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PREFACE

The collaborative research symposium entitled "Physics, Diagnostics, and Application of
Pulsed High Energy Density Plasma as an Extreme State" was held at Nat_ional Institute for
Fusion Science, Nagoya, from 11 to 12 DecembeAr 1995. The symposium was attended by 44
peqple from univcrsiﬁes. Papers were prescﬁted on Z-Pinches, high power particle beams,
and pulsed power. A vé:iety of applications of pulsed high energy density plasmas was also
réported. These proceedings contain most of the bapers presented at the symposium.

We wish to extend our thanks to the aut_hors, participants, and National Iqstitute for

Fusion Science.

Shozo Ishii
Symposium Chairman

Tokyo Institute of Technology
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Characteristics of Magnetically Insulated Diode
in a Multi-Shot Operation

Etsuji Chishiro, Katsumi Masugata, and Kiyoshi Yatsui

Laboratory of Beam Technology, Nagaoka University of Technology
Nagaoka, Niigata 940-21

Abstract

To clarify the mechanism of the production of anode plasma in magnetically
insulated diode (MID), beam characteristics in a multi-shot operation were evaluated
experimentally. The MID was successively operated without braking the vacuum.
An ion current density (J;) of 350 A/cm? was observed at the first shot when diode gap
was 5 mm. The value decreased with increasing the number of shot, and at 7th shot J;
was decreased to be less than 150 A/cm2. After 7 shots, the surface of anode was
observed and found that it was covered with sticked matter of metallic materials such as
Zn, Al, Fe, Cu, and it seems to be produced by the ablation of the electrode of MID.
By climinating the sticked matter form the surface, J; was recovered to the initial value.
From the fact, the decrease of J; is due to that the anode is covered with the sticked
matter, which prevents the growth of anode plasma.

1. Introduction

An intense, pulsed, light-ion beam (LIB) is considered as a hopeful candidate for an
energy driver of inertial-confinement fusion.” Furthermore, it has been successfully
demonstrated to be applied for materials science.**

A magnetically insulated diode (MID) has been used to generate LIB. In the MID, a
magnetic field is applied parallel to the surface of electrodes to inhibit electron flow to the
anode. Thereby the anode has rare damage in MID, which enable the multi-shot operate
without replacing anode. However, when the MID is successively operated without braking
the vacuum, ion current density (J;) decrease with increasing number of shot.

In this study, the decrease of J; for several diode gap was measured by biased ion
collector (BIC), and effects of deterioration of ion source, backstreaming oil of vacuum

pumps and sticked matter covered on ion source were evaluated.

2, Experimental setup
Figure 1 shows the schematic of the experimental setup. The MID utilized in the



experiment was a racetrack type diode,” where flat electrodes of anode and cathode were
utilized. In the MID, an insulating magnetic field was produced by an external current
through a one-turn coil, which also acted as a cathode. In the beam extraction side of the
cathode, a brass vanes were installed. Inside the cathode, aluminum anode was placed,
which was connected to an output of pulse-power system "ETIGO-II". As an ion source, the
anode had thirteen of polyethylene-filled, 70-mm-long grooves on an active anode area.
The grooves had a width and a pitch of 3 and 6 mm, respectively, and they were oriented
parallel to magnetic field.

An inductively corrected diode voltage (V) was monitored by a capacitive divider. J;
was measured by a BIC what had four apertures. As shown in Fig.1, the measured points
were center area on the active ion source. The BIC was made from copper and was located
at 34-37 mm downstream from the anode surface. The BIC was biased at a voltage of -1.0
kV to remove accompanying electrons.

Successive operating process is as follows: First shot was operated at 90 minutes after a
start of evacuation, After the 1st shot, successive shots were done with a interval of 15
minutes. After those shots, vacuum was broken to replace the anode. The pressure in the
experiment was in the range of (1 to 2) x 10 Pa.

3. Successive operation characteristics

The decrease of J; in successive operation was evaluated under several diode gap (d)
conditions. For all d conditions, a ratio of insulating magnetic field for critical insulating
field ® was setin 1.1 ~ 1.2.

Figure 2 shows typical waveforms of 7 and J; whend is 6.5 mm. As seen in the figure,
V4 had a pre-pulse of 150 kV, with duration of 150 ns. J; rose at about 30 ns after the main
voltage pulse. Through all shots, this delay time ranged from 20 to 50 ns and it was
independent on d or number of shot. A peak value of J; was 330 A/cm? at 1st shot (Fig.2
(a)), and after 7 shots, the value decreased up to 150 A/cm? (Fig.2 (b)). Furthermore, in 1st
and 7th shot, delay times from initiation of main voltage pulse to J; -peak (¢;) were 127 and
150 ns, respectively.

Figure 3 shows dependence of J; on number of shot. Series of the successive operation
was repeated 8 ~ 11 times for each gap length. Dots and error bars indicate averages and
deviations of peak value of J;, respectively. In 1st shot, the shorter gap the larger J; was
measured, and averaged J; of 350 A/cm? was observed in d = 5 mm. These J; decreased
with increasing the number of shot, ant at 7th shot J; decreased up to ~150 A/cm?, although
the MID was operated with different d.

Figure 4 shows dependence of 77 on number of shot. As seen in the figure, ¢; tend to
increase with increasing number of shot,



4. Effect of sticked matter on ion beam generation

When MID is successively operated, sticked matter is stacked on the ion source surface.
By eliminating the matter, we examined the effect of the matter.

To analyze the composition of the matter, Si substrate was attached on the center of the
active anode and operated for 7 shots. After the shots, mass spectrum of the surface of the
sample was analyzed by an X-ray fluorescence analysis; the result of which is shown in Fig. 5.
From the figure we see that it consists of Al, Zn, Fe and Cu, which seems to be produced by
the ablation of the electrodes of the MID by the irradiation of ion beam or electron beam.

Figure 6 shows the photographs of ion source surface after 7 shots taken by scanning
clectron microscope.  As seen in the figure, the full surface of the ion source (polyethylene )
is covered with the sticked matter, and many depression are observed on it (Fig. 6 (b)).

To evaluate the effect of the sticked matter on the generation of ion beam, change of ion
current density is observed on the following procedure.

(a) Operate 6 shots. _
(b) Break a vacuum in the MID chamber and exhaust again. (non-elimination)
(¢) Operate 3 shots,
(d) Break the vacuum, eliminate the matter by wiping the surface and exhaust again.
(elimination)
(e) Operate 5 shots. ‘
(f) Switch to rotary pumps from diffusion pumps, keep the MID in low vacuum of 10 Pa
for 20 minutes and after that, exhaust again.
(g) Operate 1 shot.
Above procedure was repeated for 5 times, and obtained the statistics of the data. Figure 7
shows the experimental result. On the process (¢}, high value of J; was obtained only at the
first shot, and after the 2nd shot J; became low, and ¢; kept a long time. On the other hand,
on the process (¢), J; of 300 A/cm? is obtained at the first shot and it gradually decreased with
increasing number of shot. The value of £ becomes longer with increasing shot, too. This
characteristics is almost similar to the process (a). From the experiment, we see that the
anode is refreshed by eliminating the sticked matter from the surface.

In oily exhausting system, 0.5% of residual gas in a vacuum chamber are gcncrally
backstreaming oil molecules.” The backstreaming oil is expected to be enhanced in the
process (f) and it may affect the production of ion beam. However, on the process (g), clear
change of J; and ¢4 is not observed, which shows that backstreaming oil in the vacuum dose
not strongly affect the characteristics of ion source.

In the process (¢) we see the change of the color of the surface of polyethylene from
translucent to white, which seems to be due to the deterioration of the surface by the



irradiation of the anode plasma. However, we found that the deterioration did not contribute
to successive characteristics.

5. Discussion

In this section we try to consider why J; decreases in the successive operation. The
decrease of J; is caused by a increase of effective gap, a change of beam composition or, by a
decrease of ion source. Since the effective gap of MID is decreased by the expansion of
anode plasma and by the reduction of expansion velocity, effective gap is elongated as
compared to the previous shot. The expansion velocity seems to depend on the density,
temperature or the composition of the plasma, however it is not investigate in detail &

For the diode of which beam consists of multiple ion species, the Child-Langmuir space
charge limited current density is lower than for that of pure proton. The Child-Langmuir
current density (J; /) such as the diode 9 is given by

1)
J
J:l = !
a;+3.a, T
where Py Zpihy
Iy
&y = (@
Jsl;’

is the current density fraction of the kth ion species and, zy, my and Jj are the charge state,
mass and the current density of atomic number=k. Jj is the Child-Langmuir current density
for proton (k=1). From the equation, it is found that J sextremely decreases if heavy ion is
mixed in the ion beam.
The process of the production of anode plasma in MID is basically considered to be as
follow:!!) |
i) Leakage electrons emitted from cathode irradiate ion source.
ii) Sorbed molecules desorbe from the source surface and form gas cloud close to the
surface.,
iii) The source is charged up by the electron irradiation.!?
iv) Electric field by the charge-up causes electron avalanche in the cloud and produce an
initial anode plasma. |
v) Thermal and ionic bombardment of the source lead to additional desorption and
vaporization of source molecule adding to neutral density in the anode plasma region.
vi) Further ionization in gas phase is lead to fully developed the anode plasma.
When an ion source is covered with sticked matter, supply of hydrogen molecules from
polyethylene is reduced in process (v), which reduce the plasma density and make the average



mass of ion heavier. As a results J; is reduced by the reduction of expansion velocity of
anode plasma, increase of average mass or the reduction of plasma density, which will
contribute the #; reduction.

6. Conclusion

Successively operation characteristics were evaluated experimentally. An ion current
density (J;) of 350 A/cm? was observed at the first shot when diode gap was S mm. The
value decreased with increasing the number of shot and at 7th shotJ; decreased to be less than
150 A/em?.  After 7 shots, the surface of anode was observed and found that it is covered
with sticked matter of metallic materials such as Zn, Al, Fe, Cu, and if seems to be produced
by the ablation of the electrode of MID. By eliminating the sticked matter form the surface,
J; was recovered to the initial value.
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EFFECTS OF SPACE CHARGE CURRENT ON POWER FLOW OF
MAGNETICALLY INSULATED TRANSMISSION LINES

Kazuki HIRAOKA , Mitsuo NAKAJIMA and Kazuhiko HORIOKA
Department of Energy Sciences, Tokyo Institute of Technology Nagatsuta 4259,
Midonku Yokohama, Japan 226

ABSTRACT

We have developed a new equivalent circuit model for space charge dominated
MITLs(Magnetically Insulated Transmission Lines). MITLs under high power
operation are dominated with space charge current flowing between anode and
cathode. Conventinal equivalent circuit model does not account for space charge
effects on power flow. To discuss the power transportation through the high power
MITLs, we have modified the model. With this model, we can estimate the effects
of space charge current on the power flow efftciency, without using complicated
particle code simulations. '

1. INTRODUCTION

The Magnetically Insulated Transmission Line (MITL) is a high power vacuum
transmission line that insulate the field emitted electrons by bending their trajectories with
self magnetic field. Thus it can transport multi-terawatt electromagnetic pulse.

In the design and parametnc analysis of MITLs, the equivalent circuit modeling (Fig.1)[1]
1s widely used. Its advantage 1s that the model can describe the generator, MITL and load by
one circuit, so interaction of these components can be easily discussed.

Ra(x)

MWy Ay M\

Cx)
§ pom— G(X’I’V)g x:: § —

~AMN—T——WWN—T" AMN—T6

Rc(x) L{x)

> x
Fig.1 An Example of Equivalent Circuit Modeling of MITL

This model uses the vacuum values for the effective inductance L and the capasitance C in
spite of the presence of space charge, and the current the space charge carries is not taken into
account. However, the space charge electrons flowing in the gap considerably reduce the
effective inductance and capasitance from vacuum value. For example as shown later, we
have obtained results that the space charge electron flow carries ~50 percent of total



current. So these effects are not trivial in estimation of power transport efficiency. If we use
PIC(Particle-in-cell) simulation, we can estimate these effects. However, PIC code needs
large amount of memory and computer time, so the survey for optimization of the power
transport efficiency over a wide range of parameter is very difficult.

We have developed a new equivalent circuit model including space charge current and
effective L and C by using one-dimensional laminar flow approximation(Fig.2 ) for coaxial
structure.

Anode
i Ar
e Space Charge Layer
Cathode
Anode
- Cathode
e
.
-
=
Cathode _ _
Fig.2 Schematic of Laminar Flow Modeling Fig.3 Cross section of cylindrical MITL

2. DEVELOPMENT OF THE MODEL

In our modeling, as shown schematically in Fig4, once magnetic insulation is
established(I>1), the equivalent circuit is replaced by modified circuit that has space charge

current path. Here, I_ is the critical current which makes emitted electrons’ trajectories just

tangent at the anode. We assumed that if the total current is below this value, electrons
emitted at the cathode run into the anode; space charge limited current flows across the
vacuum gap and the insulation is not achieved. This 1s the reason why the conductuance G is
present in our model.

To determine I, L, M and C analytically, we use laminer flow theory of space charge flow
(Relativistic Bnllomn Flow model[2]). It assumes that electrons move in straight trajectories
normal to the electric and magnetic field and parallel to the axis. In this theory, solutions for
potential, charge desity distribution, and fraction of the current camed by the space charge are
obtained self-consistently as follows,



In (;‘-’-) Y:—n_ 1
c (1)
|
[, =—
b T Y (2)
with
eVin
Yom™ 1+ >
1= m"ec 2T _ 8500(4)
o€ ) 4

Here [ is the total (anode) current, V 3 1s the anode potential, V,, is the potential at the edge

of the electron sheath, and y,,, is the ratio of total (anode) current I and conduction (boundary)

current I, on the cathode. The distributing profile of space charge flow is assumed as,

I r
ir) = —cosh (I » lna)

alm

&)

where r is coodinate of radial direction in the cylindrical MITL, r_ and r, is radius of the

cathode and anode(Fig.3), i(r) represents the current enclosed with the cylinder of radius r.
The outer radius of space charge layer is expressed as

Yo = Ym IczYm

rb:exp ll‘l?‘a-— > [
Y —1

(6)

With these functions, effective inductance L, L, and mutual inductance M can be
calculated analytically as follows.

!
=Byl
231: c (7)
wol  r, 1 (Tin-1, pl iH-1I,
[=ECpple, L B d
o 2n n’"b+lsfr I, 2nr r 4
‘ (8)
o,
M:'u—ollnﬁ'-+ -1y ‘uoldr
2n s . I, 2nr
¢ 9

where, | is the space charge current: I, =1 - I = (1-1/y )], and ! is the length of one unit
of the equivalent circuit. '



The calculation of C, and C_ depends on some assumptions. At first, we must derive

theexpression for capasitance dC at radius r and gap distance dr,

2neylr
ar (10

If the currents flowing in the next unit are primed, the current flowing this capasitance is i1(r)-
1'(r). Using this current and an assumption that the shape of the pulse is square, the voltage
between the edge of electron sheath and the cathode surface 1s

v, = fb %f: (i(r) - i'(r))d:

dC =

, (1D
g[, %(i(r)—ir(r))r
‘ | (12)
N R R Y N
_[, e ¥ (z(r) ~1i (r))T dr
‘ (13)

For simplicity, we assume that the ratio i(r) and Ib is nearly equals that of i'(r) and I', and C,

1§ calculated from the next eq.

Vv b
CL 7 _Ym ) ] el Fz(r)cl’r/[;J
¢ b~ 1h e . ’ . (14)
The capasitance of the vacuum region is obtained by :

2ne,l

C =
a ra

In —

s (15)

The resistance R is electrode resistance when skin depth is about 105 m
The conductance G of space charge limited current is usually the product of four
functions(16). They are a space-charge-limited Langmuir-Child conductance Ggy which

depends on voltage and geometry(17), an electric field dependent function f accounting for
emission turn-on, a smooth function of current f, which is 1 for zero current and drops to 0
when [ 21, and correction function f5 for relativistic effects. Generaly to say, the choice of

these functions f is arbitrary. In this report, we chose f}, f5 = 1 for simplicity.

G=Gahhh | (16)

- 8 80 Ie 2eV
- (r .- r)’ m (17)



When the solutions for y_ of equation (1) are not existing, we regard as the magnetic

msulation is not achieved and the mimmum value (for V) of right side of equation (1) is
chosen for I ..

Rec {x) L(x)

l<lc

Ra {x)

M (x,l,v)-—--Ca(x,I,V)
ELs(x,i,V) = Cc(x,1,V) IE

Rc(x) Le{x) M(x,1,V)

I>le

o X

le : eritical current

Fig. 4 Modified Equivglent Circuit

3. RESULTS

Typical results of the simulations are shown 1n Fig.5~Fig.7. In Fig.5, the calculations of
conventional equivalent circuit and a new equivalent circuit including space charge effects are
compared under matching-ioad-condition. As shown in Fig.5, the effective impedance (V/I)
is reduced to 78% by taking account of space charge current . The power reflection due 1o
impedance mismatch can also be observed. Fig.6, 7 are comparisons of simulation results
between the equivalent circuit calculation and the PIC simulation. Because the calculations
.of PIC[4] are positive polarity (the cathode is outer electrode, and anode is inner), they are not
strict companson, but qualitative charactenistics are fairly expressed with our model.

4. CONCLUDING REMARKS

We have developed a new equivalent circuit model of MITLs which includes space charge
effects. Results obtained with this model are compared to those by conventional equivalent
circuit model and PIC simulations. The qualitative agreement between the simplified
calculation and the results of PIC simulation is fairly good. The CPU time for the calculations
is only a few minutes by an average personal computer (Power Macintosh).
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Time-evolution of IREB energy and angular distribution due to strong
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Abstract

A plasma becomes a strong turbulence state when an intense relativistic electron beam
(IREB) is injected into it. In order to study this strong Langmuir turbulence statc, we measured
the beam properties after passing the plasma. The energy and angular spreads of the IREB were
measured by a magnetic cnergy analyzer and an angle analyzer, respectively. The theory of
transit-time interactions was appliced to analyze the observed encrgy and angular spreads and to
estimate the turbulent field strengths. These results were in good agreement with the spectro-
scopic measurcment.

The broadband microwave radiation was also observed simultancously with the angular
spread measurement. We found correlation between the radiation and the angular spread of the

IREB. The wider the angular spread, the stronger the microwave radiation.

Introduction
Recently, the beam-driven strong Langmuir turbulence has attracted much attention theo-
retically, computationally'® and experimentally.>% In the strong Langmuir turbulence state,
generation, collapse and burnout of cavitons arc repeated by the nucleation process.!®'® Here a
caviton is a density cavity in which high intensity oscillating electrostatic ficlds arc trapped. In
our recent cxperiments, spectroscopic measurcments of high intensity oscillating electrostatic
fields in cavitons and measurements of high power broadband microwave radiation were carried
out in the same experimental setup.'' For understanding the strong Langmuir turbulence
statc, investigation of the beam properties after passing the plasma is also important . So the
encrgy distribution and the angular spread of the IREB were measured by means of a magnetic
encrgy analyzer and an angle analyzer, respectively. The measured energy distribution and an-
gular spread of the IREB were analyzed using the theory of transit-time interactions.®® The
results of the analysis shows the presence of localized intense electric fields, and this fact is in

good agreement with the spectroscopic measurements.
High powecr broadband microwave radiation was measured simultaneously with the angu-
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Fig. 1. The experimental setup.
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lar spread measurement. The radiation was observed only during the IREB pulse as had been
observed in the previous cxperiment. This fact shows that the radiation source was the beam
electrons. Therc was corrclation between the angular spread of the IREB and the microwave

radiation.

Experimental setup

Figure 1 shows the experimental setup. Pulserad 110A produced by Physics International
was used to produce an [REB. A diode consisted of a carbon cathode of 3.6 cm in diameter and
a titunium foil anode of 20 um thick. The IREB (3 cm in diameter, 1.4 MeV, 10 kA, and 30 nsec)
was injected into a carbon plasma. The drift chamber, made of stainless-steel, 60 cm long and 16
cm in diameter, was filled with 20 mTorr He gas for the spectroscopic measurement. The back-
ground pressurc was around 5 x 10 Torr. The carbon plasma was generated by two sets of rail
type plasma guns sct opposite to cach other at 10 cm downstream of the anode foil. The plasma
density was measurcd by a triple probe and a microwavce interferometer at 17.5 cm downstream
the anode. Figure 2 shows the plasma density as a function of the delay time 7 of the IREB
injection after the firing time of the guns. The plasma density was varied from the order of 10!
to the order of 10" cc? by changing 7. The clectron temperature without the IREB injection was
measured by the triple probe, and it was 6 - 9 ¢V. When the IREB was injected into the plasma,
the clectron temperature, T, was cstimated from the spectroscopic measurement of the intensity
ratio of Hel 492.19 nm linc (singlct) to Hel 471.31 nm line (triplet) by comparing the experi-

mental results with the newly devcloped collisional radiative model.*” Figure 3 shows T, as a
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Fig. 4. The electric fields. Fig. 5. The angle analyzer.

function of 7. The intensity of the high frequency turbulent electric fields was obtained using the
Stark shift measurement. The Hel 501.57 nm line (3'P,-2'S )} shifts to the blue side by high
frequency electric fields. Figure 4 shows the clectric field strength £, measured by the Stark
shift.

The cnergy distribution of the IREB waus measured by a magnctic cnergy analyzer at the
end of the drift chamber. The magnetic field of 0.053 T was applied, and the observable energy
ranges was 90 keV - 1.54 McV. The width of the inlet slit was 0.1 cm. The detector was a 22
channel Faraday cup array. Each Faraday cup was made of brass and its outer diameter was (.6
cm. The distance betwecn neighboring cups was 1 cm. The energy resolution was 40 keV.
Usually 6 - 10 channels out of 22 channels were used. Output of each Faraday cup was led to
cach input terminal of 1 GSu/s digitizing oscilloscopes (Hewlett-Packard HP54510A) via a 50
Q termination. The time resolution of the analyzer was a few nsec.

The angular distribution was measured by an angle analyzer. Figure 5 shows the angle

analyzer. It consisted of a Faraday cup of (.6 cm in outer diameter (a) and three disks (b) of 0.2



cm thick which were made of brass and sct coaxially. Two Mylar sheets of 125 um thick (¢) and
a 100 um thick copper foil (d) for grounding were inserted between neighboring collectors. The
copper foils were directly connected to the ground. The beam electrons passing through an
aperture 0.14 cm in diameter (¢) were collected by these collectors. These collectors are insu-
lated from the plasma by a 10 pm thick Ti-foil (f). The center Faraday cup covered the sinusoi-
dal range of the scattering anglc 0 - 0.1, and three disks covered 0.1-0.2,0.2- 0.3, and 0.3 - (1.4,
respectively. The angle analyzer was placed in the axis at the end of the chamber. Output of each
Faraday cup was lcd to cach input terminal of 1 GSa/s digitizing oscilloscopes (Hewlett-
Packard HP54510A) via a 50 € termination. The time-cvolved expected valuce of the sine of the
scattering angle was calculated from these output signals.

The high power broadband microwave radiation was measured at 17.5 cm downstream of
the anodc by a 5 channels microwave spectrometer of filter-bank type. A K-band and a Ka-band
horn antennae were sct facing each other at the observation ports for radial obscrvation. The
reccived microwaves were distributed into each channel (18.0-22.2 GHz, 22.2 - 26.5 GHz, 26.5
- 31.5 GHz, 30.7 - 35.7 GHz, and 35.5 - 40.0 GHz) by directionai-couplers, and passed through
the band-pass filters. The signal of cach channel was detected by a crystal detector.

Experimental Results
Figure 6 shows typical time-evolution of energy distributions in one shot. Time interval
of each spectra was 5 nsec. In this case 6 channels out of 22 channels were used. The data in Fig.
6 a) were obtained for the casc of the IREB injection into 20 mTorr He gas only. These energy

distributions show that the rise timc of the IREB is about 10 nsec. The energy distributions are
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the same form and are Gaussian during 15 - 30 nscc in the beam pulse. The FWHM averaged
over 15 - 30 nsec is 58 keV. The data in Fig. 6 b) were obtained for the case = = 80 psec. The
plasma density n_was 1.6 x 10" cc™’. During 15 - 30 nscc in the beam pulse, the energy distribu-
tions show Gaussian spectra too, and have the wider spread than Fig. 6 a). The FWHM averaged
over these duration is 160 keV, where the initial spread 58 keV is took into account.

We simultaneously mcasured the angular spread of the IREB and the high power broad-
band microwave radiation. Figure7 a) shows the signals of the angle analyzcer measured for the
casc of injection of the IREB into 20 mTorr He gas only, and Fig. 7 ¢} shows the signals for the
casc of injection of the IREB into the plasma with the density 1.6 x 10"2¢cc™. The time-cvolved
expected valucs of sinc obtained from signals in Fig. 7 a) and c), respectively, are given in Fig.

7 b) and d), respectively. For the case of He gas only, the expected value of the sine of the



scattering angles does not vary much during the IREB pulse (30 nsec) as shown in Fig. 7b). The

avcragcd. expected values of the sine of the scattering angles is 0.09. For the case of the plasma,

the averaged value is 0.12. We can see that the angular spread is larger due to the beam-plasma

interaction.
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In Fig. 8 a) the averaged FWHM of the energy distribution is shown as a function of 7. The

averaged expected value of the sinc of the scattering angles is also shown as a function of zin

Fig. 8 b). The total power of microwave radiation is calculated from signals of 5 channels micro-

wave spectrometer, and shown in Fig. 8 c) as also a function of 7.

Discussion

The encrgy spread is caused by scattering of beam clectrons in energy and in angle during

interaction with cavitons. We applied the theory of multidimensional transit-time interactions®®



to calculate the scattering. We calculate the electron trajectory during a single transit on a
caviton. The caviton is assumed to be described by a dipole potential of the form,"

@(r,t): @nl(r°u)cos((U.I+¢),(]z+r2)

where @, is constant, / the characteristic length scale of the caviton, r the distance from the
center, ¢ a phase factor, and w the plasma frequency. And u is an unit vector along the dipole
direction which is assumed to coincide with the direction of the IREB propagation. The electric

field is given as

_E(r,t):—gradfb(r,t)

= EO( [ 4+r*—2x% - 2xy,-2xz )(12+r2)-2cos( w - z+¢)
An clectron with velocity v gains an cncfgy
U(v.¢)=-efdar-E(r1)
A Born approximation is introduced, and we get the first-order gain in cnergy givcn.as
U“)( v, )=—¢Re [(E,)kc“"]

where the subscript & denotes the Fourier component having wavenumber & = @ /v, and the
direction of the beam propagation is taken as the x-direction. This first-order energy gain be-

comes zero when phase-averaged but dominates the electron scattering in energy. And
2
Auz=fd¢[u“’(v,¢)} (1)

gives measure of the energy spread per single transit. The second order gain in energy is given
by

2

L(v):zy—%’—'ﬁ[ k] (£),

+ Yl{' (E-")k

gl (E Aol E)]

where y is the Lorentz factor of the IREB, and m is electron-mass. The second term of eq. (2)
gives the phasc-averaged perpendicular scattering Sv/v,,
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which corresponds to the expected value of the sine of the scattering angles measured by angle
analyzer. '

As the parameter ranges in the experiment werc 10-60¢Vin T, 25 - 180 kV/cminE,, 40
-160keV in AU, and 0.09 - 0.17 in dv/v,, the parameter ranges needed for calculation of AU and
dv/v, are chosen as 0 - 430 ¢V in T_and 0 - 150 kV/cm in E,, respectively, for each plasma
density. Figure 9 shows AU and dv/v, for the plasma density n,= 1.6 x 10'2cc. In this case, the
experimental values of T_and £_are 58 eV and 54 kV/cm, respectively. These parameters give
the AU = 60 keV and dv/v, = 0.025. The experimental results arc AU = 160 keV and dv/v, = 0.10.
The experimental values of AU and 6v/v, are wider than the calculation. These differences may
be caused by the assumption that the dipole axes of all cavitons are aligned on the IREB dircc-
tion. Besides, we neglect the beam energy loss associated with the gencration of the cavitons.
However, these results suggest the cxistence of strong turbulent fields of at least 26 kV/cm. The
same tendency is obtained for the other plasma densities.

From Fig. 8 we can sce that the dependence on  of the microwave radiation is almost the
same as these of the energy and angular spreads. The wider the energy and angular spreads, the
stronger the total power of the microwave radiation. Yoshikawa et al. found that the microwave
radiation was not necessarily observed when the turbulent field strength was high.' Comparing
Figures 4 and 8, we can say that the turbulent field is necded for the microwave radiation and the:
scattering of the IREB. Howcver, the radiation and the IREB scattering are not necessarily
obscerved when the plasma was in a strong Langmuir turbulence state. It is one of the conditions
for the microwave radiation and the IREB scattering for the plasma to be strong Langmuir

turbulence state.

Conclusions

We measurc the cnergy distribution and angular spread of the beam clectrons in order to
investigate the beam-driven strong Langmuir turbulence state. The theory of transit-time inter-
actions was applicd to analyze the mcasured cnergy and angular spreads. The high frequency
electric fields obtained were compared with those obtained from the spectroscopic measure-
ments. The results of analysis suggest the existence of strong turbulent field. However, the
measured cnergy and angular spreads are wider than the calculations which uses the clectron
temperature and the turbulent ficlds obtaincd from the spectroscopic measurcments. If the effect
of varicty of the dircction of the dipole axcs and the beam energy loss associated with the gen-
cration of the cavitons could be taken into account, the more accurate calculation would become
possible.
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The microwave radiation is observed simultaneously with the angular spread measure-
ment. The microwave radiation has the same dependence on the plasma density as the energy
and the angular spreads. The wider the energy and angular spreads, the stronger the total power
of the microwave radiation.

Part of this work was supported by Grant-in-Aid for Scientific Rescarch from the Ministry

of Education, Science and Culture.

References
1) P. A. Robinson and D. L. Newman: Phys. Fluids B1 (1989) 2319.
2) P. A. Robinson and D. L. Newman: Phys. Fluids B2 (1990) 3120.
3) G. C. A. M. Janssen, J. H. M. Bonnie, E. H. A. Granneman, V. [. Krementsov, and H. J.
Hopman: Phys. Fluids 27 (1984) 726.
4) G. C. A. M. Janssen, E. H. A. Granneman, V. I. Krementsov, and H. J._Hopman: Phys.
Fluids 27 (1984) 726. ‘
5) H.J. Hopman and G. C. A. M. Janssen: Phys. Rev. Lett. 52 (1984) 1613.
6) D.Levron, G. Benford and D.Tzach: Phys. Rev. Lett. 58 (1987) 1336.
7) G. Benford, X. Zhai and D.Levron: Phys. Fluids B3 (1991) 560.
8) D.Levron, G. Benford, A. Ben-Amar Baranga and J. Means: Phys. Fluids 31 (1988) 2026.
9) A.Dovrat and G. Benford: Phys. Fluids B1 (1989) 2488.
10) K. G. Kato, G. Benford and D.Tzach: Phys. Fluids 26 (1983) 3636.
11) M. Masuzaki, R. Ando, A. Yoshimoto, M. Ishikawa, M. Yoshikawa, K. Kitawada, H.
Morita and K. Kamada: Proceedings of 8 * International Conference on High-Power Particle
Beams, eds. B. N. Breizman and B. A. Knyazev (World Scicntific, Singapore,1991) Vol. 2,
p.683. ‘
12) M. Masuzaki, R. Ando, M. Yoshikawa, H. Morita, J. Yasuoka and K. Kamada:
Proceedings of 9 " International Conference on High-Power Particle Beams, eds. D. Mosher
and G. Cooperstein (Washington,DC.,1992) Vol. 2, p.1227.
13) M. Yoshikawa, R. Ando and M. Masuzaki: Ipn. J. Appl. Phys. 32 (1993) 969.
14) M. Yoshikawa, M. Masuzaki and R.Ando: J. Phys. Soc. Jpn 63 (1994) 3303.
15) G. Benford and J. C. Weatherall: Phys. Fluids B4 (1992) 4111.
16) G. D. Doolen, D. F. DuBois and H. A. Rose: Phys. Rev. Lett. 54 (1985) 804.
17) D. Russel, D. F. DuBois and H. A. Rose: Phys. Rev. Lett. 56 (1986) 838.
18) D. Russel, D. F. DuBois and H. A. Rose: Phys. Rev. Lett. 60 (1988) 581.
19) D. F. DuBois, H. A. Rose and D. Russel: Phys. Rev. Lett. 61 (1988) 2209.
20) P. A. Robinson: Phys. Fluids B1 (1989) 490.
21) S. Sasaki, Research Report NIFS-346 (1995).



Preparation of Thin Films and Nanosize Powders
by Intense Pulsed Light Ion Beam Evaporation
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Abstract

The ton beam evaporation method (IBE), for high T, thin films deposition and nanosize powders
preparation 1s presented.

We have investigated the properties of the YBa,Cu;0,., (YBCQO) films by the IBE method,
comparing standard deposition configuration, front side deposition (IBE/FS), with a new one, back
side deposition {IBE/BS). The study reveals possibility of production of thin films, with c-L-type
orientation, from YBa;Cu30,., target, by single shot, IBE/FS. Multishot IBE/FS depositions,
create off-stoichiometric films, Cu and Ba depleted, due to selective reevaporation of Cu and Ba.

- In contrast to [BE/FS deposition, IBE/BS method, permitted obtaining of high quality films, even in
the multishot case, with a much improved surface morphology too. The films deposited on
LaSrGaQ, substrate have a significant improved crystallinity in comparison with those deposited on
MgO.

In addition, we have studied preparation of fine and ultra-fine powders by IBE. We prepared
nanosize ALz, TiO,, TiN and AIN powders. The influence of experimental parameters, on size,
size distribution, form and particle structure have been investigated.

1 Introduction

The present report describes some applications of the ion beam evaporation techmque.
It consists in two parts:

a) Deposition of YBa,Cu;O;, thin films on MgO and LaSrGaO, substrates, and
investigation of the film properties dependence on experimental conditions. A new
advantageous deposition configuration , back side deposition (IBE/BS) have been proposed.

b) Preparation of fine and ultrafine powders as Al,O;, TiN, TiO; and AIN.  We have
investigated the influence of the experimental conditions on particles structure, form and size.

2 Experimental setup

The experiments have been carried out by the light ion beam accelerator , ETIGO-II [1,2].
The ion beam, (mainly represented by protons) was delivered by a magnetically insulated ton
diode with spherically shaped anode and cathode. The typical parameters: diode voltage
~1.1 MV, diode current ~ 80 kA, pulse width ~70 ns and ion current density ~0.5 kA/em’.

The ion beam is focused onto a target, interaction area diameter being 2 cm.  Thus, occurs



an evaporation of the surface and a high density plasma is produced in a perpendicular
direction on the target surtace (plasma density 10" ~10% em™, plasma temperature 1 ~ 4 eV,
plasma expansion velocity 10° cm/s) |3]. The ablation plasma is propagating either to a
substrate in the case of thin films deposition, or to a mesh collector in the case of the powders
preparation.

Experimental conditions are given in Table 1.

Table 1. Expenimental conditions.

YBCO films
Target Substrate. Deposition in vacuum | - Tarpet-substrate distance
YBa,Cu;07, | MgO; SrLaGaQ, 3x1072Pa 60 mm
Powders
Target Ambient gas Gas pressure Target-mesh distance
Ti; Al,; TIN; AIN| Oxygen; Nitrogen 1 ~ 100 Torr 60 mm ~ 330 mm
3 Results

3.1 YBCO thin films

We have investigated the properties of YBCO films by the IBE method, comparing
standard deposition configuration (front side deposition, IBE/FS), with a new proposed one,
back side deposition (IBE/BS).

Figure 1 schematically illustrates the two geometrical configurations.

lon becam Target lon beam Target
Front side Back side
IBE/FS - [BE/BS

Fig. 1 IBE/FS and IBE/BS deposition configurations.

In standard IBE/FS method, the deposition takes place on the frontal side of the substrate,
while 1n the IBE/BS method, the substrate is placed on the reverse side of the holder,
deposition being due to diffusion process. We have proposed IBE/BS method in order to
avoid some drawbacks present in the IBE/FS method.

Firstly, the morphology of the films deposited by IBE/FS is not satisfactorily; in general,
the surface of the film have some irregulanties, the surface is pretty rough, and also, one can
be found droplets with diameters above 1.5 um. The films deposited by the new method,
IBE/BS, exhibit an improved roughness, with no droplets. For comparison, in Fig. 2 are
shown two micrographs obtained by atomic force microscopy: (a) for a film deposited by
IBE/FS, one shot, and (b) for a film deposited by IBE/BS, one shot.
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Fig. 2 AFM micrographs of YBCO films deposited in vacuum, on MgQO (100), one shot, substrate
temperature 700 °C, annealed films: (a) by IBE/BS, (b) by IBE/FS.

In Table II is presented roughness calculated as arithmetical average of the surface
deviation from the mean line R,, and root mean square average R, for the two deposition
methods. One can notice the significant improvement of the roughness, about five times, for
the IBE/BS deposited films.

Table [1.  The roughness of the films deposited by IBE/FS and IBE/BS.

| BEFS - ~  IBEBS
Re 1 5547 nm 10.35 nm
"Ry, - 8423 nm 17.93 nm

Another drawback of the IBE/FS method, is related to the film stoichiometry. In the
case of multishot deposition, the XRD patterns for these films were inadequate, with many
extra-peaks of unidentified phases.

These results, correlated with electron probe microanalysis [4] and Rutherford
backscattering spectroscopy, reveal that our layers are off-stoichiometricaily, depleted in
barium and copper, in comparison with initial target. [t can be explained by the fact that the
plume that impinges the substrate, consisting of huge amount of very energetic particles,
produces a strong bombardment of the previous layer. Consequently, occurs a selective
reevaporation, particularly valid for barium and copper, which have much lower boiling
points in comparison with yttrium.

By the indirect deposition method, IBE/BS, we mainly intended to eliminate the strong
bombardment of the film by energetic particles, and thus to avoid the reevaporation of Ba and
Cu.  We have been successfully obtaining good films for multishot depositions too. The
best crystallinity was obtained for the substrate temperature of 700 °C. Figure 3 (a), (b)
presents XRD patterns for IBE/FS and IBE/BS deposited films. We see a strong ¢ axis L
orientation to substrate surface, for the films deposited by IBE/BS 1n comparison with IBE/FS.



The above mentioned depositions have been made on MgQO (100). We also deposited
YBCO films on LaSrGaO, (100) substrate. As can be observed from Fig. 3 (c), the films
deposited on LaSr(GaQ, substrate, have a sigmficant improved crystallinity in comparison
with MgQO.  This i1s due to the small lattice mismatch between YBCO and LaSrGaO, (YBCO
a=0.382 nm, b=0.389 nm; MgO a=0.42 nm ; LaSrGaO, a=0384 nm). Also, because
LaSrGaO, shows no phase transformation below 1520 °C unlike 850~900°C for MgO, the
annealing process for the films that is necessary after deposition, does not perturb the

interface substrate-film.
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Fig. 3 XRD patterns for films deposited by IBE/FS on MgO, full scale 1 keps, (a); by IBE/BS on

MgO, full scale 4 keps, (b); by IBE/BS on LaSrGaOs, full scale 80 keps (c).

Concerning deposition rate, IBE is a very atiractive method due to its high deposition rate.
Thus, in the case of the IBE/FS we measured a deposition rate in vacuum, of 300~400
nm/shot, for a beam energy density of 50 J/cm?, power density of 1 GW/cm’ and a target-
substrate distance of 6 cm. In the case of IBE/BS deposition, the rate was around 30
nm/shot, that is an order of magnitude lower. If we compare with other methods (for
example laser ablation), the deposition rate of IBE/BS is still much higher, so IBE/BS remains
an attractive deposition technique.

In conclusion, in comparison with IBE/FS method , IBE/BS deposition method is highly
recommended for deposition of high quality epitaxial YBCO films; IBE/BS deposited films
have an improved roughness (5 times better), without droplets and a higher crystallinity.
Because IBE/BS method avoids strong bombardment of the film by high energetic particles |
the multishot deposited films are stoichiometric. Substrate made of LaSrGaQ, are suitable

for YBCO films deposited by IBE technique.



3.2 Nanosize powders

IBE method may be suited for synthesizing some nanosize powders. In comparison
with lasers methods [5,6], the IBE has significant advantages: metallic targets, which
generally reflect laser light, readily absorb ion beamn, allowing the efficient production of
powders; 1ons penetrate the plasma deeper than the laser beam; ion beam accelerators are
efficient and less-expense.  We have tried to demonstrate the process feasibility and to
investigate the relation between the powder characteristics and the process parameters.

Ultralfine parlicle
e

o
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Fig. 4 Experimental schematic for the powders preparation.

A schematic of the experimental configuration is shown in Fig. 4. As one can see a
metal target is irradiated by an intense ion beam .  The ablated material expands in a plume

Table 1II.  The characteristics of the powders produced by 1BE method.

~ Target | Ambient [Gas pressure{ Target collector Particle | . Particle size,
-material | - gas’ |- (Torr) { distance(mm) | - -~ . " Min-Max (nm) -
i 100 TiO + TiO, 380 ~ 2,410
Oxygen 330 TiQ + TiO, 4~40
99.5% 10 100 TiO, 320 ~2.000
Ti 330 ' Ti0, 4~ 45
99.5% 1 100 TiQ + TiN 5~1,800
Nitrogen 330 __TiN 5~38
099.5% 10 100 TiN 380 ~ 1,420
330 TiN 5~23
1 100 TiN 350~2,270
TiN Nitrogen 330 TiN 350~1,050
99.5% 99.5% 10 100 TiN 350~3,850
330 TiN 350~700
Oxygen 1 330 ALO; 5~50
Al 9955 10 330 AlLO; 5~ 65
99.5% Nitrogen 1 330 Al -
99.5% 10 330 Al -
AIN Nitrogen 1 330 AIN 150 ~ 1,600
99.5% 99 5% 10 330 AIN | 70 ~ 530



normal to the target surface and collides with the ambient gas.  As a result of the interaction,
fine and ultrafine powders are synthesized.

Firstly, in Table [1I we present an overview of the powders produced by IBE technique.
We have attempted to produce ultrafine particles from Ti, Al , TiN and AIN targets. The
irradiation was performed in oxygen or nitrogen atmosphere, 1~10 Torr pressure, at different
target-collector distances, from 100 mm to 330 mm. The powders were characterized by
scanning (SEM) and transmission electron microscopy (TEM). '

In Fig. 5 are presented the SEM photographs of powders collected on stainless steal
mesh at different distances, produced in 10 Torr oxygen, from a Ti target. It is clear that at
shorter distances the powder diameters are in the pum range.

Fig. 5 SEM photographs of the powders deposited on stainless steal mesh, in oxygen atmosphere,
10 Torr, Ti target; (a) before irradiation, (b) collected at 100 mm, (c) at 200 mm, (d) at 330 mm.

Figure 6 illustrates the size distribution of the T10, particles for two collecting distances:
100 mm and 330 mm. At 100 mm the TiO, powder is represented by larger particles,
that have diameters 0.3~2 um ranged. It is obvious that ultrafine powders with diameters of
5~25 nm could be collected only at 330 mm distance.

In fig. 7 (a) and (b} is shown the TEM photograph of TiO, powder prepared in oxygen,
from a Ti target, and collected at 330 mm. The particles are in globular shape.



Figure 7 (c) and (d) shows the TiN nanosize powders, prepared in the same way as TiO,,
only the gas is different. For this material the particles are not any more of spherical form,
TiN particles being nanocrystallites with typical cubic form.
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Fig. 6  Size distribution of TiO; powder prepared in oxygen, 10 Torm, from a Ti target,
collected at two distances: 100 mm and 330 mm,

(b) (d)

50 nm

50 nm

Fig. 7 TEM photographs of TiO; and TiN nanosize powders, produced from Ti target and collected
at 330 mm; (a) 1 Torr oxygen, (b) 10 Tormr oxygen, (c) 1 Torr nitrogen, {(d) 10 Torr nitrogen.
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Fig. 8 Electron diffraction patterns of powders prepared from Ti target and collected at 330 mm;
-TiO; : {a) | Torr, (b) 10 Torr; - TiN: {c) 1 Torr, (d) 10 Torr;
JCPDS: #29-1360, #21-1276 '

Electron diffraction patterns of T10; and TiN are presented in Fig. 8 (a), (b), (c) and (d).
One can notice that at 1 Torr oxygen, besides the TO, appears TiO too.  This situation can
be explained by lack of oxygen for the given ablated material.

Also, in the case of TiN powders prepared in nitrogen at | Torr pressure, TiO have been
identificated; this is due to the reaction between residual oxygen adsorbed on the chamber
walls and the ablated T1 atoms.

(a) 50 nm (b)

Fig. 9 TEM photographs of Al,(O; powder, prepared in oxygen, Al target; (a) 1 Torr, (b) 10 Torr.



Concerning the Al based powders, nanosize Al,Q; , namely y-alumina, can be readily
prepared [7]. The shape is spherical, and diameters of the powders are mostly 5~25 nm.
Figure 9 illustrates TEM photographs for AL,O; powders.

On the contrary, in the case of Al ablation in nitrogen atmosphere (1~10 Torr), one can
not produce AIN.

Related to powders produced by irradiation of TiN or AIN targets in nitrogen atmosphere
our experiments have shown powders with relatively large diameters 0.07~3.85 um ranged.

b

4 Conclusions

From the above experimental studies we have drawn the following conclusions:

4.1 YBCO films

1) IBE/BS deposition method is highly recommended for deposition of high quality
epitaxial YBCO films;

2) IBE/BS deposited films have an improved roughness (5 times better), without droplets
and a higher crystallinity;

3) Because IBE/BS method avoids strong bombardment of the film by high energetic
particles , the multishot deposited films are stoichiometric;

4) Substrate made of LaSrGaO, are suitable for YBCO films deposited by IBE technique.

4.2 Powders

1) Generally, at higher pressure and longer target-collector distances, the particles of the
plume react completely with the ambient gas;

2) Powders collected at shorter distances are fine particles (xum) covered with nanosize
particles;

3) Powders collected at longer distances , are nanosize particles, 5~40 nm in diameter;

4) Nanosize alumina powders are readily produced irradiating Al target in oxygen
atmosphere;

5) AIN one can not be prepared at 1~10 Torr nitrogen, because the ablated Al plume does
not react with the nitrogen;

6) AIN and TiN powders prepared by ablation of the same material , in nitrogen atmosphere,
have larger size , with diameters in the range 0.07~3.85 um.
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Abstract

Various nitriding methods have been popularly used to make hard in surface
layers of steels, but they require long processing times to obtain thick nitriding
layers. In order to reduce these processing times, we tried irradiation of a pulsed
relativistic electron beam (REB) to the surfaces of pure irons before they were
processed by nitrogen plasmas. By this irradiation, many lattice defects may be
formed in the pure iron. Along these defects nitrogen penetrates fast and forms
thicker nitriding layers.

Irradiation of pulsed REB to the pure irons was carried out with a pulse power
generator. The energy, the pulse width and the current density of pulsed REB were
1.4 MeV, 30 ns and 35~200 A/cm?, respectively. After a shot, the iron was
processed by a nitrogen plasma, and was analyzed with several analyzed methods.
The maximum thickness of the nitrided layer was 40 gm, and this valuc was 1.5
times longer than that obtained without irradiation of pulsed REB.

1 Introduction

Surface nitriding treatments have been developed as one of methods hardening the surfaces
of steels, and have already applied to automobile parts, machining tools and hydraulic parts,
because they increase wear and corrosion resistance [1]. However these treatments require long
processing times to obtain thick nitriding layers because nitrogen is put into the steel by diffusion
from the surface. As one of applications with pulse power technologies, we propose the method
to promote growth of nitrided layers with irradiation of a pulsed relativistic electron beam (REB).
In this method, a role of pulsed REB is as like a catalyst. Irradiated pulsed REB produces many
lattice defects in a target material. Along these defects nitrogen penetrates fast and forms thicker
nitriding layers.

This method originates the experiments with a heavy ion beam [2,3] and 20 McV REB [4].
In both cases, promotion for growth of the nitrided layers was verified, but there were some
problems. With the heavy ion beam, several hours are required for irradiation of the jon beam



because the current of it is small. In the case of 20 MeV REB, a long irradiation time also
induces activation of a target material. Irradiation to a large area of a target material is difficult
because the diameters of the heavy ion beam and 20 MeV REB are small. By using a pulsed
power generator, there is capability to promote growth of nitrided layers by one shot irradiation
of pulsed REB. Irradiation to a relatively large arca of a target material is capable because pulsed
REB is generated with a simple diode which consists of an anode and a cathode [5].

In this paper, the experimental results for the proposed method are reported. In the
experiments, a pure iron was used as the specimen, and irradiation of pulsed REB to the
specimen was carried out with a pulse power generator. The energy, the pulse width and the
current density of pulsed REB were 1.4 MeV, 30 ns and 35-200 A/cm?, respectively.

2 Experimental procedure

A pure iron (99.99%) of which thickness was 1 mm was used as a specimen. The specimen
was cut 10X 10 mm, and was polished mechanically with emery papers and aluminum oxide
powder. The polished specimen was washed and was annealed at 550 “C by 2 hours in vacuum.
After annealing a pulscd REB was irradiated to the specimen. Irradiation of pulscd REB was
performed at Kanazawa University with a pulsed power generator called modified Pulscrad 110A
(1.5 MV, 25 kA, 30 ns) produced by Physics International. Figure 1 shows an experimental
setup at the end of the generator. An utilized diode consisted of a carbon cathode and a 27 ggm
thick titanium foil. The diamcters of the cathode and the anode were 36 and 60 mm,
respectively. An anode-cathode gap length was set by 30 mm. When a pulsed high voltage is
supplied to the diode, electrons emitted from the carbon cathode are accelerated to the anode.
The accelcrated clectrons pass through the foil anode, and loses an average energy of about 0.1
MeV. As aresult, the electrons irradiated to the specimen have the energy of about 1.4 MeV.
The current densities of the pulsed REB were measured with Faraday cups. Since the radial
profile of the current densities was not uniform, one specimen was placed on a center axis of the
setup. The current density irradiated to the specimen was varied with changing the axial position
of the specimen. Its peak value ranged from 35 to 200 A/cm2.

After one shot irradiation, the specimen was nitrided with an apparatus called plasma source
nitrider [6] as shown in Fig. 2. The apparatus consisted of a plasma source and a specimen
holder. The plasma source had a filament (cathode), an anode and an anti-cathode. The anode
and the cathode wcere ring shape, and their radii were approximately 5 mm. Electrons emitted
from the filament were accelerated by the DC voltage of about 100 V, and moved back and forth
between the filament and the anti- cathode. By these reciprocating motions of the electrons,
nitrogen and hydrogen gas werc ionized. Preset mixture of N2 and Hz (N2:H»=5:2) was used as
working gas. A pressure inside a vacuum vessel was kept at 5 X10* torr. The specimen holder
was insulated from the vacuum vessel. The DC bias voltage of about - 1 kV was applied between
the anti-cathode and the specimen holder. This voltage accelerated nitrogen ions and protons,
and the ions bombarded to the specimen. By bombardment of the ions, the temperature of the
specimen became high and kept at about 550°C without an external heating device. The
temperature of SS0°C was required by formation of nitride. The temperature of the specimen
was monitored with a chromel- alumel thermocouple set behind the specimen. After nitriding,
the specimen was cut and its cross section was polished and etched by dilute nitric acid. The
cross section was observed and analyzed with a optical microscope, a scanning electron
microscope (SEM), a micro Vicker’s hardness tester, an electron probe micro analyzer (EPMA),
an Auger electron spectroscopy (AES) and the X-ray diffraction method (XRD).



3 Experimental results

After nitriding for irons, - phase layers (Fez.3N) and y-phase layers (Fe sN) are formed near
the surface of the irons. It is well known that the vy’ phase layer is suitable for industrial
applications because the hardness for the y’-phase layer is approximately five times higher than
that for a pure iron. Figures 3 show the cross-sectional photographs obtained with the optical
microscope. The specimens shown in Figs. 3 (a) and (b) were obtained without and with
irradiation of pulsed REB, respectively. Since the cross sections were etched by dilute nitric acid
to exhibit grain boundaries, the e-, the y’- and the «-phase layers can be distinguished. Here
the a- phase layer is a nitrogen diffused layer (FesN) and is not nitride. In Fig. 3 (a), thesc layers
are clearly distinguished and the sum of the thicknesses for the € and the y’-phase layer is 27 pm.
Meanwhile the e- phase layer is not distinguished in Fig 3 (b). This is caused by promotion for
diffusion of nitrogen by imradiation of pulsed REB. That is, the e-phase layer becomes very thin
by decrease of nitrogen in the surface layer of the specimen. The maximum thickness of the y’-
phasc layer is 40 ym in Fig. 3 (b). As aresult, the thickness with irradiation of pulsed REB is
approximately 1.5 times longer than that without irradiation of pulsed REB.

A hardness was estimated with the micro Vicker’s hardness tester. Figures 4 show the
hardness as a function of the depth from the surface of the specimen. The data shown in Figs.
4 (a) and (b) were obtained by the current densities of 70 and 160 A/cm?, respectively. In these
figures, the regions in which the hardnesses are high correspond to the nitrided layers. The
hardnesses in the nitrided layers are three to four times higher than that in the pure iron because
the hardness for the annealed purc iron is 88. The depths where the hardnesses become low agree
with the boundaries between the y™- and the «- phase layers observed with the optical microscope
and SEM. These depths are 27 and 33 um and displayed by dotted line in Figs. 4. From
comparison of these two values, it is expected that the thickness of the nitrided layer becomes
longer with increase of the current density. To make clear this correlation, the thicknesses of
nitrided layers are plotted as a function of the current density in Fig. 5. The thicknesses shown
in Fig. 5 were measured with SEM. A dotted line in the figure shows the maximum thickness
of the nitrided layer obtained without irradiation of pulsed REB. The effect by irradiation of
pulsed REB is not seen at the low current density, but a thicker nitrided layer is obtained by a
higher current density. The thickness of the nitrided layer increases with increase of the current
density. These facts are explained by a number of the lattice defect. By irradiation of pulsed
REB, the number of the lattice defect increases. These lattice defects promote diffusion of
nitrogen and the thick nitrided layer is obtained. Increase of the thickness seen in Fig. 5 agrees
with this explanation, but increase of the lattice defect was not verified due to difficulty in direct
measurement for the lattice defect.

Figure 6 shows the analyzed results with the Auger electron spectroscopy for the specimen
with irradiation of pulsed REB (200 A/cm®). In Fig. 6, the vertical and the transverse axis
correspond to a concentration and a depth from the surface of the specimen, respectively. Here
the concentration means the percentage of each element and is not transferred to the weight
concentration. A deep region of the specimen was analyzed with sputtering by an argon ions
accelerated with the voltage of 15 kV. From this analysis, it is verified that nitrogen is contained
near the surface of the specimen and the concentration for nitrogen is approximately 9.0 % in
average. The reason why this value is lower than that for FesN may be caused by estimation
without absolute calibration. Oxygen is only detected from the surface to 15 A. This fact means
that oxygen is contained by oxidation of the surface.



Since AES could not analyze the deeper region of the specimen, analysis with the clectron
probe micro analyzer was carried out. Figures 7 show the results of the qualitative analysis with
EPMA for the same specimen analyzed with AES. Figures 7 (a), (b) and (c) show intensities
for reflected electrons by SEM and X- ray signals corresponding to the wave lengths of iron and
nitrogen. Here the intensities are shown by counts of detected signals and are arbitrary units.
In Fig. 7 (a), the peaks appeared at 1 and 37 um correspond to the surface of the specimen and
the boundary between nitride and iron, respectively. In Fig. 7 (b), there is few difference in the
intensity over an analyzed region, but the intensity slightly decreases in the nitrided layer. The
intensity for nitrogen increases considerably in the nitrided layer in Fig. 7 (c). It is considered
that a peak appeared at 37 gam is incorrect data. The reason why a peak appears at 37 gm is that
the analyzed position gets out of the Rowland circle for a X- ray spectroscopy in an etched
groove, and the incorrect data is obtained. By absolute calibration, the concentrations were
cstimated at 20 gm from the surface. Their values for iron and nitrogen were 79.9 and 11.7 %,
respectively. The rest of the concentration is mainly occupied by oxygen. In analysis with
EPMA, the specimen is cut and its cross section is analyzed. It is considered that oxygen may
be contained by oxidation of the cross section.

By analysis with AES and EPMA, it was verified that nitrogen is contained near the surface
of the specimen. However formation of nitride was not verified by these analyses, so we carried
out analysis with the X- ray diffraction method. Figures 8 (a), (b) and (c) show the analyzed data
obtained by specimens with irradiation of pulsed REB (160 A/cm?), without irradiation and only
annealing, respectively. Nitriding for specimens was performed in the case of Figs. 8 (a) and
(b). The vertical and the transverse axes correspond to intensities of X- rays and diffraction
angles 2 0, respectively. From Figs. 8 (a) and (b), formation of FesN is verified by good
agreement between the angles where peaks appear and the angles from a database for FesN. The
difference between Figs. 8 (a) and (b) is a ratio of the intensities for the peaks appeared at 42 and
50 degrees. For the peak at 42 degrees, the signal by Fez; N is superimposed. It is considered
that the thick layer of Fez3 N is formed without irradiation of pulsed REB, and the signal from
this -layer changes the ratio of the counts. In Fig. 8 (c), peaks appcar at the angles from a
database for Fe, and not appeare at the angles from the database for FesN.

4 Summary

In order to promote growth of nitrided layers, a nitriding method with irradiation of pulsed
REB was proposed and tested. The results are summarized as follows. The maximum thickness
of the v’ phase layer (FesN) was 40 gm with irradiation of pulsed REB. Under the same
condition, the thickness of the nitrided layer was 27 um without irradiation of pulsed REB. As
a result, the 1.5 times thicker nitrided layer was obtained by irradiation of pulsed REB. This fact
also means that growth of the nitrided layer was promoted by the proposed method. By analysis
with EPMA and XRD, it was verified that nitrogen was contained near the surface of the
specimen and nitride was formed in the surface of it. From the dependence of the thickness of
the nitrided layer on the current density of pulsed REB, it was made clear that thicker nitriding
layers were obtained with higher current densities of pulsed REB. An optimized condition for
the current density was not obtained, because it is difficult for the pulse power generator that the
current density of pulsed REB becomes high without increase of an acceleration voltage.
However it is expected that the proposed method will be one of the applications with a pulse
power generator which easily generates the relativistic electron beam for a relatively large area
with the current density of hundreds of amperes per square centimeters.
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Fig. 3 The cross-sectional photographs for nitrided irons obtained with the optical
microscope; (a) without irradiation of pulsed REB, (b) with irradiation of
putsed REB (200 A/cm 2). The magnification by the microscope was 400.



500 ————————
400} : -

300 : .

5
Hardness (Hv)
N
o
=

100

Y1020 30 40 50

Depth( « m)
500————————1——
_ 400 i -

> i :
T . . ¢
003300_' L ¢ i n
(b) @ i H
S 200f 5 -
® ! ' |
I ‘ % et
100} .

Y3020 "30 40 50
Depth( « m)

Fig. 4 The hardness as a function of the depth from the surface of the specimen.
The data shown in (a) and (b) were obtained by irradiation of pulsed REB
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Abstract

Cubic barium titanate (BaTiQO;) thin films have been prepared in situ, on
AL/S10,/Si(100) substrate at < 200 °C, by intense, pulsed, ion-beam
evaporation (IBE). We have proposed a new deposition configuration,
back side deposition (IBE/BS), which in comparison with standard front side
deposition (IBE/FS) proved to be advantageously. Very smooth thin
films, without any droplets, with a dielectric constant value of 90 at 1 kHz,
have been obtained by IBE/BS and substrate temperature at 200 °C. - - The
deposition rate was 50 ~ 100 nm/shot, 10 ~ 20 % of the IBE/FS.

1. Introduction

Barium titanate (BaTiOs), which is a perovskite-type ferroelectric material possessing a
high dielectric constant, is promising for application in electronic devices. Because of
interests in BiaTi03 thin films many different preparation téchniques have been developed,
which include sputtering," metal organic chemical vapor deposition (MOCVD),? sol-gel
process,” pulsed laser deposition (PLD).*’ Some of them need heating processin‘g‘ in order to
crystallize the film. Considering the fabrication of ferroelectric films on semiconductors,
processing temperatures below 500 °C are desirable.

In this work, we studied in situ deposition of crystalline BaTiQ; thin films, on low
temperature substrate, using an intense, pulsed, ion-beam evaporation (IBE) technique, &%
The IBE technique is advantageous in comparison with other techniques because of the high-
rate growth and transfer of the composition from the target to film. However, it suffers from
the problem of droplets which are scattered on the grown film surface. Therefore, we have
investigated the properties of low temperature debosited film by the IBE technique, for two



geometrical configurations: conventional IBE (front side deposition; IBE/FS) and new
configuration IBE (back side deposition: IBE/BS).

2. Experimental

Figure 1 (a) and 1 (b) shows the two geometrical configurations, IBE/FS and IBE/BS,
respectively. In the conventional IBE/FS technique, the deposition takes place on the frontal
side of the substrate, while in the IBE/BS technique the deposition on the substrate placed on
the reverse side of the holder. The target-substrate distance was approximately 40 mm, in
both cases. |

The intense, pulsed, ion beam (1.3 MeV, 0.6 kA/cm’, mainly protons) is delivered by
“ETIGO-II” accelerator. *  The ion beam was focused onto a BaTiOs target.  The typical ion
beam parameters are: energy density 25 I/cm?, pulse duration 50 ns (FWHM), and the beam-
target interaction area 2 cm diameter.

We have used a tetragonal, sintered, polycrystalline BaTiO; disc target, 40 mm diameter, 5
mm thick, 99.9 % purity. The substrate consisted of a (100) oriented silicon wafer, coated
with a thermally grown SiO; layer (300 nm thick), on which, through a mask, an Af bottom
electrode of 100 nm thickness was thermally evaporated (A¢/Si0,/Si1(100) substrate). The
substrate was heated, at 25 °C ~ 200 °C, by a Ni-Cr alloy sheet. The chamber pressure during
the deposition was 3 X 107 Pa. |

(a) Holder (b)
V447 Substrate
Substrate—” {  \Plasma "

Intense Pulsed
Ion-Beam

Fig. 1 Schematic drawing of IBE technique: (a) front side configuration (IBE/FS)
and (b) back side configuration (IBE/BS).

By X-ray diffraction (XRD) with Cu-K, emission, the crystalline structure of BaTiO; thin

films have been studied. The surface morphology and thickness of the deposited films were
observed by scanning electron microscope (SEM) and atomic force microscope (AFM). In
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order to investigate the electrical characteristics, we evaporated an Af top electrode with the
size of 10 mm? on BaTiOs thin film. We have used a Sawyer-Tower circuit to measure the

dielectric constant, at 10 ~ 10° Hz.
3. Results and discussion

Figure 2 (a) and 2 (b) shows respectively the SEM images from surface morphology and
the cross sectional view of the thin film deposited by one shot IBE/FS.  As shown in fig. 2 (a)
on the surface we can see a lot of spherical droplets. The droplets diameter varied from less
than 1 pm to 8 um. These droplets are generally thought to be introduced diréctly from the
target or to be condensed during expansion in the ambient. Moreover, some samples exhibit
pinholes on the surface. The droplets were condensed on the thin film ‘because of the

shrinkage phenomenon, peel the film and afterwards fail.

() | ~ IBE/FS ®) o . IBE/FS

(e

10 um 1 um

Fig. 2 SEM images of BaTiOs ﬁim deposited on A¢/Si0,/Si(100), by IBE/FS, one shot,
substrate temperature 25 °C: (a) typical morphology showing droplets and (b) film
cross sectional view. ‘

As shown in Fig, 2 (b), the film thickness deposited by IBE/FS was 600 nm, corresponding
to the high deposition rate of 600 nm/shot.

So as to avoid droplets, we have proposed a new geometrical configuration, IBE/BS, as
shown in Fig. 1 (b). Figure 3 (a) and (b) show respectively the SEM images of the surface
morphology and the cross sectional view of the thin film deposited by IBE/BS, one shot,



substrate temperature at 25 °C. As shown in Fig. 3 (a), the surface does not show any
droplets or pinholes. The most of the melted balls, are impinging on the front side of the
substrate holder, being deposited on it, while backside, is coated with a very smooth film.  As
shown in Fig. 3 (b), the measured thickness has been 100 nm.

(@) IBE/BS  (b) / IBE/BS

10 #m 1 gm

~Fig. 3 SEM images of BaTi0; film deposited on A¢/S10,/Si(100), by IBE/BS, one shot,

substrate temperature 25 °C; (a) film surface, (b) film cross sectional view.
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Fig. 4 Film thickness vs. number of shots, by IBE/BS.



Figure 4 shows the thickness of the BaTiO; films deposited by IBE/BS plotted against the
number of shots of the beam. A deposition rate is 50 ~ 100 nm/shot, which is 10 ~ 20 % of
that in the IBE/FS.

an 5 AFM images of BaT103 film deposrted on A@/SlOg/Sl(lOO) by IBE/BS, one
shot substrate temperature 25 °C.

Figure 5 presents the AFM images of BaTiO; film deposited on A¢/810,/Si(100), by
IBE/BS, one shot, at the substrate temperature of 25 °C. .As shown in Fig. 5, the surface is
found to be flat with a surface roughness in the following:

R, (mean roughness) = 8.9 nm

R {root mean square average roughness) = 11.9 nm.

In the case of higher substrate temperature, 200 °C, the roughness was significantly improved:

R.=3.1 nm

Ry =4.0 nm.

It 1s very clear that in comparison with IBE/FS techmque by IBE/BS droplets have been
cleared, and that a significant improvement of the roughness has been achieved.

XRD patterns from the BaTiO; film grown by IBE/BS and IBE/FS are shown in Fig. 6 (a)
and (b), respectively. Comparison between Fig. 6 (2) and (b) shows that both film structures



are very similar. The XRD peaks exactly correspond to cubic perovskite BaTiO; crystal.
Although splitting for tetragonal BaTiO; materials, near (200) and (002), was reported'>, we
could not observe it at the present experiment. The peak at 20 = 24° corresponds to the
orthorhombic BaCO; (111), that probably appears due to contamination in air, or from the
diffusion pump oil used.

BaTiOs /Al/SiO, /Si(100)

IBE/BS
30 Shots

Si (200)
Al (111)

|
A
o
i
hams
—
I
O
F‘
o
[an

BaTio, (111)
BaTiO, (200)
BaTiO, (211)

IBE/FS -
3 Shots

40 50 60
26 (deg.)

Fig. 6 XRD patterns of films deposited at substrate temperature of 25 °C by:
(a) IBE/BS, 30 shots and (b) IBE/FS, 3 shots.

Figure 7 (a) shows the dielectric constant of BaTiO; films deposited by IBE/FS and
IBE/BS, one shot, substrate temperature at 25 °C, as a function of frequency. The dielectric
constant of the film deposited by IBE/FS increases at low frequency. On the other hand, the.
dielectric constant of the film deposited by IBE/BS is pretty much the same for all the frequency
range studied.

Figure 7 (b) shows the dielectric constant of BaTiO; films prepared by IBE/BS one shot at
substrate temperature 25 °C and 200 °C. The film thickness was 100 nm. The dielectric
constant at 200 °C was higher than at 25 °C. For example, at 1 kHz, the dielectric constant



increases from 35 (25 °C) to 90 (200 °C).
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Fig. 7 Dielectric constant as a function of frequency for (a) IBE/FS and IBE/BS
deposition, one shot, 25 °C, and (b) IBE/BS deposition at 25 °C and 200 °C.



4, Conclusions

- In summary, we have investigated the properties of low temperature (= 200 °C)
deposited BaTiO; films by the ion beam evaporation technique, for two georﬁetrical
configurations: front side and back side configuration. The back side deposition technique
avoids droplets formation and provides a significant improvemeht of the roughness, R, = 3.1 (at
the substrate temperature of 25°C) ~ 8.9 nm (200° C) and R;,s =4 (25 °C) ~ 11.9 nm (200 °C).
The films deposited on A4/S10,/S1(100) substrates were cubic perovskite polycrystals, with the

relative dielectric constant of about 90, at 200 °C substrate temperature.
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Abstract

Material surface characterization by irradiation of an intense
pulsed ion beam {IPIB) with power density of 34MW/cm’ and pulse duration
of 30 ns has been studied experimentally. The IPIB irradiations to
a target result in formation of an amorphous layer on the Ni,Cr P B,
alloy surface. They also the IPIB irradiation to a titanium produce
the nanostructured phase and remove its roughness on the titanium
surface. According to an estimation of nickel surface temperature,

an IPIB irradiation leads to a rapid heating of the sample surface up
to its boiling peint, resulting in cooling rate of be 2.2X10° °C/s.

1. Introduction _

Recently, intense pulse ion beams {(IPIBs) with a high pdwer density
(-GW/cm2) and a short pulse duration {(~10ns) have attracted as a new heat-source
instead of a laser in a material development field. Since ion ranges are
extremely shorter than electron ones, the beam energy is déposit_ed_ to a surface
layer, typically, within a few pm. As a result, a target surface is heated above
melting point in a short time of several nanosecond, and is immediately followed
by rapid cooling and resolidification. Solidification of metals at the rapid
cooling rate results in production of non-equilibrium microstructures such as

amorphous and nanocrystalline phases“”.

In this paper, the formation of an amorphous layer on the Ni Cr P B, alloy
and the production of nanocrystalline phase and the reduction of machining
roughness on a titanium surface are successfully demonstrated. The experimental
setup and the characteristics of the IPIB are introduced in section 2.
Experimental results and discussion are described in section 3, and some

conclusions are summerized in section 4.



2. Apparatus
2.1 Experimental setup and measurement
Figure 1 shows a schematic drawing

of experimental setup. An IPIB was t
Anode(¢p50mm)

Ton source

generated by an inverse pinch ion diode
{1PD)’"® with the pulsed power generator
“HARIMA-TII” (400kv, 38 and 50ns}) at
Himeji Institute of Technology. The IPD

consisted with a ring anode

{diameter:50mm} and an annular cathode
(diameter:l6émm) . A Tefleon plate
(thickness:2mm) was attached to the anode
surface as an ion source. The anode-

{

cathode (A-K) gap length was 3 mm. A
target material for IPIB irradiation was Fig. 1 Experimental setup of an inverse pinch
located at the focal point 120 mm from ion diode and a target. -

anode. The typical pressure for diode

operation was in the range of 2.0~8.0X10" Torr. A diode voltage was measured

with a resistive voltage divider placed close to the anode. A current density
of the IPIB was measured with a single-pinhole biased ion collector (BIC) movable
in radial and axial directions. Energies and species of the ion beams were
estimated by the Thomson-parabola ion spectrometer. The characteristics of the
IPIB-irradiated surface were analyzed using the X-ray diffractometer (CuKo, S0kV
and 200mA}. The lattice fringes of the IPIB-irradiated specimen were directly
cbserved by a high resolution transmission electron microscope (HR-TEM). The
specimen for HR-TEM was cut down from the top surface of IPIB-irradiated materials
using a microtome with a diamond cutter. The topography and the microstructure
of the cross section of the targets were observed with Scanning Electron
Microscope (SEM). Here, the cross sectipon was obtained by subjecting the
specimen to the mechanically bending fracture.

2.2 Characteristics of IPIB 5
-

Figure 2 shows the typicalr time §0200
history of (a}) a diocde voltage and {b) a =
current density of an ion beam measured % 100
with the BIC located at 120 mm behind the 2
anode. As seen in Fig.2, the maximum a 0
accelerating voltage, current density —
and pulse duration of ion beams were 180 g 200
kv, 180 A/cm’ and 30 ns, respectively. 3

Figure 3 shows the time evolution g
of beam power density obtained from the _GE 100
results of diede woltage and current 5
density in Fig.2. The power density is ;3 0 ]
not constant in time and has the largest Time (23nsec/div)
value of 37 MW/cm’. The total beam energy Fig. 2 Typical time history of diode voltage and
is estimated to be 1.02 J/cm® by ion beam current density.



integrating the power density with

'
(=]

respect to time. We assume the ideal
rectangular beam with the same total beam
energy as 1.02 J/cm’ estimated above.
Supposing that the pulse duration equals
to the FWHM value of 30 ns in Fig.3, we
obtain the uniform power density of 34
MW/cm’.

Power density (MW/cm®)
’ [
S
1

The main components of the ion
beam were confirmed carbon (C*, €' and c") " Time (25ns/div)
and fluorine (F and F”) ions by the

<

Fig. 3 The time evolution of beam power density
Thomson-parabola ion spectrometer. estimated with the results in Fig. 2.

3 Results and Discussion
3.1 Amorphous layer formation on NigCr,sP,sB, alloy*®
The IPIB was irradiated to a

Ni,Cr,P, B, alloy for an amorphous layer

formation. Typical X-ray diffraction (a)f;‘,‘;’é}atedg

Ni,P{330)

Ni(il)

i,PE40)

Ni{41)

pattern of a non-irradiated Ni,Cr P B,

NP0

alloy is shown in Fig.4(a), where the
maximum X-ray diffraction depth from the

Intensity(a..)

surface is estimated to be approximately
1.3 pum. Figure 4(b) shows the X-ray
diffraction patterns of the IPIB
irradiated Ni, Cr P B, alloy for various
incident angle o of X-rays to the target,

and a = 1.0°, 1.5° and 2.0° correspond to

Intensity(a.n.)

the maximum X-ray diffraction depth of
0.66, 0.99and 1.3 pm, respectively. The
diffraction pattern of the non-

30 40 30 60

. . Diffraction angle 26 ()
irradiated substrate reveals the

Fig. 4 X-ray diffraction patterns of IPIB (a)

crystalline phase which is characterized A-Ta) !
non-irradiated Ni,Cr P B, alloy and (b)

Ly the narrow diffraction peak in o . .
irradiated Ni,Cr,,P, B, alloy, where ais

ig. . , h IPIB- i
1_:'19 4.(a) I.n contrast the 1B the angle of the incident X-ray to the
irradiated WNi, Cr P, B, alloy surface target.

exhibits diffraction pattern typical of
an amorphous structure. The diffraction patterns fera=1.5" anda=2.0° reveal
the formation of a mixture of major amorphous and a minor crystalline phases.
For o = 1.0°, however, the narrow diffraction peak indicating the crystalline
phase disappears, suggesting that IPIB irradiation of the Ni Cr P B, alloy
produces an amorphous layer with depth less than 0.66 pm from the surface.
Figure 5 shows a HR-TEM micrograph and the corresponding selected area
diffraction pattern of the IPIB-irradiated Ni,Cr P B, alloy. Randomly oriented
lattice fringes as well as a halco diffraction pattern are observed in the entire
field of the micrograph except in some small area. These results indicate the
formation of a homogeneocus amorphous layer by IPIB irradiation.



Fig. 5 HR-TEM micrograph and selected area diffraction of IPIB-iradiated NiCr P B, alloy.

The effect of repeated
irradiations of IPIB on amorphous
formation was studied experimentally.
Figure 6 shows the X-ray diffraction
patterns of _the Ni, Cr P .B, alloys
processed by IPIB-irradiation of 1, 3 or
10 shots, where the incident angle of
X-ray is 2.0°. An increase in the number
of IPIB-irradiation reduces the height
of sharp diffraction peak that indicates
the existence of a crystalline phase.
After the IPIB-irradiation of 10 shots,
the sharp peak in the X-ray diffraction
pattern 1is almost completely lost,
indicating the amorphous layer formation
in a deep region from the surface.

_Intensity(a.u.)

1Q0shots

3shots

) )
30 40 50 60
Diffraction angle 20 (")

Fig.6 Effect of repeated irradiations of IPIB
for amorphous layer formation.

The SEM micrograph of the cross section of a IPIB-irradiated Ni_Cr P, B,
alloy is shown in Fig.7. The heat-affected depth of the sample is approximately
2 pm, which is comparable to the microstructural scale of the sample. Although
not shown here, no crack was observed on the top surface irradiated by IPIB,
while laser irradiation often resulted in cracks at the border of the neighboring

laser irradiation traces.



Thermal diffusion length gz,
during time t is approximately given e —

by z, = YKkt , where Kk is the thermal heat-affected surface
,z layer

diffusivity. Using x = 0.133 cm’/s

for nickel and t = 30 ns, we obtain
z, = 0.63 pm, which is larger than
both ion ranges of carbon and fluorine.
Then, under the present conditions,
the time evolution of surface
temperature and cooling rate are
estimated from the solution of the
differential equation for- heat
conduction, so that the temperature

rise depends little on ion spices and

ranges.

Since the beam area is
sufficiently larger than the target Fig.7 SEM micrograph of cross-section of the
area, heat diffusion in the target is NiCr,.P B, alloy after one shot of IPIB irradiation.
considered to be the one-dimensional .

Assuming an ideal rectangular beam with constant power p and pulse duration 7,

the temperature rise of the target surface is written as

1) o<t<t  T(t) =-2—I{’11’£t (°c) ' ' (1)
ii) ot 7l) = z?p\g( b - Ve - r) Sy, ' (2)

where x is the thermal diffusion rate, K is the thermal c¢onductivity and the
radiation loss from the surface is ignored. Substituting the present conditions
(p = 34 MW/cm® and K = 0.67 W/(cm-K) for ‘nickel) into egs. (1) and 2y, we' obtain
the time evolution of temperature on the nickel surface as shown in Fig.8, where
the effects of the latent heat for fusion and vaporlzatlon are considered. The

62nsec 567nsec
At=305ns¢ec
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S P UUUU P MR P IS | ) o
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Fig. 8 Temperature rise and cooling rate of the nickel target surface
for an irradiation of IPIB with the uniform power density of
34 MW/cm’ and pulse width of 30 ns.



nickel surface is heated to its boiling point of 2732 °C, but dose not exceed
the boiling point because of the large latent heat of vaporization. The cooling
rate from the melting point (1453 °C for nickel) to the glass transition point
(417 °C for the NiCr, P B, alloy’) is found to be dT/dt=2.2X10° °C/s in Fig.8.
The estimatedAéooling rate is larger than the critical cooling'rate(105~105°C/s)
for amorphous laver formation of nickel allcoys. The temperatur.e rise and cooling
rate shown in Fig.8 were estimated using the physical parameters of pure nickel.
However, since the difference in the physical parameters between pure nickel
and nickel alloys is small, the results estimated using the physical parameters
of pure nickel give rise to a good approximation of the experiments.

3.2 Surface modification of titanium
The IPIB was irradiated to a titanium target (15mmX15mmX0.5mm} for

surface modification. The titanium target was polished with the emery paper
(#1000} and annealed in a vacuum. The target was irradiated with the IPIB of
5 shots for the more unifeorm irradiation. Figure 9 shows the X-ray diffraction
patterns of (a) non-irradiated and (b) irradiated titanium, where the incident
angle of X-ray o is 2° which corresponds to the maximum diffraction depth of 0.85
um from the surface. The X-ray diffraction peaks of IPIB-irradiated titanium
are broaden compared with that of non-irradiated titanium. The width of X-
ray diffraction peaks are similar to that of amorphous phase. The width B of

X-ray diffraction peak is dependent on the grain size d in Scherrer’s formula :
094 o

d = —— 3
B cos 8, )

where A is the wavelength of X-ray and 6, is Bragg angle'®.

Substituting the
present conditions to eq.(3), the grain size of IPIB non-irradiated titanium

was calculated to be approximately 32 nm. On the other hand, the grain size of

(a) Nontirradiated

Intensity (a.u.)

1 L

(b) Irrai_diated

Intensity {a.u.)

Diffraction angle 20 () -

Fig. 9 X-fay diffraction patterns of (a) non-irradiated and
(b) irradiated titanium. -
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Fig. 11 Temperature rise of titanium surface for an irradiation of IPIB
with the uniform power density of 34 MW/cm’ and pulse width
of 30 ns. :

IPIE-irradiated titaniumwas calculated tobe approximately 11 nm. Theseresults
demonstrate the formation of formation of nanostructured titanium surface by
IPIB irradiation. :

Figure 10 shows the topography of (a) non-irradiated and (b) irradiated
titanium. In Fig.l1l0(a), the machining roughness produced by polishing is found
on the surface of the non-irradiated titanium. After IPIB irradiation, such
roughness almost disappears as shown in Fig.10(b). From this fact result, it
is possible to smooth the titanium surface by IPIB-irradiation.

Assuming the IPIB composes a single ion spice of carbon, we calculate the
temperature rise of a target surface by IPIB-irradiation. The temperature rise
of titaniuin surface by IPIB irradiation is also given by egs. (1) and (2).
Substituting the present parameters {(p = 34 MW/cm’ and T = 30 ns) into egs. (1)
and (2), we obtain the time evolution of temperature rise on titanium surface
as shown in Fig. 11, where the effect of the latent heat is considered. The
titanium surface is heated to its boiling point of 3278 °C in a very short time
of 2 ns. The helding time above the melting point is 76 ns in Fig.11l, and might
be enocugh to remove the machining roughness. After IPIB is turned off, the
titanium . surface is rapidly cooled by thermal diffusion, producing the
nanostructured phase on the titanium surface.



4. Conclusion

A mixed carbon and fluorine IPIB with the power density of 34 MW/cm® and
the pulse duration of 30 ns was irradiated to the target materials. The IPIB
irradiation to Ni, Cr P, B, alloy results in amorphous structure on the surface
within 0.66 um in depth. The repeated irradiations of IPIB produce the amorphous
phase in the deeper region from the surface. The IPIB irradiation heats the
nickel surfaceup to its boling point of 2732°C. The cooling rate from themelting
point to the glass transition point is estimated to be 2.2X10’ “C/s, which is
sufficiently larger than the critical cooling rate for amorphoué formation of
nickel alloys. The IPIB irradiation to the titanium surface leads to the
nanostructured phase on the titanium surface. After IPIB irradiation, the
machining roughness on titanium surface is removed sufficiently.
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ABSTRACT

A corona streamer discharge systemn has been developed for the removal of NOy from
flue gas. The system consists of a Blumlein line generator and a discharge tube with coaxial
geometry. A voltage pulse with a duration of 120 nsec and with an amplitude of 35 to 50 kV
is used for the generation of strcamer discharges. Trial gases for the pollution control
- experiment are composed of N, NO, O, and H,0. The flow rate is 1.2 I/min.  Preliminary
results show a NO removal of 100% with a removal efficiency 250 pmol/Wh; 98% is removed
with an efficiency of 300 pmol/Wh. The removal ratios of NO and NO, are increased when

H,0 molecules are added to the flue gas prior to the streamer discharge.

1. Introduction

Recent emission standardsﬁ require that the amount of nitrogen oxides (NOx) in flue
gases, mainly emitted from fossil fueled electric power plants and automobiles, is reduced.
Current systems can be catagorized as chemical or electrical NO, removal systems. Chemical
systems include wet scrubbing systems based on limestone, lime, and sodium carbonate, spray
drying systems using alkali sorbents, as well as ammonia injection systems in combination with
flue gas heaters. Electrical systems utilize e-beams, silient discharges, and corona streamer
discharges.

Chemical systems have the advantages of low cost and reliable technology.
Although electrical systems tend to be more expensive at the current state of development, they
have the advantage of higher removal ratios. Moreover, most of the undesired NO; is
converted to N, and O,, which require no special disposal. The corona streamer discharge
system promises high removal ratios with a relatively high removal efficiency. Specifically,

this system offers the following features:



- homogeneous discharges at atmospheric pressure,

- generation of electrons with energies of 10 eV or more which can dissociate NO,
molecules directly,

- streamer discharges can treat large volumes of flue gases, and

- applied energy mainly creates energetic electrons, with little energy wasted in

heating ions and neutral gas molecules.

2. Experimental Apparatus

The schematic diagram of the experimental apparatus for the pollution control by
pulsed power is shown in Fig. 1. The simulated gas, a mixture of NO, N,, O,, and H,O is
introduced into the discharge tube at room temperature. The NO concentration is 200 ppm,
the O, concentration is 11%, the H,O concentration is about 4%, and the flow rate of the
simulated flue gas is 1.2 1/min.

Fig. 2 shows a schematic diagram of the Blumlein line generator, which is used as a
pulsed voltage source. This Blumlein line generator consists of a trigatron switch and six
coaxial transmission lines, each with a length of 1 = 12 m, and with a characteristic impedance
of Zy = 50 ohm. Under matched conditions, this generator provides a square pulses with an
amplitude equivalent to 3 times the charging voltage and with a duration of 120 nsec.

The discharge tube used in this experiment is shown in Fig. 3. The voltage pulse
with a positive polarity is supplied to the inner electrode with a diameter of 1 mm, and the outer
electrode with an inner diameter of 76 mm is grounded. The length of the tube is S00 mm.
Current and voltage waveforms are measured by a Rogowski coil and a resistive voltage divider,

respectively. The gases exiting in the discharge tube are analyzed by the gas analyzer.

3. Experimental Results and Discussion

Typical voltage and current waveforms during a corona streamer discharge are shown
in Fig. 4. In this case, the charging voltage of the Blurﬁlcin line generator, V., is 20 kV,
resulting in a output voltage of about 36 kV at the discharge tube. Fig. 5 shows the open-
shutter picture of the discharge. Homogeneous streamer discharges are observed clearly.

The removal ratios of NO and NOx in a N,+NO mixture are plotted versus the
repetition rate of the applied voltage pulse in Fig. 6.  For the maximum applied pulse repetition

rate of 7 pps, the removal ratios of NO and NOx are 68 % and 59 %, respectively. In these



In this case, three NO, molecules: produce one additionsl NO molecule.
Consequently, the removal ratio of NOx is increased but the removal ratio of NO is decreased
compared to the case with H,O molecules in the streamer discharge. From these results it
appears that the OH and HO; radicals are very helpful in the removal of NO.

In addition, the performance of the NO, removal has been investigated for different
electric field amplitudes in the discharge tube. A Blumlein line charging voltage of 15 kV and
25 kV resulted in an average applied electric field strength of 1 MV/m and 1.3 MV/m,
respectively.  Typical voltage and current waveforms during a corona streamer diséharge with
Ven = 15 kV and 25 kV are shown in Figs. 11 and 12. Figs. 13 and 14 show the removal
ratios of NO and NOx for those cases. The trial gas is a N3+NO+0,+H,0 mixture. In the
case of Vg = 25 kV, a NO removal ratio of 100% is already achieved at a pulse repetition rate
of 4 pps. The NO removal efficiency is given in' Fig. 15. In general, the following trend is
seen: applied voltage pulses with higher amplitudes lead to an increase of the NO and NO,
removal but, on the other hand, decreases the removal efficiency. Therefore, the voltage
amplitudes should be adjusted according to the needed NO removal ratio in order to optimize

the removal efficiency.

4. Conclusion

The performance of NOx removal using corona streamer discharges has been
evaluated. It seems that this is an attractive method, and it has a possibility to solve the
problem of NO removal from flue gas. With the simple discharge tube used in this experiment,
NO gas in a N3+NO+0O;+H;0 mixture is removed to 100% with a removal efficiency 250
umol/Wh, 98% is removed with an efficiency of 300 wumol/Wh. The measurements showed
that H,O molecules in the flue gas enhance the removal of NO, gas. Future works lie in the
investigation of the effect of additives which could significantly increase the NOx removal
efficiency, and in the development of high repetitive, economical, light and compact pulsed

power generators in order to realize the industrial applicability of this technique.



measurements, the concentration of NO; stays nearly constant, indicating that the NO gas does
not convert to NO,.

Fig. 7 shows the removal ratio of NO and NOx in a N,+NO+0O; mixture. The
removal ratio of NO increases uﬁ to 93 % and the removal ratio of NOx decreases to -13 %.
Since O, is included in the gas mixture, O radicals are produced. The plasma chemical

reactions during/after a corona streamer discharge are written as:

NO+N—N;+ 0O (§))
NO+O+M—+NO;+ M 2)
N+O+M—NO+M 3)

where M is an inert molecule.

Fig. 8 shows the removal ratio in a No+NO+0+H,0 mixture. In this case, NO is
totally removed, and the overall NOx removal ratio increases significantly compared to the case
without H»O. With the addition of H;O molecules, OH and HO; radicals are produced.

They lead to the following plasma chemical reactions:

NO + HO; — NO, + OH )]
NO + OH — HNO; (5)
OH + NO; + M— HNO3; + M (6)
HO, + NO, + M — HO,NO, + M (7)

From these reactions, NO; is converted to HNQOs, which increases the removal ratio of NOx.
This result indicates that H,O plays an important role in the removal of NO,. In order to
further investigate the role of H,0, the position of the water vessel has been changed as shown
in Fig. 9. In Fig. 9 (a) the water vessel is placed prior to the discharge tube, Fig. 9 (b) shows
the case where water is added to the flue gas after it has passed through the discharge tube.
Fig. 10 shows the tesults of this experiment. In the case of (a), the plasma chemical reactions
(4), (5), (6), and (7) most likely occur. Therefore, both the removal ratios of NO and NOx
are higher compared to the case without H,O. In the case of (b), there are no H,O molecules
presents during the streamer discharge. Since no OH and HO, radicals are produced, the

following chemical reaction is expected:

3NO, + Hy0 — 2HNO; + NO | (8)
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FUSION APPROACHES BASED ON SELF- MAGNETIC
FIELD CONFINEMENT

T. Miyamoto
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Kanda— Surugadai, Chiyoda— ku, Tokyo

1. INTRODUCTION
It was realized in the early phases that the peaceful use of nuclear
fusion energy must be based on thermonuclear reactions in hot plasma
confined magnetically. Hot plasma has to satisfy the conditions of
temperature T and the product nt — density n and sustaining time t, the so
called Lawson conditions ‘>, which permit choosing either density or
sustaining time, independently. The fusion reactor is restricted by several
additional conditions. For example, the energy that passes through the
reactor wall is limited to less than 1-10 MW/m ® for conventional wall
material, and the available confinement field strength is also limited to less
than several 10 T when solenoid coils are used. Hence, it had been believed
that the density had to be the order of 10 *° — 10’ m ~° (depending on
D-D or D-T fuels) in magnetic fusion where the use of solenoid coils had
been assumed implicitly. The limitation on density was removed after the
laser fusion approach appeared at the end of the 1960’s. The additional
conditions depend on the scheme of fusion approach. At present we can
classify the fusion approach into three types, depending on the density (or
the sustaining time) ‘*’ .
1) External magnetic confinement (Steady or Quasi—steady reactor)
n~ 102° -~ 10?* m ~?
2) Self magnetic confinement (Pulsed reactor)
n>107%" -10*° m™
3) Inertia confinement (Pulsed reactor)
n>10°%" -10** m™*
Besides these three approaches we have to point out the wide density region
where no fusion scenario exists :
10°° - 10** <n<10%* - 10**'m~?



As i1s well known, magnetic confinement (precisely, the external magnetic
confinement) has been the main fusion approach since the early phase of
fusion research. It is important to distinguish self magnetic field
confinement from external magnetic fusion confinement. A magnetic field s
used in both approaches. In the former, however, no solenoid coil are
needed, so the magnetic field and density are not limited. As a result, the
reactor concept is rather similar to the inertia confinement approach, thus
differing essentially from the latter. The progress of pulsed power
technologies has given new prospects for the self magnetic field confinement
approach. The outline of fusion research and the typical methods and

‘devices that have been investigated so far, are summarized in Fig.1.

2. FUSION RESEARCH BASED ON Z-PINCHES AND RELATED

APPROACHES
2 . 1 First Period (searching period : before 1960)

We are able to classify the research into four periods. In the first period
many methods were investigated to produce fusion plasma. The main trend
was to investigate the steady or quasi—steady magnetic confinement fusion
approach. The differences between external and self magnetic fusion
mentioned in Sec.1 had not been realized vet, and inertia fusion had not yet
appeared on the stage.

The simple Z-pinch gave a large amount of neutron yield. It was
shown, however, that most neutrons were not generated in thermonuclear
reactions, but in reactions with ions accelerated by instabilities. Hence,
main efforts were devoted to stabilizing the simple Z—- pinch plésma by axial
magnetic and conductive shells (stabilizing Z-pinches). The conclusions
obtained from these Z—pinches in this period are summarized as following :

1} The plasma column is highly unstable, and density is limited. As a
result, the product nt is limited to less than 10 '* m ~°
1) Several stabilizing methods decrease the nt—value in spite of the
prolongation of life time, because of decreasing density.
1ii) The emitted neutrons mostly originate from non—thermal reactions due
to accelerated deuterium rather than from thermonuclear reactions.
Toroidal Z— pinch devices (for example, "Zeta") were also investigated for
eliminating the end loss in the straight geometry. Afterwards, this trend
developed to RFP (the reverse field pinch), and Tokamak in which a stronger



toroidal magnetic field was applied to avoid the pinch of plasma.

2 . 2 Second Period (after the fusion approach based on a simple Z— pinch
and its modification failed, and until early 1970s )

After the Z- pinch fusion approach failed, several pulsed systems
were investigated :

(1) Theta pinch
(2) Plasma focus
(3) Liner compression '

In this period a leading approach was theta pinches, because they were
stabler than Z-pinches. Toroidal theta pinches (for example, the Scyllac
project ) could not, however, achieve the aim due to instabilities. The
pulsed approach had not yet been established distinguishing it from the
steady one as well as the first period. The theta pinch plasma was confined
by an external field produced by solenoid coils, and so has an upper limit in
its density. From this point of view, the theta pinch was a pulsed device
that needed higher density, and thus had a disadvantage in comparison with
other steady devices.

In this period the focusing of plasma was also discovered in vicinity of
the inner electrode in a coaxial plasma gun geometry ‘“’ . This plasma
focus gave a large yield of neutrons. It was shown that the scaling of
neutron yield to the bank energy existed under the optimized conditions of
each focus device > . It was expected that the plasma focus device might
produce the fusion plasma, if this scaling holds in large bank energy. An
inertia fusion (i.e. a laser fusion) approach also appeared at the end of this

period.

2 . 3 Third Period (after the Scyllac project was shut down)

The laser implosive fusion approach had been established. It was
recognized that the pulsed fusion approach must aim at a completely
different regime and be based on a standpoint different from those of the
steady fusion approach in the early phase of this period. In the pulsed
approach a high density was generally required because of the short
sustaining time. Hence, the pulséd approaches can not be materialized on
the basis of the external magnetic field produced by coils, but only the self
magnetic field. The pulsed systems using a solenoid coil such as theta



pinches are essentially within the framework of the steady fusion approach.
A profound gap exists between the fusion approach based on the self
magnetic field and that based on the external field, as shown in Sec. 1.

After the Scyllac project was shut down, many approaches were
proposed. Except for the proposals related to the theta pinch, those based
on self magnetic confinement were

(1) Dense, slender Z— pinches (the target is clear and simple)
(2) Fast liner compression
(3) Plasma focus.

In this pertod a leading approach was to produce a dense slender
pinched plasma column by a laser initiated, gas—embedded Z-pinch, a
capillary Z-pinch and a fiber Z—- pinch. The results for these Z— pinches has
been compiled. On the other hand, the plasma focus experiments were
carried out using the capacitor bank up to 1 MJ. The neutron yield did not,
however, satisfy the scaling law to the bank energy, but that to the current
flowed into the pinch plasma channel. That is, the leakage current increases
with the bank energy. The fast liner compression experiments were
proposed, but were not examined experimentally.

2 . 4 Fourth Period (up to present)

The dense slender Z-pinch experiments seem to be facing several
difficulties at present, as described in Sec.3. They will have to be
reexamined. The pulsed fusion approaches based on the self magnetic field
are in the investigating phase again. The candidates are still :

Q) Dense, slender Z— pinches '
(2) Fast liner compressions
(3) Plasma focus
In all the approaches, however, new ideas and methods are required for
further developments. '

3. DENSE Z- PINCHES
3 . 1 Fusion Criterion by Dense, Slender Z- Pinches

The pressure balance of current—curring pinch plasma is given by the
Bennett condition

nol2 =16nNT (1)

—74—



The steady state is established in the Z-pinches only when the energy
balance is satisfied. In an isolated Z— pinch the energy losses result from
radiations, especially the Bremsstrahlung radiation in fully ionized, hot
plasma, which has to be equal to the joule heating. This energy and the
pressure balance relations give the result that the steady state is established
at a constant current, the so called Pease— Braginskii current

I=1Ipg ~14x10% (A) | (2)
The corresponding internal energy per unit length is given as
NT:L}’Bzﬂxlo“ (J/m)
16w (3)
Hence, the line density and the radius for temperature T : = 5 x 10* K and

-3

density n .01 =10 ** m "* reduces to

Wolps” 18 1
N=nrp2n:&z7x10 (m )
167 Thysion

N

Tga)id

~15x107% (m)

I,

. The sustaining time corresponding to the solid density has to be t > 10 °® s.

The length of plasma is determined by the axial energy loss and have to be

more than about 0.1 m. This scheme is attractive, because a fusion reactor

will be remarkably compact. At the same time we notice that the scheme

requires a very fast rising current, that is, very high voltage (more than MV).
If not so, the discharge reduces to a conventional wire—explosion.

3 . 2 Problems in Dense Slender Z- pinch
So far several types of fusion oriented experiments have been carried
out using high voltage pulse power devices, and the important results are
summarized in the following. '
(1) Laser initiated, gas—embedded Z—- Pinch
The pinch discharge was fired along a weakly ionized plasma channel

(B)

generated by irradiating an intensive laser beam The pinched plasma
column was accompanied with irreguralities due to instabilities. However,
their growth rate was not so high, and the current flowed along the plasma

column throughout the discharge. This experiment showed that a pinch



“® was produced. It was

plasma column with a density exceeding 10 2°* m
difficult to produce such a dense plasma column by means of a conventional
dynamic pinch. In addition, the gas—embedded Z-pinch has several
features that it makes repeated discharges easy, and that a unique reactor

‘9 | However, the

concept similar to a light water fission reactor is possible
produced plasma column expanded rapidly, because the surrounding gas
flowed into the column. This accretion meant that it was difficult to sustain
a slender dense plasma channel for the required period in a gas atmosphere.
(2) Fiber Z—- pinch

To avoid the accretion in the gas—embedded Z-pinch the fiber
Z—pinches hve been investigated by many authors. In the experiment using a
D : fiber, neutron emissions which resulted from instabilities were not
observed during the current rising phase. So it was siressed that no MHD

¢ However, this result

instability grew during the current nising phase
has not been confirmed.

Recently, it have been shown that as the m=0 instability developed, the
current was almost completely displaced from the constriction to the
periphery of the pinch ‘'’ . It was also reported that the growth rate of
m=0 mode was high enough in the polyethyleﬁe fiber Z- piﬁch with a
diameter 15 u# m. The experimental results show the radial ejection of
plasma by m=0 cusps, the transition of current from the pinch column to the
outside of the column and the contraction of the outside plasma. As a result
of these processes, the ions were turbulently heated, and the plasma radius

(12> These experimental results seem to

was determined by this heating
be opposite to the fusion scenario described in Sec.3.1.
(3) Instabilities and Stabilizing effects
So far many authors have reported that the experimental growth rate of
instabilities was slower than that predicted by the ideal MHD theory except
for the above mentioned results. It was also pointed out that there were

(1% Hence,

wide regions in which non—ideal MHD theory was required
several effects neglected in the ideal MHD theory ( for example, finite
Larmor radius effects, large Larmor radius effects, viscosity, etc.) were
~examined. These theoretical investigations were carried out only near the

ideal MHD plasma, and were failed to obtain drastic stabilizing effects so far.



4. PLASMA FOCUS
4 .1 Target and Difficulties of Plasma Focus

It was suggested that the neutron yield was proportional to E * ' in
plasma focus devices using a small capacitor bank of energy E under
conditions optimized in each device *’ . If this scaling holds true for higher
bank energy, the fusion reactor can be realized in a scaled— up focus device.
Unfortunately, large scale focus experiments failed to prove the scaling on
the discharge energy. In the plasma focus devices the scaling law holds
rather on the plasma current, which does not increase with the discharge
energy, because the current is excluded from the constricted column.

4 . 2 Problems of Plasma Focus as the Fusion Approach

Plasma focus 1is characterized as kind of dynamic Z-pinches
accompanying the radiation collapse “'*’ . The focus device is also
considered as an impedance convertor, which gives a fast rising high current
at the final pinch phase. In spite of these special features, it is questionable
whether the plasma focus can be revived as a fusion approach. The
impedance of pinched plasma becomes higher with stronger pinch. The
higher impedance tends to increase the leakage of current through several
mechanisums ‘'*> . The future of the plasma focus depends on whether the
leakage current which increases with the discharge energy is intrinsic in the
plasma focus device. It is necessary to find out methods to diminish the
current leaking from the plasma column in large scale focus devices to
overcome this tendency. The role of radiation collapse in the plasma focus
device and theoretical explanations to the scaling law obtained

experimentally will be important subjects to study.

5. Liner Compression
5 . 1 Classification of Liner Compression

The liner compression is classified as the following, depending on the
imploding speed of liner %,
(1) Passive liner (zero implosion speed)
Wall confinement of a magnetically confined plasma
(2) Slow liner (the imploding speed v = 10 * —10 ° m/s)
Most liner compression experiments fall into this category of liner. For

example, this liner speed has been used for generating high magnetic fields



and for compressing a magnetically confined plasma. We need well confined
plasma to produce a hot plasma by the liner with this speed. It is difficult to
obtain fusion plasma. This type of liner compression is essentially pulsive,
but could be classified to the external magnetic confinement approach as
well as theta pinches.
(3) Fast liner (v = 10 * =10 ° m/s)
Hot plasma is produced by compressing wall— confined plasma when it is
insulated thermally by magnetic field.
(4) Extremely fast liner (v = 10 * m/s)
A magnetic field is not necessary required for this liner speed, which is
corresponding to about 10 keV for D. A dense plasma compressed directly
by a wall can be fusion plasma. |

5 . 2 Fast Liner Compression
In the beginning of the third period, several experiments on fast liner
compression were proposed just after the theta pinch approaches were shut

(LB) (L7

down . These early proposals were based on rapidly compressing

plasma confined magnetically of several 10 ° degrees and several 10 '°* m ~°
in density. The compression ratio of 50 — 10 * can give a plasma of several
100 million degrees and 10 *° m ~°, if this initial plasma is produced in the
maghnetic field with the order of several Tesler. The difficult problem in this
approach is to produce such a dense, hot, initial plasma. For this reason the
proposal was not investigated experimentally.

Recently, several attempts on the fast liner were proposed “'® ' |
One of them related to methods of how to produce the initial plasma. The
fast liner approach will be revived, if this problem is solved. The generation

of extermely high liner speed is an interesting subject.

6. CONCLUDING REMARKS

The fiber Z—pinch was a leading approach in the last decade, and its
scenario for fusion was quite simple, if the plasma column was stable for the
short period required. However, it is not still possible to keep the dense
plasma stable for the necessary sustaining time. Both fiber Z—pinch and
plasma focus seem to meet similar difficulties, that is, the plasma impedance
increases extremely with a strong pinch. History progresses like climbing a
spiral staircase. Now we may stand at the new perniod to search for and



examine new methods based on the self magnetic fusion approach.

We did not examine the pulsed approaches in the view of reactor
feasibility. It will naturally be difficult to construct a pulsed reactor
borrowing the concepts of the steady reactor. It is important to create
reactor technologies appropriate to the pulsed approach. We can point out
the wetted wall, the liquid wall and the reactor concept similar to light water
fission reactor as these examples. '
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Measurement of Beam Energy of Spherical Plasma
Focus Diode and Its PIC Code Simulations
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Abstract

We have evaluated dynamic characteristics of spherical plasma focus diode
(SPFD) by experiments and simulations. Using a caloriemeter, there was a
peak of 84 J/icm? on z-axis of an intense, pulsed, light-ion beam energy density.
To evaluate the species and energy, Thomson parabola energy spectrometer
measurement was carried out. To obtain beam flux, new types of electrodes
were used; grooveless high flux anode and highly transparent, webbed cathode.
We found that the protonic ratio, defined by the ratio of protons over heavy ions
(C*, C*, O*, and O+, is 8.2. The energy of protons, which had a peak at 300
keV, distributed in the range of 230 ~ 600 keV. In PIC code simulations, we
proposed initial thermal energy model to express the local divergence of LIB.
We assumed that the initial thermal energy models takes half vector space.
The vector had a constant magnitude and random direction. When the initial
energy is 20 eV, the ion beam focused in a cylindrical area of 0.4 mm® x 2.4 mm.
This focusing size was much tighter than the experimental results (6.0 mm® x
4.5 mm) measured by time-integrated backward Rutherford scattering pinhole
camera. Above 20 eV, simulation results gave better focusing. The Iocal

divergence , however, could not be expressed by the above models.
1. Introduction
In practical applications, tight focusing an intense pulsed light ion beam (LIB)
within a small area is very important to achieve high power density. In most cases,

the LIB has been focused geometrically, where both the anode and the cathode of the

ion diodes are shaped in concave. However, the solid angle of the spherical diode is



strongly limited since a magnetic field is transversely applied in the anode-cathode gap
to prevent electron flow. To obtain large solid angle, we have proposed a new type of
self-magnetically insulated vacuum ion beam diode, spherical plasma focus diode
(SPFD) [1 - 4].

Thermosensor

I Thermometer

Beam Collector

Fig. 1 Schematic of SPFD together with caloriemeter.

The SPFD is three-dimensionally focused, self-magnetically insulated diode. It
consists of two concentric spherical electrodes, anode and cathode, as shown in Figure
1. The anode has grooves filled with epoxy for the ion source. The solid angle
covered is 0 - 2n and n/6 - /2 in the # and ¢ directions, respectively. The cathode
have many drilled holes (1 mm diameter) and has a transparency of ~5 %. It has been
designed so that the LIB extracted from the anode plasma tends to focus on the same
geometric focusing point as the center of the electrodes. The features of the SPFD are
summarized as 1) very simple and compact structure (we do not need external

magnetic field coils), 2) large solid angle of focusing, and 3) axial symmetry.
2. Experimental setup

Using a calorie meter, we evaluated the LIB energj* density. Figure 1 shows the
experimental setup. Cylindrical beam collector (inner cup size : 20 mm® x 20 mm) is
made of brass with the weight of 87.26 g. To collimate the incident LIB, a copper
aperture plate (1 mm!) was arranged in front of the collector. Supporting parts are
made of polypropylene to prevent thermal conduction. A thermistor sensor is bolted
onto the end of the collector, and is connected with a digital thermometer. Resolution

of the digital thermometer is 0.01 degree, which corresponds to 0.35 J.



To analyze ion species and its energy, Thomson parabola energy spectrometer
(TPES) measurement was carried out. Figure 2 shows the arrangement of TPES.
The TPES was placed on ¢ = 40 degree axis in the diode chamber. Direct
measurement was available without any scatterer. To obtain beam flux, new type
of electrodes was used; highly transparent webbed cathode and grooveless anode. The
cathode was made of 0.1 mm® copper wire, and has 95 % béam transparency. There
were no grooves on the anode, on which a mixture of nitro-cellulose and alkyd resin

was sprayed (~10 pm thick) as an ion source.
1st pinhole

Anode
Cathode

Detector
(CR-39)

Fig. 2 Arrangement of Thomson parabola energy spectrometer.
3. Experimental results and discussions

The SPFD was operated on the pulse power generator, “ETIGO-II” [5]. Figure 3
shows typical waveforms of the inductively calibrated diode voltage ( V), diode current
(1) and diode impedance (Z3). The diode impedance is 6.8 Q) in the high voltage region,
being good impedance matching with output impedance (6.5 Q) of ETIGO-IL

Figure 4 shows the LIB energy density measured by the calorimeter on the z-axis.
The circles show the averaged value of two shots, where an error bar is less than 10 %.
Figure 4 (a) shows the dependence of aperture diameter on the energy. The aperture

was placed at z = 0 mm of the geometric focus point. We may evaluate the incident

¢ was

jon beam diameter to be ~ 3 mm. Hereafter, the aperture diameter of 3 mm
used. Figure 4 (b) shows the energy density profile along the z-axis. The beam

energy density has the peak of 84 J/cm? at z=1 mm.
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Figure 5 shows the result obtained by TPES measurement. Heavy ion contains C*,
C*, O* and O** ions. We see the protonic ratio defined by the protons over the heavy
ions is about 8.2. The energy of protons, which had a peak at 300 keV, distributed in
the range of 230 ~ 600 keV.  The protons are produced at a later stage of the pulse
where the diode voltage starts to drop.
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Fig. 5 Energy distribution of protons and heavy ions (C*, C**, O*, and O*).
4. Two-dimensional PIC code with initial thermal energy model

Utilizing a time-integrated backward Rutherford scattering pinhole camera with
CR-39 track detector, we have evaluated the focusing size of the beam. The LIB was
focused radically within 4.5 mm (FWHM) in diameter.  Axially, on the other hand,
we found 6.0 mm (FWHM) in the z direction, which deviates 2.5 mm downstream from
the geometric focusing point iG]. Since the averaged deflection angle measured by
shadow box is only 1 ~ 7 degrees in the elevation angle of ¢ and 1 ~ 2 degrees in the
rotation angle of ¢ [2, 3], it is considered that the LIB seems to have considerably
large local divergence. The local divergence will be induced by initial thermal energy
of ions, nonuniformity of anode plasma, and plasma expansion to the acceleration gap.
To evaluate the contribution of the initial thermal energy on the local divergence, we
proposed initial thermal energy model on PIC code simulation.

Considering rotationally symmetric structure of the SPFD, we have designed and
developed particle in cell (PIC) code in two-dimensional coordinate. The uniform
mesh is square with the size of 0.2 mm. The code contains Maxwell's equations and
relativistic particle kinematics. Electric- and magnetic-field strength, and simulation
particles’ position and velocities are calculated once in every computational time step
of 0.3 ps. The simulation particles are used to simulate the electron and proton flows
and provide self-consistent sources for the field equations. Electrons kinetic motion

are treated as relativistic, while not for protons.



Fig. 6 Model of initial thermal energy assigned.

Figure 6 shows the initial thermal energy model. We considered the half vector
space. Its boundary is decided by a tangent line of circle having a radius with
distance from the position of the particles toward the geometric focusing point. After
some computational steps, the initial thermal energy is given to protons. Otherwise,
many protons will disappear by the collisions with the anode surface. In the initial
thermal energy, some probability function should be taken into account. Here, we
assume a constant magnitude of the energy vector. The direction of the vector is
given by considering uniform random probability. ‘

The simulation model is different from the experimental configuration of the SPFD
from the following aspects.

1) There are many grooves in the actual anode, whereas no grooves in the
simulations, The anode is treated as a surface ion source. Protons are produced
from all the active area of the anode surface.

2) The actual cathode is transparent due to the presence of a lot of drilled holes,
while the simulated cathode is fully transparency. The ions come from all active ¢
direction.

3) The simulation is PIC code. The feature of plasma as a fluid is not considered,

and hence we do not take plasma expansion phenomenon into account.



5. Simulation results and discussions

Figure 7 shows the typical waveforms of diode voltage (Va) and current (Is). Their
peaks are Va ~ 940 kV and Iq ~ 160 kA, respectively, resulting in the diode impedance
to be 5.9 Q. These parameters are well matched with those of the experiments.
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Fig. 7 Simulation waveforms of diode voltage (V) and diode current (Z) with 20-eV initial
thermal energy.
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Figure 8 shows the typical particle distribution along the z-axis, associated with Fig.
7. The point of z = 0 corresponds to the geometric focus point. The initial thermal
energy is 20 eV. At t=8.1 ns, the Aproton beam is focused within 2.4 mm (FWHM) in
the z direction. The best focus point takes place at z = 2.0 mm, being in good
agreement with the experimental data of z= 2.5 mm, '

Figure 9 shows the particle distribution in the r direction, at z = 2.0 mm
corresponded to the best focusing point in Fig. 8. This profiles have been estimated
from the trajectories of protons in r-z plane, since the code does not calculate the
component in the 8 direction. At t = 8.1 ns, we have achieved tight focusing of the
proton beam: it is focused within 0.4 mm (FWHM) in the r direction. From the
comparison of Figs. 8 and 9, we find that the LIB is focused in a cylindrical area, which
is consistent with the experimental results.

Table 1 shows the comparison of the experiment and simulations on the focusing
area. As mentioned above, the simulation results of the diameter have been
estimated from the trajectories of protons in the r-z plane. Furthermore, the
simulation result does not include defocusing effects due to divergence as well as
deviation in the r direction. Therefore, the above simulation results seem to be
considerably smaller than the experimental data. The simulation results of the axial -

length of the focusing also show better focusing than experiment.

Table 1 Comparison of experiment and simulation.

Initial Diode Diode Focusing size
Results Energy Voltage Current {mm)

(eV) (kV) (kA) z-Deviation Length Diameter

Experiment — 935 165 2.5 4.5 6.0

Simulations 0 948 162 1.6 3.0 0.4

10 938 164 1.8 2.5 0.4

20 939 164 2.0 2.4 0.4

100 937 164 2.0 2.2 0.4

Figure 10 shows the comparison of the particle distribution along the z-axis with the
initial thermal energy (100 eV) and the smaller one (0 eV) as a parameter. The
distribution with the higher energy is moved 0.4 mm downstream from the lower
energy. There are little change in the upstream, whereas a significant change in the

downstream. It can be considered that the particles in the downstream have



moved the upstream region.
The local divergence, however, could not be expressed by the above models.” To
evaluate the local divergence, we have to consider the nonuniformity of the anode

plasma as well as the plasma expansion into the acceleration gap.
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Fig. 10 Comparison of ion-number density distribution between the initial energy of 0 (eV)
and of 100 (eV).
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Abstract
This paper presents results of our study on the effects of impurnties on a grid-
controlled vacuum arc ion source. To investigate the presence of the impurities in the
vacuum arc copper plasmas, we have performed mass spectroscopy of the ion beams.
We have found that the vacuum arc plasmas contain carbon 1ons and protons as
impunties. We have also discovered the correlation between flux variations of the
impurities and modulations of the ion beam waveforms.

1. Introduction

The goal of this study is to develop sources for high-current ion injectors. Requirements
for such 1on sources include the following: high brightness, high reproducibility, and high
repetition rate. As a candidate of the ion sources that satisfy these requirements, we
developed a vacuum arc ion source.

The vacuum arc plasma usually has strong spatial and temporal flux vanations, which
distort the optics of conventional extraction gaps. Therefore, the ion beams extracted by
conventional extractors have large beam noise and poor reproducibility. Humphnes et al
oniginally proposed and developed a gird-controlled extractor, which can control the ion
beam current and reduce the beam noise[1]. The principle of this extractor is as follows. This
extractor uses a negatively biased gnd as the extraction anode, which repels source plasma
electrons and confines them in a plasma expansion chamber. Ions separated from the
electrons enter the extraction gap and form a virtual anode by their space charge. The virtual
anode suppresses the flux variations and stabilizes the 1on beam extraction. Because the ion
beams are extracted in a space-charge-limited mode, the current density equals to the space-
charge-limited value(Child-Langmuir current density).

We used the grid-controlled extractor for our vacuum arc ion source and tested its basic



operations in the previous experiments[2]. From the previous results, we confirmed that the
grid-controlled extractor is very effective to extract stable ion beams from time-varying
vacuum arc plasmas. However, we also found that there are several problems to be solved.
One of the major problems is that the waveforms of the ion beams often become very noisy
and lose their reproducibility although the grid control is active. In such a situation, the
current density increases beyond the Child-Langmuir value. This implies that the source
plasma contains lighter ions than copper ions (a copper cathode was used in our experiments).
To confirm it experimentally, we have performed mass spectroscopy of the copper ion beams.
In this paper, we report the results of the mass spectroscopy and discuss the effects of
impurities on the reproducibility of the ion beams extracted from the grid-controlled vacuum
arc ion source.

2. Experimental Setup

A schematic drawing of the vacuum arc 1on source 1s shown in Fig. 1. The arc discharge is
driven by a pulse forming network (PFN) which has an impedance of 5 and a pulse length
of 100us. The arc current is typically 200A, which is determined by the charging voltage of
the PFN. We use copper as cathode material to produce copper plasmas. The cathode is
surrounded by an alumina insulator. The extraction gap width is typically set to 2cm. In the
present experiments, the extraction gap is operated in two different ways: pulse extraction and
dc extraction. In case of pulse extraction, the extraction voltage is powered by a Blumlein
type PFN, which has an output impedance of 12Q and a pulse length of 30us. The extraction
voltage 1s applied with a matching resister in parallel, which assures almost rectangular
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Fig. 1 Schematic drawing of vacuum arc ion source
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10kV-acceleration pulse[2]. In case of dc extraction, the source is electrostatically maintained
at high voltage during the operation. Because the source plasma is supplied for about 100ps,
the pulse length of the extracted ion beam is also about 100us. More detailed structures of the
10n source are described in Ref. 2.

The experimental apparatus for the mass spectroscopy is shown in Fig. 2. The vacuum arc
source 1s connected to a mass-selection magnet that can produce a maximum magnetic field
of 0.5T. A Faraday cup installed downstream detects the ion beams bent by 45 degrees by the
magnet. A turbo-molecular pump maintains the base pressure of the vacuum chamber at 10-3

Torr.

3. Results and Discussions

The result of mass spectroscopy is shown in Fig. 3. In this measurement, ton beams were
extracted by the pulse-extraction voltage(10kV, 30us). Each dot in the figure expresses the
average ion beam current of each shot. Figure 2 reveals that the extracted ion beams contain
carbon ions and protons in addition to copper ions. Therefore, the source plasma clearly
contains carbon ions and protons as impurities. Because the amount of the carbon ions 1s
comparable to that of copper ions, the carbon ions enhance the Child-Langmuir value of the
extraction gap.

Figure 4 shows waveforms of ion beams extracted by dc-extraction voltage(6kV) and then
selected by the magnet. The upper traces 1s a C* beams and lower trace is a Cu®™ beam. These
two waveforms are measured separately. The point ts that flux of the C* beam fluctuates
strongly and has no reproducibility. This strong variations can be attributed to the flux
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vanations of the carbon ions in the vacuum arc source plasmas. From these results, it is
reasonable to consider that these strong flux variations of the impurities(mainly carbon) cause
the beam noises and degrade the reproducibility of the waveforms.

We consider that sources of these impurities are hydrocarbonic compounds that are
attached to the arc cathode surface because the impurities consist of carbon and hydrogen.



These hydrocarbons may originate from the vacuum pump oils in the residual gas. A cause of
the strong flux variations of the impurities may be unstable behaviors of the cathode spots. To
confirm it, we must do similar experiments in a higher vacuum.

4. Concluding remarks

We have explored the effects of impurities on the operation of the grid-controlled vacuum
arc ion source. From the mass spectroscopy measurements, we found that the vacuum arc
plasmas contain large amount of carbon ions as impunties. Moreover, the flux of the carbon
ions in the vacuum arc plasma has strong vanations, which affects the space-charge-limit
value of the extraction gap. Consequently, these strong flux variations of the impurities lead
to the beam noises and degrade the reproducibility of the ion beams. To investigate this
process more precisely and reveal the sources of the impurities, we need to perform more
detailed expenments. '
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AIR BREAKDOWN INDUCED BY A HIGH-POWER
SHORT-PULSE MICROWAVE

T. Wakisaka, M. Yatsuzuka and S. Nobuhara
Department of Electrical Engineering, Himeji Institute of Technology,
Himeji, Hyogo 671-22

1. Introduction

High power microwaves of its power levels in excess of 1 GW have been generated
using intense relativistic electron beams with accelerating voltage of the order of a MV
and current in excess of kA. " » At Himeji Institute of Technology the high—power
microwave with the peak power of 20 MW, frequency of 12 GHz and pulse duration of

)

14 ns has been produced by a virtual cathode oscillator (vircator). > *>  These high power
microwaves offer new applications in a variety of fields such as particle accelerations,
impulse radar, laser pumping, power beaming and environmental cleanup. Research on
laser-triggered lightn'mg' has received considerable attention in the recent years. > One
problem in laser—triggered lightning experiments is strong attenuation of laser energy by
rains, clouds, and laser—produced plasma. If microwave—triggered lightning is possible
instead of laser, microwaves propagate with a small loss in thunderclouds compared with
lasers and also are able to radiate much cxtensive region of targets. In this paper we report
on the fundamental experiment of air breakdown induced by a high—power' short—pulse

microwave.

2. Generation of High—Power Microwave
2.1 Virtual cathode oscillator

The high—power, short pulsed microwave is generated with a axially extracted vircator
at Himeji Institute of Technology. Figure 1 shows a schematic of experimental setup of
vircator diode for microwave generation. The electron beam diode consists of an annular
cathode of diameter of 3 cm and 1 mm in thickness and a stainless mesh anode (mesh wire
diameter: 0.25 - 0.37 mm and transparency: 62.8 - 68.4 %). The A-K gap spacing is
typically 3.5 mm. The electron beam current was measured with a Rogowski coil, and
the diode voltage was measured with a resistive divider. The emitted microwaves were

extracted axially with a circular waveguide with a diameter of 4.5 cm and were radiated



through a conical horn at the end of circular waveguide. The microwave signals were
picked U.p by a probe located on the wall of circular waveguide and also by an open-end
rectangular waveguide antenna at the position of 1 m from the conical horn. The signal
from the probe or antenna was detected by a crystal diode for power measurement.” The
microwave frequency was determined from the propagation time of microwave in a 105-m

rectangular waveguide dispersive line.

Rogowski coil Rogowski coil
(upstream) (downstream)
S

Circular waveguide

N Ll

]

\Mesh anode
Al o —

Annular cathode

Fig. 1. Schematic of vircator diode.

2.2 Microwave generation

Figure 2 shows the typical time cvolution of diode voltage, electron beam current and
microwave emission from the top. As'seen in Fig. 2, the peak power of microwave is 20
MW and the pulsc duration (Full Width at the Half Maximum: FWHM) is 14 ns. Although
not shown here, the radiation frequency was found to be 12 GHz. Figure 3 shows thé
microwave power as a function of shot number in repeated operation for various wire di-
ameters of anode mesh, \#hcre A, O,0, and X indicate the wire diameter of 0.22, 0.25,
0.29, and 0.37 mm, respectively. The transparency of each anode mesh was almost con-
stant in Fig. 3. With the smaller wire diameter of mesh, the higher microwave power is
generated, but the number of operation with microwave emission decreases. Microwave

emissions cease to appear after a few repeated operations because the anode mesh was



broken by the strongly pinched electron beam. ‘° The anode mesh of wire diameter of

0.22 mm was uscd at the present experiments on the microwave—induced air breakdown.
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(.29, and 0.37 mm, respectively.

3. Apparatus and Procedures for Microwave-Induced Air Breakdown

Figurc 4 shows a schematic of experimental set up for microwave—induced air brcak-
down. The conical horn with a diclectric lens mounted at the horn aperture is used as a
transmitting antenna. High-power microwaves through the dielectric lens are focused on a
discharge clectrode gap in the center of a stainless steel vacuum chamber with a diameter of
31 cm and length of 32 cm. The discharge electrode consists of a pair of needle (a diame-
ter of 7 mm and a tip angle of 19.3° ) and plane (diameter of 6 cm) electrodes. The gap
spacing between the needle and plane electrodes was 1.5 cm which is less than the wave—

length of microwave. Then, the microwave power density should be uniform in the gap
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spacing between the electrodes. The acrylic window and microwave absorber (Eccosorb
CV) at the opposite side of the transmitting antenna allow incident microwaves to transmit
in the vacuum chamber without reflection. Thunderclouds usually occur at the height of
3 - 10 km at which air pressure is estimated to be 200 — 500 Torr. Then, the experiment
presented here was done under the air pressure range from 100 Torr to atomospheric pres-
sure. Lights of corona discharge and breakdown were observed with a polaroid camera at a
side window of vacuum chamber. '

At first, a DC voltage was applied to the discharge electrode without microwave ir—
radiation. The DC voltage increased gradually till an onset of corona discharge, obtaining
the corona onset voltage. By further increasing the DC voltage exceed the corona onset
voltage, the gap-breakdown voltage was measured. Secondly, the microwave irradiates
to the electrode gap space being applied a DC voltage less than the breakdown voltage.

Air H-V.

Vacuum chamber
—_I"/ Needle electrode

Dielectric lens

Microwave \

no—

Microwave

Circular waveguide /‘ absorber
Circular horn X o
| Acrylic window
Pump  Plane electrode

Fig. 4. The experimental arrangement for microwave—induced air breakdown.

4. Results and Discussion
4.1 Negative polarity *

Figure 5 shows the DC voltage applied to the electrodes vs. air pressure for the nega-
tive polarity which means the needle electrode is negative voltage, where Il stands for the
corona onset voltage V¢, @ the DC breakdown voltage Vs, and O the minimum volt-
age of microwave-induced breakdown V . The hatched region indicates the DC applied
voltage between the electrodes at which the microwave can induce the breakdown. As scen
in Fig. 5, the microwave-induced breakdown is observed at the preséure range from 100 to
760 Torr, and at the pressure range less than 150 Torr, the microwave induces the break—

down at the DC voltage less than the corona onset voltage. In the pressure range above



200 Torr, the existence of corona discharges is necessary for microwave—induced break—-
down. Figure 6 shows the photographs of (a) the corona discharge before microwave ir—

radiation and (b) the breakdown induced by microwave irradiation at the pressure of 200

Torr, where the black and white of photographs were inversed using a computer.

40 3 f T T B | ¥ ¥
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Fig. 5. Microwave—induced breakdown for the negative polarity.

(a) (b)

Fig. 6. Photographs of (a} the corona discharge before microwave irradiation and (b) the
breakdown, induced by microwave irradiation at the air pressure of 200 Torr, where the

black and white of pictures were inversed using a computer.
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4.2 Positive polarity

Figure 7 shows the DC voltage applied to the electrodes vs. air pressure for the positive
polarity, where ll , @, and QO indicate V¢, Vs, and V u, respectively. The micro-
wave—induced breakdown appears in the pressure region less than 300 Torr. In the pres—
sure less than 150 Torr, the microwave induces the breakdown without corona discharges.
Figure 8 (a) and (b) show the inversed photographs of the corona dischargé before micro-
wave irradiation and the breakdown path after the microwave imradiation at the pressure of
150 Torr, respectively. Figure 8 (c) and (d) show the photographs of the corona discharges
before and after microwave irradiation at the pressure of 450 Torr, respectively. As seen
in Fig. 8 (d), the microwave irradiation results in a weak extensive luminescence near the

plane clectrode surface, but no discharge path between the electrodes.
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Fig. 7. Microwave—induced breakdown for the positive polarity.

The ratio of the minimum microwave-induced breakdown voltage V u in Figs. 5 and 7
to the DC breakdown voltage V = is plotted as a function of air pressure in Fig. 9, where
QO is for the negative polarity and @ is for the positive polarity. As seen in Fig. 9, the
microwave—induced breakdowns occur at the air pressure range less than 300 Torr and
Vv /V » reduces with decreasing air pressure in both polarities. Figure 9 also shows that
the high-power microwave can easily induce breakdown for the negative polarity than for

the positive polarity. At the pressure larger than 300 Torr, no microwave—induced break—
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down appear for the positive polarity. These results are ascribed to the existence of many
electrons, generated by corona discharges, in the gap space at the negative polarity. Be-
cause negative corona discharges release a large number of electrons in the gap space, but

positive coronas drive little electrons.

(a)

(c) S (d)

Fig. 8. Photographs of (a) the corona discharge before microwave irradiation and (b) the

breakdown path after microwave irradiation the pressure of 150 Torr, respectively. Photo~
graphs of the corona discharges (c) before and (d) after microwave irradiation at the pres—

sure of 450 Torr, respectively.
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Fig. 9. The ratio of the minimum microwave-induced breakdown voltage V m in Figs. 5

]
100

and 7 to the DC breakdown voltage V s as a function of air pressure, where O s for the

negative polarity and @ is for the positive polarity.

5. Conclusion _

Air breakdowns induced by a high—power, short—pulsc microwave with the peak power .
of 20 MW, frequency of 12 GHz and pulse duration of 14 ns were studied experimentally
with the needle—plane electrode system. The conclusions obtained are as foliows:

(1) At the pressure range less than 150 Torr, the microwave-induced breakdown occurs
without corona discharge at both polarities.

(2) For the negative polarity, the microwave is able to induce breakdowns at the pressure
range from 150 Torr to atmospheric pressure with the existence of corona discharges.

(3) Microwave-induced breakdowns at the negative polarity appear casily than at the
positive polarity. At the pressure larger than 300 Torr, no microwave-induced breakdown
appear in the positive polarity. .

From the studies mentioned above, triggered lightning by a high—-power pulsed micro-
waves might be possible, provide that there are a large number of initial electrons or with

further higher—power microwave sources.
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Dielectric Surface Flashover with UV and Plasma Background
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Abstract

Surface flashover on insulators under UV irradiation or with a plasma background is
investigated with high-speed electrical and optical sensors in order to clarify differences in the
breakdown development compared to the pure vacuum case. Results with a plasma background
show a more rapid development in the breakdown initiation compared to measurements in
vacunm with no plasma. With a magnetic shielding technique using permanent magnets, the
duration of an applied veltage pulse can be increased by a factor of 2 to 3 without causing
flashover. UV illumination on the electrodes decreases the flashover voltage (for the dc case) or
the voltage pulse duration without breakdown (for the pulsed case), whereas UV illumination on
the dielectric surface increases the flashover potential.

1. Introdﬁction

Surface flashover across insulators often limits the power density transferable through
high voltage systems. The physical mechanisms leading to the breakdown are poorly
understood. Therefore, in high voltage operating systems, the distance between high voltage
components is designed with a large safety factor which increases weight and dimensions of
the system. For space applications, for example, where weight is an important factor, insulator
technology needs to be improved.

Our preceding investigation of insulator surface flashover in a pure vacuum environment
revealed two distinct phases for the early stage of breakdown: a linearly rising current with a
duration of several tens of nanoseconds (I}, followed by an exponential current rise (II). Soft
x-ray emission started simultaneously with the current and stopped at the transition from linear
to exponential current rise [1]. In addition, the above-surface charge carrier amplification
processes have been observed with a laser deflection sensor and a streak camera [2]. Laser
deflection measurements confirmed a rapid development of a plasma, above the insulator
surface, during the early phase of the discharge, with electron number densities in the range of
10" to 10" cm®. Streak camera measurements verified the formation of an intense visible
emission 25 to 50 um in diameter just above the dielectric surface during the formation of the
discharge. The experimental data found from those measurements were consistent with the

*) Present affiliation: Department of Electrical Engineering and Computer Science, Kumamoto
University, Kumamoto, 860, Japan.
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standard model for dielectric surface flashover, i.e., a saturated secondary electron avalanche
[3] with electron induced gas desorption [4]. In this simple model the surface breakdown is
considered to be initiated by field emitted electrons at the triple point, the area where cathode,
dielectric, and vacuum are in close proximity. These electrons are accelerated in the electric
field; most of them strike the insulator surface and emit additional electrons. The current
density saturates at a point where the surface is charged positively and the secondary electron
‘emission yield is unity. Electrons which strike the insulator surface desorb gas molecules, and
the gas drifts away from the insulator with the thermal velocity. The gas drifts above the
saturated surface current, is ionized by the more energetic electrons, and the final discharge
oceurs. ‘

Low Earth Orbit (LEO) plasma and UV irradiation influence the dielectric surface
composition, the surface charging, the surface flashover of insulators, and might provide
starting electrons for the breakdown process. Therefore, it is essential to study the physical
mechanisms involved in the pre-flashover process in this environment in real time (e.g., with
nanosecond temporal resolutions) in order to design new insulation techniques. This research
simulates the plasma and UV environment of the LEQO, and it measures the pre-flashover
current, voltage, and x-ray emission. Magnetic shielding techniques are used to significantly
improve the performance of the electrically stressed insulator.

2. Experimental Setup

The expenmental apparatus has been designed and constructed as a coaxial system with a
closely matched impedance. Two modes, a dc-charged mode and a pulse charged mode, are
used with this system (see Figure 1). In the dc-charged mode, an RG-19 transmission line,
with an impedance of 52  and a one-way transit time of 135 ns, is charged by a 100 kV dc-
voltage supply through a high-voltage resistor, R., of 500 MQ. The voltage is manually
increased in increments of 0.5 kV until breakdown occurs. In the pulse-charged mode, a
transmission line with a one-way transit time of 100 ns is dc-charged to voltages of up to
70 kV. A voltage pulse of 200 ns duration with an amplitude of half the charge voltage is
generated by closing the spark gap. This pulse travels through a transmission line with a one-
way transit time of 135 ns to the test gap. The voltage wave doubles its amplitude to the
original charging voltage at the initially open test gap until flashover occurs. The system is
terminated in a shorted transmission line with a one-way transit time of 145 ns.

The test chamber is constructed with a coaxial geometry. The inner conductor consists
of copper rods. A copper mesh with 50% optical transmittance is utilized as an outer
conductor, which has a diameter of 30 cm and a length of 35 cm. This experiment uses planar
dielectric samples which have the advantage of a relatively localized arc channel when
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breakdown occurs. Measurements have been performed with Lexan and Pyrex as dielectric
samples. The surface area of the samples is 75 mm by 50 mm and they are 3 mm and 6 mm
thick for Pyrex and Lexan, respectively. All samples are cleaned with deionized water and
then treated in an ultrasonic cleaner. Afterwards, they are kept at a pressure of less than
107 torr for at least 18 hours prior to breakdown testing. Brass or copper semi-spherical
electrodes with a radius of 6 mm and an angular cut of 2° (i.e., to ensure good dielectric
surface contact at the tip of the electrode) form the test gap on the insulator.
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Fig. 1. Experimental apparatus with its coaxial geometry showing both modes of operation: {a) dc-
charged mode and (b) pulse-charged mode.

In the experimental setup, fast current probes, capacitive voltage dividers, and an x-ray
sensor are used for the investigation of the insulator surface flashover, Current measurements
are obtained with a transmission line type current sensor [5]. It has a sensifivity of 0.1 V/A, a
risetime of less than one nanosecond, and a two-way transit time of 310 ns during which the
sensor output is proportional to the primary current input. The sensor reproduces the primary
current with insignificant waveform distortion, i.c., there are negligible limitations of the
amplitude transfer function such as high or low frequency cutoffs. A standard capacitive
voltage divider with coaxial geometry is used as a voltage probe. Three voltage probes are
used with the expenimental setup, one each on the source and load side of the test gap for
voltage measurements, and one at the spark gap as a trigger pick up. The RC-time constant of
the voltage sensors was increased to 2 us by adding a 910 Q resistor between the sensor
output and the oscilloscope input {e.g., 50 Q). Soft x-ray emission is measured with an
Amperex XP 2020 photomuitiplier tube (PMT), operated at 2.4 kV, in conjunction with an NE
102 plastic scintillator. A 10 pm aluminum foil absorbs the visible light emitted by the
discharge. The PMT has a propagation delay of 33 ns and a risetime of 3 ns. The sensitivity
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of the sensor is estimated from the scintillation and photomultiplier efficiencies, the transfer
characteristics, and the geometry of the setup. Assuming that the electron energy to x-ray
conversion is purely due to Bremsstrahlung in the copper electrode (e.g., anode), an electron
current of 80 mA with an electron energy of 20 keV produces a photomultiplier output voltage
of about 1V.

Plasma and UV radiation are used to simulate the space environment. An Argon plasma
is generated by an electron cyclotron resonance (ECR) plasma source. A 2MI137-Ml14
Magnetron, operating at a frequency of 2.46 GHz and an r-f output power up to 1.2 kW, is
used as a microwave source. Four solenoid magnets provide the required magnetic flux
density of 0.0875 Tesla for which the electron cyclotron frequency roughly equals the
microwave frequency. Argon gas with a pressure of 5:10 torr is released into the chamber.
Argon plasma with a density of approximately 10'2 cm? is produced and drifts through a 1 m
long, 10 cm diameter, stainless steel tube into the test chamber. At the test gap, the plasma
electron temperature and density are estimated by Langmuir probe measurements and found to
be approximately 3 to 5 eV and 10* to 10° cm™, depending on the applied microwave power.
The Debye length is on the same order as the length of the dielectric sample. Therefore, near
the test sample, no “quasineutral” plasma exists, but a collection of charged particles, electrons
and ions, are found. The magnetic field from the solenoid magnets is attenuated outside of the
ECR plasma source with steel endplates and shorting rods in order to minimize the magnetic
flux density in the test chamber. At the test gap, the magnetic field is found to be 1 mT.

An Oriel 150 W dc¢ Xenon arc lamp is used to illuminate the dielectric test sample with
UV irradiation. Its spectrum ranges from 190 nm to several micrometers. Indirect photon flux
measurements of the solar simulator are performed by radiating a Cu-plate in the vacuum
chamber and measuring the photoelectron current with a current meter, Keithley 610C. With a
UV irradiation area of '/, cm’, an electron emission current of 300 nA is measured. Assuming
a photori emission efficiency of 10% for copper (i.e., for photons with a wavelength between
190 nm and 290 nm) the solar simulator has a photon flux of 4-10" photons cm™s™ nm™,
which is approximately the same order of magnitude as solar radiation.

For measurements with an external magnetic field, rare earth Neodymium magnets are
placed into the dielectric test sample as shown in Figure 2. On the backside of a Lexan sample,
two parallel slots are machined across the entire width of the sample. The grooves are 25 mm
apart, measured between the centerlines of the slots, and each groove is 4.5 mm wide and
4 mm deep. The 35 NE magnets have the form of a cube with a side length of 4.5 mm. An
array of 6 rare earth magnets is mounted with Super Glue in each of the two slots below the
cathode or in the middle of the test gap. This arrangement produces a homogeneous magnetic
field of approximately 30 mT parallel to the surface and perpendicular to the electric field
which is applied between the two electrodes on the test sample. The magnetic flux density in
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relation to the sample surface is given in Table I. The maximum magnetic field of By =40 mT
is found inside the insulator at a normal distance of z = -3 mm to the surface.

z
electrodes | fy
X

/N

dielectric magnets

Fig. 2. Dielectric test sample with implanted rare earth magnets: side and top views of the sample.

Table I. The magnetic flux density in relation to the sample surface, measured normal to the surface
at the centerline of the test gap. '

Distance normal to the surface, z [mm] -3 0 2 5 75 | 10

Magnetic flux density, B, [mT] 40 | 30 1 26 | 15 | 65| 2

Andrew 84147/LFL4-50A and 84147/LFL2-50A coaxial cables with a bandwidth of
several GHz are utilized for signal lines. The output of the sensors is displayed by four
Tektronix (TEK) 7104 oscilloscopes which have a bandwidth of 1 GHz. Each scope is
equipped with a 7A29 vertical amplifier and a 7B10 or 7B15 time base. The scopes are
triggered simultaneously by a 50V pulse with a risetime of less than 1 ns which was generated
by a high speed differential comparator, NE521, in conjunction with a 2N2222 transistor
which is biased in an avalanche mode. The traces of the TEK scopes are recorded with TEK
C1001 or C1002 digitizing cameras, interfaced with a 486/33 MHz PC.

3. Results and Discussion

3.1. Plasma environment

The insulator breakdown on Pyrex and Lexan is measured with and without plasma
background for various electrode separations (0.5 to 2 cm), applied voltage amplitudes, and
external magnetic fields. The results for Lexan, as a typical example, with an electrode
separation of d; =10 mm are shown below. Surface flashover on Pyrex showed similar
results. All plasma cases shown below have a density of approximately 10% cm™. The ECR
plasma source was turned on about 10 minutes prior to the first discharge on a virgin dielectric
sample to ensure steady state conditions in the test chamber. The experimental setup uses the
pulsed charged mode in order to observe the effects with a plasma background. The applied
voltage pulse is detected by a voltage probe which is located on the source side of the
dielectric sample. The breakdown current is measured on both sides, the source and the load
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side. The current sensor on the source side observes the low resolution current waveforms
which include the displacement current and the current reflection at the open test gap during
the early phase of breakdown (see Figure 3a). The high resolution pre-flashover current
without reflection is seen on the load side (see Figure 3b). Figure 3 shows the sensor signals
for a surface breakdown on Lexan in vacuum (i.e., without plasma or UV). The breakdown
delay time, at, is 70 ns (i.e., the breakdown delay time, at, is defined from the time when 50%
of the applied voltage is reached, to the time when 50% of the final current amplitude is
reached). The early breakdown current shows a linearly rising current to an amplitude of a few
amperes, followed by an exponential current. A linear current rise can be attributed to a
constant current density with a linear increase of the channel width due to lateral electron
diffusion. The exponential current corresponds to the final Paschen-type breakdown in the
desorbed gas. The x-ray emission signal indicates the presence of free electrons, above the
surface during the early phase of breakdown, with a mean free-path length on the order of the
gap distance. The collisional ionization of the desorbed surface gas drastically reduces the
number of highly energetic electrons hitting the anode, and x-ray emission stops.

20 : : . 200 7 . . " 035

6} {03
15k 150 current E
= — — 5t {025 3
< = 8
= poy = 4f X-rays 102 &
10 100§ 5 E
s £ g 3r / 10.15 B
=] (&) i ) by
> st {50 © 2 o1 §
1} {005 *

0 ' ' 0 0 : - 0
Time [50 ris/div] Time [50 ns/div]
() (b)

Fig. 3. Surface flashover in vacuum on Lexan at dg = 10 mm, Vppies = 17 kV, and st = 70 ns: (a)
source current and voltage, (b) high resolution load current and x-ray emission.

Figure 4 shows only the high resolution pre-flashover current and the x-ray emission
signal for a discharge with and without plasma background and with the effect of an applied
magnetic field. The low resolution voltage and current waveforms are similar to the ones
shown in Figure 3(a), and therefore, are not given here. The figure captions include the
breakdown delay time, at, for each case. The early phase of breakdown with a plasma
background is given in Figure 4(a). With plasma, x-ray emission increases, and the breakdown
current rises faster, and thus, the breakdown is accelerated compared to the pure vacuum case.
When the applied voltage pulse arrives at the test gap, all free electrons inside the electrical
chamber (i.e., the grounded outer conductor as shown in Figure 1) are collected at the anode
electrode at a low impact energy within a few ns. The plasma ions are frozen for the duration
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of the breakdown process and no additional plasma drifts through the mesh inside of the
electrical chamber within 100 ns. It is expected that a slightly negative net charge density is
generated on the insulator surface by the impacting plasma, prior to the initiation of
breakdown. This effect would account for both the more rapid rise of the imtial breakdown
current (i.e., a negative charge density on the insulator surface decreases the secondary
electron emission yield) and the increase of the x-ray emission (i.e., a larger fraction of the field
emitted electrons from the cathode are accelerated over the entire gap). The surface charge
density of the insulator will be measured in the future in order to confirm this assumption.

Figure 4(b) and (c) show the results for surface flashovers with plasma and with an
external magnetic field. The magnetic insulation effects with an ExB drift away from the
surface are shown in Figure 4(d) for comparison. A positive magnetic field indicates a
resulting ExB drift which points away from the surface, a negative B-field relates to an ExB
drift into the surface. With an external magnetic field of only 30 mT, significant changes in the
breakdown development are seen. With an ExB drift away from the surface, the current
shows a strictly linearly rise and the amplitude of the x-ray emission is drastically increased.
Furthermore, the breakdown is drastically delayed. The standard deviation of this breakdown
delay time is 25%. An ExB drift into the surface shows a decrease in x-rays. Otherwise, the
breakdown development is similar to the case in vacuum. Prior to the applied voltage pulse,
the external magnetic field prevents the plasma from reaching the test gap; the plasma instead
impacts the sample near the poles of the permanent magnets (see Figure 2). Induced plasma
drifts due to possible charge separations are unknown, however, during the early phase of
vreakdown. An ExB drift away from the surface “lifts-off’ a larger fraction of electrons from
the insulator and increases the mean free-path length of electrons. The long linear current rise
indicates that either the electron induced gas desorption is reduced or that the ionization of the
gas is delayed. An ExB drift into the surface confines the electrons closer to the surface and
reduces the number of highly energetic electrons which produce x-rays. The results of the
pulsed breakdown measurements with magnetic fields correspond well with previous dc
breakdown measurements in vacuum [1] in which the magnetic field was generated outside of
the electrical test chamber.

3.2. UV environment

UV induced surface flashover on Lexan has been investigated predominantly using the dc
charged mode. For dc surface flashover, the breakdown time is measured from the time when
an early phase breakdown current amplitude of 30 mA is reached, to the time when 50% of the
final current amplitude is reached.

A pressure increase in the vacuum chamber of approximately 8% is found when the
dielectric sample is irradiated with the entire spectrum of the Xenon arc lamp which ranges
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from 190 nm to several micrometers. The background pressure of the chamber is 10 torr.
When the UV part of the spectrum is blocked by a low pass filter with a cutoff wavelength of
390 nm, a pressure increase of only 4% is detected. This result indicates that the UV photons
with energies higher than of 3 eV are either more efficient in the gas desorption from the
dielectric surface or that they are able to desorb additional gas with higher bondage energy.
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Fig. 4. Insulator breakdown on Lexan at dy=10mm: (a) to (c) with a plasma background;
(@) Vappiiea =17 kV, B, =0, st =60ns, (B) Voppiica=18kV, B, =+30mT, st =160ns, and (c)
Vapptiea = 16 kV, B, = -30 mT, at = 60 ns, and (d) without plasma, Vppiiea = I8 kV, B, = +30 mT, and
Al = 100 ns

Since the band gap energy of dielectrics is on the order of 10 eV [6], the dielectric
sample was tested for the emission of photoelectrons when illuminated by the solar simulator
which has a maximum photon energy of 6 eV. A short current pulse with an amplitude of
more than 1 pA is detected from a virgin dielectric sample. Within 1 second from the start of
the UV illumination, the current decreases below the measurable threshold (i.e., < 10 fA) of
the Keithley current meter. The analog current meter was too slow to detect the initial current
amplitude accurately, but these current measurements indicate that electrons are emitted from
the dielectric by photons from the solar simulator. These photoemissions from the insulator
might be due to surface effects such as irregularities in the molecule bond structure [6].
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The UV source was turned on 5 minutes prior to the first discharge and was operated
continuously for the duration of a measurement cycle on one test sample (i.e., a discharge
occurred every 10 minutes; the maximum number of applied discharges on each sample was
10).

The lowest dc breakdown voltage is found when the sample is irradiated by UV at the
triple point. In this case the breakdown develops at an average electric field strength of 1.5 to
2 kV/cm. When the middle of the insulator gap is irradiated with UV (i.e., the electrodes are
not irradiated), the flashover potential is by approximately 10% higher compared to the case
without UV. In addition, UV irradiation of the dielectric increases the duration of the linear
current rise (phase I), and thus, the breakdown time, by a factor of 2 to 10, dependent on the
breakdown voltage. The slower development of the breakdown might relate to the UV
induced gas desorption and to the positive surface charge prior to breakdown which decreases
the secondary electron emission yield.

The influences of external magnetic fields are investigated on Lexan with an electrode
separation of 20 mm. The results of the experiment are shown in Figure 5. Without UV
irradiation, a “normal” conditioning of the sample is seen, whereas UV illumination at the triple
point only slightly increases the breakdown voltage with each successive discharge. With UV
and with an ExB drift away from the surface, no significant increase in the breakdown voltage
amplitude is seen whereas an ExB drift into the surface increases the breakdown voltage by a
factor of 3 compared to the case with B, = 0. The low breakdown voltage for the UV case 1s
due to the increase of the free electron number above the surface. Although a magnetic flux
density of 30 mT is sufficient to “lift-off” field emitted electrons from the surface for the pure
vacuum case [1, 7], and therefore, prevent a breakdown development at these low electric
fields, this magnetic field is not adequate for the UV case. A higher B-field is required due to
the initial UV induced positive surface charge. The ExB drift into the surface confines the
electrons closer to the surface and might decrease the number of free electrons by an increase
of recombination with the positive charge at the surface. The dynamic process of
recombination and UV induced electron emission has not been clarified, however.

UV induced surface flashover for a pulsed applied voltage is shown in Figure 6, where
the location of the UV irradiation area on the insulator is varied. As for the dc measurements,
UV irradiation on the dielectric increases the breakdown delay time compared to the case
without UV. UV illumination at the triple point shows the fastest breakdown development of
these three UV irradiation patterns. The longest breakdown delay time is found for the case
where the entire test gap is exposed to UV as shown in Figure 6(b). The breakdown
development with UV illumination at the anode is only slightly slower compared to the case
with UV at the triple point. This is due to the limited number of photoemissions during the
pulsed breakdown. The surface flashover is mainly altered due to the UV illumination of the
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sample prior to the applied voltage pulse. Continuous UV illumination at the cathode or anode
emits electrons which might generate a negative surface charge on the dielectric if they strike
the surface. UV irradiation on the insulator desorbs gas and produces a positive charge at the

surface.
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Fig. 5. The effect of external magnetic fields on the dc dielectric flashover voltage amplitude with UV
illumination on Lexan at a gap distance of 20 mm: (a) without UV, (b) to (d) with UV. (c} with an
ExB drift away from the surface, and (d) with an ExB drift into the surface (30 mT was applied at the
cathode region). The standard deviation of the breakdown voltage is within 25%, 5%, 10%, and 20%
from its amplitude for the curves fa) to (d), respectively. ‘
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Fig. 6 The early phase current of a typical insulator breakdown on Lexan which is exposed with dc
UV irradiation. Vppiea = 17 kV, dy = 10 mm, first discharge on each sample, and the diameter of the
UV irradiation is roughly 10 mm on the surface. The center of the UV irradiation is focused at: (a)
the triple point (st = 90 ns), (b) in the middle of the gap (st = 140 ns), and (c) at the anode/dielectric
interface (at = 100 ns).

4. Conclusion

The presence of plasma or UV radiation changes the behavior of insulator flashover.
Plasma impact on the dielectric surface prior to breakdown alters the charge density and a
more rapid breakdown development is seen. A low magnetic flux density of only 30 mT is
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sufficient to drift the plasma away from the insulator gap, and with an £xB drift away from the
surface the breakdown delay time is drastically increased.

As expected, UV illumination at the triple point decreases the dc flashover voltage. This
effect might be attributed to the continuous emission of photoelectrons at the cathode. When
only the insulator is irradiated by UV (i.e., the electrodes are not irradiated), the breakdown
voltage is slightly higher than for the case without UV illumination. Photoelectrons from the
insulator do not initiate the breakdown. Gas desorption and a positive surface charge density
enhance the breakdown potential in the insulator gap whereas additional electrons emitted
from the surrounding metals decrease the applicable electric field.

The current, x-ray emission, and the external magnetic field effects of plasma or UV
induced breakdown indicate that the breakdown process is governed by a surface flashover
mechanism within the framework of the saturated secondary electron avalanche model with
electron induced gas desorption.
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Characteristics of multichannel gap
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Abstract
A overvoltage mode of 24 needle electrodes to a rod electrode of 50cm long has
been tested. Voltage raising rates up to 11kV/ns, developed by a non—liniear coaxial
cable type of ferrite sharpener, have been applied to the gap. Expected values of
multichannel arc were proportional to a parameter of dV/dt-mm. A 100% probability of

multichannel arc was _attained at 4 [kV/ns-mm). -

LIntroduction

Rail—gap switches are widely used in high voltage pulse power systems to minimize
the switch inductance and perform a fast switching action. So far, many triggering
methodes, such as field distortion triggers ‘'’ , ultraviolet radiation source triggers ‘*',

)

glow discharge triggers ‘"’ , corona discharge triggers *’ and KrF eximer laser radiation

(5)

triggers *°' , have been applied to gaps in oder to imitiate simultaneous multi arcs.

This paper discribes the performance characteristics of simple overvoltage mode of
multichannel arcs without any triggers applied to the gap. A non—linear coaxial cable
type of ferrite sharpner ‘®’ has been used to realize high dV/dt pulses of maximum
11kV/ns and maximum voltage of 40kV. The gap is composed of 24 steel needle

electrodes separated by 2cm each and a 50cm long brass rod of 1.8cm diameter.

2.Experimental Details

High raising rates of voltage were created by a ferrite sharpener whose main
compornent of non—linear coaxial line is shown in Fig.l. A piece of ferrite bead is
TDK-HF70BB 2.5X5X0.8mm. The low raising rate of pulse incident to the fernte
sharpener is steepened at the end of the ferrite sharpener which is illustraited in Fig.2.

A measuring circuit of ferrite sharpener characteristics is shown in Fig.3. Input pulses
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incident to the ferrite sharpener were generated by the pulse generator. The bias
circuit is to set the starting point on the hysterisis loop of the ferrite. Voltages were
measured by Tektromx high voltage probe : P6015A and Hewlett Packard digital
oscilloscope : HP54510A.

Typical output voltage waveforms of open ended ferrite shapener are shown in Fig.4.
Bias currents were very effective to dV/dt. Output voltage waveforms of terminated
end by 52 coaxial cable are also shown in Fig.5.

Parameters of this experiments were (D gap length : lmm~5mm, Q) pulse polarity

D +,—, @dV/dt: —11.42kV/ns~+10.83kV/ns. 100 shots at each experimental
conditions were performed, then the data were handled by taking the mean. A number
of arc channeles were detected by Sony CCD video camera ;: CCD-TR650.

3.Experimental Results
(a) Gap voltage behavior

Typical gap voltage traces for possitive needle electrodes are shown in Fig.6. The
number of simulataneous arc channels was 4 in upper traces and 5 in lower traces. The
applied voltage to the gap was 40kV with raising rate of 10kV/ns. The gap length was
lmm. The mean breakdown voltage was about 25kV which i1s about eight times higher
than the stady state hold—off voltage of the gap. The jitter of the breakdown voltage
was rather large and 15kV. Fig.7 shows typical gap voltage traces for negative needle
electrode. Experimental conditions were as same as Fig.6 except for the polarity. The
breakdown voltages were apparently low compaired to the positive polarity.
(b)Probability distributions of arc channels

Probability distributions of arc channels are shown in Fig.8 for positive needle
electrode‘ and negative needle electrode. When the gap length d=1mm, thev maximum
probability attained to 35% at the number of arc channels 4 for positive polarity. We
can't recognize meaningful differencies between shapes of distribution for both positive
and negative.
{c) Expected value of multi—channel arc

Fig.9 shows the expected value of multi—channel arc vs. dV/dt “gap length d.

—116—



The expected value of multi—channel arc increased proportional to dV/dt,”gap length d.
That is to say when the gap length is kept constant, the large dV/dt apphed to the gap
makes more simultaneous arc channels. Alternatively, when the gap length becomes
broad, we have to apply higher dV/dt pulse to the gap to get many simultaneous arc
channels.
(d) Realization probability of multi—channel arc

Fig.10 shows the rearranged figure of Fig.9. If we define the multi—arc to be the
simultaneous existence of more than two arcs, the criteria of the multi—atc was ~

4kV/ns'mm.

4.Conclusion

The multi—arc gaps have been investigated extensively. The high dV/dt pluses up
to ~11kV/ns have been applied to 24 needles—a rod electrode gap. Basic data of gap
voltage behaviors, probability distributions of arc channels, expected values of
multichannel arc and the realization probability of multi—channel arc have been obtained.
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Abstract

Several fuses are often connected in parallel to treat large energies when fuses
as an opening switch are used. The waveforms of total current flowing through
parallel fuses and of the output voltage could not be distinguished from those in
the case of a single fuse, and therefore the currents flowing through each fuse have
not been observed in detail. As a result, the actual behaviors of parallel fuses, like
an interaction between fuses, are not well known. Here, the experiment using two
fuses is carried out to understand the behavior of parallel fuses clearly. The
waveforms of current flowing through each fuse are different. Unstable behaviors
of paralle] fuses are observed, and the condition and probability of appearance of
the unstable behavior are discussed. The cause of unstable behavior is that the
changing rate of fuse-resistivity on input energy is different in each state of wire.
What factor mainly causes the unstable behavior is discussed by numerical analysis.
Flaws on the surface of a fuse are a critical factor which triggers the unstable
behavior.

1 Introduction

Fuses have often been used as opening switches for pulsed power generators with an
inductive energy storagel!ll7]. The practicality of using several fuses connected in parallel has
been demonstrated[6], and in some experiments up to hundreds of fuses have been used(3). The
appearance of the waveforms of total current flowing through parallel fuses and of the output
voltage could not be distinguished from those in the case of a single fuse, and therefore the
currents flowing through each fuse have not been investigated in detail. As a result, the actual
behaviors of paraliel fuses, including interactions between the fuses, are not well known.

The purpose of this work is to discuss the behavior of parallel copper fuses in water
when used as an opening switch. Only two fuses are considered in order to understand the
phenomena clearly. An unstable behavior, in which the difference of currents flowing through
each fuse increases, is observed, and plays an important role in the action of the parallel fuses.
The cause of the unstable behavior is discussed, and further, what factor mainly causes the
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unstable behavior is discussed by numerical analysis.

2 Experimental Configuration and Results

Figure 1 shows the equivalent circuit of the small pulsed power generator used in the
experiment. The two fuses are connected in parallel in water and are labeled 'a' and '»". They
consist of copper wires with a 0.05 mm diameter, and their length is varied between 5 and 30
cm in the experiment. The capacitor whose nominal voltage is 20 kV is initially charged up to
5 kV. The voltage across the fuses is measured by a resistive voltage divider, and the currents
flowing into the two fuses are measured by two Rogowski coils.

Storage Inductor  Rogowski Coil
HWV. . "
oo/
84uH

Capacitor ——l— Ia Ip Voltage
10uF  —p— Fuse Flll)SC Divider
a

Fig.1 Equivalent circuit of the experimental apparatus.

50 T T T T T T T T T T

v [kV)

600

400

1{A)

200

t [psec]

Fig.2 Waveforms of voltage across
fuses, currents through fuses.
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Figure 2 shows typical waveforms of voltage across fuses, ¥, and currents through fuses,
I. The length of the wires in this case is 20 cm. The labels of g, b and a+b on the current
waveforms indicate the currents through fuse a, fuse 4, and the sum of currents, respectively.
The waveforms of ¥ and I, are found to be very similar to the waveforms which were
obtained in the case of a single fuse. It has been considered that individual currents flowing
through parallel fuses would be identical if the wires have the same dimensions, but the
waveform of 7, clearly does not correspond everywhere to the one of 7y; significant
differences are observed near 11 ps. Though the waveforms in Fig. 2 are typical, waveforms
with fewer unstable regions or more unstable regions are also observed.

3 Distribution of Unstable Behavior

It has been considered previously that the difference between the current waveforms for
two parallel fuses having the same dimensions was too small to observe, since the waveform
of total current flowing through the parallel fuses is very similar to that of a single fuse. If a
difference in the resistances of two fuses develops, more current will then flow through the
fuse of lower resistance and more energy will be deposited in that fuse. Since an increase in
the deposited energy then yields a larger rate of increase in fuse resistance, the resistance of
this fuse then increases until it again equals the resistance of the other fuse. However, the
experimental results as demonstrated in Fig. 2 show the considerably larger differences in the
waveforms of current and resistance for each parallel fuse than are expected. The reason why
explosions of two fuses do not perfectly synchronize with each other is discussed here.

To discuss the unstable behavior of parallel fuses used as an opening switch, a model is
considered, as shown in Figure 3. The two parallel fuses, « and b, are represented by variable
resistive elements. The currents through fuse a and fuse b and those resistances are labeled
i (), ip(t), R (6) and Ry(1), respectively. We now define the quantities o(f) and B(f) in the
following equations:

Ro()= a(t) Rals): M)
dRp(¢) dRa(t)
iz P | @

Here, dR(t)/dE means AR/AE at t where E is the energy deposited in the fuse. The unstable
conditions are,

iqlt) Ra(t) ;

fuse a

fuse b

—
ip(t) Rp(t)

Fig.3 Modeling of two parallel fuses.
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alt)> al + A1) (@t afr)<1) | B
and  or)<alt+Ar) (at a(r)>1), (4)

since o(f) represents the degree of current-difference between two fuses and a(f)=1 implies an
equilibrium as described above. The above equations are transformed into the forms:
(1) > A(r) (at aft)<1) (5)

and  2(r)< fr) (at a(f)>1). : (6)
Without knowing the actual change in the currents, the values of az(t) and B(¢) give us the
information concerning the stability of the change.

Figure 4 shows an expanded view of the current waveforms of Fig. 2 from 8.5 ps to
12.5 us and the values of a2(f) and B(#) calculated from eqgs. (1) and (2). The unstable regions
painted gray in Fig. 4 are determined by the unstable conditions expressed by egs. (5) and (6).

Now, we can determine whether the fuse-current changes are unstable or not by
knowing information about the fuse resistance. The distribution of unstable regions for two
parallel fuses & and b is mapped in Fig. 5, which is obtained from egs. (5) and (6). Here both
fuses are assumed to have the same characteristics, which was obtained in a single-fuse
experiment: the diameter and length of wire were 0.05 mm and 18 cm, and the initial
capacitor charging voltage was 5 kV. The fuse resistivity is adopted instead of fuse resistance,
since the initial dimensions of the parallel wires are the same. The abscissa and ordinate of
the figure show the resistivities for the two fuses, accordingly, all of the possible combinations
of the resistivities of the fuses during explosion are mapped out on the coordinate plane. The
unstable regions are determined by the substitution of p and dp/dE into eqs. (5) and (6). The
unstable regions are painted in gray, while the remaining regions are stable regions. The

200 ' '
L . Bl 1
100 [0 7

':|//

‘"\“\/ﬁ
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t [ psec]

Fig.4 Correspondence between unstable regions
on current waveforms, o2(¢) and B(?).

—126—



behavior of the fuses is expressed on the coordinate plane of Fig. 5 by tracing out the paths of
the resistivities of the fuses during melting and explosion. The trace generally travels from
the lower-left comer to upper-right comner because the fuse resistivity increases during
explosion. If the behaviors of the parallel fuses are totally synchronous during melting and
explosion, the two fuses always have same resistivity; consequently, the trace is a straight line
with slope of 1 as shown in Fig. 5, and its line could be called the equilibrium line. Note that
the unstable regions are distributed symmetrically with respect to the equilibrium line, because
the identical parallel fuses here have identical but opposite changes in resistivity. In stable
regions, any trace would approach the equilibrium line, while in unstable regions the trace
would travel away from the line.

The unstable regions appear where the resistivity is around 0.01, 0.04 and 0.4 mQcm,
which correspond to each of the phases of dp/dE. A rapid increase of dp/dE occurs in several
phases of the fuse explosion, at the beginning of the melting phase of the copper wire where p
is about 0.01 mQcm and at the beginning of the vaporization phase where p is about 0.04
mQcm Bl7), The increase of dp/dE near 0.4 mQcm might be due to further transformation of
the melted wire during the vaporization(2l. It is reasonable to assume that the regions just on
and very near the equilibrium line where an unstable region is very close to the line are
regions of unstable equilibrium, and, conversely, the other regions just on and very near the
line are regions of stable equilibrium. As a result, any trace for two parallel fuses on the graph
of Fig. 5 is destined to travel from the unstable equilibrium inte the unstable region, since the
region is so narrow that the equilibrium conditions will not be maintained. Small differences
of initial dimensions and configuration between two wires and/or a kind of disturbance in the
fuse action might easily make the behavior of the parallel fuses unstable. Since it is very
difficult to know the precise details concerning the small differences between two wires or
when a disturbance will occur, the behavior of the parallel fuses is not able to be predicted
precisely.

fuse b - p [mQecm}
o
1

0.01 _OO | '

fuse a- p [mQcm]

Fig.5 Distribution of unstable regions of parallel fuses,
calculated from the resistivity of the single fuse.
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A somewhat more detailed view of the unstable behavior, which is obtained from the
data of experiments using two parallel fuses, has to be considered. Figure 6 shows the
relationship between the current waveforms and resistivity variations for the two fuses. The
current waveforms are the same ones that are shown in Fig. 4. The unstable regions are
painted gray, too. The correspondence between the appearances of the unstable region and the
rapid increases of dp/dE, described above, is confirmed in practice.

Figure 7 shows the distribution of the unstable regions calculated from the results in Fig.
6. The differences in dp/dE for the two fuses are responsible for the asymmetry. The curved
line shows a trace of resistivities calculated for the fuses in the experiment, and the trace
clearly passes through unstable regions. The curved line moves away from the equilibrium
line in the unstable regions and comes close to it in the stable regions. As was mentioned
above, any differences in initial dimensions and/or the disturbance in the fuse action can
trigger the unstable behavior; then the variation of dp/dE becomes unstable.

4 Numerical Analysis

To discuss what factor mainly causes the unstable behavior, numerical analysis is
performed. The setup used in numerical analysis is same as the experiment, consequently,
two parallel fuses are adopted. One of two parallel fuses is variously changed in dimension.

Figure & shows the waveforms of current through parallel fuses. Figure (a) is obtained
by the experiment which one of parallel fuses is shorter. Extremely local concentration of
current to the shorter fuse are observed at about 13 ps. When a thin fuse is installed to
parallel fuses, figure (b) is obtained. Though current through the thicker fuse is more than one
through thinner, there is no local concentration, Figure (¢) is obtained when the fuses shown
in Fig. 9, which simulates a flaw, are used. The concentration in Fig. (c) is comparatively
large in spite of the small difference of dimension between two fuses. Therefore flaws on the
surface of a fuse are a critical factor which triggers the unstable behavior.

=0 )

- 20cm >

o () JIDRY:
0.05mm 0.0495mm
¥ ¥

. 4 tem

Fig.9 Dimension of the parallel fuses

5 Conclusion

Different waveforms for the currents flowing through each fuse were observed in spite
of identical fuse dimensions, and it was confirmed that there were unstable behaviors in the
action of the fuses. By defining the equations to express the unstable conditions, a
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distribution of unstable regions was then able to be mapped onto a graph of fuse-resistivities,
thus showing the trend in the behavior of the parallel fuses. This mapping reveals that the
variations in the rate of change of the fuse-resistivity, which is a function of input energy are
responsible for the unstable regions. Their distribution introduces the probability of the
appearance of unstable behaviors; therefore, it is reasonable that any difference of initial
dimensions for the two wires and/or any kind of disturbance in the fuse action could
immediately trigger an unstable behavior. In particular, flaws on the surface of a fuse are a
critical factor which triggers the unstable behavior.
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Abstract

Correlation between X-ray generation and constriction of pinched column was
investigated on plasma focus discharges (45 kV, 0.8 MA) with additional Ar-gas puff
into embedded hydrogen using diagnostic tools including a temporal- and spatial
resolved soft X-ray imaging system and a Mach-Zehnder interferometer. An inter-
ferogram taken immediately after the peak emission from the micropinch (250 um
in radius, ~1 mm in length) showed a gap (4 mm in length) in the plasma column.
This can be explained that axial outflow of charged particles from the micropinch
plays an important roll. It is shown that the soft X-ray imaging system is useful as
a diagnostic tool for temporal resolved 1D observation of rapid changing sources.

1 Introduction

There is an increasing number of applications of pinched plasmas as an intense source
of soft X-ray radiation in fields such as X-ray microlithography, X-ray microscopy, and
soft X-ray laser excitation. The plasma focus or the gas puff z pinch can provide such
soft X-ray sources. These plasmas are strong line and bremsstrahlung emission sources,
when the discharges are carried out using high Z admixtures such as argon or neon.

Energy losses due to these radiation can change pressure balance in the pinched column,
giving rise to extreme constriction. Dynamics on radiative pinches have been investigated
for the most part theoretically.’®) The density and the temperature were already eval-
uated by spectroscopic studies for extremely constricted plasmas generated by vacuum
sparks® or plasma focus*®). However, temporal correlation between the X-ray emission
and the constriction of pinch has not been clarified.

In this paper, we intend to confirm the extreme constriction of soft X-ray radiating
plasma by simultaneous observations using newly developed time resolved 11} imaging
system and an interferometer.

2 Experimental

2.1 Plasma focus device

To generate the soft X-ray, a Mather type plasma focus device with a squirrel cage
outer electrode was employed. The inner and the outer diameter of the coaxial electrodes
were 50 and 100 mm. The lengths of the outer and the inner electrodes were 230 and
280 mm, respectively. The condenser bank consisied of 28 x 1.56 uF capacitors. The
device was operated at the bank voltage of 45 kV and an embedded gas pressure of 6 Torr
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hydrogen. To obtain intense soft X-ray emission, argon was additionally puffed with a
fast acting valve through the inner electrode immediately before each discharge.®) When
the bank is operated at 45 kV, the current in the plasma column was 0.8 MA at its peak
approximately.

2.2 Soft X-ray imaging system

To make a temporal- and spatial resolved measurement, a soft X-ray imaging system
which consisted of a filtered pinhole camera and a detection system was developed.”) The
schematic diagram of the detection system is shown in Fig. 1. The detector is composed
of a soft X-ray sensitive scintillator plate, slits, a bundled fiber optics and photomultiplier
tubes. The image of the soft X-ray source is formed on a plastic scintillator plate NE142
with thickness of 0.2 mm through the pinhole of 0.1 mm in diameter. The visible image
generated by the soft X-rays is divided into six pieces by the six slits and the bundled
six channel optical fibers which are arrayed in perpendicular to the electrode axis. The
signal from each channel is spatially integrated in the radial direction. Therefore, the
system enables a measurement in a wide region. Each channel of the optical signals 1s
led to the photomultipliers (Hamamatsu Photonics H1161) and recorded in the storage
oscilloscope (Hewlett Packard 54542A). The signals and the pinhole image are then pro-
cessed as mentioned in section 2.4. The advantage of this system i1s that the 1D X-ray
image can be continuously recorded just like by a streak camera but with a high linearity.
The temporal and the spatial resolution of the detection system were 5.2 ns and 1.28 mm,
respectively.

2.3 Soft X-ray pinhole camera

A soft X-ray pinhole camera with a quantitative image acquisition system was devel-
oped for soft X-ray observation with temporal resolution.®) A pinhole image of the X-ray
source is made on the MCP through a pinhole and Be-Ag combination foil filter (25 pm
and 1 pm in thickness, respectively). The spectral response of the filters and MCP system
is also described in the previous paper.®) The combination of the filters and the MCP gives
a pass band between 1.8 keV and 3.4 keV, which accepts Ar K-lines,

2.4 Processing of the soft X-ray image

Spatial resolution in the detection system described in section 2.2 is limited by the
detector channel separation as in the multichannel detection system. To determine the
shape and the location of the emitting sources with sufficient accuracy, the X-ray pin-
hole camera was employed in conjunction. The view fields of the adjacent channels in
the detection system were a little overlapped. Therefore, the system is detectable over
an area of more than 20 mmx20 mm in the plane including the electrode axis continu-
ously. Although an X-ray emitting hot spot may be recorded in the adjacent channels,
spatial resolution of the pinhole camera with the MCP allow to identify the peaks in the
waveforms from each photomultiplier and construct a spatially and temporally resolved

—133—



display similar to the streak photograph as shown in Figs. 3(c), 4(¢) and 5(c). This is
accomplished by taking product of the line density of the pinhole image by waveforms
obtained by the photomultipliers which is weighing averaged over channels in order to cor-
rect variation in sensitivity depending on channel arrangement and the source location.
Wavelorm distortions due to the system impulse response were corrected by an inverse
filter. Some ripples appeared in the display during this procedure.

2.5 Interferometry

To obtain the electron deunsity of the pinched plasma a Mach-Zehnder interferometer
was employed. The light source was a TEA N, laser whose light pulse was less than 1 ns
i FWHM. The interferogram was registered on a Polaroid 665 film. In order to correlate
pinch dynamics with the X-vay emission, the timing of exposure was recorded on the
oscilloscope for each discharge.

The alignment of the diagnostic tools is shown in Fig. 2.

3 Results and Discussion

Hot spot generation in this experiment was not reproducible in number or in brightness
shot to shot. In this chapter we present three examples typically observed in the exper-
iments. The first example in which several hot spots spread along the electrode axis is
shown in Fig. 3(a). A clear correlation is recognized between the pinhole image and peaks
in the temporally and spatially resolved X-ray signals from photomultipliers as shown
in Fig. 3(b). From them, we can construct a display similar to the streak photograph
which indicates relationship between the location of sources and the time of appearance
of sources (Fig. 3(c)). It is found that the hot spots appear near the inner electrode face
in the earlier phase and are successively generated along the electrode axis. In this shot,
the interferogram was taken 10 ns before the first X-ray signal (Fig. 3(d)). It can be seen
that the m = 0 instability occurs at several parts of the pinched column and result in
necking particularly at the point close to the anode. The first X-ray spot lies between the
neck and the anode as shown in Fig. 3(a).

In the second example, filamentary soft X-ray sources are observed as shown in
Fig. 4(a). The interferogram was taken just before the beginning of the sofi X-ray emis-
sion (Fig. 4(b)). A pinch column with radius of 0.5~2 mm have been formed. In this
case the soft X-ray emission is generated from the whole pinched region at maximum
compression (Fig. 4(c)).

The third example, an X-ray radiating column which was somewhat elongated along
the electrode axis can be seen as shown in Fig. 5(a). In this case, the interferogram was
taken approximately 7 ns after the peak emission (Fig. 5(b),(c)). It is obviously recog-
nized that a lack of the plasma column for about 4 mm. The extreme constriction of
pinch can be responsible to X-ray radiation in this shot. However, it is considered that at
the moment at which the interferogram is taken, the extremely pinched plasma is already
extinguished.

The outflow of charged particles along the pinch axis will result in a decrease in density
in the pinch column.®®) After processing the pinhole picture shown in Fig. 5(a) by the
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Penumbra. method!®), we can recognize the X-ray source consisting of two brighi cores
(250 pm in radius, ~1 mm in length). Characteristic time of the decrease in the line
density due to plasma outflow 1s 7~h/¢, , where h is the height of the necking part of
the pinch and ¢, is the Alfvén speed.® For our plasma h and ¢, were evaluated to be
4 mm and 3 x 107 cm/s, respectively. Therefore, 7 was estimated to be 1.3 x 107% 5. It
may be acceptable to suppose extinction of extremely constricted plasina at the time the
interferogram was taken.

There are several parameters which affect the dynamics of the extreme constriction.
They include the line density, the temperature, and the pinch curfent. The Pease-
Braginskii current in this experiment is estimated to be 0.8 MA.'Y Therefore, the Pease-
Braginskii current was barely reached by the discharge current of 0.8 MA. On the other
hand, the axial flow of plasma causes decrease in line density. This energy loss prevent
the radiative collapse in this experiment. It is seen that micropinching to a final radius
of about 250 pum was achieved in a time scale of less than a few nanoseconds.
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(a) Time integrated soft x—ray pinhole picture. several hot spots are observed The
first spot is pointed by an arrow. L.E.: Inner-Electrode. : :

(b) Photomultiplier signals from each channel. The timing for the mterferogram is
shown by an asterisk "'

(¢} Time history of x—ray emission.

(d) Interferogram of plasma taken 10 ns before the x—ray emission.
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(a) Time integrated soft x—ray pinhole picture. Filamentary sources are cbserved.
(b) Interferogram of plasma taken immediately before the x—ray emission.

(c) Time history of x—ray emission.
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Fig. 5.
(a) Time integrated soft x—ray pinhole picture. The x—ray source consists of two

bright cores. ‘
(b} Interferogram of plasma taken 7 ns after the peak emission. There appears a

~ large gap in plasma column.
{(¢) Time history of x—ray emission.
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Abstract

Intense soft X-rays were generated by a plasma focus device with a fast acting valve
for additional Ar gas puff. When the delay time (from opening the valve to the begining
the high current discharge for plasma focus) was 6ms, the soft X-ray emitting was
filamentary. On the other hand when the delay time was longer than 7ms, the soft X-ray
spots were spread.

1. Introduction

Soft X-ray source with high brightness is required for a lot of purpose and as X-ray
spectroscopy, high density lithography for the manufacture of electronic devices, X-rtay
microscopy and X-ray laser pumping. Suitable soft X-ray source can be produced in the
high energy density plasma by 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 micropinch when high Z materials are admixed into
hydrogen or deuterium which are normally employed in the Z pinch experiment Lo
However, the strong collapse occurs in a narrow region of the percentage of admixed gas.

In the gas-filled mode the soft X~ray images are typically divided into three categories,
that is, they are filament, spots and, mixture of spots and filament, in spite of the identical
experimental condition. The various features of the soft X-ray radiation are considered to
be turning by reproducibility in shot to shot. The strongest soft X-ray emission was
obtained in the filament category *’

In the previous paper, we compared the intensity of the soft X-ray emissions with the
plasma focus device between with and without gas puff °’ . It was clarified that the soft
X-ray intensity by the plasma focus device with high Z puffing is more than one order
higher than that of the gas embeded with additional high Z gas.

However, it is found that there is much difference in the soft X-ray intensity and the
shape of the source. They depend on the delay time which is from the opening of the fast
acting valve to the high current discharge of the plasma focus.

We examine effects of the delay time on the intensity and the shape of the soft X-ray
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source generated in the plasma.

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 the device is described
clsewhere >’ . The diameters of coaxial electrodes are 50 and 100mm. The lengths of
outer- and inner electrode were 230 and 280mm, respectively. The condenser bank
consisted of 28 X 1.56 ¢ F, 80kV capacitors. The device was operated at the bank
voltage of 45kV in this experiment.

Argon was puffed with a fast acting valve through the inner electrode immediately
before each discharge. The hydrogen base pressure of 8 hPa and the argon plenum pressure
of 0.3 MPa were employed.

2.2 Diagnostic Tools

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 # m and 1 # m 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 © . The combination of the filters and the MCP gives a pass band between
3.7 and 7 A , which accepts Ar K-lines ( ~ 4 A ). Using the system we can evaluate a
number of photons which pass through the pinhole after taking absorption by the metal
foils into account.

The soft X-rays were monitored with an X-ray PIN diode which was coupled with the
filter as the pin hole camera. The viewing field of the diode .is limited by a collimator to
observe only plasma produced by the discharge.

The alignment of the diagnostic tools s shown in Fig. 1.

3. Result and Discussion

We observed the filament source and the spot source in the soft X-ray image. The
shape of the soft x-ray source in the plasma can be varied by changing the delay time.

When the delay time was shorter than 6ms in the device, Ar K-lines was not observed.
When the delay time is 6ms that corresponds to small gas puffing, the soft X-ray emitting
was mostly filamentary and sometimes accompanied one or two small spots (Type 1 ).
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On the other hand, when the delay time was longer than 7ms, typical several intense
examples spots appeared (Type II ) of the soft X-ray images are compaired in Figs. 2(a)
Type 1 and Type II . The soft X-ray image of a filament and a spot along the electrode
axis is seen in the Type I , whereas that of a lot of scattered spots are observed in the
Type I .

The spatial distributions of intensity in contour plots are shown in Figs. 2(b) Type I
and Type II . A few bright cores are seen along the electrode axis in Fig. 2(b) Type I,
whereas the bright spots are spread in Fig. 2(b) Type I .

The phosphor currents of the pinhole camera, which are the time history of soft X-ray
emissions, are shown in Figs. 2(c) Type I and Type I . Type I has a single intense
pulse but Type II has several pulses, which correspond to each spot 7, This means that
the hot spots are generated successively. The soft X-ray emission in Type 1 is stronger
than ~ 1 order that of Type II .

The soft X—ray outputs in the axial direction are shown in Figs. 2(d) Type I and
type I . These are calculated by using Figs. 2(b) Type I and Type I . It is clear that
Type I is higher intensity and smaller in size than that of the type I . In Type I , two
peaks caused by the scattered spots are recognized.

The locations of the hot spots exist to be the constricted part of the plasma column. In

conclusion, it is easy to generate a compact and filamentary soft X-ray source in the
plasma focus.
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Type 1 is the spread spot source.

(@) Examples of soft X—ray pinhole image. (b) Contour plots of the soft X—ray
intensity, lines pairs per 3.0 X 10 * photons/mm ? -mrad ? -1shot. (c) Time history
of the soft X—ray emission. Each peak correspond to filament or spots.
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(d) Calculated results of the soft X—ray intensity in the direction of the electrode
axis. Calculation was made using Fig.2 {b).

—145—



Pinch Characteristics and Soft X-ray Radiation of Z-Pinch Plasma
Produced by Fine Particle Injection

Daiju Ttagaki, Seizo Furuya, Daigo Kaneko, Tatsuya Okuda and Shozo Ishii
Tokyo Institute of Technology

Abstract

A fine particle Z-pinch plasma, which can be an excellent soft X-ray source, has been
firstly demonstrated. A method of particle injection using shock wave enabled to produce
the Z-pinch plasma from the fine particles. A number of fine particles with the diameter
ranging from 1pm to 100pm were injected between electrodes within 30ms. These particles
were made, evaporated and ionized by high current of about 300kA to form Z-pinch plasma.

Intense soft X-ray emissions were observed when the number and the size of fine particles
were optimized.

1 Introduction

Z-Pinch plasma is expected to be a compact and intense soft X-ray source {1}. In general,
the initial state fo Z-pinch plasmas are roughly divided into gases and solids. The metal vapor
plasma is produced from solid materials, such as fibers or array of wires.

The gas-puft Z-pinch has an advantage of high repetition rate operation, however, the medium
of the plasma is limited. On the other hand, the fiber Z-pinch plasina can be produced from
various materials [2]. Usually, frozen deuterivan, carbon or metallic fibers are used. The advan-
tage of the fiber Z-pinch is to obtain the high plasma density and wide range of X-ray emission
spectrum. This plasma is also studied for X-ray laser application. However, it is difficult to set
the fibers with the diameter of about 10 ~ 300um between the electrodes.

Recently, we have proposed a new method of Z-pinch, in which the fine particles with the
diameter ranging from 1lgin to 100um are used as a plasma medium. Fine particles have both
characteristics of the solid and gaseous materials. Therefore, this method would combine both
advantages of the gas-puff Z-pinch and the fiber Z-pinch [3]. The fine particles must be injected
rapidly from a small nozzle to the discharge space. Immediately, these particles are evaporated
and ionized by high current pulse. When the plasma pinches, the soft X-ray is radiated.

We performed several basic experiments for fine particle injection. To realize the fast and
easy control of the particle injection, we had used the electrostatic acceleration [3]. However,
the total mass of injected particles was too small to initiate a discharge.

We concluded that the sufficient amount of the fine particles is necessary to initiate a Z-pinch
plasma. In this study, a new injection system has been established utilizing a shock wave effect.
A number of particles have been injected. The discharge has mitiated between the Z-pinch
electrode, of which gap is longer than 5mm. In order to fully evaporate and ionize the injected
particles, we used a high energy capacitor discharge. The soft X-ray emission and the number
of injected particles are measured simultaneously.
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Figure 1 Microscopic photograph of Al fine

pavticles

2 Experimental Setup

Figure 1 shows the Al fine particles observed by a microscope. The black part of the figure
shows the Al particles. The average diameter is about 100um.

Figure 2 shows the schematic diagram of the apparatus. This apparatus is divided into three
parts, such as particle injection section, mam discharge chanber, and capacitor banks. The
plasma was produced in a vacuum chamber evacuated to a pressure of less than 5 x 1074 Torr.

Figure 3 shows the particle injection section and the main discharge section. Three metallic
electrodes narmed such as (Upper, Middle, Lower), are used. The electrode M is connected to
the earthed point. The electrode M and the L act as the particle injection electrodes. The
Z-pinch plasma is produced between the M and U electrodes. The gap length is 5mm. In order
to decrease the breakdown voltage, the electrode configuration is determined to enhance the
electron emission from the cathode. A graphite needle electrode is used as cathode. Cathode
is operated as high voltage side. A brass plane electrode is used as anode. The main bank
capacitance is 27uF. The charging voltage is 20kV, therefore, stored energy is 5.4kJ. The peak
current and the rise time are about 300kA, about 2.5us, respectively.

In Figure 3, the fine particles are stored on the electrode L. Four copper foils are connected
with the electrode M for generating shock waves. Another end of the foil almost touches the
particles. The electrode L is connected with a 5.4pF capacitor bank charged up to 15kV. When
the switch fired, discharge occurs between the particles and the copper foils. Then, strong
shockwave is produced near the particles. By this shock wave, the particles are blowed up and
some parts of them are injected through the hole of the electrode M between Z-pinch electrodes.

Injected particles are immediately ionized between electrode U and M.
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In this study, four kinds of measurement were performed. Figure 4 shows the measuring
system, which consists of four portions. First, the number of the injected particles was measured
by means of a laser transmitting method. Injected fine particles are irradiated with 633nm He-Ne
laser light. The light transmits through the discharge region and is received by a photodetector.
When there are no fine particles, the detector picks up signal constantly, When the fine particles
are injected, the detector signal decreases. An interference filter is used to prevent the strong
light from main discharge.

In order to observe the dynamics of the plasma, a high speed framing camera (IMACON 792)
was used. The framing speed is 10 frames/us and the exposure time is 20 ns. Time integrated

visible spectral emission from the plasma was observed by an optical multichannel anallizer
(OMA).

S T B nsuitor
k} -— conductor
! to Pump
Capacitor
bank
27 u F ,20kV
Main discharge
area
Capacitor
bank 1 |Particle acceler-
ation area

54u F,15kV T

¢

Figure 2 Schematic diagram of the experi-
mental apparatus
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The soft X-ray emission from the plasma was observed by a PIN diode and also by a pinhole

camera with Al filter of 8umn is used. This detector can sense the X-ray spectrum above 0.8keV.

3 Experimental Result

Figure 5 shows the typical waveform of the transmitted light intensity through the injected
fine particles. One peak pulse corresponds to one fine particle. About 30 particles are detected
until 30ms. Then main discharge is initiated. The particle veloéiﬁy and the nunber density can
be estimated using this Figure 5.

cathode

d=5mm

anode

(a) Framing photograph

[kA]

Current

11 12 _ 13 14
Time [us]

(b} Timing of the frame

Figure 7 Macroscopic behavior of the plasma
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The distance between the storage space of the particles and the axis of laser beam is 15mimn.
Therefore, the mean velocity of the particles is calculated as below.

15mm/30ms = 0.5[m/s) (1)

The laser systemn is shown in Figure 6. The diameter of the injection nozzle is 2mm, however,
the diameter of laser beam is only about 300um. Therefore the real number of injected particles
is 5 times as many as the number detected by the laser method.

Figure 7(a) shows the sequential motion of the plasma and (b) shows the timing of the framing
photographs. Dischiarge occurs along the several particles in the frames 1-2. About ten particles
are seen in the frame 2 around the discharge path. The expanding velocity of the plasma is
about lcm/ps.

Figure 8 shows the visible emission spectrum from the plasma. Al I{atom) and Al III(ion)
spectrum are observed when the Al fine particle is used. Cu I, Cu I, Zn I spectra are also
observed when the brass anode is used.

Figure 9 shows the time integrated soft X-ray miage observed by the pinhole camera. The
soft X-ray is emitted from a small region called "hot spot”.

Figure 10 shows the relations between the nmunber density of fine particles par unit length and
the emission intensity of soft X-ray. When Al particles with the diameter ranging about 100gm
are dischargéd, emission intensity is weak. On the other hand, intense soft X-ray emission
is observed when about 50,000 particles of copper with the diameter ranging about lpm is
evaporated and ionized.

intensity @rb.unit]

200 500
wavelength [nm]

Figure 8 Visible emission spectrum of the
plasma
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4 Discussion

The calculation of the number of particles needed for discharge initiation is important. The
particles will be partially evaporated by the prebreakdown current emitted from the cath-
ode. This model was proposed by Biondi et. al. [6]. The minimum number density is about
2x10"8atoms/cm® when the electrode separation is 5mm and the applied voltage is 20kV. If just
one particle of 100pm diameter is fully evaporated, the discharge can be initiated. However,
prebreakdown current is too small to fully evaporate such a large particle in several microsec-
onds. Therefore, it seems that the discharge is initiated not only by the injected particles but
also by the particles adhering to the electrodes. From the visible spectrum in Figure 8, the
evaporation from the fine particle and the electrode material is estimated to be comparable.

As shown in Figure 10, intense soft X-ray emission is observed when the small particles are
used. If particles are too big and too many, they can’t be fully evaporated in the initial discharge
process. In that case, plasma temperature might be low.

Moreover, the emission intensity is weak when the particle density is too low. It might be

because that the temperature increase cannot be compensated by radiative energy loss efficiently.

5 Conclusion

A novel method of Z-pinch plasma by using -the fine particle injection is established. We
developed a particle jection system by means of a shock wave. The particles are mjected
within about 30ms. The atomic and iomic spectra which correspond to the matevial of the
fine particles were observed. Therefore, we conclude the evaporation and ionization of the fine
particles by high current discharge has been established for the first time. Intense soft X-ray
emissions are observed when about 50,000 particles with the diameter of 1um are evaporated
and 1onized.
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The soft x-ray radiation from Z-pinch' plasma produced by
injecting metal vapor; the vapor is produced by a wire explosion

E. Goto, S. Furuya, B. Rahmani, O. Tsuboi and S. Ishii
Department of Electrical and Electronic Engineering, Tokyo Institute of Technology,
O-okayama, Meguro-ku, Tokyo 152, JAPAN

“If it is possible to make any kind of elements into plasma, we can obtain a greater number
of spectral lines emitted from the plasma. To create a hollow cylindrical metal plasma by
Z-pinch, we have proposed a pre-discharge with a small capacitor to make metal wire into
vapor to be injected between Z-pinch electrodes. To establish the maximum pinch at the
current peak of 300kA in 2.5ps, initial radius and mass per unit length of the cylindrical
plasma have been optimized. In Z-pinch experiments, we confirmed that maximum pinch
occurred just before the Z-discharge current peak. At the same time, we obtained intense
soft x-ray radiaticn from the plasma. -

1. Introduction

Z—pmch plasma can casnly create hlgh-encrgy -density plasma, and is used as a hlgh
intensity pulsed soft' x-ray source and soft x- ray lascrs“) Since the implosion of hollow
cylindrical plasma proposed by Turchi and Baker™, such as imploding liner™, wire array®
~and hollow gas puff Z-pinch(s), transfer the energy from a energy storage bank to plasmas
efficiently. UV and soft x-ray radiation can be obtained from Z-pinchés driven by the even
small power supply. The gas puff Z-pinch has the advantage in high repetition rate operation.
Since puffing material must be gaseous state such as Hydrogen or noble gases, solid elements
are not applicable in gas puff Z-pinch.

To obtain high intensity x-ray radiation from the plasma, K-shell emission from the
element with the high atomic number, Z, is a promising way. Now the largest pulsed power
supply in the world, Saturn®, can ionize Cu (Z=29) atom to K-shell state. As the plasma
medium is limited to gas, only Ar (Z=18) atom is available. K-shell spectral lines from Ar
plasma is restricted. If it is possible to make any kind of elements into plasma, we can obtain
a greater number of spectral lines emitted from the plasma. Making metallic elements with
the high Z into plasma is necessary for photopumping of soft x-ray lasers, such as Na-Ne
scheme!”, Al-Mg scheme® and Ne-Fe® scheme. In these schemes, metallic materials such-as
Na, Al, Mg and Fe must be highly 1onized.

The wire array Z-pinch is conventional method to produce the imploding plasma-
Gazaix: has proposed to generate a hollow cylindrical metal plasma using an auxiliary
discharge with metallic foil ™. In any case, these types of Z-pinch require complicated
handling: procedure to set multiple wire arrays or thin metallic foil in the apparatus. As a
consequence, high repetition rate operation is impossible.

 To overcome these problems in producing metal plasmas, we have proposed a novel Z-
pinch scheme named metal vapor puff Z-pinch™. This method uses pre-discharge with a
small capacitor to make metal wire into vapor to be injected between Z-pinch electrodes.
Another superiority, of metal vapor puff Z-pinch is as follows. The metal wire has the high
resistance compared to that of the thin metallic foil, it is easy to introduce the energy to the
wire with a simple electrical power system. A detailed descrlptlon about the superiority is

presented inSec.2.2.
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In Sec.2.1, a design of initial condition of metal vapor is described. In Sec.3, the
experimental setup of metal vapor puff Z-pinch is written. In Sec.4.1, the characteristics of
metal vapor puffing; before the main discharge current has been switched on, is presented. In
Sec.4.2, metal vapor puff Z-pinch plasma by a wire éxplosion is described. The results of this
report are summarized in Sec.5.

2. Productlon of h‘ollow cylmdric;-_al metal vapor

2.1 Initial parameters of metal vapor

The initial radius and the line mass density must be optimized to establish the highest’
temperature and the intense soft x-ray radiation“z)'“”. Imploding dynamics of the hollow
_cylindrical plasma is simply analyzed by a following equation, namely "slug model”.

A P R
dr’ 2rr(t) :

Where (1), m and r(¢) are the current, the mass per unit length and the radius_of the plasma,
respectively. There is a following relationship between m, t, /(1) and the initial radius of the
plasma, Ry, where 7 is the implosion time.

2
m ‘
1—25;? = const. ‘ , (2)
The energy transfer efficiency from the power supply to the plasma is maximized, when the
maximum pinch is established at the current peak. The maximum current and its rise time are
mainly determined by the parameters of the power supply.

In the Z-pinch experiment, we have used a conventional capacitor bank, in which the
current rises up to 300kA in 2.5ps. Eq.(1) coupled with the circuit equation is solved
numerically by the Runge-Kutta method. When mass is kept to be 1.0mg and R, is varied, the
calculated imploding profiles are shown in Fig.1(a). The calculation is terminated at the time,
in which the plasma radius becomes 10% of R,. When the initial radius R, is 5mm, the
maximum pinch is established rather before the cumrent peak. On the other hand, as R, is
30mm, the pinch occurred after the peak. When Ry is 15mm, the pinch is established at the
current peak. From the result of calculatxons ‘we obtained. the optlmal value of mRy® as
follows '

mR’ =225 mg-mm o By

To certify the validity of Eq.(3), the calculation is carried out by using three different values
of R, satisfying Eq.(3). The result is shown in Fig.1(b). In all cases, the pinch occurred at'the
time of current peak apparently Eq. (3) is valid.

2.2 Electncal dlscharge system to make initial metal vapor
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Since R, is chosen to be 20mm in this experiment, m = 0.6 mg/cm is required. We have
employed an exploding wire discharge excited by a small capacitor bank to obtain the
cylindrical metal vapor jet. At first sight the method is seemed to be similar with Gazaix's
one'”. However, the characteristics of the driving circuits are quite different. Since thin Al
foil has low resistance in Gazaix's method, it is not easy to transfer the electrical energy into
the foil completely. Therefore, a low impeadance generator with a dielectric surface discharge
switch and a parallel plate transmission line must be used to suppress the resistance of the
electrical system. The equivalent circuit in Gazaix's method is shown in Fig.2(a). On the
other hand, metal wire has larger resistance which is comparable to that of the circuit on our
method, so it is easy to transfer the electrical energy to the wire. Therefore, a conventional
electrical system with a triggatron gap switch and coaxial cables (RG-8U) can be used. The
equivalent circuit of our method is shown in Fig.2(b). Copper wire with the diameter of
200pum and the length of 15mm are used. The density per unit length of the wire is 2.8mg/cm,
then the total mass of the wire is 4.2mg which is suitable for the optlmlzed pmch condition
mentioned bcfore

3. Experimental setup

The experimental setup is shown Cu mesh anode main-bank
in Fig.3. An anode is made of copper ——@—‘ 27uF
mesh to  eliminate stagnation of 5.4 1)

injected metal vapor. A grounded
brass cathode is designed to produce
metal vapor and has nozzles for vapor

' Brass cathode gt—— grounded elecirode

to produce metal vapor

. puffing. The main electrode S — metal wire
separation is 20mm. The principie of '
metal vapor puff Z-pinch is similar to 75 L—— high valtage electrode

to produce metal vapor

that of gas puff Z-pinch. The
cylindrical metal vapor jet s
produced by wire explosion powered

e —— dielectric

. . re—bank
by a pulsed high current discharge. 5_45 uF
As soon as the metal vapor reaches ggcﬁ

the anode, the main Z-discharge is
- fired. The main discharge is powered
by a 27uF capacitor bank, main-bank,
charged to 20kV. A 4.45uF capacitor
bank, pre-bank, charged to 20kV also ‘
used to produce metal vapor. The Fig.3 Experimental setup
stored energy of the main-bank and -
the pre-bank are 5.4kJ and 890J, respectlvely Sixteen nozzle holes of 4mm-diameter are
drilled at the cathode on a circle of 20mm radius to form a circular array of nozzles. We used
a 200um-diameter copper wire throughout the experiment. The metal wire must be set
between the electrodes located under the main electrodes before each shot, a specially
designed wire loading device enable us to set the wire without breaking vacuum. The
discharge vessel is evacuated to about 5 X 10~ torr by an oil-diffusion pump.

Temporal and spatial behavior of puffed metal vapor and Z-pinch plasma are observed
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by an image converter camera (HADLAND PHOTONICS: Imacon 792). Since the light
intensity emitted from the puffed metal vapor was very week, an image intensifier has been
added to the camera for observing vapor evolution. On the other hand, neutral density filters
are placed in front of the camera lens for the measurement of Z-pinch plasma because of very
strong light emitted from the plasma. We also use a glass window removed Si p-i-n photo
diode (HAMAMATSU PHOTONICS: §1722-02) and an x-ray pinhole camera to observe
temporal and spatial evolution of the soft x-ray radiation from the Z-pinch plasma. Since the
photo diode and the x-ray pinhole camera has been operated with an 8um-thick Al foil which
can transmit soft x-ray of photon energy between 0.8 and 1.54keV and above 2keV. The
pinhole camera has a 300pum-diameter pinhole and soft x-ray images are recorded on Fuji
NEOPAN 400 PRESTO film.

4. Experimental resuits

4.1 Characteristics of metal vapor puffing

The wisible light from the metal vapor was recorded by a photomultiplier
(HAMAMATSU PHOTONICS: R1547 with the peak response of wavelength of 530nm and
R446 with that of 330nm. An averaged spatial distribution of metai vapor was observed by
open-shutter photograph. Temporal evolution of the injected metal vapor was recorded by
framing and streak pictures.

Fig.4 is an open-shutter photograph of
injected copper vapor. The nozzle i1s on the
right side in the photograph. It is confirmed
that the copper vapor is puffed keeping the
arrayed profile without radial diffusion. Fig.5
shows the pre-discharge curmrent waveform, the
intensity of visible light from the injected
copper vapor by the PMT R1547, and framing
pictures in which the viewing area is the same
as in Fig.4. The pictures were taken for the
exposure time of 0.2pus at lps intervals. The
framing timings are also shown in the figure.
The copper vapor begins to exit the nozzle at
5us after the initiation of the pre-discharge.
However, the frame 5 shows the copper vapor
just starting to exit the nozzie at 11ps. This
disagreement originates from the differences of
the sensitivity of the instruments. The copper '
vapor moves away from the nozzle to the Fig.4 Open-shutter photograph
center of view in the frame 6 and reaches on of copper vapor
the left of view in the frame 7. The puffed
copper vapor velocity is the order of 1cm/ps estimated from the frame 5-7.

We took the streak pictures to measure the puffed metal vapor velocity. A slit is located
paraliel to the puffing direction (z-axis). Fig.6 shows the streak picture, the pre-discharge
current waveform and the intensity of visible light from the copper vapor obtained by the
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Fig.5 Pre-discharge current waveform,
intensify of visible light and framing picture

PMT R1547 and R446. The streak picture
has the time scale in horizontal axis and the
dimensional scale in vertical axis, then the
slope in the picture indicates the puffed
velocity of the metal vapor. From the slope
in Fig.6, the puffed velocity is obtained as
about 1mm/ps. ' '

To estimate the amount of puffed metal
vapor'?, the metal vapor is deposited to a
slide glass placed 20mm apart from the
nozzle electrode. The depositing arrangement
for diagnostics is shown in Fig.7. From the
thickness of the deposit obtained by ten
shots, more than 20% of an initial mass of
the copper wire is puffed to the main-
discharge spacing. Since the initial radius of
4mm equal to that of the nozzle has become
to the deposited radius of 5mm, the radial
expansion of the each copper vapor jet is
very small.
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4.2 Metal vapor puff Z-pinch plasma by a wire explosion

The main discharge started at 20, 50 and 100us after the initiation of the pre-bank
discharge. Only in SOps case, well organized pinch phenomena has been established. The
following results are in 50us cases. Fig.8 shows the streak picture, the main-discharge current
waveform and the soft x-ray output signal obtained by Si p-i-n photo diode. A slit is located
at the center between Z-pinch electrodes perpendicular to z-axis to observe radial plasma
motion. When maximum pinch occurred at 2.5us after the beginning of the main-discharge
current, two spikes in soft x-ray output was observed. At the same time, a dip in the main-
discharge current was observed, that corresponded to the increase of the inductance of the
plasma column at the maximum pinch. Fig.9 shows the spatial profile of the soft x-ray
emission taken by the x-ray pinhole camera. This time-integrated x-ray picture was taken at
the same shot as in Fig.8. Since the soft x-ray was emitted from two spots, there would be the
relation between the number of spots and spikes in x-ray output.

We also took the framing pictures to observe the two dimensional behavior of the
pinched plasma. Fig.10 shows the framing picture, the main-discharge current waveform and
the soft x-ray output signal. This shot is different one from those shown in the Fig.8 and 9.
The pictures were taken with the exposure time of 40ns at 200ns intervals. The framing
timings are also shown in the figure. The plasma evolution s summarized as follows: At first,
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Fig.8 Main-discharge current waveform, Fig.9 Time-integrated soft x-ray pinhole picture
soft x-ray output and streak picture
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the vapor near the anode was pinched at the frame 4 and the soft x-ray radiation was observed
at the time between the frame 4 and 5. In the second, at the time between the frame 5 and 6,
the intense soft x-ray radiation was observed. At the same time, a dip in the main-discharge
current was observed, therefore the vapor near the cathode was pinched at the time. Fig.11
shows the time-integrated x-ray picture taken at the same shot that shown in Fig.10. It is
apparent that the soft x-ray was emitted from three spots, one near the anode and the rest
around the center between the electrodes. The first and second pulses of soft x-ray emission
might be radiated from the spot near the anode and the rest, respectively.

5. Conclusion

The high energy density Z-pinch plasma created by injecting hollow cylindrical metal
vapor between the electrodes has been examined experimentally. The metal vapor is produced
by the wire explosion powered by the pulsed high current pre-discharge. To establish the
maximum pinch at the Z-pinch current peak of 300kA in 2.5us, mR,’ is calculated by slug
model. Here m is the mass per unit length of metal vapor and R, is the initial radius of hollow
cylindrical metal vapor. Then we obtained mR, equals to 22.5mg-mm and examined
experimentally. We have measured the characteristics of copper vapor puffing, before the Z-
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~ discharge current has been switched on. Taking framing and streak picture by image
‘converter camera, the puffed vapor velocity is obtained as about Imm/us. By measuring the
thickness of the deposit onto slide glass, more than 20% of the initial mass of the copper wire
is puffed to the main-discharge spacing. In the Z-pinch experiment, we confirmed that
maximum pinch occurred just before the Z-discharge current peak. At the same time, we
could obtain intense soft x-ray radiation from the plasma. |
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Gas-Puff Z-Pinch Plasmas driven by Inductive Energy Storage
Pulsed Power Generator ASO-II

K.Murayama, S.Katsuki, H.Akiyama
Department of Electrical Engineering and Computer Science
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ABSTRACT

A soft x-ray emitted from a gas-puff z-pinch plasmas is expected to he
a light source of lithography that produces semiconductors, micromachines and
so on. An inductive enerqgy storage pulsed power generator ASO-II, which was
developed in our laboratory, has been used as a power source of a gas-puff z-
pinch plasmas and is compared with a fast bank with same energy. Alsc, solid
and mesh electrodes are used as a cathode and the behavior of pinched plasmas
is observed with an image converter camera. Using ASO-II, the intensity of
soft x-ray is increased and the stability of hot spots, that are peints of the

radiating soft x-ray, is improved.

1. Introduction

The soft x-ray radiated from gas-puff z-pinch plasmas can be used for
industrial applications such as x-ray lithography, x-ray microscopes and so
on. The intensity of soft x-ray and the spacial stabllity of hot spots are very
important for the industrial applications. To achieve these things, the pulsed
power 1s necessary as a power source of gas-puff z-pinch plasmas. Though
capacitive energy storage pulsed power generators have been used, those are
large and heavy machines. On the other hand an inductive energy storage pulsed
power generator is compact and light-weight.

In this paper, an inductive energy storage pulsed power generator ASO-
I1, which was developed at Kumamoto university, is used. The intensity of soft
X-ray is measured, and also the photographs of pinch plasmas and hot spots are
taken by an image converter camera and a pin-hole camera with a thin aluminum
respectively. The obtain results are compared with those of a fast bank with

the same energy as ASO-II.

2. Experimental Apparatus

A schematic diagram of a gas-puff z-pinch device and the inductive
energy storage pulsed power generator ASO-II are shown in Fig.l. The ASO-II
has a coaxial configuration and consists of capacitor, triggered spark gap
switch, water vessel, and opening switch. The capacitor has a capacitance of
14.9 yF and a maximum storage energy of 27 kJ. The water vessel has 1.5 m

diameter and wire fuses as an opening switch can be placed radially in it. The
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length and number of parallel fuses are able to be varied from 5 cm to 66 cm
and from 1 to 24, respectively. The storage inductance of ASO-II is about 0.7
uH.

In the gas-puff z-pinch device, the Ar gas is injected from a ¢ 5 mm
hole of anode to a cathode through a fast opening valve. As the cathode, a
solid electrode made of brass or a mesh electrode made of ¢ 60mm copper tube
covered by 1 mm grid stainless mesh is used in this experiment. The separation
between two electrodes is 10 mm.

After charging the capacitor, the triggered spark gap switch is turned
on. The current flows through the fuses and then the copper wires are vaporized
because of joule heating. Since the resistance of the wire fuses increases,
the high voltage across fuses is induced and the breakdown of the spark gap
occurs. Then the current is transferred to the gas-puff z-pinch secticn.

In this experiment, a delay time, which is a differential time between
the beginnihgs of the coil current for the fast opening valve and the fuse
current, is changed. The charging voltage is 25 kV, and the copper wires are
used as an opening switch. In the case of a fast bank, nco cpening switch is
used and the spark gap is closed.

The coil current is measured with a B-dot probe and the source and load
currents are measured with Rogowski coils, as shown in Fig.1l. The soft x-ray
is detected by a pin-photo diode with a Al filter of 3 m thickness. The
behavior of pinch plasmas is observed with an image converter.camera. A pin-
hele {(the diameter of 400 pm} camera with a 3 um Al filter is used to
investigate a spacial stability of hot spots. The pin-hole camera is placed in

the discharge chamber shown in Fig.2.

3. Experimental Results and Discussions

Fig.3 shows the relation between the scoft x-ray intensity and delay
time. The Symbols of (), ®are the results for a solid electrode and the
symbols of (J, M are the results for a mesh electrode. The empty and solid
symbols are for the cases driven by a fast bank and the ASO-II respectively.
The B copper wire fuses with the diameter of 0.2 mm and the length of 20 cm are
used. In the case of a solid electrode, the soft x-ray signals are observed
between about 650 usec and 900 psec delay time and the intensities of them
increase wholly by using ASO-II. When the mesh electrode is used, the soft x-
ray signals are observed between about 600 usec and 1100 psec delay time, and
the intensities increase by using ASO-II. -

Figs.4-7 and Figs.8-11 are the results for a solid electrode and -a mesh
electrode. respectively. The numbers on the current waveform correspond with
the numbers of the photographs. The exposure time of these photographs is 10

nsec and inter-frame time-is 50 nsec.
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Fig.4 shows the behavior of plasmas driven by a fast bank in the case
of 800 usec delay time. In these photographs, the injected gas is reflected
on the surface of a cathode and the plasma pinches near the cathode. The pulse
signal of scft x-ray is detected by a pin-photo diode at the number 6 of
photographs. After the scoft x-ray emission, the plasma diffuses radially.
Fig.5 is in the case of 1000 psec delay time. These photographs indicate that
the influence of the reflected gas is more stronger and plasma is not uniferm.
The plasma column is very unstable and the soft x-ray signal is not detected.
Fig.6 shows the pinch plasma driven by ASO-II in the case of 800 usec delay
time. The injected gas becomes the plasma uniformly, which pinches gradually.
The time till the emission of soft x-ray is faster and the plasma column is
Stable in compariscn with Fig.4. The Soft x-ray is emitted at the photograph
number 15, and then the plasma diffuses. Fig.7 shows the case driven by ASO-
II in 1000 psec delay time. The plasma is not uniform and the plasma column is
very unstable as same as Fig.5. Moreover the soft x-ray is not detected.

Fig.8 shows the pinched plasma driven by a fast bank in the case of 800
psec delay time. Unlike the cases using a solid electrode, the reflection of
the injected gas does not occur and the plasma pinches from the upper position
to the lower one gradually. The unstableness of the plasma column is observed
from these photographs. Fig.9 is in the case of 1000 psec delay time. The
plasma column is unstable as same as the case using a solid electrode, however
the soft x-ray is emitted at the photograph number 14. Fig.10 ghows the
pinched plasma driven by ASO-II in the cage of BO0 psec delay time. Though the
behavior of plasmas is not so different, the plasma column is more stable in
comparison with Fig.B. Fig.ll shows the case of 1000 psec delay time. The
behavior of plasmas is almost the same as the cases using other mesh electrode,
and the soft x-ray is emitted. The plasma column is leaning and warping
obviously.

Fig.1l2 shows the spatial distribution image of hot spots for 10 shots
taken by a pin-hole camera with 3 um Al filter. Figs.ll (a) and (b} show the
pin-hole photographs in the cases driven by a fast bank and ASG-II, respectively.
A solid electrode is used. Figures of (c) and (d) are the ones in the cases
driven by a fast bank and ASO-II, regpectively. A mesh electrode ig used. The
deviation of hot spots from z-axis is decreased by using a mesh electrode and
AS0-IT.

' The soft x-ray emission increases by using ASQ-II, and the plasmas
pinch more stably and the deviation of hot spots is smaller. Those reasons are
considered as follows: current with a faster rise time flows into z-pinch
plasmas by using an opening switch, and an inductive energy storage pulsed
power generator can supply a high induced voltage with a fast rise time during

a short pulse width at an initial phase of the discharge. Therefore more
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uniform discharges occur in comparison with those by a fast bank. The intensity
of the soft x-ray in the case of a mesh electrode is smaller in comparison with
the case of a solid electrode. This reason may be related to the density of the

injected gas.

4. Conclusion

A gas-puff z-pinch plasmas are driven by an inductive energy storage .
pulsed power generator ASO-II, and intensity of the soft x-ray, behavior of
plasmas and the spacial distribution of hot spots are compared with those by
a fast bank. Using AS0-II, intensity of the soft x-ray became larger. Moreover
plasmas pinched more stably and the spacial stability of hot spots was improved
in both electrodes of mesh and solid. These results are important when the

gas-puff z-pinch plasmas are applied as a light source.
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Soft X-ray Lithography by a Gas-Puff Pinch
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Abstract

Soft X-ray emission generated by a plasma focus with an additional Ar gas puff
is examined to exposure the photoresist, PMMA for the microlithography. The
etched depth of the photoresist is measured with an atomic force microscope at the
various mask widths and the modulation transfer function is obtained as a fignre of
merit for the spatial resolution. The upper limit of the spatial frequency, 320 Ip/mm
is obtained. This corresponds to the spatial resolution of 1.6um.

1 Introduction

- Intense sources of soft X-rays have received considerable interest in the field such as
industrial microlithograpy 2 and microscopy.®~® By use of soft X-rays, it is expected
to easily obtain a higher resolution in these applications. Synclotron orbital radiation
(SOR),” pulsed plasmas including the Z-pinch plasma and laser produced plasmas have
been studied by a number of authors as the soft X-ray sources. SOR has extremely high
brightness, and is suitable for a mass production of the semiconductor devices. However,
the SOR is expensive and not easily accessible to many researchers.

Since Z-pinch plasma generates pulsed soft X-rays of nanosecond duration, and so it
1s considered that the Z-pinch is useful for the soft X-ray microscope for live and mov-
ing specimens without blurring. However, it is not well known that a suffcient dose of
the soft X-ray is possible in a single shot. In order to obtain the appropriate exposure
for microlithography, multiple discharges of the Z-pinch device may bhe required. On the
other hand, the photoresist for the soft X-ray is hardly obtained. Therefore, we inevitably
employ .photoresist which is prepared for the exposure with the electron beam. Several
authors have estimated the sensitivity of photoresist for the soft X-rays.?

In this paper, we intend to discuss feasibility of the photoresist, that is developed for

the electron beam exposure, using the soft X-ray source.
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2 Apparatus

In this experiment, a Mather-type plasma focus device with a squirrel cage outer elec-
trode was employed to generate soft X-rays. The diameters of the inner and the outer
electrodes were 50 and 100 mm. The lengths of the electrodes were 280 and 230 mm,
respectively. The condenser bank consisted of 28 x 1.56 pF, 80 kV capacitors. The
device was operated at the bank voltage of 45 kV and an embedded gas pressure of 6 Torr
H,. To obtain intense soft X-ray emission, additional argon 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.

A soft X-ray pinhole camera®) with a quantitative image acquisition system was used
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 foil filters (25 pm and lpm 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.”) The comhination
of the filters and the MCP gives a pass band between 3.7 and 7 A, which accepts Ar
K-lines. The schematic diagram of soft X-ray exposure system is shown in Fig. 1. A
positive type PMMA (polymethylmethacrylate) photoresist {OEBR-1000, Tokyo Ohka)
was employed. The photoresist was spin-coated on silicon wafer and prebaked at 170 °C
for 20 minutes. The photoresist was placed at a distance of 24 cm from the electrode axis.
A Be foil, 25pm in thickness, was used as a X-ray extraction window.

Nets of 19 pm meshes and 6 pm in thickness (G1000HS, Oken) which are made of Cu
were placed as a mask in contact in front of the photoresist. To obtain a wedge-shaped
photomask, 2 nets were put with an inclined angle of 10°. '

The soft X-rays were monitored with an X-ray PIN diode which was coupled with a
set of filters (25 pm Be and 1 gm Ag). The viewing field of the diode was limited only to
the plasma produced by the discharge using a collimater.

The feature of the soft X-ray sources which are recorded with the pinhole camnera are
shown in Fig. 2 a) a single discharge, and b} overlapped by 60 discharges. The average
intensity of the soft X-ray at the photoresist by a single shot is ~ 2.6 x 10* mJ/em?. A
number of dischafges give a stable source in that feature (~15 mm in length and ~1 mm
in diameter). It is possible to exposure the photoresist by the required dose to control

the number of the discharge. -
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3 Experimental results

The soft X-ray source in this experiment has a large ratio of the source length to the
diameter, and so there is a longer penumbra of the mask in the parallel direction to the
electrode axis than that of the parpendicular direction. Therefore, we discuss only the
performance in the parpendicular direction for the spatial resolution. A mask image ob-
served with an atomic force microscope (AFM, Nanoscope [1, Digital Instrument) is shown
in Fig. 3. The picture was taken after development of 14 min. at 25°C. The depth made
by etching was also measured with the AFM in Fig. 3. Examples of the cross sectional
view along the lines of A-A’, B-B’ and C-C’ are shown in Fig. 4.

The modulation transfer function, MTF is defined as

Tnax — I
MTF = max min (1)
Imax + Imin

where [a and I, are the maximum and the minimum depth of the cross section as
shown in Fig. 4. The MTF is commonly used as the figure of merit for describing the
spatial resolution of optical systems.!® The MTF which is calculated using the etched
depths along the dotted line described in Fig. 3 is shown in Fig. 5. If we assumne that
the 60 % of the MTF is the upper limit of the spatial frequency, we obtain 320 lp/mm,
approximately. This corresponds to the spatial resolution of 1.6 pm.

The spatial frequency can be improved more than one order higher by arrangement of

the soft X-ray source, mask and photoresist.
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Abstract

The plasma dynamics of capillary Z-discharges have been studied for
wavelength shortening of the discharge pumped soft X-ray laser. The capillary
load filled with argon of 370Pa was directly driven by the current above 100kA
with the rise time of a few tens nsec using fast pulse power generator LIMAY-
I (13kJ,3Q-50ns). The possibility of lasing in shorter wavelength region by
fast capillary discharges depends on whether. we can avoid unstable implosion
of the column to get denser and hotter plasma condition. In order to- investigate
the dynamics of capillary Z-discharges, soft X-ray emission from the column
was measured. Obtained spectrums suggest that the plasma column implodes
stably without MHD instabilities. The experimental observation was
consistent with the results of 1D-MHD simulation and satisfied the lasing
condition of Ne-like Ar. These results indicate that the fast capillary Z-
discharges have a potentiality of lasing in shorter wavelength region.

1. Introduction ,

At the present X-ray laser research, only a huge high powered optical laser can
produce lasing plasma. The typical conversion efficiency from the output of the driver
to the 'laser-driven X-ray laser' is generally 10-6 to 10-7. So, the final out-put energy of
soft X-ray region is order of pJ at best. On the contrary, discharge plasmas driven by
fast pulse power generator are directly inputted electrically stored bank energy, so it
must be energy rich, efficient and low cost X-ray sources. The capability of soft X-ray
generation more than tens of kJ looks very attractive. If a compact, low cost, and energy
rich laser working in soft X-ray region is developed, its applications would become
revolutionary important not only in basic scientific fields but also in industnal fields.

For the lasing plasma in soft X-ray region, both high temperature more than 100eV
and high electron density more than 1019cm-3 are generally needed. Furthermore, the
plasma must be stable, uniform and liner to obtain good optical property. The
production of such a plasma column is a challenging problem, because the column must
be compressed dynamically without MHD instabilities. Recently, it was reported that
fast Z-discharge through argon of about 100Pa in capillary of 4mm diameter and 120mm
length could produce lasing of soft X-ray (Ne-like Ar 46.9nm), and achieved a gain-
length product of 7.2 T1,2). Extending this technique to the operational range of shorter
wavelength is of the major concern of our present study. Here we discuss the possibility
of the lasing in soft X-ray region by fast capillary discharges.
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2. Experimental Setup

The typical setup of the experiment is shown in figure 1. The capillary load is
coaxially set inside a Z-stack insulator of pulse forming line (PFL), which is filled with
pure water to prevent from break-down along the capillary outer surface. This structure
is so similar to that of a coaxial cable, here capillary load is nearly regarded as a part of
PFL, that it has only small effective inductance and helps fast current rise.

Experiments were conducted using polyacetal capillaries of 3mm diameter with length
of 100mm which was filled with argon gas. The initial gas pressure was varied from
100Pa to a few hundreds Pa using a differential pumping system. The background
pressure of detector chamber keeps about 4x10-%torr. The drive current is monitored by
a Rogowski coil inside the Z-stack insulator of PFL.

Capillary
$=3mm Ar Gas

Rasdc
Sdntliaor
{Alcoat

Alz03

>

A

100

L Preionization PEN Circuit

Fig.1 Schematic Diagram of Experimental
Set-up for Capillary Z-discharge.

In the experiments, the care was taken to make well-defined discharge condition. Then
the plasma was directly driven by fast pulse power generator LIMAY-I (13kJ, 3Q-
50nsec), which consists of Marx generator and PFL. The drive current above 200kA
with the rise time less than a few tens nsec was easily available. Undefined factors such
as spark plasma column in the gap switch and the effect of wall ablation materials were
eliminated from the discharge process. To suppress the effect of wall ablation, the inner
surface of the capillary was laminated with an alumina tube. To make well controlled
pre-ionized Ar gas, a rectangular current pulse of about 15-20A and duration of several
tens psec generated by pulse forming network (PFN). It was applied just before the
main power pulse, where the pre-ionization circuit is isolated from PFL by an inductor.
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3. Detectors for the X-Ray measurement
The X-ray emitted from the plasma column is observed through a pinhole from axial
direction as shown in Fig.1. We can get spectrums of the soft X-ray under about 300eV
region by filtered scintillation detectors and filtered XRD diodes[3] which have different
sensitivity for wavelength of soft X-ray.
Fig.2 (a)

Filter: Mylar Sheet (4 pm)
1 Al Foil {5pm)

X-ray —

; multiplier
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|

|

i Photo- é Oscilloscope
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(Al-coat)
Fig.2 (b}
) Cathode
Filter {Cuor Au) D=20mm
X-ray #: H = = \f)_—-_)
. ) u 6nf Oscilloscope
Anode
—l—— Bias 1kV
d{A-K) =3mm _|_

Fig.2 Schematic diagram of the X-ray detectors
(a) Filtered Scintillation Detector
(b) Filtered XRD Detector

A schematic diagram of the X-ray detectors is shown in figure 2. The filtered -
scintillation detector (as shown in Fig.2(a)) consists of an absorption filter and an
aluminum coated plastic scintillator (NE102ZA) with photo-multiplier. The coated
aluminum cut off almost all visible light components. A mylar sheet of 4 pm thickness or
an aluminum foil of Spm thickness is set in front of the scintillator. The sensitivity of
the detector depends on material of the filter. The plastic scintillator is relatively
insensitive for the photon energy below about 100eV. In case of the mylar filter which
has carbon-K edge, the detector is sensitive from about 100 to 300eV. In case of the
aluminum filter, it is sensitive nearly 100eV due to aluminum-L edge.

The filtered XRDs are consist of a metal photo cathode of effective diameter of
20mm, wire mesh anode and absorption filter (as shown in Fig.2(b)), which has coaxial -
geometry to detect fast pulse. The cathode views the soft X-ray source through the filter
and the wire mesh anode. Incident photons cause emission of electrons from the cathode
surface, and emitted electrons are accelerated across the cathode-anode gap. So the
emitted X-ray can be detected as photoelectron current. The wavelength sensitivity of
the detector is determined by combination of the absorption filter and cathode materal
which have different quantum efficiency. We chose a 4 um-mylar as the filter because it
has carbon-K edge below about 300eV. Copper or gold is chosen as the cathode metal
from their quantum efficiency profiles [4]. Then the mylar-filtered XRD with copper
cathode is sensitive below about 40eV, and with gold cathode i1s below about 100eV
respectively.
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4. 1D-MHD Simulation

We have carried out numerical simulations on the plasma dynamics of the capillary Z-
discharge using 1D-MHD code MULTI-Z [5,6], which can simulate the dynamics of the
current sheet and shock waves self-consistently including the effect of radiation process
and the skin effect. The initial condition of the simulation 1s as follows, The argon gas
has uniform temperature of 0.1eV and density of 6.09x10¢ g/cc (corresponding to the
argon gas pressure of 370Pa) respectively in the capillary. In this simulation, we gave the
experimentally obtained discharge current as the input parameter.

5. Results

5.1 Experimental Results

Figure 3 shows the typical wave forms of the end-view X-ray signals and the load
current (P=370Pa). From beginning of discharge to about 30nsec, X-ray bellow about
40eV were dominant in the emission. From 30nsec to 40nsec, that of about 40-100eV
were dominant, and from 40nsec to 70nsec, that of about 100-300eV were dominant. As
mentioned above, the emission was gradually sifted from soft region below 40eV to
relatively hard region of 300eV with time. It shows electron temperature rises slowly
until 30nsec, after 30nsec it rises rapidly to 300eV.

Load Current

XRD Cathode-Cu
Filter-Mylar

,;‘\qf bbb i S 3] XRD Cathode-Au | o)
£ 11 E<100eV

A
.%“j Filter-Mylar

Al-Filter
Scintiliator

Mylar-Filter
*I| Scintiilater

: 1006V <E k 3008V

ol a1, Il BT AT A AT BN I W B Y

20nsec/div

Fig.3 Typical Waveforms of X-ray Detectors
and Load Current (50kA/div, 20nsec/div)
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5.2 Typical Results of 1D-MHD Simulation

Figure 4 shows the typical flow diagram of the implosion process (P=370Pa). The
column implodes at about 25nsec from the current nise and reflect on the Z-axis. Figure 5
shows the typical time-space distribution of electron density and electron temperature.
Tt suggests that the plasma is heated and compressed to electron density of ne-1020¢m-3
and electron temperature of Te-100eV at about the maximum compression time of about
25nsec. After the maximum compression, the column explode with electron heating.
Then the temperature reaches nearly 200eV at 50nsec.

0.10

Radius (cm)

0.00

1.0 2.0 30 4.0 5.0 <107
Time (sec)

Fig.4 Flow Diagram of Z-discharge Experimentally Observed
Wave form (Fig.3) was Used as Drive Current
(D=3mm, P=370Pa (Ar))
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6. Discussion
For proper operation of collisionally excited X-ray laser, it is predicted that the
following plasma parameters must be attained at the compression phase [7,8].
For Ar (Ne-like Ar: wavelength 400-700 A)
ne: (0.5-2) x 1019%m-3, Te: 60-90eV
For Kr (Ne-like Kr: wavelength 170-300 A)
ne; (2-5) x 1020c¢m=3, Te: 500-700eV
For Xe (Ni-like Xe: wavelength 91-95 A)
ne;: (2-5) x 1020¢m=3, Te: 300-600eV

We must produce a straight and uniform plasma satisfied with above conditions by
the fast capillary Z-discharges to succeed in lasing in shorter X-ray region The
possibility depends on whether we can stably implode the column to get such a plasma
condition with sufficient uniformity. From the experimental point of view, the critical
issue is the stable compression of the plasma column. As shown in Fig.3, the temporal
vanation of X-ray emission was gradually shifted to hard spectrum region. The
spectrums suggested that the plasma column implodes stably within 30nsec and it
explodes with electron heating after the implosion. If the column implode unstably with
some MHD instabilities, the hard X-ray should be observed early stage in the discharge
evolution.

The obtained numerical results of imploding process (in Fig.4) can explain fairly well
the experimental plasma behavior. These results suggests the stable one-dimensional
implosion of the plasma column. We can cite several factors which may contribute the
stable implosion. The fast rising drive current may contribute to the plasma detaching
from the inner wall and reduce wall-plasma interaction effects, or improvement of initial
uniformity of the load plasma by pre-ionization may suppress growth of MHD
instabilities in the compression phase. We have to investigate such a stabilizing .
mechanisms in detail. As shown in Fig.5 the value of electron density and temperature of
argon plasma satisfied enough the lasing conditions at the maximum compression time.
So it seems to promise the lasing with Ne-like Ar and also in more harder X-ray region.

We can drive the capillary load by current more than 200kA(peak) with nsing time
less than a few tens nsec using LIMAY-L For Krypton or Xenon as the load plasma
source, if we can stably compress the column and achieve the dense and hot plasma
conditions with sufficient uniformity using capillary Z-discharges, provably we can
expect the coherent X-ray radiation n shorter wavelength region.

7. Conclusions

We have driven capillary Z-discharge by fast pulse power generator LIMAY-I, and
observed the X-ray spectrums with scintillation detector and XRD diodes. The
dynamics of the Z-discharge plasma column were numerically simulated using 1D MHD
code. The dynamics obtained experimentally from the spectrums was well explained by
the calculated 1D-model, which indicate the column compressed stably by fast capillary
Z-discharges. The numerical simulation shows that the plasma satisfy the lasing
conditions at the maximum compression time. If we can attain stable implosion with
larger current, it seems to succeed in producing the coherent radiation in shorter soft X-

ray region.
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Early Phenomena of Capillary Discharges in Different Ambient
‘ Pressures
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Kurokami 2-39-1, Kumamoto 86(), JAPAN

Abstract

An 80 kI electrothermal gun facility was assembled at Kumamoto University in order to
investigate the dependence of capillary discharges on ambient pressure. The observation of
capillary discharges using an image converter camera shows that.early phenomena of the
discharges vary with ambient pressure. At a pressure of one atmosphere , discharges begin to
occur-near the radial center of the capillary. On the other hand, at a lower pressure of about 1
Pa, discharges occur near the insulator surface of the capillary. Plasma parameters, such as
electron density and electron temperature, and the species of the plasma and neutral gas, are
measured by spectroscopic techniques. The electron density at low pressure is more than 10"’
cm™ at a current of only about 1 kA because of severe wall ablation by the surface discharge. At
high pressure, the electron density is quite low for electron currents less than 2 kA. For
currents greater than 2 kA, the electron density is over 10'® cm® at both pressures. The
temperature estimated from a Boltzmann plot is in the range of 0.6 eV to 0.7 eV at low

pressure.

1. Introduction _

Electrothermal guns have been developed in order to simulate micro-meteoroid and space
debris impacts, and to produce extremely high pressure and temperature for the development of
materials [1] [2]. It has been reported that the geometry and design of the capillary have a
strong influence on the performance of electrothermal guns [1] [3] [4]. Experiments on
electrothermal guns have been conducted at various ambient pressures in the chamber according
to their particular application. The 80 kJ electrothermal gun facility at Kumamoto University
was assembled in order to investigate the phenomena of capillary discharges and to determine
plasma parameters for different ambient pressures.

In this papcr,' the early phenomena of capiliary discharges for different ambient pressures
in the chamber are observed by using an image converter camera. Also, plasma parameters,
such as electron density and clectron temperature, and the species of the capillary plasmas are
measured by spectroscopic techniques at different ambient pressures. Then, the relation
between the behavior of capillary discharges and the electron density and temperature of the

capillary plasmas, for changing ambient pressure, is discussed.
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2. Experimental apparatus and procedures

Figures 1 and 2 show the experimental Sctups for observing radiation from the capillary
discharges and for estimating plasma parameters, respectively. The power supply consists of a
capacitor bank with a maximum stored energy of 80 kJ and a capacitance of 64 u4F, a coil with
an inductance of 3.5 #H and a triggered spark gap switch (TGS). Although the electrothermal
gun usually consists of electrodes (copper), a capillary (polyethylene) and a barrel (steel), the
barrel is removed from the electrothermal gun during these experiments in order to observe the
behavior of capillary discharges. The inner diameter and the length of the capillary with a
cylindrical configuration are 4 mm or 2 mm, and 30 mm, respectively. A thin copper wire with
a diameter of .04 mm is placed in the capillary, and is connected to both ends of the capillary.

The discharge current through the electrothermal gun is measured by a Rogowski coil
(RC), and the voltage across the capillary plasma is measured by a voltage divider (VD) with a
1/240 voltage ratio. All signals are rccorded with digital oscilloscopes (OSC), and then are
analyzed by a computer. The image converter camera (Hadland Photonics Limited, IMACON
790) is used to observe the behavior of the capillary discharges. The framing speed, the

exposure time, and the inter frame time are 2x109 frames/sec, 100 nsec/frame, and 500 nsec,
respecti'vcly.‘ The delay generator is used to control the time between the triggers of the spark
gap switch and the image converter camera .

The time dependence of the radiation from capillary plasmas is measured by using a
monochromator (Mininuteman Laboratories, Model 302-VM) with 1200 grooves/mm. The
light from capillary plasmas enters the monochromator, with an entrance slit of 300 um,

through a quartz optical fiber with a diameter of 1 mm. A photomultiplier tube (Hamamatsu
Photonics Co., R955) is used to detect the light. Either of two wavelengths, 486.1 nm (H,

line) or 324.7 nm (C, line), is selected. The electron density and temperature in the early phase
arc estimated by using a Czerny-Tumer 320 mm optical multichannel analyzer (Atago Bussan
Co., Multiviewer Macs320). The slit width is 25 zm. The light spectrum amplified by an
image intensifier is measured by a photodiode array with 1024 channels. The maximum
wavelength window of this system is 40 nm, which limits the maximum electron density
estimated from the line shape.

3. Stark broadening of H_line [5] and Relative intensities of neutral copper
lines [6] |

Stark broadening results from the interaction of the radiator atom with the electric field
produced by charged particles near the location of the radiator, and depends on the density of
the charged particles. The electron density N, is equal to the ion density N, for singly charged
ions. Based on the theory of Stark broadening [7], which takes into account quasistatic ions

—188—



and impact-electron-broadening effects, the expression for the electron density in terms of the

linewidth of hydrogen lines is
£

AN
N, = 8.02x 1012(—’5) , (1)
Gy,

where AL, is the linewidth (FWHM) in angstroms. The reduced wavelength @, is a function

of the electron density and temperature, i.e., &, = &, (N, T), and is tabulated in Table IIL. a.

of Ref. 7 for the H, line. The electron density versus the FWHM of the H_ line, calculated

from equation (1) and Ref. 7, is shown in Fig. 3. In a few cases where the deduced density

was below 10" ¢m?, ion-dynamical comrections to the @, ,, values of H, were included, using

data taken from Ref. 7. The electron density was in the range 10" - 10" cm®, which
corresponds to 5 - 300 A in Stark broadening width (FWHM) in this experiment. Doppler

broadening, therefore, was neglected [8] .-
The electron temperature generally is estimated by the relative emission intensities of
spectral lines. The relative intensities of the spectral lines are used in the following equation

iz E
In =C-—=>,
)i g

where I, A, A, g, E, k and T are the relative intensity, wavelength, the transition probability,

the statistical weight of the upper level, the energy of the upper level, Boltzmann’s constant and
temperature. The transition probabilities, the statistical weights and the energy of the upper
levels of the copper lines are shown in Ref. 9. A plot of the logarithmic term versus E, yields a
straight line whose slope is equal to -1/kT. The electron temperature is the reciprocal of the
slope. The electron density is estimated by using the transitions from three copper lines
(510.55, 515.32, 521.82 nm ).

4. Results and Discussion

A. Capillary discharges in the early phase

Figures 4 and 5 show typical waveforms of the discharge current and the voltage across
the capillary, as well as photographs of capillary discharges observed by the image converter
camera, for ambient pressures of 0.1 MPa and 1.3 Pa, respectively. The dotted and solid lines
are the waveforms of voltage and current, respectively. '

In the high pressure case (0.1 MPa), the voltage waveform across the capillary shows a

steep pulse at about 0.8 psec, caused by the rapid increase in resistance of the thin copper wire

placed in the capillary due to melting and vaporization . That is, by the operation of an opening
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switch. Then, the voltage becomes a constant value of about 8 kV during a dwell time that lasts

until about 2.8 usec, which corresponds to the formation time of a discharge at high pressure.

The constant voltage corresponds to the residual voltage of the 64 WF capacitor. After 3 psec,

' the voltage becomes a different constant value of about 1 kV, and is independent of the
discharge current, as known from the AWA theory [10] [11]. According to the photographs in
Fig. 4, the early capillary discharge in the high pressure case occurs near the center of the
capillary as an arc discharge and gradually expands, not uniformly.

In the low pressure case (1.3 Pa), after the ptilsed voltage is produced by the melting and

vaporization of the wire, the voltage across the capillary increases until about 6 usec, and then
becomes constant, although Fig. 5 shows data only for times less than 5 psec. According to

the photographs in Fig. 5, the early capillary discharge occurs at or near the surface of the
capillary and develops uniformly. These phenomena are very different from those in the high
pressure case. The behavior of discharges in the beginning of capillary discharges therefore
changes from surface discharges to arc discharges with decreasing ambient pressure.

B. Spectroscopic measurements |

Figures 6 and 7 show typical waveforms of the discharge current and voltage across the
capillary, and PMT signals for the (a) C, line (324.;7 nm} and (b) Hy line (486.1 nm) measured
by the monochromator for ambient pressures of 0.1 MPa and 13 Pa, respectively. In the casc
of high pressure, the C, line is observed and the H,, line is not observed at about 1 pusec when
the wire is vaporized. Luminosity of the first photograph in Fig. 4 mainly comes from a copper
line. After an arc discharge at about 3 usec, both the C, and H, lines are observed, since wall
ablation occurs on the surface of the capillary. In the case of low pressure, the signals from the
C, and H, lines show almost the same waveform.

The clectron density of capillary plasmas in the early phase is estimated from Stark

broadening of the H, line. Typical waveforms of the discharge current and the voltage across

the capillary, and of the H_ line (656.28 nm) observed in the direction of axis of the capillary,
are shown in Figs. 8 and 9 for 0.1 MPa and 1.3 Pa, respectively. Arrows in Figs. 8 and 9
show the times when the H, line is observed. The time window is 500 nsec. A nitrogen line

also appears near 645 nm at one atmosphere. The dependence of the electron density of the
capillary plasma on the discharge current is shown in Fig. 10 for ambient pressures of 0.1 MPa
and 13 Pa. Although the electron temperature is assumed to be 1 eV, the calculation of electron
density shows only a small dependence on the temperature. In the case of high pressure, the
electron density of capillary plasmas at less than 2 kA is quite low, less than 10" cm®. When
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the current is more than 2 kA, the density is over 10 cm™.

In the case of high pressure, the early capillary discharge occurs near the center of the
capillary as an arc discharge and gradually expands. Therefore, wall ablation is small at less
than 2 kA. On the other hand, in the case of low pressure, the density already becomes more
than 10'7 cm™ at a current of only about 1 kA, since severe wall ablation occurs on the surface
of the capillary.

The clectron temperature of capillary plasmas in the early phase is estimated by the
relative intensities of C, lines. Because the observation of several C, lines is difficult, the data
is obtained only in the case of low pressure, as shown in Fig. 11. The Boltzmann plots are
also shown at the current of 7.5 kA. Some deviations from linearity indicate a small difference
from LTE condition and/or self-absorption. The temperature estimated by the Boltzmann plot is
roughly 0.6 eV 10 0.7 eV.

5. Conclusion

The early phenomena of capillary discharges are observed, and plasma parameters are
measured for different ambient pressures. The behavior of discharges at the beginning of
capillary discharges varies from surface discharges to arc discharges with increasing ambient
pressure. The surface discharge at low pressure occurs immediately after the wire vaporizes,
and the arc discharge at high pressure occurs after a dwell time.

The electron density at low pressure is more than 10" cm? at a current of only about 1 kA
because of severe wall ablation by surface discharges. In the case of high pressure, the electron
density is quitc low at less than 2 kA. At both pressures, the electron density is over 10'® cm?
when the current is more than 2 kA. At low pressures, the temperature estimated from a
Bolizmann plot is in the range of 0.6 ¢V to 0.7 eV. In the future, we plan to investigate the
temperature of capillary plasmas in more detail.

The authors would like to thank Prof. M. Hagler for useful comments.
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