back-

Vacuum Chamber

‘ He Bombe
@ o | Ei@
O VLV
pC L Nd:YAG Laser

DG

Fig. 2. A schematic of the experimental system used
for the high-speed photography. (DG, delay gener-
ator; L, lens; CL, camera lens; VLV, variable leak
valve; P, pirani gauge).



ground image without laser shot every time we took a
plume image. Then, it was subtracted from the plume
image to reduce the background noise. The light
emission intensity of the ablation plume was atten-
uated with time, so it was necessary to lengthen the
exposure time in order to acquire a sufficient signal
intensity for observations with relatively large time
delays from the laser irradiation. Exposure times of
0.2 us, 0.5 us, and 1.0 us were used for the observation
until 14 ps, 20 ps, and 100 us, respectively.

3 Results and discussion

The high-speed framing images of the silicon plume
until 100 us after the laser irradiation are shown in
Fig.3. They were obtained with an exposure time of
1.0 s, and the time origin corresponds to a rise time
of the Q-switch trigger. These images showed that
the hydrodynamic behavior of the plume differed from
that in vacuum and the interaction between the plume
and the background gas affected the light emission
from the plume. Two characteristic emission peaks
appeared at 2.0 us, and the one of these peaks near
the target was rapidly attenuated after 7.0 us. While
the forward peak near the plume front proceeded and
arrived at the exit hole of the cluster generation cavity
at ~20 us. After stagnation near the exit hole until
25 ps, the forward peak was reflected and went back
toward the target. We found that the forward peak
made a round trip in the cluster generation cavity un-
til 100 us.

In order to investigate the plume behavior more
precisely, we made distance-intensity profiles, which

Observatlon Window.

10 us
15 us
20 us

25 us

Fig. 3. Plume images in the cluster generation cavity
acquired by the observation until 100 us. The con-
trast of each image was normalized by the maximum
intensity. The exposure time was 1.0 us.
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Fig. 4. Profiles of the emission intensity, which were
acquired by plotting the longitudinal mean intensity
of Fig.3 against the distance from the target. The
origin of the transverse axis is the position of the tar-
get, and the maximum position (87.6 mm) is the edge
of the observation window.

were obtained by plotting the longitudinal mean in-
tensity of the images of Fig.3 against the distance
from the target. Two peaks arising right after the
ablation and the stagnation of the plume near the
exit hole also were observed in this profile. The posi-
tion where the emission intensity became maximum
in Fig.4 was plotted against the time from the laser
irradiation in Fig.5. Note that the stagnation of the
maximum intensity peak occurred between 20 us and
25 us at 78 mm from the target surface, which cor-
responds to the focal point of the ellipsoidal cavity.
This fact indicates that the plume confinement by
the convergent shock actually occurred. As for the
plume behavior until 20 ys, the maximum intensity
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Fig. 5. The time variation of the maximum intensity
peak position. Left: the exposure time At = 1.0 us,
right: At = 0.5 us
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Fig. 6. Profiles of the emission intensity for the mea-
surement with an exposure time of 0.2 us. It is found
that the peak near the plume front separated into two
peaks: Second Peak marked by a continuous arrow
and Third Peak marked by a dotted arrow.

peak moved to the exit hole decelerating until 15 us,
but it appeared to be accelerated again between 15 us
and 20 ps. This interesting behavior could be con-
firmed in the more detailed observation with an ex-
posure time of 0.5 us as shown in Fig.5. We con-
sider that the reacceleration of the maximum inten-
sity peak was due to the contact of the shock reflected
by the ellipsoidal wall of the cavity with the rear end
of the plume. The confinement and reaccelerating of
the plume by the reflected shock was predicted also
in a three-dimensional numerical fluid simulation[5].

Observations until 14 us with a short exposure time
of 0.2 us were conducted to analyze the detailed be-
havior of the plume just after the ablation. Figure
6 shows profiles acquired by the same procedures
as Fig.4. The peaks indicated with a solid trian-
gle, a solid arrow, and a dotted arrow in the figure
were named ”First Peak”, ”Second Peak” and ” Third
Peak”, respectively. First and Second Peaks were ap-
peared just after the ablation. The emission intensity
of First Peak was higher than that of Second Peak
just after the ablation, but attenuated more rapidly.
In the case of laser ablation under vacuum, an emis-
sion peak like First Peak appeared, but Second Peak
does not appear. Since Second Peak located near
the plume front, we consider that Second Peak was
formed by atoms and ions with relatively large ve-
locities in the plume when they were prevented from
expanding by the background gas. Second Peak sep-
arated and Third Peak appeared after 4.8 us.
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and Third Peak. If the fitting scope was restricted
to a region near the plume front, the fitting corre-
sponded well.

In order to analyze the detailed behavior of Second
Peak and Third Peak, the profile near the plume front
was separated into two Gaussian peaks by fitting as
shown in Fig.7. Fig.8 shows the result of the fit-
ting analysis. According to the time variation of the
peak position, the velocities of both two peaks were
reduced, and the distance between two peaks broad-
ened proportionally to the time after laser irradiation.
The width of Second Peak broadened monotonically,
while the width of Third Peak stayed almost constant.
The broadening of the Second Peak width could be
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Fig. 8. Peak position, distance, peak intensity and
peak width of Second Peak and Third Peak defined
by fitting using two gaussians.



due to the expansion of the plume. As shown in
Fig. 8 the peak intensities of Second Peak and Third
peak decreases with time in different ways from each
other. Although the Third Peak intensity decreased
exponentially with time while the Second Peak in-
tensity stayed almost constant from 6.0 us to 10 us.
The separation between the Second Peak and Third
Peak occurred after 3.6 us, components forming these
two peaks already existed overlapping with each other
even before the separation because the Third Peak in-
tensity was probably higher before 3.6 us. The time
variation of the Second Peak intensity showed a char-
acteristic tendency and seemed to have a strong cor-
relation with the result of spectroscopic analyses for
light emission from the cluster generation cavity [3].
The time variations of the Second Peak intensity and
the emission intensity from silicon atoms are shown
in Fig.9. We found that the intensities of both of
them became moderate between 5pus and 10 us and
then started increasing after 10 us. The whole op-
tical emission from the plume was attributed to the
lights from silicon atoms and ions. Second Peak could
be mainly composed of the silicon atoms because the
time variation of Second Peak coincided well with that
of the emission from the silicon atoms.

Third Peak might be induced to the mixing be-
tween the plume and the helium background gas,
because Third Peak existed near the plume front.
The cluster growth occurs when the silicon vapor
are cooled by the background gas, so the behavior
of Third Peak could be related to cluster generation.
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Fig. 9. A comparison between the time variation of
the Second Peak intensity and that of the emission
intensity from Si atoms. The attenuation of both be-
came moderate between 5 us and 10 us.
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4 Conclusion

In order to clarify the behavior of a laser ablation
plume in the cluster generation cavity with the ellip-
soidal shape filled with the helium background gas,
we observed the emission of the plume using a high-
speed imaging camera.

Three characteristic peaks appeared in the expan-
sion process of the ablation plume. Two peaks ap-
peared at first: one near the target (First Peak) and
another near the plume front (Second Peak). Second
Peak is known to be particular for the laser ablation
in gas. After 3.6 us from laser irradiation, the Second
Peak separate into fast and slow components: Third
Peak and Second Peak. The broadening of the dis-
tance between these two peaks and the correlation
between the time variations of the Second Peak in-
tensity and the emission intensity from silicon atoms
was observed.

Phenomena indicating the interaction between the
plume and the shock was also observed near the el-
lipsoidal focal point. The maximum intensity peak
was decelerated by the background gas until 15 us,
but reaccelerated between 15 us and 20 us. The stag-
nation near the ellipsoidal focal point indicates the
confinement of the plume by the convergent shock.
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Time-resolved spectroscopic analysis of a
spatiotemporally confined cluster source
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Abstract

We have been developing a cluster ion source that can supply giant silicon clusters (SiN, N ~ 100)
to an induction microtron. This article reports the results of a time-resolved spectroscopic analysis for
light emissions from the cluster production cavity of a Spatiotemporally Confined Cluster Source (SCCS),
which will be adopted as the giant cluster ion source. The observation of spectral lines of silicon atoms
and ions in a laser-ablated plume revealed that there were strong correlations among light emissions from
these two species. This result indicates that light emissions from a mixing area of the silicon vapor plume
and background helium gas were mainly due to silicon neutral atoms.
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1. Introduction

Iwata et al. recently succeeded in develop-
ing a novel technique to produce silicon clusters
with a narrow size distribution[1]. This new clus-
ter source is called the Spatiotemporally Confined
Cluster Source (SCCS). Figure 1 shows the opera-
tion principle of the SCCS. The ellipsoidal cavity,
where clusters are formed, is filled with helium gas
cooled with liquid nitrogen. A silicon solid target
is placed at one of the focal points of the cavity.
When a pulsed laser irradiates the target surface,
a silicon ablation plume is generated and then it
starts to expand into the background helium gas.
At the same time, a shock wave driven by the plume
travels in the cavity and concentrates in the other
focal point after reflecting at the inner wall of the
cavity. The plume is considered to be confined lo-
cally and instantaneously by the shock wave at this
moment. Previous numerical simulations indicated
that a mixing area of the silicon plume and helium
gas was formed through this process[2]. We consider
that silicon clusters having a narrow size distribu-
tion are formed in this region. Additionally, the
direct observation of silicon clusters deposited on a
graphen substrate has revealed that uniformly-sized
silicon clusters have 3D-lattice arrangement|3].

Ellipsoidal Cavity Pulse Laser

Silicon

Cooled
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Helium 7 @@\
Silicon
Cluster

While the generation of silicon clusters was con-
firmed, the relationships between the cluster growth
process and cluster properties such as size, struc-
ture, electronic state have been unexplored. Thus,
the detailed investigation of the cluster growth pro-
cess is needed. In this article, we report the results
of time-resolved spectroscopic observation of light
emissions from silicon neutral atoms and ions, and
helium neutral atoms confined in the ellipsoidal cav-
ity and discuss their dependencies on the operating
conditions of the SCCS.

2. Experimental Setup

A schematic view of the experimental device is
shown in Fig. 2. The ellipsoidal cavity has a laser
entrance small aperture (¢1.6 mm), a cluster beam
exit aperture (¢3.2 mm) and a rectangular observa-
tion window. Clusters are produced by irradiating
a frequency-doubled Nd:YAG laser at a repetition
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Pulse Width = 12 ns
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Figure 1: Principle of cluster generation with a Figure 2: An experimental setup for spectroscopic

SCCS.
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Figure 3: Dependency of laser fluence on condenser
lens position. Images show laser intensity profiles
under four different condenser lens positions.

rate of 20 Hz onto a silicon target located on the
focal point of the cavity. Light emissions from the
cavity were observed with a spectroscope and an
ICCD camera through the observation window and
an optical fiberbundle with a diameter of about
1 mm.

In the present study, we used two different
spectroscopes. One of them was a wide-range
type (JOBINYVON,CP140/104), which can cover
a wavelength range from 300 to 800 nm in a sin-
gle observation with a resolution of 4.05 nm. The
other one (McPHERSON, 2035) was a high reso-
lution type having a wavelength resolution of 0.12
nm. We employed the former to get entire pictures
and the latter to investigate specificspectra lines.
In advance of the experiment, we obtained spectral
data of a mercury lamp to calibrate the wavelength
axis of the spectroscopes. The wave length reso-
lutions mentioned above were determined from the
FWHM of spectral lines from mercury atoms. The
laser pulses with an energy of 588 mJ and a duration
of 12 ns was focused with a 1500-mm-focal-length
condenser lens on the target as shown in Fig. 2. By
changing the condenser lens position, we changed
the laser spot size to perform the experiment under
various laser fluences. Figure 3 plots the laser flu-
ence as a function of the condenser lens position. In
the spectroscopic measurement, we used four differ-

YAG Laser Flash Lamp 226 ps
100 pus |—
CCD Camera T,
tn
Q-Switch C At D
Photo-Cathode
AB

ent laser irradiation conditions with fluences from
4.1 to 6.3 J/cm?. The laser power densities corre-
sponding to these laser fluences were 3.4 — 5.2 x 108
W /cm?. These values are slightly above the thresh-
old of the laser ablation, so we expect to suppress
the production of multi-charged ions[4]. Images in
Fig. 3 were taken with a beam profiler (OPHIR,
PX-50). We adjusted the laser optics to mini-
mize the asymmetry of the laser intensity profiles.
The laser fluences were estimated by substituting
laser pulse energies measured with a calorimeter
(OPHIR, F100A-HE-SH) by laser spot areas, which
were assumed to be equal to ellipse areas calculated
from the lengths of major and minor axes of the in-
tensity profiles.

Figure 4 shows a timing chart of the laser and
ICCD camera. We performed the spectroscopic
measurement with changing the delay time ¢, which
means time from triggering the laser Q-switch to
applying a gate voltage to the photocathode of the
ICCD. The exposure time of the ICCD was typi-
cally At = 500ns. When taking a spectrum, we
accumulated 500 shots to ensure enough statistical
accuracy of the data.

3. Results and Discussion

A typical spectrum taken with the wide-range
spectroscope is shown in Fig. 5. We found that
light emissions from Si™ were dominant. Figure 6
shows the spectral line profiles around 390 nm at
t = 1 — 2.5 us. One can see that these profiles
clearly consist of at least two line spectra from Si
(390.6 nm) and Sit (386.5 nm). Light emissions
from neutral silicon atoms were observed but its in-
tensity was lower than that of Si* ions in the early
stage of the plume expansion (¢ <1 us). The peak
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Figure 4: A timing chart of the laser and ICCD Figure 5: A typical spectrum of light emission from

camera.
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the SCCS cavity 2 us after laser irradiation.
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Figure 6: Peak shift of the combined spectrum.

position of the spectral line profile obviously
changed after 1.5 ps. This shift means that the
spectral line intensity of silicon atoms largely ex-
ceeded that of Si™ ions in this wavelength region.
Thus, we can regard that this spectral line was
mostly attributed to the line emission from Si atoms
after 1.5 us.

Based on this assumption, we investigated rel-
ative intensity of two spectral lines at wavelengths
of about 390.6 nm and 504.1 nm. At each of time,
we defined the total spectral intensity integrated
over wavelengths from 300 to 800 nm as Iy, and
spectral intensity of a specific line as I, here A de-
notes wavelength in nanometer. We analyzed the
time evolution of relative intensities Isgp.6/Ip and
I504.1/Ip, which are shown in Fig. 7 and 8, respec-
tively. The figures clearly show that there exists
a strong correlation between these two line inten-
sities, that is, emissions intensity of Si atoms in-
creases when that of SiT ions decrease, and vice
versa. In addition, one can see that light emissions
from silicon neutral atoms were suppressed and that
from Si ions were enhanced when the laser fluence
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was relatively high (6.3 J/cm?). This trend is con-
sistent with a well known fact that the ionization
degree of an ablation plasma increases in proportion
to the irradiation power density of the laser. Our
results also show that lower laser fluence is better
to generate neutral silicon atoms. Of course, if the
laser fluence is too low, the laser ablation cannot
supply enough amount of silicon atoms for cluster
formation. Thus, there should be an appropriate
laser fluence from the viewpoint of efficient produc-
tion of clusters.

Finally, we compare the results of these spec-
troscopic analysis with framing images of ablation
plume behavior in the ellipsoidal cavity. The lat-
ter was taken with an ICCD camera[5]. A typi-
cal image of the ablation plume is also shown in
Fig. 9. In this image, the target position is indi-
cated by a dashed line. The visible light emission
from an ablation plume traveling perpendicularly
to the target surface (from left to right in the im-
age) was recored 2 us after laser irradiation with
an exposure time of 500 ns. We can recognize that
the head of the plume shined more brightly than
others. While at the same time, the spectrum in
this figure shows that the intensity of the silicon
atom spectral line (A =390.6 nm) was the highest of
all. This indicates that emissions from silicon atom
mainly contribute to the bright spot at the head of
the plume. We investigated the spectral line at a
wavelength of about 390 nm more in detail with the
high-resolution spectroscope. We could separate a
spectral line of silicon atoms (A=390.6 nm) from
those of ions (A=386.5 nm and 388.7 nm) as shown
in Fig. 9. The intensity of silicon atomic line was
found to be much higher than the other silicon ionic
lines, which strongly supports our assumption that
the emission from silicon atoms dominates the spec-
tral line observed at 390.6 nm in Fig. 9 at the early
stage of the plume expansion (¢t < 2 ~ 3us). Figure
10 compares the time evolution of the emission int-
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Figure 7: Time evolutions of relative intensities of Figure 8: Time evolutions of relative intensities of

spectral lines around 390.6 nm under various laser
fluences.
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spectral lines around 504.1 nm under various laser
fluences.
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Figure 9: Comparison at plume behavior with emis-
sion spectra observed with a wide-range spectro-
scope and high-resolution one.

ensity of silicon atoms with that of the total emis-
sion of the plume observed with the ICCD camera
[5]. The time evolutions of these two kinds of emis-
sions were almost coincide with each other.

This result also indicates that the head of the
plume mainly consisted of silicon atoms. In the
head of the plume, where mixing of silicon vapor
and helium gas probably occurred, so we think that
the cooling of the silicon vapor by the cold helium
gas could enhance the recombination of silicon ions
and electrons in this area. The hypothesis that
emissions from that area are primarily due to silicon
atoms is consistent with our prediction that clusters
are mainly produced in the mixing area. To exam-
ine correlations between the emission spectrum of
the plume and a cluster generation in more detail,
we plan to use a high sensitivity spectrometer.

4. Conclusion

We performed a time-resolved spectroscopy
analysis for light emissions from the ellipsoidal cav-
ity of the SCCS. We found that the generation of
silicon ions  could be suppressed by carefully choos
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Figure 10: Comparison of time evolution between
the total emissions intensity of the silicon vapor
plume observed with an ICCD camera with silicon
atoms.

ing the laser fluence, and there was an inverse corre-
lation between light emissions from silicon neutral
atoms and ions. Moreover, by comparing the spec-
troscopy analysis with the observation of the ab-
lation plume behavior in the ellipsoidal cavity, we
revealed that light emissions from the head of the
plume where clusters might be mainly produced by
interactions with helium gas primarily came from
silicon neutral atoms.
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Characteristics and Biological Applications of
Atmospheric-pressure Non-thermal Plasma Jets
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ABSTRACT

Atmospheric-pressure non-thermal plasma jets (APPJs) have been widely studied and used in particular for
biological and medical applications since they can be touched by a bare hand and can produce highly reactive
chemical species. On the other hand, in biological and medical research fields, the ‘“Protein transduction
method” was required to improve their transduction efficiency into cells. In our previous study, therefore, we
demonstrated that a certain type of proteins was successfully delivered into human cells by irradiating an APPJ
for 30 seconds in comparison with no plasma treated cells. In this study, as basic research for improving the
efficiency of our new protein transduction method using APPJs, at first, we focused on the kind of dielectric
material and generated two types of APPJs by using a glass- or an alumina- tube. And then, we investigated
their emission spectra. Secondly, we developed a “Dry plasma jet (DPJ)”, generated using only dry helium gas,
and a “Mist plasma jet (MPJ)”, generated using dry helium gas mixed with water mist, by using an alumina
tube and investigated their emission spectra. Finally, we checked the effects of irradiating DPJ and MPJ on

HeLa cells by determining their viability. The experimental results suggest that MPJ generated using an

alumina tube has a good potential for improving the efficiency of our new protein transduction method.

Keywords

Atmospheric-pressure plasma jet, protein transduction, dielectric material, dry plasma jet, mist plasma jet

1. Introduction

Atmospheric-pressure non-thermal plasma jets
(APPJs) have been widely studied and used in
particular for biological and medical applications
such as disinfection, sterilization, cell growth, and

cancer treatment '

. In these studies, most of
APPJs were generated by flowing helium (He) or
argon (Ar) gas through a dielectric cylindrical tube
wrapped with a coaxial high voltage (H.V.)
electrode and a ground (GND) electrode connected
to a AC or pulsed high voltage (H.V.) power

supply in the output range of several kV and kHz
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(see Fig. 1). One of the main features of APPJs is
able to be touched by a bare hand without any
feeling of electrical shock or warmth. Furthermore,
APPJs have unique capability of generating
high-energy electrons, ions, ultraviolet light, and
free radicals such as reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (see
Fig. 2). Especiallyy, OH radicals produced by
APPJs are well-known as a most important factor
to cause cell stimulation.

On the other hand, a technology, which enabling
introduction of polymers into cells, has concurrently
advanced with the development of molecular biology.
Particularly, induced pluripotent stem (iPS) cells have
attracted attention in the field of regenerative
medicine. It is well known that there are two main
types of the way to create iPS cells. One way is the

“Gene transfection method” and the other is the



“Protein transduction method” . The former is
generally accomplished by introducing genes into
cells using retroviral virus vectors. However, most of
the methods producing iPS cells developed to date
still involve the use of genetic materials and the
consequent potential for unexpected genetic
modifications or malignant alterations by exogenous
sequences in the target cells ). In contrast, the latter
is accomplished by introducing appropriate proteins
functioning in remodeling chromatin structure
directly into target cells ™ thus avoiding unexpected
genetic modifications or malignant alterations.
However, a problem exists that transduction of
proteins into cells is often inefficient.

In our previous study, therefore, we demonstrated
that green fluorescent proteins fused to protein
transduction domain (PTD-GFPs) were successfully
delivered into human cultured cells (HeLa cells) by

irradiating an APPJ for 30 seconds in comparison

He, Ar

Dielectric

capillary tube ™S
(Glass, Alumina)

GND electrode

H.V. power supply
(AC, Pulse)

AN

H.V. electrode

Plasma Jet (PJ)

Schematic of typical APPJ.

Fig. 1.

UV light )
High-energy
electrons

Excited species, Radicals
(OH*, No*, No**, He*, O*, etc.)

Finger

Fig. 2. Image of typical APPJ.

1 Additionally, we

with no plasma treated cells |
developed a “Mist plasma jet (MPJ)”, generated
using dry helium gas mixed with water mist, as
alternatives to the traditional method using only dry
helium gas, known as the “Dry plasma jet (DPJ)” in
order to increase OH and H,0O, production amount
for causing cell stimulation "',

In this study, as basic research for improving the
efficiency of our new protein transduction method
using APPJs, at first, we focused on the kind of
dielectric material and generated two types of
APPJs by using a glass- or an alumina- tube. And
then, we investigated their emission spectra.
Secondly, we developed DPJ and MPJ by using an
alumina tube and investigated their emission
we checked the effects of

irradiating DPJ and MPJ on human cells by

spectra.  Finally,

determining their viability. In this paper, we report
about the above experimental results.

2. Experimental Setup

2.1 Emission spectroscopic measurements of

APPJs generated using different dielectric tubes
Fig. 3

experimental

shows the schematic diagram of

setup for emission spectroscopic
measurements of APPJs generated using different
dielectric tubes. In this study, a glass tube (TE-32
Glass, Iwaki, Japan; inner diameter: 3 mm, outer
diameter: 6 mm) and an alumina tube (SSA-S, AGC
TECHNO GLASS, Japan; inner diameter: 3 mm,
outer diameter: 5 mm) ware used as dielectric
cylindrical tubes. The relative permittivities (e, of
the glass- and the alumina- tubes were 4.8 and 8.5,
and the condenser capacities (C) of the both tubes
were 8.87 pF and 21.31 pF, respectively.

A dry helium gas cylinder, a mass flow controller
(8500MC, KOFLOC, Japan), and the glass or the
alumina tube were connected using gas plumbing
tubes. The helium gas flow rate was controlled to 3.0
L/min by the mass flow controller. A pair of coaxial
copper electrodes surrounded the both tubes with the
10 mm width and the 30 mm separation. The
electrodes were connected to a H.V. power supply

(LHV-13AC, Logy Electric, Japan). The output



voltage and the operating frequency of the power
supply were fixed at 10 kV and 10 kHz, respectively.

The applied voltage and the discharge current
between the electrodes were measured using a high
voltage probe (P6015A, Tektronix, USA) and a
current transformer (Pearson current monitor; Model
2878, Pearson Electronics, USA). A digital
oscilloscope (TDS3054B, Tektronix, USA) recorded
the signals from the voltage probe and the current
transformer.

For observation and comparison of the APPJs’
emission spectra, a digital delay generator (DG535,
Stanford Research System, USA), an ICCD camera
with high speed gate (C8484-05,

Photonics, Japan)

Hamamatsu

coupled to a multichannel
spectrograph (C5094, Hamamatsu Photonics, Japan),
and a personal computer installed an image analyzing
software (U9317, Hamamatsu Photonics, Japan) were

used.

2.2 Emission spectroscopic measurements of DPJ
and MPJ
Fig. 4 shows the schematic diagram of DPJ and

MPJ generation systems. DPJ was generated using
only dry helium gas by directly connected a dry
helium gas cylinder, a mass flow controller (8500MC,
KOFLOC, Japan), and an alumina tube (SSA-S, AGC
TECHNO GLASS, Japan). Conversely, MPJ was
generated using helium gas to which pure water mist
was added by installing an atomizing device between
the mass flow controller and the alumina tube. The
helium gas flow rate was controlled to 3.0 L/min by
the mass flow controller. A pair of coaxial copper
electrodes surrounded the alumina tube with the 10
mm width and the 30 mm separation. The electrodes
were connected to a H.V. power supply (PHF-2K,
HAIDEN KENKYUUSYO, Japan).

voltage and the operating frequency of the power

The output

supply were fixed at 10 kV and 10 kHz, respectively.
Fig. 5 the of
experimental setup for spectroscopic

shows schematic diagram
emission
measurements of DPJ and MPJ. For observation and
comparison of DPJ and MPJ emission spectra, a

plano-convex lens (SLSQ-100-200P, SIGMA KOKI,
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Fig. 3. Schematic diagram of experimental setup for

emission spectroscopic measurements of APPJs
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Fig. 5. Schematic diagram of experimental setup for
emission spectroscopic measurements of DPJ and
MPJ 2,
Japan), an optimal fiber, and a multichannel
spectrometry  device = (PMA-12  C10027-01,

Hamamatsu photonics, Japan) were used.

2.3 Effects of DPJ and MPJ on Human cells
Fig. 6 the of

experimental setup for irradiating DPJ and MPJ on

shows schematic diagram
Human cells. DPJ and MPJ were generated at the

same conditions shown in section 2.2 (see Fig. 4).
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This study utilized human cancer (HeLa) cells. The
HeLa cells were cultivated for 24 hours in an
incubator at 37 °C with 5% of CO,. Irradiation time
of DPJ and MPJ to the HeLa cells was fixed for 5
min. After 24 hours from the DPJ and MPJ
irradiation, dead cell nuclei were stained by
Propidium lodide (PI) in order to determine the cell
viability. After that, the dead cells were observed by a
type fluorescence microscope (ECLIPSE TE2000-s,
Nikon, Japan) and a flow cytometry (PERFLOW Sort
4c TSK, AS ONE, Japan). The amount of cell culture

medium was fixed to 2.0 mL per cell culture dish.

3. Results and Discussion

3.1 Emission spectroscopic measurements of

APPJs generated using different dielectric tubes

Fig. 7 shows typical images of APPJs, generated
using the glass- and the alumina tubes, taken by
ICCD camera. From Fig. 7 (a) and (b), the APPJ
generated using the alumina tube is little longer than
the APPJ generated using the glass tube.

Fig. 8 shows the emission spectra of APPJs
generated using the glass- and the alumina- tubes
From Fig. 8 (a) and (b), it is clear that the emission
intensity of the APPJ generated using the alumina
tube is much higher than that of the APPJ generated
using the glass tube, which means that the production
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Fig. 7. Typical images of APPJs taken by ICCD

camera [11].
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amount of reactive chemical species, such as OH*
(309 nm), N,* (Second Positive System: SPS; 315.9,
337.1, 375.5, and 380.5 nm), and N,"* (First
Negative System: FNS; 395.1 and 487.8 nm), were

clearly increased by using the alumina tube.



These results suggest that an APPJ generated using
a dielectric tube having higher relative permittivity
and/or higher condenser capacity might be able to
strongly affect to cause cell stimulation, which means
that it might have a good potential for improving the
efficiency of our new protein transduction method.

3.2 Emission spectroscopic measurements of DPJ

and MPJ
Fig. 9 shows the emission spectra of DPJ and MPJ.

As can be seen from Fig. 9 (a) and (b), the emission
intensity of OH* (309 nm) decreased with increasing
the amount of H,O. Moreover, MPJ was seen to
result in a lower emission intensity of O* (777 nm)

than DPJ. These results might be due to following

formulas "%
e+ H,0—> H+OH+e )
o' D)+ H,0—>20H 2)
OH+ OH — H,0,+(M) (3)

From formula (1), much OH* and ground state OH
might be produced in MPJ; however, in this
experiment, it could not measure ground state OH
because it has no illuminant. In addition, from
formula (2), O* (777 nm) of MPJ might decreased by
an instant reaction between O and H,O. Furthermore,
from formula (3), the production amount of H,O,

might increase with increasing the amount of H,O.

3.3 Effects of DPJ and MPJ on Human cells

Fig. 10 and Fig. 11 show the microscopic images
and the flow cytometry images of HeLa cells after 24
hours from DPJ and MPJ irradiation. While about
70% of cells died by irradiating DPJ, almost all cells
died by irradiating MPJ. This assumed the increased
amount of OH*, ground state OH, and H,0O,
production caused by adding pure water mist (H,O)
to the plasma source, helium gas.

These results suggest that MPJ can strongly affect
to cause cell stimulation, which means that it might
have a good potential for improving the efficiency of

our new protein transduction method.
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4. Conclusions

In this study, as basic research for improving the
efficiency of our new protein transduction method
using APPJs, at first, we focused on the kind of
dielectric material and generated two types of APPJs
by using a glass- or an alumina- tube. And then, we
investigated their emission spectra. Secondly, we
developed DPJ and MPJ by using an alumina tube
and investigated their emission spectra. Finally, we
checked the effects of irradiating DPJ and MPJ on
HeLa cells by determining their viability.

The MPJ

generated using an alumina tube has a good potential

experimental results suggest that
for improving the efficiency of our new protein
transduction method

Interaction between APPJs, cell culture medium
and cells, mechanism of protein transduction using
APPJs are required explain the details in the future

works.

References

[1] R. ONO, “Plasma Medicine”, /EEJ Journal, 133,
5, pp-290-293 (2013) [in Japanese].

K. KITANO et al., “Mechanism of Plasma
Disinfection by Plasma Jet and its Applications:

(2]

Physics, Chemistry, Molecular Biology in
Effective Sterilization with the Reduced pH
Method”, J. /Inst. Electrostat. Jpn., 37, 3,
pp.112-116 (2013) [in Japanese].

[3] C. TSUTSUI et al., “Tissue and Cell Activation

Using Micro-Spot Atmospheric Pressure Plasma

Source”, J. Inst. Electrostat. Jpn., 35, 1, pp.20-24

(2011) [in Japanese].

D. SHIBAHARA et

Escherichia coli by Small Size Argon Plasma

Jet?, J. Inst. Electrostat. Jpn., 34, 1, pp.2-7

(2010) [in Japanese].

[5] K. TASHIRO et al., “Efficient Adipocyte and

Osteoblast Differentiation from Mouse Induced

al., “Sterilization of

(4]

Pluripotent  Stem  Cells by  Adenoviral
Transduction”, Stem Cells, 27, 8, pp.1802-1811
(2009).

[6] H. ZAEHRES et al., “Induced Pluripotent Stem

60

Cells”, Methods in Enzymology, 476, pp.309-325
(2010).

M. L LAI
Reprogramming Strategies for the Generation of
Induced Pluripotent Stem Cells”, J. ASssist.
Reprod. Genet., 28, 4, pp.291-301 (2011).

R. BERTOLOTTI, “Translational Perspectives
Transient Epigenetic Gene Therapy: Hazard-free

et al., “Advancements in

Cell Reprogramming Approach and Rising Arm
of a Universal Stem Cell
Platform™, Géne Therapy and Regulation, 4, 1,
pp-11-39 (2009).

[9] N. TAKAMURA et al., “Protein Transduction into
Eukaryotic Cells Using Non-thermal Plasma”,
Int. J. Plasma Environmental Sci. Tech., 6, 1,
pp.59-62 (2012).

[10] N. TAKAMURA et
Atmospheric-pressure Mist Plasma Jet and its
Characteristics”, J. /nst. Electrostat. Jpn., 38, 1,
pp-22-27 (2015) [in Japanese].

[11] N. TAKAMURA et al., “Emission Spectroscopic

of

Non-thermal Plasma Jets Generated Using Glass-

and Alumina- Tubes”, J. /nst. Electrostat. Jpn.,

39, 1, pp.9-14 (2015) [in Japanese].

K. UMEDA of
Atmospheric-pressure Dry- and Mist- Plasma
Jets and Their Effects on Human Cells”, Proc.
5th Euro-Asian Pulsed Power Conf., 4pp (2014)

Gene Therapy

al., “Generation of

Measurements Atmospheric-pressure

[12] et al, “Generation



Study on the Laser Triggered Pinch Discharge for High Power
EUV Source
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ABSTRACT

This Paper reports a physical limitation of high-rep-rate operation and extreme ultraviolet (EUV) emission
intensity depend on current rise time of laser triggered pinch discharge (LTD) plasma source for high power
EUV radiation. The post-discharge phenomena of the EUV source were observed tin droplet distribution and
visible light emission of the LTD plasma using both of the schlieren method and high-speed camera,
respectively. The schlieren images show development of tin droplets between the electrodes after a discharge.
The visible light images show that a subsequent laser pulse evaporates not only the cathode surface but also
the droplets which are generated by the previous discharge. As a result, the large amount of vaporized tin
droplet discourages a strong Z-pinch which is essential for the high-power EUV radiation. We investigated the
EUV emission intensity by changing the current rise time. The current rise time (20~80 % of the peak value)
was changed from 30 ns to 55 ns. The experimental results show that faster rise time represents stronger EUV

yields despite of its lower energy.

Keywords

Key Words : EUV, Laser trigger, discharge plasma, post discharge, droplet, rise-time

1. Introduction

Extreme ultraviolet (EUV) is taken as extending
from wavelengths in vacuum of about 5 nm to 40 nm
with corresponding photon energies from about 30
eV to about 250 eV. It is a region of the
electromagnetic spectrum where there are a large
number of atomic resonances, leading to absorption
of radiation in very short distances, typically
measured in nanometers or micrometers, in all
materials. These resonances provide mechanisms for
both elemental and chemical identification. Moreover,
because the wavelengths are relatively short, it makes
possible both to see smaller structures as
microscopy, and to write smaller patterns as in
lithography [1].

Extreme ultraviolet lithography (EUVL) is the
leading technology considered for printing circuits at
the 32 nm node and below [2, 3]. In order to support
high manufacturing the EUVL,
surrounding technologies such as actinic mask

in

volume of
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inspection and source are being developed [4]. For
the actinic mask inspection applications, more than
30 W brightness of the in-band (13.5 nm +/- 1 %)
EUV beam after debris mitigation and spectral
purifying filter is needed. Furthermore, more than 1
hour of 10 ms integrated energy stability (within 1 %)
and 14 days of continuous operation without any
maintenance are required to satisfy the requirements
[5].

Laser triggered discharge (LTD) plasma source is
regarded as a promising candidate for actinic mask
inspection applications since it can provide not only
sufficient radiance but also power. The LTD plasma
source was originally developed for lithography
application and still used in a beta-level scanner
showing stable performance and high reliability [4].

We previously investigated the electrical recovery
and EUV emission recovery between two sequential
LTD plasmas [6]. We found that the recovery time of
EUV emission limit the minimum time interval



during high-rep-rate operation. This paper describes
post-discharge phenomena by using both of the
schlieren method and high-speed camera to explain
the EUV emission recovery process. Furthermore, we
investigated a dependence of the EUV intensity on
the current rise time.

2. Experimental Setup

Figure 1 shows a schematic diagram of the LTD
plasma source. A tin rod cathode is 8 mm in diameter.
An anode is of half-conical shaped stainless steel
with a bottom diameter of 6 mm and with a 2 mm
diameter vertical hole in the center. The anode is
connected to a ground through a coaxial birdcage.
The gap distance between the electrodes is 5 mm. the
electrodes were in a vacuum chamber of below 1.0 x
10 Torr. The Z-pinch plasma was driven by a low
inductance circuit for high-peak current. A capacitor
bank is 34 nF and charged up to -21.7 kV.

Delay NAYAG | & Be
Generator 1 Laser i_.\!ﬂl
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Fig. 1 Schematic diagram of LTD plasma source for
schlieren and high speed camera experiments

Two Nd:YAG lasers were utilized to trigger the
discharge between the electrodes individually (for
first discharge, 532 nm, 12 mJ, Continuum Minilite;
for second discharge, 532 nm, 12 mJ, New Wave
I1). The trigger
4-ns-long pulse width and 10% W/cm? intensity
according to the specifications. These lasers focused
on a spot of the charged cathode surface through the
hollow anode to produce a localized dense tin vapor.

Research Polaris lasers have
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Since the produced vapor has reasonably good axial
symmetry to the normal direction with respect to the
target surface, the plasma can be compressed quickly
and efficiently in comparison with conventional
gas-fed Z-pinches [7].

The schlieren system comprises a 532 nm narrow
bandpass filter, a 500 mm focal lens, a neutral density
filter, a digital single-lens reflex camera, a horizontal
knife-edge and a Nd:YAG laser(532 nm, 0.36 mJ,
Continuum Minilite) as a light source. The schlieren
method is based on a beam deflection, while the
interferometry accounts for phase difference. The
adjustment of the knife-edge plays a significant role
in the quality of the schlieren image recorded because
contrast of the images, camera saturation and loss of
information will be affected. In this experiment, large
cutoff was used to see the droplet distribution clearly.
The high-speed camera (Stanford Scientific Research
Quick E) is utilized instead of the laser for the

schlieren method to observe early stage light
emission of the plasma.
Nd:YAG
Trigger Lasier N Height
(532 nm)y_ ¢ .=
\ —y adjustable
EUV Monitor T, cathode | ~ s arms
(13.50m) (48 mm) ; ¥ | (12 stages)
T " \ — i
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Photo diode / - (93mm)

(IRD AXII\-’ﬁ}Camumm =

42nF)” J

Fig. 2 Schematic diagram of LTD plasma source for
different current rise time experiment

Figure 2 show a schematic diagram of the LTD
plasma source for the different current rise time
experiment. The coaxial birdcage in previous
experiments was changed to a coaxial birdcage with
height adjustable arms. The gap distance is 3 mm.
The anode is tin rod of 3 mm in diameter. The current
rise time (20~80 % of the peak value) was changed
from 30 ns to 55 ns by changing the arms height. 42
nF capacitor bank was charged up to certain voltage
to keep the peak current at 10 kA. The EUV intensity
was monitored by a EUV monitoring system. The



monitoring system is consists of a photodiode (IRD
AXUV5), a spectrum band pass filter (2 % at 13.5
nm) which is comprised of two silicone/molybdenum
multilayer mirrors and a zirconium filter.

3. Results and Discussion
3.1 Developments of droplets of single LTD

plasma

Time-resolved images of the schlieren photograph
which show development of droplet after a discharge
is shown in figure 3. The photographs were taken at
various delay times from 200 us to 5 ms. The droplets
of larger than sub-micron are visible
experiment because 532 nm laser was used as a light
source. The droplets appear around 200 ps and are
scattered near the cathode. At 400 us, droplets are
distributed throughout the entire electrodes gap. The

in this

density of the droplets was decreased after the 400 ps.

The droplets last for more than 5 ms. However, it is
worth noting that droplets smaller than these droplets,
and thus invisible in this experiment, might have
similar dispersion characteristics at faster velocities.
200 us 400 us

1600 us 5000 us

Cathode

Fig. 3 Distribution of droplets after a discharge
taken at different delay time

3.2 Effect of the droplets on the subsequent trigger
laser irradiation

Figure 4 shows the visible light emissions from the
laser ablation plasma. The pictures were taken at 20
ns after the trigger laser irradiation. Exposure time is
50 ns. Figure 4-(a) shows a typical visible light
emission of the laser ablation plasma when the trigger
laser was irradiated on the charged cathode surface.
The typical ablation plasma has a shape of a candle
light. The light emission by the subsequent trigger
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irradiation after the previous discharge is shown in
figure 4-(b). In the figure 4-(b), light emission area
and brightness are bigger and higher than the typical
case. Furthermore, small spots are observed along the
trigger laser axis. This experimental result suggests
the subsequent trigger laser evaporate not only the
irradiated cathode surface but also the droplets
produced by the discharge previously. The large
amount of vaporized tin droplet discourages a strong
Z-pinch which is essential for the high-power EUV
radiation. Consequently, the droplet limits the
minimum time interval in high-rep-rate operation of
the LTD plasma source.

Fig. 4 Visible light emission from the plasma
produced by the trigger laser

3.3 Effect of a current pulse rise time on the EUV
intensity

Scattering of the droplet is an unavoidable
consequence of using a plasma to generate photons.
Bulgakova and Blugakov give an excellent
theoretical and experimental treatment of this subject
[8]. Although the literature describes the mechanism
of liquid droplet ejection by pulsed laser ablation of
solids, that theory may be applicable to the LTD
plasma source. For the LTD plasma, not only the
laser irradiation but also ion bombardment, heat
conduction, radiation from the Z-pinch plasma and
ohmic heating by discharge current can be heat
sources. It is reasonable that if the discharge energy
becomes lower, the amount of droplet will be lower.
In this experiment, the discharge energy was varied
by changing the total circuit inductance as shown in
figure 2.
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Fig. 5 Effect of current rise time on EUV yield for
LTD plasma source

A typical current waveform and EUV intensity are
shown in figure 5-(a). The rise times were changed
from 30 ns to 55 ns while maintaining the peak
current at 10 kA. The charged energy of capacitor of
faster and slower rise time were 2.9 J and 10.2 J,
respectively. The time integrated EUV intensity of
the fast rise time case is 54.8 % stronger than slow
rise time case in spite of the lower energy (Figure
5-(b)). The lower energy indicates lower energy
consumption the
consequently better for high repetition rate operation.

between electrodes and

4. Conclusions

In this paper, the physical limitation of high-rep-rate
operation of the LTD plasma source and the
dependence of the EUV intensity and the current rise
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time were discussed. The droplets generated by
previous discharge were vaporized by the subsequent
trigger laser and consequently discourages the
occurrence of a strong Z-pinch. The fast rise time has
a great advantage regarding to the heat load and the
droplet generation because of its low total energy
consumption between the electrodes. Further study
such as on a relationship between the vapor and
current rise time should be conducted to understand
the laser triggered pinch plasma physics and to
improve the performance of the EUV sources.
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Treatment of Larvae and Spawn of Zooplankton Simultaneously
by Pulsed Power Injection into Water
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ABSTRACT

Enhancement of inactivation of larvae and spawn of zooplankton in ballast water is
experimentally proved in pulsed power method. A large number of micro bubbles are
successfully produced by applying the pulsed power (1.25 kV, 0.29 kA, 3.6 us) to the water.
Shock waves generated by collapse of the bubbles and/or instantaneous heating of the water
due to the pulsed power injection may inactivate the larvae and spawn of the zooplankton.
Artemia larvae and spawn are added to the water in s treatment chamber as the zooplankton
and its egg. We found that 89 % of the larvae and 98 % of spawn are inactivated by firing
400 and 200 shots of the pulsed power injection, respectively.
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1. Introduction

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

convention for

was

sonic, magnetic, biological, radioactive and electrical
treatments [2-4], however, more methods and
techniques are required to develop the feasible
devices.

* imada@iee.niit.ac.jp
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In this study, we propose a new technique on the
treatment of the larvae and spawn of zooplankton in
the ballast water [5], which uses pulsed-power
method [6]. Micro bubbles are produced by applying
the pulsed power to the water. Shock wave generated
by collapse of the bubbles and/or instantaneous
heating of the water between the pulsed power
electrodes may affect the life of the larvae of
zooplankton and its spawn.

The purpose of this study is to investigate the
properties of simultaneously treatment of the larvae
and spawn of zooplankton.

2. Experimental setup

Figure 1 shows the experimental setup. It consists
of a pulsed power supply, a gap switch and a water
vessel with electrode. The pulsed power supply,
pulse forming network,PFN (4000 pF-10 uH x 8
stages, charged energy: 3.6 J), generates a
rectangular pulsed power with 13 kV, 0.3 kA and 4
us into short-circuited load (see Fig. 2). This pulse is
applied to the electrode through the rotary gap switch,
where the pulse repetition rate is 0.33 pps (pulse per
second). The water vessel is made of clear
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Fig. 1. Experimental setup.
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Fig. 2. Typical voltage and current of pulsed
power supply into short-circuited load.

T

0. 5mm
(a) Larva

v 0.5mm
(b) Spawn

Fig. 3. Example of Artemia.

acrylic-resin sheet with the inner dimensions of
40x40x40 mm’ and is filled with tap water (21 °C,
310 uS/cm, pH 7.1). The electrode, made of copper
covered with acrylic-resin pipe, is located at 15 mm
above the bottom of the vessel. Its gap diameter and
distance are 2.4 and 0.3 mm, respectively. If all of
the stored energy in the pulsed power supply is
consumed to heat the water in the vessel, the water
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Current, 7 (kA)
Voltage, V' (kV)

Time (1us /div.)

Fig. 4. Voltage and current at electrode.

temperature rises to 21.03 °C.

Artemia larvae and spawn are added to the water
as the zooplankton and its spawn (see Fig. 3). The
Artemia is a species of brine shrimp, which can live
in 25-% salt water and its spawn have frozen and dry
resistance [7]. The larvae of Artemia immediately
after the incubation are used in this experiment.
These are observed using a microscope. We assume
that the larvae which stop moving in a minute are
inactivated ones because of pulsed power injection.
We also assume that the spawn which does not
incubate within 26 hours in a salt water are
inactivated ones because of pulsed power injection.
The inactivation rate n for the larvae or spawn is
defined as

_ Number of inactivated larva or eggs

(1

Total number of larva or eggs

3. Results and Discussion
3.1 Properties of pulsed power

Figure 4 shows the voltage and current at the
electrode in the tap water. The pulsed power of 1.25
kV in voltage, 0.29 kA in current and 3.6 us
(FWHM) in pulse width of the current is applied to
the water. It is found from Fig. 4 that the plateau of
voltage is confirmed during 3.4 us, where the power
and the injected energy into the water at the period of
the first positive pulse are estimated to be 0.36 MW
and 1 J (3x107 kWh), respectively. Approximate
one-third of the stored energy of the capacitor in the
PFN is deposited into the water during the first
positive pulse.

3.2 Bubble production by pulsed power injection
into water



T .. "

(a) Immediately after
pulsed-power applying

(b) Just before second pulse of
pulsed-power applying

Fig. 5. Production and expansion
of bubbles by pulsed-power injection
into water.

Figure 5 shows the photographs of the bubbles
produced by the pulsed power injection into the
water. It is taken immediately after the pulsed-power
applying and just before the second pulse of
pulsed-power applying with the exposure time of 40
ms. Here, the time interval between the first and
second pulse is 3 s. The expansion of bubbles into
the water is seen as white fog around the electrode.
The number density of bubble is estimated to be
10-20 bubbles/mm”. The extent area of bubbles in
the water is also estimated to be 300-500 mm?®. It is
found from Fig. 5(b) that the babbles are widespread
into the water just before the second pulsed-power

applying.

3.3 Treatment of larvae and spawn of Artemia
Figure 6 shows the inactivation rate of the larvae

of artemia in control experiment. Few larvae are

inactivated in the fresh tap water within 45 minutes.
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of Artemia as a function of number of pulsed
power applied.




Some larvae are inactivated in the water which is
injected 800 pulses of pulsed power within 45
minutes.

Figure 7 shows the larvae and the spawn before
and after the pulsed-power injection into the water.
Before the injection, the larvae swim the water
actively and the spawn have a smooth texture. After
the injection, on the other hand, the larvae lost
his/her movement and the spawn are discolored and
broken.

Figure 8 shows the inactivation rate of the larvae
and the spawn of Artemia as a function of number of
pulsed power applied into the water. Here, 250
larvae are discharged into the water and 250 spawn
are contained in the water vessel. The pulsed power
is continuously applied with 3 s in the time interval.
We found that 89 % of the larvae and 98 % of spawn
are successfully inactivated by firing 400 and 200
shots of the pulsed power injection, respectively. It is
difficult to inactivate the larvae because the larvae
swim the water freely. Since almost all the spawn
collect in the bottom of the water vessel, the shock
wave generated by the instantaneous heating of the
water and the electric discharge between the
electrodes may not affect the inactivation of spawn.
It is found from Figs. 4 and 8 that the net energy
efficiency for inactivation reaches 1.1 million larvae
a kWh and 2.6 million spawn a kWh.

4. Conclusions

A large number of bubbles are produced by
applying the pulsed power into the
Simultaneously treatment of the larvae and spawn of
zooplankton is successfully demonstrated by the
pulsed-power injection into the water with a small
amount of electric energy. Elucidation of the
inactivation mechanism of the zooplankton is the
subject for a future study.

water.
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Bipolar Pulse Accelerator

K. Okajima, K. Sugiura, H. Ohashi and H. Ito

Department of Electrical and Electronic Engineering, University of Toyama,
3190 Gofuku, Toyama 930-8555, Japan

ABSTRACT

We demonstrated evaluation experiments of a prototype bipolar pulse accelerator (BPA) which produces an

intense pulsed ion beam with higher purity than the conventional ion diode. The BPA achieves the high purity

in principle by the two step acceleration with a bipolar pulsed voltage. With the bipolar pulse with the voltage

of = 110 kV and pulse duration of about 70 ns, the ions from the gas puff nitrogen plasma source were

successfully accelerated with the energy of the corresponding applied negative voltage of the bipolar pulse as

the first step acceleration. The pulsed ion beam with current density of 70 A/cm? was obtained at 48 mm

downstream from the grounded anode surface with the appropriate time delay operation of the plasma source

and the bipolar pulse generator.

Keywords

Pulsed ion beam, Bipolar pulse accelerator, Pulse power technology

1. Introduction

Pulsed ion beam (PIB) technology has been
developed primarily for nuclear fusion and high
energy density physics research [1,2]. Recently,
however, these PIBs with an ion energy of several
100 keV, a high ion current density of several
100 A/cm? and a short pulse duration of < 1 us has
been widely used for surface modification of material
properties by the methods of ion implantation, ion
plasma coating deposition and high energy ion beam
impact [3-5]. Compared with the traditional ion
the PIB

materials enables the accumulation of energy in very

implantation method, irradiation onto
short time into the near surface region while it
maintains a low substrate temperature. The annealing
by PIB is expected to be a novel annealing technique
for the next generation semiconductor materials such
as silicon carbide (SiC). In the case of SiC, a high
temperature annealing is normally done by using a
traditional method, which
temperatures as high as 1500-1700°C to recover the

thermal requires

crystal damage and activate the dopants after the
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implantation. The conventional method at such a high
temperature causes several disadvantages such as the
redistribution of implanted dopants and increasing of
PIB has received
ion

surface roughness. Therefore,

extensive attention as a tool for a new
implantation technique named “pulsed ion beam
implantation” that can complete both the ion
implantation and the annealing simultaneously.

To meet the requirements of research and industrial
application, a number of PIB sources have been
developed so far for different applications of PIBs
[6-8]. The producible ion species, however, is limited
to the material of electrode (anode), since the anode
plasma is produced by a high-voltage flashover and
an electron bombardment to the anode surface. In
addition, the purity of the PIB is usually deteriorated
by absorbed matter on the anode surface and residual
the diode the
conventional pulsed ion diode is not suitable for the
the

developed a new type of the magnetically insulated

gases in chamber. Therefore,

application to ion implantation. We have

ion diode (MID) with an ion source of a gas puff



plasma gun and were successful in generating the
high-purity pulsed nitrogen ion beam with an ion
current density of 54 A/cm?, a pulse duration of 90 ns
and purity of the nitrogen beam of 94% [9]. In order
to improve the purity of the intense pulsed ion beam,
we have proposed a new type of pulsed ion beam
accelerator named “bipolar pulse accelerator (BPA)”
and developed a prototype of the accelerator and a
bipolar pulse generator as the power supply of the
BPA [10,11]. The bipolar pulse generator consists of
a Marx generator and a pulse forming line (PFL) with
a rail-gap switch on its end. The BPA utilizes a MID
with an ion source of a coaxial gas puff plasma gun.
In this paper, the evaluation of the characteristics of
pulsed ion beam accelerated by the BPA and its
energy are presented.

2. Principle of bipolar pulse accelerator
Figure 1 shows the conceptual diagram of the BPA.
A conventional PIB diode is also shown for
comparison. As shown in Fig. 1 (a), proposed ion
accelerator is an electrostatic two-stage accelerator
that consists of a grounded ion source, a drift tube
and a grounded cathode. In the system, a bipolar
pulse of voltage + V), duration z, each is applied to
the drift tube. At first, the negative voltage pulse of
duration 7, is 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
Fig. 1 (b), in the conventional PIB diode, the ion
source is placed on the anode where high voltage
pulse is applied, while in the proposed ion diode,
BPA, the ion source is on the grounded anode which
extremely enhances the accessibility to the anode.
the of the
improvement of the purity of the ion beam. Let us

Figure 2 illustrates principle
now consider the acceleration of ions in the case that
the ion beam produced in the ion source consists of

N*ion and impurity of H" ion. Each ion of N* and H*
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Fig. 2 Principle of the improvement of the purity of

the ion beam.

is accelerated in the 1st gap toward the drift tube
when the negative voltage is applied. As seen in
Fig. 2, the length of H" beam is much longer than that
of N* beam due to the difference of the velocity. We
assume that the length of the drift tube is designed to
be same as the beam length of N* beam with a beam
pulse duration 7, at an acceleration voltage V. With
Vo=200 kV and 7,= 70 ns, for example, the flight
length of N* beam is estimated to be 11.6 cm while
that of H" beam is 43.3 cm. When the polarity of
applied voltage is reversed and the positive voltage is
applied to the drift tube (¢ = #;), N*ions in the drift
tube is accelerated again with acceleration voltage Vo

in the 2nd gap. In contrast, 73% of the H" ions passed



through the drift tube and decelerated in the 2nd gap
by the negative voltage component of the bipolar
pulse. Only the rest H+ ions could be accelerated in
the 2nd gap by positive component of the bipolar
pulse, and then the BPA produces an ion beam with
the higher purity than that with a conventional ion
diode.

3. Experimental Setup

Figure 3 shows the schematic configuration of the
BPA in the present experiment. The system consists
of a bipolar pulse generator and an accelerator. The
bipolar pulse generator consists of a Marx generator
and a PFL. The designed output of the bipolar pulse
generator is the negative and positive pulses of
voltage + 200 kV with pulse duration of 70 ns each.
In the present system, the double coaxial type PFL is
employed for the formation of the bipolar pulse. The
line consists of three coaxial cylinders with a rail-gap
switch connected between the intermediate and outer
conductors at the end of the line. The characteristic
impedance of the line between the inner and
the
intermediate and outer conductors are 6.7 Q and
7.6 Q, respectively. The PFL is filled with the

deionized water as a dielectric and charged positively

intermediate conductors and one between

by the low inductance Marx generator with maximum
output voltage of 300 kV through the intermediate
conductor. The rail-gap switch is filled with pure SFs
gas and the pressure is adjusted to control the
optimum trigger timing for each experimental
condition.

The bipolar pulse voltage (75) and charging
voltage of the PFL (Vpr) are measured by the

Rail Gap l
Switch J
3l E
ﬁ cathode

Divider
)

Vo)
Bipolar pulse
v

Fig. 3 Schematic configuration of bipolar pulse

accelerator.
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resistive voltage divider and capacitive voltage
divider placed near the rail-gap switch, respectively.
The values of ¥y and VppL are calculated by the ratio
factor of the two voltage dividers (K = 1840 and
48500, respectively). The Rogowski coil with the
coefficient of 7 kA/V is used for the measurement of
the bipolar pulse current.

Figure 4 shows in detail the acceleration gap
design of the BPA which consists of a grounded
anode, a drift tube, a grounded cathode and a
magnetically insulated acceleration gap (MIG). The
drift tube is connected to a high voltage terminal of a
A double
coaxial type bipolar pulse generator was used [11],

high voltage pulsed power generator.

which generate an output pulse of the negative and
positive pulses of voltage + 200 kV with pulse
duration of 70 ns each. The anode and the cathode are
the copper electrodes of 78 mm in diameter with the
thickness of 5 mm. The electrodes are uniformly
drilled with 4 mm® apertures giving the transmission
efficiency of 58%. In order to produce insulating
fields

suppression of the electron flow, a magnetic field coil

magnetic in both acceleration gaps for
of grating structure is used, which produces a
uniform magnetic field in direction transverse to the
acceleration gap. The magnetic coil of the MIG is
installed on the rectangular drift tube. The uniform
magnetic field with strength of 0.3-0.4 T is produced
in the acceleration gap, of which length dax = 10 mm,
by a capacitor bank with capacitance of 480 pF and
charging voltage of 4 kV. At peak of the magnetic
field, the bipolar pulse voltage supplied from bipolar
pulse generator is applied to the drift tube. To obtain

Fig. 4 Conceptual drawing of magnetically insulated

gap of bipolar pulse accelerator.



higher transmission efficiency of the ion beam, right
and left sides of the coil have a grating structure
with 8-blades as shown in Fig. 4. Each of the
blades (10 mm” x 118 mm* x 1 mmY) is connected in
series and works as an 8-turn coil. Since high voltage
pulse is applied to the drift tube, the pulsed
current produced by the capacitor bank 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 pH.

A gas puff plasma gun was used as the ion source
and installed in the anode. Figure 5 shows the detail
of the gas puff plasma gun used in the experiment.
The plasma gun is composed of a coaxial plasma gun
and a high-speed gas puff valve. The plasma gun has
a pair of coaxial electrodes, i.e. an inner electrode of
80 mm length with 6 mm outer diameter and an outer
The

electrode has six gas nozzles of 1 mm®. The gas puff

electrode of 18 mm inner diameter. inner
valve consists of a nylon vessel pre-filled with N gas,
an aluminum valve and a drive coil. By applying a
pulse current to the driver coil, a pulsed strong
magnetic field is produced and then the magnetic
pressure pushes the aluminum valve to open the
valve. As a result, the gas expands with a supersonic
velocity and is injected into the plasma gun through
the nozzles on the inner electrode of the plasma gun.
The source plasma is produced by discharging the
capacitor bank of the plasma gun with a delay time of
7pg around 260-320 ps, since it takes about a hundred
us to open the valve and several tens ps for N> gas to

reach the gas nozzle on the inner electrode of the

Gas Puff Plasma Gun

B 60 mm"

B

5 pF, 6 kV

|

L5 puF, 15kV

Fig. 5 Cross-sectional view of the gas puff plasma gun.
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plasma gun. To apply pulsed currents to the gas puff
coil and the plasma gun, capacitor banks of 5 uF and
1.5 uF were used, respectively. Each capacitor bank

is usually charged up to 6 kV and 15 kV, respectively.

4. Results and Discussion

In order to confirm the acceleration of ions in the
1st gap, the bipolar pulse was applied to the drift tube.
Figure 6 shows the set-up of beam acceleration
experiment to measure the ion beam accelerated in
the 1st gap by the first pulse of the bipolar pulse. The
beam ion collector (BIC) was installed inside the drift
tube to observe the ion current density. Since high
voltage pulse is applied to the drift tube, the
inductively isolated coaxial cable of same structure as
IC was used to transport the BIC signal. The bipolar
pulse generator was operated at 70% of the full
charge condition of the PFL. Insulating magnetic
field with strength of 0.3-0.4 T was applied to the
acceleration gap. The plasma gun was operated at the
condition of zpg = 290 us and the Marx generator was
fired at tpg = 820 ps after the rise of the discharge
current of the plasma gun.

Figure 7 shows the typical waveforms of the
charging voltage of the PFL (VprL), the output voltage
(Vo) and the ion current density (J;) accelerated in the
Ist gap. They were obtained at the condition of
om = 15.6 ps. J; was measured at 48 mm downstream
from the grounded anode surface. As seen in the Fig.
7, the first pulse of Vp rises at = 230 ns and has
averaged peak voltage of -96 kV and a pulse duration
of 70 ns. The ion beam with a current density of
Ji=24 A/ecm? and a pulse duration of 80 ns (FWHM)
was obtained at around 42 ns after the peak of the
negative voltage pulse. Considering the delay time of
the flight, the peak current density corresponds to

nitrogen ions (N¥, N?) which were accelerated

Ist
gap

LLLL LT
ITTTTTTI

| \
anode Cathode
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Magnetic
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12 em

Fig. 6 Experimental setup of BPA.
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Fig. 7 Typical waveforms of charging voltage of
PFL(VrrL), output voltage (Vo) and ion current
density (J;).

around the peak of the negative pulse. In the case of
Fig. 7, the estimated energy of the nitrogen ion was
about 95 keV while the acceleration voltage was
96 kV. Figure 8 shows estimated ion energies at the
peaks of J; as a function of FVy supposing nitrogen
ions are main components of the ion beam. Even
though Marx charging voltage (Vm) was varied, the
relation between the accelerated ion energy and Vj is
basically on the N* proportional line. Therefore, the
singly-charged nitrogen ion was the dominant
component of accelerated ion beam.

Figure 9 shows the dependence of the peak value
of J; on 7pm for several Vu. As seen in the Fig. 9, each
Vmresult has a peak at different zpym, i.€. om = 12, 13
and 15 ps for V'm = 150, 180 and 210 kV, respectively.
There seem to be appropriate 7pm for each Vm. The
maximum current density of 70 A/cm? was obtained

with Vv =210 kV and pm = 14.4 ps.

5. Conclusions

We have developed a prototype of the BPA to
perform experiments for the proof of principle. When
the bipolar pulse was applied to the drift tube, the
ions were successfully accelerated in 1st acceleration
gap by the negative voltage component of a bipolar
pulse. To confirm the principle of the BPA in more
detail, we are planning to evaluate the ion species and

the energy spectrum of the accelerated ions.
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Sub-Terahertz radiation from DARC with laser created filament
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ABSTRACT

We present the results on generating sub-terahertz radiation by using the dc to ac radiation converter.

A relativistic ionization front which is created by the laser filament of loose focus of Ti:sapphire

laser pass through a capacitor array of period d= 0.5 cm with a gas pressure between 1 and 200 Pa.

The maximum frequency of the generated emission is determined to be in the range of 0.1 to 0.3

THz by several diodes.

Keywords

Laser created plasma, sub-Terahertz wave, DARC

1. Introduction
Generation of the electromagnetic wave by
laser-plasma interaction is one of the most attractive
topics in order to realize powerfull radiation sources
with tunable frequency. Not only the theoretical
works but also experimental ones have been studied
for plasma application of a short, tunable radiation
sources. As the recent interests, the generation of
terahertz radiation has been extensively investigated
in experiments of the laser-plasma interaction and
formation of filaments by intense laser propagating in
air or gas. The THz radiation has a lot of potential
applications in imaging, biological sensing, surface
investigation, and condensed matter studies, and so
on*?2. High power radiation sources are required for
these  applications, the power of
conventional THz sources, e.g. the photo-conductive
(PC) antenna or the device based on optical
rectification phenomena excited by the femtosecond
laser pulse, is limited still in a range of pW—-mW.
In the last two decades the radiation
generation studies by the interaction between a
plasma and electromagnetic wave has been
experimentally and theoretically investigated for
plasma applications of short and tunable radiation
source®'’. Mori et. al have shown that the frequency
up-shift occurs by the interaction between a periodic

however
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electrostatic field and an ionization front. In the
laboratory frame, the generated wave in the plasma
behind the ionization front is directly observed as the
EM wave radiation pulse'®. The observed frequency,
however, is upshifed from zero-frequency, that is,
this scheme can directly convert the DC field energy
to the EM wave radiation. Therefore, this scheme was
referred to as a dc to ac radiation converter (DARC
source). This means a direct electromagnetic wave
generation from the static electric field and this
mechanism is expected to be efficient and to generate
tunable in frequency. The DARC has following
advantages: short emission pulse, tunable
frequency, high output power and compact. Lai et. al.
have reported this phenomenon using a high-power
short-pulse glass laser system and observed emitted
radiation in the microwave region!®. Muggli et. al.
have also reported the higher frequency radiation(85
GHz) generation by the DARC combining the
rectangular waveguide?. Moreover, a superluminous
front, which has a velocity that exceeds the speed of
light, may be created by sweeping the gas-filled
periodic electrostatic field with an ionizing laser
beam from one side of the field?'.

in

2. DARC Theory
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Fig. 1 Schematic of a dc to ac radiation converter
(DARC).

The DARC structure is shown in Fig. 1.
Alternately biased capacitor array produces a periodic
electrostatic field of the form E = E sin(kgyx) in a gap
(b), where ko = m/d and d is the spacing between
adjacent capacitor plates. The maximum electric field
E, is given by Vy/b, where V, is the applied voltage
to the capacitor. The laser for creation of ionization
front propagate between the gaps in the x direction
with the laser group velocity v=c(1—my*/o.?)?,where
w, = yJ4nme?/m is the plasma frequency at the
plasma density of ngand w is the laser frequency.

In the DARC scheme, the frequency of the
transmitted radiation ® is evaluated using the
dispersion relation for an electromagnetic wave in the
plasma and the phase continuity condition between
the periodic electrostatic field and the emission at an
ionization front in the laboratory frame. The
dispersion relation of the emission in a plasma is ©?=
w,? + ¢?k?, while the phase continuity equation for
fields at the ionization front is w+kvs = Kovs. The
frequency of the emission is then given as

kovf w12)

2 Zk()‘lif.

@)

The minimum frequency of the emission ® is
®p, when wp = Kovs= ko and the emission frequency
o strongly depends on the plasma density. For
example, the plasma density n = 10 cm ™3 is required
for the generation of radiation frequency of 1 THz.
The theory also gives theoretical output power of the
radiation by considering the situation when the
electrostatic field (it can be seen as a EM wave in
front frame) transmitting into the ionization front
boundary. Transmission and reflection coefficients
must be considered. However, in this case the
relativistic front can be assumed as v¢ = c. Therefore
the transmission coefficient of the transmitted wave
approaches unity. In other words, the applied electric
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field will completely convert to the amplitude of the
output radiation and finally the output power is
approximately represented by using engineering
formula,
Poye = 1.33v,AV¢ /cb?

where vg is the group velocity of the radiation (vg=
c(1 — 0,/ ?)M?) in the plasma, and A is the area of
the ionization front.

@)

3. Experimental Setup

Figure 2 shows the schematic of experimental
setup. A Ti:sapphire chirped-pulse-amplification
(CPA) laser system which delivers 800 nm, 40 mJ
and 120 fs (full width at half maximum: FWHM) at
10 Hz repetition rate is used to create the ionization
front. The polarization of the laser pulse is
perpendicular to static electric field (z direction in fig.
1). The structure consists of 5 pairs of capacitors (2
periods). The spacing between capacitors (d) is 2 mm
and the gap between the electrodes (b) is 1 mm. The
laser light is focused at the entrance of capacitor
array with a focal diameter of 100 ux m. The
capacitors were biased with a pulsed power supply up
to 5.0 kV with the duration of 200 ns (FWHM),
which is limited by the static breakdown threshold of
the gas. The maximum electric field Eg at each of the
gaps is estimated to be 50 kV/cm.

The plasma density is measured with a
pump-probe Michelson’s interferometer. The image
was detected by a charge-coupled device (CCD)
camera. When no laser was irradiated, i.e. without the
probe beam, the CCD camera detected the visible

Ti:sapphire laser

>

Delay line

Probe beam

Beam spliter
R:97%, T: 3%

N, gas
Pressure: 1 ~10°Pa

Optical rail
OAP

e

DARC
[ Detector

Lens f=800 mm

Lens f=150 mm
THz wave

Mirror

Beam spliter ICCD camera

Fig. 2 Schematic of the experimental setup
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axis) lines show temporal waveform of the radiation
with and without the applied voltage, respectively.
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Fig. 4 Electron density dependences of signal
intensity for different detectors. Dotted curves show
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light emission from the ionized gas and allowing to
estimate the length of the plasma.

The emission from the DARC structure is
collected by two f/3 off-axis parabola (OAP) mirrors
with a focal length of 152.4 mm. The first OAP has a
hole for the laser transmission and the emission from
the DARC was partially reflected. At the focal point
of the second OAP, we use three different crystal
detectors which had responses at F band (0.09-0.14
THz), G band (0.14-0.22 THz) and Y band (0.22-0.33
THz). These detectors are connected to a 750 MHz
bandwidth oscilloscope to detect the power of
emission. All detectors are calibrated and connected
with a waveguide and a horn antenna at a directivity
of x7° to efficiently detect the emission. The
polarization of the radiation can be measured by
rotating the microwave horn antenna.

4. Results and Discussion

Solid and dashed dashed lines in figure
3(@)—(c) show temporal waveforms of the output
radiation detected by the crystal detectors with and
without the applied voltage, respectively. Polarization
of the detector is set to be parallel to the static electric
field (y direction in fig.1). It is expected that the pulse
width is much shorter than detected signal limited by
the detection system such as RC time constant of the
detector and the scope. Without the applied voltage,
no significant signals were observed except for
radiation which comes from laser produced plasma
itself?223

To verify the DARC mechanism, we measured
signals by changing the polarizations of the detectors
to perpendicular to the electrostatic field (z direction
in fig.1). In this case, there was no detectable signal
regardless of the applied voltage value. Thus, it is
clear that the ionization front gives rise to modulation
of the electrostatic field in the DARC.

Figure 4 shows the observed signal
intensity of the diodes by changing the gas pressure
from 1 to 100 Pa. The electron density and gas
pressure are correlated by results obtained by using
the interferometer. The frequency of the output
radiation increases with the increase of the plasma



density as the theory predicted.

The observed signals of each detector has
broad in the electron density. The spectral broadening
Ao of the output radiation depends on the number of
the period of the electrostatic field N, where N = 2 in
this experiment, and it can be evaluated as Ao = ®o/2,
where wo is the central frequency of the output
radiation. Therefore the power spectrum can be
assumed as I(®) = [sin[(wo— ®)T]/(wo— ®)]. So that,
intensity measured in the experiments can be
estimated by integrating I(w) over the detection range
of each detector. The dashed curves in figure 4 show
the theoretical estimation by using the above
assumption. The estimated peaks and behaviors are
slightly different to the experimental results. In the
experiment, plasma is generated by laser pulse with
spatial profile of TEMg mode. Therefore, plasma
density distribution of the ionization front is not
homogenous in the radial direction of the beam. This
inhomogeneity distribution of the density might
affect the experimental results. The discrepancy
between experimental and theoretical values will be
investigated with particle-in-cell simulation.

Figure 5 shows the maximum signal
voltage as a function of the applied voltage. The
dependence is measured under the condition of

2

10

Maximum signal voltage (mV)

Applied voltage (kV)

Fig. 5

voltage. Dashed lines shows best fit for experimental

Maximum signal voltage versus applied

results for each of the detectors.
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electron density of 2 — 4 x 10¥*cm™3. The maximum
signal voltages increase with the increasing applied
voltage. Dashed lines in figure 5 show the best fits
for the observed signal intensity of each detector in
the experiment, and the signal intensity of the
radiation depended on almost the square of the
applied voltage, agreeing well with the theoretical
prediction with Eq. (2).

The theoretical output power can be
simply calculated by Eq. (2)*, and it is estimated to
be 220 W with our experimental condition. However,
calculated output power of the experimental results is
about 20 W. As stated above, to archive the high
power radiation output, it is important to design the
DARC including a waveguide structure?®?*, In this
experiment, however, the design does not include
such waveguide structure. Thus, there is a large
impedance mismatch at the exit of the DARC. To
optimize the output power from the DARC, the
waveguide structure and the improvement of the
impedance matching at the exit of the structure will
be required.

5. Conclusions

In conclusion, sub-THz radiation from
the DARC is investigated by using laser induced
plasma. The measured dependence between the
output frequency and the gas pressure, i.e. electron
density, well agrees with the theoretical prediction.
The maximum frequency range observed is up to Y
band (0.22 - 0.33 THz), which is the highest
frequency reported using the DARC (to our
knowledge). Theoretically, higher frequency can also
be obtained with higher electron density. Such
experiments are in preparation with a new single shot
THz measurement system. At the moment, the output
power is not high enough for applications. However,
by optimizing the parameters, such a frequency
tunable and non- damage threshold radiation source
(plasma photonic device: PPD) has potential to be
significantly useful tool.
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Experimental Study on a narrow band
Intense Free Electron Maser
using an Intense Relativistic Electron beam
with a Bragg Resonator
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ABSTRACT

An intense mildly relativistic electron beam with energy of around 800 keV, current of 400 A and

pulse duration of 150 ns was injected into the cylindrical tube immersed in an axial guide magnetic

field. A helical wiggler magnetic field was also applied. The microwave with frequency of 40, 45

GHz was observed with the helical magnetic field. The frequency was increased as the beam energy

was increased. Cold tests of two Bragg resonators were carried out again and the advantage of a

hybrid Bragg resonator on the frequency selectivity was reconfirmed.

Keywords

electron beam, microwave source, Bragg resonator, FEM, IREB

1. Introduction

An intense relativistic electron beam (IREB)
with energy of ~ 1 MeV, current of over 1 kA and
output power of over 1 GW with duration of ~ 100
ns is a convenient energy source of an intense free
electron maser (FEM). The radiated frequency of
the FEM increases as the beam energy increases
and the periodic length of the structure for FEM
can be desined longer because of the relativistic
effect.

electric field and it makes the energy spectrum of

High current density yields its strong self

the beam wide. Experiments were reported about
the intense FEM [1-5].

We proposed two types of Bragg resonators to
improve the frequency selectivity of a FEM using
an IREB. A normal Bragg resonator uses two
traditional Bragg reflectors at the entrance and exit
sides. A hybrid Bragg resonator utilizes a

traditional Bragg reflector at the entrance and an

80

While
the corrugation period of a traditional Bragg

advanced Bragg reflector[6,7] at the exit.

reflector is designed a half of the wavelength of
the reflection wave, that of an advanced Bragg
reflector is nearly equal to it. A hybrid Bragg
resonator is expected to show higher frequency
selectivity than a normal one.

2. Experimental Apparatus

Figure 1 shows the schematics of experimental
setup. An intense relativistic electron beam was
injected through an annular anode into the drift
tube with diameter of 17 mm. The energy and
current of the IREB were around 800 keV and 400
A, respectively. The diameter of the IREB was 8§
mm. A solenoid coil applied an axial magnet
field (Bg) with strength of up to 1T. A helical
wiggler coil [2] located inside the solenoid coils
provided a periodic radial magnetic field (Bh) up



to 0.18 T.

The IREB was diverged to the wall at the exit
of the axial magnetic field. In Fig. 1, the helical
coil is not depicted exactly. The period of the
wiggler coil is 54.4 mm. The helical wiggler field
is applied gradually at the entrance not to diverge
the IREB.
electron with energy of 800 keV in the guide and

The calculated orbit of a single

the helical magnetic fields were shown in Fig. 2.
In the calculation, the axial and helical magnetic
fields were considered in the momentum equation.
The self-electric filed of the beam electrons was
not taken into account. When the helical magnetic
field increased gradually at the entrance, the orbit
of an electron in the helical magnetic field was
periodical. The orbit showed more complicated
and larger radial motion without gradual increase
of the helical field.

Though the Bragg reflectors were not used with
the IREB in this paper, the location of the Bragg
reflectors is the entrance and exit sides of the
helical wiggler coil.

A damage pattern on a brass plate was used to
observe the deformation of the beam cross-section
along the axis of the beam.

A Faraday cup with diameter of 17 mm was
The total
beam current was not decreased through the

utilized to detect the beam current.

magnetic fields.

The radiated microwave was detected by a horn
just behind an acrylic window with depth of 10
mm. A 100 m dispersive line used to observe the
overall radiated frequency. Though the accurate
frequency could not determined with width of 150
ns of the signal at the entrance, it is useful to
observe the total radiation spectrum. The expected
radiation frequency was around 40 GHz in this
The
spectrum over 35 GHz was measured by a

experiment. more accurate frequency
reflection grating system as shown in Fig. 3. Four
detectors were used in a shot. The resolution of
The radiated

showed

each detector was about 1 GHz.

microwave in each shot good

reproducibility.
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The resolution of detectors is 1 GHz.

3. Experimental Results and Discussions
The cold tests of both Bragg reflectors were
carried out in collaboration with Reserch Center

)
= 0
= =10
o
£ -20
=
230
Z
& -40

-50

37 38 39 40 41 42 43
Frequency| GHz]
Fig. 4. Transmition spectra of a traditional

(solid line) and an advanced (dotted line) Bragg
reflectors. The reflected frequency of 39.6+0.5
GHz was observed by the traditional Bragg
reflector, and that of 39.85+£0.05 GHz by the
advanced Bragg reflector.

for Development of Far-Infrared Region, Fukui
University (FIR-FU). The vector network
analyzer (ABmm MVNA 8-350 GHz) of FIR-FU
was used to observe the transmission spectrum of
While the frequency of 39.6+0.5
GHz was reflected with the traditional Bragg

both reflectors.
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reflector, that of 39.85+0.05 GHz was reflected
with the advanced Bragg reflector as shown in Fig.
4. These results showed good agreement with the
previous  results E8354C  (Agilent
Technology) [7]. About the reflected frequencies
of 39.6 and 39.85 GHz, the TE,; mode was kept at
About the
reflected frequency of 41-42.5 GHz of the
traditional Bragg reflector, it was suggested by the

using

the reflection from the simulation [7].

simulation that the TE,;; mode was converted into
TM,, mode.

We could not utilize the Bragg reflector in the
FEM experiments because of a malfunction of the
IREB source.

The typical waveforms of the diode voltage and
The
damage pattern showed a circular cross-section

the beam current were shown in Fig. 5.

with diameter nearly equal to the annular anode.
1200 mm
downstream side from anode are also shown in Fig.

The damage pattern detected at

5. The beam propagated along the guide magnetic

field line of force with almost the same diameter of
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Fig. 5. Waveforms of diode voltage and the
Faraday cup with and without the wiggler field
(upper) and the damage pattern without the
wiggler field (lower). The radius of the beam was
nearly the same along the 1200 mm propagation.



the anode with/without wiggler magnetic field. The
beam current was a little decreased with the guide
magnetic field of less than 0.32 T. It was
suspected that a part of the beam was diverged to
the wall.

A 100 m dispersive line to observe the overall
frequency spectrum of the radiation was utilized.
The waveforms of the microwave detected at the
entrance and the exit of the dispersive line were
detected, where the diode voltage was about 820
keV. The calculated frequency in Fig. 6 is not
accurate because the correspondence between the
signals detected at the entrance and the exit cannot
be clear. The signal with frequency around 40
GHz was observed only with the wiggler field.
The signals around 20-30 GHz were suspected to
be the interaction between the beam cyclotron

mode and the waveguide mode.

0 10 20 30 40 50 60
Frequency [GHz|

Fig. 6. Calculated frequency spectrum by the
100 m dispersive line with(solid line) and
without(dotted line) the wiggler field.

The diffraction grating was used to observe the
radiation with frequency of around 40 GHz. The
waveforms of radiated microwave with the beam
energy of 780 keV is shown in Fig. 7. The
radiation was observed with frequency of around
40.5-43.0 GHz. The calculated frequency from the
dispersion relation between the beam mode

passing through the wiggler magnetic field and the
TE;; waveguide mode was 40 GHz. The
observed microwave frequency was nearly equal to
No signal was observed
And the
radiated frequencies were not changed by the

the calculated one.
without the helical wiggler field.

strength of the guide magnetic field. The output
power of the radiated microwave was roughly
MW. More

improvements on the alignment of axes of the

estimated to be less than 1

beam and the magnetic fields were expected to
increase the microwave output power.

The signals of the diffraction grating with the
beam energy of 820 keV is shown in Fig. 8. In
this case the calculated frequency was 45 GHz.
The radiated microwave with frequency of 44.5-46

............ Without wiggler With wiggler

47.0GHz

- L on 44 0GHz
= " e 43.0GH
” o~ 42.0GHz
e
L
Z o M 41.0GHz
P N N\ y 40.5GHz

AR 40 0GHz
I 39 0GHz
| 38 0GHz

b o 37.0GHz

w 36.0GHz

0 100 A0 300

Beam 780keV

Time Insl

Fig.7. The signals with diffraction grating with
(solid line) and without (dotted line) wiggler field
where the diode voltage was 780 keV. The
frequency of 40.5-43 GHz was observed only
with the helical wiggler field.

It also showed good

the calculated and the

GHz was observed.

agreements between



The
increased by the increase of the beam energy as

observed frequency. frequency was
expected in the FEM operation. However, in this
case, the microwave with lower output power was
observed when the helical wiggler field was not
applied. We suspected that the radiation without
wiggler field was originated from the interaction
between the beam cyclotron mode and TM
waveguide mode.

----------- Without Wiggler With Wiggler

43.0GHz
— 42.0GHz
=
< 41.0GHz
'g 40.0GHz
S
=S
"""" Q 100 ,200--=~~=-"=-340
ST  Beam 820keV
Time[ns]
Fig.8. The signals with diffraction grating with
(solid line) and without (dotted line) wiggler field

where the diode voltage was 820 keV.  The

frequency of 44.5-46 GHz was observed.

4. Conclusions

The radiation with frequency of 40 GHz was
observed only when the wiggler magnetic field
was applied in the experiments with the diffraction
grating.

The Bragg resonators were designed for 40
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GHz and they worked as expected. We can start
the experiments to show the effect of a normal and
a hybrid Bragg resonators.
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Effect of Cathode Materials on OQutput Characteristics of High Power
Microwave by Virtual Cathode Oscillator
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ABSTRACT

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

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

frequency control. The cathode material plays an important role in the output power and frequency of

microwaves emitted from the vircator. We present the experimental studies on the effect of cathode materials

on the output characteristics of the vircator. The pulse power system was utilized to generate a high-power

microwave in an axial virtual cathode oscillator. Experiments were conducted using three different cathode

materials (aluminum, graphite and polymer velvet) for various anode cathode gap distances. In addition, a

time-dependent frequency analysis is applied to the output signal of the vircator to investigate the time

evolution of the emitted frequency spectrum for various AK gaps.

Keywords

High-power microwave, virtual cathode oscillator, axial vircator, pulse power technology

1. Introduction

Radiation sources of the high-power microwave
are being developed for applications in plasma
heating, particle acceleration, high-power radar, and
many other industrial and military fields [1,2]. A
number of high-power microwave sources have been
Cathode
Magnetron, Klystron, Gyrotron and so on. The

developed, such as Virtual Oscillator,
vircator has remarkably attracted attention over other
kinds of high-power microwave sources. The vircator
has the attribute of high-power capability, wide
frequency tuning ability, and conceptual simplicity
[3]. It is possible to generate high-power microwaves
ranging from a few tens of megawatts up to a few
difficult

problems in low efficiency of beam-to-microwave

gigawatts. However, the vircator has

power conversion and wide frequency bandwidth [3].
The many researchers have been making research
efforts and experimental studies to improve the
conversion efficiency and oscillation frequency
control [4-8]. the best

Despite these efforts,
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microwave efficiency is still not higher than 10%.

The cathode material is found to play an important
role in the output characteristics of the vircator. We
performed the experiments on the generation of
microwaves from an axial vircator for wvarious
anode-cathode (AK) gaps using three kinds of
aluminum, graphite and polymer velvet as a cathode
material. This paper reports the experimental results
on the effect of cathode materials on the output
frequency of the vircator. In addition, time-
dependent frequency analysis (TFA) [9,10] was

carried out for the obtained microwave radiation.

2. Principle of Vircator

The vircator consists of cathode and meshed anode
as shown in Fig. 1. When a high pulsed negative
voltage is applied to a cathode, electrons are emitted
from the surface of the cathode. The electron beam
has passed through the anode. When the injected
electron beam current exceeds the space charge

limited current in the region behind the anode, a
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Fig.1 Schematic view for virtual cathode

oscillator.
virtual cathode, which is an unstable region of
negative potential, is formed at the same distance as
AK gap. Most of the electrons in the beam lose their
kinetic energy and are then reflected back toward the
anode. The mechanism of microwave generation in
the vircator can generally be explained by two
dynamical mechanisms [2, 11]. The first is electron
reflection in the potential well formed between the
real cathode and virtual cathode. The reflection
frequency is approximately given by
Ay Ad gy

where v. is the velocity of the electrons, dak is the

f.=

distance between the anode and the cathode, and c is
the velocity of light. The relativistic factor y is given
by
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The second is an oscillation of the virtual cathode in
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time and space. The oscillation frequency is given by
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where , is the electron plasma frequency, sy is

2
d ik

electron beam density derived by the space charge
limited current, e and m. are the electron charge and
mass, respectively, € is the vacuum permittivity, Vj is
the applied voltage across the AK gap, and f=v/c.
These two oscillation frequencies are fundamentally
determined by the geometric structure, the applied

voltage and the electron beam parameter.

3. Experimental Arrangement

Figure 2 shows a schematic configuration of the
pulse power system for studies on generation of the
high-power microwave from the axial vircator. The
system consists of a high-voltage generator, a single
pulse forming line (PFL), a gas SF¢ spark gap and a
pulse transmission line. The high-voltage generator is
an eight-stage bipolar Marx generator with the
maximum output of 800 kV and the stored energy of
5 kJ. The PFL is filled with the deionized water as a
dielectric. The designed parameters of the PFL are
characteristic impedance of 3 Q, and electrical length
of 50 ns. In this experiment, the pulsed power system
was operated in negative-output mode and the
charging voltage of Marx generator was set to 24 kV.

Figure 3 shows the schematic structure of the axial

vircator and the microwave measurement setup. The

Electron Beam Diode

| Pulse Forming Line: PFL |
| Output:400kV, 50ns, Z,-3Q |

Fig.2 Schematic diagram of Pulsed Power system
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Fig. 3 Schematic structure of axial vircator and

microwave measurement setup.

high-voltage pulse generated from the pulsed power
system is applied to the cathode of the electron beam
diode. A vacuum explosive electron emission diode
was used to generate an intense relativistic electron
beam. The diode consists of a planar disk cathode of
60 mm in diameter and a stainless-steel mesh anode
with a transparency of ~65%. An aluminum, a
graphite and a polymer velvet were tested as a
cathode material. Here, the velvet cathode used the
aluminum disk covered with a piece of polymer
velvet. The AK gap dak was in the range of 4-12 mm
and changed with the step of 2 mm. The diode region
and output waveguide are maintained at a base
pressure of 5.5X 107 Pa. A resistive CuSO4 voltage
divider was used to measure the output voltage (Vprr)
of the pulsed power system and placed at the edge of
PFL. The diode voltage (V4) applied to the cathode is
calculated by the inductive correction, since the
inductance of the transmission line from the resistive
divider to the cathode is ~100 nH. The diode current
(ly) and the beam current (/) passed through the
anode were monitored by Rogowski coil at the
upstream and downstream of the anode.

The output microwave from the vircator traveled
along a circular waveguide of 100 mm in diameter
and 375 mm in length and is emitted into free space
through

measurements were carried out with the receiving

an acrylic window. All microwave
antenna placed at a distance of 0.7 m away from the
vircator window. The temporal waveform of the
output microwave was obtained by using a crystal
diode and recorded by a digital oscilloscope with a
bandwidth of 200 MHz and a sampling rate of 2 GS/s,

together with the beam parameters (voltage and
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current). In order to carry out Fourier transforms and
TFA, the signal from the antenna was also recorded
by a high-speed digital oscilloscope with a sampling
rate of 40 GS/s through a coaxial RF cable.

4. Experimental Results

Figure 4 shows the typical waveforms of diode
voltage Vg, diode current /g, beam current /, and
microwave at dak=4 mm for three different cathode
materials. As shown in Fig.4, the microwave is
emitted at the rise time of V4. It can be seen that as

compared with each cathode material, the rise time of
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Fig.4 Typical waveforms of diode voltage Vi,
diode current Iy, beam current I, and microwave
at dak=4 mm for (a) aluminum cathode, (b)
graphite cathode and (c) velvet cathode.
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Fig.7 Fast Fourier Transform of microwave signal for the shots shown in Fig.6.

the diode current for the velvet cathode is earlier than

those for other two materials. Figure 5 shows the

dependence of Vg,

Iy, and

the characteristic
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impedance Zsg=Vy/ls of the diode on the cathode
materials for various AK gap distances. Each data

point is an average of 4 shots. The characteristic of



the diode seems to be almost same for three cathode
materials.

Figure 6 shows the microwave output signal
recorded by the high-speed digital oscilloscope for
three cathode materials at various AK gap distances.
The waveform of Vg is shown as the reference. For
both aluminum and graphite cathodes, the output
microwave appears at a later time with the increase of
the AK gap distance, whereas for the velvet cathode,
the output microwave appears at a same time. This is
considered that the turn on time for the velvet
cathode is lower than for other two cathodes. Figure 7
shows the Fast Fourier Transform of the microwave
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signal for the shots shown in Fig.6. One can see that
as the AK gap distance increases, the main frequency
of the microwave shifts to the lower side and the
spectrum tends to become narrower. Figure 8 shows
the TFA result for the aluminum cathode at various
AK gap distances, where a time-window width of
12.8 ns (512 data points) was shifted by the step of
0.25 ns. In Fig. 8, the horizontal axis represents the
center of the time window, and the spectrum intensity
obtained within each window is represented by the
blackness variation in the vertical direction. It can be
seen in Fig. 8 that the output frequency increases
with time for lower AK-gap distances. At the AK gap
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Fig.8 Time evolution of microwave frequency spectrum measured for aluminum cathode at various AK

gap distances.
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distance of dak=4 mm, the frequency increases from
~6 to ~12 GHz during the period of 0-50 ns. This
phenomenon shows fairly good agreement with the
result that the microwave radiation for lower AK gap
distances has the broad spectrum. It is thought that
this frequency shift is due to the fact that the diode
voltage (electron beam energy) increases more
rapidly with time during the generation of the
microwave. On the other hand, at the AK gap
distance of dax=12 mm, the microwave with the
constant frequency of ~4 GHz is emitted during the
period of 200-300 ns.

5. Conclusions

The effect of cathode materials on the output
frequency of microwaves emitted from the axial
vircator has been studied for various AK gap
distances. The diode current rises earlier for velvet
cathode due to its lower turn on time. The influence
of cathode materials on the power of microwaves is
investigated in future.

In addition, the time-dependent frequency analysis
shows that the output frequency varies drastically
with time for lower AK gap distances, while for
higher AK gap distances, the output frequency is
almost constant during the pulse duration of the
output microwave. It was found from this result that a
flat-top voltage and a relatively stable gap provide a
possibility of generating a constant microwave

frequency.
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ABSTRACT

The transverse uniformity of a laser-ablation plasma flow transported through an axial guiding magnetic field

was investigated. The transverse profiles of the plasma ion flux were measured by a Faraday cup and

compared with simulation results based on the collective focusing model. We found that the plasma ion

current density increased with increasing axial magnetic field. We also confirmed that when the guiding

magnetic field existed, the transverse profile of the plasma ion flux was slightly modulated in contrast to the

uniform profile obtained without the field.

Keywords

heavy ion beam inertial fusion, high-current ion source, laser-ablation plasma, magnetic guiding

1. Introduction

To implode and ignite a fuel target of Heavy lon
Fusion (HIF), we need to develop a driver accelerator
that can produce extremely intense heavy ion beams
of 10"-102W. A HIF driver design based on
induction accelerators requires ion sources to supply
ion beams of 50 A in total during 20 ps. Generally, it
is almost impossible to transport such a high current
ion beam in the low-energy section of the driver
accelerator because of the space charge limit. So in a
typical driver design, 0.5-A heavy ion beams are
hundred of

and then gradually merged into

extracted from a ion sources
independently,
several ion beams after acceleration. Normalized
emittance must be less than 1.0 tmm-mrad at the ion
sources, which is determined from a required beam
emittance at final beam focusing in the fusion reactor
and prospective emittance growth in the driver
accelerator [1].

Recentlyy, Kwan et al. proposed to use a
multi-beamlet extracting method for HIF ion sources.
This method can downsize the ion sources and enable
us to employ various plasma sources [2].

One of the candidates for the plasma source is

laser-ablation plasma. Since the laser-ablation plasma
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intrinsically has high density and high drift velocity,
it has the potential to supply a high brightness ion
beam to the HIF driver. Generally, the pulse width of
laser is very short compared to the beam pulse width
required by the accelerators. To expand the pulse
width of the laser-ablation plasma, a drift chamber is
usually employed for the laser ion source. Since the
laser-ablation plasma expands from a small laser spot
without collisions among ions, it becomes a laminar
flow after traveling through the long drift chamber.
This feature is very advantageous for extracting
low-emittance ion beams.

On the other hand, the plasma ion current
decreases rapidly with increasing drift distance
because of the three-dimensional expansion of the
plasma. To overcome this problem, it had been
demonstrated that the plasma ion current was
controlled by a magnetic field along the plasma
propagating direction [3]. Okamura et al. observed
that the decrease in the plasma current density was
suppressed by a solenoidal magnetic field of a few
[4]. And also,

trajectories of plasma particles by using the collective

hundred gauss the calculated

focusing model [5] showed that the guiding magnetic

field leads to efficient transport of the laser-ablation
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Fig. 1. An experimental setup for measuring transverse distribution of plasma ion current density.

plasma. On the other hand, the gyro motion of the
plasma ions in the magnetic field may increase the
momentum spread particularly in the transverse
direction. Therefore, there are concerns about the
transverse uniformity of the plasma ion flux and the
momentum distributions. In particular, the latter may
cause the emittance increase of extracted ion beams.
The purpose of this study is to examine the
influence of guiding magnetic field on the transverse
distribution of particle flux of laser-ablation plasma.
This article presents the results of measurement of
transverse distribution of plasma ion current and
simulation results based on the collective focusing

model.

2. Experimental Setup

An experimental setup for the plasma ion flux
measurement is shown in Fig. 1. The experimental
apparatus was composed of a plasma production
chamber, a drift chamber, a solenoid coil, a Nd:YAG
laser, a KrF eximer laser, and a Faraday cup. The
plasma production chamber is evacuated to about
103 Pa by a turbo-molecular pump (260 L/s) and an
oil-sealed rotary pump (30 L/min). To produce an
we used the Nd:YAG laser
(wavelength: 1064 nm, pulse width (FWHM): 6 ns,
maximum pulse energy: 650 mJ) or the KrF eximer
laser (wavelength: 248 nm, pulse width (FWHM):
30 ns, maximum pulse energy: 300 mJ) . The laser

ablation plasma,

was focused with a plano-convex lens through an
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optical window onto a plane target with an incident
angle of 45 degrees. The target was mounted on an
automatic XY-axis stage to change the position of the
target without breaking vacuum. We changed the
laser irradiation position on the target every 10-20
shots to prevent the irreproducibility of the produced
plasma due to target surface deformation by
successive laser irradiation at the same position. A
solenoid coil of 400 mm long was located 310 mm
downstream from the target. It applied a guiding
magnetic field of 0.6 T at a maximum to the
The

solenoid coil was excited by a pulse current of 700 A

expanding plasma in the drift chamber.

peak from a RLC circuit. The time constant of the
pulse current was 7.5 X 10%*s , which was much
longer than the plasma expansion time in the drift
chamber (<100 ps). Therefore, the excited magnetic
field could be the
laser-ablation plasma.

considered constant for

To measure the transverse distribution of the
plasma ion current after the plasma was transported
though the solenoid magnetic field, a Faraday cup
was located 878 mm downstream from the target. The
charge collection cup was set in a grounded metal
cage that had a ¢1 mm aperture on the front surface
and biased to -50 V typically. The cage was attached
to a linear motion feedthrough having a stroke of
20 mm. We measured the plasma ion current by
the of the

perpendicularly to the central axis of the drift

changing position Faraday cup
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Fig. 2. Typical waveforms of plasma ion current (left: B, = 0 mT, middle: B, = 8.6 mT, right: B, = 69 mT) .

chamber. We used a plate of bismuth as the laser
target. The laser intensity on the target was 3 X
108W/cm? with the Nd:YAG laser, and 2 X
108 W/cm? with the KrF eximer laser. The solenoid
magnetic field was changed in a range of 0 - 69 mT.
Whenever changing the target position, we irradiated
the target several times before data taking to
minimize the influence of impurity attached on the

target surface.

3. Results and Discussion

Figure 2 shows the typical waveforms of plasma
ion current. The waveform reproducibility was high
without guiding magnetic field. When a magnetic
field of 8.6 mT was applied, small fluctuations
appeared on the waveform and the reproducibility of
the waveform was degraded. However, the ion
current density was two times greater than without
magnetic field. Under a magnetic field of 69 mT, the
ion current density increased significantly. The small
fluctuation disappeared and the reproducibility was
improved compared with the cases of 8.6 mT. And
also, with 69 mT, the width of the current waveform
increased with the increasing distance from the
central axis.

The transverse distributions of the total ion charge
are shown in Fig. 3. Here, the total charge was
calculated by integrating the ion current waveform
observed at each radial position. Each data point is an

average of 5 shots. The error bar shows the standard

93

deviation. The above figure shows the result obtained
with the Nd:YAG laser, the below shows the result
with the KrF eximer laser. The transverse distribution
of the ion current density was nearly uniform without
the guiding field. The ion current density increased

with guiding magnetic field at every position
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Fig. 3. Transverse distributions of ion current density

(upper: Nd:YAG laser, lower: KrF eximer laser).
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compared to that without the field. In addition, the
ion current density increased with the increasing
distance from the central axis. With increasing
applied magnetic field, this tendency became more
obvious. The ion current densities obtained by the
Nd:YAG laser were higher than those with the KrF
eximer laser.

Figure 4 shows the results of numerical simulation
on plasma particle trajectories in the guiding
magnetic field. We used the collective focusing
model in this simulation. The solenoid magnetic field
was calculated by the Poisson-Superfish code. Figure
4 (a) and (b) show the trajectories of Bi* and Bi’*,
respectively.

As shown in Fig. 4, even ions emitted from the
target with large divergence angles were gathered
around the entrance of the solenoid coil (L = 350 mm,
here L is the distance from the target) by the guiding
effect of the applied magnetic field. The guiding
effect depended on the ion charge state and became
more obvious for Bi**. Moreover, it can be seen that
the envelope radius of the plasma particles in the
solenoid coil was considerably smaller in the higher
charge-state case. On the other hand, the guiding
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effect for the Bi* ions was weak. Since the envelope
radius was comparable to the inner radius of the drift
chamber, ions might hit the wall chamber, resulting in
the loss of the ions. The plasma expanded quickly
after passing through the solenoid coil, and the
transverse momentum spread of the plasma particles
was very large compared to that in the case of no
guiding field. Most of the particles traveled apart
from the central axis regardless of the charge state.
These simulation results seem to agree with the result
of the experiment.

4. Conclusions

In this study, we measured the transverse ion
current density distribution of laser ablation plasma
guided by an axial magnetic field along the plasma
drift direction, and compared the experimental results
with simulation results by the collective focusing
model. The ion current density increased in the
presence of the guiding magnetic field. This result
supports that the magnetic field is very effective to
suppress ion current reduction. We also found that the
enhancement of the ion current density was more
significant at relatively large distances from the

central axis of the axial magnetic field.
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Formation Process of Two-step Shock Wave
driven by Laser Detonation

Kenta Kawaguchi, Ken Yonezawa, Mitsuo Nakajima,
Jun Hasegawa, Tohru Kawamura, and Kazuhiko Horioka
Department of Energy Sciences, Tokyo Institute of Technology, Yokohama 226-8502, Japan

ABSTRACT

We observed a two-step shock wave by irradiating a TEA CO; laser to a conical brass target in atmospheric

condition. We showed that the propagation of shock front was enhanced by the presence of the metal target. The

results indicated that there is an abrupt acceleration mechanism of the energy deposition region. We also showed

that a streamer-like structure appears at the initial phase of the laser breakdown. Based on the results, we performed

an electric measurement to study the plasma interaction with the metal target. The result clearly showed that

electrons emit from the target. All of the results indicated that an interplay among the laser absorption, the

breakdown plasma, and the metal plays an important role for the formation process of LSD.
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Laser induced plasma, Breakdown, Shockwave, Laser supported detonation

1. Introduction

Detonation is a hybrid wave in which shockwave
and a heating fluid area propagate together [1],[2].
When a detonation is triggered in a combustible gas,
the heating fluid area drives a shockwave, at the same
the shock heated the

combustion and vice versa.

time, region enhances

LSD (Laser-supported detonation) is driven by a
high power laser. In the case of LSD, the heating fluid
area is made of high energy density plasma. The laser
absorbing rate enhances at the shock heated region that
strengthen the shock wave. Therefore the LSD usually
has a complicated structure, in which laser induced
highly non-equilibrium plasma and the radiation
transport induces highly transient hydro-dynamical
motion [3].

The LSD is one of the effective mechanism of the
thrust for a laser propulsion [4],[5]. In the system, a
projectile emits a fast ablation plasma generated by an
ablation and/or LSD behind the projectile to obtain a
high specific impulse. Also, that can be powered and
controlled remotely. For example in 1920s, K. E.
Tsiolkovsky discussed a propulsion system of
spacecraft which receives thrust power from a ground
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based electromagnetic waves. It was the first idea of
the beamed propulsion system [6].

The study on the laser propulsion started just after a
laser device was invented in 1960s. A memorable idea
was proposed by A.Kantrowits in which he discussed
the capability of a laser launching system of spacecraft
from the earth using a rocket model based on laser
ablation pressure [7]. He also pointed out the
advantage of laser propulsion; higher specific impulse
because of no needs of fuel and oxidizer.

The pressure induced by laser ablation was thought
to be the most effective mechanism for propulsion at
an early stage of study on the laser propulsion system.
However, as the study advanced, it was found that
ablation itself plays a minor role in terms of the
propulsion [8]. Nowadays it became clear that, instead
of LSD LSC

combustion) caused by the laser and chemical reaction

ablation, or (Laser-supported
are more effective for generating the thrust. The
aircraft obtains the thrust by the shock-induced high-
pressure gradient of LSD behind the aircraft [9].

The “Light Craft” invented by LN. Myrabo et al is
famous for the demonstration of laser propulsion [10].

They succeeded in launching a projectile with about



50 g weight to 120 meters high under gravity by using
a 10kW CO:; laser.

The phenomena; LSD itself was already found in
1960’s [11]. Fluid dynamic phenomenon driven by the
LSD and its structure are already known in simple
condition such as gas atmosphere. However, for a
more complex situation such as existence of a metal
target, detailed models are still in discussion.

For generating a LSD, laser power density should
be more than a threshold value. When we generated a
LSD close to a metal in an atmosphere, we observed
decrease of threshold and increase of shock speed [12].
Propagation velocity of LSD didn’t vary so much
according to the size of target. So the metal target was
considered to exert only an effect that decreases the
threshold energy [1]. As is well known, shockwave
propagates integrally with laser absorption area in
LSD. However the effect of the metal target is still
under discussion [13,14].

In this paper, we show recent study on the LSD
where we focused a transversely excited atmospheric
(TEA) COs; laser close to a top of metal (Brass) cone
and observed the LSD phenomena. We could see two-
step spheroidal shock wave using the Schlieren
method.

We also observed, using a fast framing camera, a
streamer like light emission after about 10 ns from the
laser irradiation. We considered it may mean that high-
speed electrons play some roles for the formation of
the structure. It may be relevant to the LSD
evolution mechanism peculiar to the existence of
metal target. In addition to these imaging experiments,
we conducted electric measurements to make clear the
role of the metal target for LSD.

Mirror

High speed

Probe Laser framing camera

Test section

Knife,

Lens

Band pass filter (532 nm)
Fig. 1.

arrangement and schlieren optics.

A schematic diagram of experimental
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2. Experimental Setup
We the

measurements to investigate the effect of metal on the
LSD evolution. .

have carried out following three

First, we observed the shock evolution with- and
without- metal target by taking Schlieren images [14].
Figure 1 shows a schematic diagram of the

experimental arrangement for the shock wave

observations. In this figure, f is focal length of a
ZnSe lens and b is a distance between the lens and a
conical brass target. A TEA CO2 laser (Ushio-
Unimark 400) whose wavelength A is 10,600 nm, was
used for forming and driving LSDs. The laser which
has 20 x 30 mm? cross-section was focused 4 mm
above the top of a conical target made of brass (b =
67.5 mm) using the ZnSe lens (f=63.5 mm). So the F-
value of laser optics was 2.3, and the beam waist was
estimated to be about 0.031 mm.

We measured the temporal profile of the TEA CO2
laser by using a pyroelectric detector (QS3-H) and the
total laser energy with a joule detector (PHDS50). We
conducted the experiments by focusing the laser with
0 =0.7-2.5 J under atmospheric air conditions.

The laser power profile is shown in Fig. 2. We took
shockwave images by using a Schlieren optical system
and a fast framing camera ( NAC-Ultra Neo ). We used
a semiconductor laser (A =532 nm ) for the probe light
for the Schlieren image. We placed a band pass filter
(532nm) in front of the fast framing camera lens to
avoid the stray light from the laser breakdown plasma.

Second, we removed the Schlieren optical system
and the band pass filter, and observed the evolution of

laser-induced plasma using the fast framing camera.
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=
o
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Fig. 2. Temporal profile of TEA CO: laser power.
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Fig. 3. Set-up for electric measurements.

We also carried out an electrical measurement to see
the role of metal target on the LSD evolution, in which
we connected the target to the ground through a
resister R (=500 kQ) as shown in Fig.3. If electrons
emit from the target during laser irradiation, the target
potential should shift to plus.

In order to avoid the switching noise of the TEA
laser, we observed the voltage signal through a BNC
cable with high impedance (1MQ) mode. Although the
signal does not have time resolution, time integration
of the signal reflects total charge emitted from the
metal target. The capacitance of the cable C was
estimated to be about 600pF. Thus, when the
interaction between the laser plasma and the metal
target induce an electron emission, the target potential
is expected to decay according to the time constant of

the circuit in Fig.3.

3. Results and Discussion
3.1 Two-step spheroidal shockwave

The TEA CO2 laser was focused by the ZnSe lens
(f=63.5 mm and b = 67.5 mm ) and irradiated the
brass target with O = 2.0 J.

the top of target with an over-focused optical geometry.

Thus the laser irradiated

Figure 4 shows a typical Schlieren image around
the target at 1150-1550 nsec from the laser irradiation.
As shown, the shock boundary discontinuously
evolved to the upstream. Namely, when we induced
breakdown plasma with brass target, we observed the
two-step spheroidal shockwave.

We took Schilieren images with and without the
metal target as a function of time from the laser

injection and estimated the front speed. The results are
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shown in Fig.5, where red squares denote the shock
As
shown in the figure, the velocity of shock front was
estimated to be 7000 m/s (with metal target) and 3000
m/s (without target) for 600 ns after the laser injection
and that decreased about 2000 m/s after 1200 nsec.

In case of a pulsed laser breakdown, the plasma

speed with metal and blue ones for without metal.

induces a shock wave usually spherically propagating
from the laser focusing point. In the case of TEA-CO2
laser irradiation without metal target, we always
observed spheroidal shock wave. The spheroidal
shockwave is an outcome of the drift of energy
deposition region, namely it is the evidence of an
interplay between the laser energy deposition and the
shock heated region, thus the occurrence of LSD.

However the Schlieren image shown in Fig.4
clearly shows a discontinuous structure composed of
two-spheroidal shockwave. The structure should be
caused by a discontinuous jump of the energy
deposition region. That is, the energy deposition
region moved faster than the hydro-dynamical speed.
The high-speed front speed (7000 m/s) is also
supporting this supposition.

The observation in this study is different a bit from
the conventional understanding of the laser detonation
mechanism in which a spheroidal shockwave is
induced by a continuously moving laser absorption
region.

When
condition in the shock heated region, we can

we assume calorimetrically perfect
analytically estimate the shock front pressure using the

Rankine — Hugoniot relation [15], as follows,

(M

where p; is the pressure in the shock heated region, Vs
is the shock velocity, o is the density of the
atmospheric air, y,, is the specific heat ratio.

When we substitute V; from the data given in Fig.5,
oo =1.25 kg/m? for the atmospheric air and y, = 1.67,

the pressure p, can be estimated to be about 25 MPa.
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Fig. 5. Shock front speed in LSD (with and

without brass target).

3.2 Precursor of LSD

We irradiated the brass target with TEA CO2 laser
by ZnSe lens (f= 127 mm). Then we observed visible
light emission from the irradiation region in the early
stage of the LSD with the fast framing camera. In these
experiments, ambient gas was He, O was 2.5 J and b=
127 mm.

Typical results are shown in Fig.6 ( 2 atm He ) and
Fig.7 (1 atm He).
the laser irradiated the metal target, we could observe

As shown in these images, when

the streamer like structures along the laser paths.
This streamer-like structure evolved toward the laser

35 mm

b 4

Fig.6 Visible image of laser interaction region at

20-40 ns after laser irradiation in 2 atm He.

35 mm

Fig. 7. Visible image at 50-60 ns after laser

irradiation in 1 atm He.

and the image decayed after a few tens of nsec from
the laser irradiation. These results motivated us to

investigate the charge flow through the metal target.

3.3. Electron emission from the metal target
We measured the target voltage after the laser

irradiation using the circuit shown in Fig.3. We used a



coaxial cable 6m in length. As was discussed in the
previous section, the time constant of the circuit 7 was
estimated to be RC ~ 300 ps.

In this experiment, we irradiated the target with
0=2.0J,f=95.8 mmand b=97.5 mm. A typical signal
of the voltage profile of the metal target is shown in
Fig.8.
irradiation which means that electrons are emitted
When we

think about the time scale of the streamer like image,

As shown, the voltage shifted plus by the laser

from or ions are injected to the target.

the signal seems to correspond to the electron emission.

As expected, the signal decayed with the time
Obviously the time scale of LSD
phenomena is much smaller than that of the signal.

constant .

Then we cannot know the temporal profile of charge
flow. Instead we can know the total charge flow
through the metal target from the time integration of
the signal. We calculated the net number of electrons
which emitted from the target using the following

equation,

= dt )

where e is elementary charge and N, is the net
number of the electrons.

We show the estimated N, as a function of laser
energy in Fig.9. As shown N, increased with the laser
energy. In the experiments, we used optical window
made of polyathethal. We checked effect of the
window material on the signal accompanied by the
LSD formation. We figured out that the signal is
caused by the pile-up of negative charge on the
window (insulator) surface.

This result clearly shows that an electric
phenomena plays some roles in the formation of LSD
in the presence of metal target. The electron density 7.
in the laser breakdown region is estimated to be around
that corresponding the cutoff frequency of CO?2 laser.
The electrons emitted from the metal target should
increase the electron density, i.e., that extends the
energy deposition region along the laser path. That
may cause rapid acceleration of the laser absorption

regime to the upstream. If the accelerated speed is
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Fig. 9. Number of net electrons from the target

versus laser energy.

larger than the shock speed, it should induce
discontinuous shock wave.

The results obtained in this study shows that an
interplay among the laser energy deposition, the
plasma evolution, and the electrical phenomena
around metal surface is significant for the formation

and the evolution processes of LSD.

4. Concluding Remarks
A two-step spheroidal shock wave was observed as
a result of irradiation of TEA CO?2 laser to a conical

brass target in atmosphere. The results indicated that



there is an acceleration mechanism of the laser
absorption area. As conventional models of LSD
cannot explain the mechanism, we took fast imaging
photos and made charge flow measurements.

The fast framing images in the initial phase of
plasma formation showed a streamer like structure.
The electrical measurements indicated an electrical
phenomena in which electrons emitted from the target.

All of the results obtained in this study showed that
in the formation process of LSD with metal target,
electric phenomenon plays an important role for the
formation and the evolution of discontinuous
detonation wave.

We need to know more about the initial phase of
current

the evolution.

measurements with time resolution at the laser

plasma In particular,

breakdown phase is of primary concern. In the very
the

interaction between the highly transient plasma and

initial phase of laser plasma breakdown,

the metal wall may form a potential difference [16].
In the process, most of the current should flow back to
a localized metal surface. In the model, the emission
and the back flow are just departed by the plasma scale
length. That also requests us to develop a diagnostics
for the electron flow with much higher spatial

resolution.
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ABSTRACT

A simulating beam parameter is considered in a compact beam simulator constructed with
a Malmberg—Penning trap device for heavy ion inertial fusion. The Malmberg—Penning trap
device is expected as an experimental device to simulate longitudinal pulse compression in a
driver system for heavy ion inertial fusion. Tune depression is estimated with Brillouin density
limit, rigid—rotor Vlasov equilibrium, and a model considering with radial distribution of charge
density. As a result, it is considered that these estimations are not suitable for the space charge

strength of the condition in the device.
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1 Introduction

In inertial confinement fusion driven by intense
heavy—ion-beam irradiation, so—called heavy ion
inertial fusion (HIF), beam physics and dynamics
should be cleared well for effective target pellet
implosion [1]. Especially, the extreme longitudi-
nal pulse compression scheme is required in the
final stage of energy driver in HIF accelerator sys-
tem [2—4].

Theoretically, it is predicted that the beam pa-
rameters passage through a risky regime to in-
crease the emittance [5,6]. For this reason, the
emittance growth should be estimated to design
the heavy ion accelerator for HIF system during
the longitudinal pulse compression.

A Malmberg—Penning trap device [7, 8] is ex-
pected as an experimental device to simulate the
longitudinal pulse compression for HIF driver sys-

tem [9]. In the Malmberg-Penning trap device,
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the magnetic flux density B, applied in the axial z
direction confines the charged particle in radial r
direction, and the electrostatic potential applied
at both the ends of axial direction reflects the
charged particle. Electron devices scaled by the
parameters of the heavy ion beam in HIF driver
system were useful experimental device due to the
compact size [10-12]. Not only the experimental
work, but also the numerical approach was carried
out [13], and the electron dynamics is simulated
during the pulse compression manipulation [13].

In this study, the simulating beam parameter
is estimated by using theoretical approach. One of
most unique properties is ” space—charge—dominated
beam” for the HIF driver system. The simulating
beam parameter in the Malmberg—Penning trap
device as a compact simulator is indicated from
the viewpoint of the space charge strength of the
beam.
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Figure 1: Tune depression estimated by Brillouin
density limit.

2 Simulating Beam Parameter

To simulate the beam dynamics in HIF driver sys-
tem, there are some indexes such as space charge
wave velocity, generalized perveance, compression
ratio, aspect ratio of bunch size, beam velocity di-
vided by speed of light, and so on.

A tune depression is one of indexes to estimate
the space—charge strength of the charged particle
beams. The tune depression o/cq is explained by
the ratio of the undepressed tune o to the un-
For o/og — 1, the
beam is in weak space—charge strength, so—called

depressed tune og [14-16].

emittance—dominated beam. On the other hand,
the beam is in strong space—charge strength, so—
called space—charge-dominated beam, for o /oo —
0.

3 Estimation of Tune depres-
sion with Brillouin density
limit

Figure 1 shows the tune depression estimated by

the Brillouin density limit [17]. The tune depres-
sion is estimated by [17]

/oy =
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Figure 2: Rotation angular frequency w, in rigid-
rotor Vlasov equilibrium and cyclotron frequency
we -

where 7 is the average density and ny;,y, is the den-
sity evaluated by the Brillouin density limit. In
the case of electron, the limiting density is esti-
mated as ny, = 4.86 x 10*B2 cm ™3, where B, is
in unit of Gauss.

As shown in Fig. 1, when the number density
is assumed in 10'' ~ 10'2 m—3 with the solenoidal
strength B, = 0.01 ~ 1 T according to the ex-
perimental condition [9], and the tune depression
/oo ~ 1 is expected.

As mentioned in Ref. [17], this estimation is
" based on the KV model and is not very accurate
for low—density plasma.” For this reason, it is ex-
pected that the evaluation result in this assump-
tion is not suitable for the parameters in this ex-

perimental setup.

4 Estimation of Tune depres-
sion with Rigid-Rotor Vlasov
equilibrium

The tune depression is also described by using a
dimensionless parameter A. The dimensionless
parameter indicates the ratio of applied focusing
strength to the space—charge defocusing strength [18].
In the case of Malmberg—Penning trap configu-
ration, the dimensionless parameter A is written
by [18]

(2)

where w; is the rotation angular frequency in the
assumption of rigid rotation, w. is the cyclotron
frequency, and wy, is the plasma frequency, respec-
tively. Figure 2 shows the relation between the
rotation angular frequency and the cyclotron fre-
quency. For the assumption of the thermal equi-
librium distribution, the dimensionless parameter
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Figure 3: Tune depression o/cg and dimensionless
paratmeter A as a function of rotation angular fre-
quency w; for T'=1 eV and B, =0.1 T.

A is related by the tune depression as shown in Ta-
ble V in Ref. [19], e.g., 0 /09 = 0.9 for A = 1.851
and o/o¢ = 0.1 for A = 4.975 x 10712,

Figure 3 shows the tune depression estimated
with the above dimensionless parameter. The tem-
perature is assumed by 1 eV. As shown in Fig.3,
the tune depression is controlled in the range of
o/og = 1 ~ 0 for number density n = 101! ~
10'2 m=3 with the several-10 krad/s of the rota-
tion angular frequency.

5 Estimation of Tune depres-
sion considering with radial
distribution of charge den-
sity

The frequency of rigid rotation of the plasma col-

umn wy, the cyclotron frequency we, (electron) plasma
frequency wy, are defined by

E;

W= rB, (3)
eB,

c = 4

we = - (4)
2
2 No €

— . 5

S R (5)

Here B, is the magnetic flux density in axial (z)
direction, e is the elementary charge, m, is the
electron mass, ng is the number density at uni-
form inside the beam, ¢ is the permittivity of free
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space, and the electric field in radial () direction
is

1 T T
E. = i7/ n(r)rdr = Moc n(r)rdr (6)
Eo T 0 EoT 0

where n(r) = ng n(r).
Substituting Eqs.(3), (4), (5), and (6) into Eq.(2),

where

depends on the density profile inside the beam.
From Eq.(7), the dependence of A is written with

no
Axl— B (9)
As a result, it is found that the condition for dense
and weak strength of applied magnetic flux density
creates the space—charge—dominated state.

If the distribution is flat top for strong space-
charge-dominated state (tune depression o/o¢ =
0, temperature T' — 0), the number density of the
beam is described with

- 1
A(r) = {0

where ag is the zero-temperature beam radius [14].
Substituting Eq.(10) into Eq.(8), E,/r inside the
beam is given by

(r < ap)

(otherwise) (10)

E. 1
— ==-=0.5. 11

If the distribution becomes Gaussian for weak
space-charge-dominated state (= emittance-dominated
limit) (o/0¢g = 1, T — 00), the number density of
the beam is assumed with

where 7y = ag/v/2. Substituting Eq.(12) into Eq.(8),

(12)

E,

" (13)

=1- E ~ 0.632...
e
for r = 7y (beam edge radius of equivalent rms
beam). Here n(0)/ng = 2 for T — oo [14].
Figure 4 shows the A using Eq.(7) as a function
of number density and magnetic flux density for
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Figure 4: Dimensionless paratmeter A as a func-
tion of number density and magnetic flux density
for E./r = 0.632.

E./r = 0.632 (i.e., at beam edge radius of equiva-
lent rms beam for Gaussian distribution).
For this reason, the range of E, /7 is written by

1 E 1
P =L 14
5 < < . (14)
or N
E,
0.5 < — < 0.632 (15)

If in case of low density (ng — 0) and/or ex-
treme strong magnetic flux (B, — oo) condition,
the maximum value of A is given by

L,
A~2— —1~0.264...
r

(16)
for E./r = 0.632. From Ref. [19], the dimension-
less parameter A = 0.264 corresponds to the tune
depression o/oy = 0.7. Also, as shown in Fig.4,
the tune depression is always below 0.7.

6 Conclusion

The simulating beam parameter was studied in
the compact beam simulator constructed with the
Malmberg—Penning trap device for HIF system.
The tune depression was estimated with the Bril-
louin density limit, the rigid-rotor Vlasov equilib-
rium, and the model considering with the radial
distribution of charge density.

The estimation of tune depression based on the
Brillouin limit implied the quite weak in the space
charge condition in the experimental device.

The estimation of tune depression based on
the rigid-rotor Vlasov equilibrium indicated from
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weak to strong space charge condition. However,
the assumption of the rigid—rotor model is a lit-
tle bit odd, because of the rotation is driven by
E x B drift, and the electrical field E depends on
the charge density distribution in the radial direc-
tion. The rigid-rotor equilibrium fixes the linear
electric field distribution.

The estimation of tune depression considering
with the radial distribution of charge density was
derived, and indicated that the tune depression
becomes always below 0.7, theoretically.

As a result, it is considered that the above
estimations are not suitable for the space charge
strength of the condition in the device.
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Experimental study on the axial compression of a pure electron
plasma simulating space-charge-dominated beam
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ABSTRACT

An axial temperature and radial density distribution of a pure electron plasma have been measured before and

after the compression in the longitudinal direction under a strong and weak magnetic fields. The time

evolution of the temperature can be interpreted as that of beam emittance during the longitudinal pulse

compression of charged-particle beam. Tune depression can be controlled by a density of the electrons and a

magnetic field strength of the trap. The increase ratio of the axial temperature during the compression under

the weak magnetic field is almost 1.7 times larger than that under the strong magnetic field. On the other hand,

the radial density distribution remains unchanged as the initial condition in both cases.

Keywords

Non-neutral plasma, Heavy ion fusion, Pulse compression, Space-charge-dominated beam

1. Introduction

Heavy ion beam has been studied as a candidate
for the energy driver of an inertial fusion device[l].
In order to assure a large amount of the current for an
efficient implosion of a target, an abrupt compression
in the propagating direction of the heavy ion beam is
required[2-4]. The sudden increase of the current
density generates a high space charge effect which
causes an increase of the beam emittance. The
increase of the beam emittance will prevent the
efficient fusion reaction. A method for controlling the
increase of beam emittance after the dramatic
compression has to be studied. However, the study on
the ion beam will cost a great expense because a
production of ion beam with a high energy requires a
large accelerator complex.

A pure electron plasma is a suitable material for
the study on charged particle beam. The equivalence
has been confirmed of a pure electron plasma in a
Malmberg-Penning trap and the charged particle

beam in the center-of-mass frame under a proper

106

scale transformation[5]. A pure electron plasma with
the temperature less than 1 eV has the large
self-electric potential compared with the kinetic
energy. The compression in the longitudinal direction
of a heavy ion beam could be simulated by the
compression in the axial direction of the pure electron
plasma with low temperature. The observed energy in
the axial direction of the pure electron plasma during
the compression could be related to the beam
emittance of the ion beam during the pulse
compression.

The preliminary experiment using a pure electron
plasma showed a considerable increase of the average
energy and temperature in the axial direction after the
compression in the axial direction[6]. In this study,
we observed the time evolution of the energy and
temperature of a pure electron plasma in the axial
direction during the axial compression as a function
of the strength of the axial magnetic field which
governs the space-charge effect in terms of charged

particle beam.
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2. Experimental Setup

The schematic configuration of the compression
experiment device is shown in Fig.1(a). The device is
composed of an electron source, ring electrodes with
60 mm in a diameter, and a phosphor screen in a
cylindrical vessel. The basic scheme of an electron
confinement consists of the homogeneous magnetic
field B = 0.1 T along the z-axis and the saddle shaped
axisymmetric potential with negative barriers at both
ends[7].

Electrons are provided from an array of small
electron emitters placed in the weaker field region
through the left barrier, while the confining potential
at the plug cylinder is raised to ground in a variable
short time. FElectrons are disconnected from the
sources on the recovery of the potential barrier. After
arbitrary time, the barrier potential is grounded, and
electrons exit the trap region along the magnetic filed
lines. Measurements of the density profile are made
by dumping the whole electrons through the end
cylinder on the other side of the cathodes onto a
phosphor screen. The luminosity distribution on the
screen is detected with a CCD camera. A linear
relationship has been confirmed between the total

electron number and the luminosity integrated over

the screen.
A method of the plasma compression is
schematicall shown in Fig.1(b). The axial

compression is achieved by applying negative voltage
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to five ring electrodes where the electrons originally
exists. In this experiment, an electron column is
compressed from 0.120 m to 0.030 m in the axial
length.

We use an electron plasma of cylinder in shape
with an equilibrium state as an initial profile for the
compression experiment. Figure 2 shows the initial
density of the electron plasma in a cross section(a)
and in the radial direction(b). The cylindrical electron
plasma is produced by mixing and relaxation of about
500 strings of electrons which accumulate in the trap

through multiple injection-hold-mixing cycles.

(b)
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BN W s w e
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Fig. 2 CCD Image(a) and the radial profile(b) of

the initial electron density distribution under a

20 25 30

magnetic field 0.1 T.

A longitudinal kinetic energy distribution of
plasmas is measured by the energy selection method
using variable potential at end electrodes[8]. The
electrons are dumped by a lowered, but non-zero,
confinement potential. Electrons with sufficient
energy can escape from the potential barrier. By
the

potentials, a number of electrons Q as a function of

repeating procedure with various barrier

the energy E can be measured. The measured
Q(E)

distribution function f(E) as follows.

- SE)
E)= dE——
0E)=0, ], ar =

is expressed by the longitudinal energy

Here 0, represents the total number of electrons.

By differentiating O(E), we can obtain the energy
distribution f(E).

A longitudinal temperature can be determined by the
high energy tail of the distribution function f(E),

assuming that the f(E) forms a Maxwell



distribution. The temperature can be related to a

beam emittance.

3. Results and Discussion

Figure 3(a) shows the radial profile of the initial
density and the axial temperature of an electron
plasma under the magnetic field of 0.1 T. A Gaussian
distribution for the initial density at the axial
temperature of 0.13 eV can be generated as the initial
condition. The axial compression of the electron
plasma was achieved until the axial electron
distribution becomes the one forth of the original
length. After the compression, the axial temperature
on the axis increases to 0.40 eV probably due to a
space charge effect. On the periphery of the plasma at
r > 11 mm, the abrupt increase and oscillation of the
radial temperature was obtained due to a large
dispersion of the observed data for extremely small

number of electrons.
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Fig. 3 Radial distribution of the density profile
and the axial temperature under the strong magnetic
field B = 0.1 T(a) and the weak magnetic field B =
0.02 T(b).
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Under the weaker magnetic field of 0.02 T, the
initial density and the axial temperature profiles are
shown in Fig. 3(b). The initial density profile expands
radially compared to that under the strong B filed in
Fig. 3(a) because the electron plasma has a large
Debye length for the higher axial temperature 0.23
eV on the axis. After the compression, the axial
temperature was raised to more than 1 eV. The
increase ratio of the axial temperature during the
compression under the weak magnetic field is almost
1.7 times larger than that under the strong magnetic
field.

A space charge effect in charged particle beam can
be characterized by tune depression 177, which means
a ratio between a bare tune and a depressed tune of
the beam. According to the theoretical study by
Okamoto[5], the tune depression could be related to

an electron plasma density as follows.

Here, O, is bare tune, o is depressed tune, 7,
is the Brillouin density limit, and 7 is the electron
plasma density, and the Kapchinsky-Vladimirsky
model is assumed. A low tune depression can be
realized for the high density electron plasma. An
electron plasma at Brillouin density corresponds to a
space charge dominated beam with a tune depression
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Fig. 4 On-axis electron densities and

plotted as a function of a magnetic field strength.
Figure 4 shows electron densities and the

densities normalized by Brillouin density limit

which we can generate in our trap as a function of a



magnetic field strength. Because a Brillouin density
limit is proportional to the square of a magnetic filed
strength, a high normalized density can be produced
under the weaker magnetic field. However, the
achieved normalized density in the experiment is at
most 0.09.

In a framework of such a low density electron
plasma, a tune depression has to be reevaluated by
taking into account the radial dependence of a density
profile like a typical Gaussian distribution. Here, we
adopt the dimensionless parameter A as the index
of space charge effect for a low density electron
plasma[9]. The dimensionless parameter A represents
the ratio between self field strength and confinement
effect by external field[10].

A 2wr(wf—wy)_

2
[0

P

Here @, is a plasma frequency, @_ is a cyclotron

frequency, and @, 1is a macroscopic azimuthal
rotation frequency. The dimensionless parameters A

in the experiment are plotted in Fig.5.
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Fig. 5 Dimensionless parameters A are plotted

as a function of a magnetic field.

The minimum A of 0.20 is obtained with a magnetic
field 0.02 T which corresponds to the data shown in
Fig.3(b). Although the increase of the temperature
during the axial compression was observed at the
minimum A, a production of electrons with higher
density under a weaker magnetic field around A <1
is expected in order to investigate space charge
dominated beam.
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4. Conclusions

Considerable increase of the axial temperature of a
pure electron plasma with a weak magnetic field in a
Malmberg-Penning trap was observed during the
longitudinal compression. The increase ratio of the
axial temperature during the compression under the
weak magnetic field is almost 1.7 times larger than

that under the strong magnetic field.
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Design Works of Intense Electron Gun for Miniaturized
Beam Bunching Simulator
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ABSTRACT

We developed a beam trace simulation program to increase the current level of electron gun from mA to

100 mA level in our bunching device. To confirm the validity of the program, we applied this program to

a test problem. The results indicated that we should improve this program so as to take the space charge

effect into consideration. We started design works using this program to develop a bright electron injector

based on the Pierce geometry. An analytical scaling indicated that the upgrade of beam current level

extends the parameter of the bunching device to a fully space charge dominated region.

Keywords

Space charge, Intense beam, Longitudinal compression, Electron gun

1. Introduction

Heavy ion beams (HIBs) are expected to be
potential drivers for high-energy density science
and heavy ion inertial fusion (HIB-ICF) [1]. HIBs
have advantages of capability of repetitive
operation and controllability of the energy
deposition to the solid target. For the fusion
driver, we need to enhance the beam power up-to
a 10" W

enhancement, longitudinal compression of beam

level. To achieve the power
bunch is a crucial issue.

Figure 1 shows a schematic illustration of the
principle of the longitudinal drift compression, in
which the beam is modulated to have a velocity
tilt along the bunch length. The modulation

voltage applies the velocity tilt so as to focus the

E(t)

<+—
I I velocity modulation

I T

transport focal point

Fig. 1. Principle of longitudinal compression.
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beam bunch at a focal point.

However, the space charge field is expected to
deteriorate the compression process. In particular,
at the final phase of the compression process,
collective effects induced by the space charge
field may dominate the beam behavior [2].

To investigate the beam dynamics, we
constructed a miniaturized bunching simulator
using electron beams (e-beams) instead of HIBs.
We could make scale down experiments using the
e-beam simulator for longitudinal compression of
HIBs at a low voltage and low current condition
owing to the small inertia and the large specific
charge of electrons. We have been trying to

investigate the space charge effects on the beam

behavior by measurements of the current
waveforms and the compression ratios.
Table 1 shows comparisons of beam

parameters between a Pb beam at a condition of
the HIB-ICF and the electron beams in our device.
As shown in Tab. 1, we can discuss the beam
dynamics of HIBs by using the e-beams of

mA-kV level at a similar condition of heavy ions,



Tab. 1.

Typical beam parameters for HIB and e-beams. V,,, I, f = v/c,and K, indicate the beam

extracting voltage, the current, the particle speed, and the longitudinal perveance respectively.

Beam species q/m [C/kg] Va V] I, [A] g K; [mm)]
Pb 4.67 x 10° 1-10 x 10° 0.1-10 x 10° 0.1-0.3 0.038-38
Electron 1.75 x 10" 2727x10° 0.3-30 x 107 0.1-0.3 0.038-38

concerning the £, and the perveance K.

Up to now, we used an electron gun with ~ 1
mA level to investigate the beam dynamics in the
bunching simulator. From now on, we are
planning to upgrade the electron gun to a 100 mA
level to discuss the beam dynamics in a wider
parameter region where the beam collective
effects dominate the beam behaviors.

In this paper, we show our ongoing study on
the research and development of the new high

current and low emittance electron gun.

2. Compact Beam Simulator Based on
E-beams

Figure 2 shows a schematic diagram of the
longitudinal compression experiment using the
bunching simulator. Our device consists of a hot
cathode electron gun, an induction voltage
modulator, a solenoidal transport line, and current
monitors.

Experimental procedure is as follows. First, we
inject a continuous e-beam with 2.8 keV energy
into the induction modulator. Next, we apply a
time varying voltage to the modulation gap that
cuts out a beam bunch and applies a velocity
gradient from the beam head to the tail. Then, this
velocity modulated beam drifts through the

solenoidal transport line and shortens during the

@ @ modulation gap
3

elecron gun

to Oscilloscope

current probe

magnetic core
L 11 |
Induction modulator solenoidal transport line

Fig. 2. Schematic diagram of beam simulator.
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transport to the destination. Finally, we measure
the compressed beam bunch by the current
monitors as a current waveform.

We apply the following voltage for the beam
modulation to compress all of the beam bunch at
a focusing point L away from the modulator.

(1.,

me 1

V() = e

Me H)Z —V
L

2qeVo

where ¢,, m, is the charge and the mass of
electron respectively. V, is the extracting voltage
of the electron beam.

In this experiments, we generate this ideal
voltage by the stacked induction modulator
(induction adder). The induction modulator is
consisted of 5 units (See Fig. 1). Each unit makes
a sinusoidal voltage waveform that is
independently controllable. By superimposing
their voltages, we can make the modulation
voltage.

Figure 3 shows typical voltage waveforms of
this device. As shown in Fig. 3, we could confirm

that this waveform almost matches the ideal

waveform.
0.5
o Wi et n,\{\ e
g 05 A
=
o 10 ¢
g
7 —unt
—unj
> 20 | unit 3
unit 4
unit 5
-2.5 — synthesis
— ideal
-3.0 -

Time [50 ns/div]

Fig. 3. Typical voltage waveforms of

induction units and the modulation gap.



2.1 Typical experimental results

We can measure the beam parameters such as
the initial beam current, the compressed beam
current and the pulse duration (FWHM) with this
device. Figure 4 is the typical current waveforms
measured by this device which show the initial
(gray line) and the modulated beam (black line)
currents. In this case, the initial beam was
estimated to be 84 puA, the peak of compressed
beam was estimated to be 1.6 X 10° pA, and
compression ratio was estimated to be about 20.
Here we defined the compression ratio as the peak
current divided by the initial current. Furthermore,
we can estimate that the pulse duration is
compressed from 100 ns to 3.2 ns in this case.

2.2 Space charge effect on the compression
experiment

In a previous research [3], we confirmed that
both the compression ratio and the pulse duration
depend on the initial current.

Figure 5 shows the current waveforms at
focusing point as a function of initial beam levels.
As shown in Fig. 5, the compression ratio
decreased from about 32 for I = 83 uA to about
18 for I, = 748 wA. Meanwhile the pulse duration
increased from 2.0 ns to 2.8 ns. From these results,
we could know that the space charge affects the

beam behaviors in this experimental condition.

3. Design works of an electron gun to
upgrade the current level

Up to now, the initial beam current available
with our device, that is, the current of electron
gun was up-to ~ 1 mA. However, the HIB-ICF
needs beam operations at much more large
perveance level in the final stage of accelerator.
This motivated us to upgrade the current level of
our bunching simulator to ~ 100 mA level.

Thus, to design and develop an electron gun
that can be operated at ~ 100 mA level with low
emittance is the purpose of this study. Finally,
using this electron gun, we discuss the beam
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Fig. 5. Typical normalized current waveform.

dynamics in the space charge dominated region.

3.1 A hot cathode electron gun

We are planning to develop a hot cathode
electron gun. The hot cathode electron gun
generates an e-beam by heating the cathode to
emit electrons and accelerate them through a gap.
The thermal emission process is expected to be
reliable and stable. To develop this type of
electron guns, we use a hot cathode “Standard
Series Barium Tungsten Dispenser Cathodes”
made by Heat Wave Labs, Inc.

Needless to say, but the electron gun which we
are planning to develop must be operated at low
emittance. In longitudinal direction, the beam

envelope equation is written by Eq. (2) as follows
[4].

dZZb
ds?

KL
-2
Zp

2
-5=0 (2),

+ KZy 7
b

where 2Z, is the bunch length, x is the

longitudinal  focusing force, K; is the



longitudinal beam perveance and & is the
longitudinal emittance.

To realize the beam operation at a space charge
dominated region, the third term representing the
influence of space-charge effect must be larger
than the fourth term representing the longitudinal
emittance. This criterion is expressed in the

following expression,

KipZp __ 3eglptp >1 (3)
€2 40megkpTy, ’

where e is the elementary charge, g is a geometry
factor, [, is the initial beam current, 7, is the
initial beam pulse length, &, is the permittivity in
vacuum and k,T; is the longitudinal beam
temperature [5].

So, we have to conduct e-beams fulfilling Eq.
(3) to investigate the influence of space charge
effect to the bunching process.

3.2 Method of electrons orbital calculation

We are planning to use a simulation program
which estimates the electrons trace and make the
design works of the electrode geometry for the
high current and low emittance electron gun.

The method of electrons trace calculation is as
POISSON/SUPERFISH [6] is a

collection of programs for calculating static

follows.

magnetic and electric fields and radio-frequency
electromagnetic fields in either 2-D Cartesian
coordinate or axially symmetric cylindrical
coordinate. Using this program, we evaluated the
static electric field in the acceleration gap of
electron gun using 2-D Cartesian coordinate.
When we apply an electric potential to the
electrodes, we can get the field distribution. Next,
we substitute this value for E, and E, in the

equation of motion (4).
y==Ey,i="E, (4)

Finally, by solving the Eq. (4), we can derive a

solution for y and z, that is, electrons trace. We
search an optimum shape of the electrode so as to
the electrons trace is parallel and the beam
diameter is small at the 100 mA level.

4. Results and Discussion

4.1 Test of program and conclusion

It's necessary to examine whether the
simulation code can be applied to the design of
the electron gun. Thus, we tested this program for
the electron gun geometry in Ref. 7.

The performance of this electron gun was
estimated as follows. The current was delivered as
a beam of ~ 1 mm in diameter, with <50 mrad
angular divergence and it typically has a current
more than 1 mA at 100 eV.

Furthermore, it was established as the early
stage condition of the trace calculation as follows.
The initial positions of electron were set as the 10
points (z, y) = (9.0X 107, -2.0 X 10%)~(9.0 X107,
2.0X10%).

The result of the field distribution and the

traces are shown in Fig. 6.

4.2 Comparison with test problem

As shown in Fig. 6, the beam diameter was 4
mm at downstream. This value is larger than that
of electron gun’s diameter described in Ref. 7.

When we consider the space charge effect, the

0.03 - . .

electric line of force —
0.02 electron track —
0.01

z[m]

Fig.6. An example of electron trace

obtained for the test problem.



actual electrons trace becomes parallel at the
over-focus point at z = 0.01 m (See Fig. 6). This
indicates that we should take the influence of the
space charge effect into account for the trace
calculation. We are going to use the beam
envelope equation [8] shown below instead of the
Eq. (4) to upgrade the program. The envelope
equation is shown as,

¢!rl
2¢

d?r _
d2z

where 7, z, @, &, and K is the envelope radius of

beam, longitudinal coordinate, the electric
potential at center (r 0), the transverse
emittance, and the generalized perveance
respectively.

4.3 Pierce electrode

Considering the space charge effect of injector,
we decided to make an electron gun with Pierce
geometry. The analytic derivation of the Pierce
[9]

space-charge-dominated injector. The procedure

geometry gives a solution for a
predicts the shapes of accelerating electrodes to
produce a laminar beam with uniform current
density.

Pierce and Wehnelt invented the Pierce Gun,
which generated a parallel and stationary electron
current with the diode structure. As has been
discussed, a typical geometry is represented by a
straight line oriented at 67.5° with respect to the
z axis as shown in Fig. 7.

From now on, we are going to make the design

works based on this type of electrode geometry.

5. Concluding Remarks

A miniaturized bunching simulator based on a
miniature e-beam accelerator was established at
our laboratory to investigate the beam dynamics
of longitudinal compression. To extend the
parameter region into a stronger space charge
dominated region, we need to make higher
brightness e-beams.

We are developing a simulation program for
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67.5°
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|cathode|

laminar beam

anode
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the

Fig. 7. Electron beam extraction based on

Pierce geometry.

beam trace in the electron gun, because the beam
brightness is determined entirely by the electrode
geometry. The preliminary result of program
that should
self-consistently the space charge effect at the

test indicated we consider
extraction electrode in the injector. Therefore, we
are making efforts to improve the program of
electron trace using the beam envelope equation.
We also decide to make the design works of

electron gun based on the Pierce geometry.
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