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Abstract

This is the Proceeding of "Symposium on Production and Physics of High
Energy Density Plasma” held in National Institute for Fusion Science. Exper-
imental and theoretical results on dense z-pinches, intense beams, diagnostics
of dense plasma and technologies related with pulsed power systems are pre-

sented.
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Preface |

This i1s the collected article of papers presented at the "Symposium on Production and
Physics of High Energy Density Plasma” held at National Institute of Fusion Science on
January 9 - 10, 1997. The main interests were concerned on the production and physics
of high energy density plasma — z-pinches and high power particle beams. Various topics

presented in the symposium are summerized as the following subjects:

¢ Dense z-pinches including plasma focus

Intense pulsed ion beams

Relativistic electron beams

X-ray lasers

Diagnostics of dense plasma

Pulsed power technology

At the stmposium, 24 papers were presénted, and 39 scientists (including 6 attendants
from foreign countries) attended from universities and institutes. Great achievements were

obtained by this symposium through fruitful discussions among attendants.

Tetsu Miyamoto
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Basic characteristics of the multi—arc gap
J. Ohrui, S.Takano, T. Muso, N. Watanabe, S. Yoshida and J. Irisawa

Department of Electrical Engineering, Nagaoka University of Technology,

Nagaoka, Nugata 94021, Japan

Abstract

Basic characteristics of multi arc gap,consist of 12 needle electrodes and a rod
electrode of 160mm long, was investigated. Voltage rising rates about 12kV/ms,
developed by a non—liniear coaxial cable type of fernte shrapner, have been applied to

the gap. As results, we obtaind the following:

- Being gap distance shorter or leadline length longer,appearance of arc channle was
increased.

- Applying positive pulse to needle electrodes, number of channel appearance was
larger than applying negative.

- Distribution of channel appearance had a maximum around 0.05Mpa.

- Using Ar, breakdown voltage higher than air, number of channle appearance was

increased.

I Introduction

Multi—arc gap 1s one of the spark gap switch utilized in pulse power technology.
Sparkgap is opearated by creating arc discharge between electrodes. There are many
methods of creating arc discharge. Field distortinon trrigers are used in multi—arc gap.
1834 The necessary condition acheaving the multi—arc operation of voltage rising
rate of 5kV/ns was discribed by Neil et al. >’ We obtained high dV/dt pulses using a
nonlinear coaxial cable type of ferrite sharpner * .

Charactenistics of the multi—arc gap have been made clear in a very high voltage,
but it’s unknown in a low voltage range. This papaer discribes the studies of self
breakdown multi—arc switch’s characteistics. The gap is consist of 12 steel needle
electrodes separated by 10mm each and a 160mm long brass rod of 18mm diameter.

_1_



Il Experimental Details

High rising rates of voltage were created by a ferrite sharpner whose main concept of
non—linear coaxial line is shown in reference 6 and 7. A pulse generator circuit and its
output waveform of open ended are shown in Fig.l and Fig.2 ,respectively. Pulse
generator is consist of voltage doubler and capacitor bank. Ferrite sharpner is
connected at the of the pulse generator.

If the magnitude of output voltage of open ended set to 40kV, nsing rate before
traveling ferrite sharpner of 0.66kV/ns becomes 12kV/ns after traveled. The
geometory of the switch, definition of feeder length are illustrated in Fig.3 and Fig.4,
respectively. In our studies, voltages were measured by Tektronix high voltage probe:
P6015A and Hewlett Packard digital Oscilloscope:HP54510A. A number of arc channels
were detected by SONY CCD video camera:CCD-TR650.

50 shots at each experimental conditions were performed, then the data were
handled by taking the mean. We had performed 4 experiments of the following.

(a) Parameter:Gap distance, Feeder length

Appearance of arc channel were measured by varying (O gap distance:1~6mm,
@ feeder length:25mm, 100mm, 200mm, 300mm. Other conditions of this experiment
@ pulse polarity : +,— (@ atomosphere : air 0.1MPa. Total 48 conditions were
performed.

(b) Influcence of feeding point

Relation between feeding point and appearance of channels were measured. In this
experiment, we used the 4 needle electrode configuration illustlated in Fig.6 Needle
electrodes were separated by 140mm each. Parameters of this experiments were
@D gap distance : lmm and 5mm, @ feeder length 50mm. 100 shots at each
conditions were performed.

(c) Parameter:Pressure , gap distance

Relation between appearance of arc channels and pressure was measured.
Parameters of this experiment were pressure and gap distance. The range of pressure
0.01~0.4MPa for gap distance 1~3mm and 0.01~0. 1MPa for gap distance 4 and
5mm. Other conditions were polarity:+, — and atomosphere:air. Total 96 conditions
were performed.

(d) Changing the gas kind
Appearance of arc channels were measured by changing the gas kind. Paraneters in

this experiments were (D gap distance :1~5mm, @ pressure:0. IMPa, @ pulse
polarity:+, —. total 20 conditions were performed.

— 2 —



I Experimental Results
(a) Parameter:Gap distance , Feeder length

Resuits are shown in Fig.5(a)Needle electrode:positive, (b)Needle electrode :Negative.
Fig.5 shows the relation between average of appeared arc channel number and gap
distance for different feeder length. From result appearance of arc channels were
increasing with incleasing feeder length. And for long distance of the gap, appearance
of channels were decreased. Result of both polarity are almost similar. But channel
appearance number of applying positive is little higher than the applying negative.

(b) Influcence of feeding point

Result 1s illustrated in Fig.7. Because of the polarity effects on result was not
recognized, only positive data is illustrated. Fig.7 shows the times of channel
appearance in 100 shots. As increasing the feeder length,the times of channel
appearance decreased for gap distance lmm. For gap distance Smm, feeder length
unrelated to the times of channel appearance.

(c) Parameter:Pressure , gap distance

Results are shown in Fig.8(a) Needle electrode:Positive and (b)Needle
electrode:Negative. They shows the average of appeared arc channel number at each
pressure. Distribution of the channel appearance had peak close to 0.05MPa, beyond
the polarity. Numbers of appearance decreased pressure range of over 0.05MPa and
under 0.05MPa.

(d) Changing the gas kind

Result is shown in Fig.9. That shows the relation between average of appeared arc
channel number and gap distance at each gas. For comparision, data at the air was
inserted. For the air and He, appearance of channel were decreased, as increasing
gap distance. For Ar, despite of the increasing gap distance, number of appearance
was constant. |



IV Conclusion

A spark gap, made of 12 needle electrodes to a rod electrode of 160mm has been
tested. Basic data of arc channel appearance have been obtained during 4 experiments.
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High Density Plasmoid Acceleration by
Phased Implosion of Capillary Z-pinch

Kazuhiko HORIOKA, Hiroshi ISHIKAWA?*,

Mitsuo NAKAJIMA and Tomonao HOSOKAI
Department of Energy Sciences, Tokyo Institute of Technology,
Nagatsuta 4259, Midori-ku, Yokohama 226, Japan
*Faculty of Engineering, Musasi Institute of Technology,
Oyamadai, Setagaya-ku, Tokyo, Japan

Tatsuhiko AIZAWA and Minoru TSUCHIDA
Faculty of Engineering, University of Tokyo,
Hongo, Bunkyo-ku, Tokyo 113, Japan

ABSTRACT
A new concept for accelerating a high density plasma to high kinetic energy is
proposed. A high density Z-discharge plasma in a tapered capillary tube was electro-
magnetically accelerated by a phased implosion of a capillary z-pinch. The implosion was
just about timed to the plasmoid drift by the shaped capillary wall. The feasibility of high
energy acceleration was experimentally demonstrated using a 100mm long thin capillary
and a fast pulse power generator. For filling gas of 100Pa of Ar, the axial drift velocity of

the plasma was 7Tx107cm/sec, which corrensponds to 70kev argon atoms.

1 INTRODUCTION

We have developed a new concept for high density plasma acceleration
principally in connection with a formation of very intense shock waves, material
processings and a hyper-velocity acceleration of small projectiles. Implosions driven by
chemically explosive materials were conventionally used to make extremely strong shock
waves'? or hiper-velocity projectiles,3®. However there was theoretical velocity limit; it
was inherently limited to an order of acoustic speed of the hot drive gas. Conventional
plasma gunsb® can accelerate the plasma up to order of 107%cm/s, however, they have
density limit. The plasma density is order of 10'%¢cm-3 at most. In order to overcome these

density and velocity limits, we have proposed electro-magnetic acceleration in a tapered



capillary discharge for high density plasmoid acceleration.

The blast wave accelerator employs a phased implosion concept to accelerate a
projectile.¥ On the other hands, we have found that capillary z-discharges driven in pre-
ionized gas can compress the plasma up-to 10¥cm? plasma density with good
reproducibility.”? Based on these principles, we have utilized scheduled pinching of high
current pulsed discharges in a long capillary tube to accelerate high density plasma.

The axially phased implosion of current sheet acts as a virtual piston to compress
the plasma and drive a high energy directional plasma flow. In other words, we have

intended to make controlled zippering along the total length of the narrow discharge
“channel at very high current level It has no intrinsic speed limit, and can continuously

create impulse on the plasma along the total length of the tube.
If we can assume snow plow approximation, the pinch time 7 , of coaxial

discharge is expressed as,®

T ro? Nimi ro?
T, = ( ) ( )y ~
In (o Io

where, Ni is number density of initial filling gas, £ o is the peameability of vacuum, Io is
the discharge current, and ro is the initial radius. For rapid contraction, we should
drive a plasma of small radius with high current level. As shown above equation, the
pinch time strongly depend on the initial radius of the Z-discharge plasma. So, the pinch
time can be controlled by slight shaping of the discharge wall.

The basic operational principle of the plasmoid acceleration by scheduled
pinching is shown schematically in Fig.1. The high current fast z-diacharge of 10°A current
level makes azimuthal magnetic field B , which accelerate the plasma radially inward.
As it accumulate and compress the plasma upto GPa level via the snow plow effect, a high
density plasmoid is formed at the discharge axis. At a sulitable time delay for arrival of
the plasmoid, the pinching occurs along the discharge axis. The plasma was radially
compressed by the self B ; field and axially driven by the B-gradient made by the phased
pinching. Therefore, if the plasma implosion time is exactly phase matched to the
plasmoid transit time, we can expect that significant part of the input energy goes into the
directional energy of the plasma.
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As has been pointed out, the capillary plasma has internal structure; the current
sheet drives n converging cylindrical shock wave ahead of itself? The current sheet

acquires a strong axial shock wave in the plasma column, if it grow the Mach stem,?

2 EXPERIMENTAL SETUP

A schematic diagram of experimental set-up is shown in Fig.2. The capillary of
100mm length has a thin conical wall, whose inlet and exit diameter were 4mm and 8mm
respectively. It was slightly tapered so as to implode sequentially and contract the exit
plasma within the pulse width (70nsec) of the discharge of 10°A level. Here, the effect of
plasma accumulation along the axis was not taken into account. Because we thought that
the plasma should move axially in a leaky-stream-tube mode to avoid discharge
instability.

The basic configuration of the experiment was quite similar to the previous
capillary Z-pinch experiment? except the capillary shape. A fast pulse power generator
LIMAY-I is used to drive the capillary discharge. A high voltage pulse was switched on the
electrode after weak pre-ionization discharge. Typically it drives load cuurent of 80kA,
with rise time of 20ns from the 3ohm-70nsec pulse forming line through a pre-pulse

suppression SFg switches.



Experimental Set-up for Z-Pinch Acceleration

Q. Rogowski Coil

Isolation
Pressurc

Faraday Cup

Gas [nlet

Do TG0
. TT . IT7

?i Preionization PFN Circuit

(a)
/ Limiter
[_‘FE\:I Cellector 500
| 1y 2(nF .
— — - 1 -}—i—é;scnloscope
IMQ 90V
M= {! loosur 127"
\ 100kQ = gopv
Photo-Electron Suppressor fﬁ
(b)

Fig.2 Experimental Arrangement for Proof-of-Principle Experiments
(a) Experimental Set-up
(b) Faraday Cup for Plasma Flux Measurements



The load current was monitored by a Rogowskii coil of self-integral type. For
differential pumping, the discharge section and the diagnostic chamber was separated by a
pinhole of ~0.2mm diameter. To avoid the damage by the plasma, the pinhole was
located 30mm from the exit of the capillary tube. The initial static densities of the gas
was order of 10'7cm® and the background pressure of the time-of-flight (TOF) chamber
was kept below 10-?mmHg by the differential pumping.

3 EXPERIMENTAL RESULTS

We have measured th.e wave-forms of the plasma flux through the pinhole by a
Faraday cup. The Faraday cup consists of a negatively biased collector plate and a
photo-electron suppresser electrode. The collector plate of the Faraday cup is biased to
-800V. In order to suppress the photo-electron signal, the second electrode is biased to
-980V. _

The typical TOF wave-forms of the plasma flux are shown in Fig.3 with the load
current signal. The peak of the plasma signal was shifted as function of distance and
quantity of gas loading. As it indicates, when the initial filling pressure was 100Pa of
Ar, the drift velocity of the plasma was ~T7x10%cm/s. Then, we find that Ar atoms
traveling at this veloeity has an energy of about 70keV. The cuurent density of the
plasma flux was more than 200A/cm? at the pinhole. Note that the plasma expands
rapidly from the exit of the capillary and the pinhole was placed 30mm from the exit of
the capillary tube. _

An experiment was made to check whether the high energy plasma might not be
produced by the instability of z-discharge. To check this effect, the polarity of the pulse
power generator was inverted. Typical results are shown in Fig.4. In spite of the
polarity inversion, as shown in the figure, the plasma signal had almost the same shape.
This means that the high energy plasmoid was purely electro-magnetically accelerated not
by anomalous electric field.

A preliminary experiment on flyer acceleration was performed. The
experimental arrangement is shown schematically in Fig.5. A thin Cu metal plate of
0.1mm thickness and 5mm diameter was placed at the exit of the capillary tube. When the
charging energy of the pulse power generator was 1.1kJ, the flyer was accelerated up to
2.5km/s. That means almost 5% of stored electric energy (~50J) was converted to the

kinetic energy of the small projectile.
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4 CONCLUDING REMARKS

In conclusion, a high density plasma was electro-magnetically accelerated in a
tapered capillary discharge. The drift velocity of high energy plasma was measured to be
7x107m/s, which corresponds to 70keV Ar.  The proof-of-principle experiment shows that
high energy plasma flow was driven by the scheduled pinching.

The basic scheme may be related to pinch engine® or particle acceleration by
zippering of plasma focus discharges!®!), but we can expect controlled plasma
compression and acceleration by the tapered capillary discharge. The plasma acceleration
should closely connected to the sweep speed of the pinching. Parameters influencing
implosion stability, initial background gas pressure, wall shape, are expected to play an
important role to develop optimum acceleration. Although, the implosion should be
exactly synchronized to the plasmoid drift by a properly shaped wall including the effect of
plasma accumulation along the axis, this scheme appears capable of accelerating plasma
of density to 10"%m3, upto velocities of well above 108cm/s. If the implode configuration

is made so as to strengthen the Mach stem, it can drive axial plane shock wave.
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Abstract

The plasma opening switch operation was studied by optical diagnostics such as
laser interferometry and spectroscopy. The characterization of plasma source
(cable plasma gun) allowed to determine initial plasma conditions for the switch.
The process of vacuum gap formation in a microsecond plasma opening switch
was also investigated. Time- and spatially resolved density measurements are
performed in the plasma opening switch, showing the density drop during switch
opening almost in the whole interelectrode gap. The density diagrams are
compared to major switch characteristics such as conduction time and load current
dI/dt. The study of spectral line intensities from cable gun plasma showed that CII
line intensity correspond in time with plasma density measured by interferometer.
The intensities of carbon spectral lines tend to drop during switch opening, that
substantiates interferometry measurements.

1. INTRODUCTION

Inductive energy storage pulsed power generators require a fast opening switch to
transfer energy from a store to a load. The most attractive approach is to use a plasma opening
switch (POS) to conduct current during about 1 us in order to transfer energy from relatively
fast capacitor bank or Marx generator to an inductor [1,2]. After this conduction time, the
POS opens allowing the current to flow through a load. Since the inductive energy storage is
much more compact compared to capacitive one, this approach can sufficiently reduce both
size and cost of multimegajoule pulsed power generators, used in ICF experiments [3].

The POS operation can be divided to two distinct phases of conduction and opening.
During the conduction phase the POS exhibits extremely low resistance due to existence of a
plasma, which is a perfect conductor, between POS electrodes. Then, after some time, the
electric or/fand magnetic force acting to plasma creates the vacuum gap somewhere in the
plasma bridge. The insulation of the current conducting electrons in such a vacuum gap results
in opening of the switch. The formation of vacuum gap was proven experimentally [4]. Its
appearance in the microsecond POS is explained mostly by magnetohydrodynamic (MHD)
plasma displacement [5].

The main goal of this paper is to characterize the behavior of POS plasmas by
spectroscopy and interferometry in an electrode system very close to one dimensional that
sufficiently reduces the problems with the interpretation of experimental results.



2. EXPERIMENTAL SETUP

Experiments have been performed to improve understanding of the physics of POS
operation in the conduction time range of 1-1.5 us at the current level of 25 kA. The current
pulse was generated in the electrode system by a discharge of the capacitor bank (1.2 pF, 16
Laserine kV) through a triggered sparkgap. The electrode

geometry and magnetic field amplitude were
monior chosen to be similar to the existing mega ampere

current generators [6,7]. Two parallel copper
iecions  T0d8 8 mm in diameter and 120 mm in length
Zifsﬂf:;cm separated by 10 mm served for POS electrodes.

The plasma was injected into the center of
electrode system by a cable gun powered from an
additional generator (0.22 uF, 16 kV). The
diagram of experimental setup with laser lines of
sight is shown in Fig, 1.
gun The diagram of the interferometer is

Current
maoniter

Power feed

Fig. 1 The diagram of experimental setup. Black presented in Fig. 2. Generally, this is classic, well
arrow shows the direction of plasma injection. ynown Michelson interferometer scheme with
White arrows show the most probable directions one beam splitter dividing the He-Ne laser beam
of plasma . . .

(5 mW, 0.8 mm in diameter) into reference and
scene beams, where the latter passes two times through the experimental plasma. Both beams
recombine at the same beam splitter and are focused at the input of optical fiber with a lens. A
narrow bandpass (0.1 nm) filter is used to avoid false signals due to the plasma luminosity.

Output end of the optical fiber was placed into

Q gggﬂwt a shield room allowing to obtain noise free
signals at the beam registration scheme based

sz Lens on the standard photodiode with sensitivity

equal to 0.4 A/W for He-Ne laser wavelength.
A Hamamatsu $5973 Si pin photodiode with

Peamspliter extremely low terminal capacitance (1.5 pF)

ecbee was used to achieve the highest possible

Mirror temporal resolution in the high load resistance

Fig. 2 The diagram of the interferometer setup. (1 kOhm) scheme used for the beam

registration. The signal from the photodiode
was recorded with an HP 54512B digital oscilloscope.

The signal recorded could be analyzed by the linear approximation of the dependence
of signal amplitude on the phase shift, which is valid for low density plasma measurements.
The linear approximation of the phase shift when the initial phase is close to zero gives the
following formula for density evaluation:

A4
[N dL=556x10" — 1)

where AA4 is signal amplitude over the zero phase photodiode signal level and 4 is the
amplitude of photodiode signal oscillations due to unavoidable vibration of optical elements
with magnitude more than laser beam wavelength. The correction was necessary if the initial
phase was sufficiently different from zero. The correction method can be found in [8].



Spectroscopic measurements were performed by using an optical multichannel
analyzer (OMA) Macs 320 by Atago Bussan Co. Ltd. It allows to measure spectral line
profiles with the resolution of 0.05 nm and with the time resolution better than 100 ns. The
optical arrangement allowed to achieve the spatial resolution close to one of the interferometer
in the switch region. The average diameter of light emission area in the POS plasma registered
by OMA is estimated as 3 mm.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The characterization of the cable gun plasma was done in order to determine its
parameters and to understand the initial plasma conditions taking place before switch
operation. The plasma gun produces several plasma bunches due to current oscillation near the
plasma gun nozzle where the bunches are separated from each other (Fig. 3). Such a plasma
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Fig. 3 Line - integrated plasma density at 1¢ mm Fig. 4 Line integrated plasma density for cable
away from cable plasma gun nozzle (top, solid) gun vs distance from the nozzle, Cable gun is fed
and gun discharge current (bottom, dashed). from 0.22 pF capacitor (solid curve) and 1.2 pF

capacitor (dashed curve).

4009 . . . . .
3 — -Haipha density oscillation takes place in all locations,
3500 ¢ « = =Hbeta . . . .
w0 | . —cli but the amplitude of oscillation decreases with
F as00 b by —~-cn distance from the plasma gun due to the plasma
2 000 | velocity dispersion. The line integrated plasma
E oo b density drops with the distance (Fig. 4). The
g 1 line- integrated plasma density is higher in
1000 Ny . . / g p Y g
s00 | -t =1 presence of POS electrodes compared to one
o . . . . measured at the same location without
0 2 4 6 8 10 electrodes in the vacuum chamber. This

Time (us})
Fig. 5 Spectral line intensities vs time at 30 mm
from cable gun nozzle

difference by factor of 1.5 can be explained as
the density increase due to the plasma reflection
from the electrode surfaces as well as the
secondary plasma production.

The measurements of spectral line intensities by OMA showed that the intensity of all
lines also oscillates with the frequency corresponding to the oscillation of plasma gun current.
The positions of their maximum in time are different for different lines at the distance long
enough from the plasma gun nozzle due to non equal velocities, masses and charges of ion
species. The intensities of Ha, HB, CII and CIII lines are given in time in Fig. 5. It was found
that the time dependence of intensity of CII line corresponds well to the plasma density



measured by an interferometer. This fact allows to suggest that our plasma consists mostly of
singly ionized carbon ions. The plasma density calculated from spectral line profiles (Stark
broadening of HP line) gives the value of 210" e¢m™, which is quite similar to the result of
interferometer measurements at the same distance from the plasma gun nozzle.

Most measurements of plasma density in
the POS were made with laser beam directed
along POS electrodes. The measurements
without the firing of the main POS current
source (plasma gun only) showed that in the
time moment corresponding to the main current
start, the line - integrated plasma density is
similar at all positions between electrodes.
Measurements during the POS operation
0 500 1000 1500 200 showed that the line-integrated plasma density

Time (ns) between the POS electrodes has a minimum,
Fig. 6 Waveforms of generator current (dashed), when opening occurs, at almost ali measured
load current {(dotted) and line-integrated plasma positions except the ones closest to the
electron density (solid curve) at 5.3 mm from the electrodes. The waveforms of generator and
POS cathode. load currents and the line-integrated plasma
density at 5.3 mm from the cathode are shown in Fig. 6. In this shot, the density drop to the
zero level is seen indicating vacuum gap appearance in the mentioned location. Nevertheless,
such a density drop does not occur in all the measurements for any positions.

The plasma densities averaged from ten
shots in each location are given in Fig. 7 before
51 ~[— the generator current begins to flow (upper

_ \4—[—-{:—'{- curve, solid) and during the POS opening

\ (lower curve, dashed). The predominant gap

| location corresponding to the lowest average

\ /‘[, plasma density during the POS ‘opening was

-{-._.I._]__[" observed in the center of the interelectrode

. . gap. The vertical error bars show the average

o 2 4 6 5 o  deviation of the density. The highest

Distance (mm) : probability of zero density signal corresponds

Fig. 7 Averaged line-integrated plasma electron exactly j[o the Ceqter of interelectrode gap. The

densities before a shot (solid) and during POS prob.ablll.ty aqalysns shows that _the vacuum gap

opening (dashed curve) vs distance from the Spacing is wider than the spatial measurement
cathode. step giving the value of approximately 2 mm.

The measurements with the laser beam

directed across POS electrode axes showed no density drop in any location. Such data allow

to propose the model of switch operation where the plasma is displaced from the central part

of the electrode system to the directions showed by arrows in Fig. 1. In the electrode system

used, the region of highest magnetic field strength is located between POS electrodes making

this suggestion reasonable. Plasma, which initially contains no magnetic field, moves from the

region of higher magnetic field.

It is known, that changing the time delay between plasma gun shot and main POS
current start it is possible to vary the conduction time of the POS. This is due to the change of
the plasma density dependent on time. Since our plasma source produces the oscillating plasma
density in time, the dependence of the conduction time on the delay time is not monotonous,
but oscillating. This dependence is given in Fig, 8. Note, that the period of oscillations on the
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Fig. 8 POS conduction time vs time delay between Fig. 9 POS load current dl/dt vs time delay
start of plasma generation and ignition of matn between start of plasma generation and ignition of
POS current source. main POS current source.

curve is similar to the period of oscillations of plasma gun current. The dependence of the load

current derivative dl/dt, which is one of major POS parameters, on the delay time shows
several maximums corresponding to density peaks (Fig. 9).

Spectral measurements of line intensities during the switch operation was made with an

OMA time gate of 100 ns. Varying the triggering time of the analyzer we measured the time

dependence of the line intensities. The optical scheme was adjusted to measure plasma

emission in the center of the interelectrode gap along the line of sight parallel to the electrodes.

This location is characterized by the maximum plasma density drop measured by an

interferometer. The time dependent line

8000 intensities for HP and CIII lines are given in

rpensng Fig. 10. It is seen that the decrease in the

intensity corresponds to the opening time of

: the POS. The spectroscopic observation of

ﬁ[ secondary plasma generated after a switch

opening showed the absence of copper ions

H“{ : in the gap. This plasma is well seen at

000 Fggane b bl interferometer traces as fast density increase

L= : : after opening drop. The absence of copper

ions (copper is material of the POS

electrodes) indicates that there are other

intensities vs time. Zero time corresponds to ignition reasons for th? plasma production in the gap

of main POS current source. Average time of POS €xcept the emission from electrodes. One of

opening is shown with arrow. such reasons can be ionization of neutrals due

to electron impact when fast electrons are

7000 f
6000

=y

2000 |

Line Intensiy (a.u.)

0 500 1000 1500 2000 2500
Time (ns)

Fig. 10 Hf (triangles) and CIII (squares) line

accelerated during the switch opening.

Noteworthy, that the line intensity is not proportional (but only dependent) to the
plasma density. Generally speaking, the collisional - radiative codes have to be applied to the
interpretation of such spectroscopy results for not LTD plasmas. In our case we just suggest
that one of major reasons for the decrease of spectral line intensities (especially for highly
ionized states) can be fast decrease of plasma density in the POS gap.
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Analysis of heat load at bore surfaces in plasma armature railguns
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Abstract

Erosion of bore surfaces. which is caused by the energy flux from the plasma, is the
most serious problem for repetitive operation in plasma armature railguns. Both polycar-
bonate and ceramic insulating rail spacers were tested to investigate how the heat-resis-
tant materials work on the ratlgun performance. Also heat load at the bore was analyzed
by using 0-D time-dependent ptasma simuiation, which includes the thermal conduction
inside the bore materials. When the ceramic spacers were used. the plasma armature did
not broaden se much during aceeleration. The eresion on the copper rails, however, were
more than that in case of polycarbanate spacers. According 1o the simulation. plasma
temperature became higher in case of ceramic spacers. since the number of particle ab-

lated from the bore was much less.

1. INTRODUCTION

Repetitive operation of railgun launchers [1] must be achieved to apply for'the several kinds of
applications. for instance. the acceleration of frozen hydrogen pellets for the refueling of magnetically
confined fusion plasmas [2]. Ablation of bore materials due to an energy flux from a plasma armature
[3](4] is the most serious problem that must be solved in order to increase the projectile velocity and to
achieve repetitive operations of plasma armature railguns. The vapor ablated from the bore often be-
comes a cause of spurious currents and degrades the performance of plasma armature railguns. Also the
ablation causes the damage on the bore surfaces, and prevents railguns from being operated repetitively.

There are several ways to reduce the ablation of bore materials [4]. Use of heat-resistant materials
for the bore is considered as one of promising ways to decrease the ablation. Here, ceramic insulating rail
spacers were examined in order to investigate how the heat-resistant materials work on the railgun per-
farmance. Plasma behaviors and heat load at the rail surface in both cases were investigated by analyzing
B-dot probe s signals and observing post-shot rail surfaces, respectively.

Also heat load at the bore is analyzed by using non-dimensional time-dependent plasma simula-
tion [3]. which includes the thermal conduction into the bore materials. The temperature distribution in
the bore materials in both rails and insulators are calculated by solving the one-dimensional thermal
conduction equation [6]. and the number of particles ablated from the bore surface is determined by both

the state of bore surface and the energy flux from the plasma armature.

2. EXPERIMENTAL APPARATUS

A 50 cm smatll bore railgun. whose magnetic field is augmented by a permanent magnet. are used
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[7]. The railgun is composed of copper ratls and insulating rail spacers. Two kinds of materials, which are
ceramics and polycarbonate (PCY. were used for the insulating rail spacers. Ceramics used in this experi-
ment is a composite of SI0,(43%). MgO(17%). ALO(16°5) and 5o on. Copper was used as a rail mate-
rial in both cases. Thermal characteristics of bore materials are listed in Table 1. The values in Table | are
used in the simulation described in Section 4 and 5. A “C™ type magnetic circuit was assembled to supply
a constant imagnetic flux density of 0.33 T to the gap between the rails. The permanent magnet (NEOMA X.-
40. Sumitomo Special Metals Co.. Ltd.) is composed of Nd. Fe and B. The railgun has a total length of 50
cm and a bore of 5 mm square section, Projectiles are imtialty placed 5 em from the breech so that the
length for acceleration is reduced to 45 cim. The railguns are set in a vacuwm chamber which s evacuated
to less than 1.4 Pa.

A pulse forming network (PFN), which consists of three 430 pF capacitors and three 15 puH induc-
tors. was used to produce a current pulse with a duration of 500 ps. The maximum driving currents is
controlled to be about 20 kA. In that case. the primary stored energy of the capacitor bank was 9.3 k1. A
resin coated wood block is used to simulate the low mass of a hydrogen ice pellet. The projectile’s mass
and length are 25 mg and 2.5 mm, respectively. Plasma is formed by an exploding copper wire with a
diameter of 0.04 mm. The current is measured by a Rogowski coil. and the plasma behavior is observed
by five B-dot probes placed along the rails. Deconvolution of the B-dot signal was performed to deter-
mine the edge of the plasma armature {8]. Also post-shot rail surface was analyzed to estimate the heat

load at the bore surface. A scanning electron micrascopy (SEM) was used to observe rail surfaces.

Table. 1 Thermal characteristics of materials uscd for railgun experimeni [9].

melting heat of bailing heat of heat specific mass
point transfer paint transfer conduction heat density
(X) (10° I'kg) (K) (0*1kg) | WKy | (kgK)y [ (10° kg
copper 1336 21 2868 4.9 413 419 292
pC ~500* 0.5 ~1000* 0.8 1.7 1200 1.23
ceramics >1300 1.5 3noo 1.5 1.68 756 252




3. EXPERIMENTAL RESULTS

Figures 2 and 3 show typical waveferms of the current and signals from six B-dot probes, placed

atz=0,5, 10, 15.20. 25 cm aleng the rails. for railguns using polycarbonate (PC) and ceramic insulating

rail spacers, respectively. Positive spikes on B-dot signals indicate the passage of the plasma anmature at

respective B-dot probe position. Plasma was accelerated without its separation in both cases. Mostly the

separation of the plasma armature dose not appear up to z = 25 cm in our railgun experiment, However,

the current distribution in the plasma armature seems complicated. B-dot signal at z = () also have a spike.
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Fig. 5 Post-shot rail surface around x = 0 in case of Fig. 6 DPost-shot rail surface around x = 0 in case of
use of PC insulating spacers. use of ceramic insulating spacers.

This fact makes possible to deduce that the plasma, which is produced by explosion of thin copper wire,
initially expands backward and is accelerated forward by the magnetic pressure behind it.

Figure 4 shows a trajectories of plasma armature, which is obtained from B-dot signals on #1764
and #1765, Plasma length in case of ceramics is initially longer, however it does not increase so much
during acceleration, in comparison with that in case of PC. The plasma lengths, when the leading edge of
the plasma arrived at z = 25 cm, were 7 cin and 11 cin, respectively. Slower movement in the early time
in case of ceramic insulators was mainly caused by less acceleration due to 5% less current.

Figures 5 and 6 show post-shot rai! surface around z = 0 in both cases. Projectile moves toward the
right in Figs. 5 and 6. Rail material erodes off and flow out toward the right in both cases. However, state
of surface are quite different from each other. There are lots of small ripples in case of PC insulation. On
the other hand, ripple size is much larger and lots of holes are observed anywhere in case that ceramic
spacers were used (Fig. 6). Since this holes might be caused by vaporization in the middle of rail, it can
be deduced that heat load at the rail surface in case of ceramics spacers was much more than that in case
of PC insulation. The reason why the status of the rail surface varies by insulator materials is discussed
in Section 4 and 5.

4, SIMULATION MODEL
4-1. Plasma and projectile motions

In order to simulate the global dynamics of railgun plasma armature, a mode! as shown in Fig. 7
were used. A light rigid plate was used to express the electromagnetic force. Plasma exists between the
plate and the projectile. Mation equations for the projectile and the rigid plate are expressed as

-
2

d’z, :_ 4z, dm,

m, +m — = pd" (1)
tm, )dr b di dt

Iz
ﬂIo dllf =Farx - pd' (2)

respectively. Where m,m, and m, represent mass of projectile, plasma, and the rigid plate, respectively.
z, and z represent respective position of leading and trailing edge along the railgun. p is a plasma pres-

sure and d is a bore size in square bore. F . shows a electromagnetic force caused by the current /in a
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Fig. 7 Plasma model in simulation
augmented railgun with a external magneiic field B . such as
b, .-
'F,,,-._. = ;L l- + IBI_[! ] (3)

where L is the rail inductance per unit length,

4-2. Plasma characteristics

Two cases. which polvearbonate and ceramic insulator are used. are considered. Since kinds of
particles included in the plasma in both cases are different from each other, the reacting processes have to
be considered independently. Here. the plasma process in case of polycarbonate. insulating spacers is
described.

Plasma originally consists of Cu and CH,. Some part of CH, is divided into H and C by degree of

dissociatton ... Then. the energy conservation can be expressed as

[ A

(1N

. . 3
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where N is the total number of particles, shown as

N o=(1+ o, "'\,u o, )N( H+a N, + (- Qg ’Nc'u: (5)
where

Nu = 20:.".'.':"\'ru.': ' (6)

N o=a, N, 7

a,. a,. a,. represent degree of onization for H. C and Cu, respectively. and defined by Saha s equation,
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where m_and /i represent electron mass and Plank s constant. respectively. ¥/, .

is energy needed
for ionization or dissoctation in respective particle. S and " in Eq. {(4) are surface and volume of plasma
armature. respectively. Respective terms from the left in the right arm of Eq. (4) represent dissipation

energy. radiation, heating for Cu and CH,. dissociation for CH,. tonization for H., C and Cu. and inechani-



cal energy at pressure .

Plasma resistance is defined by Spitzer § resistivity. Since railgun plasmas are generally high den-
sity but tow temperature, an effect of collision between electron and neutral can not be negligible. there-
fore.

I .
R I —— * (u.-i' + U--m’.’ + U.wl( + Ux'mf'u + Unu('.'-': ) (9)
(:J. -z yn"
where
3,
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Copre cwenn = 2005 10D e T

Y S
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When we assuime tlrat all the radiative lux from the plasma is absorbed by the walls, input power
per unit area into the wall 15

dque!):(ff(r-‘ _TiJRh ) (10)

where characters with subscription (R./} represent the value for rail and insulator surface, respectively. If
temperature of wall surface reaches its boiling point. the number of particles ablated from copper rails
and PC insulator walls are '

(/N(." = (.I'(,'i er{:'" == )it

.,

(1

iz

!
N - = 4;‘—12(!(:,, - 1/} (12)

respectively. Where £ and £ are the heat of transfer at the boiling point for copper and dissociation
[ I ap p

energy for C-C bond, respectively. The increment of plasma mass is shown as
dm, = (2m, + o WIN o +m dN, (13)
And theinerement of the number of electron becomes

= A .
AN i SN ety H 0

it omN e (14
Finally. plasma pressure 18 given as
5

p=I—”kT (15)

4-3. Thermal conduction

In order to determine the status of both the rail and insulator surfaces. temperature distributions in
the middle of both of them were calculated by way of solving one dimensional thermal conduction
equations shown as
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respectively. Where p, . 0 and A are mass density, specific heat. electrical and thermal conductivity,
respectively. Subscriptions R and f mean the values in rail and insulator materials, respectively. Energy
dissipation due 10 the rail current occurs only inside the rail. The boundary conditions on rail and insula-

tor surface are given as

e,

dg, =—AR[?:) (18)
T

quS";\I[a_‘J_] (19)

These diffusion equations were solved by the implicit time-integration method.

5. SIMULATION RESULTS

Figure 8 shows a railgun plasma armature dynamics in both cases with polycarbonate and ceramic
insulating rail spacers, The same current waveform is used in both cases. A spike, which is shown in
pressure waveform in the early time, indicates the explosion of a thin copper wire as a plasma source.
After that, the plasma pressure goes up gradually together with the current, There is no difference be-
tween two cases on the pressure waveforms since the plasina pressure always balances with the electro-
magnetic force caused by the current.

Waveforms in both cases behave in alimost the same manner until 25 ps in all waveforms. After 25
Ls, the plasima temperature in case of ceramic insulation becomes higher than that in case of PC insula-
tion. In the time evolution of the plasina mass, PC insulator has started vaporizing at 25 ps, which
corresponds to the time when the temperature saturates. The plasma is cooled down by the particles
ablated from both the rail and insulator surface. On the other hand. copper has started vaporizing at 40 ps
when ceramic is used for a insulation. since the copper needs less energy to ablate than the ceramic. The
lemperature increase saturates also at 40 ps, The increasing rate of the plasma mass is much different
between two cases. This difference is caused by the thermal characteristics of the bore materials. Since
the number of the particles ablated from the ceramic surface is much less, the plasma temperature be-
comes higher,

Also the increase in the plasma mass lessens the acceleration. The projectile velocity in case of PC
insulation is slightly lower. There are two curves in respective case on the time evolution of the plasma
position. The upper and lower indicate the leading and trailing edges of the plasima armature, respec-
tively. The difference between two curves is the plasma length along the railgun. The increase in the
plasma mass also results the plasma broadening.

Figure 9 shows the radiation power from the plasma. Maxtmum radiation power, when the ce-
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ramic insulators are used, 1s 2.5 times as that in case of PC insulation. This makes the erosion on the rail
surface more severe. Electrical power input in both cases are shown in Figure 10. Since the radiation
power in case of ceramic insulators is much larger, the electrical power is provided to heat the plasma up.

Figure 11 shows the temperature distributions in both the insulator (a) and the rail (b). The vertical

axis shows the position along the rail in mm, and the horizontal axis shows the depth from the surface in

position along the rail x (mm)
Position along the raila x (mm}

[ 20 40 60 B0 0 20 40 &0 80

Depth from the surface 4 {um) oepth from the surface d (pm}
i "“‘l“' " T "7 17 H T 1 T T T 3
300 406 500 600 FOO BOO 900 1040 800 1306 lsao 2300 2800
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(a) Polycarbonate rail spacer (b) Copper rail

Fig. 11 Temperature distribution inside the bore materials in case of combination of polycarbonate
insulator and copper rail
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Fig. 12 Temperature distribution inside the bore materials in case of combination of ceramic
insulator and copper rail



pm. The maximum value of the temperature scale is set to its boiling point. It is found that the insulator
materials erodes ofT around the position where the projectile is set initially. Since the thermal conductiv-
ity of copper is much larger, heat injected from the surface penetrates deeply. In the insulator, however,
the heat is stacked at the surface, therefore the temperature at the surface reaches the boiling point imme-
diately.

Figure 12 shows a temperature distributions in both the ceramic insulator (a) and copper rail (b).
Nao erosion is observed on the ceramic surface. However, the heat load at the copper rail around the initial

position of the projectile is obviously larger than that in case of the PC insulation.

6. CONCLUSION

In order to reduce the ablation an the bare surface, ceramics. which is one of the typical heat-
resistant materials, were tested as insulating rail spacers. When the ceramic insulators are used. plasima
does not broaden so much. However. the erosion on the copper rails seems more severe only around the
initial position of the prajectile. This is caused by the igh plasma temperature due to the less ablation on
the ceramic insulator surfaces. In this case, the larger electrical power is provided since the radiative
power also increases. The more effective heat-resistant material is used. the more radiative power will be
put into the bore.
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High-Current Pulsed Discharge
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Abstract

Characteristics of high-current arc discharge in H,, N,, CO,, O, and SF; were
investigated to develop a long life, high-repetition pulse power switch.  The discharge
gap of gap length 2.5-3.5 mm is pulse discharged with breakdown voltage 10-30 kV,
current 6-16 kA, and duration around 400 ns. Damage radius and roughness in the
damaged area were evaluated as a function of discharge gas, material of the electrode
and the discharge voltage. From the experiment the radius and the roughness were
found to be reduced by using H,.  Stability of breakdown voltage on the multi-shot
operation was evaluated and found that V, increases as the shots when using SF; or CO,,
whereas 1t decreases when using N,, O;, Hy.  The scattering of the breakdown voltages

was extremely increased when using SF;.

1. Introduction
Pulsed power technology” has a wide area of application such as the generation of
high-power particle beams, and X-ray or gas laser excitation. In these applications, it
is very important to develop a highly repetitive system to obtain a higher average power.
In the pulsed power technology, a number of pressurized discharge gap switches with
SFg or air have been utilized. 12) However, since such the switches take a long time for

the recovery of breakdown voltage and the energy loss in the switching is relatively



large, it has been considered to be difficult to achieve a highly repetitive operation ™

In the previous works dependence of the characteristics of the switches on the filling
gas were studied and found that the recovery speed and the efficiency are enhanced by

using H,. M

However, the stability and the life time of the H; gas switch were not
evaluated, which is also very important to develop highly repetitive pulse power
switches.

In the paper damage characteristics and the stability of breakdown voltages are
evaluated as parameter of filling gas, electrode material and the discharge voltage.
From the study we have found that by using H, gas, it 1s possible to reduce the damage

and enhance the stability.

2. Experiment

2.1 Observation of the damage of electrodes

Figure 1 shows the experimental circuit and the cross-sectional view of the
discharge gap switch used in the experiment. A C-R discharge circuit is utilized in the
experiment to damp the ringing current and to obtain a single polanty discharge current
flow. In the gap switch, a flat electrode is utilized with a hemispherical brass
electrode of diameter 25 mm, which are installed inside the acrylic vessel. A copper

and an aluminum board of thickness 0.5 mm were used to sample the damage data. The

—MWy

1/1000

Electrode Electrode
(brass) (Al or Cu)

Figure | a) Experimental circuit to evaluate the damage of the electrode. b) Cross-

sectional view of the discharge gap switch.



surface of the electrode was mirror polished before the discharge. The gap length (d)
was adjusted to 2.5 mm and, SF¢ and H, were utilized as a filling gas. The switch was
operated in a self breakdown mode and the breakdown voltage (V) was adjusted by the
filling gas pressure {p). For example, for /', =30 kV, the switch was filled with 1.2
atm of SFg or 6 atm of H,.  Charging voltage of the capacitor was slowly increased
until the switch was self broken. The capacitor was charged negatively and positively
to obtain a cathode and anode damage on the flat electrode.

For the- measurement of V, and the discharge current (1), a resistive voltage divider
and a current transformer were utilized as shown in Fig. 1 and the waveforms were
recorded by a digitizing oscilloscope. To evaluate the damage, surface of the flat
electrode was observed by an optical microscope or a scanning electron microscope
(SEM). The surface profile of the damaged area was measured by a surface roughness
meter.

Figure 2 shows the typical waveform of the discharge current when V, = 23.5 kV.
Peak current of 11 kA is observed with pulse duration 400 ns (Full Width at Half
Maximum, FWHM). The waveform was almost similar for all conditions in the
experiment.

Figure 3 shows the photographs of damage taken with an optical microscope when
the switch was filled with 0.6 atm of SF;.  As seen in the figure, circular damage area

of radius 0.7 mm is produced on the Al anode whereas 0.5 mm for Cu anode.

15 H2,P=50atm V;=232kV.d=25mm
T T T T e 1T
i 8 _
=
E |
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Figure 2 Typical
0' waveform of discharge
TP T - v S current.
0 05 1
Time [ 1zs)
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Figure 3 Photographs of the damage on the el_ectrode. a) Al anode, b) Cu anode.
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Figure 4 shows the profile of the surfaces of damaged area shown in Fig. 3.  Asseen
in the figure, maximum péak to valley height around 2 um 1s observed in both case. In
addition, the surface was concavely curved.

Figure 5 shows the example of SEM photograph. In the figure, concentric circular
wrinkles are observed in the outer area of the damaged area as if the surface is strongly

pushed outside whereas relatively flat area is observed inside.
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Figure 5 photograph of cathode surface
taken with SEM .
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Figure 6 Dependence of the radius of damaged area plotted against V,

Figure 6 shows the dependence of the radius of damaged area plotted against V; As
seen in the figure, the radius increases with increasing ¥,  The radius tends to increase

when using Al electrode or when using filling gas of SF;.

2.2 Stability of discharge voltage

To evaluate the stability of the discharge voltage when the switch is operated
repetitively, the circuit shown in Fig. 1 was again utilized.  As the gap switch, a pair of
hemispherical electrodes (brass, 25 mm diameter) was utilized with gap length (d) 3.5
mm. The gap switch was continuously discharged at a repetition rate around 3 Hz and

Vs was sampled every one minuet. The discharge was repeated for 10000 shot (it
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Figure 7 Dependence of ¥, on the shot number. O SFq, p=0.57 atm, V;,=21.6 kV,
A CO,, p=2.40atm, V;~22.4kV, @ N,, p=2.00atm, V;,,=21.8 kV,
J O, p=2.10atm, V,;=21.9kV, A H,, p=3.38atm, V,,=20.6 kV.

takes about one hour) continuously without changing the filling gas. Filling gas of SF,,
CO;, N;, O, and H; were utilized, which are filled to the pressure corresponding to the
breakdown voltage around 21 kV.

Figure 7 shows the dependence of V,, on the shot number. Here V), were
normalized by the initial breakdown voltages (V) for each gas. Filing pressures (P)
and Vg are listed 1n the figure. As seen in the figure V), increases with increasing the
number of shot when using SFs or CO,, whereas it decreases with the shot number
when using N,, O, and H,.gas. Especially for the case of using SFg, 20 % of
enhancement of ¥, is observed.

The increase of breakdown voltage is considered to be due to the deposition of
fluorine composite or surfer on the surface of the electrode.” In addition, Scattering
of V, increases in the case. In contrast, when the switch was filling with N,, O, or H,,
¥, decreases as the shot. The decrees of ¥, seems to be due to the heat up of the
electrode, which decreases the density of the gas near the electrode. In addition, when

using CO,, and O;, ¥, becomes unstable during shot No. 1000-2000.



Table] Summary of the experiment shown in Fig. 7.

Filling gas SF5 COz Nz Oz H,

P [atm] 057 {240 1200 |210 |3.38

Vo [kV]  |216 [224 [21.8 [219 [206

Vo ikv] |258 [237 [215 [211 [193

VoiVio 119 [106 |098 |096 |o094

o [%] 176 {023 [057 [0.14 |033

Table I summarize the results of the experiment. Here, averaged breakdown voltage
(V) and the standard deviation { o) is evaluated from the data from shot number 4000
to 9000.  As seen in the table large scattering of o =1.74 % is observed when using SF.
whereas it is less than 0.5 % for CO,, O,, and H,.  After the operation the surface of
the electrode was covered with a white powder when using SF,.

The surface of the aluminum electrode was analyzed by an x-ray micro analyzer
(XMA) after 10000 shots of discharge in H, and in SFs. Metallic atoms of Cu, and Zn
were detected in both case, which seems to be produced by the spattering of the brass
electrode. In the case of using SFg, sulfur and fluoride were also detected which seem

to be produced by the dissociation of SFs.

4. Conclusion

Characteristics of high-current arc¢ discharge in H,, N;, CO,, O, and SF, were
investigated to develop a long life, high-repetition pulse power switch. The discharge
gap of gap length 2.5-3.5 mm is pulse discharged with breakdown voltage 10-30 kV,
current 12-16 kA, and duration around 600 ns. Damage diameter and roughness in the
damage area was evaluated as a function of discharge gas and the material of the
electrode and found that the area and the roughness were reduced by using H, as
compared to the case of using SFs.  Stability of breakdown voltage in the multi-shot
operation was evaluated and found that ¥}, increases with increasing the shot number
when using SFq or CO,, whereas it decreases as the shots when using N,,0,, H,.
Scattering of the breakdown voltages extremely increased when using SF,, which seem

to be due to the deposition of materials produced by the desiccation of SFs.



References

1) A. Nation: Particle accelerators 10 (1979) 1.

2) C. Martin: Proc. IEEE 80 (1992) 934,

3) L. Moran and L. W. Hardesty: IEEE Trans. Electron Devices 38 (1991) 726 .

4) K. Masugata, H Maekawa, M. Yoshida, T. Ishii, T. Suzuki, K. Yatsui: Jpn. J. of
Appl. Phys. 35(10) (1996) 5487.

5) M. Yumoto, H. lida, and T. Sakai: “Formation Process of SFg gas Decomposition
Product and its Effects on Breakdown Voltage”, The trans. of IEE of Japan
A105(8) (1996) 437. (in Japanese)



Electron density measurements in capillary plasmas
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Abstract

Operation of an electrothermal gun is strongly related to capillary discharges. The electro-
thermal gun has been assembled and studied at Kumamoto University for investigation of the
physical phenomena in an initial state of the capillary discharge. The operation of the electro-
thermal gun with a small capillary diameter is superior to one with a large diameter in the
vacuum. In order to understand these experimental results clearly, the plasma parameters of
electron density and temperature, which are strongly related to the operation characteristics of
the electrothermal gun, were measured for different capillary diameters by a spectroscopic tech-
nique. The electron density and temperature of the capillary plasma increase with decreasing the
capillary diameter. The early operation of the electrothermal gun with a smatll capillary diameter
is supertor to that with a large capillary diameter because of the increase of the capillary plasma
pressure. The electron density in the capillary with different diameter was measured by an inter-
ferometry technique in order to validate the density estimated by the spectroscopic measure-
ment. The electron densities, 10'7 - 10'° cm™, estimated by the interferometer measurements
agree with those from the spectroscopic measurement. Results from a zero-dimensional time-
dependent model are compared with experimental results. The tendency, which the electron
density of the capillary plasma increases with decreasing capillary diameter, coincides with the

experimental results.

1. Introduction

Electromagnetic launch devices used for acceleration of projectiles to hypervelocity in-
clude railguns, coilguns and electrothermal guns. An electrothermal gun facility was assembled
and studied at Kumamoto University for investigation of the physical phenomena in an initial
state of the capillary discharge. [1] [2] High-density and high-temperature plasmas are produced
by high power pulse discharges in the capillary, and projectiles located at the end of capillary are
accelerated by the resulting plasma pressure. Since the plasma pressure is strongly dependent on
the electrical energy delivered to the capillary discharge, it is necessary to increase the energy
absorbed in the capillary by the discharge in order to increase the projectile velocity.

It has been reported that reduction of the capillary diameter leads an increase in the kinetic
energy of the projectile in the vacuum because the plasma resistance increases with decreasing
captllary diameter and hence, results in an increase in the input energy into the capillary plasma.
(3] [4] In order to understand these experimental results clearly, the plasma parameters of elec-
tron density and temperature, which are strongly related to the operation characteristics of the
electrothermat gun, were measured for different capillary diameters by a spectroscopic tech-

nique. [3][4] The electron density and temperature of the capillary plasma increase with de-



creasing the capillary diameter. The early operation of the electrothermal gun with a small cap-
illary diameter is superior to that with a large capillary diameter because of the increase of the
capillary plasma pressure. [5]

In this paper, the electron density and temperature of the capillary plasma with different
inner capillary diameters are measured by an interferometer in order to validate the density
estimated by the spectroscopic measurement. The density estimated by the interferometer mea-
surement are compared with those by the spectroscopic measurement, and results for a zero-
dimensional (0-D) time-dependent model [5] are compared with these experimental results. We
discussed the physical phenomena in an initial state of the capillary discharge with a view to-
ward achieving the best operating conditions for the electrothermal gun.
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Fig. 1. Experimental set up for an electrothemal gun (a) and
Michelson interferometer (b).



2. Experimental apparatus and procedures

Figure 1 (a) shows the experimental setups for measurements of the capillary discharges
and the voltage across the capillary. The power supply consists of a capacitor bank with a maxi-
mum stored energy of 80 kJ and a capacitance of 64 pF, a coil with an inductance of 3.5 uH and
a triggered spark gap switch. An electrothermal gun usually consists of copper electrodes, a
polyethylene capillary and a steel barrel, although the barrel is removed from the electrothermal
gun during this experiment for observation of the radiation from the capillary plasma. The inner
diameter of the cylindrical capillary is varied from 2 to 6 mm, and the length is constant at 30
mm. A thin copper wire with a diameter of 0.04 mm is placed in the capillary, and connected to
both electrodes. The discharge current through the capillary is measured using a Rogbwski coil,
and the voltage across the capillary is measured using a voltage divider with a 1/200 voltage
ratio.

Figure 1 (b) shows the experimental setups for the laser interferometer of Michelson
scheme. The He-Ne laser beam with the maximum power of 5 mW and the diameter of 0.8 mm
is divided into reference and probe beams by a beam splitter. Both beams recombine at the same
beam splitter again and are focused at the input of a quartz optical fiber using a focus lens (f= 5
cm) through the interference filter. This filter is used to avoid the plasma luminosity. Interferom-
etry signals are detected using Si PIN photodiode with sensitivity equal to 0.4 A/W for He-Ne
laser wavelength (Hamamatsu, $5973).

The electron density of the capillary plasma is estimated by analyzing the interferometry
signal. [6] The plasma has an index of refraction, N, '

i | '
2= !
w 2 n, |2
N,=[1--2-1 =[1-=] | !
f [ wnz] ( ”c} : @

where 11, is the electron density of the plasma and n_is the critical electron density where the
probe laser frequency, w,, equals the electron plasma frequency, w, =(47m e*/m ). The critical
density is calculated from n =(1.12 x 10°)A, 2 cm, where 2, is the incident laser wavelength in
nanometer. The critical density in the case of He-Ne laser is 2.8 x 10%' ¢cnv?. Since the electron
density of the capillary plasma estimated using the spectroscopic measurements is less than | x
10" ¢cm, the density can be measured using the He-Ne laser interferometer. The plasma pro-

duces a phase shift, A, relative to the reference beam which is given by

1

L L 3 .
A = [Q—FJJ‘NP(H =[2—”JJ‘ (l —”—*] dl, )
Ay 0 AR n,

where L is the path length of the probe beam through the plasma. For i, << n_, eq. (2) is approxi-



mated by

L
T
=~ it
A [ A ]J‘O”J . (3)

For the He-Ne laser wavelength of 632.8 nm, the line integrated plasma density is given by

L
J‘n‘,d! =561x IO'GAd), (4)
0

in units of cm™. Figures 2 (a) and 2 (b) show the fringe pattern before a shot and during a shot in
different time scale, respectively. Oscillations as shown in fig. 2 (a) are mechanical vibrations
coming from a rotary pump, mainly. The characteristic period of mechanical vibrations (more
than several ms) is much longer than that of the measurement time for the capillary plasma (less
than 10 ps). Therefore, the mechanical vibration does not influence the phase shift due to the
refraction of the capillary plasma. Each minimum and maximum in Fig. 2(b) shows the phase
shift equal to m, that is, the line integrated plasma density is 1.76 x 10'7 cm. The attenuation of
the interferometry signal is due to the decrease of the transmissivity of He-Ne laser through the

capillary plasma because of high plasma density.
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Fig. 2. Fringe pattern before a shot (a) and during a shot (b).

3. Results and Discussion _

Figure 3 shows typical waveforms of the discharge current (a) and the voltage across the
capillary (b) for capillary diameters of 2, 4 and 6 mm. After the pulsed voltage is produced by
the melting and vaporization of the thin copper wire, the voltage increases for about 6 us, and
then becomes constant. The voltage increases with reduction of the capillary diameter. The cur-
rent does not change much since it is determined by the circuit capacitance and inductance.
Thus, the capillary plasma resistance increases with decreasing capillary diameters. The ab-

sorbed energy into the capillary also increases with the reduction of the capillary diameter.
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Figure 4 shows the typical waveforms of the discharge current and the interferometry
signal for capillary diameters of 2 (a), 4 (b) and 6 mm (c). The attenuation_ of the interferometry
signal becomes small as the capillary diameter is large, since the transmissivity of the laser
beam through the capillary plasma does not decrease due to the low density of the capillary
plasma.

The electron density for the different distances from the capiltary muzzle estimated by the
phase shift as shown in Fig. 4 are shown in Fig. 5. In all cases, the density slightly decreases with

increasing the distance from the capillary muzzle.
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Fig. 6 shows the electron density for different capillary diameters of 2 (a), 4 (b) and 6 mm
(c). The density increases with reduction of the capillary diameter. Therefore, it is demonstrated
experimentally that the rate of wall ablation increases markedly because of the increase of the
absorbed energy into the capillary as the capillary diameter decreases.

Fig-. 7 shows the electron density estimated from the interferometer measurement (a), the
spectroscopic measurement (b), and the simulation (c). The electron densities, 10'7 - 10" em’?,
estimated from the interferometer agree with those from the spectroscopic measurement. The
density calculated with the simulation also increases with decreasing the capillary diameter. The
tendency coincideé with the experimental result. However, the absolute values of the density,
especially at 2 mm, are larger than those estimated from both measurements. Further modifica-
tion of the simulation model is necessary for coincidence of not only the trend, but also the

absolute values of density.

4. Conclusion

The electron densities of the capillary plasmas for different capillary diameters were mea-
sured using an interferometer and a spectroscopic techniques, and compared with simulation
results obtained using a 0-D time-dependent model in order to investigate the physical phenom-
ena in an initial state of the capillary discharges and understand the operation of an electrother-
mal gun. The electron densities, 10'" - 10 cm?, estimated by the interferometer measurement
agree with those from the spectroscopic measurement. It was found experimentally and theo-
retically that the electron density tends to increase with decreasing the capillary diameter. Con-
sequently, the early operation characteristics of an electrothermal gun with a small capillary
diameter are superior to those of with a large capillary diameter because of the increase in the

capillary plasma pressure.
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Abstract

A high-speed soft x-ray imaging system is described. Time-resolved images
of impulsive sources are restructured from data obtained with a multi-channel
soft x-ray detector and a soft x-ray pinhole camera by the inversion technique.
The system can display images both in framing- and streak mode at the same
time. The temporal resolution is 3 ns. This system is used to study the time
evolution of soft x-ray generation in plasma focus discharges with puffed Ar.

1. Introduction

The plasma focus and the gas puff z-pinch are impulsive soft x-ray sources of
intense line- and continuous emission when the discharges are carried out using high
Z gases. In studying the mechanism of soft x-ray generation, imaging techniques
which provide time-resolved measurements are indispensable.

The streak and the [raming mode measurements are equally useful for observing
the time variation of source intensity."?} Tor observation of the pulsed x-ray source,
a pinhole camera with a gated microchannel plate (MCP) and/or a soft x-ray streak
camera in which an image converter tube is installed has often heen used. Streak
mode is a method which enables continuous observation. However, it is carried out
through a slit, hence the viewing field is limited to a very narrow region. On the
other hand, the framing mode enables the recording of a complete view of the object
although it is only a discrete observation in time.

We have developed a soft x-ray imaging system with tine resolution without em-
ploying image tubes or gated MCP's. This system can be composed of commercially

available components. We employed a soft x-ray pinhole camera and a multi-channel



soft x-ray detector consisting of a scintillator-photomultiplier tube combination.”
With this system, 1t is possible to record time varying phenomena and to display

both in streak and framing mode.

2. Description of the system
2. 1. Streak- and framing mode imaging of soft x-ray sources

The proposed soft x-ray unaging system in frammng- and streak inode makes use of
two complementary parts which are an arrayed scintillator-photomultiplier detector
and a soft x-ray pinhole camera. The schematic diagrain of the arrayed detector
1s shown in Iig. 1. The arrayed detector includes a soft x-ray sensitive scintillator
plate. slits, bundled fiber optics and photomultiplier tubes. The image of the soft
x-ray source is formed on the plastic scintillator plate, NE142 of ¢ = 0.21nun in
thickness through a Be foil filter of 25 gpm in thickness and a pinhole of d = 0.1 mun
m diameter. The thickness of the scintillator and the Be filter is determined so
that photon energy around 3keV can be selectively detected. The visible immage
on the scintillator generated by exposure of the soft x-rays is divided into 12 seg-
ments by the 12 slits which are attached on the rear side of the scintillator. The
optical signals from each channel are led to the photomultipliers (Hamamatsu Pho-
tonics, H3783 photo sensor module) through the bundled fiber optics and recorded
in storage oscilloscopes (Hewlett-Packard 54542A}. The signal from each channel 1s
spatially integrated along the slit. The pinhole cainera is used for deterimining the
position of the x-ray source and its time-integrated intensity. The pinhole image
of the soft x-ray source is formed on a MCP (Hamamatsu Photonics F2223-11P)
through a pinhole 25 g in diameter and Be-Ag combination foil filter (25 g and
l1pm in thickness, respectively). The filters and the MCP give a passband between
1.8keV and 3.4 keV, which accepts Ar K-lines. Electrons from the MCP are ac-
celerated onto a phosphor screen to produce a vistble image. The visible image 1s
then recorded by a charge-coupled device (CCD) camera and processed with a PC
in which an image memory board is installed. The CCD camera was operated in
a mode in which the response of the CCID is proportional to the luminosity of the
image.

The temporally- and spatially varying x-ray source can be restructured with the



source image distributed over detector channels and the pinhole image by the in-
version technique. At the inversion, the viewing field is divided into pixels. For
processing of the x-ray sources, we adopted a one-dimensional grid of 20 pixels,
1 mm x 8 mm rectangles, which are numbered by J along . The time axis was
divided into 25 fragments of 3.0 ns. The source tensity to be determined is then
expressed as :(J,T'), where T is the time.

Let the quantities measured experimentally in the analog signals of the m-th chan-
nel and the pinhole image be V(T and I™(.J), respectively. Determination of
+(J, T)’s is made possible by using the least-squares method. We tentatively assume
an nitial value for the presumed intensity. Corresponding to the presumed intensity

+(J,T), the analog signals and pinhole image are calculated as

VINT) =3 Su(1)i(J,T) (L)

J

and

{L) Z, (2)

T
where S,,(J) is the sensitivity of the m-th channel at the pixel .J. We compare the
calculated V,,,(T') and I(J) with their measured values by taking the summation of

the square of the residual, R. Therefore,
R=w ZZ{V,,‘: ~ VI + w, Z[f‘”’ — I, (3)

where w, and w; are the coefficients for adjusting the weight ol each term. The
optimum #{./, T") is obtained by iteration to make R minimum. We used the genetic
algorithm to find a solution lor the intensity (.J, T').

Each frame in the framing mode display is obtained by multiplying the luminosity
of each pixel in the pinhole image by coefficients calculated {rom the corresponding

¢(J,T). Namely, the luminosity of the framing images is given as
(2, T) = i,(x)ilJ (2 T]/Z [T (2 (4)

where z is an arbitrary location in the images and i,(x) is the luminosity of the
pinhole image at ®. And, .J(x) is the pixel in which the position @ is included.

On the other hand, the streak mode display is obtained by sweeping a region



specified arbitrarily by introducing a ‘virtual slit” after the acquisition of the data.
The luminosity of the streak umage is given as

i(L,T) = ig(r + Ley + wea, T), | (5)

1
where e, and ey are unit vectors parallel and perpendicular to the virtual slit, and
r is the location of the virtual slit in the pinhole image. L 1s the position in the

virtual slit, and w is the width of the virtual slit.

2. 2. Temporal and spatial resolution

There are several factors which linit the temporal resolution of the system. They
include the decay time of the scintillator (2.5 ns}, the rise time of the photomultiplier
(0.65ns) and the frequency response of the oscilloscope (0-500 MHz). The inpulse
response of the system, which was estimated to be 3.0 ns full width at half-maximum
(FWHM), was nearly consistent with a measured value using a transversely excited
atmospheric (TEA) N laser pulse (<1ns in FWHM, 337.1 nm).

As shown in Fig. 1, the sampling of the source unage is made by the 12 channels
separated by pL;/L; = L.5mm while each channel has a vir—:wfi_ng field of 1.3mm
in FWHM, and so any two points separated by plLy/L,; = 1.5mm can be resolved
both spatially and temporally by the arrayed.detector. The spatial resolution, by
minimizing Eq. (3), is limited to 1 mm by the number of divisions of the grid, which

is restricted by the available array size of the software.

2. 3. Plasma focus device as a soft x-ray source

Performance of the system was examined using a soft x-ray source generated with
a Mather-type plasma focus device. The inner and outer diameters of the coaxial
electrodes are 50mm and 100mm. The lengths of the inner and outer electrodes
are 280 mm and 230 mm, respectively. The anode (inner electrode} is hollow, The
condenser bank consists of 28 x 1.56 pF capacitors. "The device was operated at a
bank voltage of 45 kV and an embedded H; gas pressure of 5.5 Torr. Additional Ar
gas was puffed with a fast acting valve through the anode hole immediately before

each discharge.



3. Experimental results

Despite the same operational condition of the plasma focus device, various dit-
fering features of the soft x-ray sources were observed from shot to shot. Examples
of the timne integrated, streak- and framing mode display of the soft x-ray source
generated with the plasma focus device are shown in Figs. 2 (a)}-A ~ 2 (b}-C. In
the first example, three filamentary sources were observed as shown in Fig. 2 (a)-A.
The filaments appear successively from the location which is near the elecirode face
as shown in Fig. 2 (a)-B. This fact is confirmed by the framing mode observation
as shown in Fig. 2 (a)-C. In the second example, many spots which were scattered
along the electrode axis were observed as shown in Fig. 2 (b)-A. The spots were of
various lengths along the axis ranging from 0.2 to 1 mm. It is recognized that the
spot with the shorter length tends to have a shorter hifetime. The x-ray enutting
part in the pinched plasma initially appears several mm { 2.5 mm in this example
) distant from the anode and moves with a velocity of about 10°m/s from a point.
demonstrating the zippering effect. The overall duration of emission by the scat-
tered spots was extended up to about 30 ns.

Bayley, et al. used an x-ray streak camera with which a conventional image tube
and an image intensifier are installed. They also observed the zippering effect.?)
They did not use a shit. When the objects fluctuate around the electrode axis, the
time sequence of their appearance cannot be determined from their locations on the
streak photograph. On the other hand, determination of the time of appearance in
our system is not affected by the source location.

The advantages of our system is that both the streak- and the framing mode
images with quantitativity are obtained simultaneously for cach shot. The source
location is determined with reasonable accuracy by this systemn.

In summary, the system which we developed has been successfully used to observe
the tune evolution of soft x-ray sources generated with a plasma focus device. The
temporal resolution was sufficient to determine the time sequence of the appearance
of x-ray sources. The spatial and the temporal resolution can be improved by using

a finer mesh representing ¢(.J, T) in the inversion.
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FUSION CRITERIONS ON Z-PINCH PLASMAS

T. Miyamoto

Atomic Energy Research Institute, Nihon University

1. INTRODUCTION

Classical z-pinches were studied intensively in the early phase of
the nuclear fusion research, but were once given up as a fusion approach
since the end of 1950°s. J. Hammel and his collaborators in the middle of
1970’ s carried out the pioneer work, which gave a new aspect to the z-
pinch/1/. Their proposal consisted of keeping a dense z-pinch plasma
column with the density near solid state and several 10 m in diameter in
a quasi-steady state for the order of us. The fusion approach based on
this dense z-pinch is quite simple and clear except the assumption that
the dense plasma has to be sustained during the required period. Laser
initiated gas embedded z-pinches and frozen deuterium fiber z-pinches
carried out under this guiding principle/2,3/. In the frozen deuterium
fiber z-pinch, large neutron yield was observed /3/, but the observed
neutrons mainly resulted from instabilities as well as in the classical z-
pinch. A lot of investigations carried out on the fiber z-pinch have not
yet given a clear insight to the fusion on the basis of the fiber z-pinch.
Recently, it was reported in the polyethrene fiber z-pinch that the
instabilities lead turbulently the plasma column to expand, and as a
result it may give an lower limit to the attainable plasma radius/4 /. The
similar results were given in numerical simulation/5/. These results show
that the fusion approach based on z-pinches needs a new guiding
principle/6/.

In this paper, fusion conditions based on two types of z-pinches --

fiber and sheet z-pinches -- are summarized and compared.



2. CYLINDRICAL Z-PINCH

The pressure balance in tﬁe cylindrical Z-pinch such as a fiber z-
pinch is given the Bennett condition |

uo(]m)l — 16RN DT | (1)

where I, N and T are the total current, the line density, and the
temperature respectively, and the suffix (f) denotes the quantities
relating with the fiber z-pinch. The steady state is established in z-
pinches only when the energy balance holds. When thermal conduction is
fast enough, the energy balance for an isolated plasma column with so
high temperature that the energy loss occurs only by the bremsstrahlung

radiation is given by

[[P, - P,Jav Ej[ﬁr%i? - Enlr%}ﬂ/ =0
where the Joule heating P, and Bremsstrahlung radiation loss P, per
unit time and unit volume are expressed as

P, =ni' =T % =65x10lnA (Q/m)

¥

7 (2)
Pfﬂan% , P, =14x10% (W/m)

where we assume Z=1. Carrying out the integration, we obtain the

relation

Yrs N\
I:(iJ (—’}—] NT |, ' (3)
3 n

between [/ and NT. From egs.(1) and (3), the total current is nealy

constant 1n the steady state, so called Pease-Braginskii current which is

given by
—\4
LY - [.@J(i_") =326x10°VInA (A) , (4)
Mo AF
The line plasma and magnetic energies are give as
WP()’) — (3N(f)kT(f))PB — }EI%_F,_ =~ 7.96 x 10° (]/m) (5)
Holg



2 1}
W, = M[ln[g} +l] - aw,' (]n[i}_ l) (6)
al 4 3 ai 4

where a and 4 are the radius of the plasma and the return current,

respectively.

3. SHEET Z-PINCH

The fiber Z-pinch is extremely unstable, as well known. The
stability problem in cylindrical plasma columns is removed in a sheet
plasma. For simplicity, let us consider a current carrying plasma sheet
enclosed by two yz plane at x=ta. Hence, the sheet is 2a in thickness
and infinite in the y and z directions. The current flows along the z-
axis. We assume that thermal conduction is fast enough as well as in
conventional z-pinches, and that the relaxation between ions and
electrons is also fast enough. Then, the plasma temperatures are assumed
to be constant in space, i.e. T, =7,=T. As the electric potential is
assumed to be constant in an arbitrary xy plane without generality, the
current density 7 is also constant in space. As a result, the magnetic

field has only the y component B, =B=yx, and the plane x=const. is

an isobaric surface. The plasma density ata pressure equilibrium state is

given by
@__luoizx
dc 24T

Under the boundary conditions n=0 at x=xta, This equation gives the

density distribution and the pressure balance relation

nzno(l—:—i) (7)

pitat = an kT (8)
where n=n, is the density at x=0. The current density per unit length
of y direction I"and the density per unit length of y and z direction

N* (which we call the plane current and the plane plasma density,



respectively) are expressed as

I , (%)

= 2ia and N':inoa
3
respectively. The pressure balance (8) ts rewritten using 7/° and N° as
a2 12,
moll*) == N'kT (10)
This is so called Bennett condition in case of the sheet pinch.

Carrying out the integration, we obtain the relation

RO

between 7/ and N'T. From eqs.(10) and (11), the plane current and the
plane plasma energy density (that is, the energy per unit length and

width) in the quasi-steady state of the sheet z-pinch are given by

—\/ Iy
1’:(12_0"] K =g1sx100 Y (A m) (12)
Fy Hya a
—z2
W;=3N‘kT=3P"k =(N'kT) —21x100 M4 yimyy. (13)
s Hod Fr a

The plane magnetic energy per unit length and width is given by

a3 w(s-

where we put the position of return current as x=*d. The current /[,
corresponds to the so called Pease-Braginskii current in the cylindrical
z-pinch, which is roughly constant. However, the current /., (and the
plasma energy density W;) i1s no longer constant in the sheet z-pinch,
but is inversely proportional to the thickness 2a, and can increases
indefinitely.

Ratios of the quantities in the sheet z-pinch with the width y to

those in the fiber z-pinch are

PBV ‘
I, (” (m (13



(N-kT)Pﬂy _il or ("okT)pa - 5 (a(I)JZ (16)

NOKkTD), " 6na 7k ), 16\ a
When y>>a, the current or the line energ-y density in the steady state of
the sheet z-pinch is much higher than the Pease-Braginskii current in the
fiber z-pinch or the corresponding line energy density. However, the

current is almost same in both cases for the same line plasma energy, that

is, yla=6x/5.

4 CONDITIONS FOR FUSION
4.1 Criterion for Fiber Z-Pinch

In order to examine the possi‘bi]ity of fusion by means of the

steady state of the sheet z-pinch, let us simplify the Lawson condition as

follows
nt >[nt], =10 (m3.s) and 7T =7, =5x10® (K)for DT reactions  (17)
nt> [m‘],_ =102 (m3-s) and 7=7, =10° (K) for DD reactions (18)

The line density is

127k M
N =
HoT

- 1.92x10261"?/l, (m)

LY

from eq.(5). So the corresponding density is given by

InA
n03%=1.22x1025ﬁ (m?) o (19)

This density leads to requirement for the sustaining time and the radius

t 2 [nt} /n, =8.18x107[m], Ta*/InA  (s) (20)

In A n. InA
20=221x10"¥ (—— =00989 ;= [——
x 1/,,0T Jno ) @n

where solid density is given by », =5x10% (m”). Thus, when n, =n, and

InA =14, the Lawson conditions (17) and (18) reduce to
20=165x10°(m), 71>199x10°(s) and N =538x10" (m") (22)
2a=1.17x10"* (m), 12200x107(s) and N =2.69x10'% (m') , (23)

respectively. Both conditions show that the plasma column must be very



slender. It results from choosing solid density for plasma. The radius is
fat for lower plasma density and, on the other hand, the sustaining time
must be prolonged. The radius a and the line density N required for
the DD reaction hardly differ from those for the DT reaction except only
small factor. The main difference between the DT and DD conditions
appears in their sustaining time, which leads to another condition on the
tength of the plasma column.

The sustaining time required for fusion results in two conditions.
The first condition relates with the energy loss along the direction of
length, and given in Sec.5. The second one relates with growth rate of

instabilities.

4.2 Criterions for Sheet Z-Pinch

The necessary surface density is

2
. 352 x10°InA ~ 2555107 InA
kTa Ta

N =357 x 10% - (m?) (24)
Ta

from eq.(13), so the corresponding plasma density at the central plane is

3N~ In A
= =191x10" — (m"’ 25
Mo =~ <107 =5 (m™) (25)

[+

from eq.(9). Therefore, the Sustaining time and thickness are given from
eq.(25) as
t2[m} [n, =523 x10%][m], Ta*inA  (5) : (26)

2a =8.74 x10" fll{\—=0.0391,M\{;—" (m) (27)
nT T \n,

When InA =14, conditions (17) or (18) reduce to
2a=6.53x10° (m), 12198x107 (s) and N =219x102 (m?) (28)
20=462x10"° (m), (>200x107 (s) and N =155x102 (m?) (29)
respectively. The conditions are similar with those of the cylindrical z-
pinch, if we replace the thickness by the diameter and the surface density

by the line density. Both conditions show that the plasma sheet must be



very thin.

5. AXIAL ENERGY LOSS

In real z-pinches with finite length, axial energy loss is important.
It is consisted of thermal conduction and energy brought away with loss
particles. The energy loss occurs mainly in the weak field region
characterized by @, 7, <1, wherew, and 1, =7, 7% /n are Larmor radius and
collision time, and is brought away mainly by electrons there/7/. For the

fiber z pinch, the weak field region is given by

LSE—E—C{-F\/CCI-FI s (30)
al a
where
gep® (k) (37
a.:_.e“'etc [_J [%1] A’in (3])
m K, >
5/2
—662x10% 188 4 _ 33,0 lnA T R,
Z> N¥ Z° a'\n,

where T =T, =276x10°/(ZInA) for electrons. When a>>1,i.e,n"a<<

1.24 x10"(t, /mXIn A)' / Z*, thermal conduction loss occurs only within the
radius r,<a/2a. However, we suppose that o <<, that is, that the
thermal conduction occurs in the almost whole cross section. The ratio of
the thermal conduction loss to the Joule heating is

[V-(VD)V [ VT dS 2T/, ®IP(ma®)r)
[ nitdV [ni*dV  ni‘na*-2z W 12 &

where x=y,(nk’Tt /m)=xT"” and K=ypk%T./m and y,=3.16. The

condition for negligible thermal conduction is to satisfy

5 2 — 3r_\¢ 242 2 2
75 XL H _e X[ )[R _(_’_'f’_)_[_J :hazaz['_:]
it \a Ny, )\ 5 N a 4 a
Considering eq.(30}, we have the condition for the plasma length

12
f—>>£—‘-sz—°é—-ar—‘=0.89a(-a+\/a2+l) (32)
ad

ad a




When a <<1, eq.(32) shows that the critical plasma length =z, increases
linearly with «, and approaches to constant value 0.86/2 for a>>1. We
obtain N =213x10"a” for a=1. Conditions (32) shows that the length
needed for hot plasma production depends strongly with the density and
radius. The nece-ssary length is short enough for the extremely dense
plasma. However, the lower limit seems to exist for the length, because
Vof avoiding the effects of electrodes such as impurity flow. The result is

similar for the sheet z-pinch except a numerical factor.
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Characteristics of laser ablation plume for
deposition of YBCO thin films
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Abstract

The behavior of laser ablated plume in ambient gas has been
studied by using high-speed framing camera and spectrometer.
Comparing the photographic results with ideal blast wave models,
we found that the one dimension spherical blast wave model
agrees with the experimental data very well at higher gas
pressure. The optical emission spectroscopy results showed that
the distribution of particles was strongly affected by the ambient
gas pressure .

1. Introduction

Laser ablation has been recognized as a powerful technique for
deposition of high-T. superconducting thin films with high quality.
Usually, the films are deposited in ambient gas conditions. The
collision and reaction of ablated particles with ambient oxygen gas
will form oxides, this may aid oxygen incorporation in the growing
films!-?. It is believed that the interactions between ablated
particles and ambient oxygen gas greatly affect the quality of the
deposited film.  Since the behavior of the ablation plume is very
complex for different gas pressure, the characteristics of the
plume are still not very clear.

In this paper, the expansion characteristics of the plume have
been studied by high-speed framing camera, which will be
analyzed by ideal blast wave models. Furthermore the
distribution of the ablated particles 1s studied by optical emission
spectroscopy.
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'Flfg.Z High-speed framing photographs of YBCO plume
ablated by KrF laser(~1J/cm?) in 25Fa of oxygen.



2. Experimental setup

Figure 1 shows the experimental setup. Two types of
experiments were carried out to investigate the behavior of
ablated plume. One is the high-speed photographic experiment,
where the expansion process of KrF laser (248nm, 0.8~1J/cm?)
ablated YBCO plume was monitored by a high speed framing
camera. The other is spectroscopic experiment, where a gated
(50ns) image intensified optical multichannel analyzer (OMA) and
a monochromator system were used to study the distributions of
the ablated particles. YBCO target was irradiated by Nd:YAG
laser (1064nm, ~3J/cm?).

3. Results and discussions
3.1 Photographic results

Figure 2 shows the expansion of the plume in ~25Pa
background gas pressure. A bright luminous front appeared on
the leading edge of the plume. We noticed that the appearance of
this luminous front is related with ambient gas pressure. The
higher the pressure, the brighter the luminous front. At lower
pressure (for example, p < 8Pa) this kind of the luminous front
appears far away from the target. This can be explained by using
a blast wave model since the expansion of the laser ablated plume
in the ambient gas will produce the blast wave®5. A lot of the
ablated particles are accumulated behind the shock front and
formed a high density region (as seen from the photographs).
This will be discussed in detail in the next section.

To analyze the propagation characteristics of the plume, the
following two kinds of blast waves were compared with the
experimental data.

1) Spherical blast wave (1-D)? :

0.2 0.2
R =127 20" -1 [E"J £ (1)
(v +4y-1) Py ’

where v is the specific heat ratio, £,the laser energy and P, the

ambient gas density, respectively.
2) Cylindrical blast wave (1-D)%":

res[ViTar -1] ®)
2
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Fig.3 Time evolution of luminous fronts of YBCO plume produced
in background oxygen pressure of (a) 8Pa, 0.8J/cm?; (b) 25Pa, 1J/cm?;
(c) 40Fa, 0.8J/cm?; (d) 65Pa, 1J/cm?, respectively. The solid lines

were fitted using Egs. (1) and (2).



where 7 = Ct/R, A=R/R, C the sound velocity of

undisturbed fluid, Ro (characteristic radius) = (Ey/Byp,)”, and
B=2.205 .

The expansion distance of the plume versus time 1s shown in
Fig. 3. The ideal spherical blast wave model agrees with the
experimental data very well at higher pressure. At lower
pressure (for example, p = 8Pa), however, the experimental data
deviate from the blast wave model. From the photographic
pictures we also see that at lower gas pressure, the bright
luminous front will not be produced.

3.2 Spectrometric results

The schematic diagram of the spectrometer system is shown in
Fig.4. The Spectral multichannel analyzer (SMA) detector is
gated by the pulse of duration of ~ 50ns. Delay time was
adjusted by pulse generator. The Ba* ion line (455.4nm) was
measured to study the distribution characteristics of the plume.

This line was chosen because it is the strongest emission line from
the YBCO plume.

Chamber
‘ fi
Nd:YAG laser = U
Trigger |
~ Pulse
- Generator| - SMA
— 0OSC —

Fig.d Schematic diagram of spectrometer system

Figure 5 shows the time evolution of Ba* intensity
distributions of ablation plume for different ambient gas
pressures. From Fig. 5 we see that the plasma emission
intensity Increases with increasing gas pressure, and the
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Fig. 5 Time evolution of Ba* intensity of ablation plume at different
distance from target ((a) 5mm, (b) 10mm,(c) 20mm, (d) 30mm), and
different oxygen gas pressure ((O) 65pa, (@) 40pa, (A) 25pa, (A) 13pa,
(0)7pa).



distribution of the ablation plume varies with the ambient gas
pressure at higher pressure (p > 13Pa), the distribution front
becomes steep at a certain distance.

The variation of the distributions with the gas pressure may be
correlated with the effect of the collision between the ablated
particles and the background gas, which will be discussed below.

The mean free path of the ablated particles in oxygen gas can
be given by?

1
As———— | (3)
Vv A ]-I—m/mo )
where np 1s the oxygen gas density, mo the oxygen molecular mass,
m the ablated particle mass, and d the collision radius of two
species, respectively. The mean free path of Ba particles in the
experimental conditions are shown in Table 1.

Table 1. Mean free path of particles
Gas pressure, po(Pa) | 7 13 25 40 65
Mean free path, A(mm) |0.65 0.33| 0.17 | 0.11 0.07

As seen from Table I, the mean free path of the ablated
particles becomes shorter as the pressure is increased. Therefore,
most of the collision between the plume particles and ambient gas
appear only at the boundary of the plume. The expansion of the
ablated particles push and compress the ambient gas just like a
piston which forms a gas layer in front of the plume. Because of
the high collision rate and compression by the plume, a large
amount of the excited and ionized particles are concentrated near
the boundary of the compressed oxygen gas layer. This
phenomenon has been observed in the last section from the
photographic pictures that at the boundary of the plume appeared
a bright luminous front. Some researchers considered this
behavior as the formation of the blast wave3%. We also found
that the propagation characteristics of the plume can be explained
very well by an ideal spherical blast wave model.

The thickness of the gas layer increases as the plume expands.
It is approximately given by®

Ah = R{y-1)/3(y+1) , 4)

where R is the boundary radius of the plume, and y is the ratio of



specific heats of the oxygen gas (y=1.4). At R=20mm,
Ah=1.Imm. Comparing Ah with the mean free path, we obtain
that the thickness of the gas layer is much larger than the mean
free path at high gas pressure. Few particles can pass through
the gas layer, and therefore large amount of ablated particles are
accumulated just behind the gas layer which formed a high
density region. At low pressure (for example, p < 7Pa), the mean
free path A can be comparable with the gas layer (Ah). Otherwise,
because of the large mean free path, the gas layer will not be
formed. Hence, the distribution of the ablated particles varies
with the gas pressure.

4. Conclusions

High speed framing camera and spectrometer have been used
to investigate the behavior of the laser ablated YBCO plume in an
ambient oxygen gas. Both results showed the formation of the
blast wave at higher gas pressure. The expansion radius of the
plume can be explained well by an ideal spherical blast wave
model.  Because of the formation of the blast wave, the
distribution of the particles is strongly affected by the ambient gas
pressure.
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Production of Nanosize Powders of AZN by Pulsed Laser Ablation
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Abstract
Nanosize powders of A/N was successfully synthesized by aluminum target
with the ambient gas of nitrogen using pulsed laser ablation. Diameter of the
powders was typically 2.5 ~ 25 nm. In addition, we have diagnosed the plasma
parameters by SMA under the same condition as the powder production.  The
ablation plasma obtained by A{ target in oxygen consists of A¢ atoms, A¢" ions,
Al ions, O atoms and O’ ions.

1. Introduction

Nanosize powders of many materials have specific magnetic, optical, chemical and
sintering properties”.  These properties have made the nanosize powders very interesting in
the applications of magnetic media, catalysts, gas sensors, and other industrial fields.

Nanosize powders can be produced by using chemical method.?  With this method, the
nanosize powders have been produced of large amount, but the purity is a little bit poor. It
has been realized that the purity of nanosize powders by this method are hardly improved due to
its reliance on chemical reactions.  In recent years, physical methods, such as pulsed laser
ablation method > * and pulsed ion beam evaporation method *'® | are developed for
production of high purity nanosize powders.

In this paper, our recent resuits will be reported on nanosize powder production by using
pulsed laser ablation and related plasma diagnostics carried out under the same condition as the
powder production. The characteristics of A/N powders analyzed by XRD (x-ray
diffraction) and TEM (transmittion electronic microscope) in 8 3.1, and the diagnostic results
obtained using high-speed camera, spectrometer and SMA (Spectrum Multichannel Analyzer)
will be presentedin § 3.2.

2. Experimental Setup

Figure 1 shows the basic principle of synthesizing nanosize powders by using the pulsed
laser ablation method.  When the high power laser beam is irradiated on the target, the target
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Fig. 1 Principle of nanosize powder production.

surface is heated to high temperature due to very high energy deposition of the laser beam. It
is vaporized, partially ionized and expands into the surrounding space.  If the surrounding
space is filled with gas, the ablated materials will be cooled by the interaction with the gas
molecules.  The uniform solidification of the materials results in the synthesizing nanosize
powders. | .

Figure 2 shows the schematic of experimental setup. A Q-switched Nd:YAG laser
(1.064 pm, 7 ns) was used to ablate the aluminum target with an angle of 45 degree to the
target surface.  Throughout the experiments, the ambient gas was flowing with the speed of
IN4/min (2.0 kg/cm®) and the target was being rotated to avoid the concentrated damage.
At the outlet of the gas flow, a membrane filter is located to collect the powder produced.

High speed camera

Nd: YAG
Laser

" Rotary Pump=>?

Fig. 2 Experimental setup.



3. [Experimental results
3.1 Production of A/N nanosize powders

Nanosize powders was produced by pulsed laser ablation method.  The target was
aluminum (99.5 % in purity) and the ambient gas was nitrogen (99.9999 % in purity).  The
pressure of the ambient gas was varied from 10 to 500 Torr.

Figure 3 shows SEM (scanning electron microscope) photographs of the powders.
Figures 3(a) and 3(b) show the samples obtained at nitrogen pressure of 60 and 200 Torr,
respectively. It is seen from these photographs that the produced particles are smaller than 1
pm. '

Figure 4 shows the typical result of XRD. In Fig. 4, the diffraction peaks of SUS
(stainless steel) originate from the steel mesh that was used as the supporter of the particles in
the XRD analysis. We see from Fig. 4 that, at nitrogen pressure lower than 60 Torr, the
particles are aluminum or mixture of aluminum and aluminum nitride. ~ When the pressure 1s
higher than 200 Torr, however, the particles are pure aluminum nitride.

Figure 5 shows the TEM photograph of the particles obtained at nitrogen pressure of 200
Torr.  The particle sizes are seen to be ~ 10 nm.  Futhermore, some particles are seen to be
hexagonal, which is consistent with the hexagonal structure of the A#N crystal.

Figure 6 shows the particle size distribution obtained from Fig. 5.  All particles are
smaller than 25 nm, and the average particle size is ~ 11 nm.

{(a) Ng 60 Torr {b) N 200 Torr
Fig. 3 SEM photographs of powders.
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Fig. 4 XRD data of powders.
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Fig.5 TEM photograph of particles obtained at nitrogen pressure of 200 Torr.
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Fig.6 Size distribution obtained from Fig. 5.

3.2 Diagnostics of Ablation Plasma
3.2.1 High-Speed Photography

The expansion process of the ablated plasma was observed by a high speed camera.
Figure 7 shows the framing photographs obtained with laser energy density of 16 J/em® and
oxygen pressure of 200 Torr.  The time of exposure and the interframe were 40 ns and 200
ns, respectively.  In Fig. 7, the number indicates the sequence of the photographs, where the
first photograph was taken 200 ns after the laser pulse.  The vertical line in each photograph
shows the pasition of the target surface, and the luminant on the left hand side corresponds to
the ablated plasma and that on the opposite side the reflection by the target surface. It is seen
from Fig. 7 that the shape of the ablated plasma is initially spherical, and later changes to a
mushroom with decreasing luminosity.

Target Surface Reflection

Fig.7 Framing photographs of ablated plasma at F = 16 Jfem®, Pyyygen= 200 Torr.



3.2.2 Spectral Photography
The light emission from the ablated plasma was studied by using spectrometer,  Figure 8

shows the time-integrated spectroscopy photographs obtained with laser energy density of 10

J/em® and oxygen pressure of 200 Torr.  Figures 8(a) and 8(b) show the experimental

configrations where the slit of the spectrometer is placed in the direction parallel and

Af Target

150 um Slit
W Ablation Plasma M
¥ Ablation Plasma

] Af Target

185 um slit
I mm }
(a) Survey of spectrometry (b) Survey of spectrometry
parallel to target surface. perpendicular to target surface.
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(c) Ablation plasma emission spectra parallel to target surface.
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(d) Ablation plasma emission spectra parpendicular to target surface.
Fig. 8 Spectrographs of the ablated plasma at ' = 10 J/cm’, Pyyygen = 200 Torr.



perpendicular to the target surface, respectively. The photographs obtained by the
configurations of Figs. 8(a) and 8(b) are shown in Figs. 8(c) and 8(d), respectively.  The
spectra to be mesured are limited above 300 nm due to ultraviolet absorption of the lens.
From Figs. 8(c) and 8(d), we see the spectral lines of aluminum atoms, A¢" ions, A£™ ions,
oxygen atoms, and O ions.  The strong lines are observed for A¢ II at 358.7 nm and A¢ I at
3944 nm and 396.6 nm.  Furthermore, the spectral width is larger than other lines, indicating
larger emission volume.  Besides the above lines, a continuous spectrum is also seen in Figs.
8(c) and 8(d), which is probably driven by recombinations and bremsstrahlungs.

3.2.3 SMA Measurement

The spectra of the ablated plasma have also been studied by SMA in both time-integrated
mode and time-resolved mode.  Figure 9 shows the time-integrated spectra obtained by the
SMA with different oxygen pressure, where the laser energy density was 10 J/em®.  The slit
of the spectrometer was placed in parallel to the target surface and the position of the
observation was 0.5 mm from the target surface.  From Fig. 9, it is seen that both the line
spectra and the continuous spectra increase when the oxygen pressure is increased. It may
be due to the fact that, at higher pressures, the expansion of the ablated plasma is suppressed by
the ambient gas, resulting in high density and high temperature plasma that sustains for longer
time.
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Fig. 9 Time integrated spectra of ablated plasma at F ~ 10 J/em®.



Figure 10 shows the time-resolved spectra obtained by SMA with different delay times
from 100 ns to 2,050 ns.  The laser energy density and oxygen pressure were 10 J/em® and
200 Torr, respectively.  The slit of the spectrometer was parallel to the target surface and the
position of the observation was 1 mm from the target surface.  The gate pulse was 100 ns.
It is seen from Fig. 10 that the initial light emission consists of a continuous spectrum and
oxygen lines. At 250 ns after the laser pulse, the continuous spectrum and oxygen lines reach
the peak and the aluminum lines appear. ~ The oxygen lines disappear at about 450 ns and the
aluminum lines last for a few microseconds.
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Fig. 10 Time-resolved spectra of ablation plasma at F = 10 J/cm’, Pyyygen = 200 Torr.



4. Conclusions
From the results of XRD and TEM analysis of the aluminum nitride powders, we have
obtained the following conclusions:

1) When the nitrogen pressure is lower than 60 Torr, the produced powders are A¢ or mixture
of A¢ and A’N. When the nitrogen pressure is higher than 200 Torr, the produced
powders are pure AZN.

2) At nitrogen pressure of 200 Torr, the particle sizes are less than 25 nm with the average

diameter of ~ 11 nm.

From the results of plasma diagnostics experiments under the same condition as the

nanosize powder production by laser ablation, we have obtained the following conclusions:

1) The ablation plasma expands in a spherical shape.

2) The ablation plasma consists of aluminum atoms, A¢” ions, A¢™ ions, oxygen atoms, and O"
ions.

3) The strong light emissions are seen due to A¢ II at 358.7 nm and A¢ I at 394.4 nm and 396.6
nm.

4) The intensity of the light emission increases when the ambient gas pressure is increased.

5) The light emission starts with continuous spectrum and oxygen lines, and last for about 450
ns.  The aluminum lines start at about 250 ns and last for a few microseconds.
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Ozone Formation and Diffusion after a Wire-to-Plate Streamer Discharge
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Abstract
A UV absorption technique is used to investigate the spatial and temporal
distributions of ozone after a positive streamer discharge in air at atmospheric pressure.
The discharge apparatus consists of a 45 cm long wire-to-plate configuration with an
electrode gap distance of 2.5 cm. Results show an average ozone density of about
5-10" cm™ in an area of 2 mm? just below the positive electrode after application of a
voltage pulse with an amplitude of 65 kV and a duration of 80 ns. Towards the cathode,
the ozone density decreases rapidly. The ozone diffusion coefficient ranges from below
0.3 cm®/s to about 0.6 cm’/s, indicating a spatial and temporal distribution of the gas

temperature throughout the discharge gap as well.

1. Introduction

- Ozone is increasingly used for the treatment of drinking and waste water (e.g., deodorization,
decolorization, and disinfection) and for the decomposition of aqueous hazardous organic wastes.
The advantage of the ozone treatment lies in extremely powerful oxidation without disinfectant
residues which makes it, unlike chlorine, an environmental friendly agent. Current work on ozone
production emphasizes the design and construction of more efficient systems in order to reduce costs.
Recently, positive streamer discharge systems have been investigated as an alternative to silent
discharge ozone generators since they do not require a dielectric barrier between electrodes [1-3].
Although ozone generation has been measured under the influence of various parameters such as the
electric field strength, pulse duration, electrode diameter, electrode gap distance, and gas flow rate
[4], the spatial distribution of ozone after a streamer discharge in air has not been fully understood.
The ozone distribution has been simulated only for a pure oxygen environment [5-9] since the
nitrogen in air adds significantly to the complexity of the reaction system. This paper describes
experimental measurements of ozone by UV absorption after a positive streamer discharge and
calculates the ozone diffusion coefficient.

2. Experimental Setup

The basic experimental apparatuos is shown in Figure 1. Two setups have been used. Setup (I):
The dc output of a Hamamatsu 30 W deuterium lamp L1626 is focused by a fused silica plano convex
lens. The resulting UV beam with a spectrum of 190 to 400 nm passes through a pinhole, the
discharge gap, and again through a pinhole. A Hamamatsu photomultiplier R955 detects photons
with a wavelength of 254 nm £ 0.3 nm which have been filtered out by a Minuteman 302-VM
monochromator with an exit slit width of 150 wm, a slit height of 2 ¢cm, and a dispersion of 4 nm/mm.
Setup (If): Instead of irradiating the discharge gap with a wide spectrum UV beam, this setup
produces a photon beam with a wavelength of 254 nm *+ 0.1 nm. The aperture of the UV beam source
has been reduced from 1 mm in setup (I) to 50 pm (the monochromator exit slit width) in setup (II)
without large losses in photon flux at 254 nm. Due to the smaller aperture, the UV beam collimation
is significantly improved in setup (II) when the beam is focused by a plano convex lens. A
Hamamatsu PMT R166, which is sensitive only between 160 and 320 nm, observes the UV beam. In
addition to the ozone measuring photon beam, the PMT detects streamer generated UV light as well.



The 45 cm long discharge gap consists of a 1 mm tungsten wire which is placed 25 mm above a
copper plate with a width of 6 cm. The discharge configuration does not include walls, except for the
ground plate and three 2 cm wide wire supporting dielectric frames. Thus, the generated ozone
diffuses freely into the background volume (i.e., air at atmospheric pfessure).
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Fig. 1. Basic experimental apparatus. (a) side view of setup (I) and (b) setup (II).

UV absorption of ozone has been measured with two pinhole sizes, 1.6 and 3 mm in diameter.
The right half of the discharge gap was investigated with the 3 mm UV beam. This area was divided
into sections with a grid width of 3 mm, proceeding in the horizontal direction from the centerline
(x = 0) to 15 mm and in the vertical direction from y = 2 to 23 mm (see Fig. 2a). The ground plate is
located at y = 0, and all positions are measured from the UV beam center. The pinhole positions were
calibrated by a He-Ne laser beam which passed through the pinholes prior to the UV absorption
measurements. The accuracy of the pinhole positions is within 0.3 mm. The 1.6 mm UV beam has
been used to investigate the ozone density near the wire electrode (see Fig. 2b). Positions of this
smaller UV beam are 0, £1.5, and *3 mm in horizontal direction and 20, 21.5, 23, and 24.2 mm in
vertical direction.

lungsten wire —- (gwﬁr)_ﬁr,x

Areas of ozone
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{positions of the

Areas of ozone
measarements
(positions of the

UV beam) UY beam)

ground plate ground plafe

(a) (b)

Fig. 2. Cross section of the discharge gap. Areas of ozone absorption measurements are identified
by the unfilled circles. (a) with a 3 mm pinhole configuration and (b) with 1.6 mm pinholes.

An inductive energy storage generator, shown in Figure 3a, provides a single voltage and current
pulse to the discharge gap as shown in Figure 3b. The 20 nF capacitor is charged to 20 kV, and an
output pulse, with amplitudes of 65 kV and 120 A and a duration of 80 ns, is generated after the
copper fuse, with a length of 10 cm and a diameter of 30 um, opens. The pulse amplitude and
duration are highly reproducible. The voltage and current waveforms are measured by a standard
capacitive voltage divider and a Pearson Rogowski coil, respectively. A Hewlett Packard digital
oscilloscope, HP 54542A, with a maximum bandwidth of 500 MHz and a maximum sample rate of
2 GSa/s, records the signals. The photocurrent is detected via the potential drop across a 167 kQ2
resistor at the scope (i.e., 200 kQ in parallel with the 1 M€ scope input impedance). The temporal
resolution of the PMT signal is a few 100 us (i.e., the 6 m long coaxial signal line with a line
capacitance of 600 pF and the 167 k€2 resistor create a low pass filter with an RC time constant of
100 ps).
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Fig.3. (a) inductive pulse generator and (b) voltage and current waveforms during a streamer
discharge.

3. Results and Discussion

3.1. Streamer Measurements

The spatial distribution of the streamer channels in the discharge gap has been investigated with
an open-shutter camera since ozone generation, which requires the dissociation of O, molecules by
electrons, originates only in the near vicinity of the streamers. The camera pictures show a
homogeneous streamer channel distribution along the wire in the z-direction, with about 8 streamer
channels per centimeter. Figure 4 shows the streamer cross section distribution in the discharge gap.
The highest streamer light intensity is seen just underneath the wire electrode. Above the wire
electrode, the streamer development is ineffective due to the weak electric field strength.

Fig. 4. Cross section of the streamer distribution at an electrode gap distance of 25 mm.

3.2. Ozone Absorption Measurements with a 3 mm UV beam

Ozone absorption measurements were taken for three time windows: 8 ms at a scope sample rate
of 1 MSa/s, 160 ms at 50 kSa/s, and 3.2 s at 2.5 kSa/s. The UV beam was blocked and the discharge
gap was vented with air for 10 minutes until 30 s prior to each streamer discharge. Since the ozone
concentration varied slightly from one streamer discharge to another, the arithmetic average of 3
measurements for each time window and position was taken. The dissociation of O, molecules by

electrons and other important reactions leading to ozone formation are described in reference [2].
The ozone density, N, is calculated by '
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where 7 and /, are the collected and incident photon intensities, o is the absorption cross section, and z
is the length of the discharge gap. This calculation assumes that the ozone density is constant
throughout the UV beam cross section. Ozone has its maximum absorption cross section of
1.15-10"" cm” at a photon wavelength of 254 nm [10). The PMT operates in the linear region; thus,
the photon intensity ratio corresponds to the photocurrent ratio. In all figures, the ozone density has
been expressed as a concentration in ppm for clarity, where 1 ppm equals to a density of 2.5-10" cm™.
Figure 5 shows the average ozone concentration underneath the wire electrode and just above the
ground plate. The collective results of about 500 ozone absorption measurements are given in Figure
6. The results include a high frequency noise signal which relates to the PMT photoelectron emission
instability (e.g., a constant photon flux produces only a constant time-averaged output current).

The highest ozone concentration of about 50 ppm is found undemeath the wire electrode at
t = 500 ps (i.e., t = 0 corresponds to the time of the streamer discharge). Near the ground plate, the
streamers generate an ozone concentration of about 3 ppm. A similar ozone density can be assumed
for the left hand side of the centerline, since the discharge gap is symmetric. The high ozone density
at the wire diffuses into the background volume in tens of milliseconds. At t =200 ms, the ozone
concentration in the discharge gap ranges from 0 to 6 ppm, which decreases further to less than 3 ppm
at 500 ms and below 1 ppm at 2 s. N

Several positions have been evaluated at different wavelengths of 210, 230, and 280 nm. The
measured signals corresponded to the ozone absorption cross section at these wavelengths, verifying
the above ozone measurements. Likewise, the cross sectional distribution of the streamers channels
(see Fig. 4) matches the initial ozone distribution shown in Figure 6a.

The ozone absorption results with setup (I) are identical to the ones with setup (II) which
indicates that the UV beam does not influence the streamer development in the discharge gap. The
decrease of ozone is mainly caused by diffusion (see Fig. 6). Thermal decomposition [11} or
photolysis of ozone [11-14] can be neglected for the time of interest due to the low intensity of the
UV beam (i.e., although both decomposition methods occur during the measurements, only a small
portion of the generated ozone is decomposed within 500 ms). The ozone concentration integrated
over the cross-sectional area decreases in time (se¢ Fig. 6), because ozone diffuses into areas outside
the discharge gap (c.g., mainly into regions above the wire electrode). The results in Figure 6a show
that the ozone density, throughout the gap, is roughly constant within the cross section of the 3 mm
UV beam except for the area near the positive wire electrode.
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Fig. 5. Average ozone concentration after a streamer discharge, measured with a 3 mm UV beam.
(a) near the wire electrode at (x = 0 mm, y = 23 mm) and (b) near the ground plate at (3 mm, 2 mm).
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Fig. 6. Average ozone concentration in ppm at (a) 0.5 ms, (b) 10 ms, and (c) 200 ms after the
streamer discharge, and detected with a UV beam with a diameter of 3 mm. Axis labels represent
distance in millimeters from the ground plate in the vertical direction and distance in millimeters from

the centerline of the discharge gap in the horizontal direction. The wire electrode is located between
y =25 mm and 26 mm.

3.3. Ozone Absorption Measurements with a 1.6 mm UV beam

The spatial resolution of the ozone absorption measurements around the wire is improved with a
smaller diameter UV beam. At (x =0 mm, y = 24.2 mm), an average ozone concentration of about
200 ppm is found in an area of 2 mm® (see Fig. 7). In this case, the UV beam with a diameter of
1.6 mm is located just underneath the wire electrode. At t=0, the PMT detects the streamer
generated UV light as well, which is shown by the “negative” ozone concentration.

The summation of the 1.6 mm UV beam absorption measurements is given in Figure 8. As
expected, the ozone distribution is roughly symmetric along the gap center, within the accuracy of the
UV beam positioning. The standard deviation of the ozone density measurements is about 5% in
most areas except for streamer boundary regions, such as at (*1.5 mm, 24.2 mm) and (+3 mm,

21.5 mm). In these locations, the initial ozone density deviates as much as 25% due to the unstable
streamer formation.
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Fig. 7. Average ozone concentration after a streamer discharge, measured with a 1.6 mm UV beam at
(0 mm, 24.2 mm).



Near the wire electrode, the 1.6 mm UV beam measures a higher initial ozone concentration than
the 3 mm beam because of the ozone density gradient within the cross section of the 3 mm beam at
t =1 ms. At position (0 mm, 20 mm), 5 mm below the wire, ozone is generated more homogeneously
over larger areas, since no difference in the ozone absorption measurements is found at this position
with the 1.6 mm and 3 mm UV beams for the first tens of milliseconds. This result corresponds well
with the cross sectional streamer channel distribution shown in Figure 4.

The measurements in Figure 8 show a shift of the ozone density maximum by about 3 mm at
t =200 ms (e.g., the maximum shifts from just underneath the wire electrode to position (0 mm,
21.5 mm)). A similar shift of roughly 10 mm has been also seen with the 3 mm UV beam setup at
t = 500 ms.

Integrating the initial ozone density over the gap cross section shows that about 30% of the ozone
is generated in an area within a radius of 5 mm around the positive electrode. Although the highest
ozone density exists in proximity to the wire, the ozone near the ground plate can not be neglected.
One third of the total ozone is produced in the lower half of the gap.

0

(c) ' (d)

Fig. 8. Average ozone concentration in ppm at (a) 1 ms, (b} 5 ms, (c¢) 20 ms, and (d) 200 ms after the
streamer discharge, as detected by a UV beam with a diameter of 1.6 mm. Axis labels represent
distance in millimeters from the ground plate in the vertical direction and distance in millimeters from
the centerline of the discharge gap in the horizontal direction.



3.4. Ozone Formation Time

The ozone formation time had been simulated by solving the rate equations [2, 15-17}, but few
supporting experimental results exists. In pure oxygen, an ozone formation time constant of about
3 us was estimated which led to a generation of about 10% of the total ozone at t = 1 ps and 60% at
t =10 us [2]. In air, ozone formation is delayed due the existence of additional processes involving
nitrogen. Simulations for air [16] showed about 10% of the ozone at t = 15 ps and 60% at t = 90 us.

The ozone formation time in air has been measured by the 3 mm UV beam at position (0 mm,
21 mm) where the streamer formation is homogeneous within the cross section of the beam. The
length of the PMT signal cable was reduced from 6 m to 1.5 m, which decreased the RC time constant
to 25 us (i.e., with a 167 kQ resistor at the scope), and the result is shown in Figure 9a. The
maximum ozone concentration at this position is approximately 35 ppm, which corresponds to an
ozone density of 8.8:10" cm™. The signal to noise ratio decreases slightly compared to previous
measurements since the RC low pass filter allows higher frequencies to pass (e.g., the high frequency
noise signal from the PMT photoelectron emission instability}), Figure 9b shows the ozone signal
with a further reduction of the RC time constant to less than 1 ps by decreasing the resistor at the
scope to 5 k£ with shortened cable. Although the signal to noise ratio decreases significantly
compared to the case in Figure 9a, the ozone formation time is clearly seen. The ozone increase is
roughly linear with time for most parts, from 10 ps (10 ppm) to about 30 ps (30 ppm). The linear
increase in ozone agrees with the simulations in air [16]. Around 60% of the total ozone is formed
after 20 ps.
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Fig. 9. Average ozone concentration in ppm at (0 mm, 21 mm), 4 mm below the wire electrode. (a)
measured with an RC time constant of 25 ps and (b) with RC < 1 ps.

3.5. Ozone Diffusion Results

Figures 6 and 8 have shown the ozone diffusion in the discharge gap. In addition, ozone diffusion
at a single position has been clearly seen with the 1.6 mm UV absorption setup near the wire
electrode, as shown in Figure 10. The ozone, which is generated near the wire, drifts into the position
of the UV beam and causes maximum ozone absorption at 11 ms after the streamer discharge at

position (1.5 mm, 24.2 mm) as shown in Figure 10a. At (3 mm, 24.2 mm), the maximum absorption
signal is further delayed (see Fig. 10b).
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Fig. 10. Temporal distribution of ozone in an area near the positive wire electrode, measured with a
UV beam 1.6 mm in diameter. (a) at (1.5 mm, 24.2 mm) and (b) at (3 mm, 24.2 mm).

3.6. Calculation of the Ozone Diffusion Coefficient

The simple diffusion of ozone into the background volume is expressed by

7 d a d a d
om_9(pn), 2 (pdn), 9 (pon @)
dt dx dx ay ay dz oz

where n is the ozone density and D is the diffusion coefficient.

~ The diffusion coefficient can be estimated by modeling the gas molecules as rigid elastic spheres
[18],
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with the effective molecular collision radius, r, the mass of the molecule, m, Boltzmann’s constant, k,
and the absolute temperature, T. The subscripts denoting the different gas components.
Since the ozone density is very small compared to the background density and Dy; = D= D,

3 kT (m1 + mz)
D= > (3b)
8(n2 )(r1 +r ) 2rmym,
3 (KT (m, + my) 30

8( D )(r] + n )2 Zerlmz
where n, and p, are the density and pressure of the background gas component, respectively.
Empirically, the diffusion coefficient varies with temperature and pressure by [18]
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The temperature dependence is slightly higher than the power of */, since the effective molecular
collision radius decreases with higher temperatures [19].
Estimates of the ozone diffusion coefficient for pure oxygen range from about 0.2 cm’/s [2] to
0.27 cm%s [17] at 760 torr and 300 K. Since the mass and effective molecular collision radius of

nitrogen are similar to those of oxygen [19], the ozone diffusion coefficient in oxygen and air should
be comparable.



The ozone diffusion coefficient in air has been calculated from equation (2). It has been assumed
that dn/dz = 0, corresponding to a homogeneous ozone generation along the wire. A grid size of
(.2 mm has been used in the x- and y-directions, with a time step of 50 us, in order to solve the two
dimensional discrete diffusion equation. The measured ozone density at t = 1 ms is utilized as the
initial ozone concentration, and the spatial and temporal ozone density profiles are calculated for a
constant diffusion coefficient. '

Figure 11 shows the calculated diffusion of ozone at several beam positions near the wire
electrode. Note that the ozone concentration is normalized, with 1 ppm corresponding to a density of
2.5-10" c¢m™ as in all previous figures. At position (0 mm, 24.2 mm), the initial diffusion coefficient
is roughly 3 times larger than the estimated one at T=300K {(see Fig. 11a). The ozone
measurements are closely simulated with D ranging from 0.6 to 0.8cm’/s for the first few
milliseconds. At (1.5 mm, 24.2 mm), an average diffusion coefficient of 0.4 cm’/s best fits the
measured ozone concentration (see Figs. 10a and 11b), compared to 0.3 cm%/s at (3 mm, 24.2 mm) as
shown in Figures 10b and 11¢. The calculated ozone density in the simulations is slightly higher than
the measured value since the ozone diffusion in the z-direction, and therefore, the ozone diffusion in
the vertical and horizontal directions outside the discharge gap has been neglected.
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Fig. 11. Simulation of the ozone diffusion coefficient, D, at several positions. (a) at (0 mm,
24.2 mm), (b) at (1.5 mm, 24.2 mm), and (c) at (3 mm, 24.2 mm). Values of D are given in [cm%s].

The high diffusion coefficient of 0.6 to 0.8 cm’/s underneath the wire electrode can be explained
by an increase of the gas temperature due to a high streamer channe! density (see Fig. 4). In other

areas of the discharge gap, the diffusion coefficient is lower since the temperature of the gas
molecules is near room temperature.



Figure 12 gives the simulated spatial ozone concentration in the gap at t = 200 ms. For these
calculations, a diffusion coefficient of D = 0.3 cm’/s has been used for all areas. It shows a distinct
shift of the density maximum along the centerline towards the ground plate, which corresponds well
with the measurements in Figure 8d. The shift is due to the discharge configuration which generates
only minor ozone concentrations above the wire. Therefore, the high ozone density in proximity to
the positive electrode diffuses faster into an area above the wire than towards the ground plate. In a
coaxial discharge geometry, for example, the maximum ozone density should be always near the wire
electrode for simulations with a constant diffusion coefficient.
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Fig. 12. Simulation of the ozone diffusion in the discharge gap with D = 0.3 cm”/s at t = 200 ms.

4. Conclusion

As expected, a positive streamer discharge generates the highest ozone density near the wire
electrode. The results show an ozone diffusion into the background volume in tens of milliseconds.
With this wire-to-plate configuration, about 30% of the total ozone is generated in an area within a
radius of 5 mm around the positive electrode, and 1, of the ozone is produced in the lower half of the
gap. Simulation of the ozone diffusion distinguished different diffusion coefficients ranging from
below 0.3 to about 0.6 cm’/s in the discharge gap because of the initial temperature distribution in the

gap.
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Energy Deposition Profiles and Unsteady Flowfields in Discharge-Pumped XeCl Laser
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A nonuniform distribution of gas temperature in a discharge-pumped excimer laser is
produced by inhomogeneous energy deposition. Shock waves and nonuniform flowfields due
to the relaxation of the heated gas can induce discharge instability and limit the repetition rate
of the laser. Gas dynamic simulations require to know the initial gas temperature profile
which is calculated in this work using a discharge model.  The numerical results show that the
temperature profile tends to be steeper at a higher xenon concentration and when the
nonuniformity in electric field becomes stronger. Furthermore, the shock waves and unsteady
flowfields are studied using two-dimensional compressible gas dynamic equations and total

variation diminishing (TVD) numerical scheme.

KEYWORDS: excimer laser, electric discharge, gas temperature profile, shock wave, unsteady

flowfield, computational fluid dynamics.

1. Introduction
In the discharge-pumped excimer lasers, a large fraction of the input energy rapidly heats
the gas.  Shock waves and density disturbances cause a deterioration of discharge uniformity,
which can induce discharge instability and limit the repetition rate of excimer lasers.

2 the wave #1 moving

Experimentally, we have observed three kinds of shock waves:
upstream and downstream, the wave #2 moving between the electrodes, and the wave #3
originating from preionization pin arrays.

An inhomogeneous energy deposition results in a nonuniform distribution of gas
temperature. The gas temperature profile, which is necessary for the numerical study of the
shock waves and flowfields in the laser cavity, is rarely reported for a dischargé;pumped XeCl

excimer laser. This work is in an effort to calculate the temperature profile using a discharge

model. Furthermore, the shock waves and unsteady flowfields in the laser cavity will be



studied numerically using computational fluid dynamics (CFD).

2. Description of Discharge Model
The discharge model consists of (1) reaction kinetics, (2) Boltzmann equation, (3) circuit

) The reaction kinetics has been simplified

equations, and (4) optical resonator equations.”*
to save the CPU time and memory space by neglecting Xe,", Xe,*, Ne;', Neo*, HCI*(A),
HCI*(B, C), HCI', H,, CI*, CI', Ch, ChL*, NeCl* and Xe,Cl*. The electron-impact rate
coefficients are obtained by solving the Boltzmann equation.  In the Boltzmann equation, we
take into account elastic collisions, excitations, superelastic collisions, ionizations, and
dissociative attachments as shown in Table 1.  The optical model and discharge circuit are
the same as those in refs. 3 and 4.-  The nonuniformity in electric field is taken into account in

this work, whereas it was not considered in refs. 3 and 4.

Table 1. Electron-heavy particle collisions in the Boltzmann equation.

Processes Processes
Elastic collisions He*+e—>He+e
Ne+e —Ne+te HCI(1) + e > HCHO0) + e
He+e —>He+te HCI(2) + e -» HCI(0) + e
Xete —>Xete HCK2) + e > HCI(1) + e
HCl+e—>HCl +e¢

Iomizations:

Excitations:
Xete—>Xe*+e
Net+e—>Ne*+e
He+e —>He*+e
HCl(0) +e > HCI(1) + e
HCI(0) + e - HCI(2) + ¢
HCK1) +e > HCI(2) + e

Superelastic collisions:
Xe*+e—>Xete

Ne*+e—>Ne+e

Xetes>Xe +2e
Xe*+e—>Xe' +2e
Ne+e—>Ne'+2e
Ne*+e >Ne'+2e

He+e—>He +2e

Dissociative attachments:
HCI(0) +e > H+ClI
HCKl)+e—>H+CI
HCK2)+e—>H+CI




We use a parallel resistor model” as shown in Fig. 1. The discharge regjon is divided
into 30 channels with a common voltage drop ¥,  The parameters in each channel are
assumed to be homogenous. Diffusions of heavy particles and electrons are negligible.  The

electric field and current density in the channel / are givenby E, =V, /d, and j, = (eon,v d)s ,

respectively, and subscript i represents the parameters in the channel i. Here, d; is the
effective gap distance of the electrodes for the channel /, ey, ., and v, are the electron charge,
electron density, and drift velocity, respectively. ~ The drift velocity v, is calculated from the
Boltzmann equation.  The effective gap distances are chosen to reproduce the electric field
distribution at the midplane of the discharge for Chang-type electrodes.? If 4;is the cross-

sectional area of the channel 7, the plasma resistance X, can be given by Rs=V, /Z J: A

Since the duration of the discharge pulse is much shorter than the thermal relaxation time of gas,
there is no depopulation and no formation of shock waves during the discharge.  The gas

temperature 7;in the channel / can be calculated using the following formula:
d (pCv];)/at:Er‘ji’ (1)

where p and Cy are the gas density and the specific heat at constant volume, respectively.

y
A

e L L1

S

Fig. 1. Schematics showing parallel resistor analogy for gas

discharges. Optical axis is perpendicular to the x-y plane.

3. Description of Fluid Model
Two-dimensional compressible gas dynamic equations have been used, which can be
written in conservation-law form as
dU JdF G
e e =
ar dx dy

0, @)

where



P pu pv

_| pu | put+p | puv _p .
U= ov |’ F = ouv |’ G = oviep |’ EJ_Y_1+p(u.+V )/2
E, (E, +p)u (E, +p)v.

Here, p, u, v, £, p, and f are the mass density, x-direction velocity, y-direction velocity, total
energy, static pressure, and time, respectively.

Equation (2) can be transformed into the generalized coordinates £ and n as:

6‘U+&F+6G:O, 3)
gt JE on

where _
U=J'U, F=J"(§F+§,6G), G=J"(nF+n,G),

‘] = E:ny _Eyn:rc’ Ex = Jyrp 77.: = _Jy.g’ gy = _'Jx-r]! ny = JxE'
Equation (3j has been solved using the Harten-Yee TVD (Total Variation Diminishing)

scheme.”

The initial temperature profile is determined from the discharge model.  The
initial velocities are zero in the present study.  The initial density p is the same as that before
the discharge. In order to describe the wave #2, we should know the ratio of the energy
density in the sheath to that in the plasma.  Different values of this ratio have been used for

numerical calculations.

4. Results and Discussions
The gas temperature profile for the Chang-type electrodes has been obtained using the
discharge model and taking into account the nonuniformity in electric field. =~ The dependence
of the temperature profile on the electric field distribution and gas mixture has been investigated.
The shock waves and flowfields have been calculated using CFD method and the temperature

profile obtained from the discharge model.

4.1. Gas temperature profiles

Figure 2 shows the gas temperature profiles at 80 ns, 90 ns, 100 ns, 115 ns, and 200 ns,
respectively.  The gas mixture is He/Ne/Xe/HCl = 31.9% / 66.9% / 1.0% / 0.2% at a total
pressure of 2942 kPa.  Chang parameter & is 0.10.  There is little change in the

temperature profiles after 115 ns.
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Fig. 2. Gas temperature profiles at different time. Gas mixture is He/Ne/Xe/HCl = 31.9% /
66.9% / 1.0% / 0.2% at total pressure of 294.2 kPa.  k ( Chang parameter® ) = 0.10,

Figure 3 shows the effects of electric field distribution on the temperature profile.  The
electric field distribution is characterized by the Chang parameter k. The larger the
parameter &, the stronger the nonuniformity in the electric field. @ The total deposition
energies in both cases are approximately the same, whereas the temperature profiles are quite
different.  As the parameter & increases, the peak temperature increases and the discharge

width decreases.
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Fig. 3. Gas temperature profiles at 200 ns for different electrodes. Gas mixture is the same

asthat in Fig. 2. k= 0.10 and 0.05 for solid and dashed curves, respectively.



From Eq. (1), we see that the rate of change in the gas temperature depends on the electric
power density which is proportional to the electron density.  With the definition of the
normalized electric field as f(x) = E{x)/ E(0), the profile of the normalized electron density

n,(x)/n,(0) could be expressed as f“(x) with o >> 1.¥  Therefore, the gas temperature

profile is sensitive to the nonuniformity in the electric field.

Figure 4 shows the effects of xenon on the temperature profile.  As the fraction of
xenon increases from 1% to 5%, the total deposition energy increases by 7%.  The peak
temperature rise increases by 43% and the discharge width decreases.  In other words, the
temperature profile tends to be steeper at a higher xenon concentration.  Furthermore, as the
fraction of xenon increases from 1% to 5%, the maximum value of the electron density
increases by 66%.  Since the peak electron density depends on the ratio of Xe to HCL,” the

increase in Xe leads to the increase in the electron density.

400 T I T
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Fig. 4. Gas temperature profiles at 200 ns for different xenon concentrations. Gas mixture
for dashed curve is the same as that in Fig. 2. Gas mixture for solid curve is He/Ne/Xe/HCl =
30.6% / 64.2% / 5.0% / 0.2% at total pressure of 294.2 kPa. £=0.10.

4.2. Shock waves and unsteady flowfields
The shock waves and flowfields in the main discharge region have been calculated using
the fluid model as described in Sec. 3.  Different gas temperature profiles have been used as

the initial conditions.  The numerical results presented below correspond to the temperature
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profile in Fig. 4 for the fraction of xenon of 5%.  The ratio of the energy density in the sheath
to that in the plasma is assumed to be 3.  The sheath thickness is assumed to be 0.1 mm.
The discharge region is transformed into a rectangular computational domain which is divided
by 404 x 204 uniform grids.  Because of symmetry, only quarter of the discharge region is
calculated.

Figures 5(a)-5(b) show the pressure contours at 15 pus and 25 s, respectively.  The
dense contours show the waves #1 and #2 which move in the x and y directions, respectively.
The propagation and interaction of these waves are readily identified.

Figure 6 shows the three-dimensional plot of the pressure at 15 ps. It is seen that the
pressure increases across the shock fronts and is highest at the intersection points of the waves
#1 and #2.

Figure 7 shows the three-dimensional plot of the density at 15 us, which is low near the

electrode surfaces and in the central discharge region due to the expansion of the heated gas.

‘5. Conclusions

The gas temperature profile in a discharge-pumped XeCl excimer laser has been calculated
using a self-consistent discharge model.  The temperature profile tends to be steeper at a
higher xenon concentration and when the nonuniformity in electric field becomes stronger.
Furthermore, the shock waves and unsteady flowfields in the main discharge region have been
numerically studied using two-dimensional compressible gas dynamic equations and TVD
“scheme.  The initial temperature profile for the gas dynamic simulations is obtained from the
discharge model.  The numerical results clearly show the propagation and interaction of the
waves #1 and 2. The gas density is low in the central discharge region and near the electrode
surfaces, which in turn causes a deterioration of discharge homogeneity and induces arc

transitions in high-repetition-rate excimer lasers.
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Fig. 6. Three-dimensional plot of pressure at 15 us. Same condition as that in Fig. 5.
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Abstract

To develop an intense soft x-ray source for the microlithography and x-ray mi-
croscope, a puffed high Z gas is imploded by a pinched plasma produced with a
plasma focus device. A photographic film, Tri-X is tried as recording medium for
the soft x-ray and successfully used. Depending on the delay time hetween the puff-
ing of the high Z gas and main discharge, the generated soft x-ray source is divided
into two categories, namely filamentary and scattered spot sources. The soft x-ray
intensity of the filamentary source is much higher than that of the scattered spot
sources. It is observed that the delay time should be adjusted to generate the fila-
mentary x-ray source in the pinched plasma and outputted from the axial direction
for the microlithography and the x-ray microscope in spite of absorption by the
X-ray emitting plasma.

1. Introduction

Soft x-ray sources with high brightness are required for many purposes such as x-ray
spectroscopy, high density lithography for the manufacture of electronic devices, x-ray
microscopy and x-ray laser pumping. Suitable soft x-ray source can be provided in the
high energy density plasma by the Z-pinch and the plasma. focus.

In the pinch plasma experiment, the soft x-ray emission comes from very small regions
known as the hot spots or micropinches when high Z materials are added to hydrogen or
deuterium which are normally employed in the Z-pinch gas filled mode.!=

The strong collapse occurs in a narrow region of the ratio of added gas to the initial
pressure of the admixture. In the gas-filled mode moreover, the soft x-ray sources gener-
ated in the pinched plasma are typically divided into three categories by their shapes.?
They are filamentary, scattered spot and mixture both of spots and filaments, in spite of
the identical experiment condition. In the previous paper, a high Z gas to génera.te the
soft x-rays was injected with a fast acting valve through the inner electrode to the pinch
tegion nnmediately before each discharge. This makes possible to decouple the initial
phase, that 1s, the current sheath formation and the final phase for pinch formation. The

soft x-ray Intensity by the plasma focus device with high Z gas puffing is more than one
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order higher than that of the gas embedded mode with additional high Z gas.®

However, it is found that there is much difference in soft x-ray intensity and the shape
of the source depending on the delay time which is interval between the opening of the
fast acting valve and high current discharge for the plasma focus.

For the microlithography and x-ray microscopy it is desired that the x-ray source of
small size is generated at a fixed location from shot to shot. It is expected that the in-
tensity of the soft x-ray in the axial direction was higher than that in the radial direction
when absorption of the soft x-ray in the pinched plasina is negligible. However, the plasima
may be optically thick in the axial direction for pinch formation phase.

In this paper, the opacity of the plasma and angular distribution of the soft x-ray
emission is examined in the axial and radial direction. A photographic film Kodak Tri-X
is examined as a recording medium for the soft x-ray. The angular distribution of the
soft x-ray emission was observed by the soft x-ray pinhole cameras with an MCP and
a photographic film, Kodak Tri-X. The pinhole cameras enabled to make a guantitative

measurement of the soft x-ray mtensity.

2. Apparatus
2.1 Plasma focus device

A Mather type plasma focus device with a squirrel cage outer electrode was employed
to produce a high energy density plasma. A cross sectional view of plasma focus device
is shown in Fig. 1. The diameters of coaxial electrodes are 50 and 100 mm, respectively.
The length of the outer- and the inner electrode were 230 and 280 mm. respectively, The
condenser bank consisted of 28 X 1.56 puF, 80 kV capacitors. The device was operated at
the bank voltage of 45 kV in this experiment.

Argon was puffed with a fast acting valve through the inner electrode immediate betore
each discharge. The hydrogen base pressure of 5.5 Torr and the argon plenum pressure

of 3 atm were employed.

2.2 Diagnostic Tools

The alignment of the diagnostic tools is shown in Fig. 1. A soft x-ray pinhole camera
with a quantitative image acquisition system has been developed for soft x-ray image
observation with time resolution. A pinhole image of the x-ray source is made on the
MCP through a pinhole and Be-Ag combination foil filter (25 g and 1 gun 1n thickness,

respectively) which prevent the visible light also emitted from the source. The spectral
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response of the MCP system is described in the previous paper.” The combination of the
filters and MCP gives a pass band between 3.7 and 7 A, which accepts Ar N-lines (~4A4).
Using the system we can evaluate a number of photons which pass through the pinhole
after taking absorption by the metal foil into account. In this experiment the system js
fixed in the radial direction.

The soft x-ray images were also recorded with two pinhole cameras, in which a photo-
graphic film, Kodak Tri-X, with a set of filters (25 pm Be and 1 jm Ag) were employed
in the axial and the radial direction. Arrangement of the pinhole camera are also shown
in Fig. 1. The Tri-X film is sensitive to the soft x-rays and used in He latm to avoid
absorption of the soft x-rays. The blackening on the Tri-X by exposure of the soft x-ray
can be restructured using an image which is simultaneously taken with a sensor of linear
sensitivity like the MCP. In order to calibrate intensity of the soft x-ray on the Tri-X film,
the image was quantitatively compared with that of the soft x-ray pinhole camera svstem
in which the MCP is installed. Relationship between the emitted photon number and the
blackening of Tri-X is shown in I'ig. 2. The soft x-ray images on the film were registered
in a computer memory in 8 bits by a scanner.

The soft x-rays were monitored with a x-ray PIN diode, which also coupled with a set

P

of filters (25 pin Be and 1 pm Ag), in the radial direction.

3. Experimental results

It was found that the soft x-ray source generated in the plasma locus discharge typically
divided into two categories which are filamentary- and spotted sources depending mainly
on the delay time between gas puffing and main discharge. When the delay time was
shorter than 6 ms, neither the filaments nor spots were observed in the pinched plasma.
When the delay time was between 6 and 7 ms, the soft x-ray sources were mostly fila-
mentary. For delay time longer than 7 ms, on the other hand a series of spot-like sources
which are aligned roughly along the electrode axis were observed. No soft x-ray sources
generated, when the gas was puffed with the valve facing the base of the electrode.

Figure 3(a) shows an example for a filamentary soft x-ray source. We processed Fig.
3(a) using the relationship between x-ray intensity and the blackening of Tri-X shown in
Fig. 2. The result is illustrated in Fig. 3(b). This is compared favorably with the image
taken with the pinhole camera in which the MCP is installed. It is therefore concluded
that Tri-X film can be used as a recording medium of the soft x-rays. Discrepancy in de-
tails of between the images come considered occuring from the difference of their spectral
response.

Typical examples of the spatial distribution of the soft x-ray sources are shown in Fig,

4. Those are taken by Tri-X film and processed by the method mentioned above and
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then displayed in contour plots. In Fig. 4(a)A, three filamentary sources are seen. Figure
4(b}A shows the example that there are more than ten scattered spots appear along the
electrode axis. The monitor signals obtained by the filtered x-ray diode show that the
emission duration are different between the filamentary- and the spot-like sources. It is
obvious that overall emission from the filamentary source is much higher than that of
spot-like sources as recognized in Figs. 4(a)A and 4(b)A. This agreed with the measure-
ment by the diode. In the end on image of the source blackening of the former is also
conspicuous than that of the latter as shown in Figs. 4(a)B and 4(b)B.

We calculated the spatial distribution of the emission intensity in the direction of the
electrode axis using the side on image shown in Figs. 4(a)A and 4(b)A. The calculation
was carried out on the assumption that the any part in the source emits the soft x-rays
and point-symmetrically. Results for the filamentary source is shown in Fig. 5(a}A. On
the other hand, the spatial distribution of the emission which is obtained from the end
on image is displayed in Fig. 5(a)B. Absorption of the emission which is to be suffered
by the plasma and neutral gases between the source and filin is shown in Fig. 5.

For the spot-like x-ray sources, distributions between the calculated and the experi-
mental results are obtained as shown in Figs. 5(b)A and 5(b)B. Figures 5(a)B and 5(b)B
are quite simulare in their intensity. This fact shows that the absorption occurs not only
in the x-ray emitting plasma, but in the puffed Ar and also in the pinched plasma which
does not emit the x-rays.

Stormberg et al ¥ made a simulation for angular distribution of the soft x-ray emission
in a pinched plasma solving the radiation transfer equation. Their results show that the
average intensity of the x-rays in radial direction is rather higher than that of the axial
direction for the resonance line Ar'®* 'P(1s2p).

Our experimental results show that absorption is remarkable. This is ascribed to ab-
sorption of the resonance line in the axial direction. Ar'®T ions are exited by the resonance
line, then reemit the soft x-rays of the same wave length isotropically.

This is considered that Ar A-lines are mainly absorbed. It is desirable that the x-ray
source has smaller size for the microlithography and x-ray toicroscope. Therefore, 1t is
concluded that the operation condition of the plasma focus device should be adjusted to
generate the filamentary x-ray source in the pinched plasma, and the x-rays should be
out-putted from the axial direction of the electrodes inspite of absorption by the x-ray

emitting plasma.
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Fig. 1 Plasma focus device and alignment of diagnostic tools.
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Fig. 2 Relationship between exposure photon number and blackening of Tri-X film.
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Fig. 3 Examples of the soft x-ray images. Soft x-ray image
(a) taken by Tri-X film, (b) restructured using the relationship

shown in Fig. 2 and (c) taken by the MCP.
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Fig. 4 Contour plots of the soft x-ray intensity corresponding
5.0 X 10° photons/mm?’ - mrad’ - 1shot per contour line , in the axial (A) and the .
radial direction(B). (a) and (b) are the filamentary soft x-ray source and the
spot-like sources, respectively.
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Fig. 5 Spatial distribution of the soft x-ray intensity of the filamentary source (a) and
scattered spot sources (b) in the axial direction, (A) calculated from the side on image,

(B) measured using the pinhole camera .
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Soft X-Ray Microscopy by a Z-Pinch Soft X-Ray Source
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Abstract

A contact type soft X-ray microscope system, in which a plasma focus device
with additional gas puff is employed, is developed. The system is examined in a
biological sample, a fine whisker grown on the dragonfly’s wing. The transcribed
pattern on the photoresist is observed with an atomic force microscope (AFM). It
is revealed that the spatial resolution of the system is sub-um when Ar K-lines
(~ 4 A) as an X-ray source and PMMA are used as the photoresist. A pattern
transcription on the photoresist with a single discharge was carried out also by using
Ne gas putt.

1 Introduction

Intense sources of soft X-rays have received considerable interest in the field such as
microlithography 12 and microscopy.>™® By use of soft X-rays, it is expected to obtain a
higher resolution in these applications.

The Z-pinch plasma generates pulsed soft X-rays of nanosecond duration. It is, there-
fore, considered that the Z-pinch is useful for the soft X-ray microscope for live and moving
specimens without blurring. Several authors have estimated the sensitivity of photoresist
for the soft X-rays.2) The photoresist for the soft X-rays is hardly obtained, and so we
inevitably employ photoresist which is prepared for the exposure by the electron beam.

In this paper, we intend to discuss feasibility of Z-pinch soft X-ray source for X-ray
microscopy of contact type. First of all, the spatial resolution of the exposure system is

studied experimentally and a biological sample is examined in the soft X-ray microscopy.

2 Experimental

To obtain a high resolution for the lithography, quasi-monochromatic soft X-rays which
mainly consists of Ar K-lines (3.944 ~ 3.985 A)7 are provided in this experiment. In
order to get a flash microscope image, soft X-rays emitted from ionized Ne were also used
to expose in a single discharge. A Mather-type plasma focus device with a squirre! cage

outer electrode was employed. The diameters of the inner and the outer electrodes were
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50 and 100 mum. The lengths of the electrodes were 280 and 230 mm, respectively. The
condenser bank consisted of 28 x 1.56 uF, 80 kV capacitors. The device was operated at
the bank voltage of 45 kV and an embedded gas pressure of 5 Torr Hp. To obtain intense
soft X-ray emission, additional argon or neon was puffed with a fast-acting valve through
the inner electrode immediately before each discharge. When the bank was operated at
45 kV, the current in the plasma column was approximately 0.8 MA at its peak.

The schematic diagram of soft X-ray exposure system is shown in Fig. 1. The soft
X-ray source in this experiment has a large ratio of the source length to the diameter, and
so a longer penumbra of the mask is produced in the parallel direction to the electrode
axis than that of the perpendicular direction. To reduce the penumbra, an aperture whose
diameter is.2 mm is mounted at 120 mm from the electrode axis. This allows almost the
same spatial resolution in the paralle! direction to the electrode axis. A Be foil, 25 um
in thickness, and a combination of Myler (4 pm) and Al (1.5 um) were used as a X-ray
extraction windows for Ar K-lines and Ne soft X-rays, respectively. In Fig. 2 transmission
curves of these filters are shown. In the experiment with Ne gas puff, taking into account
the wavelength of soft X-rays and the transmission of the filter and the air layer, it is
considered that a continuum radiation (8 ~ 106 A) may contribute to the exposure
of PMMA. If we assumed that the same numbers of photons are emitted in the most
intensive lines of Ar K-line and Ne K-line, the amount of photons included in the Ne
continuum radiation which are irradiated to the resist are estimated to be approximately
20 times that of Ar K lines. This suggests that sufficient exposure to transcribe the
contact image on the resist will be enable with a single discharge with Ne gas puff instead
of several tens of discharges with Ar gas puff as shown in experimental results.

A positive type PMMA (polymethylmethacrylate) resist (OEBR-1000, Tokyo Ohka)
was employed. This resist was orignally manufactured for the electron beam exposure.
The sensitivity of the PMMA is presented as 50 puC/cm? for the electron beam. It is,
however, known that the resists for the electron beam are also sensitive to the soft X-
rays. The sensitivity of the PMMA is estimated to be 1800 mJ/cm? for the X-ray.® The
resist was spin-coated on silicon wafer and prebaked at 170 °C for 20 minutes. The resist
was mounted at a distance of 24 cm from the electrode axis. The gap between the resist
and photomask is 30 pum. This brings ~ 0.2um as the spatial resolution. On the other
hand, the spatial resolution caused by the diffraction is estimated to be ~ 0.1um. This
means the spatial resolution is less than 0.3 um in total. To evaluate the spatial resolution
of the exposure system, a wedge-shaped photormask was used. The mask consisted of nets
of 19 wm meshes and 6 pm in thickness (G1000HS, Oken) which are made of Cu. The
wedge was formed to put 2 meshes with an inclined angle of 8.3°. The modulation transfer

function (MTF) has been commonly used as a figure of merit for describing the spatial
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resolution of optical systems. The MTF, M (v) is defined as®

T 1)
MTF = ) (1)

where v is the spatial frequency. In this equation, O(v) and I(v) stand for the magnitude
of Fourier transform of the cross-sectional shape in the mask and the etched resist.

We employed fine whiskers which grows on the dragonfly’s wing as biological samples.
The whisker is hollow and the end is as thin as the phase contrast microscope can not
recognize.

A soft X-ray pinhole camera!® with a quantitative image acquisition system was used
to observe the soft X-ray source generated in the pinched plasma. A pinhole image of
the X-ray source is made on the MCP through a pinhole and Be + Ag foil filters (25 pum
and 1pm in thickness, respectively) which prevent the visible light also emitted from the
source. The spectral response of the MCP system is described in a previous paper. V)
The combination of the filters and the MCP gives a pass band between 3.7 and 7 A,
which accepts Ar K-lines. |

The soft X-rays were monitored with an X-ray PIN diode which was coupled with a
set of filter (25 pm Be and 1 um Ag). The view field of the diode was limited only to the
plasma produced by the discharge using a collimator. The monitor allows to expose the
photoresist up to the required dose by controlling the number of the discharge.

The etched resist was observed with an atomic force microscope (AFM, Nanoscope 11,

Digital Instruments)

3 Experimental results

The feature of the Ar K-line soft X-ray sources which are recorded with the pinhole
camera are shown in Figs. 3 a) which are the soft X-ray images by a single discharge and
b) overlapped by 80 discharges, respectively. -These show that the position of the soft
X-ray source is fairly reproducible from discharge to discharge. The average intensity of
the soft X-rays at the photoresist by a single shot is 18 mJ/cm?.

A mask image observed with the AFM is shown in Fig. 4 a). The picture was taken
after development of 14 min. at 25°C. The depth made by etching was also measured
with the AFM. A 3-D display of the etched resist (Fig. 4 a)) is shown in Fig. 4 b).

The MTF which is calculated using the etched depths along scanning lines shown in
Fig. 4 b) is shown in Fig. 5. If we assume that the 60 % of the MTF is the upper limit
of the spatial frequency to form the image, we obtain 735 lp/mm, approximately. This
corresponds to the spatial resolution of 0.68 um. However, it is obvious that the image

of the wedge is recognized up to ~ 0.3 um in its width. According to the definition, the
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spatial resolution is the minimum resolvable distance between two points. Therefore, the
resolution should be ~ 0.3 um in this exposure system.

A contact image of the whisker grown on a dragonfly’s wing is demonstrated in Fig.
6 a). Soft X-ray dose exposed to form the image was 324 mJ/cm? which was achieved
by 50 discharges of our plasma focus device. Four whiskers appear in this figure. The
thicker images show that whisker are hollow. The cross-sectional view of the whisker
which is observed with a optical microscope is shown in Fig. 6 b). On the other hand,
it is obviously recognized that the diameter of the pointed end of the thinner whisker is
estimated to be less than 0.3 um. This means that the spatial resolution of the exposure
system is ~ 0.3 pm in total.

Figure 7 shows the Cu mesh pattern which is transcribed by a single discharge with
Ne gas puff. The MTF calculated from this pattern is shown in Fig. 8. If we assume
that 60 % of the MT'F is the upper limit of the spatial frequency to form the image, we
obtain ~ 3300 lp/mm. This correspond to the spatial resolution 0.15 pm.

In summary, a biological sample (a fine whisker of the dragonfly’s wing) was success-
fully observed with a submicron spatial resolution using a soft X-ray microscope in which
the X-ray was generated by a plasma focus device.
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Fig. 4 a) Contact image of two meshes inclined 8.3°. b) 3-D display of the the etched
resist, Fig. 4 a).
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Fig. 5 Modulation transfer function of the soft X-ray microscope system.
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Fig. 6 a) Contact image of the whiskers grown on the dragonfly’s wing
observed with a soft X-ray microscope.

b) Cross-sectional view of the whisker by an optical microscope.
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Fig. 7 Contact image of the Cu Mesh which is transcribed by a single discharge

with Ne gas puff.
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Fig. 8 Modulation transfer function obtained from Fig. 7.
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Stabilization of Gas-puff Z-pinch and Control of X-ray Emission
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Abstra ct

This report describes a new approach to the control of x-ray émission from z-pinch plasma
using externally applied axial magnetic field. Hard component of x-ray (due to K-shell
radiation of Ar ions) was suppressed and soft x-ray (niostly from L-shell radiation) was
intensified by the use of the axial magnetic field. Strong cofnpression due to m = 0 mode

instability was avoided, and the lifetime of the pinched plasma was extended.

|. Introduction

Hot spots of z-pinch plasmas are produced as the results of m = 0 mode instability, which
is originated from non-uniform collapse of the z-pinch column.[1] Increasing the uniformity
of the z-pinch will not always contribute to strong x-ray generation.[2] However, the uniform
and long life x-ray source will expand its range of applications.

The application of axial magnetic field to z-pinch plasma have been examined to stabilize
and sustain the plasma for the controled nuclear fusion research in the 1950’s. This technique

was used for pulsed high magnetic field generation[3} or creating a new magnetic configuration
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Fig. 1. Schematic view of the "SHOTGUN” z-pinch device.
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for plasma confinement.[4] We applied the same technique to control the x-ray radiation from
z-pinch plasma.

In Ar z-pinch the x-ray occurrs mostly in K-shell (0.3-0.4 nm) and L-shell (3-4 nm)
radiations of ions.[5] The addition of axial magnetic field will control the extent of the
maximum pinch, the temperature of the hot spots, hence the wavelength region of x-ray
emission. The same technique was examined in a Marx generator machine, and enhancement
of x-ray was observed.[6] This experiment is also intended to clarify the role of axial magnetic

field on the dynamics of the plasma and the x-ray generation.

[l. Experimental Setup

Figure 1 shows the schematic configuration of the gas-puff z-pinch dévice, "SHOTGUN".
The storage capacitance is 24 I, and the storage energy is 7.5 kJ at the charged voltage of
25 kV. The spacing of electrodes is 40 mm. Annular gas shell with the diameter of 28 mm
is formed between the electrodes using a high speed gas valve. Ar gas is used thoughout the
experiment. |

Discharge current of the plasma is measured by a Rogowskii coil placed near the cathode.
Discharge voltage is not directly measured in this experiment. A scintillation probe with Be
10 pm filter is used to detect hard x-ray from the pinched plasma (A < 1.2 nm). A vacuum
x-ray diode (XRD) with Ni photocathode is used to detect wide range of XUV to soft x-ray
(1.2 < A < 105 nm).

Axial magnetic field is produced by a pair of parallel coils placed near the electrodes.
The radius and the separation of the coils are 8.7 cm and 7.0 cm, respectively, and the coil
winding is 100. The magnetic field of 11.5 G is generated at the center of the c§i1 at the coil
current of 1 A. Figure 2 shows the radial and the axial distributions of the magnetic field
produced by the coils. The field intensities are normalized at the center of the coils. Almost
uniform magnetic field distribution is formed within the starting discharge volume (r < 1.4
cm and z < 2.0 cm).

The storage capacitance for the axial field coils is 1.6 mF, which is chargeable up to 2
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Fig. 2. Radial and axial distributions of the axial magnetic field.
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Fig. 3. Current and magnetic field of axial field coil.
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kV. The current waveform of the coils is shown in Fig. 3 at the charged voltage of 100 V.
The peak current of 31. A (the peak magnetic field of 260 G) is formed at 4.5 ms after the

start of the current. The main discharge of the plasma is adjusted to occur at the peak field.

[1l. Experimental Resuits

Figure 4(a) shows typical discharge current, x-ray and XUV signals without axial mag-
netic ﬁeld. Maximum pinch occurrs at about 1.5 us after the discharge starting. The plasma
current is about 200 kA. A dip is formed on the current signal, which shows a sudden increase
of circuit inductance due to the maximum pinch of the plasma. Pulses of x-ray and XUV
signals are observed coincident with the current dip.

When the axial magnetic field of 700 G is a.pplled (Fig. 4(b)), the dip of the current
becomes shallow and wide. The x-ray signal almost disappears. The XUV signal still exists,
and the duration of the signal becomes longer than the case without the axial field.

The dependences of x-ray and XUV on the axial magnetic field intensity was investigated.
Figure 5 shows the tiﬁle-integré,ted signals of x-ray and XUV plbtfed as a function of the
axial field. The x-ray signal rapidly decreases with the field and almost disappears above the
field of 350 G. On the other hand the XUV signal increases almost linearly with the field.
As the peak intensity of the XUV do not change much (as shown in Fig. 4), the duration of
the XUV signal increases. This increase implies that the life time of the pinched plasma is

extended by the axial magnetic field.

IV. Circuit Analysis
The change of circuit inductance can be estimated from the current signal by assuming

a simple circuit model.[7] The capacitor voltage V(t) is obtained by integrating the current
I(t).
=Vo— = / I(t (1)

where V; is the charged voltage of the capacitor. Except only the onset of discharge the
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plasma resistance is low, and it is neglected. The circuit equation is

vuy:%Lmnn+Run, ' (2)

where R is circuit resistance, and L(t) is total inductance. Thus the inductance 1s
L(t) = 7 [ (V(§) - RIW)dt. 3
) = 757 ] (V0= RI) 3)

The change of inductance AL = L{t) — Lo occurrs only in the plasma... The parameter Ly is
the initial inductance. If the plasma current flows at the surface of cylindrical plasma, the

change in the inductance AL is related to the characteristic plasma radius r,

27rAL) | n

r = rpexp (—
Hol

where [ is the length of plasma column.
The change of the inductance AL and the radius r are shown in Fig. 5 as a function of

the axial magnetic field. The inductance AL decreases with the axial field and the radius r

Increases.

V. Summary

The axial magnetic field was applied to the gas-puff z-pinch plasma for stabilization of
the plasma and for control of x-ray emission. The stabilization was not identified directly,
however, x-ray (due to K-shell radiation of Ar ions) was suppressed and XUV and soft x-ray
signal (mostly from L-shell radiation) was intensified by the axial ﬁeld; The lifetime of the
pinched plasma was extended by the axial magnetic field. Strong compression due to m =0

mode instability was avoided and the average radius of the z-pinch increased with the axial

field.
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The_influence of absorption of own radiation on the
steady state of fully ionized hydrogen Z-pinch.

Alexander Muravich, Tetsu Miyamoto, Keiichi Takasugi
§ 1. Introduction.

Recently, the interest to extremely dense Z-pinch plasma is increases relating with
fusion research. So far steady states of Z-pinches have been investigated by many
authors(-9, The steady state of an isolated Z-pinch, in which Joule heating is balances
by bremsstrahlung radiation losses, is established only at the specific current (so called,
Pease-Braginskii current)12, Thermal conduction in Z-pinch surrounding by gas was
taken into account®4). In the consideration of high temperatures it is reasonable to
assume a radiation losses only as bremsstrahlung. The absorption is negligible for a
conventional Z-pinch, however, it is not small in extremely dense Z-pinches. In this
paper the steady state of Z-pinch is reexamined taking into consideration the absorption
effect. We take the inverse bremsstrahlung as a mechanism of absorption. In§2 we
have considered absorption of own radiation in axially symmetric system, in § 3 we are
writing one-fluid MHD equations of pinch equilibrium state and in §4 we are unite
results of §2 and §3 in order to obtain stationary state of z-pinch with uniform

temperature.

§ 2. Absorption of own radiation in axially symmetric system.

If the matter is in the thermodynamic equilibrium, linear coefficient of
absorption a(7,v,n) and radiation spectral power of matter P, (7T, v,n), according to

Plank-Kirhgof low, are related as follows:

Pep(T,v,n)
Ip(v,T)

where T is temperature, v is frequency, # is density of matter and [, (v,T) is a Plank

a(T,vm=a, =

distribution function:

2h V3

c? (exp(%} -1}

I,(v,T)=

If one consider a two small volumes dV}( E Yand dV, (Z )of radiating ( and accordingly
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absorbing) plasmas, intensity of radiation with frequency v from d¥V) (r—‘; ) in the point

;2' will be

(=TT [— f av(?)di}.
4z(n —rp) .

where ?=H—(€—?{)t, 0<t<l.

Thus, radiation of given frequency that absorbed by volume 4V, (;; ) from the volume
dvy(r ) is

dPAl(;)dV2 =dl 1 (r) &, (ry )dVy =

_ BT (), n(r ) PRy (T(ry) n(ry YAV exp [‘f o (i)dij
an(ry—ry) 2 1p,(ry) o

Let us consider the full power, absorbed by the volume &V (1"2 )} in the case of cylindrical

@.1

Tl

symmetry. In this caseI'=7(r) , n=n(r). and, P, (T ,v,n)=F,(r,v). We will use
cylindrical coordinate system (R, ¢,6) with the center in the point dV(r2 ). This

coordinates are connected with usual cylindrical coordinates (r , @,z ) as:

2 2 Rsi
rz‘/R +r. +2Rr_ cosg, tan¢=—sﬂl¢—, z=Rtand .
2 2 ry + Rcos¢g
— — RZ
Rewriting equation (2.1) for the system (R, ¢,8) we have (r, —r, )2 = g and
. cos

, L
— Py (") Py, (r. )aV,dV. R .
Py, =50 PR JProle, JdVdVy [ 1 Rpe ()

; 2 - ——————dl] 2.1.a)
4R [pv(rz ) cosé 0 IPV(I)

Ax,y.z) _ R
AR.¢.0) cos2 7

If we are suppose the limit radius of system is &, then, for the given ¢ R will change

Jacobian in the coordinate system (R, ¢,8). J =

2 7 | 2 :
from O to bl(rz,q}):-\/b -7, sin grﬁ—r2 cos¢, ¢ will change from O to 27

and & from _z to +£.
2 2

In order to find full absorbed by dV'(r ) ) power, we must integrate (2.1.a) by all volume

and by all frequency range:
Py(r,)=



T

Rv( ) 2r by(ry @) cos2 [ 1 PR ) J
= deé |d dR x J P w(R (VAP
IO IPV( jﬂ' ({ ¢ g) ' 47[R "v(R. ) exp osé j ]Pv([)

2
Pry(r,) 2 7 0100 ( 1 Bpa () J
= .[0 mv {)d@ !)dgé ngxPRv(R , @) exp Bjmdl 2.2)

Equation (2.2) can not be simplified in general case, but it is possible for the case of
T'=const in all volume. If the only radiation process in plasma is a bremsstrahlung,

the spectral power of radiation from the volume unit

1
327e’n? 27z % hv
FPep(v)= I expl ——| . s0
3(4ne,) ¢'m, \3m kT kT

1
Pag (D) 327eSH? [ 2 ]Axl-e‘" 2 _hv
Ipy(l) 6(47:50)3cme Brne(kBT')“r | |

Therefore

bytry.9) 612 % _—u bty )
( f PRV(I)dIJ: 32me h ( 27 7) A Rt od eo
3m,(kgT)

o Ipv(D 6(47r£0)3cme u 0
As we will show later, in such a case the plasma density distribution expresses by

n(ry=n,(1-r*/a*)
and for this distribution we can find integral in expression (2.4) analytically

by(r, .¢9)
{ n (hdl=

3 r22 2,1 r’ 2 2 e 2 2
= —(1-5)" + (1~ sin? ¢ — cos¢) (7- 3 ~4—=—sin‘ ¢) {ny"a
a 30 a? a?

For this reason we can carry out integration by frequency range and by spatial

variables independently, and finally we obtain

JAC IR

PT)

= F(K) (2.5)
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B2 2

62 7

where K=——2™ " { 2 7] x 07 ~ 5131072 K 2) x 202
6(4me,) cm, \3m,k, 772 T A

Numerical calculation of functions :S_'(k) and F(K) shows, that with accuracy better
k% +0814k
k% +2314k +1523

than 0.5% E(k )= and for F(K) we have

K<<1 F(K) ~ 16 VK

F(1) ~ 0499,  F(45)'~ 0.90;

K>100 F(K) = 1-=
K

§ 3.Equations of equilibrium state.
The basic assumptions of the model is cylindrical symmetry, so all quantities are varies

only in the radial direction. We neglect viscosity and degeneracy effects. Equal electron
and ion temperature are assumed: 7, = 7; = T. The temperature and density in the axis

of pinch are noted accordingly as 7j and ny. The connection between current density,

temperature and electric field intensity in the case of fully ionized hydrogen plasma is
3 :

E=jT_Ea7_]logA,so

oy
J=E T72(a nlogA)t (3.1),
3
where E is the axial electric field, j is current density, 7=653Q xmx K ? is Spitzer

conductivity for the fully ionized hydrogen plasma without magnetic field, and @ isa
value, depending on electrons Hall parameter

5 %
Wee 360" (k5T)
(vei) 4 2nmee4nlogA
Parameter @ changesfrom 1.0 for £ =0 toabout1.95 for f, =,

eB

Pe=

So, full current [ within radius ? is

3
ro BT g
I(ry=2m| r j(rydr=— [ r (r)dr (3.2),
0 nlogA a
where g(r)=71(r) 1. consequently, the dependence of magnetic field on radius
3
3 % A
o
B(r)=ﬁ_@—lj rf& (ryar (3.3)
nlogA 1 a i
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Equation for the pressure balance

2,43 2 r %
Vp=(j Bl=> 2kp - (nT)=- HoE T g (’)j r& _(myar.
dr (nlogA)? o a
So, noting f(r)= n(r)lno,we can write
x /2 * /2
Fo=—l1-ap 8 1, 87 g g 3.4)
(x) 0 % 0

noting r = ax, ais a characteristic dimension of pinch

%
a=2nlogA_|2KB 1072 (3.5)
Hy  Ely

Then we can estimate S, ‘in the main part of the pinch, evaluating B(a):

B(a)~ 'H—O'z“j'—- = 1/2y0n0kBTO

2 3
3e9° (k172
Bela)= ( 3T) 2ugkpTony =~ 02 ———— |
4y 2mmee’nlog A o n
1024 m=3

so for the case of high density in the center (more than 10%* +10%m~) S, will be not
small only in the very narrow boundary layer where density # less than 107! +1072n, .
For this reason we can suppose £, small in all pinch volume, hence. @ =1 and transport.
coefficients are those for the case of weak magnetic field.

There will be four terms in the equation of the energy equilibrium in each point: current
heating, radiation, absorption of radiation and thermal conductivity.

For the thermal conductivity we have
1d dT (k BT) kg 47r£0 CT %

Fe ———[rx =2286 = =
rdr dr logA 1+ B

P=—"1|r il - ol ) - S -3 3.6.a
C 1+ 4.2 dr a® xdx|1+p,* dx (8.6:2)
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For the current heating
3/ A y

2477

md (3.6.b)
nlogA r;log A

If we suppose the main radiation mechanism in plasma is a bremsstrahlung, for

radiation losses we have

1 1/ .
3228’ 2k T ) 327" 2p\ 2. B 2 B o
Pp= 3.3 = 3 Iy np g (x)f (x)=
3(47gy) hc'm, \ 3m, 3(47eg) hem, \ 3m, _
h 2k 2 '
=BTy ny g (x)f (x) (3.6.0),

—1
B~143x10" % xm> xs 1 xK %

1 9 1
Dividing expressions for Py, Py, Prand Py by factor BTo/zng gA we can write the

equation for the energy equilibrium in each point only in terms of dimensionless
variables: coordinate x and function g (x)

PR=PC+PJ+PA =

5
FrerE T g h d {xg/ (x)dg(x)} o .
I’IO X 1+ﬂe dx no
J2I(Ky, x, g(x), f(x)), 3.7,

where

L= (K~V 2m™)

2 3
15v3 wupkp ¢ hm, (47:3()]5 _ 729 x10%
167?3 7_72 log2 A 82 10g3 A

1 107x 10°8
Bq!ogA log A

K~V 2m

1(Ky,x,g(x), f (x)) =

K 1?1—3'3/g(x)du}rd¢b'(f¢) M xp( +] x
g(x) T g i 0 0 g (X ¢x) g( :¢,X)

xQ Jf(‘)(—exp( l})dtl
Il 0 ([) (l)

Equation (3.7) was solved numerically, and it was shown that in the region of validity of
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given theory (logA>5. 7; is some 10°K), temperature distribution is very slightly

distinguished from uniform, so it is possible to use simplification of homogenious

temperature that means infinite thermal conductivity.

§ 4. Stationary state of z-pinch with infinite thermal conductivity.
For such a case g (#)=1 and it is possible to simplify system of equations (3.1)-(3.5) :

. e
J=E Ty  (n7logA) (4.1)
Icr )=”TE~T2-/-2-r2 (4.2)
nlogA
3
B(r):ﬂ/ir (4.3)
2nlogA
Flo)=1-x2 (4.4)

1
- 7 o
a=2nlogA |22B M2 4.5)
My ETo |

Full current /j can be found from the equationé (4.2) and (4.5):

; aETy 2 _BrkgrlogA _ng

nlog A iz “.
nlog Ho Ty g
Linear density N will be simply
_ , 5
N =£n0a2 _ 47k (nlogA) ( 1o ] 4.6)
Hao EoTy

For the following calculations it is more convenient to take N ,/, and «as a variables.

Expressing the rest quantities in terms of this variables we obtain:

2N
My :—2
=
2
76=&
167k N
3 _ 3
Fe 64J;kBAr;logA N/2
% [02a2
Ho

In order to obtain energy equation for the pinch unit length equation (3.7) must be
integrated by radius. Summarizing there will be only three components: current

heating, radiated power and absorbed power. For the current heating we have:
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% — %
64+ kg “nlogA N
Pi=E Iy= 2 4.7
% lya?
Mo

The full radiated power:

. % ! |
Pr={2mBTy’ 202 (r)dr =27rBTU/2a2n02 {x(1~x?)2dx =
0 ]

%4 3
7 IONA “8)
YR 2 RS
BﬂAkB/z 4
6 o -y
where B= 32”: 3 [ZMB] ~143x1079  xm3 x5~ xk 7.
34ney) he’m, \ 3m,

As was shown before, absorption in such a system is determined by the only one factor

L 1 1
327t h’ ( 27 J/Z noza_'2'°7r3e6h2 [ 2 JA N}é

1: x = x
6(47e,) cm, 3m kg T% 3(4xeo) em. \ 3m, py’ I a3

()
. 22 -1
~ 0823 x —10°M “4.9).

" () )
1072m/ \10%4

and Py=PFPp F(K|), where F(K|) is expresses by (2.5).

So. instead of the equation (3.7) we have

% % % — Y
B A
PR=PA+PJ: Ho 1 [ON (1"F(K1))=64 FTkB g T]lOgAN -
A % /2 a2 /2 [06!2

I (1—F(K1))%=8”k3 1}3”1;“ =323x10° flogA(A) = Ipg  -(4.10)
Ao

§5. Results of calculations and discussion.
Solution of (4.10) is shown in the Figure 1 as a dependence of full current on radius for

the different values of line density. As can be seen the absorption effect cause increasing
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Figurel. Dependence of the pinch full current
on radius for the different line densities.

of full current for the state of large compression of pinch. We can assume radius of a
current minimum dg;, as a characteristic dimension for absorption effect negligibility,
and for a=apn;; with a good accuracy the coefficient of absorption Kj{(apj;)=~ 12 x 1072
for all linear densities N i.e. absorption is significant if a<<app,. From the
N
1022 -1
increasing of limit current for the implosion up to radius a<100y m for N =102m",

and up to a<10g m for N =3-102m-1. For the smaller densities it is quite difficult to

1.84
caleulations dg, = 5.65 x( ) cm, so it is possible to obtain a significant

obtain a homogeneous implosion to reasonable radius.



It was obtain a very small difference between results of solution of equations (3.7) and
75
It seems to

(4.10) even for the case of small thermal conductivity parameter [
Hy

be because radiative heat transport is large in considered temperature and density

range,

8 6. Conclusions.
(1) There was obtained expression for the absorption of own radiation in cylindrical z-
pinch (2.2), (2.5). It follows that for the small absorption degree full absorbed and
radiated power are related as
()

P 16 J&; ~ 14 x —107m

P (1) a 5 1, VA

[10‘2m) (106,4)

(2) Total current is not depends simply on Coulomb logarithm (Pease-Braginskii

current), but also on radius in accordance with solution of (4.10) (fig.1).
(3) For the case of large internal absorption of radiation thermal conductivity value is

not significant because of intensive radiation transport.
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Broadband millimeter-wave radiation from a beam
driven strong turbulence
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. Abstract

High power broadband millimeter-wave radiation is emitted from an IREB-plasma
interaction system in a strong Langinuir turbulence state. In order to investigate the
radiation mechanism, radiation spectra were measured by two spectrometers covering
18 - 140 GHz. We applied the collective Compton boosting model proposed by
Benford and Weatherall to describe the radiation mechanism in our experiments.
However, the observed spectra and the parameter dependencies of the spectra differ
from the results calculated by the model quantitatively.

Introduction

A number of investigators [1]-[7] have recently studied the high power broadband elec-
tromagnetic wave radiation from an interaction system of an intense relativistic electron
beam (IREB) with an unmagnetized or weakly magnetized plasma. These studies show
that the radiation has a broadband spectrum above plasma frequency and disappears af-
ter the electron beam passes through the plasma. Also the studies indicate that when
the broadband radiation is emitted the systemn is in a strong Langmuir turbulence state in
which creation, collapse , and burnout of cavitons are repeated (8, 9]. Benford and Weather-
all proposed collective Compton boosting model {10, 11] which based on the interaction
between bunched beam electrons and caviton electric fields. Masuzaki et al. [7] demon-
strated experimentally that the radiation spectra determined by 18 - 90 GHz spectrometer
disagreed with the spectra calculated by the collective Compton boosting model. In this
paper, first, we explain an improvement of the resolution of high-frequency band by a new
spectrometer. Second, we show the spectra measured by 18 - 140 GHz spectrometer and
investigate the dependencies of the radiation spectra shapes on three parameters: bearn
current, observation direction, and plasma density. Last, we compare the obtained spectra
with the spectra obtained from the theoretical model.
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Apparatus

The setup- of the interaction system is sketched in Figure 1. Major components of the
system included a modified pulserad 110A electron beam generator, a plasma gun system,
and a drift chamber. The 110A consisted of a Marx generator, a Blumelein line, and a
diode consisting of a carbon cathode of 36 mm diameter and a titanium foil anode of 20
pm thick. The 110A produced by Physics International could generate diode voltage up to
1.4 MeV and diode current up to 27 KA with a pulse duration of 30 ns. In this experiment,
anode-cathode gap distance (A - K) was 20 mm or 30 mm. When A-K was 20 mm long,
the beam currents, I, was about 17 KA. When A-K = 30 mm, f; ~ 10 KA.

The plasma gun system was composed of a pair of rail-type plasma gun, a capacitor
bank, and a trigger set. A plasma was produced by discharging the capacitor energy to the
gun when trigger signal was entered. The plasma density became maximum at about 12 us
after the triggering and then decays as shown in Figure 2. The plasma guns were installed
opposite to each other at 100 mun downstream from the anode in the stainless steel drift
chamber of 600 mm long and 160 mm in diameter. The chamber had two observation
ports at 175 mm downstream from the anode. An electromagnetic-wave absorber, which
absorbed the power over 24 dB, was installed on the inner wall of the chamber. The
chamber was evacuated to less than the pressure 5 x10~% torr.

Vacuum 14 ‘
Pulserad Modified  Drift Chamber Gauge 10 * 0,
110A O  n, o0 A-K 20mm
) & 1013 L : B n,on A-K 30mm
Cathode : Rogowski : k< \'
—— e =T : IO | 1Y Y )17 V0N | N DO .@‘1012
. ! i 8 \\
Titanium Fol Pl3Ema Gun f 2 .
Arode : 10" ﬂJ—gﬂ —Z —E .
a
Observation| | Vacyum
Port 10
. Pump 1090 20 30 40 50 80 70 80
T T [us]
Plasma Vacuum . .
chamber  chamber Figure 2: n, and np vs. 7.

Figure 1: The experimental setup.

Net currents were measured by two Rogowski coils which were set just behind the anode
foil and 260 mm downstream from the anode, respectively. To determine the plasma

— 141 —



* density, n,, and the beam density, n;, at 175 mm, we used a microwave interferometer and
a 9-channel Faraday cup array, respectively. Figure 2 shows n, and n; versus the delay
time, 7, after gun firing. In Figure 2, closed circle indicates n, and open and closed square
indicate n, corresponding to I, ~ 17 KA and I, ~ 10 KA, respectively.

We measured millimeter-wave radiation spectra by two spectrometers. For K, Ka, and
U bands (18 - 60 GHz) a 6-channel filter-bank spectrometer was used. The filter-bank
spectrometer consisted of six branches each of which composed of a directional coupler,
a variable attenuator, a bandpass filter, and a detector. Each branch had a frequency
resolution of about 5 GHz except U band the band width of which was 20 GHz. A detector
system for E and F bands (73 - 140 GHz) included a filter block, a variable attenuator,
a Schottky detector, and a pulse amplifier as shown in Figure 3. Three filter blocks were
prepared to change the observation window for radiation. The block for 73 - 90 GHz
consisted of an E band bandpass filter and a F band waveguide. The block for 90 - 140
GHz consisted of a F band bandpass filter and a F band waveguide. The block for 117 -
140 GHz consisted of a F band bandpass filter and a G band waveguide.

FtoE
transition 6090 GHz
f 3
e Barcpass
; filter
WR-8 waveguide Spacek lab
fe=736Hz =~ F

(a) Filter block for 73 - 90 GHz

90-140GHz . - _pv_d_b_ral
f Pandpassl . 1| Variable | | Schottky | | se | | wideba:
artenna ——7 ] fitter ! leaﬂemator— detector [ amphfier 4= amplifier
WR-8 wavequide Farran /| HUGHES  Farran o
fe=73G ; Shield case oscilloscope
(b) Filter block for 90 - 140 GHz
{d) Detector block
Fto G
fom  transition %O‘Jﬂ“DGHZ _
dl dss
antenna ; i =A

WR-6 waveguide”  Farran
(c) Filter block for 117 - 140 GHz

Figure 3: The detector system for 73 - 140 GHz.

In order to measure radiation directivity, two kinds of the setup were prepared. Figures
4 and 5 show experimental setups for the radial observation and for the observation at the
end of the chamber, the axial observation, respectively. In the radial observation, a horn
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antenna was attached in the observation port. In the axial observation, a horn antenna,
which received radiation coming through a Lucite window into the air, was set outside of the
chamber. An electromagnetic wave absorbing chamber was prepared to avoid interfering of
electromagnetic waves. To avoid damage of the window by the beam electrons, a permanent
magnet was installed at 100 mm upstream from the end of the chamber.

—F
to
osciloscopes
—ad
Pit Concrete shield
NS FONNERRNNNN NN S
High frequency =
K waveguide observation system to
osciloscope

Figure 4: The set up for the radial observation.

to spectrometer Lucite window

Vacuum
Pump

EMW absorbing case

Figure 5: The set up for the axial observation.
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Experimental Results

Figure 6 shows (a} the dependence of the ratio of n, to n, and (b) the total power density
on 7 when the beam current was changed. The total power density means the amount of
the power obtained at each band for the unit effective area of the antenna.

10 i i T
P | @ L,=17KaA (2)

T O L=10xa 8 '
£ oaf o
o ] A o
c ® 8
0.001

10 20 30 40 50 60

0
< 0 | é (b)
§ 100 ,
2 10
g

[e]
1 SELE
Q
8100m é e
£ 10m
e 1mt
0 10 20 30 40 50 60

* [us)

Figure 6: (a) Beam plasma density ratio and (b) total power density vs. 7.

The spectrum measurements were made for each of the three parameters: the beam
current, the directivity, and the plasma density.

Beam current Obtained spectra for the cases of f; = 10 KA and [, = 17 KA are shown
in Figures 7 (a) and (b), respectively. The observation direction was radial. An optimum
T was opted for each of the beam current since ny/n, might affect the radiation power,
and it was 30 us for the case of I, = 10 KA and 20 us for the case of I, = 17 KA. The
horizontal axis is the frequency normalized by the plasma frequency, w,. The vertical axis
is the radiation power for a unit frequency interval divided by the effective area of the
antenna. Each of the plot points shows the power averaged over the bandwidth of each
filter. In these spectra the shapes in low frequency region are flat and the powers are high,
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while in high frequency region the spectra decay steeply. The power for the case of [, =
10 KA is lower approximately one order than that for the case of I, = 17 KA.

-
=

& 1k a

§ 100 (@) g, 100 (o)
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] 1 .—. Q 1 _':

= 100m 2100m r—'
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5 o T— g o :

a . -—

5 100n S 100n . t

fi4 10"0.5 3 e 0 & 10n0'5 1 - >0 5 0

Normalized frequency w_, /wg Normalized frequency o, /op

Figure 7: The dependence of the beam current: .(a) I, =10KA, (b) I, = 17 KA.

Directivity  Ior the estimation of the directivity, the power spectra were measured
axially and radially. Comparison of the observed power spectra in each direction requires
that both radiation sources should be in the same region around z = 175 mm. We measured
the total power radially at three points: z = 175 mm, 2z = 255 mm, and z = 305 mm to
know whether the total power depends on z or not, because the plasma was long along
the beam propagation axis and had a density gradient. The results indicated that the
radiation power at the observation point at 175 mm downstream from the anode was
highest compared with the others at 7 = 30 pus. The directivity of the radiation under the
condition in which the beam current equals 10 KA and 7 equals 30 ps is shown in Figure 8.
The spectrum observed axially differs slightly from that observed radially in low frequency
region. It does not have flat part. The radiation power observed axially is 0 - 10 dB larger
than that radially.

Plasma density Figures 9 (a), (b), and (c) are the spectra when the plasma density
was changed. In order to change the plasma density, T was varied in 10 us increment from
20 ps to 40 ps. At this time, the beam current was 30 KA and the radiation was observed
axially. In this experiment, we could not fix the ratio of n; to n, because ny could not
be changed at a certain n, arbitrarily. But the radiation power seems to decrease as the
plasma density decreases.
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Figure 8: The dependence of the observation direction: (a) radially, (b) axially.
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Discussions

Parameter dependence Let us compare the parameter dependencies of the obtained
spectrum with the dependencies of the calculated spectrum using the collective Compton
boosting model. The model takes into account the following things:

1. The radiation is originated from acceleration of bearn electrons by caviton fields.
2. The electron beamn has density fluctuation.
3. The radiation spectrum is collectively affected by this density fluctuation.

In the collective Compton boosting model [10], the equation for total radiated energy
per unit frequency per unit solid angle is
dE(w) di(w)

0 = 40 (mD*)?2m L{ugn 6(w — wp) + V[(w — wy)/vo}, (1)

where dl{w)/df? is the single-particle radiation spectrum. D is the scale length of the
caviton and is approximately 20 Ap. Here A; is the Debye length. L is the beam length
and vy is the beam velocity. The first term in the parenthesis is the plasma line emission.
The second term is the spectrum broadening due to the density fluctuation of the beam
electrons and includes nZ dependence. The magnitude of the density fluctuation is described
by a spectral density function.

df(w)/d2 depends on the angular distribution of radiation. The directivity depends
on the relative direction of the dipole moment of the caviton electric field to the beam
direction. For relativistic beam, the radiation should be relativistically beamed [11]. We
note that when the dipole moment is transverse to the direction of the beam, the single-
particle spectrum has flat part [11]. The cutoff frequency of the single-particle spectrum
is determined by v?c/mD, where v is Lorenz factor and ¢ is the light speed. The cutoff
frequency is estimated to be a few tens THz in our experiment.

In the experimental results, some tendencies of the parameter dependence of the spec-
trum appeared. The increment of /; causes the increase of the power of the radiation. This
may be explained by Equation (1), since as shown in Figure 2, the increase of I causes the
increase of ny,.

In the measurement of the directivity, the difference between the power observed axially
and that observed radially is approximately only 10 dB or less, and the spectrum observed
axially is slightly different from the spectrum observed radially in low frequency region.
According to the collective Compton boosting model, the radiation power observed axially
should be higher about 30 dB than that observed radially, while the spectrum should not
be changed in each observation direction. If the radiation is originated from the accelerated
electrons, some mechanisms which make the directivity broad must exist.
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The cutoff frequency of the observed spectra does not depend on the plasma density.
Here we define the cutoff frequency as the frequency of the 3 dB power down point in the
experiments. This tendency cannot be explained by the model, because according to the
model the spectrum should be affected by the plasma density.

The observed radiation power depends on n,. But in our experiment the power depends
on 7/, too [6]. Because we could not fix np/n, in this experiment, we cannot recognize
whether the n, variation causes the power variation or not. It can be seen from the above
results that some tendencies in the spectrum variation accompanied with the change of the
parameters are not explained with the collective Compton boosting model.

Shape of the spectrum  We calculated some spectrum shapes according to the collec-
tive Compton boosting model for some of the spectral density functions and the relative
directions of the dipole moment of the cavitons to the beam direction. The values of the
parameters in the calculation and in the experiment were approximately the same. The
calculation was done in the following manner: (1) only the frequency dependence was cal-
culated, (2) the term of the plasma line emission was neglected because the estimation of
its relative power to the power of the broadband emission was difficult and the plasma line
emission did not appear in each of the observation spectrum. Figures 10 (a) and (b) show
an experimentally obtained spectrum and an example of calculated spectrumn, respectively.
Here we assumed Gaussian as the spectral density function and the transverse crientation
of the dipole moment of the cavitons to the beam direction. The experimental and calcu-
lated spectra resemble each other in shape qualitatively, but quantitatively they are very
different. We have not yet had agreement between calculated and experimental spectra.
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Figure 10: A comparison of the experimental and calculated spectra.



Concluding Remarks

In order to investigate the radiation mechanism, we prepared a new spectrometer to
measure high frequency spectra (60 - 140 GHz) in addition to the filter bank spectrometer
covering 18 -60 GHz. Measurements of radiation spectra were made for three parameters:
the beam current, the observation direction, and the plasma density. The obtained spec-
tra and the power were compared with the theoretical model proposed by Benford and
Weatherall in dependence on each parameter and in the spectrum shape. The results show
that the Compton boosting model does not explain our experimental results well. We can-
not yet explain these disagreement and do not have a model to describe our experiment.
The development of a new model is difficult but we must do it.
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Microwave Radiation Process in an Axial
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Abstract

The cross-section of pinched electron beam was measured by an X-ray pinhole camera to
determine the electron beam density. The radiation pattern of microwave cmission is
confirmed to be TMg1 mode in the output circular waveguide. The observed radiation
frequency is in good agreement with the theoretical frequency of trapped reflecting electrons
between the real and virtual cathodes, and almost consistent with the frequency of TMp1 mode.
The maximum power emission is obscrved at the A-K gap length for which the frequency of
reflecting clectrons satisfies the dispersion relation of TMg1 mode.  The frequency of virtual

cathode oscillation, which is determined with the beam cross-section and beam current, is less

than the obscrved radiation frequency.

1 . Introduction

The virtual cathode oscillator (vircator) has been attracted as one of promising high-power
microwave sources, because of simple structure and high-power output capability.1,2) 1In
vircators the axial electric field driven by reflecting electrons between the real and virtual
cathodes or oscillation of virtual cathode itself couples with axially symmetric transverse
magnetic waveguide mode (TMgg).3) Howex;cr, there is little direct experimental observation
on these radiation mechanisms. | |

In this paper, the radiation frequency from an axially extracted vircator is compared with
theoretical frequency estimated with the experimental parameters. The frequency of reflecting
electrons is determined with the beam energy and the anode-cathode (A-K) gap length, while
the virtual cathode frequency is estimated with the beam density that is determined with the
beam cross-section on the anode and the beam current at the downstream. The dependence of

radiation frequency on cathode diameter, output waveguide diameter, and A-K gap length is
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also studicd experimentally. In section 2, theoretical microwave frequencies from vircators
are described. Experimental apparatus is described in section 3. In section 4, results and

discussion are presented. Conclusions are given in section 5.
2. Radiation Frequency from a Vircator

The dispersion relation of TMpm mode in a circular waveguide is given by
(k,0)’ =o' - w’ (1)

where @ is the cutoff frequency given by w,=x,,c/R,,  Xom is the solution of Bessel
function Jo(x)=0, c is the speed of light, £ is the wavenumber, Ry is the tadius of circular
waveguide. If & =m/R_, where R. is the cathode radius, the frequency of TMpy modes is

written as

) 7 }kom ]3 112 | ,
f_ (2R6)2+(2-75Rw c ()

In a virtual cathode device, there are two possible sources of microwave radiation; onc
from oscillating electrons between the real and virtual cathode or oscillation of virtual cathode
formed by electrons itself. The radiation frequency due to trapped electron reflecting is given
by?2)

_B L B
fo=4a 75 qiemy (GHD) | (3)

where d is the A-K gap length.
On the other hand, the oscillating frequency of the virtual cathode itself is given by the
relativistic plasma frequency as follows:

(e ]” “
P \me :

Then the virtual cathode frequency can be written in practical units as?)

J(kA/cm?) NG

f..(GHz)=4.08( By

(5)

where J is the beam current density.
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3. Experiment

Figure 1 shows a schematic of vircator diode consisting of an annular cathode with its

diameter of 2.0 - 3.5 and thickness of 1 mm and an aluminum foil anode of 15 4m in
thickness. The A-K gap length 4 was varied from 2.0 to 7.0 mm. Electron beam currents
were measured by a ns-response Rogowski coil at the upstream (1.1 cm away from the anode
in the cathode direction) and downstream (0.1 cm away from the anode in the drift space).

The diode voltage was measured by a resistive divider at the location close to the anode. The
microwave radiation traveled along a circular waveguide (radius Rw=2.25 cm and 2 m in

length) and was emitted into a free space through a conical horn. The microwave signals were

picked up by an open-end rectangular waveguide antenna (WRJI-10) at the position of 1 m
from the circular horn. This antenna could be rotated by 90°  and was swept radially to
measure radiation power and mode patterns. The microwave frequency was determined by a

long waveguide dispersive delay line (WRJ-10, cutoff frequency fc=6.55 GHz, and length L

=105.7 m). The X-rays radiated from the anode due to electron beam bombardment were
measured by an X-ray pinhole camera (Polaroid XR —7 and Polaroid film 57) to determine
electron beam cross-section on the anode. The distance between the anode and camera was 2
m, and the Py plate having the pinhole of 2 mm in a diameter and its thickness of 8 mm was
set at the middle of anode and camera. Then, the spatial resolution for X-ray measurement was

17 mm that is less than the cathode radius.

4. Results and Discussion

4.1 Microwave emission and radiation pattern
The typical time historics of diode voltage, electron beam current in the diode region

(upstream), electron beam current in the drift tube region (downstream), and microwave
emission are shown for Rc=1.5 cm and d=5 mm in Fig. 2. As seen in Fig. 2, the

microwave emission with the maximum peak power of approximately 10 MW and the pulse
duration of 15 ns appears at the diode voltage of 350 kV and beam currents of 31.8 kA at the
upstream and 12.4 KA at the downstream. The microwave frequency was found to be 11.3

GHz by the measurement of propagation time in the 105.7-m dispersive delay linec. The

— 152 —



power density profiles in the radial and azimuthal directions are shown for Re=1.5 cmandd =

5 mm in Fig. 3. As seen in Fig.3, the radially polarized microwave with a peak in the radial
direction is dominant and symmetrical to the axis, indicating the radiation pattern of TMo
mode. The total microwave power is estimated to be approximately 10 MW by integrating the
radiation pattern in Fig. 3.
4.2 Beam cross-section and beam density

The typical beam cross-section and the radial beam profile for the case of R¢=1.0 cm and d=
4.5 mm are shown in Figs. 4 (a) and (b), respectively.  An outer ring indicates the circular
waveguide, while a dark spot at the center resuits from the beam bombardment on the anode.
As seen in Fig. 4 (b), the X-ray strength is maximum at the center of axis, indicating that the
annular electron beam initially is strongly pinched and then the beam radius is 0.52 cm (F. W,
H.M.). Here, since the beam cross-section is not a perfect circle, the average beam radius
was estimated with the F.W_.H.M of radial beam profile in the six directions. The microwave
emission appeared simultaneously with the strong electron pinching45)  Then, the electron
beam density at the instant of microwave emission can be determined with the pinched-beam
radius and beam current at the downstream.

The electron beam radius, diode voltage and beam current at the downstream are shown as
function of A-K gap length in Figs. 5 for (a) RC¥1.O cm, (b) 1.25, and (c) 1.5 cm, where the
diode voltage and beam current are obtained at the instant of maximum microwave emission.
As seen in Fig. 5, both beam radius and beam current at the downstream decrease almost
linearly with the A-K gap length, but the diode voltage slightly increases with the gap length.
4.3 Microwave frequency

Figure 6 shows (a) the typical initial microwave pulse and (b) the delay pulse through the
105.7-m dispersive delay line. Since the propagation time is 437 ns in Fig. 6, the frequency
is found to be 11.1 GHz.5) The microwave pulse widths before and after propagating
through the delay line remains unchanged, so that the radiation frequency is considered to be
a single frequency. The experimental frequency and microwave power are plotted as a
function of A-K gap length for (a) Rc=1.0 cm, (b) 1.25 cm, and (c) 1.5 cmin Fig. 7 together
with the theoretical frequencies from egs. (2), (3) and (5), where a dashed line is the
frequency of reflecting electrons, a solid line is the frequency of virtual cathode osciltation,
and the chained lines are the frequency of TMpm mode. Here we assumed that the beam
radius, diode voltage, and beamn current were given by a linear equation shown by a solid line
in Fig. 5. Asseenin Fig. 7, the observed frequency is in good agreement with the frequency

of reflecting electrons and almost consistent with the frequency of TMg1 mode. However,
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the frequency of virtual cathode oscillation is less than the observed frequency except the case
of Re=1.5 cm. In Fig. 7, the relative power of microwave emission is also shown as a
function of A-K gap length. The maximum power cmission is obscrved at the A-K gap
length for which the frequency of reflecting trapped electrons is equal to the frequency of
TMp1 mode.

5. Conclusion

(1) The cross-section of pinched electron beam was measured by an X-ray pinhole camera.
Typical beam radius is approximately 0.4 - 0.9 cm less than the cathode radius and decreases
with the A-K gap length.

(2) The measurement of power density profile in the radial and azimuthal directions shows the
radiation pattern of TMp; mode.

(3) The obscrved radiation frequency is in good agreement with the theoretical frcqﬁcncy of
trapped reflecting electrons between the real and virtual cathodes, and almost consistent with
the frequency of TMp1 mode in the output circular waveguide. The frequency of virtual
cathode oscillation, which is determined with the beam cross-section and beam current at the
downstream, is less than the observed frequency except a case of cathode radius of 1.5 cm.

(4) The maximum power emission is observed at the A-K gap length for which the frequency

of reflecting electrons is equal to the frequency of TMp; mode.
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Abstract

We have studied the dynamics of fast capillary Z-discahrge to obtain
prospects for laser operation 1n shorter wavelength range. The recent results of
our studies indicate that, by preionized fast discharge, the column can implode
stably in a wide nitial pressure range of 200-1000 Pa of argon. These results
also suggest that the final plasma parameters and their spatial distributions can
be controlled in the stable implosion range.

Il we can avoid destructive magneto-hydrodynamic (MHD) instabilities over
a wide range of implosion parameters, we can make Z-scaling to shorter
wavelengths by extrapolation from that of classical (conventional) discharge
lasers. In order to oblain accurate prospects for the operation in shorter
wavelengths, the Z-scaling should be carmied out based on a proper modeling

including the Z-discharge dynamics and radiation transport.

1. Introduction

It a compact, low-cost, and energy-rich laser functioning in the X-ray region is
developed, 1ts applications would result in great progress not only in basic science but
also in industrial fields. The required pumping power for production of population
inversion approximately increases with ~L-4, where A means wavelength. Thus a large
amount of power more than scale of TW must be put into a small region less than a few
em2 1o produce a high energy density plasma; the inversion for X-ray laser. 1} Until
recently, it was considered that only a huge high-power optical laser can produce such
high power density. 23}

Recently, a new development have been made in X-ray laser research. It was reported
that a fast capillary discharge could collisionally pump 3p-3s line of Ne-like Ar (469 A),
and achieved a saturated amplification. -5 Although the wavelength is still longer than
that of 'laser-driven X-ray laser', its low-cost, compactness and high-efficiency look very
attractive for the applications. Naturally, the next stage of study is extending these
techniques to the shorter wavelength operational range.

For collisionally pumped X-ray lasers, both high temperatures of more than 100 eV and
high electron density of more than 10!? cm3 are generally required. 6:7) In the case of the

capillary discharge pumped soft X-ray laser, plasma column is contracted to obtain such
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high plasma parameters by Z pinch discharge. However the plasma parameters have, to
date, not been stably met with the requirements using conventional Z pinch. The final
plasma parameters are strongly dependent on the dynamics of the Z pinch. Thus it is
necessary, for the laser operation in shorter wavelength range, to clanfy of the discharge
dynamics including the stabilizing mechanism of the plasma column.

In order to realize the discharge-pumped laser functioning in the shorter wavelength
range, we have studied the dynamics of the fast capillary discharge with experiments and
MHD simulations. 8) Here we discuss some problems on Z-scaling to shorter wavelength
range based on the results of our recent studies.

2. Experiment and 1D-MHD simulations

The detailed results of our previous studies on the dynamics of capillary Z-discharge
plasma are shown in Ref.8. The typical experimental setup is shown in Fig.1. We have
driven capillary discharges through a uniformly preionized argon gas by a fast pulse
poWer generator LIMAY-I, which enabled direct discharge drive with complete
suppression of pre-pulse. We observed the radiation from the discharge column with
temporal and spatial resolution, using a fast streak camera and X-ray detectors. We have
also carried out 1D-MHD simulations to discuss the discharge dynamics in details. Figure
2 and 3 show the typical streak image of the discharge and the typical flow diagram of the
discharge obtained by the MHD simulation. These results indicated consistently that the
plasma column can implode stably within a pressure range of 200-1000 Pa under
preionized operations, and it has a complex internal structure including a shock wave and
current sheet. These results also suggest that the final plasma parameters satis{y the lasing
condition for collisionally pumped Ne-like Ar with a sufficient margin of stability.
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/4474’

Pressure
Gauge

Scintillation Detector
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X
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| T T weol T
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Fig.1 Typical set-up for capillary discharge experiment.
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3. Z-scaling

Shorter wavelengths can be obtained using isoelectronic sequence such as Ne-like or
Ni-like sequences of higher-Z atoms (Z-scaling). The most important issue for
collisionally pumped X-ray lasers is lo satis{ly the required parameters (density and
temperature). If the lasing condition can be maintained enough time, in principle, it s
pussible 10 obtain quasi-CW-operation. The excitation in the discharge pumping is a purc
thermal heating process, which does nol contain any anomalous enhanced pumping
factors such as superthermal electrons. Thus Z-scaling to shorter wavelengths should be
taken place by extrapolation from that of classical (conventional) discharge lasers.

At present, there is only Z-scaling using a simple analytical model. ?) As shown in table
I both quite high electron density and temperatures are required for the laser operation in
shorter wavelength region. 9)

A (A) Ne (cm-3) Te (eV)
Ne-like Ar 469 0.5-2x 1019 60-90
Ne-like Kr ~170 2-5x 1020 500-700
Ni-like Xe ~90) 2-5x 1020 300-600

{ Table | Examples of required plasma parameters
for collisionaly pumped soft X-ray lasers.)

In the capillary Z discharges, if' stable implosion without destructive magneto-
hydrodynamic (MHD) instabilities is assumed, Z-scaling to shorter wavelengths can be
made simply by increasing the discharge current. The result of this Z-scaling is shown in
Fig.4. The required currents were estimated by Bennet codition for conflinement of the
plasma column. Here, the diameter of plasma column was assumed to be ~100um. A
current of ~10 kA for Ne-like Ar (A~469 A), ~200 KA for Ne-like Kr (A~170 A) or ~200
kA for Ni-like Xe (A~90 A) is required, and they are well within the operational range of
recent pulse power generators. Bul they are only tentative vafues because the imploding
plasma column exhibits complex internal structure. Thus, Z-scaling should be done with

taking the dynamics into account,
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1000 p——r—r—rrrrmr ———rrr ——rrry .
3 . 3 Ne-like
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Fig.4 Z-scaling using simple analytical model.
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4. Discussion

In this section, from the point of view of the laser medium {or shorter wavelengths, we
consider some problems which should be taken into account in the Z-scaling. Figure 5
shows the typical time-space distribution of clectron density obtained by the MHD
simulation, which could explain well the experimental results. Our results have suggested
that it is possible 1o control the final plasma paramelers, their spatial distributions and
confinement time of the high-energy density within the stable implosion range by the
discharge parameters; radius of capillary, initial pressure of filled gas, wave form of drive
current and magnitude of peak current. ®) [t also means that the time-space distribution of
the gain region, the region satisfying lasing conditions, can be controlled by tailoring of
the implosion.

As shown in Fig.5, the difference of initial pressure caused obvious difference in the
densily profiles. We have (o consider which profile is better for the laser medium. The
available oulput energy scems to be increased with entargement of gain volume.
Howcever, 1n a relatively thick gain layer produced in the present capillary discharges, the
reabsorption of 3s-2p radiation depleting the lower laser level could be a serious problem
for achieving amplification. b [n our Z pinch, the layer implodes inward with a radial
velocity of ~1.5x107 em/s. For operation at shorter wavelengths, the implosion velocity
should be larger than this value. Thus, we can expect considerable reduction of opacity at
the line center because of Doppler shift of the line due to the fast ion traveling. On the
other hand, the ion temperature increases at the stagnation phase which results in gain
drops due to Doppler broadening of fasing lines. These effects should be quantitatively

estimated for the wavelength shortening.
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For collisional excitation, high-density plasma is required. Generally, the transport of
the radiation down the length of the medium is subject to refraction out of the gain channel
by the high transverse electron density gradient. 10-11) The refraction effect becomes more
serious in the shorter wavelength range because the transverse electron densily gradient
increases with the lasing requirements. Then, we have carried out calculations of the X-
ray transport in high density plasma 1o estimate the refraction elfect. Figure 6 shows the
calculated ray traces (469A) in a parabolic density profile of ~100xm thickness, which 1s
the satisfying lasing condition of Ne-like Ar. Almost the whole radiation refracted out of
the narrow gain channel. White, Figure 7 shows the ray traces (469A) in a double peaked
density profile of ~100um thickness. The electron density was ~2x1019%cm=3 conditions of
Ne-like Ar. As shown in Fig.5, actually the radial distribution of electron density has a
dip on the axis just before the maximum compression phase in which we can expect
population inversion. The radiation ¢an be confined and transported in the long and
narrow gain region similar to in an optical fiber cable. It may be only the sotution for the
coherent radiation transport through the long and narrow gain region 0 obtain a sufficient
amplification. ‘

For the wavelength shortening of the capillary discharge X-ray laser, there are many
unknown factors at the present stage. If an accurale Z-scaling based on proper modeling

can be taken place, we can obtain the laser operation in shorter wavelength range.
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5. Summary

The laser operation by collisional excitation depends on whether the plasma can satisly
the required plasma parameters (density and temperature). In case of the capillary
discharge, the final plasma paramelters and their distribution are strongly dependent on the
dynamics of the discharge. Thus we have siudied the dynamics of capillary discharges 10
obtain the discharge pumped soft X-ray laser functioning in the shorter wavelength range.
The results we have already obtained suggested that the plasma column was imploded a
higher energy density free from destructive hydrodynamic instabilities. In other words,
we can expect that the final plasma parameters and their spaual distributions can be
controlled in the stable implosion range.

According to Z-scaling using a simple analytical maodel, even for lasing of Ne-like Kr
or Ni-like Xe the magnitude of required currents are well within the operational range of
recent pulse power generators. However, 1o estimate the discharge condition accurately,
we need to take tnto account some lactors related with the discharge dynamics such as
spatial gain distribution, radiation trapping or the radialion transport in the plasma

column.
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(in Japanese)

“Physics of High Energy Density Plusmas Produced by Pulsed
Power"” June 1994

K. Morita, N. Noda (Ed.),
"Proceedings of 2nd International Workshop on Tritium Effects in

Plasma Facing Components at Nagoya University, Symposion Hall,
May 19-20, 1994", Aug. 1994
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K. Abe and N. Noda (Eds.),

"Research and Development of Metallic Materials for Plasma

Facing and High Heat Flux Components” Nov. 1994
(in Japanese)
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MRaksE

K. Morita (Nagoya Univ.), T. Kaneko (Okayama Univ. Science)(Eds.)
“NIFS Joint Meeting "Plasma-Divertor Interactions” and
"Fundamentals of Boundary Plasma-Wall Interactions”

January 6-7, 1995 National Institute for Fusion Science"

Mar. 1995 {in Japanese)

NIFS-PRQC-22 fEXE WE RfE
T XwHnh+ ABR
Y. Kawai,
“Report of the Meeting on Chaotic Phenomena in Plasma, 1994"
Apr. 1995 (in Japanese)

NIFS-PROC-23 K. Yatsui (Ed.),
"New Applications of Pulsed, High-Energy Density Plasmas'’;
June 1995

NIFS-PROC-24 T. Kuroda and M. Sasao (Eds.),

"Proceedings of the Symposium on Negative Ion Sources and Their
Applications, NIFS, Dec. 26-27, 1994, Aug. 1995

NIFS-PROC-25 M4 IEHE
By s R aes GRS
M. Okamoto,

"An Introduction to the Neoclassical Transport Theory”
{Lecture note), Nov. 1995 (in Japanese)

NIFS-PROC-26 Shozo Ishii (Ed),
"Physics, Diagnostics, and Application of Pulsed High Energy
Density Plasma as an Extreme State”; May 1996

NIFS-PROC-27 KFEE e RBE
TIAXTHOAF AL FORENIER TS
Y. Kawai ,

"Report of the Meeting on Chaotic Phenomena in Plasmas and
Beyond, 1995", Sep. 1996 (in Japanese)

NIFS-PROC-28 T. Mito (Ed.},
"Proceedings of the Symposium on Cryogenic Systems for Large Scale
Superconducting Applications”, Sep. 1996

NIFS-PROC-29 fiyAC L KE
R (HREe 77 Ao 1]
R 8RR REMARFRAS SWRFER MeEpsRE TR
19967 104
M. Okamoto
"Lecture Note on the Fundamentals of Fusion Plasma Physics - 1"
Graduate University for Advanced Studies; Oct. 1996 (in Japanese)



NIFS-PROC-30

NIFS-PROC-31

NIFS-PROC-32

NIFS-PROC-33

NIFS-PRCC-34

NIFS-PROC-35

NIFS-PROC-36

BREALERE BT 80 GRESRAEMART)
IR N 117 S N
Vik 8 SR HERE & B A S AT SRR
(A A B O T MR S FEEE ik o S b | IFsE s
19965F 101 9H B Hish & REif 4T
H. Kurishita and Y. Katoh (Eds.)
NIFS Workshop on Application of Micro-Indentation Technique to
Evaluation of Mechanical Properties of Fusion Materials, Oct. 9,
1996, NIFS
Nov. 1996 (in Japanese)
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19974 4

M. Okamoto

"Lecture Note on the Fundamentals of Fusion Plasma Physics - 1"

Graduate University for Advanced Studies; Apr. 1997 (in Japanese)
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Y. Kawai (Ed)

Report of the Meeting vn Chaotic Phenomena in Plasmas and
Beyond, 1996, Apr. 1997 (mainly in Japanese)

H. Sanuki,
Studies on Wave Analysis and Electric Field in Plasmas; July 1997
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19974 10H

T. Yamashina {Hokkaido University)

Plasma Facing Components, PSI and Heat/Particle Control
June 27, 1997, National Institute for Fusion Science

T Yamashina (Hokkaido University)

QOct. 1997 (in Japanese)

T. Watari,
Plasma Heating and Current Drive; Oct. 1997

T. Miyamoto and K. Takasugi (Eds.)
Production and Physics of High Energy Density Plasma; Production
and Physics of High Energy Density Plasma, Oct. 1997



