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PREFACE

This publication is a collection of pépers presented at the research meeting
on "Physics of High Energy Density Plasmas Produced by Pulsed Power"” held
at National Institute for Fusion Science .in December 17-18, 1993, in which
forty two persons attended from the seventeen organizations, and twenty seven
papers were given orally. |

The high energy density plasmas are able to be produced by pouring an
extremely large power into a small space for a short time. These high energy
density plasmas have many fields of applications - z-pinch, plasma focus,
opening switch, pulsed ion beam, pulsed electron beam, vircator, BWO,
railgun, thermal gun and high energy flowing plasma, for example.

The researchers from different kinds of fields gathered to discuss the high
energy density plasmas, which are one of common research targets to all

attendants, and then came to know their physics better.

Hidenori Akiyama

Kumamoto University
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Resistivity Variation of Fuse as an Opening Switch
Naoyuki Shimomura, Masayoshi Nagata and Hidenori Akiyama*

Faculty of Engineering, The University of Tokushima

*Faculty of Engineering, Kumamoto University

ABSTRACT

Resistance variation of thin copper wires in water as an opening switch was
studied to obtain the basic data for design of an inductive energy storage pulsed
power generator. The dimensions of a wire influence not only wire resistance
but the relation between the resistivity and the energy deposited in the wire of
unit mass. The dependence of the changing rate of wire resistivity on the
resistivity was obtained using the energy balance equation about exploding wires,
as a result, the phases of wire explosion were clearly confirmed and the
influence of the dimension was removed from the relation between the resistivity

and the deposited energy in early phase of the wire vaporization.

§1. INTRODUCTION
Pulsed power generators with an inductive energy storage system[1]-[3]
can be designed compactly and economically. Opening switches[4][5] are
indispensable to pulsed power generators using the inductive storage system.
Fuses[5]-[10] of metal foil or thin wires placed in tamper have been used as
opening switches because of their simplicity and reasonable high performance.
Here, resistance variation of thin copper wires in water as an opening

switch was studied to obtain the basic data for design of an inductive storage



pulsed power generator. The dimensions of a wire influence the relation
between the resistivity and the energy deposited in the wire of unit mass.
Nevertheless, it is desirable that the relation is represented regardless the wire
dimensions. We observed the relation between the resistivity and the energy
deposited in the wire of unit mass, and attempted to remove the influence of the

wire dimensions from its relation.

§2. EXPERIMENTAL CONFIGURATION .

Figure 1 shows the equivalent circuit of the pulsed power generator used in .
experiments. The pulsed power generator consists of a capacitor(10uF) as a
primary energy source, a triggered gap switch, an energy storage inductor(84uF)
and a fuse opening switch. The explosion of copper wire in water[10] is used as
fuses, and the dimensions of wire are 0.05mm in diameter and 5 to 30cm in
length. The initial charging voltage is 10kV. The voltage across the wire and
the current through it were observed by digitizing oscilloscopes and their

waveforms were processed by a personal computer after low-pass filtering.

Storage Inductor

HV. —o/o—rm\

84mH

Capacitor ——
10mF —— Fuse Voitage Divider

>

—4 Rogowski Coil

Fig.1 Equivalent circuit of the experimental apparatus.



§3. EXPERIMENTAL RESULTS

The typical waveforms of the voltage across the wire, V, and the current
through it, /, are shown in Figure 2. In this case, the output voltage was reached
near 80kV, as a result, the voltage multiplication ratio was about 8 owing to the
initial charging voltage of 10kV. The lower three waveforms in Fig.2, which
represent the resistance, R, the power, P, and the energy deposited in wire, ¥,

were calculated from V and /.
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Fig.2 Typical Waveforms



In consideration of dimensions of wires, the dependence of copper wire
resistivity(p) on energy(E) deposited in it of unit mass is able to obtained, shown
in Figure 3, where the parameter is the length of wires. Even if the length of
wire is chaneged, there is no effect on resistivity from 0 to 2kJ. The resistivity
curves changed in region over 2kJ, where the wires are in a phase of
vaporization. Figure 4 shows the relation between the wire resistivity and dp/dE,
which is the changing rate of resistivity on energy deposited in wire of umt mass,
and calculated from Figure 3. In Figs.3 and 4, each relation are influenced by

the wire length, although both resistivity and the energy are normalized from

dimension.
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Fig.3 Dependence of resistivity on ~ Fig.4 Dependence of resistivity differen-
energy deposited in wire with unit mass.  tiated by energy on wire resistivity
§4. DISCUSSION

Since the resistivity is estimated from the initial dimension of wire here, its
transformation is ignored. When the data of resistivity variation will be applied
to designing pulsed power generators or loads, it 1s rather convenient that the

transformation is disregarded. Nevertheless, the transformation has to be



.melting . . vaporization

0.10 — T+ T 0.10
008 —0.08 .
~ i =2 i
P &
g0.06 [ s 0.06 .
[¥] . (3]
®; = G .
g E
—0.04 - =0.04 N
s s -
o a
=0.02 - S 0.02 i
)

000 0601 002 003 004 005 000 001 002 003 004 005
P [mS&em] £ [m Qcm]
Fig.5 Dependence of resistivity differen- Fig.6 Calculated dependence of Fig.5.
tiated by energy on wire resistivity

considered to understand the influence of wire dimension on wire resistivity.
Figure 5 represents the low-resistivity region in Fig.4. The data have many
noise under 0.01lmQcm, and they are trimmed in very low-resistivity region
under 5uQcm. The melting phase can be distinguished from other phases in Fig.
5
consequence, we can discriminate between regions, where are in phases of solid,

melting and liquid, though it is difficult to discriminate in Fig.3[6][7]. It seems

since curves of dp/dE form a mountain-shape in melting phase. In

b

that the melting essentially progresses in axial or radial directions of wire, as a
result. We assume the melting model whose process consists of a mixed
propagation both in axial and radial directions. The averaged resistivity, pg, 1S

shown as,

.Pspl(l - Q) . pia(l-p)

b5 = —ap)psaB +pi(1-aB)}  l-of °

in the phase of melting process. Here, p, and p; are the resistivities of solid and
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Fig.7 Dependence of X/p on wire resistivity

liquid copper, respectively, o. is the ratio of liquid copper in wire, and B is the
ratio of melting-propagation to axial direction 1n a total melting. Figure 6 shows
the resistivity variation calculated from eq.(1). The curve of $=0.3 fits for the
experimental data better than any other curves, which suggests that the
propagation in axial direction dominates a melting process to some extent.

The process in a vaporization phase is more complicated, because the
transformation of wire and partial or whole breakdowns in wire happen.
L.Vermij discussed the transformation of wire into spherical shape[8]. We
should evaluate the resistivity normalized by the initial dimension of wire as
stated above. Here, we assume that the resistivity in vaporization phase 1s
represented by ’

p=p0(E)f(t) ...................................... )
where py(E) is a function of essential copper resistivity on deposited energy and
f(¢) expresses the function meaning the wire shape and its transformation. And

we define X following equation,



y_9p 3

SE opc e (3)
Eqgs.(2) and (3) lead to
dp,(E) dflt)
X/ip= e
P dE dt @

Though it is difficult to obtain p,, f and X from the experimental data, X/p can be
calculated easily, thus Figure 7 is obtained. The curves of X/ p in Fig.7 coincide
with each other below about 0.3mQcm. The influences of wire dimension is
- removed from the resistivity variation in this region. The right side of this region,
where is over about 0.3mQcm, corresponds to the phase after producing a

maximum output voltage.

§5. CONCLUSION |

| The wire resistivity was calculated from the experimental data and the
influences of wire dimension were removed from the rg:sistivity to a certain
degree. The obtained variation of resistivity is normalized by the initial
dimension of wire, so that the effect of the wire transformation is not directly
included. But the resistivity variation is rather convenient for applications of the
design of generator and its loads. Taking the results of processes of both
melting and vaporization into consideration, the output waveforms of pulsed

power generators can be calculated.
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Beam divergence characteristic of Two-Stage lon
| Diode
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Kazuo Imasaki*, Chiyoe Yamanaka®*,

Shuiji Miyamoto, and Sadao Nakai
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Abstract
The improvement of beam divergence by Two-Stage Diode is being studied at
ILE Osaka University. We measured 750keV carbon beam divergence by Shadow-Box
with CR-39. We used the track analizer (LUZEX [l1) that could measure and digitize
position of tracks, track diameter and shape of tracks to count a number of tracks on
CR-39 and got results of beam divergence at first stage and second stage with track

diameter resolution.

1.Introduction

Two stage, extraction geometry insulated ion diode (Reiden-SHVS) for Inertial
Confinement Fusion Drivers has been studied at ILE Osaka University for the past
several years. Light ion beam fof ICF drivers requires an intensity at the target of the
order of 100TW/cm? to ignition. Focused beam intensity is proportional to both the
particle energy and the beam current and a reciprocal of square of the beam divergence.
We can see from this what improvement of beam divergence is necessary to get
high intensity at the target. Simulation of two stage ion diode forecasts that the
improvement factor of beam divergence by post acceleration is a function of (V1/V2),
V1 and V2 are first and second stage diode voltage, respectively [1].



2.Experiment

We measured first and second stage divergences to observe improvement of
beam divergence by using a two stage diode. We used Reiden-SHVS (4MV, 40kA,
100ns) induction adder accelerator that consists eight induction cavities and diode
as a two stage diode[2]. The cathode electrode has a magnetic field coil to insulate
the diode. The Anode electrode has a passive ion source (parafin or epoxy) or
plasma gun to produce proton or carbon beam. Figure 1 shows a schematic diagram
of a Reiden-SHVS Applied B ion diode with beam diagnostics. Diagnostics for the
experiments include: various voltage and current measurements, Thomson Parabola
baem energy detector, Biased Charge Collector, and Shadow box for measurements
of beam divergences. In this experiment, SHVS produced 750 keV (the first stage
accelarated ions to 400keV, and the second stage to 350 keV) carbon annular

" beams, and ion current was 90 A/cm? Anode-ground gap (AK1) and ground-

O O

Bdot Probe

-

Shadow
Box

insulation

Anode Ground Cathode  magnetic field

Figure 1. Schematic diagram of the Reiden-SHVS two stage diode and diagnostics.



cathode gap (AK2) was 8mm, 9mm, respectively, and the ground electrode length
was 41mm.

We measured the ion beam divergences of first stage accelarator and second
stage accelarator at once by shadow boxes placed at the ground electrode (S.B.#1,
#2) or cathode electrode (5.B.#3, #4). Shadow boxes had a three 1mm¢ apertures
array, a Ta Rutherford scatterer, a 100um (S.B.#2 and #4) or a 300 um (S.B.#1 and
#3) pinhole, and a CR-39 nuclear detector to record beam images on Ta scaﬂerér.
After shot, track analyzer, LUZEX Il saw a surface of CR-39 with optical microscope
and CCD camera, and measured ion track etchi-pits position, diameter, ellipticity,
and other shape parameters. Track densities distributions were made from these
data -we counted tracks that had same diameter in a given area on CR-39 and

plotted track densities at each position. Figure 2. shows ion track densities on CR-39

(mm)
1.5

I 1 11 | B A D N A A N ||

0.5
0
0.5 1 1.5
0 (mm)
i) after first stage accelaration ii) after second stage accelaration
#c117 (S.B.#2) #c117 (S.B.#4)

Figure 2. lon track densities distributions on CR-39 of shadow box that were

calclated by track analyzer.
for first stage (S.B.#2) and second stage (S.B.#4). The former is the aperture image

of 0.4MeV proton and carbon beams that were accelarated through the first

accelaration gap, and ion track distribution is spread in 0 direction. This can be



explained by that insulation magnetic field bent ion tranjections. The latter is of
0.75Mev beams that were accelarated through the first and second accelaration gap,

and shows less spread than the former.

3. Divergence analysis
We can get the beam divergences after the first stage accelaration and the
second stage accelaration by analyzing these track density images. Figure 3. shows

that difference of analysis method between shadow box and pinhole camera. Because

1200777 3
2r S B Lo
= SR R L .
A6 bea Scatterer T 80 SN Wy 4 ]
. = 70T T 7l
Pinhole £ L p 7 4
50 . S
CR-39 £ a0F AN
< 30[;
20 ....},...;,;:;::1:';{1'_-?.,.-;100 S O O IO
10[+-FPinhole Camera: 1A
lon 0 bt HE Y T Y e |
Density 0 25 50 75 100
A6 beam (mrad)
i) Schematic diagram of shadow ii) Appearance divergence of shadow
box and calculated ion track box as a pinhole camera

density distribution.

Figure 3. Difference of analysis methode between shadow box and pinhole camera

shadow box has finite diameter aperture, beam image on a target is essentialy
different from pinhole camera. We defined the shadow box parameter Lir, L was the
length between the aperture and the target (Ta scatterer) and r was the radius of the
aperture. If ion beam was uniform, we calculated beam image curves of a given
divergence and shadow box parameter L/r by gaussian convolution (Figure 3. i) ).
We can see the difference of shadow box with L/r from pinhole camera, when we get

divergences by HWHM of the curve (Figure 3. ii} ). In this experiment, we used



shadow boxes of L/r=10, then we had have to make fitting shadow box data by
calculated curves. -

In order to get beam divergences of first and second stages, we integrated the
track densities distribution data over 6 direction for smoothing, because of energy
spreaded for 8 direction, and analyzed this integrated curve. The following results
were obtained: in #c117 shot, shadow box #2 measured first stage divergences,
0.50~1.00um tracks image was calculated as 30mrad, 1.25~2.00um tracks image
was caluclated as 40mrad, and 2.25~3.00um tracks image was calculated as 50mrad.
Shadow box #4 measured post accelaration beam divergence, 0.50~1.00um,
1.25~2.00um, and 2.25~3.00um tracks images were calculated as 40mrad. Our results
did not agree with those obtained by two stage diode theories.

4. Discussion

We shall discuss this results in detail. In this experiment, the Reiden-SHVS
produced mainly low energy (750keV) carbon beams, and it was too hard for those
beams to propagate through the 41mm length ground electrode without beam
expansion. Suppose we inject a 400keV, 90A/cm? cylindrical (radius is 12.5mm) C*
beam into the ground electrode, and the envelope angle is 30~50mrad at injection.
We calculate angles that beams envelopes have at 1mm from beam center line at
the end of ground, as 30mrad [3]. This expansion makes second stage divergence
30~50mrad. When carbon beams are ununifom, we consider filamentation instability.
These C* beams can not propagate up to 5mm in vacuum without filamentation
instability. The diagram for the experiment result and these calculations would look
something like figure 4. In short, we can not observe improvement of beam divergence
by using ground electrode with insulation magnetic coil. In recent SHVS experiment,
i-series, we use a thin ground board (1mm punch board), but simulation says insulation
magnetic field can not insulate up to 600kV voltage. Then we must make an Ancde
with insulation magnetic coil. We may use time resolution pinhole camera (Arrayéd
pinhole camera) to measure divergences of early high energy proton beams.

We can select high energy proton tracks on CR-39, when CR-39 tracks of
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Figure 4. The diagram for the experiment result and effect of beam expansion through
the ground electrode.

Thomson parabotla are analyzed by LUZEX lll. CR-39 of #c117 is not clearly separated
carbon tracks and proton'tracks. We must consider etching conditions that can make
a distinction between desireble ion tracks and others, and scatterer of shadow box.
S.B.#1~#4 have Ta bulk scatterer, that make energy spreads of scattered ion. Then

shadow boxes must have thin (sub micron) Ta or Au scatterer.

5. Conclusion

In this SHVS experiment, we measured beam divergences after first accelaration
and after post accelaration by compact shadow boxes with CR-39, and ion tracks on
CR-39 are counted by track analyzer,LUZEX Ill. The result of the divergence analysis
was that beam divergence at second stage was not smaller than divergence at first
stage, but we get the improvement point of two stage diode of Reiden-SHVS (we
must make an anode electrode with insulation magnetic coils and thin ground
electrode.), and get the possibility of the divergence measurement with energy and

ion species resolution by using compact shadow box with CR-39.
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New multi-dimensional diagnostics method
for intense ion beams

Kazuhito YASUIKE, Nobutake SHIRAI, Genji TAKAHASHI,
Norihisa SHOUMOTO, Kazuhiro YAMAMOTO, Kazuo IMASAKI,
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Institute for Laser Technology

Abstracts
We have developed a new diagnostic method for intense ion beams, named arrayed pinhole
camera {APC). An arrayed pinhole camera can measure spatial distributions of beam divergence
and flux with time resolution. We measured proton and carbon beams of energy about 0.2 MeV,
generated by beam-extraction type applied-B diode. Achieved performances of this APC are a
spatial resolution on anode of 1 mm, an effective divergence resolution of better than 10 mrad and a

time resolution of 10 ns.

§1. Introduction

In an ion beam inertial confinement fusions, high intensity ion beams of more than 5000
TW/g(100TW/ cmz) aré required on a target to achieve a "hohlraum” temperature about 300 eV|[1-
6]. Beamn parameters for ion beam fusion reactor are estimated to be 30 beamlets of lithium beams
of 30 MeV, 0.3 MA (several kA/cm? at diode) with beam divergence of 7 up to 4 mrad. A focused
beam intensity is proportional to the beam power and to the inverse square of the beam divergence.
Thus, the improvement of beam divergence is effective to get the high intensity focus. Simulations
of ion diodes say that beam divergence may change with time as a result from growth of
instabilities in a diode [7]. Theoretical studies predict that non-uniformity of beam degrades the
beam quality due to its filamentation[8]. These results from simulations and theories are have not
all verified in experimentally. Measurement of beam divergence with time and spatial resolution is
necessary to understand the diode physics, to clear the origin of beam divergence and to generate
high brightness beam. However, spatial distribution of both beam divergence and beam flux are not

able to acquired by conventional methods.
There are some methods of divergence measurements. Figure 1 shows four different methods

to measure the beam divergence. Shadow boxes (Fig. 1.a) and single pinhole cameras (Fig. 1.b) are

usedin conventionally. Both method measures spatially averaged divergence. These conventional



methods require assumption of beamn source uniformity in observing area. Existent beams have non-
uniformity in space. We can acquire spatial resolved divergence by a collimeter array as shown

in Fig.1.c. In order to measure a spatial distribution of divergence by this method, we must move a
collimeter array throughout the measuring region. This method is usually applied for stationary

beams or high repetitive beams.

(a) Shadow box

Collimater array

.

- -"M:m-!""“mﬂﬁ
o e (]
S
B e~ W
“"‘“*i-~~ N
Beam source IR
Detector array
(c) Collimeter array ' (d) Arrayed Pinhole Camera

Fig. 1. Some divergence measurements methods.
(a) Shadow-box and (b} Single pinhole camera measurements require an assumption of
beam uniformity. (c) collimator array can discriminate an object point, but it cannot acquire
divergence distribution. (d) Arrayed Pinhole Camera works like a collimator array, but

can be acquired divergence distribution.

We have developed an arrayed pinhole camera (APC) to overcome these disadvantages of
conventional methods. By this method, we can measure beam divergence and its flux simultaneously
with spatial distribution. Figure 1.d shows a schematic configuration of arrayed pinhole camera.
The principle of APC is observing same anode area from some different observation angles. An
arrayed pinhole camera is consist of pinhole cameras in a row, and each pinhole camera sees same
object area. Spatial profile of the angular distribution of the beam can be obtained. An APC is able

to have a time resolution by using a time resolved 1on detector.



§2. Arrayed Pinhole Camera
2.1. Principle of measurement of beam divergence distribution by APC

Figure 2 shows analysis procedure to obtain spatial distribution of divergence from measured
APC images. Fig. 2.a is a profile of measured imagé taken by each pinhole camera of APC.

In order to evaluate the beam divergence by a single figure of merit parameter, we assumed
that beams have Gaussian angular distributions[10], and evaluated the divergence A9 by half

width half maximums (HWHM) of fitted angular distribution.
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Beam-source position [mm) Obasrvetion angle [srrad) Hoam-source position [mmn]
(1) Intansity distribution of APC's sach image, {2) Angle distribution of incident baam at paint r=0,

(3) Divergnece vs. Beam source positian.

Fig. 2. Data processing sequence of acquired APC image into divergence distribution.
(1) Intensity distribution of APC image. Each curve correspond each pinhole image. (2)
Mapping intensity of images at X = 0 (Corresponding to "Beam source position” X = 0 on
(1))o get angle distribution. (3) Divergence at X = 0 is corresponding to HWHM of fitted

curve of (2).

2.2. Angular and spatial resolutions

Figure 3 shows a definition of dimensional parameters of the arrayed pinhole camera.
Geometrical angular resolution A is defined by a minimum pinhole separation d1 and a distance
between object and pinhole array L1, A=d1/L1. Smaller pitch results better geometrical angular
resolution. When we determined to avoid overlapping each image, we must diminish magnification
factor of the arrayed pinhole camera and diminished area of each image on the image plane.
Diminishing image area degrade spatial resolution of images. Thus, spatial resolution and angular
resolution are incompatible terms. We derive design parameters of the arrayed pinhole camera for
required spatial resolution, angular resolution and observing area, with following given conditions.
A magnification factor Mag of pinhole camera is, Mag = L1 / Ly, where Lj and L, are distances
between object and pinhole array, and pinhole array and image plane, respectively. .
Pinhole images should not be overlapped each other. A separation of image dj is defined by Ly, Lp
and dlasdy=(Ly +L3)d1 /L4.
In order to avoid overlapping images, following condition a; < (L1 + Lp) dy / Ly is required, where
a1 is a size of observing area. When geometrical angular resolution A and observing area aj are

given, L1, Ly and Mag will be determined by following relations.



T Mag <(L,+ L) (1)

Observing area Pinhole array

Object plane Image plane

Figure 3 Definition of dimensional parameters of the arrayed pinhole camera.

2.3. Assumption of gaussian distribution

It can be assumed that the angular distribution of ion beams from magnetically insulated ion
diodes has gaussian profile, because several different fields in the diode affect the beam to scatter
statistically. ' '

The distribution function of beamn at source is expressed as,

( 2
f(rg)= No(r)-cxp[—(A:(r)) ‘In 2] [particles:ecm ™ -s1™'],  (2)
\ A /

where No(r)is flux distribution of ion beam, r is two dimensional position vector, 0 is direction of
main robe and A 0(r) is spatial distribution of beam divergence.

When we measured ion beams by APC, our observed data are intensity distribution of each pinhole
camera image of the APC, which depend on source position. In an assumption of gaussian distributed
beam profile, f(r) can be reconstructed from discrete observation angle of pinhole image
distributions. We labeled each pinhole image of APC as gi(r) numbered k for different observation

angle. Observed images gi(r) on an image plane is expressed as

2
g (n="Hfr.0,)dQ- L [particles-cm ™1, 3)
Mag )



6, =K'k, k=1,2, .., n, (4)

where dW is solid angle of pinhole viewed from object and r' is position on image plane. We can
obtain divergence distribution A 8(r) by fitting g1(r) ... gk(r) to gaussian for eachr that is calculated
backward from r'. We also obtain a beam flux distribution Np(r) from these fittings. A distribution

of current density Jj(r) is calculated from distribution of ion flux No(r) as,

e Z4x-Ny(r)

AG (N [A-an™], (5)
T In

Ji(r)

where t is pulse width e Z is ion charge.

Better resolution than geometrical resolution A can be obtained by the analysis of gaussian
fitting.
Fitting is performed using four unknown parameters kg, k1, ky and k3 as

‘ { o
G(ky &y ey k) = Ky + K, ‘EXP|—(L‘]&“) , (6)
WV

where G is fitted results function. The parameter kg means uniform noise flour of profile. The
" parameter kj correspond to function No(r) of each position. The parameter k3 correspond to
divergence AB. The parameter ky means direction of robe or direction of beam in macroscopic. When
more than two peaks are exist, single gaussian fitted results A8 have rather large values

particularly in each peak have nearly equal value, and apart from each other.

§3. Measurements of time resolved divergence distribution
We have designed a compact, time resolving APC. We used a micro channel plate with
p'hosphor screen (MCP) as ion detectors.
- We analyze only radial spatial resolution, because of the azimuthal spread of beam due to

penetration of insulating magnetic field into the anode in our experimental condition.

3.1 Specific design and demonstration of a time resolved APC

We measured ion beamn divergence with 1 mm spatial resolution and 10 ns time resolutions
simultaneously. We use single stage applied-B type ion diode using with four plasma guns. lon beam
is generated by single stage diode driven by Reiden-SHVS an induction adder 2 MV, 40 GW pulsed
power supply. Figure 12 shows single stage ion diode driven by Reiden-SHVS and measuring
instruments. Beam parameters are shown in Table L. From thomson parabola measurements, a main

particle form plasma guns is carbon C* of about 140 keV.



We use gated micro channel plate with phosphor screen for time resolving ion detector of
APC. Ton images of APC are directly come into micro channel plate (MCP). A diameter of micro
channel limits spatial resolutions. Resolving distance on MCP is about five times of micro channel
diameter corresponded to 0.07 mm.
The detection efficiency of MCP for high energy ions is about 5 %. A gain of MCP we used was about
1000 (at 1000 V applied gate pulse). Micro channels of MCP have bias angle to perpendicular to
MCP incident face of 15 degree, and they are oriented in azimuthal direction to avoid some pass
through ions.

We applied a gate pulse simultaneously both a MCP and a phosphor screen. A dividing
ratio of gate pulse in the MCP assy, is about 1 : 4.7 for the MCP and the phosphor screen. We use a
gate pulse of 10 ns, 3.5 kVp-p (about 750 V for MCP).

In order to eliminate stray light noise images, we employed metal filter. It installed 0.5 mm
prior to MCP face to minimize the effect of scattering. We use 3000 A. aluminum film. Resultant of

this metal filter, noise images are almost eliminated.

Tablel

Ion beam parameters and requirements for a designing an APC (time resolved

measurements).

Diode Parameters

Anode-cathode gap 11mm

Applied-B field at cathode 08T

Critical insulating voltage 22 MV
Operating region V/ Verit< 05

Ji /Ichild-Langmuir <1
Jchild-Langmuir=14 A /cm2, at 1 MV, 10 mm anode-cathode-gap

Beam Parameters

Particle species Carbon

lon energy in main 0.7 MeV

Ton current density Ji=2-10A/cm?2

Pulse duration ‘ ' 60ns

Specifications of APC

Spatial Observation area al > 10 mm diameter
Spatial resolution Dx =1mmonthe anode

Angular observation range 1100 mrad
Angular resolution D <20 mrad

Time resolution 10ns




3.2. Experiments

Figure 4 shows experimental apparatus. Timings of MCP gate pulse are monitored. Figure 5

shows typical APC image and its processed divergence distribution.

Gate pulse

500
~4 kVp-p,~10ns

. _To Monitor

Ptasma gun

I

8cm

L.

77.5

Fig. 4. Experimental apparatus.
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Fig. 5. Typical APC image (upper left) and its processed divergence distribution.



3.3. Results and analysis
We acquire spatial distribution of divergence for several timings from start of diode applied
voltage. Driving condition is the same for each shot. Figure 6 shows time dependence of averaged

beam divergence.
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Fig. 6. Time dependence of divergence.

We considered that measured divergence A8 .., .q i$ Sum of several origins of divergence. It
can be expressed as .

Aeieamred = Ae:aurce + Aedziode + Ag::'anspan ‘ (7)
where A, cer A B gy and Aﬁuanspurt are source divergence, degradétion by diode and degradation
by transport, respectively. Source divergence is determined by ion source itself. Divergence
degradation is caused by ion mode coupling to diode instabilities. Degradation by transport is
caused by space charge expansion, filamentation caused from spatial non uniformity of beam and
growth of filamentation instability in weak magnetic field [ref.].

We calculated deflections by diode insulating magnetic fields. From calculations of 200 keV
200A/cm? carbon(C™*) beam, displacements in radial direction are less than 0.1 mm and a variance of
radial displacements (rotations) are less than 0.05 mm. Azimuthal deflections are from 6.5 to 10
mrad. From these calculations, trajectory distortions effect slightly to ambiguities and they are
nonessential. |

We assume spatially uniformed background noises for time resolved APC. If there is non-
uniformity background noise, some errors are included in divergence. We can avoid these

effects caused from light noises by using filters or employing nuclear reaction detector methods.



§4. Conclusion and future developments

We have developed the arrayed pinhole camera a new beam divergence measurements
method. It can measure beam divergence with spatially continuous distribution and its flux
simultaneously. We performed testing of time resolved type arrayed pinhole camera to prove its
measurements abilities. Qur developed APC has 1 mm spatial resolution, 17 mrad observation angle
separation and 10 ns time resolution. Its observing area is 10 mm.

Our next step is diode parameter survey for good diode operation and unveil diode physics.
We can acquire 2-dimensional (plane) divergence distribution using with several one dimensional
APC's. Data form APC's can be reconstructed by tomographic methods. We can also reconstruct beam
information (divergence) along a beam propagation (z-direction) from applying with tomographic
methods to APC data. Difference in designing APC is only pinhole separation. A smaller pinhole
separation suitable for better angular resolution, on the contrary, larger its separation gains spatial
resolution along a beam propagation. In rough estimations, we obtain 2 mm resolution in z-direction
at pinhole separation = 10 mm, L = 30 mm. We will discriminate main region of divergence growing

in the ion diode by tomographic methods from APC data.
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ABSTRACT

Basic characteristics of an ablation plasma produced by an intense,
pulsed, ion beam have been evaluated from the meaéurement of ion-
flux density by using a biased—ion collector. The target mass loss is
- detected by the measurement of the weights of the target before and
after the shot. An one-dimensional hydrodynamic model is
introduced by assuming a high—power, light-ion beam-driven
expansion and the following adiabatic expansion into vacuum. Using
this model, it is possible to deduce the pressure from the data of the
ion flux and the mass loss of the target.  This method is also
applicable to other intense pulsed encrgy sources such as lasers or

electron beams.

1. Introduction

materials science.

Intense, pulsed, light-ion beam (LIB) has been successfully applied for

prepared by an intense, pulsed, ion—beam evaporation technique (IBE).1»

target is irradiated by the LIB, an extremely high-power density will be

achieved near the surface of the target since the range of the LIB is quite short in

Particularly, various thin films have been effectively



it, hence resulting in the production of high—density, high—temperature
"ablation" plasma. The ablation plasma will be deposited on the substrate
placed nearby the target, preparing thin films very quickly even without heating
the substrate. The deposition characteristics of the IBE have been found to be
different from other methods such as vacuum depostion or sputtering.
Principally, the IBE is similar to a pulsed-laser evaporation (PLE), but the
mechanism of the energy deposition is quite different. A lot of works have
been carried out on the evaporated—particle characteristics for the PLE.5®
However, the phyical process of the IBE has not been made clear. To stud.y the
behavior of the ablation plasma in the IBE is of interests not only from basic
physics but also from technological applications.

The purpose of this paper is to investigate the behavior of the ablation
plasma produced by the IBE. For this purpose, one-dimensional hydrodynamic
model for the IBE is introduced with the assumption of high—power, LIB—driven
expansion and the following adiabatic expansion into vacuum, and the analytic
solutions are given to deduce the pressure using the data of the ion flux and the

mass loss of target determined experimentally.

2. Experiment

Figure 1 (a) shows the experimental setup of the IBE process together with
several arrangement to observe the behavior of the ablation plasma. An intense,
pulsed, charged—particle beam generator, "ETIGO-II",” was used in the
experiments. Figure 1 (b) shows the setup to observe the patterns by the LIB-
damage on target (Ti) and by evaporation—particle deposition on substrate
(glass). The distance between the target and substrate is 37 mm. The ion flux -
of the ablation plasma was measured by a biased—ion collector (BIC)® placed at
the same position as the substrate (see Fig. 1 (c}). Furthermore, the mass loss of
the target was measured by the comparison of the weights of the target before
and after the shots (see Fig. 1 (d)).
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Fig. 1 (a) Experimental setup of the IBE, together with several

scheme to measure (b) the patterns of LIB damage on target and

evaporation—particle deposition on substrate, (c) the ion flux of

the ablation plasma, and (¢) the target mass loss.

Figure 2 shows the
typical waveforms of
diode voltage (V,), diode
current (/,), diode power
(Py = VJd;) and ion-
current  density  (J)
measured at z = 140 mm
downstream from the
anode. From Fig. 2, we
see the peaks tobe V, ~ 1
MV, I, -~ 80 kA, P, -~ 80
GW,J ~1kA/cm? and t
(pulse width of J} — 70

1

J; (500 [Alem2)idiv), P4 (20 GW/div)

1

l4 (20 kA/div), Vg (500 kV/div)

Time (50 ns/div)

Fig. 2 Waveforms of Vy, Iy, Py and J;, where J; was
measured by BIC with the potential of — 1 kV at

z = 140 mm downstream from the anode.



ns (FWHM).

3. Model and Analytic Solutionss-»

To investigate the behavior of the ablation plasma produced by the IBE, we
separate the process of the IBE into two stages. The first stage (a) is the high—
power, LIB—driven expansion. It includes the LIB interaction with the target,
resulting in the evaporation of the surface, and the interaction of the evaporated
material with the incident LIB.  Thus, a plasma is produced, and subsequently
the expansion takes place. Since, in the stage (a) the surface layer ( ~ several p
m) is heated quickly, the time derivative of the mass of the evaporated material
per unit area is asummed to be zero, M = constant.  For the second stage (b)
after the LIB termination, an adiabatic expansion of the plasma into vacuum
takes place, which leads to the deposition of thin films.  For the stage (a), we
assume spatial uniform but time varying power deposition per unit mass. Since
M = constant, the following solutions solved analytically for a planar foil'» are

introduced to thiscase forxz0and 0 <t < T:

poBrogx - (1.)
2 ! 7
2_(1 + G)Et““ ; ‘ (1b)

=(3+d)y+a—1

2M x? '
(1),%) = ————-exp< - (L.c)
a0 mp{ |
where
o/ = | (1.d)
B=(3+(1){(3+a)y ra-1} (1.¢)
16(y - 1)e

Here, p, v, p, € x, t T and y represents the mass density, velocity, pressure,
specific energy, length coordinate, time, pulse width and specific heat constant,

respectively. A power—law driving source term, (1 + a)/®, has been used in

29—



the energy equation. The case oo = — 1 corresponds to the adiabatic expansions,
whereas the energy deposition rate is constant in time at o = 0. Equation (1c)
of the mass density represents a half Gaussian function. Here, to represent the
size of the expanding plasma in the x direction, we introduce G,{¢), the distance
at which the plasma density decreases to 61 % of the maximum density.  After
the LIB termination, the plasma is subject to the adiabatic expansion. For a
nonzero 1nitial internal energy, the solution of the adiabatic expansion is same as

-that of LIB—driven expansion given by eq. (1) but setting o. = — 1. During the

adiabatic expansion (¢ = 7 ), we assume v, e, and p to be given by
vitx) = A(t)x , (2.a)
e(tx) = e(t), | (2.b)

2M x?
- _ N 2.c
pr,x) \2mo, (1) exp{ 202(t)2} . (2.)

where, o,(t) is the plasma edge in the stage (b).  Substituting eq. (2) into

adiabatic hydrodynamic equations, we have

__1 do,(1) | 3.
A(t)—crz(t) dt ‘ G2)
o, | :
; (3.b)
e(t) = e{ 2(t)}
doy(t) _ 3.
Gz(t) dt2 0( - ){ 2(3)} ( C)

In the above, we used e(t) = ¢, and o,(t) =0,(tr)=0,.

As the plasma expands toward the substrate at ¢ >> <, o,/0,(f) will be very

do do,
small. From eq. (3) together with condition that T;I::—: =z e, the plasma-

expansion velocity, #, = 7 can be approximately given by

4y = \/eo{%M} . (4.2)

l+a

The plasma edge (o,) is thus given by



o(t) = ug . _ A (4b)
Substituting eq. (4b) into eqs. (2) and (3), and assuming the data of BIC

[eSponses as Jy % pv, we obtain Jy as

X (x/1)?
o = t_2Q0 exp{— 21!02 } > _ | (5)
where Q, is the constant. From eq. (5), u, is expressed by
U, = * ] (6)
R/ |

where t_,. means the time at which the BIC data attains the peak.

1, _
From eqgs. (2), (3) and (4), the dynamic pressure, 7, = 7PV, and the static

pressure, p = (y - 1)pe, are given by

_ Mx? _(x/t‘)2 ' 7 4
Ps 2nt’u, exp{ 2u,’ } ! g ( )
and
_1y oy, 2
| AMeDe e {_M} B (7.b)
P= exp 7
m{2+(_Y_;M}OO 24,
l+a

From egs. (1d), (1€), and (4b), 0 , is obtained by

2u,T

(3+G)J1+M
(B+a)y-1

Gy =

(7.c)

4. Results and Discussions

We have measured the patterns of the LIB-damage on Ti target and
evaporation—particle deposition on glass substrate in the diameter to be ~ 3.5 cm
and 4 cm, respectively. Since the above two patterns are seen to be almost the

same size, the IBE process seem to be considered as one-dimensional.
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Fig. 3 BIC data of the experiment (dots) compared
with the simulation (solid line) for Ti target at V,
~1MV.

The dots in Fig. 3 show the BIC data for Ti target. - The expansion velocity
of the plasma of u, ~ 0.8 ém/us was estimated by eq. (6), and the corresponding
theoretical curve of Jy was plotted in Fig. 3 (solid line) by using eq. (5).

To detect the mass loss of the target, the target weights were measured
before and after the shot by using an electronic balance. The data of the
measurements are summarized in Table I. The mass loss (M) is estimated to be
~ 1.4 mg/cm?/shot.

From the mass—loss data of Table I (M ~ 1.4 mg/cm?) and BIC data of Fig.

3 (u, ~ 0.8 cm/us), the dynamic pressure of the ablation plasma estimated by egs.

1
6) and (7a), P« = —PVZ, at x ~ 3 cm (the distance from the target) is plotted in
2

Fig. 4 by a solid line. We see p, (peak) ~ 1.4 x107 Pa and its pulse width is ~
2.4 us.



Table I. Mass loss for Ti target
Target: Ti Sample 1 Sample 2 Sample 3
Area [mm?] 104 x9.7 | 10,4 x10.5 | 10.2 x9.6
Weight before 277 291 259
shot [mg] |
Shots 3 2 3
Weight after 273 288 255
shot [mg]
Mass loss 1.3 1.4 1.4
[mg/(cm?shot)]
Mass loss depth 2.9 31 3.0
[lum/shot]
In general, a > 0 and o L] ree T
< 0 corresponds to the #279
cases that the beam ;_n? -:: Izri?;
power rises and falls in < 10f ]
time, respectively.”? To | E I
estimate  the  static g pgq = (1/2) O v?
pressure, p = (y - 1)pe, § 5k -
o = 0 is assumed in the o p=(Y-1)0e
stage (a).”'» Since the -
temperature  of  the’ 00 -»f'-'“-“-‘*-‘--'-r—riB —————— >0
ablation plasma is high, _
we expect high degree of Time (us)
excitation or ionization. Fig: 4 Culculated curves of dynamic (p,) and
For  the  unexcited static (p) pressures as a function of time
monoatomic gas, Y = 5/3, atx = 3 cm for Ti target at V, ~ 1 MV,

but for the excited or

C—33—



ionized monoatomic species, y = 1.2 ~ 1.3. ® Using egs. (6), (7b) and (7c), the
static pressure (p) at x ~ 3 cm is also plotted in Fig. 4 by a dashed line. We see
p is much smaller than p, in the IBE. In other words, the kinetic energy of the

ablation plasma is much larger than the themal energy.

5. Summary

The characteristics of the ablation plasma produced by the IBE can be easily
determined by the measurement of the ion flux density and the target mass loss.
An oné—dimensional hydrodynamic model iﬁ the IBE process has been
introduced to understand the physical process of the ablation plasma by
assuming an LIB-driven expansion and the following adiabatic expansion into
vacﬁum. The analytic solutions are given to deduce the temperature and
pressure reached in the ablation using the experimental daté of BIC (u, ~ 0.9 cm/
us) and the target mass loss measurement (M ~ 1.4 mg/cm?shot), yielding p, ~
1.4 x10° Pa and the pulse width of ~ 2.4 us (at x ~ 3 cm) for Ti target atJ, ~ 1
l(A/c.m2 and T (pulse width} ~ 70 ns. The present method will be sufficiently
applicable to the ablation plasma such as produced by intense lasers or electron

beams.
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A Study on Successive Generation of Intense Pulsed

Ion Beams by the Inverse Pinch Ion Diode
Yoshiyuki HASHIMOTO, Mitsuyasu YATSUZUKA and Sadao NOBUHARA

Department of Electrical Engineering, Faculty of Engineering, Himeji Institute of
Technology, 2167 Shosha, Himeji, Hyogo 671-22

Abstract

Successive generation of intense pulsed ion beams was studied experimentally
by the inverse pinch ion diode. When the anode of metals or plastics is used as an
ion source, the diode impedance and the ion beam current were changed with every
shots of opefation. In case of a copper anode, the ion current at the tenth shot was
reduced to one half or one third than that at the first shot. Using soda-lime glass
(Nay0-Ca0-55i02} surface of which vacuum oil or Aquadag was coated as the ion
source, the diode impedance and the ion current remained constant during 25-30
shots. Using the vacuum oil ion source, the most dominant species in the ion beam
was C3F which has energy in the range of 150-200 keV. The current density of the

ion beam at 120 mm behind the anode was about 100 A/cm?.

1. Introduction

Recently, generation of an intense pulsed ion beam (IPIB) using a pulsed power ma-
chine has been studied for the application to material development. Yatsui et al. have
reported the production of thin films using the IPIB.? Pogrebnjak et al. have showed
the increasing microhardness of metal samples by irradiating the IPIB.*%) Hashimoto et
al. have achieved the focusing of the IPIB using an inverse pinch ion diode (IPD)%®)
with a flat anode™ and iﬁproved quality of the IPIB by successive operation.®) Generally,
metals or plastics such as aluminum, copper, acrylic resin or Teflon have been used to
generate the IPIB as an ion source for application of the material development. How-
ever, these jon source materials are easily vaporized by electron bombardment, leading to

change in diode characteristics with each shot of operation.
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Fig. 1 Schematic configuration of the experimental setup.

In this paper, we report on a stable generation of an IPIB using a glass anode whose
surface was coated with vacuum oil or Aquadag. The diode inipedance and the ion beam
current obtained with the glass anode are compared with those solid ion sources. In § 2,
the apparatus and methods are introduced. Experimental results and some discussions

are described in § 3, and some conclusions are presented in § 4.

2. Apparatus and Methods

A drawing of the experimental setup is shown in Fig. 1. The pulsed power machine
“HARIMA-II” (400 kV, 3 Q, 50 ns) at Himeji Institute of Technology was used. The
inverse pinch diode (IPD) was located at the end of the “HARIMA-II.” The inner and
outer diameters of the anode were 12 mm and 50 mm, respectively. Two types of the
anode were used. One was the metal or pléstic anode such as aluminum, copper, acrylic
resin or Teflon. Another was the glass anode of which surface vacuum oil and Aquadag
was coated as an ion source. The inner and outer diameters of the cathode were 12 mm
and 16 mm, respectively. The anode-cathode (A-K) gap length was 3 mm. A diode
chamber was evacuated by .an oil diffusion pump to 2.0-8.0x10 ~° Torr.

Diode voltage was measured using a resistive divider at closely the anode plate. Diode
current was measured using a Rogowski coil at the end of the pulsed power generator. Ion
current was estimated using a biased ion collector (BIC) located on the downstream side
of the diode. In this experiment, two types of BIC were used: one was a single pinhole

BIC and the other was a multi pinhole BIC. The single pinhole BIC consisted of a ground

—31—
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Fig. 2 The diode impedance as a function of shot number for (a) the plastics and
{b) the metals as an ion source, respectively, where the A-K gap length is 3 mm

and thickness of each ion source is 2 mm.

plate with a small aperture of 0.5 mm in diameter and an ion collector located behind the
ground plate. The single pinhole BIC was movable in the axial and radial directions and
was used to measure the current density of ion beams. The multi pinhole BIC consisted
the ground plate with a mesh (transparency = 2.8 %) and an ion collector, was used to
measure the total current of ion beams. The collectors of both BICs were biased at a
voltage of —450 V to remove accompanying electrons. Species and energy distribution of
ion beams were diagnosed using a Thomson-parabola ion spectrometer. The Thomson-
parabola ion specﬁrometer consists of a collimator, electric and magnetic deflectors, and
an ion detector. The collimator has two pinholes of 0.2 mm and 0.5 mm in diameter. The

maximum value of magnetic and electric field are 0.5 T and 6 kV/cn, respectively. Here,

a solid-state track detector (CR-39) was utilized as an ion detecting film.

3. Experimental Results and Discussion

3.1 Ion beam generation with solid ion sources

Diode characteristics during successive shots was studied with the ion source material
of aluminum, copper, acrylic resin and Teflon. The thickness of these materials was 2 mm.
The characteristics of the ion beam during successive shots were studied using the
anode of plastics or metals as an ion source. The ion beam was generated at intervals of

5 minutes at each shot. Figure 2(a) and 2(b) show the diode impedé.\.nce as a function of



Fig. 3 A photograph of the copper plate attached to the anode after 10 shots.

shot number for the plastic ion sources and the metal ones, respectively, where the A-K
~ gap length was 3 mm and the residual gas pressure in the diode chamber was 5x107°
Torr. Here, the diode impedance was defined as the ratio of the maximum diode voltage
to the maximum diode current. As seen in Fig. 2, the diode impedances at each ion source
increase almost linearly with shot number. The increase in the diode impedance results
from dissipation of the solid ion sources by electron bomba-l.'dment to the anode surface,
that is, the resultant extension of the A-K gap length. The degree of increased impedance
for the metal ion sources is larger than that for the plastic anode as shown in Fig. 2(a)
and 2(b). This is ascribed to the fact that the metal anodes dissipated more easily by
electron bombardment than the plastics did.

A photograph of the copper plate after 10 shots is shown in Fig. 3. The damage of
the copper plate by electron bombardment is the most severe at a slightly outside of the
cathode as seen in Fig. 3. After 10 shots, the thickness of the copper plate, which was
2 mm in the thickness at the first, was decreased by 1 mm.

The ion beam current as a function of shot number for the plastic ion sources and the
metal ones are shown in Fig. 4(a) and 4(b), respectively. In both cases, the ion beam
current is decreasing with increasing shot number. The decrease in jon beam current is
caused by the increase in the diode impedance as mentioned above. The amount of ion
beam current is found to be different with each ion source materials as seen in Fig. 4(a)
and 4(b). The dominant component of the ion beam species for acrylic, Teflon, aluminum
and copper plates were found to be Ht, C3t, Al* and Cu®' jons using the Thomson
parabola lon spectrometer, respectively.

From these results, it was found that the diode impedance were varied with each shot
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Fig. 4 Ion current as a function of shot number for (a) the plastics and (b} the

metals as an ion source, respectively, where the A-K gap length is 3 mm.

of operation for the metal and plastic anode. As a fesult, the energy and current of
ion beams were varied with every shots. Although ions are easily extracted using the
ion source of plastics and metals, these ion sources are not good for stable ion beam
generation. Generation of a stable ion beam by successive shots needs to tough materials

against electron bombardment.

3.2 Ion beam generation with a glass anode

Instead of plastics or metals, a soda-lime glass (Na;0-Ca0-5510,) was attached to the
anode surface to prevent the anode from dissipating by electron bombardment. The glass
anode comprises an aluminum ring and a glass plate of 2 mm in thick. The aluminum
ring and the glass plate are fixed with a synthetic resin glue. Vacuum oil or Aquadag
solution as an ion source were applied on the surface of the glass anode. The thickness of
vacuumn oil or Aquadag solution was neghgible compared with A-K gap length.

Typical time histories of diode voltage, diode current, ion beam current and ion beam
current density are shown in Fig. 5, where the vacuum oil is coated on the surface of
the glass anode as an 1on source. The current and current density of the ion beam
were measured at 120 mm behind the anode using the single and the multi pinhole BIC,
respectively. As seen in Fig. 5, the maximum diode voltage is found to be about 200 kV,
and the puls.e width is about 80 ns (FWHM). The diode current rises in 10 ns after the
diode voltage is started and reaches its peak value of 90 kA within 70 ns. The peak value



of the ion beam current is found to be 2.5 kA. As seen in Fig. 5(d), the maximum density

of the ion beam is 120 A/cm?®.
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Fig. 5 Typical time history of (a) diode voltage, (b) diode current, (c) ion current
and (d) current density of ion beam, where the vacuum oil is coated on the glass

attached to the anode as an ion source.
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Fig. 6 (a) Diode impedance and (b) ion current as a function of shot number for

a glass anode.



Fig. 7 A photograph of the glass anode after 20 shots.

The ion beam was generated by successive shots at the intervdls of 5 minutes in each
shot, where the A-K gap length was 3 mm and the residual gas pressure in the diode
chamber was 5x107® Torr. Figure 6(a) and 6(b) show the diode impedance and the ion
current as a function of shots number, respectively, where a solid circle indicates for no ion
source, a solid square for the vacuum o1l 1on source and a solid triangle for the Aquadag
solution. The diode impedance is the same as that defined in § 3.1. The ion beam current
was measured with the multi pinhole BIC located at 120 mm behind the anode. As
seen in Fig. 6(a), the diode impedance for various ion sources remains constant during
successive operation. This result implies that the glass 15 more tough against dissipation
by electron bombardment than aluminum, copper, acrylic resin or Teflon. In Fig. 6(a),
we see the largest diode impedance for no ion source on the glass, while the smallest diode
impedance appears for the Aquadag ion source. This result is due to difference in the
surface resistance of each ilon source. As seen in Fig. 6(b), the ion currents are almost
constant for each shot. The 1on currents for the Aquadag and vacuum oil ion sources were
about 3 kA and 2 kA, respectively, in Fig. 6(b). The ion current of 1 kA is obtained even
for no ion source on the glass. In this case, ions arises from adsorbed matter on the glass
surface.®)

Figure 7 1s a photograph of the glass anode after 20 shots, showing less damage of the
glass surface by electron bombardment. Then, in this experiment, no change of the A-K

gap length and the diode impedance is observed at each of successive shots.



200 T T T 71T 1T 1T 1T 1 1T 1
'R ]
=
[&]

3 L -
Z I ]
g 0 o OO <
o q100F © o o -
O
1= I ]
®
5 i _
'S
c I 4
S

L1 1 ¢t 1 ° 11

Shot Number

- Fig. 8 Current density of ion beam on the diode axis, where the vacuum oil is

used as an ion source.

The current density of the ion beam on the diode axis for the vacuum oil ion source
is shown in Fig. 8, the data of which was obtained by the single pinhole BIC located at
120 mm behind the anode. As seen from Fig. 8, the current density of the ion beam was
found to be a,imost constant during successive operation. In Fig. 8,. the maximum current
density of the ion beam is about 100 A/cm?.

Figure 9 shows photographs of the film, CR-39, indicating the mass and energy dis-
tributions of ion beams obtained by the Thomson-parabola ion spectrometer, where the
upper (a) is for the vacuum oil ion source and the lower (b) is for the Aquadag ion source.
As seen in Fig. 9(a) and 9(b), the main componenﬁs of the ion beam are found to be
C*, C** and C3t in both cases. In Fig. 9, we see low and high energy components of
ions. The low energy component has the energy in range of 150- 200 keV, which energy
is in good agreement with the diode voltage measured with the voltage divider. The
high energy components of ions are two to four times larger than that of low energy ones.
These high-energy ions can be produced through the charge exchange process in the diode
region.

As mentioned above, using the glass anode, the diode impedance as well as the ion beam
current remains constant during 25-30 shots under the present experimental conditions.
The anode with the harder materials such as quarts glass or ceramics instead of the

soda-lime glass might improve the diode characteristics during successive operation.
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Fig. 9 Photographs of the CR-39 film which show the mass and energy distribution
of the jon beam measured by the Thomson- parabola ion spectrometer, where (a)
the upper picture indica;tes for the vacuum oil ion source, (b} the lower one for the
Aquadag solution ion source, and the magnetic and the electric fields were 0.15 T

and 3 kV/cm, respectively.

4, Conclusions

- Successive generation of intense pulsed ion beams has been studied. When aluminum,
copper, acrylic resin or Teflon was attached to the anode as an ilon source, the diode
impedance increased with increasing shot number. After 10 shots, the ion current was
reduced to one half or one third than that at the first shot. When the soda-lime glass
(Na;0-Ca0-55i0,) was attached to the anode, on the other hand, the diode impedance

and the ion current remained constant during 20-30 shots. In the case of applying a



vacuum oil to the glass anode as an ion source, the most dominant species of the ion
beam was C3+ which has energy in the range of 150-200 keV. The current density of the

ion beam at 120 mm behind the anode was about 100 A/cm?®.
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ABSTRACT

A large diameter plasma filled backward wave Oscillator (BWO)
is investigated experimentally. The parameters of slow wave
structure are chosen soc that the oscillation frequency is about
20 GHz at 60 keV beam energy. Plasma is produced by the beam
and it has favorable effects on beam propagation and Cerenkov
oscillation. The output power of the BWO with plasma is
observed to be 3-6 times that of vacuum BWO. The power level of
several kW and efficiency is about 0.01% are obtained. The out-
put power strongly enhanced when the guiding - magnetic field
approaches to the fundamental electron cyclotron resonance. The
maximum power of 490 kW with an efficiency of 4% is achieved

even for a relatively low beam energy of 60 keV.



1. INTRODUCTION

In large scale fusion devices, microwave sources of the order
of 100 MW for the purposes of non-inductive current drive,
current profile control and plasma heating are expected to be
indispensable}) For such purposes, high power microwave sources
utilizing intense electron beams (IREB's) are a hopeful candi-
date. Backward wave oscillators (BWO's) driven by IREB are one
of these devices. BWO's reached output power levels lGW/cml at

2) ~3)

wavelengths near 1 cm and they are one of the most promis-
ing microwave sources for future plasma heating. They can be
driven by an axially injected electron beam without initial
perpendicular velocity. A metallic slow wave structure (SWS)
with periodically corrugated wall is not charged up harmfully
by the beam and can carry large beam currents compared with
dielectric SWS's. The improvements in efficiency were observed,
when BWQO's were cperated in the presence of background gases
with adeguate pressuréﬂ or of plasma with moderate densit;). We
present experimentél results of a large diameter plasma filled
BWO with an oscillation frequency around 24GHz. The diameter is
much larger than the free space wavelength of generated micro-
waves. The large diameter enables us-to attain high power ™
oscillation which withstands microwave breakdown inside the SWS.
An optimal design study was made by our linear analysi;va8)

The outline of this paper is as follows. In section 2, ﬁe
discuss the design of the large diameter BWO. Experimentai set-

up is shown in section 3. The experimental results and opera-

tion mode in the large diameter BWO are presented in section 4.

The summary is given in section 5.



2.LARGE DIAMETER BWO DESIGN
The purpose of our experiment is to investigate the micro-
wave generation from a large diameter plasma filled BWO. The
BWO consists of SWS with sinusoidally varying metallic wall and

an annular beam propagating in the SWS as shown in Fig. 1.
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3.EXPERIMENTAL SETUP

The schematic diagram of experimental setup is shown in Fig.3.
The Marx generator drives the pulse forming line (PFL) with
high voltage up to 130 kV. PFL consists of a coaxial line with
the characteristic impedance of 50 ohm..The electron beam is
generated by a beam diode that consists of an aluminum cathode
with circular sharp edge and foiless stainless steel anode. The
PFL output voltage up to 65 kV is applied to the cold cathode
through a gap switch. In order to get relatively uniform
electron beam at average electric fields around 70 kV/cm, the
axisymmetric emitting edge of the cathode is wrapped with
velvet. The beam collector is inversely tapered aluminum pipe,
connected to the SWS. On the end with small diameterxr, the
microwave output window is installed. The electron beam diode,
the large diameter SWS and the beam collector are installed in
a stainless steel pipe which is evacuated to a pressure 2-4x107°
Torr. There is a helium gas injection port near the output
window. Applied guiding axial magnetic field is uniform over
the extent from the cathode to the end of SWS.
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The diagram of microwave diagnostic system is shown in Fig.4.
The microwaves generated in SWS are radiated from the output
window into anechoic chamber which is covered with microwave
absorber. The pick up hbrn is placed at 10 c¢cm away from the

output window. The received signal is split into two branches

by a multi-hole directional coupler. One pHECIOIC SaneaEs

ATTENUATOR

HICROWAVES ANTENNA CRYSTAL

OETECTOR

branch consists of a short waveguide

which forms a prompt signal. The other

DELAY LINE

is a delay line waveguide 8 m long and (C_ L

PRI =
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results in a delayed signal. The delay CRYSTAL
CETECTOR
time depends on the frequency and directly Flg.4
Schematic Diagram of Microwave
correlates to the frequency spectrum of Olagnostic System

the microwave.

4 .EXPERIMENTAL RESULTS

a) Beam Propagation

The electron beam propagation is monitored by thermal damage
patterns taken with thermally sensitive paper mounted on a
stainless steel plate. Figure 5 shows the changes in the axial

positions of cross-sectional thermal damage patterns of the
80 kY
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All patterns represent an overlay of 10 shots. In vacuum case,
the damage patterns are a broken thin circle. The electron beam
is annular but the uniformity is considerably poor. In helium
gas at the pressure 40 mTorr, the damage patterns are much
denser and thicker than those in vacuum case. This drastic
change of the damage patterns shows that helium plasma is
produced by the beam. The stainless steel plate without the
thermally sensitive paper is used to measure the beam current
wave form at various axial positions. Inside the interaction
region between the beam and the structure wave, the beam
current is about 200 A in vacuum and increases to about 250 A
in helium gas. Plasma produced by the beam improves signifi-

cantly the beam propagation inside the SWS.

b) Microwave Measurements

Figure 6 shows a typical microwave
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delayed signals. In these cases, output'frequency-was estimated

to be from 14.5 GHz to 17.4 GH=z.

The ocutput power increases with increasing anode-cathcde

voltage as shown in Fig. 7. The peak

microwave power is the order of 1 kW
and the efficiency is around 0.01%.
Figure 8 shows the dependence of the
output power on the normalized structure
length. In the plasma filled BWO,
the output power increases with increas-
ing the length of structure,L. However,
in vacuum BWO, the power keeps a low
level and siart to increase at L=70z;.

The large diameter BWO might not work

well at the conditions which we adopted.

c) Operation Mode of a Large Diameter BWO

Regarding the dependence of BWO output

on guiding magnetic field,

conflicting results have been reported

previously.
resonance (ECR), the microwave power

even decreased resonantly. On the other
hand, there were some reports that the

output power increased resonantly near
4), 9), 10 |
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In our experiment, a large diameter SWS was used. The
Cerenkov interaction was very weak up toc about 65 keV beam
energy. The fundamental ECR is at 0.64 T and second ECR is at
0.32 T. The microwave power increased drastically with
approaching to the fundamental ECR. The maximum power is about
490 kW. It is emphasized that the beam energy was about 60 keV.
The corresponding maximum efficiency was about 4 %. In vacuum
case, the similar magnetic dependence was obtained. The maximum
power and efficiency were about 300 kW and 3 %, respectively.

A small hump was cobserved at the second ECR.

5.SUMMARY
We have investigated a large diameter plasma filled EWO
experimentally. The parameters of slow wave structure are
designed to oscillate at 24 GHz with 100 keV beam energy and 20
GHz with 60keV. Averadge diameter 60 mm is four times larger
than space wavelength at 20 GHz. The BWO is driven by annular
beam with radius 26;3 mm, typical current 200 A and typical
energy 60 keV. Plasma 1s produced by the beam and improved beam
propagation is observed. The good effects of plasma on Cerenkov
oscillation is confirmed. The output power of plasma filled BWO
is 3-6 times that of vacuum BWO. Both output powers of,plasma
filled BWO and vacuum BWO are strongly enhanced, when the
guiding magnetic field appreoaches to thé fundamental electron
cyclotron resonance. The maximum power of 490 kW with the

efficiencyof 4% is obtained with relatively low beam energy

60 kev.
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Plasma Effects on Electron Beam Dynamics

in a Virtual Cathade Oscillator
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Abstract

High-power microwave generation in an axially-extracted virtual cathode oscillator has been
studied experimentally. The microwave emission of 1.2 GW at frequencies in the range of 15 GHz
is observed in the presence of annular electron beam operated at a 330 kV and 20 kA. The electron
beam current in the diode region is well characterized by the electron space-charge-limited current in
bipolar flow, which is well below the critical current defined for diodc' pinching. The observed
microwave emission is accompanied by the strongly pinched electron beam which is resulted from
the formation anode plasma. Essential feature of such a pinching effect for the microwave
generation is confirmed by the absence of emission when the pinch of electron beam is suppressed

by the application of the axial magnetic field.

I. INTRODUCTION

. The virtual cathode oscillator (vircator) has become one of the most promising high-power
microwave sources, because of cbnceptional simplicity, high-output-power capability, and possible
wide bandwidth with tunable character [1]. Tunability of radiation frequencies can be achieved by
changing anode-cathode (A-K) gap separation, cathode dimension, and cathode shape. Recent

experiments showed the maximum microwave power as large as several gigawatts in the frequency



range from 0.5 to 17 GHz [1-3]. More recently, Yatsuzuka et al. [4] observed higher frequencies
in range of 20-35 GHz with the peak power of 350 MW by the use of a point pinch diode which is
capable of producing a high electron beam density. Benford et al. [5,6] showed that the microwave
generation begins when the diode current characterized by the electron space-charge-limited current,
Isc, exceeds the critical current, I, which is defined as a current whose self-magnetic field turns
electrons 90 degrees in the diode gap. Burkhart [7] showed that the diode current and voltage at
microwave turn-on are much larger than those at the point where Isc = Ic. There are a number of
phenomena occurring simultaneously in vircator diodes such as beam pinching, ion generation on
the anode [7], and the interaction between tHe vircator and magnetically insulated transmission line
[8]. The exact importance and sequence of these phenomena related to the microwave generation
are not yet well understood.

In this report our experimental study is focused on the electron beam behavior at the time of
microwave generation from an axially-extracted vircator with an annular cathode and aluminum-foil
anode. In order to sce the overall picture of electron beam behavior, electron beam.currcnt at just
upstream and downstream of the anode is measured while observing beam traces on the anode. We

observed pinching of eleciron beam accompanied by microwave generation for the condition Isc
< Ig, contrary to the earlier observation by Benford and others [5,6]. The experimental setup

and microwave diagnostic system are described in Section II. In Section III experimental results of
microwave emissions are presented and some conditions for microwave emission are discussed.

Conclusions are given in Section IV,

ILEXPERIMENT
Experiments were performed using the pulsed power generator "HARIMA-II" (maximum
output voltage: 400 kV, output impedance: 3 €2, and pulse duration: 50 nsec) at the Himeji Institute

of Technology. The schematic diagram of the experimental arrangement is shown in Fig. 1. The

electron beam diode consists of an annular cathode (typically radius Rc= 1 - 1.5 cm and thickness x



= 1.0 mm) and an aluminum foil anode of 15 xmin thickness. The electron beam emitted from

the annular cathode péssed through the anode foil and was injected into a cylindrical waveguide
(radius R = 2.25 cm and 2 m in length) located at just downstream of the anode. The A-K gap
separation d was varied from 0.2 t0 0.7 cm. Electron beam currents were measured using a nsec-
response Rogowskii coil at the upstream (1.1 cm from the anode) and downstream (0.1 cm from the
anode). The diode voltage was measured by a resistive divider at the location close to the anode.
The radiation microwave propagated along the circular waveguide to a matched termination. The
microwave signals were extracted from a probe (0.05 c¢m in diameter and 0.1 ¢m in length) located
on the wall of the cylindrical waveguide. The outputs of the probe were split into two parts viaa
power divider or a directional coupler. The signal from one leg of the divider was attenuated and
detected by a crystal diode for microwave power measurement. The signal from another leg
propagated in a long waveguide dispersive delay line (WRI-10, cutoff frequéncy fc = 6.55 GHz,
and length L = 105.7 m) to determine microwave frequency. The probe was calibrated for a TMo;
mode which was excited in the cylindrical waveguide by a TMp1 mode launcher, allowing us to

determine the coupling coefficient of the probe for power measurement.  The network for

diagnostics was calibrated at low powers using a network analyzer (HP8510B).

IT11. RESULTS AND DISCUSSION
A. Microwave generation

Typical time history of the diode voltage, upstream electron beam current, downstream
¢lectron beam current, and microwave-emission is shown in Fig. 2, where the A-K gap éeparation

is d = 0.49 cm, the cathode radius is R¢ = 1.5 cm, the maximum diode voltage is 330 kV, and the

maximum diode current is 23 kA at the upstream. As seen in Fig. 2, the microwave emission
occurs approximately 75 nsec after the start of the beam current. The microwave pulse rises in 10
nsec and pulse duration of 15 nsec is much shorter than the beam pulse width of 80 nsec.

Frequency measurements were performed usiné the waveguide dispersive delayed line. The

propagation time T of the microwave through the waveguide is given by



T= L 1
c[1-(/f)P] ‘ ¢))

where ¢ is the speed of light, L is the length of the waveguide, f is the microwave frequency and £,

is the cutoff frequency of the waveguide. Typical initial pulse of the microwave emission and
delayed pulse through the waveguide are shown in Fig. 3. Since the propagation time = =437

nsec in Fig. 3, the frequency is found to be 11.1 GHz from (1), The microwave pulse widths
before and after propagating through the dispersive delajr line remain unchanged, so that the
radiation frequency is considered to be a singie frequency.

The dependence of microwave power and frequency on the A-K gap separation is shown in
Fig. 4 for the cathode radius Rc = 1 em. The largest emission of miqowave power 1.2 GW at
frequency 15 GHz is observed at d = 0.4 cm. No microwave emission occurs in the region of d

> 05cmandd < 0.33 cmasis expécted from the consideration of expanding plasma as will

be discussed in the next section. A beam-to-microwave power conversion efficiency at the peak
microwave emission is 18 % for the microwave peak power of 1.2 GW when the typical diode

voltage is 330 kV and beam current is 20 kA.

B. Electron beam behavior

In order to clarify beam flow in the vircator diode, we measured electron beam currents at the
upstream of the anode and at the downstream of the anode. Figure 5 shows the beam currents as a
function of diode voltage which changes with time as shown in Fig. 2. The arrow in the figure
indicates the time history. The characteristic of current-voltage changes its slope at a point A (310
kV, 19 kA} as shown in Fig. 5(a). Even when the diode voltage is increased above 310 kV, the
electron beam current at the upstream remains constant, indicating a sudden increase of the diode
impedance. Such a sudden increase of the impedance is a manifestation of electron beam pinching.

The microwave emission starts right after pinching of clectron beam as indicated by the solid circle



"ON" in Fig. 5, which is followed by the maximum microwave power (shown by the solid triangle
"PEAK") and the termination of the emission marked by the solid square "OFF".
Our observation may well be described by a simple model for the electron space-charge-limited
current in the presence of expanding plasma on the anode surface as well as on the cathode surface.
Both anode plasma and cathode plasma are assumed to expand with velocity vp to cause gap
closure. The time-dependent gap separation dg is then given by
dg =d - 2vpt. 2)
Ion beams ejected from the anode plasma propagate in the A-K gap region. In the presenoe‘of ion
beams, electron beam current becomes 1.86 times of the electron space-charge-limited current, Isc,

i.e., the electron current in the bipolar space-charge-limited flow, Insc, is known to be [9]

Ipsc = 1.86]5c, (3)

where Isc is the one-dimensional space-charge-limited current in the absence of plasmas at both

electrodes and is approximated as {10]

edo

=1+ :
Yo mc2 (4)

whereas the non-relativistic Child-Langmuir current is given by

L. Am28me (fe 2. 1y3/2
I = SB2R0THE T (o - 1)

Here m and -¢ are the mass and charge of electron, respectively, c is the speed of light, £ = 8.85

% 10-12 F/m, r¢ = [Re? - (Re -x)2]V/2 is an effective radius of the cathode, 7o is the relativistic

factor evaluated at the anode and is given by

&)

3 )
Isc = 2n 00C (;—C)z(\/% -0.8471)% = 852 (;-c)z(VY_O -08471)2  (kA),
g g



with ¢y as a potential at the anode (zero potential at the cathode is assumed).

The critical current for diode pinching may be defined as a current whose induced azimuthal
magnetic field is strong enough to make the cyclotron radius of an electron equal to the gap
separateion, or [9]

6
o= 200 Re 2 1y _g 52 By (k). ©

On the other hand, the electron space-charge-limited current propagating through a cylindrical drift

tube of radius R is written for a thin annular beam as [9]

(7)

2/3_ 1312

I, = 4t eomc/e y2/3-1)/2= g 5o - 1) (KA),
2In(R/1p) In(R/rv)

where 1y, is the beam radius.

In Fig. S(a), electron space-charge-limited current in bipolar flow, Ipsc (given by (3)
supplemented by (4) for the plasma expansion velocity vp = 2 X 104 m/sec), and critical current, I,

given by (6) are shown to compare with the experimental results. As a reference, Igsc in the
absence of plasma expansion (vp = 0) is also shown. As seen in Fig. 5(a), the upstream beaﬁl
current less than the critical curfem is in good agreement with electron space-charge-limited current
in bipolar flow modified for gap closure due to expanding anode and cathode plasmas. On the other
hand, the beam current at the downstream almost equals to or slightly larger than the electron space-
charge-limited current of the drift tube as shown in Fig. 5(b), suggesting virtual cathode formation,
'From the results mentioned above, the time e\.lolution of charge flow in the vircator diode will
be outlined as follows: When a high voltage is applied to the cathode, the electron beams are emitted
from the many whiskers on the cathode surface, producing a cathode plasma. The intense electron
beam emitted from the cathc.)de plasma follows the space-charge-limited flow. When the intense
electron beam hits the anode, an anode plasma will be produced. Then ions from the anode plasma
propagate the A-K gap region, resulting in the bipolar flow. When the beam current increases,

weak pinch of electron beam occurs due to the self-magnetic field of the electron beam.



Furthermore, there is no electric field in the anode plasma, then electrons drift radially inward due to
v B drift. As a result, the electron beam is strongly pinched. The microwave emission occurs at

the time of strongly-pinched electron beam formation. We confirned this model by applying an

external axial magnetic field to the diode region as will be discussed in the next section.

C. Effect of external magnetic field

Figure 6 shows the microwave peak power as a function of external magnetic field strength
together with the radiation frequency. As seen in Fig. 6(a), an increase in magnetic field strength
decreases microwave power. No microwave emission occurs in the magnetic field when it exceeds
0.14 T. The radiation frequency is independent on the external axial magnetic field up to 0.14 T.

The trace of beam bombardment on the anode was observed using a X-ray pinhole
photograph as shown in Fig. 7. The upper trace (a) is with no magnetic field and the lower one (b)
is with B = 0.14 T as shown in Fig. 6(b). The dark part in the center in Fig. 7(a) indicates the
pinching of electron beam. In this shot we observed the microwave emission. On the other hand,
when the axial magnetic field of 0.14 T is applied, there is no pinching evidence of electron beams
as seen in Fig. 7(b), and no microwave emission is dbsewed in this case. In our experiment a
SUS-mesh anode was also used instead of aluminum foil. Figure 8 is the photograph of the mesh
anode after 3 shots (a) with no magnetic field and (b) with the axial magnetic field of 0.2 T. As
shown in Fig. 8(a), we observe a hole in the center of the mesh which indicates strong pinching of
the electron beam.

From these results described above, the strong electron pinching due td the anode plasma

formation is found to be essential for microwave generation.

IV.CONCLUSION
High-power microwave radiations from an axially-extracted virtual cathode oscillator have
been studied experimentally. The microwave emission of 1.2 GW in the frequency range of 15

GHz is observed using the 330 kV, 20 kA annular electron beam of radius 1 cm. The electron



beam current in the diode region is in good agreement with the electron s.pacc—charge-!jmited current
in bipolar flow, indicating that the anode plasma is produced by electron beam bombardment to the
anode. As a result, the electron beam is strongly pinched, leading to microwave emission. The
electron beam current in the diode region is well below the critical current for diode pinching at the
time of microwave emission, which is different from the earlier observation [5,6]. The microwave
emission is suppressed by the axially-applied magnetic field, because the magnetic field inhibits
pinching of electron beams. The X-ray trace radiated from the anode and the photograph of the
SUS-mesh anode after microwave emission confirm the formation of strongly-pinched electron
beam.
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Study on Surface Treatment by
- Pulsed Electron Beams

Shigeru Kato , Kenta Naito , Satoru Senbayashi, Yuu Kawakita and Musuhi Hakoda
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ABSTRACT

Fe developed a pulsed electron beam system for surface treatment use., It
features high peak power density and broad area beams, which result in the
possibility of the advanced surface treatment. We experimentally demonstrated
surface hardening, amorphizing and alloying with this system. A description of the

performance of the system and results of surface treatment experiments are presented.

§ 1. INTRODUCT 10N

At present, the surface treatment by cw (0, laser beams or cw electron beams is
actively studied. High power density of those beans is made use of in the
treatment. We developed a new pulsed electron beam system which produces still
higher (peak) power density than those conventional beams,based on our pulsed power

technology, and are researching on advanced surface treatment using this systen.

§ 2. PULSED ELECTRON BEAM SYSTEM (FLASHTRON- 150EX)
2-1.0utline of FLASHTRON-150EX
A schematic diagram and an equivalent circuit of the developed pulsed electron
beam system (named FLASHTRON-150EX) are shown in Figs.1 and 2, respectively.
Performance specifications are shown in Table 1.

FLASHTRON was designed to be simble. inexpensive and compact as a'first proto-



type of a future industrial pulsed EB processing system. Thus, spark gap switches
are adopted as switching devices and a pulse transformer is used for stepping-up
voltage. Furthermore, the pulse forming network(PFN) consists of commercial door-
knob type ceramic capacitors connected in series and parallel. In spite of that
the output pulse duration of this PFN is 100ns, its effective length is about 0,5m
and considerably shorter than 1.7m, that of PFL with water capacitor, which
contributes to system compactness. The distance between the each stage of PFN
capacitors is also variable as a new idea, so that the output waveform is
controllable by its ajustment. Intense.EB extraction is caused by the explosive
emission from a cold cathode. Electron beams pass through an anode made of multi-
aperture plate (aperture ratio which means a ratio of apertures area to total area
of the plate is about 70%) and then irradiate a taget. Figures 3 (a) and (b) are

photographs of FLASFTRON-150EX.

~ 2-2.Performance of FLASHTRON-150EX |

Load voltage waveform with an impedance matched dummy load is shown in Fig.4.
It indicates that the expected output could be successfully 6bained by the new type
PFN. Typical voltage and current waveforms of FLASHTRON with EB diode are shown
in Fig.5. The ratio of detected electron beam current passing through an anode to
diode current is lower than the anode geometrical aperture ratio. This is
considerd to be due to pinch effect, which prevents electron beams going straight.-

Although significant surface treatment results were obtained with this EB diode
as shown in §4, the temporal diode impedance change was severe. Much better EB
diode, especialy a cathode featuring rapid turn-on characteristics should be

developed.
8 3. CHARACTERISTICS and EFFECT of PULSED ELECTRCN BE#M SURFACE TREATMENT

Characteristics of pulsed EB and its surface treatment is summarized in Table 2.

Conventional cw CO. laser beams or cw electron beams are used, being focused to very



small area (~1mm®) in order to achieve high power density. On the other hand,
pulsed electron beams can give us higher (peak) power density than conventional ones
over large area (lcm®~100cw?®) due to their short pulse duration and high current.
This beam feature can realize energy deposition only on desired surface layers,
keeping substrate low temperature, which leads to efficient surfﬁcg treatment
without serious thermal influence to the substrate. Consequently, very rapid
heating and cooling are arisen in the treated layers. And then, this very rapid
cooling yields advanced treatmént effects of amorphization, formation of metastable
phase and so on. Additionally, pulsed EB treatment being done quickly over large
area, high throughput could be also obtained.

By ajusting beam intensity,pulsed electron beams are expected to bring useful
effects in each process of heating, melting, vaporization and ionization, as shown
in Table 3. Not only solid but also gaseous materials can be irradiated. Recently
flue gas treatment by EB is attracted through increasing social concern of

environmental issues,

8 4.EXPERIMENTAL RESULTS of SURFACE TREATMENT
4-1 Surface hardening of carbon steel (S45C)

First of all, we carried out surface hardening experiments of carbon steel from
a viewpoint of proof of principle. Typical results are shown in Fig.6. Surface
microhardness (Hv) was increased from 300 for unirradiated state to 900 by single
shot irradiation. The hardened depth was about 204m.  But the surface roughness
was degraded. This reason was considered to be the melting of the surface thin
layers, because of concentrated and local surface heating by low energy component of
electron beams and their nonuniformity. Then, the following two modifications were
carried out.

The first one was reducing low energy component by magnetic switch divertor
show in Fig.?. For metal surface treatment, FLASHTRON-150EX was designed to be

relatively low voltage(~150kV), high current(~50kA). In such low impedance systen,



generation of low energy beams is unavoidable at the diode collapse. So, we
invented to divert unwanted current compulsively, connecting magnetic switch(MS)

in parallel with EB load. Since the switching (saturating) time of MS is |
controllable, energy component below any desired level can be reduced. Typical
‘results are shown in Fig.8. Energy component below about 70keV is effectively
reduced. Figure 9 shows a 545C irradiation resuit with EB reduced low energy
component. Surface hardening without degradation of surface roughness was
realized, increasing Hv to 600, which was a little bit lower than the former result.
The effect of reducing low energy component was confirmed by & numerical calculation
of a temperature diétribution in a target irradiated by pulsed EB. Calculated
results are shown in Figl0. Figures 10 (a) and (b) show temperature distributions
without and with a MS divertor, respectively. In contrast to surface temperature
reaching the melting point fbr the scheme without MS, surface temperature for the
scheme with MS is below the melting point.

The second modification to obtain the result of Fig.9 was improving beam
propagation characteristics leading to the uniform distribution of beam intensity by
using a ‘ceramic beam guide’ shown in Fig.1l1.  Improved results are shown in Fig.12
and Fig.13. Considering that the beam uniformity is improved by overlaps of many
beamlets, each of which has a certain divergence angle, it is understood that the
bqam uniformity bacame better as the beam propagation length increased. The beam
gﬁide effect was also observed with a rod-shape guide as same as a pipe-shape guide
shown in Fig.1l. Besides, fhe'degree of vacuum in a beam drift chamber was below
4X107* Torr both with and without a beam guide. The mechanism of this beam

guid effect hasn’t been explained yet, and is being investigated.

4-2  Amorphization of Fe-Si-B alloy
fe tried to amorphize Fe-Si-B alloy as a typical glazing process which used
rapid cooling after melting caused by beam irradiation. Amorphization can greatly
improve suface corrosion resistance, magnetic characteristics and so on.

The results are shown in Fig.14. VWhile several peaks corresponding to the
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crystal structure of the alloy are observed in the X ray diffraction spectrum before
beam irradiation in Fig.14 (a), almost all peaks disappears after beam irradiation
in Fig..14 (b), which indicates that the alloy was amophized. Because FLASHTRON-
150EX is capable of amorphizing over about Sef for single shot, & quick and large
area amorphization processing would be expected using sfep & repeat method, if the

repetition rate could be increased much more than lpps at present.

4-3 Elementary experiments of surface alloying.

Surface alloying is one of the most attractvie melting processes for industrisal
use. Its purpose is to reinforce a weakpoint of a substrate material by the
formatiﬁn of alloy only in surface layers, keeping original advantages of the
substrate mterial.

Nb substrate coated about 3gm thick Ni was irradiated by pulsed EB as a elementary
experiments of surface alloying. Cross-sectional EPMA images before and after
single shot irradiation are shown in Fig.15. Potential of pulsed EB alloying was

approved, being observed the formation of mixing layers of Nb and Ni.

§ 5. CONCLUSION

We developed a new pulsed electron beam system FLASHTRON-150EX for surface
treatment and demonstrated its capability of useful surface treatment through
irradiation experiments.

In recent years, similar attempts have been increased in America and Ru;;};: but
generally, little interest is taken in pulsed EB material processing. Te expect
that the potential of pulsed EB material pfocessing will be recognized by many

researchers both in the field of pulsed power technology and material processing,

and new ideas and technologies will be developed, in the near future.

§ 6. REFERENCES
1) K.¥.Struve, et al., 9th Inter. Conf. on High-Power Paritcle beams, P1960 (1992)
~2) V.1.Engelko, et al., 9th Inter. Conf. on High-Power Particle Beams,P1935 (1992)



Initial pulse generator

Pulsed E.B.diode

Table.1 Specifications of FLASHTRON-150EX

N Pulsed E.B.
EB energy ' 15 0kV
e Ji .
o E 4 i =
‘ - EB current i 50kA
-{|¢Wo\>~fm |
E |
_¢___ Pulse duration | 100ns
Repetition rate ; lpps
I Gap switch f/// Target
Cathode Anode
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Fig.3 Photographs of a pulsed EB system developed.
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a) Diode current.
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b) Diode voltage (upper)
and EB current {lower).

Fig.5 Voltage and current waveforms of

the pulsed EB system.

Table. 2 Characteristics of pulsed EB processings

Beam characteristics

Process characleristics

High peak power density - High current

{107~-10W/cm?, ~50kA)

Very rapid surface heating and cooling

Capable of amorphization etc.

sShort pulse duration
(~100ns)

Surface heating without conduction loss

Low temperature process-High energy efficiency

Broad area shower-like beam

{Focusable)
(1em2~100cm?)

Large area Lrealment + Quick process

fligh through-put

Table. 3 Expected surface processing of pulsed EB

Surface cleaning
Surface activation
Heating
process Transformation hardening
Annealing
Glazing
{Amorphization,
Melting grain-refining)
process
Alloying
Cladding
Shock hardening
Vaporization
process Thin film formation
{ablation PVD)
Excitation- Excitation or ionization
ionization of gas
process {laser oscillation.
removal of SOx and NOx)
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Fig.6 Change in microhardness of the surface layer of the target (S45C plate).
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Fig.13 Comparison of the beam patterns. Photographs show the surface of the
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Abstract

This paper describes the first successful demonstration of
centrifugal mass separater packaged in a cartridge of the ohmic
ignition chemical(0IC) gun in order to extract hot hydrogen from

the reaction products of OIC interaction between water and aluminum.

Introduction

The ohmic ignition chemical(0IC) launcher is a version of
light gas gun which accelerates a bullet by centrifugally extracted
hgt hydrogen pressure from the reaction products of 0IC interaction
between water and aluminum!’. The reaction products generated by
0IC 1nteraction 1s 1i1nitially injected through a nozzle into the
"centrifuge chamber packaged in the cartridge to separate Al,0, and
hydrogen. Because of the large mass ratio between hydrogen and
Al:0,, the hot hydrogen is concentrated near the axisymmetric axis
of the chamber where the breech of the gun tube is located.

The projectile is accelérated by this hot hydrogen along the gun

tube to high velocity.



Apparatus

We employed OIC cartridge developed by ourselves'’ for the
demonstration experiment of the centrifuge. Four cartridges are
simultaneously used to generate the 0IC reaction products which are
injected into the cyclone chamber. Every cartridge has its own
nozzle for the injection. The injected products are 90° reflected by
the reflector to induce the vortex in the chamber. A schematic of

the cyclone chamber with four cartridges is shown 1in Fig.1l.

Results

The electric energy of about 100kJ are fed into the four
cartridges to ignite the water-aluminum reaction. The working
voltage of the capacitor bank was 10kV and the each mass of the
water and the aluminum loaded in the cartridges was about 13.5 grams
respectively. Since the phase transition of Al:.0, gas is around
3000°C, the wall of the chamber worked effectively to solidify the
gas. Fig.2 shows the picture of the cyclone chamber where the wall
surface is covered by lava-like Al,0s.

The most important point to notice was that the inner bore
of the gun barrel was barely contaminated by Al,0, lava-like ash.
More than 90% of the Al.0: gas seems to be trapped by the cyclone
chamber, though we need to investigate this percentage further more.

An interesting results was the velocity attained by this
experiment. In the case of no cyclone chamber with barrel length
being 1 meter the velocity of the projectile with the weight of
100 grams was about equal to 10%mn/s. The velocity obtained was also
aboul 10%m/s with both the cyclone chamber and the barrel having

the lehgth of 2 meters. In both case the same amount of water and

—17—



aluminum was loaded. This clearly shows the effecient acceleration
of the projectile by the light gas even though one gquarter of the
molecule was taken off from the reaction products by the cyclone
chamber. _

We conclude, therefore, that the cyclone chamber in 0IC

cartridge can work as a mass filter.
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Figure Caption

Fig.1 Schematics of 0IC launcher with a cyclone

Fig.2 A picture of the cyclone chamber with lava-like Al,0,
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Gas-Puff Z-Pinch driven by Inductive Energy Storage
~ Pulsed Power Generator ASO-II

K. Imasaka, K. Hasegawa, H. Akiyama and S. Maeda
Department of Electrical Engineering and Computer Science

Kumamoto University, Kumamoto 860, Japan

ABSTRACT

Inductive enerqgy storagé pulsed power generator ASO-II
with two—stagéd opening switches, which had been developed in
6ur laboratory was used as a power source of a gas-puff z-pinch
and was compared with a fast bank with the same energy. A
uniform discharge and a z-pinch implosion occurred at higher
driving current than that of fast bank. The intensity of soft
x-ray driven by ASO-II with only one-staged opening switch
(copper wire fuses) was much increased in comparison with that
driven by the fast bank. From the observation of hot spots by a
| pin-hole camera, the spatial positions of the hot spots did not
much move shot to shot. These results are very important to the

applications of the gas-puff z-pinch to industry.

1. Introduction

To increase an intensity of a soft x-ray emitted from a
gas-puff z-pinch implosion and a reproducibility of hot spots
is very important to the application of a compact intense soft
x-ray source(® to industry such as x-ray lithography, x-ray
microscopes, x-ray lasert-¢. A Conventional gas-puff z-pinch
has been driven by a fast bank, with which it is difficult to

obtain a uniform discharge because of a slow rise time of a



driving current. On the other hand, the gas-puff z-pinch plasma
‘produced by a pulsed power generator with a fast rise time of
driving current emits a intensive soft x-ray. Generally, a
capacitive energy storage pulsed power generators have been
used as a power source of a gas-puff z-pinchi"}-(®&, However, it
is a large machine. The inductive energy storage pulsed power
generator, which has the opening switches, is compact and
lightweight.

In this paper, a gas-puff =z-pinch is driven by .an
inductive energy storage pulsed power generator, which is named
ASO-II and has been composed in our laboratory. The obtained
results are compared with those obtained with a fast bank with
a same enerqgy as ASO-II. The ASO-II has two-staged opening
switches. The opening switches are composed of a "plasma
opening switch (P0OS) and parallel wires placed in a water
vessel. By these switches, a long conduction time and a short
opening time can be achieved. In the experiments, only one-

staged opening switch (parallel wires) is used.

2. Experimental Apparatus

A schematic diagram of a gas-puff z-pinch placed on the
pulsed power generator ASO-II and its egquivalent circuit are
shown Figs.l and 2. The ASO-II has a coaxial configuration with
a height of about 2.3m and a maximum diameter of 1.5m. The
capacitor has a capacitance of 14.9uF and a maximum storage
energy of 27kJ. After charging the capacitor, the triggered
spark gap switch is operated. The energy of the capacitor is

transferred to the storage inductor, Ls, of about 0.7uH and



compressed by a opening switch. The opening switch consists of
copper wire fuses which are placed radially in the water
vessel. The fuse length and number are able to be wvaried from
5cm to 66cm and from 1 to 24. A spark gap is placed between the
fuses and z-pinch sections to prevent the current from flowing
into z-pinch before the fuses have been completely opened. As
the fuses vaporize, the induced voltage across the fuses
increases and the breakdown of the spark gap occurs, and then a
current is transferred to the gas-puff z-pinch section.

The operated gas is Ar which is injected from the hollow-
shaped anode to cathode through a fast opening valve. Both
electrodes are made of brass and the spacing between them is
10mm. The diameter of the annular gas ¢ is 5mm or 18mm. The
charging voltage Vgn of the capacitor is 20kV or 25kV. The
delay time At, which is the differential times when the coil
current of the fast opening valve and the fuse current begin to
flow, is varied in the experiments. The coil current is
measured with a B-dot probe. The source and load éurrents are

measured with Rogowski coils shown in Fig.l. The soft x-ray is

detected by a pin-photo diode with Al filter of 3umthickness. A

pin-hole(the diameter of 400um) camera with 3um Al filter is

used to obtain the shape of hot spots. The pin-hole camera is
placed in the discharge chamber shown in Fig.3. The Fuji super

HR-A medical x-ray film is used for it.

3. Experimental Results and Discussions
Fig.4 and 5 show the typical waveforms of current and a

soft x-ray signal measured with the pin-photo diode in the case



of driven by a first bank and ASO-II. The parameters of copper
wire fuses are the number of 8, the diameter of 0.2mm and the
length of 20cm. The values of ¢ and Vch are 5mm and 20kvV,
respectively. From Fig.4, it is found that a rise time of the
current is slow and an intensity of the soft x-ray is small. On
the other hand; from Fig.5, it is found that the faster rise
time of a load current ,In, is obtained and the larger soft x-
ray emission is observed at the higher current than that of the
fast bank shown Fig.4.

Fig.6 shows the dependence of a soft x-ray intensity on
the delay time At,where @ and O are the results for ASO-II
and fast bank, respectively. The soft x-ray emission from the
pinched plasma produced by ASO-IT is larger than that by fast
bank. Fig.7 shows the current versus the delay time. These
results indicate that the pinched plasma by ASO-II is produced
at a higher current than that by the fast bank.

Fig.8 show the spatial distribution image of hot spots for

10 shots taken by the pinhole camera with 3um Al filter. Here,
Veh and ¢ are 25kv and 18mm,  respectively. Figs.8 (a) and (b)
are the pin-hole photographs in the cases driven by the fast
bank and ASO-II respectlvely In the case of the fast bank,
the hot spots dlstrlbute spatially into the radial direction at
around the center of the electrodes shot to shot. In the case
of ASO-1II, there are the hot spots at around the center of the
z-axes. These results indicate that the pinched plasmas
produced by ASO-II are reproducible in comparison with those by

the fast bank.



The reasons why_thé soft x-ray emission from the pinched
plasma by using ASO-II increases and the positions of hot spots
are in a small area are considered as follows: a pinched plasma
is able to be produced at a larger current than that of fast
bank by supplying a driving current which has a first rise
time. Another reason is that an inductive energy storage pulsed
power generator can supply a high voltage with a fast rise time
and short pulse wide to the initial phase of the discharge.
Therefore, the more uniform discharge occurs in comparison with

that by the fast bank.

4. Conclusion

A gas-puff z-pinch plasma is driven by the inductive
energy storage pulsed power generator ASO-II with two-staged
opening switch, and is compared with that by a fast bank with
the same energy. Only one-staged opening switch (copper wire
. fuses) is used. The implosion of thé gas-puff z-pinch driven by
ASO-II occurred at the larger current than that driven by the
fast bank, and the soft x-ray intensity was large in comparison
Qith that driven by the fast bank. From the observation of the
hot spots by a pin-hole camera, it is found that the spatial
positions of the hot spots produced by ASO-II do not much move
shot to shot, that is, are‘reproducible. These reéults are very
importaﬁt in the applications of the gas-puff z-pinch. Further
experiments will be done by using the two-staged opening

switch.
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ABSTRACT

The dynamics of a gas-puff z-pinch plasma was investigated
using a Kerr-cell camera. A large amplitude Rayleigh-Taylor
instability was observed develop during the contraction of the-
plasma. Two types of gas nozzles were examined to reduce axial
nonuniformity, and it was confirmed that the uniform z-pinch was

produced by the choice of the nozzle.

I. INTRODUCTION

The implosion dynamics and the stability of z-pinch plasmas
have been major subjects in the nuclear fusion research.[1]
Those are also important in view of application to =x-ray
emission source. The dynamic behavior of the z-pinch implosion
was investigated using a Kerr-cell camera, and wavelength and
growth rate of the observed instability were measured. |

The gas distribution between the electrodes is a key

parameter for the z-pinch plasma generation. The gas
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distribution has been measured by a pressure probe in the
SHOTGUN device,[2] and the formation of hollow gas distribution
has been confirmed. The naturally expanding gas distribution
causes a nonuniform compression of the pinch. The uniformity of
the plasma has been improved by the choise of the gas—puff'
nozzle.[3] And the uniformity of the z-pinch plasma column is
also improved by applying a longitudinal magnetic field.[4] Here
it is again demonstrated that the uniformity of z-pinch on the
contraction was improved by the choice the gas-puff nozzle. And
the characteristics of large amplitude instability that occur on

the contraction was investigated.

Il. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup of the SHOTGUN z-
pinch device.[2] The gas is injected through a hollow nozile
mounted on the anode of discharge section. The inner diameter of
the nozzle is 28 mm, and the spacing of the electrodes is 40 mm.
The capacitor is chafged to 20 kv and the storage energy is 4.8
kJ. The plasma currents are measured by Rogowski coils wound on
both electrodes. Extreme UV light is detected by a vacuum x-ray
diode without filter. Soft x-ray signal is detected by a
scintillation probe filtered by a 5 um berylium foil.

Macroscopic behavior of the plasma in visible 1light is
monitored by a Kerr-cell camera. The shutter time of the camera
is 20 nsec, which is sufficiently shorter than the macroscopic

motion of the plasma.
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I1l. EXPERIMENTAL RESULT S

Sequential motion of the plasma in the compression phase is
shown in Fig.2 assuming its reproducibility. The light column on
the axis seen in the frames 1 - 5 is the light from recombining
plasma after maximum pinch which could not be avoided. The
plasma current, the UV light and the x-ray signal are also shown
in the figure. The radial motion at the beginning of the
discharge is very slow (1 - 4). A small ripple on the surface of
the plasma is observed in this phase. After the frame 5, the
plasma current begins decreasing. This is due to rapid increase
of plasma inductance. The amplitude of the ripple comes to
increase as its radius becomes smaller. A simple mode and very
large amplitude instability is observed in the frame 7. Strong
X-ray emission is observed at this moment. The distance between
each node is about 5 mm, which corresponds to a kind of
wavelength of the instability. At the frame 8 the axially
averaged pinch of the plasma occurs. The UV signal peaked at
this phase.

The maximum pinch occurs from the anodé to the cathode. In
order to minimize the nonuniformity of the pinch along z-axis,
two types of gas nozzle were examined, a) normal straight nozzle
and b) 5 degrees inward directed nozzle. Figure 3 compares the
radial motion of the plasma with these nozzles. The axiall
position Z is measured from the anode. With a straight nozzle
the plasma column spfeads from the anode to the cathode. The_
plasma is still diverged when the maximum pinch occurred. (0.6
usec) This divergence is recovered by the use of the inward

directed nozzle. And the almost uniform plasma column is formed
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at the maximum pinch.

IV. DiscUSSION

The observed average radius r 1is plottéd in Fig.4 as a
function of time t. The solid line in the figure shows the
calculated radius using the hollow gas shell model with measured

plasma current. The averaged radial equation of motion is

d’r pJI?

dt®  4nr

where M is the initial line mass and I is the plasma current. In
the calculation the initial line density N = 1.6Xx10?° m™! was
assumed. The observed radial motion agrees well with the
calculation. The radius remains almost constant for initial 1
usec, then collapses rapidly. This is a typical hollow gas-puff
z-pinch, and the‘maximum pinch is enhanced by the increasing.
current.

The azimuthally uniform (m = 0 mode) instability was
observed in the Kerf—cell photographs of Fig.2. The growth of
the amplitude of the ripple is plotted in Fig.5. From the
gradient of the fitted line the growth rate of the ripple is y_,
= 5,0%X10% sec~l. The growth rate of Rayleigh-Taylor instability
is roughly y = JEE. The radial acceleration g is calculated from
radial equation of motion as g = 1.7X10°% m/sec? at t = 1 usec,
when the ripple becomes obéervable. Using the observed
wavelength A = 5 mm, the growth rate is calculated as y = 1.4X
10° sec™!. Although there is some factor of difference between
them, the ripple is thought to be originated from Rayleigh-

Taylor instability. The wavelength must be determined by some
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stabilization mechanism such as finite Larmor radius effect, and
the instability selectively develops at the wavelength of

maximum growth rate.

V. SUMMARY

The dynamic behavior of the SHOTGUN gas-puff z-pinch plasma
was investigated using a Kerr-cell camera. A large amplitude
instability wés observed to develop during the contraction of
the plasma. The observed wavelength, the acceleration and the
growth rate were consistent with Rayleigh-Taylor instability.
The observation of this large amplitude ripple is owing fo
relatively slow pinch formation for its initial radius.

Two types of gas nozzles were examined to reduce axial
nonuniformity of the plasmé. And the uniformity of the pinch
column was improved by the use of 5 degrees inward directed gas

nozzle.
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Control of Initial Mass on Metal Vapor Puff
Z-Pinch

Seizo Furuya, Kenji Arai, Eiji Goto, and Shozo Ishii

Tokyo Institute of Technology

Abstract

The high energy density Z-pinch plasma created by injecting metal
vapor between the electrodes has been examined experimentally. In the
metal vapor puff Z-pinch, an initial mass of metal vapor greatly affects
the pinch characteristics. To control the metal vapor spatial distribution
and the puffed vapor velocity, the discharge current to produce the
metal vapor with a square wave is employed. We have constructed
the LC ladder discharge circuit which can generate the current pulse
with 10us in pulse width. Ag metal vapor is ejected by the discharge
through a small hole drilled at the center of the electrode.

§1.Introduction

High-density and high-temperature Z-pinch plasmas are used as a high intensity
pulsed soft x ray source and a soft x ray laser. High pressure gas or solid
fiber is commonly used to creat high energy density Z-pinch plasmas. Since
handling of thin fiber. is troublesome, the fiber pinch with the high repetition
rate is impossible. To overcome this drawback, we have proposed the metal
vapor puff Z-pinch reported at the last workshop[l]. In this paper, we report
the control of metal vapor generating process.

§2.Metal vapor puff Z-pinch

The experimental setup is shown in Fig.1{a). The lower electrode has a
structure to produce metal vapor as shown in Fig.l{b). The metallic grains
placed in a small cavity are vaporized by a pre-discharge. The principle of
metal vapor puff Z-pinch is similar to that of gas puff Z-pinch. When the
metal vapor reaches the other electrode, the main Z-discharge is fired. The main
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AFig.l: Metal vapor puff Z-pinch apparatus

discharge is powered by a 27uF capacitor bank charged to 20kV. For single
metal vapor puffing, the pre-dishcharge is driven by a pulsed current with the
first half cycle of sinusoidal wave as shown in Fig.4{a) obtained by clamping. the
capacitor discharge circuit. A 4:45uF capacitor charged to 10-20kV is used to
produce metal vapor. Spectral behaviors of visible radiation from metal vapor
was investigated by a monochromator. The line spectra from metallic atom
were observed, which confirmed the metal vapor puffing. The main discharge
current, the x ray output signal measured by Si p-i-n photo diode, and the
streak photograph taken by an image converter camera are shown in Fig.2.
The plasma column length was 20mm. The initial radius of hollow Cu metal
vapor was 10mm. When the maximum pinch was established, the peak of soft
x ray output was observed. At the same time, the discharge current dip was
observed, which implies that the inductance of the plasma column increased.
As the delay time 7 between the onset of metal vapor puff and that of main
discharge was increased, the peak value of the soft x ray output increased
as shown in Fig.3. However, the pinch time did not vary drastically. The
reproducibility of the pinch time and the soft x ray signal was poor, since
the velocity and the total mass of puffed metal vapor were not equal for each
shot. It is important to control these quantities in metal vapor puff Z-pinch.
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§3.Control of initial mass

The initial mass of metal vapor greatly affects the pinch characteristics, as
seen in the change in the peak value of the soft x ray output when the delay
time 7 is increased. The generation processes of metal vapor, namely, heating,
vaporizing, and ejecting through the electrode hole, are complicated. Since it
takes some time for these processes, a square wave discharge current is desirable
to control the metal vapor generation processes. ‘We have constructed LC ladder
discharge circuit as shown in Fig.5. The pulsed current shown in Fig.4(b) has
10us in pulse width and 5kA in amplitude. Injecting Ag metal vapor through
a single hole of 2.5mm in diameter, we created Z-pinch plasma of 10mm in
length and 5mm in radius. Fig.6 shows typical main discharge current and the
streak photograph. The reproducibility observed in streak photographs and main
discharge currents is fairly good. However, the current dip and the soft x
ray emission were not observed. Since the Z-pinch did not have the implosion
process, the plasma temperature did not go up high enough to emit soft x ray.

§4.Conclusion

We could not compare the effect on the metal vapor generation processes
given by difference of current waveforms. The square wave has much more
supiority in control of the metal vapor generation.

Reference
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Fig.4 Current for production of_l metal vapor
(a) 4.45uF capacitor (b) LC ladder discharge circuit
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characteristic impedance : (L/C) = Z

width of pulsed current : omvVLC

amplitude (with matched resistance R) : V/(22)
(without R) : Vy/Z

design : Vo £20kV, n=5, L =2 pus, C = 0.5 uF
char.a,cter.istic' impedance : 2 {2
width of pulsed current : 10 us

amplitude (with R) : £ 5 kA
(without R) : < 10 kA

Fig.s LC ladder discharge circuit and its characteristics
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(a) main discharge current (b) x ray signal
(c) streak photograph of radial profile
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Z-pinch plasma by solid fine particle injection
Takahiro Hoshide, Qing-Pin Ai, Daiju Itagaki and Shozo Ishii

Tokyo Institute of Technology

Abstract

We have proposed Z-pinch plasma by solid fine particle injection to
creat high energy density plasma. This scheme is superior in high
repetition rate operation. It is possible to control the plasma point that
radiate intense soft X-ray when the mass and the injection method of
fine particle are chosen properly.- The solid fine particles are injected
through a small hole drilled at the center of the main electrode. The
particles are accelerated by pulsed electrostatic field which is applied
between the electrodes placed under the main electrode. Injection
characteristics are experimentally examined for Cu particles of lum in
diameter.

§1. Introduction

Gas puff Z-pinch and Z-pinch created from solid fiber or solid thin film liner
are widely used as conventional methods to produce high energy density plasma.
The former with gases, for example Ar, He and metal vapor, is easy to operate
and can be used with high repetition rate. The later, for example fiber pinch
or imploding liner, can creat high density plasmas. In this paper we report
the Z-pinch by solid fine particle injection which has both advantages. This
scheme is expected to have various applications of intense soft X-ray and UV
radiation source, and thin film deposition of materials with the high melting
point. It is possible to control the plasma point that radiate intense soft X-ray
when -the mass and the injection method of fine particle are chosen properly.

The particle with the diameter less than 100um is defined as fine particles,
for example, pollen (10 ~ 100um), cigarette smoke (0.01um), toner for photocopy
machine (1 ~ 10pm), and cluster with dozens of atoms. The smaller the diameter
of particle is, relatively the larger its surface area and the number of atoms
on its surface are ),
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The issue on plasmas and fine particles has been studied in surface science,
space science : space dust, and thin film technology : plasma CVD and plasma
jet deposition. However, the plasmas created from fine particles have never
been reported so far.

The solid fine particles are injected through a small hole drilled at the center
of the main electrode. The particles are accelerated by pulsed electrostatic
field which is applied between the electrodes placed under the main electrode.
Injection characteristics are experimentally examined for Cu particles of lpm in
diameter.

§2. Experimental setup

The concept of experimental setup is shown in Fig.l. There are three
electrodes which are separated to two sections. The upper pair of electrodes is
for main discharge and the lower pair of electrodes is for particle acceleration.

for main

discharge

for particle

acceleration

Fig.1: The concept of experimental setup

As comparing with the gases, it is rather difficult to ‘supply fine particles
between the discharge electrodes. The fine particles must be accelerated to
have enough velocity for injection. Following particle acceleration method can
be applicable, namely, pressure acceleration as in gas puff Z-pinch, electrostatic
acceleration, magnetic acceleration, and electromagnetic acceleration as in rail
gun. In this work, the particles accelerated by electrostatic field are supplied
between the discharge electrodes. The electrostatic acceleration method requires
a simple apparatus and is easy to operate.

The configuration for particle acceleration electrodes is shown in Fig.2. Spherical
Cu particles of 1 pm in diameter are put on the lower electrode. When pulsed
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Fig.2: The particle acceleration electrodes
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Fig.3: The equivalent circuit of power supply
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high voltage is applied between the electrodes, the particles are charged to the
same polarity as that of the lower electrode. The charge g appearing on the
particle surface is

' g = 1.65 x 4dmegr? B, (D

where ¢y is the permittivity in vacuum, r the radius of the particle, and Ej
the average applied electric field, respectively. The particles are pulled up by
electrostatic force, then they are injected into the space between main electrodes
through the 2mm diameter hole in the middle electrode (23),

In order to concentrate particles to the hole of the electrode, the shape of
the middle electrode is convex and that of the lower electrode is concave. The
equivalent circuit of pulsed high voltage power supply for particle acceleration
is shown in Fig.3. The accelerating voltage is 16kV and 3ms in pulse width.
The particle acceleration behaviors have been observed with optical measurement
by using a He-Ne laser.

§3. Results

The pa,rtlcle behaviors in the accelerating phase have been observed by the
measuring setup as shown in Fig.4.

When the particles are pulled up and scatter the He-Ne laser light, detected
intensity will decrease. The particles started to move from the electrode at 200
us after voltage application. This time delay is caused by Van-der-Waals force
which keeps the particles being on the surface of the electrode. To reduce this
time delay, it is necessary to prevent coherence of particles. One solution for
this problem is vibrating the particles by applying a supersonic wave oscillator
to the lower electrode.

The calculated dependence of the amount of charge and the particle velocity at
the middle electrode on the particle size are shown in Fig.5, and 6, respectively.
The amount of charge is in proportion to the square of particle size. The
particle velocity is in inverse proportion to the square root of particle size. As
considering troublesome handling of the fine particle, the optimum diameter of
particles is 1 ~ 10um.

Injected particle behavior above the middle electrode is observed from scattered
He-Ne laser beam which is expanded to about 2cm diameter beam by a beam
expander. The scattered light is taken by time integrated photographs. The
particle injection has not been observed in case of applied voltage with the-
pulse width less than lms.

We confirmed the injection of the fine particles between the main electrodes.
The designed experimental Z-pinch apparatus is shown in Fig.7.
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§4. Conclusion

We have proposed Z-pinch plasma by solid fine particle injection to create
high energy density plasma. The Cu fine particles of 1um in diameter injection
has been established by electrostatic acceleration. There exists the time delay
" between the initiation of particle move and the application of pulsed acceleration
voltage. This delay is caused by Van-der-Waals force. The dependence of the
amount of charge and the particle velocity at the middle electrode on the
particle size are calculated to estimate the optimum size of particles. The
proposed Z-pinch scheme is useful for nmew applications in material science.
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Monochromatic x-ray imaging in plasma focus experiment

N. Hisatome, J. Du, T. Yamamoto, K. Shimoda and K. Hirano
Dept. of Electronic Engineering, Gunma University

Kiryu, Gunma 376, Japan

Abstract

A imaging spectrometer for monochr_omatic in soft X-ray is designed and
examined using a plasma produced by a plasma focus device. In this spectrometer, a
pinhole image is recorded simultaneously with monochromatic image. This provides
identification of the wavelength if the soft X-ray source fluctuates from shot to shot
such as-in Z pinch or plasma focus. The monochromatic image of the Argon K-lines
are successfully obtained and displayed in 3D. The resolution power and dispersion

1 obtained in-situ and compared with calculation.

§ 1 Introduction

The monochromatic X-ray imaging technique with two dimensional spatial
resolution is one of a powerful-diagnostic tool in pinch and laser—plasma experiment.
The wavelengths ranging from 1to 50 A are of interest for the dense plasmas which
are produced by various z—pinch devices including plasma focus. Various schemes
for the soft X-ray imaging have been proposed using diffraction from a flat single- or
double crystal, a curved crystal, or a layered _synthétic microstructure '* %’

High spatial and spectral resolution are required to observe an intense soft
X-ray emitting core in rapid z-pinch or plasma focus experiment. The core ‘is
sometimes considered as a result of the radiation collapse of the pinched plasmas. |

Here we present a monochromatic 2-dimensional imaging system using a flat

crystal spectrometer with a slit. The results are compared with that of filtered pinhole

camera which enables to obtain a quantitative image intensity measurement with a
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data acquisition system. Simultaneous measurement of the soft X-rays using the flat
crystal imaging system and the filtered pinhole camera makes possible to obtain a
time resolved-and 2-dimensional imaging by the monochromatic soft X-rays

generated by the rapid pinch experiment.

§ 2 Experimental
2-1 Imaging spectrometer concept

The spectrometer described here is Substant:lally identical with the one designed
in a previous paper » In order to obtain an adequate dispersion an RAP (Rubidium
Acid Phtalate) flat crystal whose 2d length is 26.12 A is employed. The use of an
entrance slit (100 ¢ m and 7 mm in width and length) made it possible to spatially
resolved the X-ray source in two dimensioﬁ. The slit was so mounted at the long
side of the slit was in the direction of the dispersion of wavelength. A pinhole of
100 ¢ m¢ was placed at 1 mm from the slit end as shown in Fig. 1. The
magnification of the spectral analyzed image is determined by the ratioc of L 1 to L 2

+ R in the axial direction of the electrode. Fér the radial direction, the image is
same size of the source. The spectrometer in this experiment was designed that the
magnification is unity. To cut off uninteresting emiésions from the sburce, 250 ¢m |
thick foil was adopted at the pinhole and the slit.

After being reflected on the crystal, the soft X-rays from the source were
projected on to the photographic film (Kodak TRI-X). The film was mounted on a
1/4 circle which was centered at the axis of the rotation of the crystal. This
spectrometer was designed to make a mark (a small spot) by a flash of an LED which
can be used for measuring the wavelength on the film. To avoid absorption of the
soft. X-ray, He gas at an appropriate pressure was embedded in the spectrometer.

When the imploding plasma such as plasma focus and z pinch are adopted as

soft X-ray sources, location of the pinched plasma always fluctuates from shot to

shot. This makes any measurement of the wavelength ambiguous, because normally
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we obtain only spectral lines on the photographic film. Deviation of the source
brings some shift of the spectral lines on the film, and so identification of the
wavelength is nearly impossible. To solve this difficulty, the pinhole which 1s
installed on the slit plane in the spectrometer was used for making a pinhole picture
on the same film. The pinhole picture provides a standard to measure the wave
length of the soft X-rays.

In Fig. 1, O is the origin of the coordinate system which is at the point on the
clectrode axis of the plasma focus facility. A photographic film is mounted along the
arc 0’0" whose center is at T, where O' is on the extension of TO. Q' (x 1,y 1)1s
the intersection of the arc and the cxtension of OP. The location of the soft X-ray
source is S which fluctuates around O form shot to shot. When S is generated at (0,
§ ) the pinhole image of S appears at [ (x z, y 2 ). The crystal for spectral analysis
is mounted so as to locate the axis of the rotation is at T (-L, 0).

If we fix the crystal at angle @ , a spectral line projected at Q which satisfies
the Bragg's condition,

A = 2dsin & ' (1)

Therefore, 1Q (=& ) isa function of @ , d and A (or € ). Here we should

obtain A by measuring £ 1 and £ 2, where ﬂ1=65,‘ 9,2=6i Rand L =
21— 2 2. The location of O' can be determined from the spot by the LED. With
respect to the crystal surface Q and Q' are symmetric, and so

Z0TQ' = © =8 -2a )

Therefore the coordinate of Q' (x 1 , y 1) are given

X, = ~{Recos(B -~ 2a) +1L} = —[R cos[% -2a

" Ll 3)

yi = -Rsin(p - 2a) = -R sin{% - 2a] | 4

On the other hand, the equation which pass through S and Q' is written as
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y={tan(8# - a)}x - o 5

Substituting (3) and (4) into (5), and rearranging with respect to &

9= a+ tapt] 70
L X1
. . Q, N
Rsm—l—Za]—a (6)
= a + tan® R
2,
R cos e 2a | + L

From Eq. (1) and (6), we have finally

[/
Rsin| — - 2 - 9
[R “]_

A =2d sin |a + tan’ ) )
Rcos[ - - Z_a] + 1
R
where
Li=0 + 02 (8
) _ _ f Y2
ﬂz—Rr—Rtan(lx2+L|) )
_—(L-2ad)-y(L-ad)>-(1+a*)(L®+ §* - R?)
X2 = 1 + a?
y2 = aXx: - 6
and
h+ o
a:._
L

2-2 Resolution and Dispersion
In Eq. (7), the fluctuation in A is caused from ambiguity of ¢ , @ , § .
Therefore, the incremental change in 4 is described as

A1=(;—:)Aa +(%)?f+%) A6 - (10)

d. 8 .z

where, A2 ,A@ and A0 are ambiguities in measuring of locations in pinhole
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images, the spectral lines and fluctuation of the soft X-ray source, respectively. We

i 2 i

can easily obtain the dispersion, W and the resolution power, 7~ for the

spectrometer from Eqgs. (7) and (8). The calculated results of the partial differentials
by A by £, @ and & around Ar K lines are given in Fig. 2.
2-3 Pinhole camera and soft X-ray source

For comparison a filtered soft X-ray pinhole system was employed. The
system consisted of a pinhole camera, microchannel plate-phosphor screen
combination, a CCD camera, image memory board and a personal computer. To
make a quantitative, and time resolved measurement of the soft X-ray intensity
possible, observation of the phosphor screen current are carried out in oonjﬁnction.
Performance of the pinhole camera system is described in a previous paper *’

The time evolution of the plasma was observed with an image converter camera
in streak mode. The hard X-rays waé momnitored by a scintillator and photomultiplier
combination which was located at 6.5 m from the source and 90 °  from the electrode
axis. The soft X-rays were also observed by a scintillation detector mounted at the
vacuum vessel. The arrangement of the diagnostic tools are shown in Fig 3. A
simultaneous measurement provides that the soft X-ray image with time resolution.

The imaging spectrometer was examined by using the soft X-rays which were
generated by a plasma focus facility with a capacity bank of 4.24 ¢ F. The facility is

described in detail elsewhere. The experiment was carried out at a bank voltage of

55 kV and a filling pressure of 4 Torr H : and 6 % of Ar admixture.

8 3 Experimental Results
3-1 Spectrograph and pinhole images

An example of the pinhole-and the monochromatic image are shown in Fig. 4.
In this figure, (a) is a pinhole photograph which was taken with the filtered pinhole

camera. It can be recognized that there are four intense soft X-ray emissions (hot
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spots) in the photograph. The spectral lines indicated (b) comrespond to four
emissions in which each spot in the pinhole photograph @, @, ® and @ are
analyzed and appear at @', @', ® ' and @ ' respectively. The broadening of the
lines means spatially resolved images of the soft X-ray source. Using Eq. (7), we
can obtain the wavelength of the lines. An L-shaped pattern overlapped partially on
the pinhole image is caused by the direct exposure from the soft X—ray without being
reflected by the crystal.

By means of a microphotodensitometer we measured the location of the
spectral lines the rcsﬁlts are also described in Fig. 4.
3-2 Dispersion and resolution

Using Eq. (10) we can obtain the dispersion and the resolution power of the
spectrometer of calculated results. Each term in the right hand of Eq. (10) is shown
in Fig. 2. In our case, 4 § , the error caused by measurement of distance is less than
0.1 mm, and we have 5' = 1.454 x 10 ~° rad for ba at Ar XVII. It is estimated
that 0 = 1 mm in average discharge. Then we have (d31/31)4 0 =2.60862 x
10 ™%, (34/de)ba = 15468 x 10 % and (31/40)46 = 652 x 107",
However, (41 /3a)Aa and (41738 )}46 do not affect the resolution power of the
spectrometer because those are the errors which appear in the proceSS to identify the
wavelength. Therefore, we obtain the dispersion as (34 /91 ) = 0.6062 x 10 ™* A
/mm and the resolution power 4 /44 = 1500.
3-3 Monochromatic images
| The hot spots detected by various method mentioned above are shown in Figs.
5 (@),(1)(2) and (3). We can easily obtain the images with identifying their
wavelength using the proposed spectrometer as seen (3). The FWHM of the first
peak of the phosphor current, that is (b},(1) corresponds td the emitting duration of the
soft X-ray. The second is caused by the hard X-rays emitted from the electrode
surface after plasma disruption

Spatial distribution of the soft X-ray brightness between the pinhole images
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and the spectral analyzed image are compared in Fig. 6. Argon ions which emit
K-lines are concentrated near the electrode axis. The surrounding region emit mainly
the soft X-ray by the Bremsstrahlung whose spectral band is accepted by the Be filter

and the 1photographic film combination.
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Fig. 5 Time correlation between the macroscopic plasma behavior

and soft X-ray emission in the plasma focus.
(a) pinhole image and monochromatic image of Ar K-iines.
(b) monitors; (1) phosphor current and (2) soft X-ray
signal by a scintillation detector. {(c) dynamic behavior
of the plasma observed with the image converter camera in

streak mode.
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Hot Spots Observation in a Dense Plasma Focus

Yoshio Takahama, Min Han?¥, Takeshi Yanagidaira and Katsumi Hirano
Dept. of Electronic Engineering, Gunma University
Kiryu, Gunma 376, Japan
#%Gas Discharge and Plasma Laboratory, Tsinghua University
Beijing, China 100084

Abstract

| Hot spots in a dense plasma focus are investigated with a time-resolved and
filtered pinhole camera system through Ar k-lines. A Moire Schlieren technique is
used to observe the macroscopic plasma behavior comjunctly. The hot spots are
generated at the disruption of the plasma column by growing of macroscopic
instabilities. On the both sides of the disrupted region, _t}:'ie hot spots appear and emit
intense K-lines of argon nearly for 15 ns. A spatial distribution of Ar K-line emission
with calibration is obtained using the pinhole camera system. The maximum intensity,
~2 X 10" (photons/(s * mm® * mrad® * 0,01%BW)) is observed when 6 % of argon is

added to the 4 Torr hydrogen.

§ 1 Introduction

Intense, small size soft -X—ray sources are required in the fields such as high
density lithography, X-ray microscopy and laser excitation. It is rather easy to produce
the sources by generating hot spots or micropinches in the dense plasma focus or the Z
pinch which were first observed by Cohen et al.' When high Z material is admixed into
hydrogen or deuterium, the soft X-ray emission mainly comes from a small region
known as the hot spots or the micropinches. They are defined as points or a fiber-
shaped region which emit intense soft X-rays, Their typical density and temperature
have been estimated to be 10" cm™ and several hundred €V. The sizes are sub-mm and
mm ranges in diameter and length, respectively.

These hot spots were not observed in discharges with pure hydrogen or deuterium,
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but with heavy element admixture. Several models are proposed to explain formation
of the hot spot a.nd the micropinch, Namely, they are beam plasma interaction and
radiative collapse. However, the mechanisms has not been understood well, in spite of
many studies.

Vikhrev et al ? described that a radiative collapse occurred when a certain
condition among the discharge current, the plasma diameter and the line density of the
column is satisfied. Choi et al * inferred that the interaction between the electron beam -
and small, cold and dense plasma generates hot spots.

Here we present the results obtained by simultaneous measurement of
macroscopic behavior with Moire Schlieren method and the time resolved imaging by a

filtered soft X-ray pinhole camera.

§2 Expcrimcntﬂ
2-1 Plasma focus device as a soft X-ray generator

A Mather type plasma focus device with a squirrel cage outer electrode was
employed to generate soft X-rays. The coaxial electrode diameters are 35 and 80 mm,
rcspcctivcly.‘ The length of electrodes was 80 mm. A quartz insulator cxtcndéd 40 mm
along the inner electrode which was anode. The condenser bank consistcd of 4 X 1.06
# F, 100 kV capacitors. Each capacitor was switched by a pressurized air gap. The
device was operated at the bank voltage of 55 kV and a mixed gas (Hz2 + 6 % Ar)
pressure of 4 Torr. The total discharge current and the plasma current were measured
with a Rogowski coil and a magnetic probe, respectively. The discharge current and its
ringing frequency are 550 KA and 330 kHz when the bank is discharged at 60 kV,
However, th:; current in the plasma column was less than 300 kA at its peak
approximately.
2-2 Pinhole camera system

A soft X-ray pinhole camera with a quantitative image acquisition system is
developed for soft X-ray image observation with time resolution.* It is intended to

compose the system mainly employing devices which can be obtfained easily in
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commercial.

A pinhole image of the X-ray source is made on the MCP (microchannel plate,
Hamamatsu Photonics, type F2223-11P) mrouéh a pinhole and Be and Ag foil filters
(25 tmand 1 40 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.’ It was calculated with taking into account absorﬁtion by the Be + Ag filter and
the detection efficiency for MCP. The combination of the filters and the MCP gives a
pass band between 3.7 and 7A ,which accepts Ar K-lines.

The photoelectrons produced by the X-rays on the MCP are multiplied by the
MCP whose gainlis a function of the applied voltage between the both sides of the MCP.
Then they are accelerated onto the phosphor screen and an image of the visibie light
appears. The visible image is registered in an image memory board (PHOTRON
FRM2-512) in 8 bits through a CCD camera (SONY XC-77). The image data can be
stored both in the memory of the image memory board and on the floppy disk. The
data are processed by the personal computer (NEC PC-9801RA2). A preferable data
processing, such as the 3-D display, is possible by this system. The CCD camera was
operatcd in a mode in which the response of the CCD was proportional to the
luminosity of the objcét. Thc image memory board was modified to be operated in a
single shot mode.

The -electrons, which are emitted from the MCP and carrying image information,
are measured as the phosphor screen current simultaneously. This allows not only to
obtain a quantitative relationship between intensity of visible image and the electron
number, but also to CaIT}" out an effective time resolved observation. Therefore, We
can evaluate number of photons which pass through the pinhole after taking absorption
by metal foil into account. This also allows to give the electron number which is
collected on the phosphor screen after conversion of photons into electrons with the
MCP. We can calibrate the phosphor current itself with same manner. This providcs
an analog measurement for the soft X-rays.

2-3 Auxiliary measurement
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A Moire Schlieren method in framing mode was employed to observe the spatial
distribution of electrons.” A N laser whose pulse width was less than 1 ns was used as
a light source, Soft X-ray emission was monitored by a scintillator—photomultiplier
combination (Nuclear Enterprise NE-142 and Hamamatsu Photonics H1161).

The dynamic behavior of the plasma was monitored by an image converter
camera in streak mode. Hard X-rays are also detected using a scintillator—

photomultiplier combination at 6.5 m and at 90° with respect to the electrode axis.

8§ 3 Experimental Results
3~1 Plasma evolution and soft X-ray emission

Observation was carried out with the tools mentioned above in the radial
direction simultaneously. The current sheet reaches the end of the inner electrode, then
collapses radially and forms a plasma column, At the maximum compression, the
plasma radius was ~ 1 mm. Then the column was disrupted after a short stable phase
(™~ 15 ns) as demonstrated in Fig. 1 a).

In most discharge, the phosphor current consisted of two peaks as shown in Fig,
1 b). The first peak coincided to the disruption of the plasma columh. The second one
corresponded to the hard X-ray signal. The second is ascribed to the hard X-rays
which is emitted from the electrode face bombarded by high energy electrons generated
at the disruption. The first peak is responsible to the soft X-ray imagé observed at the
plasma disruption as shown in Fig. 1 c¢). In the Moire Schlieren photograph taken at the
disruption as shown in Fig.1 d), It is recognized that the region which emits the soft X-
rays is very dense, because the N2 laser light is interrupted by the Schlieren screen
owing to a large gradient of the electron density. The duration of the spot was less than
15 nsec and its diameter was 0.5 ~ 1 mm. In this paper, evaluation of the x-ray
intensity was carried out merely for the first one.
3-2 Processing of the soft X-ray image

The phosphor current, the soft X-ray Asignal and the x-ray image shown in Fig. 1

were taken simultaneously. The spots and the first peak in the phosphor current were
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not recognized in the discharge at all without admixing Argon into hydrogen. It is,
therefore, considered that the spots are the soft X-rays of Ar K-lines considering the
spectral response of the pinhole camera.

After the image processing, we obtain a 3-D display as shown in Fig. 2. The
maximum intensity observed in our experiment is 2X 10"  (photons/(s* mm®* (mrad)**

0.01%BW)), though the intensity showed the shot-to-shot variation of 50 %.

§ 4 Discussion

On the feature of the soft X—ray emission, there are significant diffcrcﬁcc
between discharges with pure hydrogen or deuterium and with admixed impurity of
high Z element. When the pure gas was embedded, soft X-rays are emitted at the
maximum compression and the disruption by growth of macroscopic instabilities. The
emission is recognized from the whole region of pinched plasma for each time. On the
other hand, when 6 % of argon was admixed into hydrogen, for example, the soft X-
ray which consisted mainly of K-lines was detected only at the disruption of the
plasma column.

The effective Z equals two in the 6 % argon admixture, if we assume argon ions
are fully stripped. This decreases the Pease—Braginskii current which is the criterion
for the radiative collapse and ~1.3 MA for hydrogen, to a half.® However, the plasma
current is much smaller than the reduced value in this cxpériment. In this plasma focus
facility, generation of the ion—-and electron beam were observed. The energy of the ion
beam which was typically distributed from 100 to 700 keV with the maximum at ~200
keV in the down stream direction with respect to the discharge current was observed.’
On the other hand, the electron beam energy was distributed up to nearly 1 MeV with
the maximum of 400 keV.® The electron beam was directed to the upstream with
respect to the discharge current.

In this experiment, it can, therefore, be concluded that the hot spots originate
from the beam plasma interaction. There are two spots at both sides of the disrupted

region of the plasma column as shown in Fig. 1 d). It is concluded that the spot far
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from the electrode face is caused by the interaction between the ion ‘beam and the
turbulent plasma, and the nearer one is originated by the interaction with the electron
beam. Choi et al ascribed the mechanism to the generation of the hot spots which is a
direct result of the interaction of only an electron beam and very small, cold and depse
region of plasma,’

From observation of ﬁansition lines of ArXVI and ArXVII, electron temperature
is estimated higher than 3 ~ 5 keV by the calculated result of an electron temperature—

ion state relationship.’
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Observation of a soft x-ray emitting core in a dense plasma focus

A. Yoshida, K. Shimoda, H. Kitaoka and K. Hirano
Department of Electronic Engineering, Gunma University

Kiryu, Gunma 376, Japan

Synopsis

A filamentary core and hot spots with strong soft X-ray emission are observed in a
medium sfze plasma focus facility of working gas of hydrogen with Ar admixture.
Macroscopic plasma behavior and the brightness of the soft X-ray source, hot spots in
plasma are observed with Moire Schlieren Technique and a filtered pinhole camera. it is
recognized that the radium of the filamentary core is in ‘sub—mm range in spite of the
radius of the plasma column is several times greater than that of the core. The

maximum brightness of the soft X-ray is in~1((photons/(s * mm® * mrad® * 0.01 %BW)).

8 1. Introduction

The classical z-pinch experiments which were carried out nearly till 1960, showed
a rapid growth of macroscqpic instabilitics such as m = 0 and m = 1 modc. Those
experimental results were in agreement with the stability theories at that time which
were based on the ideal MHD theory” There are much differences between the theory
and recent experimental results in which pulsed power generators are used as the power
source.

The plasma focus also gives almost same stability with the plasma produced by
pulsed power generator. It is considered that the plasma is quasi-stable in these
experiments, namely, the containment time of the plasma column is much longer than
Alfven transit time through the plasma diameter. Recent experiment in Imperial

College in London,” Los Alamos” and Naval Research Laboratory in Washington®
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have shown remarkable stability.

In the plasma focus experiment, the plasma is carrying a heavy current at the
beginning of the radial collapse already. This means that a rapid rising current is
applied the collapsing column at the beginning of the collapse.

One of the most interesting phenomenon in the z-pinch or the plasma focus is
generation of micropinches or hot spots. They are small region in the plasma column
whose characteristic length is sub mm with several KeV range and have not recognized
in the discharge with pure hydrogen or deuterium, but in gases admixed heavy elements
into them. Radiation collapse or beam-plasma interaction may be acceptable
explanation for the micropinch formation.

The radiation collapse, which is pointed out by Shearer® and Vikhrev® concerning
on the plasma focus at the first, is well known that the plasma column is in a steady
state when the current is equal to the Pease-Breginsky current, Ips. This is the current
when the Joule heating in the plasma is in balance with it radiation loss which mainly
consists of Bremsstralung under assumption that the resistivity is entirely classical.
When the discharge current exceeds Irs, the plasma is extremely constricted and the
density increases, till the plasma obtains a new steady state. The Bremsstrahlung loss
increases with proportional to Z, the charge state of ions, admixture of high Z elements
decreases Ipp. Thereforc, Irs is lower for high Z ions if they are not fully stripped. The
radiation collapse .is considered to obtain an ultra high energy density plasma for
studying not only nuclear fusion but also a source for powerful pulsed soft X-rays.

In this paper, correlation between the dynainical behavior of the plasma and soft X-
ray emission is described when Ar is admixed with the embedded hydrogen as a
working gas. The results presented here require that near the axis of the pinched
column emits fairly strong Ar K lines, in spite of the tens times of the radius observed

through the spatial distribution of electrons obtained with the Moire Schlieren method.
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§ 2. Apparatus

A Mather type plasma focus device with a squirrel cage outer electrode was
employed to produce a high energy density plasma. A schematic diagram if the plasma
focus facility and diagnostic tools is shown in Fig. 1. The diameters of coaxial are 50
and 100 mm. The lengths of outer-and inner electrode were 230 and 280 mm,
respectively. A quartz insulator extended 100 mm along the inner electrode which was
anode. The condenser bénk consisted of 28 X 1.56 u« F, 80 kV capacitors. Each
capacitor was switched by a pressurized air gap. The device was operated at the bank
voltage of 45 kV and a mixed gas (Hz + 2 % Ar) pressure of 6 Torr. Admixture more
than this amount of Ar prevented pinch formation. The total discharge current and the
plasma current were measured with a Rogowski coil and a magnetic probe, respectively.
The peak discharge current and its ringing frequency are 1.3 MA and 120 kHz. An
example of the current is shown in Fig. 2. When the bank is operated at 45 kV, the
current in the plasma column was 0.8 MA at its peak approximately.

To observe the region of the plasma column which emits the spft X-rays, a filtered
soft X-ray pinhole system was employed. The pinhole,r 25 # m in diameter, was
filtered with 25 £ m Be and 1 # m Ag foils. The pinhole camera accepted mainly the
spectra band around 4.0 ‘A which includes Ar K-line, The spectral response of the
pinhole camera is shown in Fig. 3.

The system consisted of a pinhole camera, a microchannel plate-phosphor screen
combination, a CCD camera, an image memory board and a personal computer. To
make a quantitative measurement of the soft X-ray intensity possible, the image
processing and observation of the pﬁosphor screen current are carried out in conjunction.
Performance of the system is described in previous paper.” The timec evolution of the
piasma was observed with an image converter camera in streak mode. A part of the
light was picked up as an analog signal through an optical fiber and supplied fof a

monitor signal. A Moire Schlicren method in framing mode was also employed to
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obtain the spatial distribution of electrons. The soft X-ray emission was monitored
with X~ray sensitive PIN diodes.”

The brightness and the contrast of the Moire Schlieren photograph were subjected to
the influence of reproducibility of the Nz laser light intensity from shot to shot. To
avoid the effect we processed the photograph with a method which we developed.

Details of the method will be described elsewhere.

8 3 Experimental results
3-1 Macroscopic behavior of plasma

A typical example of plasrua.cvolution observed simultaneously with the Moire
Schlieren method, the image converter camera in streak mode and soft X-ray PIN
diode is shown in Fig. 4. In Fig. 4 a), we can recognize that the pinch velocity and the
radius at the maximum compression are 5.0 X 107 cm/sec and 0.15 cm, respectively.
In a duration of ~ 10 ns, that is a containment time, the plasma is disrupted, then emits
a visible light after ~ 30 ns again. The field of view of the PIN diode includes the
face of the inner electrode which might be a source of the characteristic X-rays of
electrode material. Obviously, the soft X-ray signal consists of four part shown in Fig.
4 b), and the first and second peak coincide to the those of the visible emission in a)
with a good reproducibility. |

Figure 4 ) shows Moire Schlieren photographs which were taken at each timing
pointed out in b). The Moire Schlieren photographs were chosen and aligned from a
number of discharge with almost the same soft X-ray signal. It is recognized that the
soft X-ray emission begins before the maximum compression. The first peak
corresponds approximately to the maximum compression as seen from Fig. 4 ¢) ®,
The second peak coincides to the time when the plasma column is disrupted in part by
the growth of the m = 0 type instabilities in part, after expansion in the plasma radius.

At the third peak the plasma column is almost distinguished and so the soft X-rays at
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this instant is emitted from the inner electrode face that might be exited by electron
beam generated with the disruption., The forth signal ascribed to metal vapor which is
vaporized from the electrode by the discharge current. The minimum plasma diameter

is greater than 3 mm.

3-2 Soft X-ray images

The filtered pinhole camera used in this experiment, is a time-integrated one.
However, it is possible to operate as a time-resolved pinhole camera by measuring .the
phosphor current which used to form soft X-ray image on the phosphor screen. The
current provides the shutter duration and timing if images are not overlapped.
The region emitting the X~rays is completely different from the case in which a pure
Hz or D2 is employed. When pure Hz or D2 is embedded, the soft X-rays are emitted
from the whole pinched region depending on the shape of the plasma column, even the
plasma is at the maximum compression or in the unstable phase.” On the other hand,
impurity gas, 2.5% of Ar in this case, ié admixed to Hz, there are two categories
according to the shapes of the soft X-ray signal. As shown in Fig, 5 a), first is that the
one pulse appears in the signal. The second has two pulses. In the former, several soft
X-ray emitting spots are spread as shown in Fig. 5 d). The spots coincide to the
extremely constricted region caused by the m = 0 instabilities as recognized from Fig. 5
c).

In the latter, the soft X-ray emitting region which is narrow and nearly straight is
occasionally observed in the duration of the emission is less than 8 ns. It is noted that
the diameter of the plasma column was approximately 3 mm even in this case. The soft
X-ray images shown in Figs. 5 d) and 6 ¢) are processed and calibrated by a method
which was developed in our laboratory,” The results are Hisplaycd in Figs. 5 e} and 6
d). The intensity of the soft X-ray is two order higher than plasma focus facility whose

bank energy is about one sixth of the present facility,
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The confinement time of the plasma column is measured to be ~ 10 ns. On the
other hand the Alfven velocity in the plasma column is calculated to be 6 X 10° cmy/s.
Therefore, it is possible that the plasma is in a quash-steady state, because the ratio of
the containment time to the Alfven transit time is estimated to be ~0.5 ns. The 2.5 %
of Ar admixture makes Z = 1.5 effectively. This decreases the Ies to 2/3, and so
required discharge current is 1 MA approximately. Therefore the current in the present
experiment is not enough for the radiation collapse. It is, however, no doubt that a

fairly intense cylindrical soft X-ray source is obtained in the present experiment.
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(a)

(b)

Fig. 4 Macroscopic behavior of the focused plasma
a) Streak photograph
b) Visible light and soft X-ray signal by PIN diodes
c) Moire Schlieren photographs
I.LE.: Inner electrode

— 143 —



(a)

50 .ns/div

20mA/div

(mm)
20

photons/{s-(mrad) ? -(mm} *

0.01%BW} .
(1015)
(e) 20 __w____ﬂ 10
10E
0 0
— | E
5 0 5 (mm)

Fig. 5 Correiatioln between the macroscopic behavior of the plasma and soft
X-ray emission
a) Soft X~-ray signal b) Phosphor current in the pinhole camera system

c) Moire Schlieren photograph
d) Soft X-ray image taken by the pinhole camera system

e} Spatial distribution of intensity in 3D display

|.E.:Inner electrode
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Fig. 6 Soft X-ray image and its 3D display

a) Soft X-ray signal b) Phosphor current in the pinhole camera system

c) Soft X-ray image taken by the pinhole camera system
d) Spatial distribution of soft X-ray intensity in 3D display

I.LE.:Inner electrode
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THE RESULTS OF THE STUDY OF COMPACT "GAS-PUFF"™ AND VACUUM SPARK
PLASMA SOURCES OF SXR WITH GLASS~-CAPILIARY CONVERTERS ( GCC )

Alla Shlyaptseva , Victor Kantsyrev , Andrel Inozemtsev
and Oleg Petrukhin

Sclentific Research Institute of Technical Glass,
29 Krzhizanovsky sireet , 117218 Moscow, Russia

ABSTRACT

The results are presented dealing with the the working out
and study of the SZR compact plasma source of new type .
Experimental set up were compact new "gas-puff" source
with parameters being better the traditional ones and new type
of SXR sources - low-Inductance vacuum spark ( ILIVS )
with glass-capillary converters ( GCC ) of SXR. Compact plasma
"gas-puff” source had the high valus of the /) ~ ( 1-2 ).1072
( conversion coefficlent of 1nitial energy supply into SXR) ;
a 11ittle effective gize of emission region and greater resource.

The characteristics of LIVS with GCC were studied . GCC
consistiing of about several hundreds of glass caplllaries
allowed to focus SXR, 1o change the cross section of SXR
beams of plasma sources and to change SXR spectrum.

The possibllity was shown of using of GCC in plasma
dlagnostics of powerful plasma devices : for X~-ray microscopy
and to study the influence of SXR on ths solid state surfacse.

§ 1. INTRODUCTION

The study and the working out of plasma sources of SXR
based on the dense Z-pilnches ( for example, Ilow-inductance
vacuum spark , gas - puff ) has besides the pure scientific
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purposes the appllied meaning 1).By that the basic problem was
to produce the maximal values of energy density E and flux
density q of SXR impulse on the surface of pattern emitted.
As the source of SXR we choose the low-inductance vacuum Spark
{ LIVS ), while this source had high value of the cosfficlent

of conversion of energy flux of the source into SR %, - up
to 0.01, the small effective size of emitted region ( averaged
during the series of impulses d ) -~ Ifew millimetsrs. This

source is a compact one with rather simple consiruction. One of
the directions of development of these sources is the creaiion
of new types of compaci sources of "gas~-puff" conflguration 2}
However, characteristics of all compact plasma source of BSXH
aren't sufficient good for practical applications. On practics
the geometric coefficlent of the use of this emission £
doesn't exceed % = 1073.1t 1s necessary to apply non-selectilve
focusing systems for the spectral range A =1.0-1.5 rm., as
the plasma sources have wide spectrum. Among the
recent X-ray optics of grazing incidence is progressivs
in this spectral rangs. ,

The possibility of transferring and focusing of BSXR from
laser glasma with glass caplilarles were experimentally set 1n
papers later glass-capillary converter ( GCC ) was
constructed  from  few  hundreds capiliaries 6),
The value q= 10° Wisen® (U <1.2 nm ) was reached 1in spot
with 2 mm dlameter .However, the density of SXR energy didn't
gxceed E = ( 2-3 )10 '3J/cm2 what didn't differ from the
value of E for laser plasma at the distance 3...5 cm without
focusing. The better resulis must be obtalined using LIVS ) The
purpose of our Investigations was to work out the new iype of
SXR source, which posses the better parameters 1in -
comparison with traditional LIVS which are needed both for
plasma studies and for X-ray micrography and X-ray

11ithography.
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§2. EXPERIMENTAL SET UF -

The experimental set up consists of new iype "gas-puff"
plasma source - gas plasma source ( GPS ) of SXR ( Fig.t "),
low-inductance vacuum gpark source ( LIVS ) of SXR ( Fig.2 )
and X-ray diagnostlc complex 8 '

d 4
I

A A S -

15
Fig. 1. The scheme of the GPS source
1. Vacuum chamber : 2. Anode: 3. Batcher of ionized gas
liner; 4. Cycle nozzle; 5.Anode edge ; 6. Cathode
T, 12. Vacuum packing ;8. Control block ; 9. Gas block;
10. Conductor; 11. Low-inductance capaclty;

13. Dilagnostilic window;14. Vacuum pumping; 15. Charge block.

- GPS presents itself simplified modification of "gas-puff"
set up with Impulsive gas injection into vacuum chambsr of poor
ionized gas-1like liner. This allowsd to get rid of controlled
intermediate dlscharger between anode and basic low-inductance
capacity. Ancde making as 1radial grazing was plane or had
central edge similar with one in LIVS. The following material
ware used for anode : Al, T1, Fe, Cu, Mo and W. Using impulsive
batcher supersonic "hollow shape" weak Ilonized gas Jet was
created between electrodes which reserved discharge spacing
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caused heavy-current discharge and provided formation of plasma
rope in GPS. The duration of the injection front of gas-like
1iner wasn't greater than 50...100 mcsec. The volume of
inJected gas 18 equal to few cm® . The vacuum was oreated in
'GPS chamber by turbomolecular pump. The Initial -energy supply
reaches 2.9-3 kJ at the capacity voltage equal up to 23 kV, an
amplitude of discharge current Im=220 kA, discharge half-period
- 2.6 mcsec.

1IVS was constructed in scheme using trigger ignition.
_ C The 1nitial
energy supply was up to 2.5 kJ , maximal discharge current was
up to Im=250 kA, discharge half-period -~ 2 mcs. -

1. Vacuum chamber.

' 2. Anode.

\ T 15 | - 3. Cathode knot.
i 4, Camera with dlagnostic
complex.

5. GCC camera.

6. GCC. |

T. Enitted patterns and
detectors.

—;1F : 8. Vacuum system.

' 9, 10. Blocks for control.

11. Low-induciance capaclty.

12. Block of GCC protection.

14

h [ by
b A A A, A A F

Fig. 2. The scheme of the ILIVS source with GCO .
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The dlagnostic complex 1ncludess).sensors with absorption
filters ( from Be, Al or mylar ) and X-ray film UF-VR or
UF-SHC, thermo-luminescence detectors (T1D), X-ray
calorimeters, X-ray pin diodes, three-channel vacuum pinhole
camera, iwo survey spsectrographs with convex mica crystal
(,ﬂ < 1.8 nm ), Rogowsky coll or magnetic probe.

é 3. THE RESULTS OF THE STUDY OF THE PECULIARITIES
OF X-RAY EMISSION FROM GPS AND LIVS
puring experimental study of the dependencies of 4
and spectira on the elsctrods geometry, composition and geomstry
of gas-like liner and the value of maximum dlscharge current Im
the followlng was astablished:

1) The value 4 decreases from 10™* ( for GPS with anode
without edge ) up to ( 1-2 )-10™2 ( for GPS with anode
with edge ) in spectral rangs A <1.5m :

2) The valus ¢ 1Increases from 3-6 mm up to 2-3 mm
(in correspondence with (1) ) In the same spsctral range.
It was observed that at the same time with weak brightness

in SXR diffusion reglon with size of a few mm, two kinds of
the small emitting formations ( micropinches ) were observed:
subplasma points with size 500...1000 mcm and plasma points
with size less than 200 mem ( lowsr 1limit - 30 mem ). By that
plasma points werse observed only for anode with sdge but
subplasma ones ~ In both cases ( see Fig.3 ).Ths pscullarities
on current waveforms were corresponding to plasma points
formation were observed 1n 80-90% dischargss.

Spectirum of GPS depended on composition of gas liner, the
value of pressure In batcher and the presence of anode adgs.
Without edge spectrum contains iIniense spectral 1lines of
maltiply-charged lons of linear plasma ( for example , He~1like
AT ) and sometimes weak 1ines of ions of anode ( for example,
Ne-1ike Cu ). the presence of the edge caused the appearance of
intense lines of anode plasma ( see Fig. 4 ), which could
exceed In Intensity the lines emitted by gas-liks liner.
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Fig.3. Pinhole photographs of heavy-current discharge in GPS.
Anode - Fe, gas - Ar, Im= 200 kA ( maximal discharge current );
On the right - without central edge, A/~ numéber of crmpulses
on the left- with central edgs. for- one pholo.

_ Find

KaFe M Kpte He (F.) ’
U I Tﬂ ] Tt

03 Qs Q7 04 14 7\ (V\Wﬂ
Fig.4. X-ray spectrum of GPS plasma.

Spectrum contains spsctral line of gas-llke liner plasma
( gas - Ar) and spectral 1lines of plasma of

anode material vapor (anode - 8tyle , with central edge ).
Maximal discharge current Im=220 kA.
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Maximal intensity of emlssion was in the speciral range
4 =1.0-1.2 mm. |

An explanation of phenomencns obsserved may be caused by
the fact that there 18 mixed regime of micropinching which 1is
realized : by which during the typical discharge there are
. conslistently appeared both subplasmas points in plasma of
- injected cycls-like liner and the plasma points in plasma of
anode material vapor when anode being with edge. This 1s
pointed also on with the fact of weakK dependence of Z on
gischarge numbers N > 10000 and therefors on the small wear
of anode edge. The later speaks about the Improvement
characteristics of GPS in comparison with LIVS: for LIVS the
number of plasma points and valus of 2 abruptly falils at
N > 100 - 200 . _ '

The striking peak dependence of 2 on Za for LIVS
was experimentally observed®) 1in the spectral SZR range
A <1.5mm ( Fig.5 ) . The similar dependence 7. ( Za )
was observed for lasser plasma 9-10) | 4s Te increases the
peaks move to great Za.

"

Uit
iOl-

8 5 g - 4.5 mcm Al
(Al = 1,24 1m ).
—+—s—o— - 30 mcm Be
(Alin=0.90 Tm ).
4-._-5..*- 300 mcm Be
(4= 0.60 1m ).
!; —e—0— - 130 mcm Al
] (#ein=0.13 mm ).

o3

02y

Ol

{07 201 | 130 40y . 450 80 70} 80r G0
!qe TI ’r;-ra, OJ\MO ffn tw rPB %

Fig. 5. The dependence of @ (za ) for LIVS &),
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The analysis of spectra of multiply-charged ions (Fig. © ) and
imagines of discharge spacing made using pin-hole camera has
shown that the basic contribution into formaiion of dependence

(Za) and the total intensity of SXR was caused by linear
radiation of multiply-charged ions of plasma points. The
mechanism of formation of dependence 41 (Za) was analyzed 1In
paper ) and 1t is the same for all plasma sources.

oF

oy
~
n

ek .14
’

5406 &

o6 (tzp i 4r)

rATC hau ot
/334

1s3pP - fo2)

—Yi2p

-
&

— EISE T
— 6,44

— &32 F ffs%p- £5%)

,/) |

Mo 18 &V

| Fig. 6. X-ray spectra of multiply-charged ions of LIVS.
The spectra of LIVS contain the lines of multlply-charged ions
with nuclear charge up to Z—T4 (W XXXXIY ) and d1onization
potential up to 8 keV ( Fe XXIV ). The maximal value of éﬁ =
0.01, maximum number of plasma points in discharge ( up to 4-5
) and minimal size d ( 0.5 - 1.5 mm ) were reached at the value
of current Im = 150-230 kA and spac between electrodes I=6-8
mm ( for anodes from Fe and W ) '), The most Informative
X-ray spectra were obtained using anode made from Mo. Using
survey spectrograph we obtained X-ray spectrum emitted by mo
ions in spectral region beginning from 4.4 A up to 5.4 A
containing more than 10 lines of X-ray multiply-charged ions.
They belong to Ne-1ike ilon ( Mo XXXIII ) and F-like ion ( Mo
XXXIV ). Then using another focusing specirograph we recorded
narrow spectral region 4.8 - 5.2Awith improved brightness what
allowed to resolve more number of lines.
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i§ 4., GLASS-CAPILLARY CONVERTER ( GCC )
‘ AND NEW TYPE OF SXR SOURCE .

In the present paper we constructed GCC on the basis of
GCC made in paper g) It consists from 450 glass caplllaries
with imner diameter - 400 mcm, outer diameter - 500 mcm, length
- 500 mm ( Figs. 2,7,8). In GCC the total reflection of SXR
from the Inner caplllary walls by the grazing incidence of
radiation. The focus of GCC was equal to 60 mm. The diameter of
the smallest focusing spot was equal 1o 1.2 mm. On Fig.9 1t 1s
shown in what way SXH is transmitting along capillary.

B

L

Fig.9. X-ray wave guide With multiple emission reflection .
J%”;-critical wavelength of SXR ; QL; critical glancing angle.

The scheme of the one among Ifirst experiments dealing with
focusing of laser plasma SXR 1s shown on Fig.10. The dependence
0f spectral transmission of single glass capillary is shown for
various X-ray filters on Fig.11. It appears in our experiments
to be possible to use GGC only In the spectiral range 0.67 -
1.5 nm where protecting filters existed ( Be-folls and mylar

films ). Using such filters the device was constructed for
protection of entrance window of GCC. Than the combination of
improved LIVS and GCC was achieved: the spectral tiransmission
range oI GCC corresponds to the maximum of speciral Intensity
of LIVS with Fe anode ( colinciding to the maximum of # (Za) ; d
1s close to diameter of focusing spot of GCC.
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1. Glass caplilary. 4. Hol plasma.

2. Suppoerting perforated 5. Detector of
membranes and bearing bars. irradiated pattern.
3. protective block. 6. SKR

F1g.7. Block scheme of GCC. F1g.8. The outside diameter

of GCC.
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1. Laser plasma

. Glass tube

Base cassette
Control cassette
Upper chamber '
Lower chamber

. Positioning window

e LA L I R F% B AV

- Fig. 10. The scheme of the one among rirst experiments
with focusing of SXR using a single glass capillary 4)
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Fig. 11. The speciral transmission of GCC :

without filters { _ )
and with protective filters :
from t mcm mylar ( — — — —)

from 15 mcm Be (— o —— e —).
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%; 5. EXPERIMENTAL RESULTS OF THE STUDY OF NEW COMFACT

A SOURCE OF SXR AND IT'S APPLICATIONS

The size of Iocusing spot was dependent on the specirsl
region of registration ) (at A 1im= 0.9 nmup to 1.3 mm ) (
Fig.12).. The value of E , measured by TLD , varied from
15...30 up to 0.3 mi/cnf.The value of the coefficient of:
concentration — K ( the ratio of energy density E in focusing
spot to E at the same distance from plasma without focusing )
reached to K=30 ( Fig.13 ). The measuring or SXR impulse
duration allowed to estimate the value of q-10 Wt/cn 7)1n
comparison with 10° wt/en® in paper ), Tnis coincides with
estimations of calculations of radiation loading on the mylar
film with width equal to 3 mecm which caused 1t's partial
melting 1in focusing spot what was Treally-—obzerved - in
experiment. The values-q-and E. - obitained.in the present papers
are typlcal.for .experiments with. . synchrotrone sources.

.Phe gtudied source-of SXR.was- .used. in . high- - resolution
biological‘microscopy”of non+eolored=-histelogical- shears .of
MX—ray Iilm ( Fig 14 ): or on- the X—ray resist. The 1image
regolution was. achieved equal-to 0.2 mcm. |
o The- hew -source .0f SXR was:also-used in radiative physics
of dieleciric-and.- -gemiconduciors - surfaces. A% doze of SXR
greater. than 0.1...0.2 J/cmzit was observed :the effects of the
_changing,eiageloring”or_electrocnromic. -alkaline - tungsten and
niobium phosphate glasses and the changing of .stecheometry of
-surigce_ieyers,or-ehalcogeniderglaes~1ikeqwsemiconductore. The.
effects found could be-used.in technology-of .microcircult and
Integral-optical-circuits production. - - - About the progress
in GGG :.development: . the - flexibility of - the: glasg-capillary
focus system form gives an opportunity.to-concentrate SXR from
not only point SXR sources but from ones -with extended emltted
reglon ( -for example, gas-puff ). It 1s possible-to change the
form of cross-—section of-SZR beam. In the .last case the system.
‘Wworks -as glass-caplllary-converter which. can be applied for
investigating of temporal behavior of. space distribution oI SXR
of plasma. Such device is shown on FI1g.16 .
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1.5mm
‘ —
Fig. 12. Pictures of focusing spot of LIVS SXR for
various value of Héim :
a) Apim=0.9mm ; b) Aeim = 0.65 m ; o) Jnm = 0.53 mm
b) Picture was made through metal wire with thickness 100 mm.

-E-sxn;' R
(m Fe
le
30
40 -
i -
0.4 f "

053 085 09 Loim )

Fig. 13. Dependence of averaged energy density in impulse -
in focusing spot ( Eqynp ) On wavelength cutted by filter ﬂec'm‘
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Fig.14 . Microroentgenograms made on X-ray films of
non colored shears of liver . The thickness of

the shear - 5-7 mcm; exposure - 1 L/VS shot.

{. GCC. 5. Protective block.
2. Scintillator layer. 6. Image converter.
3. Fiber-optical disk. 7. Plasma .
- 4, Vacuum shell.
Fig.15 . The block scheme of transforming module made
on the basis of small GCC.
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The results of experiments of use GCC for powerful device
. -anode .

Ntim=08mm  Aoim=1.0nm

Tcathode.
A Fig. 16.
a) Scheme of wire anode from Pd-wire with thiclmess 20 mcm ;
b) Vacuum—pinhole phOtO of emitting region of discharge ’
¢) Image in GCC focus.

K |
30 7 . 1 Ag (,I’-/)mcU
60 - ' .ﬁmax‘ﬂ?anz
501 [ Fe (LIVE)
20 - % Amax=1.0nm

‘;& w(, X-pinch p,

14 - | YV Amex <055nm
0.5 10 15  Abim

(rmy

Fig.1T. Dependence of the concentration coefficient K on
value of wavelength cutted off by filters.
K= Esx'rf/ Esxr ; Esxrr' eNnergy densit_y in Iimpulse
In focusing spot ,Eqyn.p- energy density in impulse

without focusing at the same distance;

/? Mmax - wavelength which corresponds to the maximum

spectral distribution of the source.
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It transforms SXR in visible emission at.the entrance window.
" of IC ( image converter ) and has the changing cross section.
In our work focusing GCC was used for sindy of emitt1n§
“reglon structure of powerful Z—pinch source of X-pinch typ

{ Fig.16~).from Physical Lebedev Institute. Energy on the wire
'X-loading ( from Al, Cu, Pd, W ) was up to 3 kJ, voltage was -
U < 300 kV,. Imax= 250-KkA,. uyAAGD nsec. It was shown ( Fig.1T)
that the. value of concentration coefficlent K can. achieve 80

( when maximum of spectral distribution of source intensity
and GCC- transmission -are at. the same time .).GCC worked as
X-ray -lens . transmitting an image. in the scale1 : 1. .

On Fig.16 an image of X-pinch from Pd-was observed with use
orhgene:al pinhole camera and in focus of .GCC. The presence’

of some detalls are observed on- the images. behind GCC which
weren't seen on- the. iraditional pinhole plctures.

The-very important\peculiarity of GCC for high-temperature
plasma diagnostics-is-that GCC could work as:.filter of hard
X-ray.emission ( . 4 < 0.1.- 0.01. A )-and decreased 1t in
100 - 1000 -times.

-In our:work some properties of simple: GCG { without
‘concentration of. SXR- ) called by us as "rope" type GCC.

These are GCC in the form of capillaries packet with.
‘changing cross.section ( Fig.15.) and the ™rope" type GCC
with cycle cross section. The deflection of the "rope" type
GOC  1s assumed over the angle up to 45-90 -from axis, inner
diameter 1s-greater 40-50 mecm, outer diameter 1s greater
80-100 mem, length is up to-1 ~ 1.5 m. The "rope" type GCC
were studied with use of our compact plasma source- - LIVS

( Fig.2 ). It was founded that the number of x-ray quanta

( during single LIVS shot ) in:spectral range /4 < 0.7 mm
at the GCC exit 1s sufficient for registration onto the
special X-ray f1lm of UF—VR and UF-SHC type that is the film
Iuminescence 1is > 10 Q/cm2 The divergency of SXR

behind GCC was 5 1072 Rad by the working with LIVS at

the distance from GCC exit window -~ 120 mm.

Such characteristics allowed us 10 apply simple GCC of
the "rope™ type in plasma diagnostics for study plasma source
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. emitting region structure as -the filter cutting off hard
£-ray; for study-temporal-structure of SXR lmpulse .

for example it can-be used as cheep single-used filter for
SXR-sensors and spectrographs protecting them from destructive
plasma action and hard X—ray in experiments with powerful
plasma devices
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Common Understandings of Phenomena in Z-pinches
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ABSTRACT

Common problems which are observed'in gas-puff z-pinch
experiments are discussed. The crowbar of plasma current is
bbserved in z-pinches which automatically occurs due to
shortcircuiting near the powerlfeed. The emissivity of x-ray
increases with Z of the operating gas. The higher the Z of the

gas, the larger the input energy during the contraction.

l. INTRODUCTION

Contemporally z-pinches are characterized by the gas-
puffing[l] and the use of pulsed power source[2]. Separation of
plasma from the chamber wall provides less impurity invasion and
easiness of its handling. And the use of pulsed power technology'
suppresses growth of instabilities and enables the efficient
power injection.

Applications of z-pinch plasmas have been suggested for

realization of thermo-nuclear fusion, intense x-ray and particle

* Present address : Mie Works, Fujitsu Limited.
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source, generation of high magnetic field and electric devices.
Among those applications the z-pinch is especially an efficient
power converter into soft x-ray range of radiation.[3] Useful
applications as x-ray sources are Xx-ray laser and x-ray
microscope. A contact soft x-ray radiography has been
demonstrated.[4]

Here some common observations which occur in z-pinches are
presented. They contain important problems in view of the z-

pinch application.

11. SNOWPLOW CALCULATION
The contraction process of the z-pinch plasma is well

described by a simple one dimensional snowplow equation.

2
N LA B o
dt 4nr

dat
where M is the mass collected, r is the plasma radius and I is
the total plasma current. For simplicity the current I is set té
constant. The characteristic time of the radial motion is

tu_(M’EMo)U:ﬂ (2)
Ko T

where M, is the total mass and r, is the initial radius. Two
extreme cases are compared, i) uniform gas distribution until
the gas-puff radius and ii) initially fully ionized hollow
plasma at the gas-puff radius. The pinch times t, for both cases
are calculated as i) 0.931t, and ii) 1.253t,. The radial motions
of these cases are shown in Fig.l. The gas-filled pinch shrinks
at almost constant velocity at first. On the other hand the

hollow pinch increases its velocity, then it surpasses the gas-
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Fig. 1. (a) The radial motions of the gas-filled z-pinch and
the hollow gas-puff z-pinch. (b) The radial velocities of
them.

— 165 —



filled one and finally collapses stronger than that. In order to
obtain higher final speed for a fixed final radius, the hollow

gas-puff pinch is better than the gas~filled one.

l1l. OPERATING REGION

The operating region of a gas-puff z-pinch is divided into
three regions depending on the time of discharge t; from the
gas—puffiné. Figure 2 shows the anode and the cathode currents
of SHOTGUN z-pinch[5] measured at the maximum pinch (when x-ray
signal peaked). In the region I the amount of gas is not enough
to start discharge smoothly. This is vacuum-like discharge. The
discharge itself is unstable and it delays randomly from the
applied voltage pulse. The region II is normal z-pinch discharge
between two electrodes. Both‘currents are almost the same at the
maximum pinch. The pinch occurs within the increasing current
accompanied by strong x-ray emission. After the maximum pinch
current or maybe the zero-crossing voltage the crowbar occurs
near the power feed. It is due to inductive energy storage into
the plasma region. In the region III two currents are separated
before the maximum pinch. This means that the crowbar occurs
near the power feed before the pinch formation. This is the
region of plasma focus-like discharge.

In the pulsed power z-pinch LIMAY-I a similar phenomenon
was observed.[6] However the operating regions were complicated;
(a) internal self-crowbar after the maximum pinch, (b) self-
crowbar after the voltage pulse and {(c) self-crowbar at the.
onset of the voltage pulse. The plasma in the region (a) may

have a structure like spheromak. In the region (b) x-ray
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Fig. 2. Three operating regions of the SHOTGUN z-pinch are

represented by the time of discharge t; from the gas-puff
detection.
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emission followed by the maximum pinch was observed.[7]

1V. X-raY EMISSION

Figure 3 shows x-ray photographs of Ne, Ar, Kr and Xe gas-
puff z-pinch plasmas taken with four kinds of absorbing filters
simultaneocusly. In the Ne pinch the x-ray image is seen in left
two frames. It is seen in three frames in the Ar pinch, and it
is seen in the right end frame in the Kr pinch. The hardest x-
ray image becomes intense in the Xe pinch.

The x-ray emission intensities were compared in Fig.4 with
two kinds of Al filters for Ne, Ar and Kr z-pinches. The data.
shows the effective radiation temperatures of the three z-
pinches do not change so much, but the intensities apparently

increase with Z of the operating gas.

V. POWER INPUT INTO Z-PINCH
A simple series circuit equation with a capacitance C,

registance R and inductance L is shown as
d 1
—(LI) +RI +=[1dt 3
dt Cf )

Here I is the current through the circuit. The inductance L is
composed of the external and the plasma inductances, and there
is no mutual inductance between them. The voltage V of the

capacitance 1is obtained from the current I as
v 1 Idt 4
--2f (4)

Then the net power and the energy inputs into tha plasma is

calculated as
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P =VI-RI® (5)

AE=det—%LIz (6)

Using the known values of R and V(0), the temporal evolution of
VvV, P and L are calculated from I. Figure 5 shows the maximum
plasma inductance L, the minimum average plasma radius I,
calculated from L, and the energy input AE as a function of Z of
the gas. The energy AE increases with Z, which is a direct
result of increasing L,, hence decreasing r,» One of the reason
for this may be some stabilization effect acting on high 2z z-
pinch during contraction, and it makes possible of reaching a

small pinch radius.

V. SUMMARY

Depending on the time of discharge from the gas-puffing,
the operating region is devided into several regions. The
crowbar of plasma current occurs automatically after the maximum
current or the voltage pulse is turned off. This is due to the
shortcircuiting near the power feed.

The z-pinch plasma with higher Z contracts to a smaller
radius on the average, and it gains more energy during the
contraction. Then the emissivity of x-ray increases with Z of

the operating gas.
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High Resolution Diagnostics of Intense Ion Diodes
and Key Issues for Bright Light Ion Beam Generation

Kazuhike HORIOKA

Department of Energy Sciences Tokyo Institute of Technology
" Nagatsuta 4259, Midori-ku Yokohama 227, Japan

ABSTRACT

Progress in the diagnostic techniques of high power vacuum gaps has stimulated
‘the development of analytical and numerical calculation of the diode physics. These
developments have made clear the diode physics and key issues for bright light ion
beam generation. In this report recent diagnostic techniques of the acceleration gaps
are reviewed and those issues are briefly discussed.

1. INTRODUCTION

Until recently three types of diode configurations have been developed for high
power ion beam generation. They are pinched electron beam diodes™ reflex triodes™®
and applied—BG)'“) diodes. In general intense self fiel in the acceleration gap of high
power diode induces unstable diode behavior thereby severely degrades the ion beam

quality.
The applied-B diodes are less sensitive to the induced self field because the diode

insulation fields are supplied from controllable external circuits. Thus the applied-B
diodes can produce most efficient and bright ion beams. Although they can be
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operated at TW beam power level they still have some drawbacks; such as impedance
collapse of the gapcs) and instability of cathode electron sheath.

2. Development of Diagnostic Techniques for High Power Diodes

Although we needed the understanding of the physics of applied-B diode it had
not been understood exactly because of difficulty of the diagnostics. The acceleration
gap is exposed to the high electric and magnetic field stress and the electrode plasma is
locatized and highly nonequilibrium. The equipotential surfaces (Virtual Cathode) are
formed by electrons which drift along the magnetic fiel lines. Generally the electron
cloud changes its distribution with nsec time scale. Thus the optical diagnostics are
most suitable for the observation of the gap dynamics.They must have nsec-level
temporal and mm-level spatial resolution with sufficient signal to noise ratio.

2-1 Spectroscopy

In order to estimate the parameters of anode plasma and the gap dynamics various
spectroscopic techhniques are developed. They are the observation of the broadening
(Stark or Doppler) and shift of the hydrogen balmer line the ion line emission of C++
or doped Al++. ' '

The electron density,m temperature an expansion of the anode plasma was
measured with the width and/or intensity ratio of those visible spectral lines.
Measurements of electril field distribution in the gap(s) showed that the field-excluding
anode plasma expands early in the pulse. This cause gap closure and temporal
impedance collapse in the applied-B diodes with surface flashover passive ion source.®

The ion transverse-velocity distribution was measured by observing the Doppler
broadened C++4647A or Al++3602A spectral line emission from the anode plasma or
from the gap region.(w) The estimated divergence angle in the gap was significantly

smaller than the value measured outside the diode gap. This fact suggests the beam
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divergence induced by the instability of cathode electron sheath.

2-2 Laser Techniques

Laser-based diagnostics are developed for the investigation of the particle
distribution in the diode gaps. A N2-Laser shadowgraphy a Ruby laser
interferometry(m
were used for observation of the electrode plasma dynamics. The resonant

. . 12
a resonance interferometry and a resonance scattering method?

interferometry detects the population difference and the resonance scattered light
reflects the ratio of the population.These techniques could allow direct determination of
the particle distribution in the vacuum acceleration gap.

Obtained results qualitatively support the anode plasma expansion mechanism
induced by the energatic neutral particles in the gap.(2(3(14
that to increase the operation range of the diode, a high flux capable of providing high

current, neutral free and high purity plasma source must be supplied.

So this fact suggests

2-3 High Resolution Mass-Energy Spectroscopy

Formerely the beam composition and its energy spectrum had been measured in the
drift region by use of Faraday caps placed at different distances from the diode or by a
Thomson parabola mass spectrometer with CR-39 as a time integrated detecter.

Atime resolved energy spectrum of extracted ion beams provides critical
information on the dynamics of the diode gaps. A Rutherford scattered magnetic
spectrometer measures energy-momentum history of the ion beam."® PIN detecters
have given us a time-resolved divergence information. It provide experimental
evidence for the existence of electromagnetic fluctuations. With a correlation of ion
beam energy sprea and momentum in the PBFA-II diode, it was concluded that the
wave particle interaction was a major source of the beam divergence.

The time resolved energy distribution of the extracted beams was measured by a
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Thomson parabola mass-energy analyzer with modulated electric field"” or MCP
detecter.!® An arrayed-"% and a multi-*? pinhole mass spectrometer are developed to
measure the ion beam micro-divergence with spatial resolution. Those temporaily and
spatially resolved spectrum of the ion beams also clarified the cause of the beam

divergence induced by the charge exchange process and the electromagnetic instability.

2-4 Estimated Physical Parameters of Diode Operation

Typical values of the diode physical parameters are summarize in Table.1. By the
optical measurements a large amount of emission of neutral particles are observed in
the initial phase of passive diode operation which severely degrade the diode
characteristics. The total charge in the A-K gap must remain zero. Thus if unlimited
ion supply is afforded from the anode plasma it brings bootstrap behavior in the gap ie,
increase of the ion charge induces the electron buildup and the virtual cathode
motion to the anode which further induces the ion emission. The movement of
virtual cathode induced by the diamagnetil effect of the electron causes the rapid
impedance collapse. The fluctuations and nonuniformity of the electron flow were
measured using X-ray emission from the anode in a long pulse applied-B diode.® Tt
was concluded that a low frequency instability induced by the cathode plasma
filamentation caused the fluctuations.

In order to avoid the charge builup in the acceleration gap, active diodes with flux

limited source plasma supply®™ and two-stage acceleration gaps©were developed

and successfully operated.
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Physical Parameter Measured Values Dianostics

- PO Ha, HP Stark
Electron Density; 15 _4p16. -3
ectron Hensiy - ne 107°~10""em © B adening(7)(8)(9)
T N 5 ~ geV Spectal Line Ratios,
emperature; a a CRE-Model
. . Resonant Interferometry(12}
Plasma Expansion;  VH,VD 2~3cm/p sec ‘Spectral Line Emissions
Ion Temperature; Ti 20~ 80eV Doppler Broadening {(10)
Transverse Velocity; Vi 200eV(Vd~300kV) Doppler Shift (10)
Neutral (Density)  Nn 1016~1017cm'3  Hook Method, CRE-Model (9)
H(n=2); 1015cn1'3 LIF (12}
Energy; Eh 10¢~103ev Mag. Detecter
. Ne 1019 /5hot Fast Ionigage
Emmision; .
Surface Evaporeation; 103~10% Layer =~ Pressure Jump
Electric Fieldd: E ~MV/em Stark Shift {13}

Table.l Typical Values of the Physical Parameters
of High Power Applied-B Ion Diodes

3. Progress of the Analytical Understanding and Numerical Simulation of
Diode Physics

The theoretical tinderstanding of the physics of applied-B diodes has been rapidly
improved. A 1-D electrdmagnetic PIC diode code combined with an external circuit
was developed to simulate the impedance hystory of the diode.*” A 3-D particle
simulatio®
diode gap.A new model based on a self-consistent calculation of the diamagnetic effect
on the virtual cathode location appears to explain the previously discussed scaling

laws of the diode impedance. These theory also enabled us the quantitative

and analytil ;heoﬁes(26)have provided a new insight into the physics of the

comparison of the results with experimental values of beam divergence. A qusi-
linear stability analysis provided new insights into the physics governing low

frequency beam divergence induced by ion streaming.®”

All of the above analyses indicate that the suppression of electron buildup in the

gap and higher insulation magnetic field are critical for suppression of impedance
collapse and the harmful low frequency electromagnetic instability.
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A schematic of the applied-B diode behavior is shown in Fig.1. A sufﬁéiently
strong axial magnetic fiel is applie to inhibit the electron flow across the gap. The
diode impedance generally starts out very high. The E=0 surface (Virtual Cathode) is
tie to the Ay(Vector Potential)=0 flux surface. Electromagnetic fluctuations“®induce
variations in the energy and momentum of the electrons thus allowing them to cross
the insulation fiel lines. As the electron charge accumulates in the gap the virtual
cathode position moves to the anode thereby the ion current increases and the

impedance decreses rapidly. By considering total flux the position of virtual cathode
is derived self-consistently. '

ANODE | CATHODE

Chargs Exchange Electromagnetic Instability

Diocotron Mod

| [on Trqnsit
: |
NEUTRAL LAYER
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CATHODE
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accelfEraTION GAP”
E=MV/cth

Fig.1 Schematic of Applied-B Diode Behavior
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Eerly in the diode time a high frequency (diccotron) sheath instability is dominant,
however this mode dose not produce large divergence because of its high frequency.
The low frequency ion transit modes result in a dramatic increase in the ion

divergencem)

4, SUMMARY

Advances of diagnostic techniques and experimental evidence obtained by using
those methods stimulate the developments of the analytical an the numerical analyses.
Those developments seem to have promised us to generate 10*W/cm? level high
power density light ion beams.

They predict that to control the impedance hystory and to suppress the beam
divergence caused by the cathode sheath instability, a high purity, flux limited source
plasma supply anfhigh insulation field are critical factors.

From recently advanced experimental and theoretical results, we can make rather
- classical criterions for bright ion beam generation. They are,

1 limited supply of high purity ions from well controled anode plasma, and

2 toinhibit the charge accumulation by placing an electron limiter’® by
applying higher magnetic insulation field in the gap.

In fact it was reported that 0.8TW level proton beam extraction was possible with
more than 90% ion current efficiency and 76% diode electrical efficiency by a
preformed, limited supply, high purity ion source and high insulation field diode
configuration.®”
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BEHAVIORS OF PLASMA ARMATURE IN THE AUGMENTED RAILGUN
USING A PERMANENT MAGNET '

S. Katsuki, H. Akiyama, S. Maeda

Department of Electrical Engineering and Computer Science
Kumamoto University

ABSTRACT

Augmentation of the magnetic field for electromagnetic raiiguns is a quite effective
method to suppress the ablation of bore materials since it allows to decrease the .plasma
armature current without a Aecrease of the Lorenti force for the acceleration. Another
constructive effect of the augmentation on a plasma armature was observed in our
experiment, that is to say, an external magnetic field for the augmentation compresses the
plasma armature in the axial direction and éuppresses the broadening of the plasma armature.
In this paper, the behavior of plasma armature in the augmcnied railgun using a permanent

magnet is investigated in comparison with that in the railgun without the augmentation.

§1. INTRODUCTION

Ablation of bore materials due to an energy flux from a plasma armature? is one of
serious problems that must be solved in order to increase the projectile velocity and achieve
repetitive operations of plasma armature railguns. Augmentation? of the magnetic ficld for
electromagnetic railguns is a quite effective method to suppress the ablation of bore
materials, since it allows to decrease the plasma armature current without a decrease of the
Lorentz force for the acceleration. Generally, an augmented railgun is composed of rails and
a several turned coil along the rails, The coil is electrically connected to the rails in series,
and therefore the magnetic ficld between rails is augmented automatically. A super-

conducting coil® has been used for augmentation.
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A permanent magnet can be used as the augmentation device for the railgun driven by a
relatively small current in the range of 10 kA, for instance, for a pellet injector?-9 of the
magnetically confined fusi-on reactor. Using a permanent magnet has the following
advantages in comparison with using augmentation coils: 1) the efficiency of system
increases, 2) since the magnetic field is constant, a larger Lorentz force can be generated even
when the current is small, namely, during the rising or decaying phase of current, 3) the
system becomes simple and compact because a power supply and a timing apparatus are not
used for making the additional magnetic field.

We have developed an augmented railgun using the permanent magnet, which has a 5
mm square bore and is 50 ¢m in length. The magnetic field in a space between rails, which is -
produced by the permanent magnet, is 0.53 T and uniform. Also we made another railgun
without the augmentation, wlﬁch has the same dimension as the augmented railgun. Both
railguns use the Plasma Initiation Separated from the Projectile (PISP method)”® instead of
any preaccelerators to decrease the ablation of bore materials in the initial phase. From
comparisons between two kinds of railguﬁs, the perfonﬁance of the augmented railgun using
a permanent magnet is much superior to that of the conventional railgun without an
augmentation in terms of the achieved projectile velocity, the erosion of the rail surface and
the reproducibility of operation, even though the same maximum Lorentz force is used for
both railguns. Another constructive effect of the augmentation on the plasma armature was
observed in our experiment, that is to say, the plasma armature was compressed in the axial
direction and the broadening of the plasma armature was suppressed in the case of the
augmented railgun using the permanent magnet.

In this paper, the behavior of the plasma ammature in an augmented railgun using a
permanent magnet iS investigated and compared with that in the railgun without the
augmentation. In order to investigate the influence of the external magnetic field applied by
the permanent magnet on a plasma armature, the current density distributions are calculated
from the experimental signals of B-dot probes. The Jansson's method®® is used to
deconvolve the signals of B-dot probes to determine the current density distribution in

plasma armature.
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§2. AUGMENTED RAILGUN USING PERMANENT MAGNET

In conventional railguns, the Lorentz force due to a driving current, 7, is given by

F==L'I? ‘ : (1)

=

where L’ is the inductance per unit length of the rail pair. Though the decrease of driving
current flowing through the plasma armature seems to decrease the ablation of bore materials,
the acceleration of the projectile by the Lorentz force decreases with the square of the driving
current, simultaneously. Therefore, a decrease of the driving current would degrade the .
performance of railgun.

Figure 1 shows the schematic configuration of an augmented railgun. In the augmented
railgun, the Lorentz force, Fy,, is expressed as

Fmg=%L’Iz+IBga‘, 2)

where B, is the external magnetic field in the space between rails using an external magnetic
device and d is the separation between the rails. The external magnetic field allows a
decrease of the driving current without de-creasing the Lorentz force. As a result, a decrease
of the ablation can be expected by using the external magnetic field. If the propulsive
pressure is limited to a critical value, P, then the Lorentz force, Farg, is limited and a critical

driving current, ., is obtained from Eq. (2}, such as

L=4 (_Be +yB2 +2L'P; ) 3)

U

Figure 2 shows the dependence of the critical driving current on the external magnetic field
for L'=048 pyH/m and d=5 mm. The limiting pressure, P, due to the yield strength of
hydrogen pellets might be 6 MPa.® 1t is clear that the larger the external magnetic field for
the augmentation, the smaller is the current required to drive the railgun.

Figure 3 shows a comparison of the driving current and the calculated Lorentz force for
a conventional railgun and an augmented railgun using a permanent magnet. If the external

magnetic field supplied by a permanent magnet is 0.53 T, maximum driving currents of the
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railguns without and with a permanent magnet have to be set to 25 kA and 20 kA, respective-

ly, so that the maximum magnetic pressure in each case corresponds to 6 MPa.

§3. EXPERIMENTAL SETUP AND PROCEDURES

Two kinds of railguns are used to investigate the influence of the magnetic ficld
augmented by a permanent magnet on the plasma armature. One is the conventional railgun,
which is composed of copper rails and insulating rail spacers made of polycarbonate, without
an augmentation of magnetic field. Total length of the railgun is 50 cm and the bore is 5 mm
square section, Since the projectile is placed 10 cm from the breech, the effective length of
the railgun for the acceleration is 40 cm. The other is the augmented railgun using a perma-
nent magnet, of which cross section is shown in Fig. 4. The acceleration tube is the same
size and materials as the conventional railgun. The "C" type of magnetic circuit is assembled
to supply a Constént magnetic field to the space between rails. The average magnetic flux
density is 0.53 T in fhc cross section of the acceleration tube and uniform along the direction
of acceleration. |

Low density square wood coated by resin is used as a projectile to simulate the hydro-
gen isotope pellet for a pellet injection of magnetically confined fusion reactors. The pro- -
jectile mass and length are 30 mg and 2.5 mm, respectively.

Figure 5 shows a schematic diagram of the experimental setup. The power supply
consists of a capacitor bank with the maximum stored energy of 10.8 kJ and a capacitance of
872 uF, a coil with the inductance of 11.0 u4H, a thyristor (SF1500GX21, Toshiba) as the
main switch and a diode (2500GXD?21, Toshiba) as the crowbar switch. This power. supply
is able to be operated with a fcpetition frequenc.y of 2 pps. The maximum driving currents
for the conventional railgun without an augmentation and the augmented railgun using a
permanent magnet must be 25 kA and 20 kA, respectively, so that both railguns have the
same maximum Lorentz force. In this case, the primary stored energies of capacitor bank are
4.8 kJ and 2.9 kJ, respectively. The railguns are set in a vacuum chamber evacuated to less

than 1.4 Pa.
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The current flowing int_b the railgun is measured by a Rogowski coil, and the plasma
behavior is observed by five B-dot probes placed along the rails. Since the B-dot probes are
placed so as to pick up the magnetic flux due to only the rail currents, output signals from the
B-dot probes indicate the differential of rail currents theoretically.!? The final projectile
velocity is measured by two wire screens placed 5 cm apart and placed about 20 cm away
from the muzzle.

The signals obtained by B-dot probes are stored in the digitizing oscilloscope and
computed later. The sampling rate in this experiment is 5x106 samples per second. In order
to determine the éurrent density profile in a plésma armature in the axial direction, the B-dot
signals are deconvolved using Jansson's method %, It is assumed in the deconvolutions that
the armature and rail currents have no thickness in the direction of the external magnetic
field, and all the current in the plasma armature flows in the perpendicular direction to the
rail. The obtained current distributions are compared between the two kinds of railguns,

which are the conventional railgun and the augmented railgun using a permanent magnet.

§4. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figures 6 and 7 show typical waveforms of driving current and signals from five B-dot
probes, which are placed at different positions of z=0, 10, 20, 30, 35 cm along the rails. The
projectile is placed at 2=0 cm. The marks of * show the positions of wire screens and times
when the projectile breaks wire screens placed about 25 cm apart from the muzzle. The
marks of A show the time when the projectile just exits out of the railgun, which is calculated
from the velocity obtained from the wire screens.

Typical experimental results in the case of the conventional railgun without
augmentation are shown in Fig. 6 (#1270). The final projectile velocity measured by wire
screens was 1,19 km/s in this shot. The efficiency of the system, defined as the ratio of the
kinetic energy of a projectile to the stored energy in the capacitor bank, is only 0.45 %. Each
signal from all the B-dot probes became noisy after the plasma armature passed through each

position of the B-dot probes.
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Typical results in the case of the augmented railgun using a permanent magnet are
shown in Fig. 7 (#1306). All the driving current from the power supply seems to flow into
the main plasma armature when the plasma armature passcs through the position of z=10 cm,
The final projectile velocity measured by wire screens was 1.64 km/s in spite of the lower
primary energy stored in the capacitor. The efficiency of system is 1.4 % which is more than
3 times as large as that of #1270 using the railgun without aﬁgmentation.

Figures 8 shows the signals from the B-dot probe placed at z=10 cm (upper), the
deconvolved waves of the B-dot signals (middle) and the B-dot signals restored by the
convolution of the deconvolved waves (lower) in the cases of the railguns using a permanent
magnet. The correspondence of profiles between the original and restored B-dot signals
indicates the validity of the deconvolved wave,'which shows the increment of current passing
through a position of z, di/df. Assuming that the flow velocity of plasma armature is constant
and the current distribution does not alter for a period of 200 gs, the current distribution is -
obtained by multiplying the horizontal axis of the deconvolved wave by the flow velecity of
plasma armature, v,, and by dividing the vertical axis by v;. Figs. 9 (a) and (b) show the
current distributions around plasma armatures in the railguns without and with a permanent
magnet, tespectively. The. current profiles are not uniform. The profile of the current
flowing through the main plasma armatﬁrc in the augmented railgun with a permanent
magnet is obviously steeper than that in the conventicnal railgun without a permanent
magnet. Two reasons why the driving current concentrates in the main plasma armature and
the B-dot signals become steeper in the augmentéd 1ailgun with a permanent magnet are
considered. Firstly, the decrease of the ablation of bore materials due to fhe decrease of the
driving current might suppress the separation of plasma armature. Since the Lorentz force
acting on the plasma armature in the railgun with a permanent magnet is larger than that in
the railgun without a permanent magnet in spite of smaller current as shown in Figs. 2 and 3,
the mass ablated from the bore éurface and then flowing into the plasma armature becomes
smaller. Secondly, the constriction of armature plasma by the external magnetic field might
occur since the density of armature plasma is generally high. The constriction suppresses the

separation of plasma armature and makes the behavior of plasma armature stable.
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Figure 10 shows the history of the current distribution in the plasma armature for
#1306. This is typical operation of the augmented railgun using a permanent magnet.. Figs.
10 (a), (b) and (c) are the current distributions around the times when the plasma armature
passed through different positions of z=10, 20, and 30 cm, respectively. The separation of
plasma armature was alréady observed when the plasma armature passed through the position
of z=10 cm. A series of the waves indicates the current distribution spreads gradually, and.
finally the length of plasma armature becomes more than 10 cm. This behavior might be
caused by the increase of the mass of plasma armature and the decrease of the Lorentz force
due to the decay of driving current. Since a large quantity of vapors due to the ablation of
bore materials is generated and a paﬁ of vapors flows into the plasma armature, the mass of
plasma armaturc increases with its propagation. On the other hand, since the magnetic
pressure behind a plasma armature due to a driving current had begun to decay when the
plasma armature passed through the position of z=10 cm, the plasma armature with a large
mass spreads in the axial direction by the plasma pressure and the drag force that is

proportional to the square of velocity.

§5. CONCLUSIONS

Behaviors of plasma armatures in railguns were investigated using two kinds of
railguns, a conventional railgun and an augmented railgun using a permanent magnet. The
current from a power supply distributes broadly in the axial direction in the case of the
conventional railgun. On the other hand, the current concentrates in the main plasma
armature in the case of the railgun using a perrhanent magnet because of the decrease of the
ablation of bore materials that is caused by the decrease of driving current and the increase of
the Lorentz force in the initial phase of the acceleration. However, spreading of the plasma
armature occurs later even in the augmented railgun using a permanent magnet. This spread
of lhé plasma armature might be caused by the increase of the mass of plasma armature and

the decay of the driving current.
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Strong Beam-Plasma Turbulence

M. Masuzaki, R. Ando, M. Yoshikawa, K. Kobayashi,
H. Koguchi, D. Yamada and K. Kamada

Faculty of Science, Department of Physics, Kanazawa University
Abstract

High-powcr broadband microwave radiation was observed when an intense relativistic
electron beam was injected into an unmagnetized gun-produced plasma. From spectroscopic
measurements of hf strong electric fields in the plasma, it was found that our beam-plasma
system is in the strong Langmuir turbulent state. A preliminary result indicating relation
between the radiation and the turbulence is shown.

§1 Introduction

Recent theoretical and computational works!-2) have shown that when a fast electron
beam is injected into a plasma, the plasma becomes a strong Langmuir turbulent state, in which
formation, collapse and burnout of cavitons, f.c., spatially localized volumes with density
depletion in which large amplitude electrostatic waves are trapped, are repeated. Such a state is
sustained by the local nucleation process.3-6) For such turbulence, the dimensionless
clectrostatic wave energy density W = £)<E2> / 2npTe should be larger than (koAD)2. Here ko is
the resonance wave number @y, v , @y, and vp being the plasma frequency and the beam
velocity,‘rcspectivcly, np is the plasma density and Ap is the Debye length.

A number of groups have carried out experiments on interaction of an intense relativistic
electron beam (IREB) with a plasma which are closely connected with strong Langmuir
turbulence.”-18)

We observed high-power broadband microwave radiation emitted from interaction
between an [IREB of 1.2 MeV and 30 ns and a gun-produced carbon plasma.ls’lﬁ) In order to
know the mechanism of this emission, we measured strong high frequency electric fields
originating from the IREB-plasma interaction in the same experimental setup as used for

observation of high-power microwave radiation.

§2 Experimental Apparatus
The experimental apparatus consisted of an IREB generator, drift chamber, plasma
guns, and measurement systems. The measurement systems included a 5-channel microwave

spectrometer and an 8-channel spectroscopic system.
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The IREB generator used was a modified Pulserad 110A produced by Physics
International, which can generate an IREB of 1.5 MeV, 27 kA, 30 ns pulse in a conventional
diode. In this work we used two kinds of diodes as shown in Fig. 1. One was a foilless diode
[Fig. 1(a)], which consisted of a cathode made of a 3 mm-diam. tungsten rod and a carbon
anode with a 2 cm-diam. aperture in the axis, the A-K distance being about 9 mm. The other
was a foil diode [Fig. 1(b)], which consisted of a carbon cathode of 3.6 cm-diam. and a
titanium foil anode of 20 mm thick with the A-K distance of 3 cm. Figure 2 shows typical
waveforms of the diode voltage V¢ and the diode current /g

The drift chamber was of stainless-steel and 16 cm in diameter and 46~60 c¢m in length.
Its inner wall surface was covered with sheets of electromagnetic wave absorber (ECCOSORB
AN) to climinate spurious reflections of microwaves. It had two observation ports atz = 17.5
cm, z being the distance from the downstream side of the anode. The base pressure was kept
below 5%1073 Torr. In the case of the spectroscopic measurements of hf electric fields, helium
gas of about 20 mTorr was introduced into the drift chamber.

A carbon plasma was produced by two rail-type plasma guns set opposite to each
other.16) The produced plasma was time decaying one and had an axial density gradient. Figure
3 shows the plasma densities measured by a Langmuir probe at three points in the axis as a
function of the delay time 7 of the IREB injection after the firing time of the plasma guns. In the
case with helium gas the blasma density somewhat changed.

The net current and the beam current werec measured separately using the same
Rogowski coil set just at the position of the observation port. For beam current measurement
titanium foil of 20 zm thick was attached in front of the Rogowski coil and the beam collector
was attached at its backside. For net current measurement they were removed. In order to
obtain the beam density, the beam profile was measured using a target-phosphor combination
which intercepted the beam. Open photograph of the phosphor was taken. A mini-Faraday cup
array was also used for beam profile measurement. Both results agreed well. The ratio of the
beam density to the plasma density was from 0.001 to 0.4.

_ ' The electron temperature 7. when the IREB was injected into the plasma was obtained
from the intensity ratio of Hel 4921.9 A (singlet) to Hel 4713.1 A (triplet) when helium gas
was introduced into the drift chamber. We used relations between the intensity ratio and the
temperature obtained from newly developed collisional radiative model.!®) The measured Te
varied from 10 to S0 eV.

§3 High-power Broadband Microwave Radiation from IREB-Plasma Interaction
Figure 4 shows a schematic diagram of the microwave spectrometer used in this work.
A detail of the spectrometer is given in Ref. 15.
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Figure 5 shows microwave spectra which were obtained when the foil diode was
used.The delay timer was taken as a parameter. The ratio of the beam density to the plasma
density at each T is also shown. The spectra are broadband above the plasma frequency, which
is shown in the parentheses in each figure, in a certain range of z. Figure 6 shows relations
among the several measured quantities, i.c., the plasma density, the beam density, the beam
‘diameter, the beam current and the total power from 18 to 40 GHz. All quantities are plotted as
a function of 7. One of remarkable features is that there are two peaks in the microwave
radiation. The peak value is several hundreds w/cm™2. We notice relation between the ratio of
the beam density to the plasma density and the total microwave power. In this case the total
microwave power has peaks at the density ratio of about 0.01. We also measured the radiation
emitted forward direction. As shown in Fig. 7, the forward radiation was several tens times
higher than the radial radiation when the horns were set atz =29 cm.

Thinking that such high-power broadband microwave radiation is concerned with the
strong Langmuir turbulence originating from the IREB-plasma interaction, we have
spectroscopically investigated whether our beam-plasma system is in the strong Langmuir
turbulent state or not.

§4 Spectroscopic Measurements of Turbulent Electric Fields .
Figure 8 shows a schematic diagram of the 8-channel spectroscopic system.!”)

Quadratic Stark systems in singlet He, such as 31P1 and 31Dz levels, were used for Stark shift
measurements. The 5015.7 A line (3!P1—>21Sq) shifts to the blue side and the 6678.2 A line

(3!D2—+21P}) shifts to the red side when rapidly oscillating electric fields exist in the plasma.
‘Using the original data compiled by Ryde,2? the dependence of the shifts on the rms electric
field can be calculated for the electric field up to 150 kV/cm. The relation between the energy
shift and the rms electric field is

Ae[em1]=(45+1.2)x10%x (E[ kV/cm ] P
for the 5015.7 A line, and

CAe[eml]=(4220.6)x104x (E[kV/cm ] P _

for the 6678.2 A line. Here A¢ is the energy shift made by the electric field in cm™l. Then the
relative shifts of wavelength becomes as follows,

AAAL = Ag - _10°

: n(g - Ag) )

Here # is the refractive index of the air corresponding to Ag, £ is the energy gap of the allowed
transition in cm’l, and Ao is the wavelength in A corresponding to £. Each channel of the 8-
channel spectrometer has an electric field range AE which is due to the spectral resolution of the
spectrometer. Using these shift-field relations, we get the field ranges for each wavelength
channel as tabulated in Table 1; (a) for the 5015.7 A line and (b) for the 6678.2 A line.
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Table. 1 (a)

Channel Wavelength [A] Energy shiftse  Erms [kV/cm] Field range AE

[em1) [kV/cm]
Ch. 5 5015.7 A 0-~0.712 0~40 40
Ch. 4 50153 A 0.712 ~ 2.302 40 ~ 72 32
Ch. 3 5014.9 A 2.302 ~ 3.892 72 ~93 21
Ch. 2 5014.5 A 3.892 ~ 5.482 93 ~ 110 17
Ch. 1 5014.1 A 5.482 ~ 7.073 110 ~ 125 15
Table. 1 (b)

Channel Wavelength [A]  Energy shifts ~ Frms [kV/em] Field range AE

[cm™] [kV/cm]
Ch. 4 6678.2 A 0 ~ 0.347 0~29 29
Ch.5 6678.6 A 0.347 ~ 1.243 29 ~ 54 25
Ch. 6 6679.0 A 1.243 ~ 2,140 54~71 17
Ch. 7 6679.4 A 2.140 ~ 3.036 71 ~ 85 14
Ch. 8 6679.8 A 3.036 ~ 3.932 85 ~ 96 11

Before observing emissions from the IREB-plasma interactions, we set, using a helium
discharge lamp, the channel-5 of the spectrometer for the 5015.7 A line for the case of the blue -
shift measurement, and set the channel-4 for the 6678.2 A for the case of the red shift
measurement. Figure 9 shows typical photomultiplier traces of 5015.7 A line in a single shot.
The fluorescence signals with spiky features last about one microsecond. Spike voltage of 10
mV corresponds to detection of about one photon.

Figure 10 shows typical spectral profiles of the 5015.7 A (a) and the 6678.2 A (b) at T =
10 psec, which was obtained by counting all spikes in 900 ns after the IREB injection. The
foilless diode was used for this case, and an IREB of 1.2 MV and 10 kA was injected into the
plasma. Data from 20 shots were gathered to obtain each profile. In order to remove non-Stark
shift effects such as instrumental broadening, Doppler broadening and Stark broadening, we
fitted the Voigt distribution function to the experimental points on the non-shifted side of the
profile and extended it to the shifted side (solid lines in the figure), and then subtracted its value
from the observed value at each channel. The figure shows clear Stark shifts. In order to obtain
the normalized population of the electric field, we divided the difference between the
experimentally obtained intensity and the intensity given by the Voigt distribution by the electric
field range AE for each channel. Figure 11 shows the normalized population as a function of the
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rms electric field for the case of 5015.7 A. A curve P(E) « exp(-E%/Es?), with Eg = 96 kV/cm,
is the best fit.

We applied the plasma satellite method proposed by Baranger and Mozer,?!) too, to
measure the oscillating electric field in the plasma. We measured spectra in the vicinity of the
Hel 4471.5 A (483D—23P) and 4921.9 A (4!D—21P) lines. Both have forbidden lines near
them, 4469.9 A (43F—23P) for the former and 4920.4 A (4!F—21P) for the latter.?2) When
helium atoms are under the influence of the oscillating electric fields with the plasma frequency,
two plasma satellite lines appear on either side of the forbidden line with frequency separation
of the plasma frequency. From the measurement of the intensity ratio of the satellite line to the
allowed line we can obtain the rms electric field. The relation between the rms electric field and
the intensity ratio is given by |

S* = h2<Ep2>R”'

24n°m2e¥( A= 2)°

Here £ is the oscillation frequency, 4 is the splitting (in angular frequency units) between the
allowed and the forbidden line, <Ep®> is the time average of plasma field squared, and Ry’ is a
dimensionless radial integral given by Baranger and Mozer. ForQ « 4, the two satellites
merge into a single forbidden line. Then, the relative intensity ratio is given by the above
equation multiplied by 2.21:23) Figure 12 shows the profiles of the Hel 4471.5 Aline (a) and
Hel 4921.9 A line (b) at T= 10 us. Data were gathered from 20 shots for each line. To obtain
the intensity of the forbidden line, we must subtract the tail component from the measured value
at the line. We fitted a Voigt distribution function to the experimental points of the allowed line
and subtract its value at the forbidden line from the measured value. The rms electric field Eps
obtained were 5 kV/cm for the Hel 4471.5 A line and 7.5 kV/cm for the Hel 4921.9 A line,
respectively.

The dimensionless electrostatic energy density W ~ 1.3 in the case of Es = 96 kV/cm,
np = 4 x 1013 cm3 and Te = 30 eV. An assumption of Zakharov equations?¥) on which strong
turbulence theories and simulations are based on, is W « 1. However, Newman et al.?)
showed that the numerical simulation results were expected to be correct within a factor of order
unity for W < 1. So we think that our experiment is in the strong Langmuir turbulence regime.

We tentatively analyzed our experimental results according to Robinson and Newman?)
and obtained the final scale size of the cavitonlf = 224p, The volume fraction of the cavitons

are given by (Eps/Es). It was about 0.006 for the case of ©= 10 s, as Epg = 7.5kV/cm and Es
= 96 kV/cm. However, it scems reasonable to assume that cavitons distribute in the beam
volume. Then the volume fraction becomes (rp/rb)?® times higher. The plasma radius was 4 cm
and the beam radius was 1.5 cm. So the volume fraction becomes 0.04, and the mean electric
field in the beam volume becomes 20 kV/cm. Time evolution of the 5015.7 A line profile was
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obtained with 100 ns step after the IREB injection at each ». Figure 13 shows the time evolution
of the rms electric field of IREB-Plasma interaction region obtained from the best fits curves for
each time step for the foilless diode. The turbulent state lasted for about one microsecond, about
thirty times as long as the IREB duration.

§5 Concluding Remarks

From the spectroscopic measurements of the hf electric fields in our IREB-plasma
system, it has been found that the system is in a strong Langmuir turbulent state. Simultanecous
measurement of the turbulent electric ficlds and the microwave radiation is now going on with
helium gas introduced in the drift chamber. Although the aspect of microwave radiation in the
case with helium gas is somewhat different against the case without helium gas, we think we
can obtain common relation between the turbulence and the microwave radiation. Figure 14
shows one of recent results; a relation between the Ka-band total output power and the hf
electric field obtained from Stark shift measurement for the case of foil diode. This relation
indicates that when microwave radiation is observed, the plasma is in a strong Langmuir
turbulent state. Further studies will reveal more detailed connection between the turbulence and
the microwave radiation.

Part of this work was supported by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture.
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ABSTRACT

We have already proposed using laser-produced plasma as plasma sources of
the plasma opening switch (POS). A POS using laser-produced plasma has a
‘possibility to be operated repeatedly by focusing the laser light on the target
surface repeatedly. Other advantages are that the parameters of plasmas are kept
constant for many shots, and the kinds of ion species can be changed easily by
‘changing the targets for plasma production. In this paper, the operation of POS
using the laser-produced plasma is experimentally investigated by changing the

target materials (Al, Cu, W) as plasma sources.

1. INTRODUCTION

Pulsed power generator with an inductive energy storage, which can be made
cofnpact and light-weight, would be of benefit for many pulsed power
applications. The opening switch is the key element in developing such a system.

The requirements of the opening switches are as follows:
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@ A large current can be conducted and interrupted rapidly.

@ Tt is possible to be operated repeatedly without maintenance.
The plasma opening switch (POS) [1]{5] is one of the opening switches that are
expected to satisfy these requirements. Plasma guns[6] and flashboards[7]
sprayed with carbon have been used as plasma sources. However, the lifetimes of
these sources are limited to tens of shots because the carbon decreases with each
shot. Moreover, the parameters of the plasmas produced by plasma guns and
flashboards change somewhat with cvery shot. Plasma sources which can
produce plasmas with the same parameters repeatedly for many shots are required
to make the POS practical. The POS using a laser-produced plasma, which has
the capability of being operated repeatedly without maintenance, was
proposed[8]. The plasma is produced by focusing a laser on a solid target which
can be rotated slightly before each shot, and therefore the plasma which has same
parameter for each shot can be produced repeatedly. If the diameters of the target
and laser beam are Scm and 100um, respectively, and the laser beam is focused
only once on a particular spot, plasmas can be produced up to 250000 times[8].
The laser produced plasmas have other more advantages as follows: o

@ The different kinds of ion species can be used easily by changing the target

material.

@ The plasmas produced by lasers do not have impurities such as electrode
materials that are found in those produced by plasma guns and flashboards.
From above two things, the POS using laser-produced plasma is advantageous on

understanding the physics of POS operation . |

In this paper, experiments of POS operation are carried out with different
kinds of target materials, aluminum, copper, tungsten. The reappearance of
plasma parameters is confirmed by observing the ion current in plasma, and also
the time of flight for ions is measured and its results are compared with the
experimental results of POS operation.
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2. EXPERIMENTAL APPARATUS AND METHOD

A schematic diagram of the experimental apparatus of the POS and its
equivalent circuit are shown in Fig. 1. The apparatus is in a coaxial configuration
with the inner conductor being the cathode. The components of the experimental
apparatus include (from bottom to top) capacitors, a triggered spark gap (TSG),
the POS as an opening switch, and a load. In these experiments, the load is short—
circuit load. The storage inductance Lg is 400nH, the total capacitance C is 1.2
uF, and the load inductance Lj is 36nH. The polarty of the inner conductor is
negative, and the charging voltage V() of 25kV was used in the experiments: The
diameters of outer and inner conductors are 22mm and 3mm, respectively, and
the outer conductor in the POS switch region is made of a stainless mesh with
97.5% transparency.

The laser for the plasma production is the Q-switched ruby laser (NEC
SLG2018) with the peak power and FWHM of SMW and 20ns, respectively. The
laser light is focused on the target surface by a lens placed outside the vacuum
chamber, and the produced plasma enters into the switch region from only one
direction. Aluminum, copper and tungsten materials are used as the targets. The
distance between the target and the surface of the inner conductor is 19.5mm. The
target is rotated after several shots. The first shot is not used as data, since the
plasmas of the contamination on the target surface are included.

The TSG was triggered after the laser was fired. The delay time At, from
the time when the laser begins to oscillate until the time when the source current
I, begins to flow, is varied in the experiments. The load current I} and the
source current lg are measured with Rogowski coils, and the laser light is
observed with a photomultiplier tube and a calorimeter, which are placed outside
of the vacuum chamber. The pressure in the vacuum chamber is about 5x109Torr.

The ion current [; of the laser-produced plasmas is measured by a biased
Faraday cup. The distance between the target and Faraday cup is 81mm. To
remove any contaminations such as pump oil or water from the target surface, the
laser is fired once before POS operation to clean the surface and then fired again

at same point on above experiments.

— 203 —



3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figs. 2 (a)«b) show the waveforms of I;, which are measured with Faraday
cup at 19.5mm away from the targets of aluminum, copper and tungsten,
respectively. Each figure has four waveforms to show the variation of Ij from
shot to shot. Laser light is focused on a target at t=0. Though the values of ion
current slightly change from shot to shot from comparison of the four waveforms,
the times when two peaks (first and second peaks) occur are nearly equal, and
also these waveforms are analogous with each other. It is found that the plasmas
produced by laser light have approximately same parameters for each shot.

Fig. 3 shows the time when the first peak occur versus the square root of
mass number. If the ion kinetic energy is same for each target materials, the time
should be proportional to the square root of mass number of target materials.
Since the time for the first peak is proportional to the square root of mass number,
it is found that these ions have approximately the same kinetic energy (=360 ev).

Fig. 4 shows the typical waveforms of the generator current lg and the load
current [} at At=1.18us in the case of aluminum target. In Table I, the value of
Te, dlydt and Igy are summarized  in the cases of aluminum, copper, and
tungsten targets, Where T¢ is the time when the load current begins to increase
rapidly after beginning of the generator currents, dlj/dt is the maximum rate of
change in I}, Igw is the maximum value of switch current flowing through the
plasma. Since the maximum value of Ig is 55kA and the quarter period is 800ns,
the rate of change in Ig at beginning of conduction phase is about 1.1x1011 A5,
The value of dl/dt is 11 times as large as dlg/dt. It is clear from these results
that aluminum, copper and tungsten plasmas can be used as the plasmas of the
POS. Figs. 5 (a)<c) show the dependence of the conduction time T on At in the
cases of aluminum, copper and tungsten targets, respectively. The minimum
values Atg of At, in which the plasma is operated as the opening switch, are 0.4us,
(0.6ps, 1.0us, in the cases of aluminum, copper, tungsten targets, respectively, and
the maximum values Aty, of At are 1.0us, 1.5ps, 1.6ps. Fig. 6 shows Aty and A
tg versus the square root of mass number of each target material. Since Atg is
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proportional to the square root of mass number, it is found that the kinetic
energy of each ion produced from different target materials is nearly equal to
about 350ev.

4. SUMMARY
The experiments of POS using laser-produced plasmas were carried out by
changing the target materials (Al, Cu, W) as plasma sources. The obtained results
are surnmarized as follows:
@ The different kinds of plasmas (Al, Cu, W) were operated as opening
switches.
@ The kinetic energy of each ion produced by different target materials is nearly

equal to about 350ev.
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Fig. 1. Schematic diagram of experimental apparatus and its equivalent

circuit.
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Table I. Typical parameters of POS.

T. (ns) dI. /dt (A/s) | L.« (kA) At (ps)
Aluninum 180 14x 10! 19 1.18
Copper 170 11x10'? 17 1.57
Tungsten 180 12x 10! 17 1.67
F © Ats
2_ O Atm CU W n
- O
:cn- n Al O 4
£
< 4L o g
<
' ! N 1 A
0 5 10 15

Square root of mass number

Fig. 6. Dependences of Atg and Aty on square root of mass number
of target material.
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