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PREFACE

The proceedings contain the paper presented at the workshop on “Extremely High
Energy Density Plasmas and Their Diagnostics” held at National Institute for Fusion
Science in Toki on March 8-9, 2001. The workshop was organized as a collaboration
research programs of NIFS and attracted 51 participants from university ant institute.
At the workshop, 32 papers were presented and cover physics and applications of
extremely high-energy density plasmas such as dense z-pinch, plasma focus, and
intense pulsed charged beams. We thank to NIFS for giving the opportunity to gather
scientists in this particular field.

Shozo Ishii
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Generation of Intense Pulsed lon Beam by a B, Type Magnetically

Insulated Ton Diode With Carbon Plasma Gun

Y. Doi, Y.Maetubo, I.Kitamura, T.Takahasi, K.Masugata,
Y.Tanaka*, H.Tanoue*, and K.Arai*

Faculty of Eng., Toyama Univ., Toyama, 930-8555 Japan
Electro technical Laboratory, 1-1-4, Tsukuba, Ibaraki, 305-8568 Japan*

ABSTRACT

To apply the pulsed heavy ion beam (PHIB) to an implantation process of
semiconductor, purity of the ion beam is very important. To obtain a pure
PHIB we have proposed a new type of accelerator using bipolar pulse. To
develop the accelerator we are developing a new type of B, ion diode using a
carbon plasma gun. By using the plasma gun, ion source plasma of ion current
density ~ 30 A/cm’ was obtained. The B, ion diode was successfully operated
with plasma gun at diode voltage ~ 100 kV, diode current ~ 1 kA, pulse duration
~ 200 ns and 3 A/cm’ of ion current density was obtained.

1. Introduction

Intense pulsed heavy ion beams (PHIB) such as carbon, nitrogen, or aluminum have a wide
area of applications including nuclear fusion, materials science, etc. By the irradiation of
PHIB on to the material, very attractive effects are expected as shown in the following, which
seems to be very attractive for materials processes.

1) Pulsed surface heating,

2) Production of high dense ablation plasma

3) Production of strong pressure and shock wave,

4) Deposition of atoms.

Hence it. is expected to apply for a surface treatment, thin films deposition, or an

implantation process.  Especially for the implantation of PHIB is expected as a new type of



ion implantation technology since the ion implantation and surface heat treatment or surface
annealing is expected in the same time.

The PHIB can be easily generated in pulsed power ion diodes with surface flashover ion
sources, however, since many kinds of atoms are attached on the surface, which are ionized
and accelerated with expected ions {1]. Hence the purity of the conventional PHIB is very
poor. To apply the PHIB to the implantation process of semiconductor, the purity is very
importaht. For example, in a point pinch ion diode experiment we found that produced ion
beam contains protons, multiply ionized carbons, organic ions, etc [1].

To improve the purity of the PHIB a new type of pulsed power accelerator using
bi-directional pulse is proposed [2], [3]. As the first step of the development of the
accelerator, we are developing an ion diode using a pulsed plasma gun. In the paper the
preliminary result of the experiment is shown.

2. lon diode experiment : output IMafa;"e;iic:'Y
As the first step of the 200kV.2 kA.200 ns Anode nrsu—al*-—az
development of pure PHIB P“'Sle :T;‘aﬂs Flasma Gun
source we are evaluating Pulse Generator E _; ®
the B, magnetically instated PFN e ‘ e
ion diode with pulsed % = Je
plasma gun. Figure 1 ‘ j
shows the schematic of the L
experimental system. The Capacitor Bank )—r/

system consists of a high Fig.1. Schematic of the experimental system.

voltage  pulsed  power

generator, a carbon plasma gun as an ion beam source, and a B, type magnetically insulated
ion diode (acceleration gap).

The pulsed power generator consists of a L-C pulse-forming network (PFN) and a step up
transformer using a magnetic core of amorphous metallic material. In the PFN, high power
square pulse of 25 kV, 25 kA, and 200 ns is generated when PFN is charged to the full
charging voltage of 50 kV. The pulse is voltage magnified by the step up transformer and
generates a pulse of 200 kV, 2 kA, 200 ns, which is applied to the anode of the ion diode. .
Since the plasrﬁa gun is placed inside the anode where high voltage pulse is applied, power
feed cable of the gun is connected through the pulse transformer to the capacitor bank. The
diode operation is as follows. 1) By applying pulsed voltage to the plasma gun, source
plasma is generated and accelerated toward the acceleration gap. 2) When the plasma
reaches the gap, high voltage pulse is applied to the gap and the ions in the anode plasma are
accelerated toward the cathode. Since the insulating magnetic field is produced in the gap



prior to the main pulse, electron to Insulating Magnetic Coil

the anode is insulated and ion is

efficiently accelerated in the gap. Anode

Figure 2 shows the

cross-sectional view of the diode

used in the experiment. As the

acceleration  gap B, type

magnetically insulated diode [4] is
used. The anode of the diode is Inner Cathode
made of aluminum and the outer QOuter Cathode/

diameter, the inner diameter and
the thickness are 50 mm, 30 mm, Fjg2 Cross-sectional view of the diode used in the
and 20 mm, respectively. The experiment.

anode has two slits of width 6 mm

(inner) and 6.5 mm (outer) to pass through the source plasma. The cathode is made of
stainless steel and it consists of an inner cathode (outer diameter 30 mm) and an outer cathode
(inner diameter S0 mm). Both cathodes have magnetic field coils inside them to produce
pulsed insulating magnetic field of rise-time 100 us. The coils are powered by a capacitor
bank of 250 F, 3 kV. The magnetic coil is designed to produce magnetic field lines almost
. parallel to the anode surface.

In the experiment, the anode cathode gap was adjusted to be 20 mm and insulating
magnetic field on the anode surface at » = 30 mm of 0.5 T is obtained when charging voltage
of the capacitor bank is 3kV. The diode was evacuated to 10™ Torr in'the experiment.

The sequence of the diode operation is as follows.

1) The PFN, capacitor banks of the plasma gun and the magnetic field coils are charged.
2) At first (£p) magnetic field coil is fired to produce insulating magnetic field.
3) 90 ps after ¢, plasma gun is fired

Plasma Gun

to produce source plasma,

4) 100 ps after 15, PFN is triggered to —=s L
produce acceleration pulse. NG 40 mm
[T_O: —
3. Experimental results 0.8.C
Characteristic? of the plasma gun 10 mm  \BIC
were evaluated independently. The V= -180V

arrangement of the measurement is

shown in  Fig. 3. In the Fig. 3. Experimental setup of ion current

measurement, anode was removed density of plasma gun



Anode
Cathode BIC

0 ' 10 _ L
T(us)

'Fig.4. Typical waveforms of discharge

current (/,) and ion current density 80mm 20mm

measured by BIC (J,) Fig.5. Setup of the ion diode experiment.

and a biased ion collector (BIC) was placed 1 cm downstream from the top of the plasma gun.
The charging voltage of the capacitor bank was 6 kV.

Figure 4 shows the typical waveforms of discharge current (/,) and ion current density
measured by BIC (J;,). As seen in the figure I, has a sinusoidal waveform of peak current
2.3 kA and 4 ps after the rise of [, J, has a peak of 30-A/cm?.

Figure 5 shows the setup of the
ion diode experimental. The BIC

150F

was placed at » = 40 mm from the —_ 100;
axis and 50 mm downstream from Z
the surface of the anode. The = S0F
OF

charging voltage of the capacitor

bank of the plasma gun and the
magnetic coil was 6 kV and 3 kV,
respectively. The PFN was 50 %

W ERYEE

of the full charge voltage.

Figure 6 shows the typical
waveforms of diode voltage (Va),

diode current ({;) and ion current

1 illlllll'lll!l[llllll\l 11

density (J)). As seen in the figure, | | 1 | 3
V4 rises in 100 ns and has a plateau 0 100 200 300 400 500

of 100 kV. On the other hand I, T (ns)
rises with ¥, and have a narrow Fig.6. Typical waveforms of the diode voltage

peak of 1.1 kA and after that (V,), the diode current (fd) and 1on current
density (J))




decreases and have a second peak at t = 250 ns. The Ist peak and the 2™ peak seem to
correspond to the ion current flow from the anode and the increase of leakage current,
respectively. The ion current density of 2.5 kA/cm® was observed at t = 250 ns.
Considering the time of flight delay, the ions corresponding the peak of J; seems to be
accelerated at the 1% peak of 1.

Figure 7 shows the pinhole image of the ion beam obtained on an ion track detecting plastic
of CR-39. The pinhole was placed 86 mm downstream from the anode. In the figure we
see two large images each of which correspond to the ions accelerated from inner and outer
slits of the anode.  In addition, the image corresponding to the inner slit has two components,

which suggest the existence of two components of ion species.

5mm
6.5 mm= = 6mm
o - o

(a) (b)
Fig.7. An pinhole image of the ion beam obtained on an ion track detecting plastic of
CR-39, a) 1/4 sector of the Anode, b) pinhole image.

4.Summary

A new type of B; ion diode using a carbon plasma gun was successfully developed. In
the diode, ion source plasma of ion current density ~ 30 A/cm® was obtained using a carbon
plasma gun. The B, ion diode was successfully operated with the plasma gun at diode

voltage = 100 kV, diode current ~ 1 kA, pulse duration = 200 ns and 3 A/cm’ of ion current
density was obtained.
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HEAVY ION BEAM TRANSPORT AND FOCUSING
WITH AN INSULATOR GUIDE
IN INERTIAL CONFINEMENT FUSION

T.Someya, T Nakamura, J Sasaki, S Kawata

Department of Energy and Environment Sciences, Utsunomiya University,
Yohtoh 7-1-2, Utsunomiya 321-8585, Japan. mt013619@cc.utsunomiya-u.ac.jp

ABSTRACT

One of the key issues on the heavy ion beam inertial confinement fusion is an
efficient transport and a beam focusing. To get a fine focusing on the fuel pellet,
neutralization of the space change of an incident beam is required. The space
charge of beam has to be neutralized for the fine focusing. In this paper, we
propose to employ an insulator tube guide, through which a heavy ion beam is
transported and focused. We confirm that the beam space charge is effectively
neutralized by electrons emitted from the insulator beam guide and the ion beam fine
focusing is realized. This result shows a possibility of a good beam focusing by the
insulator beam guide.

I. Introduction

High-voltage and pulsed power charged-particle-beam technologies have been applied
to various fields: particle acceleration, nuclear fusion, new material processing, microwave
source, X-ray source, etc. [Especially, a heavy ion beam may be one of promising
energy-driver candidates for inertial confinement fusion™”. In these fields, physics of
particle beam behavior must be clarified.  Consequently, we should establish a
charged-particle-beam-transport control method for the above purposes. |

>*» we proposed a transport system for electron and proton

In our previous papers
beams through an insulator beam guide. We reported that the particle beam charge is
neutralized efficiently by electrons or protons extracted from a plasma generated on the
surface insulator guide, and the charged-particle beam is efficiently transported through an
insulator beam guide without a large expansion of beam radius caused by space charge. The

particles extracted from the plasma on the surface of insulator guide are self-regulated by the



net space charge of the beam.

In this paper, in order to solve the beam space charge neutralization” and get a fine
focusing for heavy ion beam inertial confinement fusion, we study on a heavy ion beam
transport and focusing through an insulator beam guide by a particle-in-cell (PIC) simulation
code.

II. Heavy Ion Beam Transportation and Focusing, and Simulation Model

The physical mechanism of insulator beam guide is as follows: the heavy ion beam
creates a local electric field on the inner surface of the insulator beam guide. The local
electric field induces the local discharge, and the plasma is produced on the insulator inner
surface. Then, electrons are extracted from the plasma generated on the inner surface of the
insulator beam guide, because of the heavy ion beam net space charge. The emitted
electrons follow the ion beam, and the beam space charge is effectively neutralized by the
emitted electrons. Therefore, the heavy ion beam can be transported efficiently and we can
get a fine focusing through the insulator beam guide. In this paper, we employ a Pb" ion beam
in order to demonstrate the viability of the proposed insulator beam guide system. Our
simulation model is as follows (see Fig. 1): we assume that the phenomenon concerned is
cylindrically symmetric. The PIC code used a 2.5-dimensional one®.

The Pb™ ion-beam-parameter values are as follows: the incident Pb’ ion . beam
waveform is as follows: the maximum current is 5[kA], the particle energy is 8[GeV], the
pulse width is 10[ns] and the rise and fall times is 2[ns] (see Fig. 2). The initial beam radius
is 3[cm]. The initial mean velocity of Pb” is given to focus at Z=180[cm], and the average
longitudinal speed of the beam ions injected is determined by the waveform. The beam
temperature is 10[eV]. At the beam entrance, that is Z=0, the beam ions enter uniformly,
and the transport area is in.vacuum. The computation area is 0<z<Z (=2[m]) and

0<r <R, (=5[cm]). In our simulation, a local plasma is generated on the insulator guide
surface, when the magnitude of the electric field exceeds the threshold for the local discharge.
The threshold is 7.0X 10" [V/m] in this study.

Insulator Guide

R, r=cm
(= 5cm) P2 C;ﬁnerated =3cm

r Heavy Ion Beam asma
Focusilg point =0Ocm

_ Z-18m  Z=m
Fig.1 Schematic view of the calculation model
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Fig 2 Incident ion beam waveform

IIl. Simulation Resuits

First of all, we simulate the Pb” ion beam propagation in a vacuum without the insulator
beam guide. The particle map of the Pb"beam ions is shown in Fig.3. In this case, due to
the beam space charge, the beam radius at Z=180[cm](focusing point) expand to about
S[mm](see Fig.4-(a)). Fig.5 and Fig.6 present the particle map for using a proposed
insulator guide system with the same initial conditions. The electrons extracted from the
plasma generated on the insulator inner surface move along with the Pb™ ion beam. The
electrons effectively neutralized the space charge of the ion beam, and suppress the radial
expansion of the beam. Figure 7 shows the history of the total space charges of the beam
ions and the electrons in the whole transport region. The beam space charge is effectively
neutralized by electrons emitted from the insulator beam guide. In this case, the beam radius
at Z=180[cm] (focusing point) is about 2[mm](see Fig.4-(b)). Figure 8 present the Pb"
distribution in the phase space and the normalized emittance & .

{a) ==13.58ns (b) =23 97ns

R s
Friie e o

Fig.3 Ton beam particle maps without guide: these maps show particle maps
without insulator guide at (a) 13.58[ns] and (b) 23.97[ns]. At the computation start,
the mean velocity of the beam particle is given to focus at Z=180[cm]. By the
space charge of ion, the focal radius of ion beam expands to 5[mm] at Z=180[cm].
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Fig.4 (b) Beam radius change in time at the focusing point with the guide.

(a) t=13.58ns (b) t=23.97ns

i G

Fig.5 Ton beam particle maps with guide: these maps show particle maps with
insulator guide at (a) 13.58[ns] and (b) 23.97[ns]. The beam particle is focused
around Z=180cm. The focal radius of 10n beam is 2mm at Z=180cm.



(a) t=13.58ns (b) t=23.97ns

Fig.6 Emitted electron particle maps with guide: these maps show emitted electron
particle maps with insulator guide at (a) 13.58[ns] and (b) 23.97[ns]. The electrons
emitted from the insulator inner surface. The emitted electrons follow the ion beam
and neutralize the ion beam charge.
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Fig.7 History of the total space charges of ion beam and electrons in the entire
transport region. The emitted electrons neutralize the beam net-charge efficiently.
The charge neutralization is self-regulated.
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(a), (b) and (c), respectively.

IV. Summary

In this work, we proposed the heavy ion beam transport and focusing through an
insulator beam guide. Plasma electrons were emitted from the plasma generated on the
insulator inner surface. The electrons moved with the heavy ion beam, and the beam charge



was neutralized effectively by the electrons. By the PIC simulation, it is confirmed that the

heavy ion beam propagated efficiently and was focused well through the insulator beam guide.

We also confirmed that the heavy ion beam was in a high quality and an emittance growth

was suppressed. The self-regulated charge neutralization is a unique feature of the simple

insulator transport system,
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ABSTRATC

The temperature rise of a pure titanium sample induced by irradiation of the
intense pulsed ion beam was calculated. When H* beam and C* beam with energy
of 300 keV, current density of 100 A/cm?, and pulse width of 50 nsec were irradiated
to the sample, the temperatures of surface regions within about 1.7 pm and 1.2 um

“were increased above melting point of the sample, respectively. Both cases of
using H" beam and C* beam, the maximum cooling rate of the sample was
calculated to be 7.7 x 10% K/sec. 'When the ion beam with a same pulse width was
used, the cooling rate was in inverse proportion to the power density of the ion beam.
A melting depth of the sample was increased to the beam pulse width; however, the

cooling rate was decreased.

§1. Introduction

Recently, it was found that ion implantation of metal surfaces could improve their
wear, friction and corrosion resistance. Ion implantation of specific tools is now preferred
.over other types of coating technologies because the ion implanted layer doesn’t delaminate.

1-5)

In the world, various experiments on this topic have been performed. In our laboratory,

production of nanostructured crystallites on a pure titanium surface and an amorphous layer
on a nickel alloy by an intense pulsed ion beam (IPIB) irradiation was succeeded.® '
Processes like phase transitions strongly depend on the attained temperatures of a target
sample. Besides the maximum temperature also the temperature gradients of the sample
are of crucial importance. The cooling rate of the sample determines if the phase
transformations occur conformable the equilibrium phase diagram and it influences the
refinement of the microstructure as well. Additionally thermal stresses will be induced in
the modified layer, as a consequence of the thermal gradient. The temperature of a sample

can be measured in several ways. In principle a distinction can be made in which way the



detection occurs, namely by direct contact or contactless. The first mentioned method,
where the thermocouple is a well-known tool, has the disadvantage of a low response time.
The other method determines the temperature of a target surface by measuring its emitted
radiation. However, these methods are not suitable to measure locally high temperature
gradients. Therefore, we calculate a temperature rise of a sample induced by irradiation of
the IPIB. In this paper, we describe on the calculation results of temperature rise during the

IPIB irradiation and estimation of the cooling rate of a pure titanium sample.

§2. Calculation Model

The temperature rise of a sample body induced by irradiation of the intense pulsed
ion beam is calculated. Whenever a temperature gradient exists within a body, transport of
energy takes place by means of heat transfer. The flow of heat in a rigid isotropic medium
can be described by the heat conduction equation

pcpaL(:%—ty-’-z’—t):KVzT(:c,y,z,t)+Q(:c,y,z,t), (D
where T(z, y, 7, t) is the sample temperature at position (z, y, z), at time £, K is the thermal
conductivity, p is the density, c, is the specific heat of sample materials and Q(z, y, 2, t) is
the quantity of heat per unit volume and per time. If it is assumed that the beam is
uniformly irradiated to the target, the thermal diffusion in the target is expressed
one-dimensional equation as follows,

c5z%%Q=KVWﬁm}Hmaﬂ, O ©

where

Qlz,t)=(dE1dz)x I - H(z,t).

3)
In equation (3), [ is an ion beam current, dE/dxis the stopping power of an ion and H{(z, t) is
corrective term for latent heat of the sample at position z, at time {. Phase transformations
and temperature dependent physical properties are included in this model. To estimate the
change of the target temperature with time and depth, we solve equation (2) by using the

finite difference method.
We estimate the cooling rate of the sample surface from the result of above
temperature profile. The cooling rate R¢ was defined as followed,

T, -1, _ s
R (z)= R 4)

where Ty and T are the melting point and the transition point of the sample, respectively.

At (z) is time for decreasing the sample temperature from Ty to 7.
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Fig.1 Profile of the calculated temperature rise (a) H* beam and (b) C* beam. The
absorbed beam energy, current density and pulse width are 300 keV, 100A/cm? and 50 nsec,
respectively.  The thermophysical properties of Ti are used for this calculation.
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Fig.2  Profile of the calculated temperature rise (a) H+ beam and (b) C+ beam. The
absorbed beam energy, current density and pulse width are 300 keV, 100A/cm?” and 50 nsec,
respectively. The thermophysical properties of Ti are used for this calculation.

§3. Calculation Results

The temperature rise of a pure titanium sample induced by irradiation of the intense
pulsed ion beam is calculated from equation (2). Figure 1 shows the temperature of the
sample as a function of depths, where (a) and (b) indicate in the case of H" and C* IPIB
irradiation, respectively. When H' beam with energy of 300 keV, current density of 100

A/em?, and pulse width of 50 nsec is irradiated to the sample, the temperature of surface



regions within about 1.7 um is increased above melting point of the sample. In case of C*
beam with energy of 300 keV, current density of 100 A/cm?, and pulse width of 50 nsec, the
temperature of surface regions within about 0.4 pm is reached to boiling point of the sample
and the temperature of surface regions within about 1.2 pm 1s increased above melting point
of the sample. However, since the latent heat for evaporation of the target is very large, the
temperature of the target can’t exceed its boiling point in this calculation condition.

Figure 2 depicts the temperature of the sample as a function of time for various
depths, where (a) and (b) indicate in the case of H" and C* IPIB irradiation, respectively.
As seen in Fig. 2, it is found that the surface temperature is reached to the melting point
within 50 nsec and reduced to the transition point within 1psec. Both cases of using H*
beam and C* beam, the maximum cooling rate of the sample is calculated to be 7.7 x 10°
K/sec.
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Fig. 3 Melting depth and a cooling rate of the titanium sample after irradiation of the
intense pulsed ion beam with 50 -nsec and H".
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Fig. 4 Melting depth and a cooling rate of the titanium sample after irradiation of the
intense pulsed ion beam with 300 keV, 100 A/ecm® and H™. '



Figure 3 shows (a) melting depth and (b) a cooling rate of the titanium sample
surface (z=0) after irradiation of a proton beam with pulse width 50 nsec. From Fig. 3(a), it
is found that melting depth of the sample increases with beam current density or beam
energy. As a result, the melting depth depends on the power density of the ion beam.
From Fig. 3(b), the cooling rate of the sample decreases with increasing the current density
of the ion beam. This result indicates an excess energy of the IPIB prevent rapid cooling of
the target. However, the target melting by the IPIB imadiation is necessary for surface
modification.

Figure 4 shows (a) melting depth and (b) a cooling rate of the titanium sample
surface (z=0) after irradiation of a proton beam with 300 keV and 100 Alem?®. Tt is found
that melting depth of the sample is increased to the beam pulse width in Fig.4(a); however,
the cooling rate is decreased in Fig.4(b).

§4. Summary

The temperature rise of a pure titanium sample induced by trradiation of the intense
pulsed ion beam was calculated. When H* beam with energy of 300 keV, current density of
100 A/cm?, and pulse width of 50 nsec is irradiated to the sample, the temperature of surface
regions within about 1.7 um was increased above melting point of the sample. In case of
C* beam with energy of 300 keV, current density of 100 A/em?, and pulse width of 50 nsec,
the temperature of surface regions within about 0.4 pm was reached to boiling point of the
sample and the temperature of surface regions within about 1.2 um was increased above
melting point of the sample. Both cases of using H" beam and C* beam, the maximum
cooling rate of the sample was calculated to be 7.7 x 10% K/sec. When the ion beam with a
same pulse width was used, the cooling rate was in inverse proportion to the power density
of the ion beam. A melting depth of the sample was increased to the beam pulse width;

however, the cooling rate was decreased.
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ABSTRACT

By intense pulsed ion beam evaporation, we have succeeded in the preparation of
polycrystalline silicon thin films on silicon substrate. High crystallinity and deposition
rate have been achieved without heating the substrate. The crystallinity of poly-Si film
has been improved with increasing the density of the ablation plasma, where the grain
size of the film has been found to be much smaller. To enhance the crystallinity and
density of poly-Si thin film, bias voltage was applied to the substrate, where the
quality of poly-Si film has been improved by the ion bombardment.

I. Introduction

The preparation of polycrystalline silicon (poly-Si) thin films has received much attention
due to their wide application potential for a semiconductor in thin film transistors (TFTs),
solar- cells, peripheral circuits of liquid-crystal displays, and electrodes in Si-integrated
circuits. Conventionally, poly-Si films were prepared by a plasma-enhanced chemical vapor
deposition (PECVD) method with post annealing (~800 °C) of a-Si:H films or substrate
heating (200 - 400 °C)."™® This technique requires high processing temperatures and a long
processing time. Since such a high temperature limits substrate materials or fabrication
process, the deposition of poly-Si films at low temperatures has been desired, which will lead
to the improvement of the throughput and the feasibility.

For practical engineering applications, in addition, the very low deposition rate is a serious
problem for achieving higher throughput of electronic devices, such as solar cells. For this
purpose, several types of low-pressure and high-density plasma sources have been applied to
increase the crystallinity and the deposition rate of poly-Si thin films such as inductively
coupled plasma (ICP), surface wave plasma (SWP), ultra high-frequency (UHF) plasma, and



electron cyclotron resonance (ECR) plasma.”)

In the present paper, we report the deposition of poly-Si thin films at room temperature, i.e.,
without heating the substrate, by using a high density ablation plasma produced by the intense,
pulsed, ion beam, which was named as pulsed ion-beam evaporation (IBE). The
crystallization and the deposition rate of poly-Si thin films prepared at different substrate
positions are investigated. Furthermore, to improve the crystallinity, the bias voltage was
applied to the substrate.

II. Experimental Apparatus and Method

If the pulsed proton beam irradiates solid Flashboard
targets, high-density ablation plasma can be
produced due to short range of protons in targets.
Using such the plasma, it has been found out to

prepare thin films very efficiently. After the first

demonstration of the preparation of thin films of
ZnS in 1988.Y various kinds of thin films, e.g.,
YBCO, ITO, BaTiOs, BN, SiC, TiO,, ZrO;, AIN,
have been successfully prepared by IBE.*!'"

Figure 1 shows the schematic of the
experimental arrangement. The light ion beam 100 mm
(LIB) is produced by a geometrically focused,
magnetically insulated diode (MID). A
polyethylene sheet (flashboard) is attached on

Fig. 1 Experimental setup.

Table I. Typical experimental conditions.

the anode (aluminum), which acts as the ion | jon species protons (H")
source. From the measurement by energy | beam voltage (peak) 1 MV
spectrometer, the ion species has been found to beam curren.t 70kA 5
. . energy density on target 50 J/em
be mostly protons (approximately 75%), being z (anode-target distance) 180 mm
the rest carbons. drs (target-substrate distance) | 70 mm
The energy density of the ion beam was tarfet angle 250200
: trat i
observed up to be ~100 J/em® at the substrate 154 )
pressure 107 Torr
geometrically focusing point. The beam spot | substrate temperature R.T.
size on the target was 20 mm in diameter. As a | number of shots Sorl0

target, a single crystal silicon was used with 50

mm in diameter, and 10 mm in thickness. As a substrate, we used Si wafer (200). The
substrate (20 X 80 mm) was kept at room temperature and the ablation plasma directly hits the
substrate. The chamber pressure was ~10* Torr. Typical experimental conditions are presented
in Table I.




The crystal structures and the properties were characterized by X-ray diffraction (XRD),
Auger electron spectroscopy (AES), Raman spectroscopy and scanning electron microscopy
(SEM). The grain size for a certain crystal plane (nkf) was estimated from the full width at
half-maximum (FWHM) values of the XRD spectra by use of Scherrer’s formula. The film
thickness was measured by a roughness meter.

I11. Experimental Results and Discussions
2)

In our previous paper,'” we have investigated ryt vt
the behavior of the ablation plasma by
high-speed camera. It was found that the ablation
plasma is produced by the irradiation of the ion

beam, and that the plasma expands in the

substrate

direction perpendicular to the target surface. The

substrate is surrounded by the ablation plasma
for 20 us after the start of the beam irradiation.
Figure 2 shows XRD spectra of poly-Si films

XRD Intensity {arb. units})

deposited on Si substrate by 5 shots of ion beam.
From Fig. 2, diffraction peaks of (111), (220) and 20 30 ' 20 50 ' 60
(311) axes can be observed at d, = 20 mm, where 20 (degree)

dp is the distance from the plasma center. The Fig. 2. XRD spectra of poly-Si films by 5
most intense XRD peak appears for the (111) shots of ion beam irradiation.
axis, followed by (220) and (311) axes. However,

any diffraction peaks cannot be observed at d, = L

60 mm. These results mean that the crystallinity
of the film is significantly improved near the
center because the plasma density is much higher
than that at the periphery.

Figure 3 shows XRD spectra of poly-Si films.
In this experiment, the bias voltage, Vpigs =-50V,

XRD tntensity (arb. units)
20

1 111

is applied to the substrate. From Fig. 3,
diffraction peaks of (111), (220) and (311) axes
can be observed at all substrate positions. The

[a]] -
d,=20 mmh -

. 1 L I )
intensity of these peaks increases if approaching 20 30 40 50 60
the center of the ablation plasma. The most | 26 (degree)
Fig. 3. XRD spectra of poly-Si films by
i i 5 shots of ion beam irradiation and
results suggest that it is possible to prepare the the substrate bias voltage Vs = -50
large-area of poly-Si thin films with high V.

B f substrate

intense XRD peak appears at (111) axis. These



crystallinity by the bias voltage supplied on the
substrate, where the ion bombardment affects the
crystallization.

From the XRD data, the grain size of the
nanocrystalline silicon films was calculated
using Scherrer’s formula:

d=09A/8BcosB, (N
where d is the grain size, A the X-ray wave
length, & the FWHM, and & the Bragg angle.
Using eq. (1), the grain size of poly-Si films
deposited under the conditions of Fig. 3 is
estimated to be 30, 37 and 43 nm at d, = 20, 40
and 60 mm, respectively. The deposition rate of
preparing silicon films was estimated to be about
200 nm/shot near the center by the measurement
of the roughness meter.

Figure 4 shows AES of poly-Si thin
film prepared at dp = 35 mm. From Fig. 4, it is
found that only the surface of the film is
oxygenated. There are no impurities such as
carbon and oxygen etc. in poly-Si thin film.

Figure 5 shows (a) peak intensity of (111) and
(b) the film thickness as a function of distance
from the plasma center, d,, with the substrate
bias voltage, Vs, as a parameter. From Fig. 5(a),
it is found that the XRD peak intensity increases
with increasing the substrate bias voltage. The
increment of the peak intensity certainly
increases if approaching the center. The most
intense peak is obtained at the substrate bias
voltage Vy;,s = -100 V. This result means that the
film if
approaching the center because the plasma

crystallinity of the i1s improved
density is much higher than that near the
periphery. Furthermore, the crystallinity of the
film increases by (-) bias voltage supplied on the

substrate, where the ion bombardment affects the

Si2p
P
o
=
c
=
0
[—
0
N
&2
0N
c Q.
Q C
e
£ Si2s
S AN N et R TN Y

e 2 4 6 8 10
Sputtering Time (min)

Fig. 4. AES depth profile of poly-Si
thin film prepared at dp = 35 mm.
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ABSTRACT

Thin films of YBa;Cu3O7.;(Y-123) grown epitaxially have been successtully deposited
by ion-beam evaporation (IBE). The c-axis oriented YBa,CusO7 ; thin films were
successfully deposited on MgO and SrTiO3 substrates. The Y-123 thin films which were
prepared on the SrTiO; substrates were confirmed to be epitaxially grown, by X-ray
diffraction analysis. The instantaneous deposition rate of the Y-123 thin films was
estimated as high as 4 mmy/s.

I. Introduction

After the discovery of the first high T. superconductor, LaCusOy, b, many
superconductors have been found. YBa;Cu3O7. ;(Y-123)is one of the superconductors and
has a peak in the characteristics of critical current density (J.) as a function of applied
magnetic field (H) . This phenomenon is called the peak effect. Many works have been
reported on the peak effect in Y-123. The reason of the peak effect, however, has not been
clarified.

In order to study the peak effect, Y-123 samples which are epitaxially grown thin films
with thickness of ~ 10 u m are required. Numerous thin films preparation techniques,
such as sputtering ?, molecular beam epitaxy (MBE) 9, electron beam evaporation % and
pulsed laser ablation methods % have been developed to prepare the epitaxailly grown Y-123
thin films. However, the deposition rate of Y-123 thin films by these methods was slow and
it is difficult to prepare 10 1 m thick films.

Ion-beam evaporation {IBE) method has been developed to prepare various kinds of thin
films with high deposition rates. The preparation of the films was carried out with a
intense pulsed ion beam generator, which produces an jon beam with a kinetic energy of 1
MYV (peak) and a current of 60 kA for a pulse width of ~50 ns 7. Then the ion beam is
irradiated on a target. Since the range of the ion beam in the target is very short, the
surface is heated according to the delivered energy density by the ion beam. This causes
the production of high-density ablation plasma which deposits on substrates with a rate of



~ium / shot ®. ‘

In the present work, the Y-Ba-Cu-O thin films are prepared by the ion beam evaporation
(IBE) method.  The crystallinity of the Y-123 thin films is characterized by various X-ray
diffractometries.

II. Substrate Materials _

Single crystals of MgO are known as substrate materials which do not react with Y-123
thin films at growth temperatures *. The preparation of high quality ¢ -axis oriented Y-123
thin films have been reported on the MgO substrates ', despite more than 9 % lattice
mismatch between a-parameters of Y-123 and MgO.

Lattice mismatch between SrTiOs and Y-123 (1%) is better than that of Y-123 and MgO.
Utilizing this advantage, epitaxially grown Y-123 thin films were prepared on SrTiOs
substrates. Moreover, the thermal expansion coefficient of SrTiO3 is close to that of Y-123.
From these reasons, single crystals of MgO and SrTiO ; were selected as substrates on which
Y-123 thin films were deposited by IBE.

III. Experimental Arrangement

Figure 1 shows the schematic of the ion beam source and the sample deposition
chambers in the pulsed power generator “ETIGO-II”. The ion beam was produced by a
magnetically insulated jon diode (MID) with geometrically focused configuration. A
polyethylene sheet (flashboard) was attached on the anode (aluminum). The ion species
were mainly protons. The cathode, which also worked as a one-turn theta-pinch coil,
produced a transverse magnetic field, by which electrons emitted from the cathode are
prevented from reaching the anode. The obtained ion beam was focused on the sintered
Y-Ba-Cu-O target. After the ion beam irradiation, ablation plasma is produced on the
surface of the target and thin films were deposited on the single crystal substrates facing
toward the target. For each substrate, thin film was deposited by a single shot of ion beam
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bombardment. Table I summarizes the deposition conditions.

Table I. Experiment conditions. : Table 1I. Annecaling conditions.
Accelerating Voltage 1MV 900 C 5 hours
Pulse width 50 ns 600 C 5 hours
lon type H' 400 °C 40 hours
Fluence 25 Yem? *These processes have been done
Target YB2;Cus07.5 in flowing oxygen gas
Target size ¢ 50 mm, 5°
Substrate SrTiO3 and

MgO (100)

Distance (Anode- Target: dar ) 200 mm
Distance (Target-Substrate: drs) 70 mm

Substrate temperature RT.
Shot number 1 shot
Pressure 10" Torr

Figure 2 shows typical waveforms of V; (diode voltage) and I, (diode current). From
Fig. 2, we see that V; ~1 MV and I; ~80 kA (peak) with t (pulse width) ~ 70 ns
(FWHM). Figure 3 shows the evolution of the ablation plasma which is formed on the
Y-Ba-Cu-O target. These photographs were taken by a high-speed camera (Ulira NAC
FS501). From these photographs we see that the Y-123 thin film was deposited in a period
of 72 ps.

The as-deposited films were annealed in flowing oxygen gas. The annealing
conditions are shown in Table 1I. The thin films were characterized with an X-ray
diffractometer. The thickness of the thin films was measured by a roughness tester
(Surfcom 130A, Tokyo Seimitsu). The cation composition of the target and the Y-123
grains in the thin films was determined by X-ray fluorescence spectrometry and energy
dispersive X-ray analysis (EDX), respectively. A specimen for EDX was prepared by
scratching the surface of a thin film on a SrTiO; substrate by a piece of glass. The
powders from the film were collected on a carbon microgrid supported by a molybdenum
mesh. The EDX spectra for the thin films was determined with an energy dispersive X-ray
spectrometer attached on a transmission electron microscope (JEM-2010, JEOL) operated at
200 kV. The intensity of the characteristic X-ray from the specimen was calibrated by
those from a standard sample of Y-123 powder. Thin film approximation which ignored
absorption of the emitted X -ray in the films was assumed for quantifying the composition.

IV. Results and Discussions

The XRD patterns for the annealed Y-123 thin films on the MgO and SrTiOj substrates
are shown in Fig. 4. The peaks of Y-123 thin films on both substrates exactly correspond
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Fig. 3 High-speed photographs of the ablation plasma from the Y-Ba-Cu-O target.

to the reflections for Y-123 or substrates phases. The films were essentially single-phase.
Although the peak for the 103 reflection is also found in the pattern for the Y -123 thin films
on the MgO substrate, most of the peaks for Y-123 are matched to the 00 [reflections. This
indicates that the c-axis for the Y-123 thin films was perpendicular to the (100) surface of
the substrates.

The rocking curve of the 002 reflection has been taken to characterize the c-axis
orientation. The full-width of half maximum (FWHM) value of 002 rocking curve are
given in the Table III. From the results, we see that the Y-123 thin films on both substrates
are less than 1° . This indicates that Y-123 thin films prepared by IBE method were c-axis
oriented. Then, the intensity change of the (102) reflection for Y-123 thin films due to ¢
scanning have been taken to characterize the in-plane orientation, which are shown in Fig. 5.
Since four-fold symmetry is clearly seen in the pattern for the thin films on the SrTiO;
substrate, but not seen in the pattern for the Y-123 thin films on the MgO substrate, the
Y-123 thin films are concluded to be epitaxially grown on the SrTiO 5 substrate.

The cation composition of Y-123 grains which was measured by EDX is shown in Table
I'V. From the result, the cation composition of the Y-123 thin films is almost the same as that
of the Y-Ba-Cu-O target. This confirms the previously concluded character of the IBE
method 'V, i.e. the composition of the films is as same as that of target.

The thickness of the epitaxially grown Y-123 thin films was measured with the
roughness tester, ylelding 0.3 u m with a single shot of ion beam bombardment.
According to the ablation plasma photographs which was shown in Fig. 2, the Y-123 thin



films were deposited in a period of 72 u s. Thus, the instantaneous deposition rate of the
films was calculated to be ~ 4 mm/s.
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Figure 4 XRD patterns of the Y-123 thin films on (a) MgO and (b) SrTiOs.

Table ITI. FWHM values of rocking curves  Table IV. Cation composition of the target

of 002 reflections for Y-123 thin films. and Y-123 thin film.

Substrate FWHM (deg.) Y Ba Cu
Target 1.0 2.0 3.0

MgO 0.18 Sample 1.0 2.0 2.9

SrTiO; 0.73

V. Conclusions

The c-axis oriented Y-123 thin films have been deposited on the MgO and SrTiO;. The
epitaxial Y-123 thin films were successfully achieved on the SrTiO; substrate by IBE
method. The composition of the films is found to be in good agreement with that of the
target. Utilizing the high-density ablation plasma which was formed by this method,
Y-123 thin films have been prepared by the fast deposition rate of ~ 4 mm/s.
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ABSTRACT

MgO-3.0Al203 single crystals and sintered AIN polycrystals were irradiated with
fast neutrons in various conditions and the hardness of the irradiated and unirradiated
samples was measured with a Vickers hardness tester. The hardness of as-irradiated
MgO-3.0A1203 and AIN samples increased by 23 and 51 %, respectively. After
isochronal annealing, the hardness gradually decreased and mostly recovered to that of
the unirradiated one up to 1400 ©C. Volume of the sample also increased after the
irradiation and changed in the same way as the hardness by annealing. A relationship
between the hardness and the density of point defects is proposed and the experimental
results agree with the relation ship. It implies that the point defects pin down dislocations

generated by the indentation and increase the hardness of neutron irradiated
MgO-3.0Al203 samples.

1. Introduction

Most of ceramic materials are known to be stable under neutron irradiation. Among
the ceramics, MgO-nAl203 spinel shows unique characters under neutron irradiation. The
volume change afier the irradiation was much smaller than most of oxides1). In the
irradiated MgQO-nAl203 samples, it is believed that knock -on atoms fill open spaces In the
crystal structure rather than become interstitial atoms causing volume change.
Furthermore, the fracture toughness of MgO-nAl203 spinel samples increases afler
neutron irradiation?). However, the mechanism to the increase is not certain. The change
in other mechanical properties of MgQO-nAl203 samples due to the irradiation was also
paid attentions, however, few works have been reported.

We have reported that hardness of neutron irradiated MgQ-3A1203 single crystals
and AIN polycrystals increased by 23 and 51 %, respective1y°'6). At the same time, the
hardness change of the samples was similar to the volume change, which is relaied to the
density of the point defects. It was likely that the hardness change in the neutron irradiated
samples was related with the change in the point defects. However, detailed mechanism of
the hardness increase was not cerlain. In the present work, MgO-3.0AI203 single crystals
and sintered AIN polycrystals were irradiated by neutrons in a various conditions.
Hardness of the irradiated crysials was measured with a Vickers hardness tester. A
relationship between hardness and the density of point defects is proposed and the
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mechanism of the hardness increase in neutron irradiated MgO-3.0A1203 single crystals
and AIN polycrystals is discussed.

I1. Experimental

Pressureless sintered AIN polycrystals and MgO-3.0A1203 single crystals were cut
into rectangular parallelepiped samples with a size of 2 x 4 x 25 mmg. All of the surfaces
of the single crystals were designed to be parallel to {100} . The surfaces for both samples
were polished with a diamond paste. Neutron irradiation of the samples was carried out in
the Japan Material Testing Reactor at temperatures between 100 and 785 ©C up to
fluences between 8.3 x 1022 and 5.2 x 1024 nfem? (£ > 1MeV). After the irradiation,
hardness of the samples were measured at room temperature with a Vickers hardness
tester. The indentation load (P) was 0.3 kg for MgO-3.0A1203 and 5 kg for AIN and the
indenter was loaded for 15 seconds on the surface of a sample. Hardness of the sample
(H) was calculated from the diagonal of the indentation(2z (mm)) with the following
standard equation:

H=1.854 P/(2a)’ (1)

Macroscopic length of the sample was measured at room temperature with a
point-type micrometer, which was firmly attached with a sample holder. The holder
allowed reproducible alignment of the sample and the reading error of th ¢ length was
within 1 um. Assuming isotropic volume change by the introduction of defects, the
volume change was calculated to be three times of the length change. Then, the samples
were annealed in a vacuum of 1 Pa at temperatures between 100 and 1000 ©C for 1 hour
and in a vacuum of 107 Pa at temperatures between 1100 to 1400 °C for 1 hour. After
annealing at a certain temperature, hardness and macroscopic length was measured again
at room temperature. The samples were annealed at a higher temperature. This
annealing-measurement cycle was conducted repeatedly.

1. Results and Discussion

Hardness of trradiated and unirradiated MgO-3.0A]203 sample is shown in Fig. 1.
After the neutron irradiation, the hardness of a sample irradiated at 100 ©C up to 8.3 x
1022 n/m? is increased by 23%, while the hardness of a sample irradiated at 470 ©C up to
2.4 x 1024 n/m? is comparable to that of the unirradiated one. After annealing up to 1000
OC, the hardness of the unirradiated sample stays almost constant. Hardness of the sample
irradiated at 470 OC up to 2.4 x 1024 n/m? is also unchanged. On the other hand, the
hardness of the sample irradiated at 100 ©C up to 8.3 x 1022 gradually decreases. After
the sample annealing above 600 OC, the hardness of the sample is mostly recovered to that
of the unirradiated one.

Macroscopic volume change due to the sample annealing is shown in Fig. 2. For the
sample irradiated at 470 °Cup to 2.4 x 1024 n/m2, the volume change is comparable to
that of the unirradiated one and unchanged due to sample annealing up to 1000 ©C. On the
other hand, the volume of the sample irradiated at 100 ©C up to 8.3 x 1022 n/m2is 0.17 %
larger than that before the irradiation. After annealing between 100 and 600 ©C, the
volume of the sample gradually decreases. The volume change of the sample is almost
0.03 9% at 600 °C and less than 0.02 %, which is close to the detection limit of the present



apparatus, above 900 °C. For these irradiated samples, the hardness and volume change as
function of annealing temperature are quite similar.

Hardness and macroscopic volume change for neutron irradiated AIN were also
shown in Figs. 3 and 4, respectively. For an AIN irradiated at 470 °C up to 2.4 x 1024
n/m2, hardness change is 51 % which is the highest value among the samples. Similar to
the curves for MgO-3.0A1203 samples (Figs. 1 and 2), hardness and macroscopic volume
was almost constant after annealing below the irradiation temperatures. After annealings
above the irradiation temperatures, the hardness and the macroscopic volume change
values gradually decrease in a similar manner. The similarity of the hardness and
macroscopic volume changes due to annealing is also observed for the other two neutron
irradiated AIN samples

During the irradiation, a number of de fects should be introduced. In MgO-3.0A1203
and AIN, dislocation loops were observed by transmission electron microscopy and point
defects and their small clusters which are responsible for the macroscopic volume change
must be prnza_%'nt5 6), Since the hardness and volume change exhibit similar manner, it is
natural to think that point defects should affect the hardness increase..

Assuming that strain field around point defects pin down dislocations which are
moved by the stress applied by the indentation and this cause hardening in irradiated
spinel samples. In metals, solution hardening from asymmetric point defects had been
known and the yield stress change is described by the tollowing empirical equation:

Al

[

T = o +Ludec ©)

2
where T is the yield stress of the hardened material, ) is the yield stress of the control
sample, u the shear modulus, Ae transverse strain of the tetragonal distortion and cj the
concentration of solute atoms. Following Eq. (2), we have proposed that the hardness
increase after neutron irradiation should be given by:

i

H; = Hy+ Ac} (3)

where ff; and Hyy are Vickers hardness values after and before the neutron irradiation, ¢y
the concentration of point defects and A a constant 7). Since the volume change of the
irradiated sample may be proportional to ¢y, Eq. (3) can be derived as follows:

H; - Ho = BJAY} @)

where B is a constant, AV/V the volume change. From the results in Figs. 1 and 2, values
of H; - Hy for irradiated MgO 3.0Al,0; samples are plotted against the volume change in
Fig. 5. The slope of the straight line, which is a least square fit of the plots, is 0.57, i.e.

almost equal to 1/2. Values of f1; - Hy for irradiated AIN samples are also plotted against
the volume change in Fig. 6. Similar to the plots for the MgO 3.0Al,05 samples, the slope
of the line was 0.53, which is also close to 1/2. Moreover, plots from the differ ent samples
fall on a single line. These results indicates that irradiation hardening can be explained by
dislocation pinning at peint defects and their small clusters, which 1s described in Eq. (3).
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V. Conclusions

Hardening of neutron irradiated MgO-3.0Al203 single crystals and AIN
polycrystals were observed. A relation ship between the concentration of point defects and
the hardness change was proposed and the experimental results agree well with the
relationship. This indicates that the hardness change in neutron irradiated MgO-3.0Al203
single crystals and AIN polycrystals can be explained as the dislocation pinning by the
irradiation-induced point defects.
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ABSTRACT

Automodulation of an intense relativistic electron beam was reexamined experimen-
tally to obtain trains of subnanosecond electron bunches. An electron beam with energy
of 550 keV, current of 3.5 kA and duration of 10 ns was utilized. The rise time of the
beam current was about 2 ns. One cavity was used to investigate the relation between
the level of current fluctuations and the cavity length. The length of a coaxial cavity was
changed from 75 mm to 300 mm. The higher-level current fluctuations were observed
when the longer cavity was utilized, as expected by the transmission line theory. Poor
current fluctuations were obtained by a 75 mm cavity which was expected to generate
subnanosecond bunches. These results indicated that the rise time of the beam current
should be improved to obtain trains of subnanosecond electron bunches. A series of cavi-
ties with decreasing length was employed. The first cavity was adjusted to 300 mm which
caused the IREB high-level current fluctuations. High-level current fluctuations with fre-
quency of 1 GHz was obtained when the cavity lengths were adjusted to 300,150,75 and
75 mm. ‘

1 Introduction

The physics of propagation of an intense relativistic electron beam (IREB) with strong
self- and induced field was not only interesting but also important for many applications.
Autoacceleration[1] and automodulation|2] of IREB’s are remarkable phenomena in which
the self- and induced field are effectively harnessed. The energy of an IREB increases
twice in the expense of its duration using only a coaxial passive cavity[3] in the one-stage

autoacceleration. In the automodulation, a series of coaxial passive cavities modulates



an IREB with power of more than 10'° W and no external oscillator is needed. The
modulation frequency depends on the round trip time for light of the cavity. Moreover,
we reported that an IREB with duration of less than 1 ns was attainable with multi-stage
autoacceleration using decreasing length cavities[4],[5]. An IREB with energy of 1.1 MeV,
current of 1'kA and duration of 0.8 ns was obtained by 4-stage autoacceleration from that
with energy of 500 keV, current of 5 kA and duration of. 12 ns. It is technically difficult
for conventional pulse-forming-line systems to generate an IREB with duration of less
than I ns and current of more than order of 1 kA. While the multi-stage autoacceleration
was useful to generate one pulse of subnanosecond IREB, automodulation is a potential
approach to generate trains of subnanosecond electron bunches. An IREB with sub-
nanosecond duration is an interesting subject of study for an application to high-power,
short pulse millimeter-wave generation called superradiance [6]. Trains of subnanosecond
IREB should expand the abilities of IREB's.

Automodulation was intensively studied by M. Friedman, et al.[7]. They reported
that electron beams with voltage varying from 0.25 MeV to 1 MeV, current from 1 to
8 kA, and pulse duration from 20 to 300 ns were modulated to a depth of nearly 100
%. According to their reports, we started an automodulation experiment to obtain trains
of electron bunches with duration of 1 ns for superradiation. However, only a poorly
modulated electron beam was observed. We considered that our IREB with current rise
time longer than the round trip time for light in the 1 GHz cavity resulted in the poor
modulation. We report here the experimental results of the 1 GHz automodulation using
decreasing length cavities.

2 Experimental Setup

A Pulserad 105A produced by Physics International, which utilized a conventional
Blumlein line, was used as a beam source. A 650 kV, 16 kA, 10 ns pulse is available to a
matched load. _

Two types of experiments were carried out. One cavity whose length was changeable
was utilized to examine that the cavity length affected the quality of modulation of an
IREB. The cavity length was changed from 75 mm to 300 mm. The experimental setup of
this experiment is shown in Fig. 1. Another experiment employed a series of decreasing
length cavities, as shown in Fig. 2. Two serieses of cavities with lengths of 300-75-75 mm
and 300-150-75-75 mm were utilized. |

In both experiments, foilless diode consisted of a carbon cathode with hollow knife-
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edge of 20 mm diameter and a carbon anode with 29 mm diameter aperture. The anode-
cathode spacing in the diode was 7 mm. An annular electron beam with diameter of 22
mm and thickness of 1 mm was injected from the diode into a conducting drift tube with
length of 2.0 m and inner diameter of 31 mm. Typical waveforms of the diode voltage
and the current are shown in Fig. 3(a) and (b), respectively. As shown in Fig. 3(b), the
FWHM of the pulse duration of the measured beam current was 12 ns, and the rise time
was 2 ns. An axial magnetic field of 1 T was applied by two solenoid coils with total
length of 1.6 m. Each coil had compensating magnetic field coils at the both ends to hold
the magnetic field strength constant at the joint of coils. The first cavity was connected
to the drift tube via gap at z = 16 cm, where z is the distance from the anode. The gap
spacing in any cavity was 2.5 cm and the impedance of cavities was typically 76 Q. The
base pressure in the system was maintained below 1 x 10~% Torr.
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Figure 3: Typical waveforms of (a) diode voltage and (b) beam current.

A Faraday cup was used to measure the beam current at various locations along the
axis in the drift tube and to estimate the kinetic energy of beam electrons. The Faraday
cup consisted of a carbon disk collector, a 0.042 ohm shunt resistor composed of chip
resistors and a 51 ohm chip resistor for matching. Aluminum foils of various thickness
were placed in front of the Faraday cup and a transmitted current through aluminum
foils was measured. Using the ratio of the transmitted current to the current detected
without foil and the range-energy relations [7], the kinetic energy of beam electrons was
estimated. A magnetic analyzer located at the end of the drift tube was used to check the



electron kinetic energy obtained by the range-energy relations. And the measured energy
was in good agreement with the estimated one.

Magnetic probes shown in Fig. 1 and 2 were used to measure the beam current at
each gap and the current at the end of cavity. The differentiated currents detected by
magnetic probes were integrated numerically.

The signals were monitored by Tektronix TDS 684A digitizing oscilloscope (1 GHz, 5
GS/s).

3 Experimental Results and Discussion

3.1 One cavity experiment

One cavity whose length was changeable was utilized. The cavity length was ad-
justed to 75, 150, 300 mm. The Faraday cup waveforms detected at z=50 cm for each
cavity length are shown in Fig. 4. No fluctuations in beam current was observed for
IREB propagation through a smooth drift tube [Fig. 4 left(a)] When one cavity whose
length adjusted to 75 mm was inserted in the drift tube, low-level current fluctuations
were observed [Fig. 4 left (b)]. High-level current fluctuations were observed when the
cavity lengths were adjusted to 150 and 300 mm [Fig. 4 left (c}),(d)]. The Fast Fourier
transform of the Faraday cup waveforms showed that the fundamental frequencies of fluc-
tuations were 0.5 and 0.25 GHz for 150 and 300 mm cavities, respectively, as shown in
Fig. 4 [right]. These frequencies corresponded to the round trip time for light in each
cavity. However, the expected frequency of 1 GHz for the 75 mm cavity was not observed
clearly because of its low-level fluctuations. The waveforms of the magnetic probes in the
cavity corresponded to those of the Faraday cup. Poor fluctuations were also observed
with frequency of 1 GHz by the magnetic probe in the 75 mm- cavity, though high-level
fluctuations were detected in thel50 and 300 mm cavities.

It was reported in ref [8] that the fluctuations of beam current in one cavity experi-
ments were strongly dumped when LdI/dt < V; where L was the cavity inductance, V
was the diode voltage and I was the beam current. In our case, LdI/dt’s were caliculated
to be 50, 120 and 250 kV for 75, 150 and 300 mm cavities, respectively, while the V
was 500 kV. Strong dumping was observed only when the cavity length was 75 mm. Our
experimental results indicated that the the strong dumping occurred when Ldi/dt << V.
However, as a trains of subnanosecond electron bunches was expected in our experiments,

high-level current fluctuations with less than 75 mm cavity was necessary. In this context,
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as the inductance of the cavity was difficult to increase, dI/dt must be increased to obtain
high-level current fluctuations with a short cavity.

It was also reported in ref [8] that the presence of two or more cavities caused the
appearance of high-level fluctuations in the beam current. A series of cavities with lengths
of 75 mm were utilized. Though the number of cavities was changed from two to four,
levels of fluctuations in the beam current were a little increased as shown in Fig. 5. The
reason why the high-level of fluctuations did not appear was not clear. It was considered
that the beam current was not enough to obtain high-level current fluctuations with a
series of cavities. '

Return to one cavity experiments, we calculated LdI/dt’s from the inductance of the
75 mm cavity and the currents fluctuated by 150 and 300 mm cavities. LdI/dt’s were
increased t0100 and 120 kV for fluctuated currents of150 and 300 mm cavities, respecrively.
The rise time of the beam current was improved by one cavity modulation. Therefore,

we tried to utilize the 150 and/or 300 mm cavities in front of 75 mm cavity to increase
dI/dt.

3.2 Decresing length cavities experiment

Two serieses of cavities with lengths of 300-75-75 mm and 300-150-75-75 mm were
utilized to obtain high-level current fluctuations with frequency of 1 GHz. The Faraday
cup waveforms as shown in Fig.6 indicated that the levels of current fluctuations were
increased. The level of current fluctuations of the 300-150-75-75 mm cavities were higher
than those of the 300-75-75 mm cavities. The fundamental frequencies of the current
fluctuations were about 1 GHz for both cases.

In order to obtain the kinetic energy of the accelerated electrons by the range-energy
relation method, aluminum foils were attached in front of the Faraday cup. As the current
fluctuations were still observed in the current waveforms passing through aluminum foils
as shown in Fig. 7, parts of beam electrons were accelerated and the rest of electrons were
decelerated. The increases of the energy of the accelerated parts were 150keV and 250
keV for the 300-75-75 mm and the 300-150-75-75 mm cavities, respectively. These results
indicated that the length of the (n + 1) th cavity should be adjusted to half of the (n) th
cavity length for high-level current fluctuations. The appropriate numbers and lengths of
the cavities at each stage for high-level current fluctuations must be exmined. The use of
decreasing length cavities should make high-frequency and high-level current fluctuations
possible for the IREB with low current and low df/dt.
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Figure 6: Beam current passing through a series of decreasing lengths cavities, (a) 300-
75-75 mm and (b) 300-150-75-75 mm.

4 Conclusion

A series of cavities with decreasing length was found to be effective to obtain trains
of subnnanosecond electron bunches by the automodulation scheme. Developments of
cavity structure and arrangements of the cavities had just started experimentally to obtain
higher-level current fluctuations and shorter bunch duration.
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Abstract

Interactions between an unmagnetized plasma and an injected intense relativistic
electron beam are simulated by 2.5-dimensional particle-in-cell code KARAT. The
ratio of the beam electron density (/1) to the plasma electron density () is taken as a
parameter. The ratio, my/n, is found to affect the beam propagation window and the
two-stream instability. When the two-stream modes are excited strongly (mw/np =
0.01 ~ 0.1), the beam electrons diverge radially and the beam propagation is
disturbed. When the two-stream modes are excited weakly (m/rp = ~ 1), the beam
electrons are focused and the bearn propagates through the plasma.

L. Introduction

When an intense relativistic electron beam (IREB) is injected into an unmagnetized plasma,
the plasma develops into a strong Langmuir turbulence state originated from the two-stream
instability between beam and plasma electrons.! “ In this state, density depressions in which
the high frequency electric field is trapped (caviton) are created,” and the background
Langmuir wave also exists.? It is found experimentally that the my/n, affects the microwave
radiation and the beam propagation. It was observed that a suitable plasma density exists for
the IREB propagation®. The radius of the IREB is observed by a phospher plate . The beam
radius when the my/n;, is between 0.005 and 0.1 is larger than that observed when nw/m; is
0.1 and 1.9 This result shows the effective electron beam propagation is achieved when the
ny/np is 0.1 and 1. Microwave spectrum is measured experimentally with spectrometers
covering 18-140 GHz.” When the ny/n, is between 0.005 and 0.1, the strong broadband
microwave radiation from the plasma is observed.? When the my/n, is between about 0.1 and
1, no radiation is observed.® The mechanism of the high-power microwave radiation is
considered to be originated from the interaction of the modulated IREB with the electric field
of the cavitons. The IREB modulation is considered to occur by the interaction of the IREB
with the background Langmuir wave. Therefore, the high-power microwave radiation is
suspected to relate with the strong Langmuir turbulence plasma. The Langmuir wave is
originated from the two-stream instability.



When an intense relativistic electron beam (IREB) is injected into an unmagnetized plasma,
it is expected that the two-stream instability occur. Analysis of the two-stream instability was
studied extensively’ ™). The question of interest was the ratio of the maximum electric field
energy density at saturation to the initial beam energy W. The parameter

S= ﬁg‘yo(nb/ZnP )”3 was defined by Thode and Sudan™, where B, is the normalized

initial beam velocity by the speed of light, y, is the initial relativistic mass factor of the

beam. Based upon a single wave approximation, a semiquantitative analytic solution for the
fraction of beam energy converted into electric filed energy was predicted to be®

W =€|E|" /dn,ygmc® = 0551+ SY™?2,

where & is the permittivity of free space, m is the electron mass. When the W is large, the
strong two-stream instability occurs. When the beam energy is fixed, the W is a function of
the np/np. And W is maximized by an appropriate /7.

It is not clear whether the one-dimensional result is applicable to explain our experimental
results or not. Then we have carried out 2.5-dimensional simulations of the beam propagation
in an unmagnetized plasma to study the beam propagation in an unmagnetized plasma and the
two-stream instability. There are little theoretical reports for the interaction between an IREB
and an unmagnetized plasma in 2.5-dimension. In 2.5-dimensional simulations, radial electric
field is observed, which is not considered in 1-d case. The result of 2.5-dimensional
simulation is reported here.

I1.Simulation

We have carried out computer simulations using 2.5-D code KARAT'®. KARAT is a fully
electromagnetic code based on the particle-in-cell (PIC) method. It is aimed primarily at the
solution of non-stationary electrodynamic problem having complicated geometry and
involving dynamic of relativistic electrons and non-relativistic ions. In particular, KARAT is
well suited to the simulation of high-current electron devices such as vircators, free-electron
lasers, gyrotrons, etc. It is also appropriate for modeling of physical phenomena in labolatory
and space plasmas,

In our simulations for changing the density ratio nwn,, the beam electron density is varied for a
fixed plasma density. The drift tube is a cylinder and both ends of that has thin foils. The cylindrical
wall and the foil are perfectly conducting. The radius, rg, is 1.9 cm and the length, L 4, is 40 cm.
When the particles enter into the cylindrical wall and both ends of the drift tube during the
calculation, they escape form the simulation region. A cold unmagnetized neutral argon plasma with
radius, ry, of 1.7 cm and length, L,, of 40 cm is initially loaded along the axis. The plasma density is



fixed at n, = 2x10" cm? initially. To avoid non-physical instability, the plasma electrons and

* jons are introduced some initial temperature. A cold electron beam with radius, n, of 1.5 cm is
injected into the plasma from the left side boundary. Both the rise time and the fall time of the beam
current are 1ns and the duration of the beam is 25 ns. The initial beam energy is 1.0 MeV. The
density ratio of the beam electrons to the plasma electrons rmy/n, is changed from 0.001 to 0.5. When
the my/n is 0.5, the beam current has the maximum value of 3.2 kA.

IIL. Simulation results
1. The high density ratio case

When the beam density is high, i.e. the initial density ratio my/n, = 0.5, the simulation results
are as follows. The positions of the beam and plasma electrons at ¢ = 8.0 ns is shown in Fig. 1
(a) and (b), respectively. As the volume element varies like 7, the beam electron density near
the axis is more than inferred from the Fig. 1 (a). Figure 1(a) shows that the electron beam has
radial oscillation and the beam density is high near the drift tube axis. Figure 1(b) shows the
plasma electrons are forced out from the axis because of the repulsion for the injected beam
electrons and an ion channel is created.
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Figure 1: Electron positions at z = 4 ns (n,/n, = 0.5). (2) Beam electrons. (b) Plasma electrons.
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transport in the ion-focused regime is reported.”” The betatron wavelength is derived for the

case of the beam propagation in the ion focused regime (n, /n, =1). Therefore, in the high

density ratio case, the beam propagation is explained by the theory of the ion-focused regime.
And the two-stream instability is suppressed by the escape of the plasma electrons. The radial
oscillation is produced by imbalances in the beam’s transverse pressure and the radial force of
the ion channel.”® When the ny/ny is high, the effective beam propagation continues in the
simulation time.

2. The intermediate density ratio range

The simulation results of the case of ny/n, = 0.1 initially are as follows. The positions of the
beam and plasma electrons at ¢ = 4.0 ns is shown in Fig. 3 (a) and (b), respectively. Figure 3
(a) shows that the injected electron beam is focused in radial direction at z = 10 cm then the
beam electrons begin to oscillate radially. Some beam electrons have large amplitude of
transverse oscillation and escape from the cylindrical wall. Figure 3 (b) shows that some
plasma electrons near the drift tube axis are also forced out between z = 20 cm and 40 cm as
seen in Fig 3 (b).

(a) 0. ] z[o B %u {b) © ;2[%31 | 7em s .4o.u

Figure 3: Electron positions atz = 4 ns (m/n, = 0.1). (a) Beam electrons. (b) Plasma electrons.

x10*
»p*

2 ¥ 2

ﬁslg‘ . = 3 I‘-‘]—z— r
T S , I M WA /\, ; I

@ & Frequenicy [GHz] =00 (b) & Frequenicy [GHz] 0

Figure 4: The Fourier transform of the electric field ¢/, = 0.1).
(a) The longitudinal field. (b) The radial electric field.



In Figure 3 (b) plasma electrons still remains compared with Fig. 1 (b) of the high density
ratio case. The radial electric filed is observed in our 2.5-dimensional simulations, which is
not included in 1-dimensilnal simulations. Figure 4 (a) and (b) shows the Fourier transform of
" the longitudinal and radial electric field excited in the plasma at z = 35 cm and r = 0.2 cm.
The time interval of the Fourier transform is between

t=0ns and ¢ = 4 ns. The plasma frequency of 4

GHz corresponding to the initial plasma density

R

and frequencies corresponding to higher y

Beam elecoons ™ - i L A ; '

harmonics are  observed. From  the NGk L
one-dimensional linear theory, the most | Prasrms electrons T
unstable wave excited by the two-stream o

instability has a wave number ke, /V,,, R me o
where w, is the plasma frequency and V, is Figure 5: The distributions of the beam

. . ¢lectrons and the plasma electrons in the
the beam velocity. In this case the wave number

is about 90 m™, that is, the wavelength is 7 cm. phase space at£= 1015 (n/ry = 0.1).

This wavelength agrees with the wavelength

observed in Fig. 3(b). The distributions of the beam electrons and plasma electrons in the
phase space at ¢ = 4 ns are shown in Fig. 5. The beam electrons are trapped and rotate in the
phase space. Therefore, the two-stream instability is found to be observed in the simulation.
The ratio of the maximum electric field energy density at saturation to the initial beam energy
W is calculated to be 0.06. To evaluate W, we use the value of the electric field strength
observed at z = 30 cm and r = 0.2 cm. And we assume that the electric field has the Bessel
functional radial dependence and the longitudinal dependence of the fields is ignored (i.e. the
wave strength value z = 30 cm and r = 0.2 cm is uniform in z direction.).

When ¢ = 2 ns ~ 10 ns, the most unstable wave of 4 GHz excited by the two-stream
instability is dominate. After ¢=~10ns, the results of the simulation are changed. The
positions of the beam and the plasma electrons at £ = 12.0 ns are shown in Fig. 6 (a) and (b),
- respectively.

Figure 6: Electron positions atz = 12 ns (n/nt, = 0.1). (a) Beam electrons. (b) Plasma electrons.



In Figure 6 (a) the electron beamn has radial oscillation. But little beam electrons reach at the
cylindrical wall in contrast with Fig. 3 (b). The maximum amplitude of the oscillating beam
radius decreases slightly (slightly focused in the radial direction). In Fig. 6 (b) the plasma
electrons have no bunch like Fig. 3 (b). Figure 7 (a) and (b) show the wave spectrum of the
longitudinal and radial electric field at z = 35 cm and r = 0.2 cm. The time interval of the
Fourier transform is between ¢ = 8 ns and ¢ = 12 ns.
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Figure 7: The Fourier transform of the electric field (ny/n, = 0.1).
(2) The longitudinal field. (b) The radial electric field.

In this time interval, the averaged plasma electron

density decreases from n, =~5x10"cm™ to n, 2 . . .

Beam electrons

=~4x10"cm™ because of the escape of the
electrons from the cylindrical wall (rq =1.9cm).

Plasma frequencies 2.0 GHz and 1.8 GHz
corresponding to these densities are not observed.
The distributions of the beam and the plasma

electrons in the phase space at £ = 10 ns are shown

in Fig.8. Little beam electrons are trapped. Figure 8: The distributions of the beam
In the intermediate density ratio, the most electrons and the plasma electrons in the

unstable wave excited by the two-stream  Phase space ats= 10 ns (ny/n, = 0.1).

instability of wave number k=w,/V,

dominates at 0 < ¢ < 10 ns. And the wave becomes

weak at £ > 10 ns.

3. The lower density ratio case
The simulation results of the case of m/n, = 0.001 initially are as follows. The positions of
the beam and the plasma electrons at = 8.0 ns is shown in Fig. 9 (a) and (b), respectively. In



Fig. 9 (a) the electron beam keeps its radius with 1.5 cm. Figure 9 (b) shows the plasma
electrons are not disturbed. Figure 10 (a) and (b) shows the Fourier transform of the
longitudinal and radial electric field excited in the plasma at z = 35 cm and 7 = 0.2 cm. The
time interval of the Fourier transform is between ¢ = 4 ns and ¢ = 8 ns. The plasma frequency
of 4 GHz corresponding to the initial plasma density is observed. And radial oscillation of the
electron beam is observed as shown in Fig. 10 (b).
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Figure 9: Electron positions at ¢ = 8 ns (my/np, = 0.001). (a) Beam electrons. (b) Plasma electrons.
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enough to excite the two-stream instability. The ratio of the maximum electric field energy

~density at saturation to the initial beam energy, W, is calculated about 0.01. This value is
smaller than that observed in the intermediate density ratio cases. When the W is small, the
two-stream instability is excited weakly. The dependence of the two-stream instability on the
density ratio qualitatively agrees with Thode and Sudan’s study.

VL. Discussion and concluding remarks

We have carried out the beam-plasma interaction by the PIC 2.5-dimensional simulations
with non-periodic boundary conditions and with no external magnetic field. The simulation
results show the two-stream instability between the beam electrons and the plasma electrons
has the dependence on the density ratio ny/n,. And the beam propagation window has also the
dependence on the density ratio. When the density ratio ay/n, is ~ 0.5, the two-stream
instability is suppressed because of escape of the plasma electrons. The beam propagation is
explained by the theory of the ion-focused regime. When the density ratio ny/n, is 0.01 ~ 0.1,
the two-stream instability is strongly excited. The radial electric field is observed in the 2.5
dimensional simulations. The longitudinal electric field traps the beam electrons. And the
radial electric filed disturbs the beam propagation. When the density ratio my/n, is small (~
0.001), the two-stream instability is excited weakly. However, the strength of the excited
waves is too small to trap beam electrons.
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Figure 12: The calculated W as a function of ny/n,.

Figure.12 shows the calculated maximum. energy transfer efficiency from the beam to the
excited wave. We have calculated the W with assumptions as mentioned above. The



calculated W have maximum values when the m/n, is 0.01~0.04, respectively. The
dependence of the two-stream instability on the my/m, seen in Fig. 12 is qualitatively agree
with the prediction in 1-dimensional theory, in which the W has also the maximum value for
the appropriate value of n/n,. When the W is large, the two-stream instability is excited
strongly. When the W is small, the two-stream instability is excited weakly. In our
experiments, when the ny/n, is between 0.005 and 0.1, the radiation occurs and the beam
propagation is disturbed. When the ny/n, is between 0.1 and 1, no radiation occurs and the
effective beam propagation is achieved. The observed relation between the beam propagation
and the two-stream instability in our simulations is qualitatively consistent with these
experimental results. And the simulation results show the possibility of the beam modulation
by the two-stream instability. The relation between the strong Langmuir turbulence plasma
and the beam propagation will be studied.
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ABSTRACT

spectroscopic analysis of spherical glow discharge fusion device was carried out using
hydrogen gas. Effects of the discharge current and cathode voltage on spectrum pfoﬁlés
of hydrogen Balmar lines were measured. The profiles of all hydrogen lines were broadened
with the cathode voltage. From the relationship between the maximum broadening width
and the cathode voltage, it was indicated that the broadening was caused by the Doppler
effect. From the spatial distribution of emission intensity, it was found that plasma core
size became larger with discharge current and smaller with cathode voltage.

I. Introduction

Spherically convergent beam fusion (SCBF) is a scheme for accelerating deuterium ions,
which are generated between electrodes by a glow discharge, toward the spherical center
and giving rise to fusion reactions. As the SCBF device is very simple and compact unlike
other fusion devices, it is applicable to a portable neutron source.

In 1994, G. H. Miley et al. confirmed a steady-state D-D neutron production over 108 ™1
using a simple fusion device. However, the detailed mechanism of SCBF has not been
made clear yet. In this report, the visible emission from the device was investigated using

hydrogen discharge.

II. Experimental setup

The schematic of an experimental SCBF device is illustrated in Fig.1. The device
consists of 45 cm diameter, 31 cm high stainless steel cylindrical chamber and a spherical
mesh-type anode of 30 cm diameter. A spherical grid cathode of 7 cm diameter located
at the center of the anode is connected to a 0-60 kV, 0-20 mA constant current dc power
supply through a ballast resistor of 1 k2 and a stabilization capacitor of 0.15 uF. The
cylindrical chamber is evacuated by a turbo-molecular pump and a base pressure of 1073
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Fig.1. Schematic of an experimental device

380 mm 136 mm

P2

Optical Fiber

Spectrometer

Grid Cathode‘,r"

X-Y-Z Stage

Mesh Anode
Vacuum Chamber

Fig.2. Schematic of an optical measurement system

Fig.3. Photograph of a discharge plasma




(o) vy
301 E %
O
o % 2
. k=% T
=, s |= &
2 20F ¥ £
g - .
& vf T
= a
= -
2 10F S
oy <t
“ «
& =
o
ok e -
| " 1 N 1 " 1 "

] i " 1
200 300 400 500 600 700
Wavelength [nm]

Fig.4. Emission spectrum of hydrogen discharge
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Fig.5. Profiles of Hﬂ line spectra at discharge currents of 4.0-16.0 mA
with a fixed cathode voltage of 10.0 kV

Torr is achieved. The system is maintained at a constant pressure of 1-15 mTorr by
feeding hydrogen gas through a leak valve.

A schematic of an optical measurement system is illustrated in Fig.2. The visible and
ultraviolet lights emitted from the SCBF device are focused by a lens (/=100 mm, D=50
mm) on an end of optical fiber and guided to a spectrometer. The spectrometer is a
Czerny-Turner type and the resolution is 0.0270 nm. A spectrum intensity is measured
with a photomultiplier. The spatial resolution in the direction of optical axis is low
(~ 10 cm) because the distance from the spherical center to the lens, which is made as
short as possible, is rather long and the acceptance angle of the fiber is small. Therefore,
the detected intensity is integrated over the device in the direction of optical axis.

II1. Experimental results and discussion

Figure 3 shows a photograph of a hydrogen discharge plasma. The remarkable feature
of the SCBF called “ Star Mode ” V), the formation of a bright plasma core inside the
grid-type cathode and the some beams of light through each hole of the grid cathode, is
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observed. An emission spectrum of a hydrogen discharge from 200 nm to 770 nm is shown
in Fig.4. From this figure, strong hydrogen Balmar lines are observed and Hg line (486.133
nm) has the largest intensity. Therefore, Hg line is used in the following spectroscopic
measurements. :

Profiles of Hy line spectrum at. discharge currents of 4.0-16.0 mA with a fixed cathode
voltage of 10.0 kV are shown in Fig.5. The remarkable broadening of spectrum which
has secondary peaks on both sides of the central peak is observed, and all other hydrogen
lines are also broadened similarly. As shown in Fig.5, emission intensity increases with
discharge current and the profiles are much the same.

Profiles of Hg line spectrum at cathode voltages of 7.5-15.0 kV with a fixed discharge
current of 10.0 mA are also shown in Fig.6. Emission intensity of the central peak is nearly
constant. However, intensity of the side spreads decreases and the maximum broadening
width increases with increasing cathode voltage. The relationship between the maximum
shift and cathode voltage is shown in Fig.7. Here, the maximum shift is defined as half
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the maximum broadening width of the profile. Assuming that the side spread is caused
by Doppler shift, the shifted wavelength is given by the following expression,

AZC:E'UAU:)\Q:EEAG (1)
c c

where Aq is the wavelength of unperturbed line, v is the velocity of ion, ¢ is the velocity
of light in vacuum. Using Eq.(1), the kinetic energies are calculated from the data of
maximum shift as shown in Fig.7. The curves in Fig.7 are derived from experimental
results by using least-square fittings of the data. It seems that kinetic energy is ap-
proximately proportional to cathode voltage. Hence the shift is expressed as a function
of square root of cathode voltage. To discuss this result further, the floating potential
profiles are measured with an electrostatic probe. The probe has an electrode, which is
made of 1.0 mm diameter, 1.0 mm long copper wire, and is inserted through a grid hole
of the cathode. The results is shown in Fig.8, which shows that the floating potential
decreases remarkably around the cathode and is nearly constant well inside and outside
the cathode. Figure 9 shows the relationship between effective accelerating voltage and
cathode voltage. Here, the effective accelerating voltages Vg is defined as the effective
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Table 1. HWHM vs. discharge currents at a constant voltage of 10.0 kV

Discharge current | HWHM
5.0 mA 12.5 mm
10.0 mA 13.6 mm
15.0 mA 13.8 mm

potential difference between the ﬂoating potential inside and outside of the cathode as
shown in Fig.8. V,g is 20 percent lower than cathode voltage as shown in Fig.9. Com-
pared with Fig.7, it seems that the side spread is caused by the Doppler effect because
Veg corresponds to the kinetic energies.

The spatial distribution of Hg line intensity at discharge currents of 5.0-15.0 mA with a
fixed cathode voltage of 10.0 kV are shown in Fig.10. The spatial distribution is measured
from 0 mm to 50 mm in the lateral direction. Partial decreases of emission intensity in
Fig.10 indicate the shade of the grid cathode wire. Table 1 shows half width at half
maximum(HWHM) of emission intensity at discharge currents of 5.0-15.0 mA with a
fixed cathode voltage of 10.0 kV. From the results of HWHM, it is found that plasma core
becomes larger with discharge current. The spatial distribution of Hy line intensity at
cathode voltages of 5.0-15.0 kV with a fixed discharge current of 10.0 mA are also shown
in Fig.11. It is found that plasma core becomes smaller with cathode voltage as tabulated
in Table 2.

IV. Conclusion

The visible emission from the SCBF device was measured using spectroscopic method.
Strong emission lines of hydrogen were observed, and all hydrogen lines were broadened
remarkably. The broadening of the profile was independent on discharge current and
depended on cathode voltage. The side spread of spectrum was caused by the Doppler
effect. Plasma core size became larger with discharge current and smaller with cathode
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Table.2. HWHM vs. cathode voltage at a constant current of 10.0 mA

Cathode voltage | HWHM
5.0 kV 15.5 mm
10.0 kV 13.6 mm
150 kV 12.6 mm
voltage.
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ABSTRACT

NO, in the oxygen mixed NO(=200ppm)/N, gas was removed efficiently with a synergistic
effect of oxidization by the pulse electron beam and the photocatalyst (TiO, containing
several % of water of crystallization). The photocatalyst was activated mainly by the plasma
and radicals produced by the electron beam rather than UV light from the diode. NO, removal
efficiency in the oxygen 5% mixed NO(=200ppm)/N, gas was as high as 1010 nmol/J at
removal ratio 83%. Without any radiation on the photocatalyst, NO, was gradually decreased
to 22.6% of the initial NO, after 28 min in the oxygen 20% mixed NO(=200ppm)/N; gas.
Concentration of NO, was below a few ppm during all process and it was expected that NO,
was immediately oxidized to HNO; on the photocatalyst after NO was oxidized to NO,.

1. Introduction

Recently, dry processes for flue gas treatment using gas discharge have been investigated
and its potentiality has been demonstrated. ') However, improvement of energy efficiency for
these gas treatment devices operating by electrical power is still a key issue to develop a
practical gas treatment device. Several achievements were reported in improvement of energy
efficiency by radical shower or shorten the discharge voltage pulse.s’ >} New approach to this
subject is to use catalyst with the gas discharge. 67 The maximum removal efficiency for the
flue gas weight using non-thermal plasma combined with the Cu-ZSM-5 or three way
catalysis was 100 J/g. Very recently, 9photocatalyst (Ti0,) was used with the surface discharge
in gas discharge treatment device.®” It is reported that the photocatalyst was driven by the
discharge plasma and significant improvement of the performance of NO, removal adding
hydrogen perox_ide.S} Energy consumption for NO, removal in the unit of the ratio of input -
energy to gas mass flow achieved was 125 J/g at removal rate 92% with 1000 ppm of H,0,.

On the other hand, gas treatment device using pulse intense electron beam injection has
been investigated for a candidate of gas treatment method having many advantages and an
efficient removal of NO,, VOCs and CS; by pulse intense electron beam injection was
demonstrated. 'Y Recently, flue gas treatment by pulsed relativistic electron beam having
energy of 2 MeV or 8 MeV has been studied.'” Up to now, effects on the NO, removal by the
pulse electron beam injection co-operation with the photocatalyst (TiO;) have not yet been
tested. The photocatalyst has a merit that can be operated as an oxidation catalyst at room
temperature in the presence of molecular oxygen in contrast with that nearly
all-heterogeneous catalyst function at elevated temperatures. On the other hand, NOi
adsorption on surface of TiO, with water of crystallization without any radiation was
observed by Nishikata et al.'” Same amount of NO and NO, was simuitaneously removed in
this process.

In this paper, it is reported that high efficiency of NO, removal is achieved by the pulse



electron beam 1njection combined with the photocatalyst (“anatase” TiO;).

2. Experimental apparatus and procedure

Expenimental apparatus of NO, removal using pulse electron beam combined with
photocatalyst 1s shown in Fig. 1. The pulse electron beam of about 95keV, 120A, 900ns was
produced by a electron beam diode having an active plasma cathode and a stainless anode
stmilar to that developed ourselves.'® The electron beam was injected through holes of the
stainless anode and an aluminized PET film of 25 u m thickness into atmospheric pressure
NO(=200ppm)/N; gas or oxygen mixed NO(=200ppm)/N; gas. The pulse electron beam was
injected in a rate of one shot in 10~15 s. The electron beam energy injected in one pulse
measured by a Faraday cup was 4.8 J to 5.7 J depending on the experimental conditions, when
the stored energy in the Marx generator was 10.9 J. A gas chamber of 16 cm internal diameter
and 27 cm of length was made of stainless steel tube and its capacity was 6.2 . The inner wall
of the gas chamber and surface of a gas mixer were covered by a photocatalyst sheet of 0.5
mm thickness. The sheet was prepared by Fuji Electric Co., Ltd. by rolling down a mixture of
70% of hydrous TiO; powder( ST-01 made by Ishihara Industry Co., Ltd.) and 30% of Teflon
powder. NO(=200ppm)/N; gas and O, were introduced into the gas chamber by measuring
partial pressure with a mercury manometer and the gas mixture was prepared by thres strokes
of the gas mixer and waiting for three minutes of diffusion time. NO(=NO,+NO) or NO was
measured using the NO,-O; gas analyzer(NOA-7000 made by Shimadzu Co., Ltd.)
introducing N; from opposite side of the gas chamber after the same process as the
preparation of the mixture gas.

giop Mercury manometer

Active Plasma L ‘Gas Mixer I !
Cathode T \ p
\ 4] \ ®
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"_H.V. E PET Fﬂm e —— L= ]
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Anode L a
&
Z

Fig . Experimental apparatus,

3. Experimental resuits and discussion
3-1. Observation of light from the electron beam diode and the plasma



Open shutter photograph taken from the side of electron beam diode shows that the electron
beam produced plasma and radicals are radially expanded and contacted with the chamber
wall. The light from the electron beam diode including plasma light produced by electron
beam was measured by a pin-photo diode with a quartz window placed in the front of the
electron beam diode. Temporal shape of signal was composed of a large peak with 500 ns
pulse width from the start of electron beam pulse followed by comparatively small signal until
the end of the electron beam pulse. It is expected that X-ray, UV and visible light from the
diode, the plasma and radicals irradiate on the surface of the photocatalyst sheet on the

chamber walil.
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NO(=200ppm)/N, gas depending on the injected electron beam energy.

NO, removal in NO(=200ppm)/N> gas by the pulse electron beam with photocatalyst

Temporal change of NOy, NO»,
NO concenirations and NOy
concentration after electron beam
injection in NO(=200ppm)N, gas
at 10 min were shown in Fig2.
NO; was not detected and NO=
NO, was only slightly decreased
after 28min. NOy decreased by the
electron beam injection into the gas
chamber at 10 min In Fig3, the
removal ratio and the removal
efficiency depending on, the total
injected electron beam energy were
shown. The total injected electron
beam energy of 19 J 15
corresponding to four electron
beam shots. NO, of 40% was
removed by the electron beam
injection of 38 J and the energy
efficiency was 540 nmol/J at this
removal ratio. This value can be
compared with the efficiency 400
nmol/J at same removal ratio
without the photocatalyst by
injecting same electron beam in
the same gas chamber Removal

_ process 1n this case is reduction of

NO by N radicals in the gas phase
and it 1s collected that reduction
reaction is enhanced by the
photocatalyst excited by the
plasma collision and UV
irradiation. However, the
improvement of the energy
efficiency of NO, removal was not
so high enough.



3-3.  NO. removal in oxygen mixed NO(=200ppm)/N- gas without any radiation
Temporal change of NO,, NO,, NO concentrations in the oxygen 5% mixed
NO(=200ppm)/N,. gas and in the oxygen 20% mixed NO(=200ppm)/N; gas were shown in
Fig.4 and Fig.5, respectively. One
of significant character of NOy
[——N0o,] [-—=—N0z {——NO] removal is that NO, 1s below a few
1 ppm (2.6 ppm) in the process. In
! our previous experiment,'” we
observed that 50% of NO, and NO
at 25 min after mixing 20% of
] oxygen to NO(=200ppm)/N, gas
] without decreasing
1 NOL(=NO+NO,), when  the
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Fig.4. Temporal change of NQ,, NO, and NO concentrations Wal% was covered by‘a _Wet cloth.
and NO, concentration after electron beam injection at 10 min Without any radiation on the

in the oxygen 5% mixed NO(=200ppm)/N; gas. photocatalyst, NO, was gradually
decreased to 22.6% of the inihal
value after 28 min in the oxygen
20% mixed NO(=200ppm)/N-» gas

[—o—NO.} [—=—K0;| | =—NO ] and 52% in oxygen 5% mixed

150 e NO(=200ppm)/N, gas. A
| 1 tendency to saturate absorption

N 0 enat ) capability was also observed. It is

100 | clear that NO; 1is suongly
] ‘ absorbed by the photocatalyst
: ] without any radiation. Similar
[ NO; removal without any

50 | . A radiation was observed by
s wﬂt\- Nishikata et al using the same

7 shots T photocatalyst  sheet.’®  They
5 shots <, o 3 ahote T proposed the mechanism of NO,
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Fig.5. Temporal change of NO, NO; and NO concentrations and ~ This shows a possibility to use the
NO, concentrat.ions after electron beam injection at 10 min in the photocatalyst (TiOz) for the NO,
oxygen 20% mixed NO(=200ppm)/N, gas.
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removal without the light source.

3-4.  NO. removal in oxygen mixed NO(=200ppm)/N, gas by the pulse electron beam
irradiation with the photocatalyst

Change of NO, concentration after electron beam injection in the oxygen 5% mixed
NO(=200ppm)N, gas at 10 min and in the oxygen 20% mixed NO(=200ppm)/N; gas were



also shown in Fig.4 and Fig 5, respectively.
In Fig.4, NO, was removed by the consequence of the pulse electron beam injection into
the gas mixture at 10min. In Fig.5, NO, was removed by the electron beam injection at 10
min and 6, 13 and 18 min after the preparation of gas mixture. The removal ratio and the
removal efficiency depending on the injected electron beam energy at 10 min in both cases
were shown in Fig.6. NO, removal efficiency in the oxygen 5% mixed NO(=200ppm)/N, gas
was as high as 1200 nmol/J at
(0, 20% [0:5% the removal ratio 25% and
| —e— Ratio i —e—Ratio 1007 nmol/J at large removal
100 I —=— Efficiency || —=—Efficiency ratio of 83%. In the oxygen
77T L I L 1500 20% mixed
[ NO(=200ppm)/N> gas, largest
efficiency of 1006 nmol/J by
two pulse of the electron
beam injection was obtained
at the removal ratio 62% and
13 min. The largest efficiency
of 872 nmol/J at the removal
ratio 80% by three beam
pulse was obtained at 13 min.
) These efficiencies can be
0 T I N T S P compared with our previous
0 0 . ;
Injecie d ;0 ect:; bei?a .enzfgy :[;3] 3 results described in Refll3.
' When oxygen of 20% was
Fig.6. The removal ratio and the NO, removal efficiency in oxygen mixed to NO(=200ppm)/N;
mixed NO(=200ppm)/N; gas depending on the injected electron  gas NO was oxidized to NO,
beam energy at 10 min. resulting in NO=NO, at 24
min after the mixing without changing NO(=NO+NQO,). The pulse electron beam injection .
clearly promoted the oxidization of NO and its efficiency was about 200 nmol/J. When the
pulse electron beam was injected into the same gas in the gas chamber, which internal surface
was covered by a wet cloth, NO, was removed with total efficiency of 570 nmol/J at removal
ratio 40% by formation of HNO; with OH radical in the gas phase and by dissolving NO; into
the water in the wet cloth at the wall. However, the removal efficiency by the electron beam
iyjection only was 150~200 nmol/J. The NO, removal efficiency was increased 4~6 times
compared with these efficiency by using the photocatalyst sheet.

Above-mentioned efficiency was estimated by dividing the removed amount of NOy 1n
[nmol] unit by the injected electron beam energy [J]. The efficiency for the stored energy n
the Marx generator (10.9J) was about 350~380 nmol/J at the removal ratio 70 to 80%.

In spite of difficulty on direct companson of efficiency with other NO, removal
experiment used the catalyst, we will try to compare the results described in Ref. 7 using the
Cu-ZSM-5 and three-way catalyst and Ref. 9 using the photocatalyst(TiO;) with our result
converting the unit [J/g)] to [nmol/J]. In both experiment, the energy efficiency is the ratio of
input energy including discharge power and energy loss in the power source to gas mass flow.
The efficiency about 100 J/g converted to the efficiency about 120 nmol/J in our umt. Our
efficiency was three times higher than that but they removed NQO, in flowing gas in contrast
with ourtreatment of the stagnated gas in the gas chamber.

The light from the electron beam diode were measured by the pin-photo diode when Mylar
film of 200 ¢ m thickness was added io the aluminized PET film to prevent the electron beam
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injection in the gas chamber. The waveform and peak height of the light signal were almost
the same as that for the case without the Mylar film on the contrary the pulse electron beam
signal was decreased to less than 1/10. A small attenuation of UV light by the Mylar film of
200 u m thickness was examined using another surface flashover light source. When the
electron beam diode was operated in this conditions, NO, was not removed at all. This means
that the photocatalyst 1s activated by the plasma, radicals and plasma light rather than UV
light from the electron beam diode. Activated TiO, induced chemical reaction of oxidization
producing active tadicals (OH, O, O7), which OH came from the water of crystallization and
O from mixed O,, on TiO; catalyst. These radicals effectively oxidized NO and NO- forming
HNQO; and keeping 1t on the surface of the photocatalyst.

4. Conclusion

NO, removal by the pulse electron beam in combination with the photocatalyst was
examined. Remova! efficiency of NOy in oxvgen mixed NO(=200ppm)/N, gas was highly
enhanced by the synergistic effect of oxidization with the pulse electron beam and the
photocatalyst (T10,). The photocatalyst was activated by the bombardment by the plasma,
radicals and plasma light rather than UV light from the electron beam diode.
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ABSTRACT

Treatment of NOy has been demonstrated using an intense, pulsed, relativistic electron
beam (IREB). The short (20 cm long) and elongate (180 cm long) chamber are filled
with Nj-balanced NO or N»/O»-balanced NO gas mixture with the pressure of 120
kPa, and are irradiated by the IREB energy of 2 MeV with the pulse width of 50 ns
(full width at half maximum). With the initial NO concentration of 100 ppm in Np-
balanced NO gas mixture filled in the elongate chamber, ~ 95 % of NOy is removed
by firing 10 shots of IREB. We have obtained NOyx removal efficiency of 20-200

nmol/J.

Removal of NOy by the IREB has been also simulated by a numerical

calculation code in No/O3-balanced NO gas mixture filled in the short chamber.

1. Introduction

The flue gases produced by the electric

power plants, ironworks and diesel engines .

have caused serious environmental
problems in the earth. For example, a
large amount of NOy may result in the acid
rain or the photochemical smog.  The
injection of an intense, pulsed, relativistic
electron beam (IREB) into a flue gas is
expected to be effective for pollutant
removal. In the removal of NOy by IREB,
NO, reacts with the radicals, such as O, N,
OH, HO; and so on. The radicals are
formed by the collision of the electrons
with the atoms or molecules. The IREB is
able to produce a lot of radicals
simultaneously due to the short pulse width
and high current density. It is reported
that the removal efficiency of NOy can be
tmproved by utilizing a pulsed electron
beam.1-3)  The electrons of IREB have

large kinetic energy, resulting in long
range in the gas. The range of IREB at 2
MeV is calculated to be ~ 8.6 m in an
atmosphere. Therefore, the IREB
irradiation is believed to be a promising
candidate for NOx removal in the elongate
chimney at electric power plants and in the
tunnels for automobiles.

We  have  succeeded in  the
demonstration of NOy removal by IREB of
the beam energy of the order of MeV. In
this study, the dependence of removal of
NOy on the length of reaction chamber, the
flue gas composition and the initial
concentration of NOy have been
investigated using a pulsed power
generator, “ETIGO-III” (8 MV, 5 kA, 50
ns). Removal of NOy by the IREB has

been also simulated by a numerical
calculation code.



2. Experimental Setup

Figure 1 shows the schematic
diagram of the IREB generator,
“ETIGO-II”. It consists of a Marx
generator, a pulse forming line, and
induction acceleration cells in four stage.
The output voltage of the pulse forming
line 1s 670 kV, which is fed to the four
cells. Three amorphous cores are
installed in each cell, producing
approximately 2 MV per cell (670 kV x
3). The electron beam with the energy
up to 2 MeV is generated by an electron-
beam diode set at the first acceleration
cell. The field emission diode with a
hollow cathode is used to generate the
electron beam. The inner and outer
diameters of the cathode are 59.5 mm
and 60 mm, respectively. This electron
beam is accelerated by each acceleration
cell, and the maximum energy of the
IREB increases up to 8 MeV.

Figure 2 shows the cross-sectional
view of flue gas reaction chamber. The
IREB generated by “ETIGO-II” is
injected into the reaction chamber
through a window. The window
consists of a titanium foil with a
thickness of 40 pm and a honeycomb
flange with an optical transparency of ~
50 %. The kinetic-energy loss of the
IREB through the titanium foil is
estimated to be ~ 26 keV. The length,
diameter and volume of the reaction
chamber are summarized in Table I.
The reaction chamber is evacuated up to
10 Pa by a rotary vacuum pump. In this
experiment, No-balanced NO or N7/O»-
balanced NO gas mixture with the total
pressure of 120 kPa have been used to
simulate the flue gas. To confine the
IREB in the elongate chamber, an
external magnetic field is applied along
the chamber axis. The concentrations of
NOy (= NO + NOj3) and NO are
measured by a controlled potential-
clectrolysis gas analyzer (testo Co., Ltd.,
GSV-350) after mixing up the gas.
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Diode Amorphous Core Accelerating Gap

L1 3 | [ ] Elsciron Beam
INn_un_[Eus_jEEs_J
t44+ 144 L‘L

Tranamizsion Lines

Pulse Formiaog Line

Pulsed Power Generator

Fig. 1 Schematic diagram of “ETIGO-II".

Gas Mixer

g—‘f
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ETIGO-!1] il

dllh
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Acoeleration Cap Cell
= TS
- e

(b) Elongate type.

Fig.2 Schematic of reaction chambers.

Table I Dimensions of reaction chambers.

Short type Elongate type
Length 200 mm 1800 mm
Diameter 259.4 mm - 97.4 mm
Volume 106 ¢ 134 ¢




3. Results and Discussion

3.1 Propagation of IREB in reaction chamber

Figure 3 shows the typical time
evolution of the IREB diode voltage and
IREB current, where the IREB current is
measured by a Faraday cup placed close to
the window in the reaction chamber. The
peak IREB current is observed to be ~ 600
A and ~ 2200 A on the short and elongate
chamber with the beam voltage of 2 MV,
respectively. The pulse width of the IREB
current is approximately 60-80 ns
(FWHM).

Figure 4 shows the peak IREB current
distribution along the chamber axis in the
reaction chamber. The reaction chamber
is filled with an atmospheric gas. In the
short chamber, the IREB maintains a
current of 600 A in the absence of external
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Fig.3 Typical time evolution of
voltage and current of “ETIGO-
. (a) IREB diode voltage,
(b) IREB current in short
chamber, and (¢) IREB current
in elongate chamber.

magnetic field. On the other hand, in the
elongate chamber, the IREB current is
reduced with decreasing the magnetic field
at z ~ 1600 mm.  The injected IREB
energy into the chamber is estimated to be
~ 60 J and ~ 280 J on the short and
elongate chamber, respectively.
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Fig. 4 IREB peak current after passing
through window in reaction
chamber. Magnetic flux density
on chamber axis is also
presented in (b).



3.2 Experimental and numerical results of flue gas treatment by IREB in short chamber

Figure 5 shows the NOy concentration
as a function of IREB shots for the initial
NO concentration of 100 ppm in N»/O>-
balanced NO gas mixture at the short
chamber. The gas composition is N3 :Op
=8:2. Some NO is oxidized by ambient
O, without firing the IREB, and the NO
concentration equilibrates to ~ 62 ppm. It
18 found that NO is removed by the
irradiation of IREB. Until the third shot
of [REB, NO; is generated by the
irradiation of IREB because of high NO
concentration. The NO3 concentration
decreases in proportion to the number of
IREB shots after the third shot of IREB
when the reduction of NO may exceed the
generation of NO.

We have developed a. numerical
calculation code for the flue gas treatment
by pulsed IREB. This code consists of
rate equations for the chemical reactions
during and after the IREB irradiation.
The chemical reactions and rate constants
are summarized in Table II. The number
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Fig. 5 NOx concentration as a function of

number of [REB shots for initial

NO concentration of 100 ppm in

N2/0O2-balanced NO gas mixture.

®: NO, A: NO2.  Numerical

results are shown by broken line
(NO) and solid line (NO2).

density of electrons is estimated from the
experimentally obtained IREB current (see
Fig. 3(b)). The calculated concentrations
of NO; and NO are presented in Fig. 5 as a
solid and broken line, respectively. It is
found that the numerical results well agree
with experimental one in the NO;
concentration. We see small deviation in
the calculated concentration of NO from
the experimental one because the rate
constant of 2NQO5 — 2NO + 05 is uncertain.

Table I Chemical reactions and rate
constants.

During IREB irradiation

Reactions Rates Ref.
N+NO—N2+0 5.9x10°1 em3/s 4)
N+ NO; — 2NO 92.0x10 12 cm3/s 4)
O+NO+Nz—NO2+Nz2 9.0x1032 ¢cmb/s 5)
N+N+Nz2—~ Nz +Na 4.0x1033 embs 5)

O+0+N2— 02+ N2 8.0x10-33 cmb/s 5)
NO+0O3 = NO2+ 0O 1.8x10% cm3s 9)
N+NO —=Nz20+0 3.0x1012 cm¥/s 9)
0+0:— 03 1.0x10°% cm¥s 5)

N+0O—=NO+0Q
N+0O3 = NO+O)

1.021015 cm/s 5)
1.0x10°'6 cm3/s 5)

Nz20+ 00— N2+ 02 49x101 em3/s §)
N+O+Nz— NO + N2 3.9x1032 cmb/s 5)
2NO + 0z — 2NO2 3.8x10-38 cm®/s 5)
N2+ O - N+ NO 7.0x10R2 cm3/s 5)
O+ NG —=NO+0, 6.5x102 cm/s 5)
NOz + O3 — NO3 + 02 3.0x107"7 ecm3/s 5)
O+ NOz+N2 =+ NO3+ N2 9.0x1032 cmb/s 5)
NO3 + 0 — NO2 + Oz 3.0x10-1! cm¥s 6)

27x10¥ em?* 7)
3.7x10°% cm2 * 7)

Nz+e—=N+N+e
Or+te—0+0+e

After IREB irradiation
Reactions Rates Ref.

2NO + 0z — 2NO3 3.8x1038 cmb/s 5)
2NQO2 =+ 2NO + O3 5810 % cm3/s 8)

»; Cross section, Ref.: Reference

— 77—



3.3 Comparison of treatment properties
between short and elongate chamber

Figure 6 shows the NOy concentration
as a function of IREB shots for the initial
NO concentration of 100 ppm in Nj-
balanced NO gas mixture for the short
and elongate chamber. It is found that ~
95 % of NOy is removed by the IREB
irradiation of 30 shots in the short
chamber in spite of the absence of Op. It
is clear from Figs. 3 and 4 that the IREB
current in the elongate chamber is ~ 3
times higher than that in the short
chamber.  Therefore, in the elongate
chamber, ~ 95 % of NOy is removed by
the IREB irradiation of 10 shots.

3.4 Flue gas treatment by IREB in
elongate chamber

Figure 7 shows the NOx removal
efficiency (&) as a function of the number
of IREB shots. for the initial NO
concentration of 100 and 900 ppm in N»-
balanced NO gas mixture at the elongate
chamber. Here, ¢ is defined by the ratio
of the NOy removal amount over the
injected IREB energy into the chamber.
It is found that & increases from ~ 70
nmol/J to ~ 200 nmol/J if the initial
concentration of NO is increased from
100 ppm to 900 ppm, respectively. It
may be understood by that the O radical,
which originates from NO and useful for
treatment of the flue gas, will increase
the number density at the high initial NO
concentration.

Figure 8 shows the NOy concentration
as a function of IREB shots for the
various initial NO concentration in
N»/Op-balanced NO gas mixture at the
elongate chamber.
is N2:0p = 8:2. The NO; is generated
by the irradiation of IREB into the
atmosphere (See Fig. 8(a)). It is found
that NOy is successfully removed if the
initial NO concentration is less than 200

The gas composition.
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ppm. In this gas mixture, the oxidation
of NO by ambient Oy is dominant in
comparison with the reduction of NO by
IREB (See Fig. 9). In the high initial
NO concentration, therefore, NQOy is
hardly treated by the irradiation of IREB.

4. Conclusions

Treatment of the flue gas has been
successfully demonstrated using pulsed
IREB. The following results can be
drawn from the present investigation.

1) We have developed a numerical
calculation code for the flue gas
treatment. The numerical results
well agree with experimental one in
the short chamber filled with N2/O3-

balanced NO gas mixture.

2) With the initial NO concentration of
100 ppm in Np-balanced NO gas
mixture filled in the -elongate
chamber, ~ 95 % of NOy is removed

by firing 10 shots of IREB.
3) The NOy removal efficiency of 20-

200 nmol/J is obtained at the
elongate chamber.
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NOx Decomposition Utilizing Pulsed Discharge in Porous Honeycomb
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ABSTRACT

Pulsed discharges in porous honeycomb ceramics of alumina were investigated to
discuss the feasibility of a new type non-thermal plasma reactor for decomposition of
air pollutants. Using rod-cylinder electrodes configuration with a PET sheet as an
insulator, the barrier discharge type reactor was fabricated with the honeycomb
ceramics. A fast framing image converter camera was used to observe the temporal
development of discharges. The uniform discharges in the honeycomb ceramics were
successfully obtained by a high voltage pulse generator utilizing a fast SI-thyristor.
NO removal experiment in N2 was carried out with the reactor. The results suggest
that the surface condition of the ceramics greatly influence the NO removai
characteristic. The NO removal efficiency of the reactor is estimated to be 295
eV/molecule at the maximum NO removal rate.

L. Introduction

Non-thermal plasma produced by a pulsed power generator has attracted the attention of
researchers for air pollution control. Although many kinds of reactors have been proposed, no
clear conclusion is obtained on the most suitable one for the pollution control. A key factor in
the selection of the reactor is the energy efficiency for decomposing the pollutants. To achieve
a breakthrough leading to high decomposition efficiency, we proposed to utilize a fast pulsed
discharge in honeycomb ceramics. The honeycomb ceramics are one of the most common
carrier materials to support various catalytic processes because of their large surface area that
is highly active for chemical reactions. There is a possibility that the non-thermal plasma
produced by the fast pulsed discharge enhances the chemical reactions on the ceramics
surface. To establish highly efficient decomposition of the pollutant gases, not only the
volume reaction in the non-thermal plasma but also the surface reaction on the ceramics
surface should be utilized simultaneously.

L1 Structure of honeycomb ceramics reactors

We prepared three types of discharge reactors with/without the honeycomb ceramics as
shown in Fig.1. In this paper, reactor of each structure shall be called (a) surface discharge
type, (b) coaxial type, (c) glass tube type, as illustrated in Fig. 1.

For (a) surface discharge type, the honeycomb ceramics for the flue filter of small
incinerator was cut into the 15mm thickness, and electrode was installed on the cut section.
According to our previous reports!") the electric field concentration near the anode
electrodes is necessary to obtain uniform surface streamer discharges. In order to promote the
electric field concentration, asymmetric electrode configuration of the stainless steel mesh
cathode and the tungsten wire anode electrodes was utilized. In the case of surface discharge
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Fig.1 Schematics of the reactors.

type reactor, the discharge develops in parallel to the direction of the gas flow.

In the case of (b) coaxial type reactor, honeycomb ceramics of the lotus root shape, called
monolith type, for the solid-liquid separation filter was used. This ceramics was made from
porous alumina with great number of micron seize holes as shown in Fig.2"*\. In addition, the
inner surface of the monolith ceramics was specially treated to create micropore layer of
several tens of nm. The stainless rod electrodes were inserted to the axial holes as anode
electrodes. The copper sheet electrode was installed on the outer surface of the monolith
ceramics and was grounded. In order to change the electric field distribution of the reactor
inside, the number of the anode rod electrodes could be varied. To suppress the generation of
arc discharges, the barrier discharge configuration was adopted inserting the PET sheet
between the copper sheet electrode and the ceramics. It was noted that (c) glass tube type
reactor using Pyrex glass tube (26mm of inner and 30mm of outer diameter) alternative to the
monolith ceramics was also prepared to clarify the effect of the ceramics.



small hole

B
T
e W

ok

P

wiie e

(a) cross sectional view (b)surface condition

Fig.2 The porous honeycomb ceramics.

image converter camora
(IMACOM468)
. monocromater
H.V. capacitor charger pulse transformer (ausas)
1:15 4
reacior
initial capacitor b -
- —
gaF | Slthyristor g |
< y
K A current probe
G
= - )
(a}pulse generator and optical mesuremental appartus
Z Vacuum purw E:>
£s flow | nahatist
MFC MEC

. -_
Nz, END E
1
i

i i !; discharge chamb 1| r:lsa—
|| —
1T

1 -
{procurs goge | ——{HOx snalyzer

!;i exhaust

(blschematic of gas flow

Fig.3 Experimental apparatus



refference image
of electrodes

> exposure time
T L T T 1

;30 0 _
' <

-

=20 =

8t 10 5

210 E

B L (& ]

0 0

time [50ng/div]

Fig.4 photograph of the discharge of the surface discharge type reactor.

I11. Experimental apparatus

Fig.3 shows the set up of the experimental apparatus. A high voltage pulse generator
utilizing a fast SI-thyristor and a ferromagnetic step up transformer produces high voltage
pulses with 40kV amplitude and 200ns pulse width. The generator can be used with the
repetition rate of up to 2kHz. An image converter camera {(IMACON468) was used for
observation of the discharge phenomena. For gas decomposition experiments, NO of the
nitrogen dilution was used. The NO initial concentration and the gas flow rate were set to be
200ppm and 1slpm, respectively, by mass flow controllers. All the experiments were carried
out under room temperature and atmospheric pressure. A NOx analyzer was utilized for the
mesurement of NO and NO, concentration.

IV. Pulsed discharges in the honeycomb ceramics
(a) Surface discharge type reactor
Fig.4 shows the photograph of the discharge taken by the image converter camera.
Uniform discharges, which were considered to be surface streamers, in each cell of the
honeycomb ceramics were obtained. However, according to our previous results, it became
clear that the following problems prevented the effective utilization of the ceramics surface.
(1) The size of the reactive plasma was limited by the electrode separation (about 15mm).
(2) The electrode construction becomes complexity, and it is difficult to form the uniform
plasma. :

(b) Coaxial type reactor

Fig.5 shows the photograph of repetitive discharges with the repetition rate of 800Hz taken
by the image converter camera. Exposure time of each frame was set to be 50ns and the gate
timing was illustrated with voltage and current waveform in Fig.5. First of all, the discharge
appeared near the stainless rod electrodes, and it developed to the outer cells of the ceramics.
Intense light emission was observed after the voltage peak. The uniform discharges were
successfully obtained around outer cells of the ceramics. According to the reference [5], the
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Fig.6 Calculated electric field distribution in the coaxial type reactor.

discharge arises only in the small region near the anode electrodes. However, in this
experiment, uniform discharge was observed even in the outer cells of the honeycomb
ceramics.

The discharges in the vacant cells were caused by the effect of increasing the field intensity.
To investigate the electric field distribution, the numerical analysts of electric field in the lotus
shape honeycomb ceramics was carried out. Fig.6 shows the electric field distribution in the
case of the applied voltage of 30kV. In Fig.6, the relative dieletctric constant of the ceramics
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Fig.7 NOx decomposition characteristics of the coaxial type reactor.

was varied from 1 to 30. Generally, higher dielectric constant is advantageous for the
discharge formation because the electric field increases in the vacant cells. However, in Fig.6,
the lower field intensity is obtained in the outer cells when the dielectric constant is higher
value. This is because the electric field concentration near the rod electrode was promoted
excessively. Consequently, it is advantageous to use material with the relative dielectric
constant of about 9 from 4 in order to obtain uniform discharge. However, the detailed
analysis of the effect of the electric field concentration is necessary because the electric field
distribution in the honeycomb ceramics depends on not only the dielectric constant but also
the electrode configuration and the reactor shape.

V. NOx decomposition experimeént
(a) Characteristics of the coaxial type reactor

The NOx decomposition characteristics of the coaxial type reactor are shown in Fig.7. The
reactions in the NO of the nitrogen dilution are considered to progress through the following
processes. At first, the nitrogen radical is created in dissociation of nitrogen by the electron
collision.

Ny+e — 2N +e N
Then the radical-molecule reactions occur.

NO+N — N;+0O (2)

NO+ 0O+ Ny— NO;+N; (3)

O0+NO; = NO+0O, (4)

The reduction of NO mainly bases the reductive reaction (2), and the O radical produced by
this reaction contributes generation of NO;. The effect of the reaction (4) increases, when the
NO concentration becomes lower. Consequently, the concentrations of NO and NO, saturate
to be certain value,
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(b) Comparison with the surface discharge type reactor

Fig.8 shows the NO decomposition rate for the injected electric power into the discharge.
In the case of the coaxial type rector, the largest NO decomposition rate of 82% was obtained
for comparatively low injected electric power. According to this result, it can be said that the
coaxial type reactor utilizing the porous honeycomb ceramics improves the characteristics of
NO decomposition in comparison with the surface discharge type reactor.
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(¢) Effect of the surface condition ' -

As 1t is mentioned above, not only the volume reaction in the honeycomb ceramics but
also the surface discharge on the ceramics can play the important role of the NO
decomposition in the case of coaxial type reactor. To clarify the effect of the surface discharge,
we examined two types of the porous honeycomb ceramics. One had the micropore layer of
several tens of nm on the inner surface produced by the special surface treatment, the other
did not have. The result of the gas decomposition characteristic using the two kinds of
ceramics 1s showed in Fig.9. The improvement of the gas decomposition characteristic was
confirmed in the case of the ceramics with the micropore layer. This result indicates that the
surface condition greatly influences the discharge characteristics. According to this result, the
improvement of the NO decomposition characteristics seems to be possible sufficiently by
controlling the surface condition of the ceramics.

(d) Comparison with the glass tube type reactor

To clarify the effect of the honeycomb ceramics, the comparison experiment with the glass
tube type reactor was carried out. Because of the difficulty of assimilating the experimental
condition between the two types of reactors, the experimental conditions were set to be as
followings. (1)The size of the reactors was set to be almost the same. (2)The NO
decomposition characteristics were only investigated under the condition in which the
uniform discharges were obtained. Fig.10 shows the experimental results comparing the two
types of the reactors. In the case of the coaxial reactor using the porous honeycomb ceramics,
the NO; formation is suppressed drastically, even though the NO decomposition efficiency
remained lower value. Although detailed investigation on this phenomenon is required,
possible explanation is as followings.

In the case of the coaxial type reactor using the porous ceramics, chemical reactions on the
ceramics surface affect the gas decomposition characteristics. In literature [6] and [7], the
radical reactions on the ceramics surface are reported. In the paper of [6], the light emission
from the excited state of NO molecule was observed from the discharge in pure nitrogen
atmosphere. This phenomenon was explained by the reactions of O radical adsorbed in $iO;
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Fig.11 NO decomposition with the reactor using twelve anode rod electrodes.

as followings. )
et+tN; 2 N+N+e (8

N+ 0O(810,) — NO + 810, (6)

e+ NO — NO*— NO+hv (7) ,

NO was produced by the reaction of absorbed O radical and N radical generated by electron.
collision. Since the porous ceramics has superior absorptive characteristics, the adsorption
phenomena of such O radical may have happened in our experiment. Consequently, NO;
generatlon could be possibly suppressed by the adsorption of O radicals. In the literature [7],

it is explained that adsorbed O radical becomes oxygen through the recombination reaction.

Though such phenomenon is able to arise even in the glass tube type reactor, the large surface

area of the honeycomb ceramics promotes the surface reactions and makes dlf’ference in the
NO; yield. '

(e) Effect of the number of the anode rod electrodes

Fig.11 shows the experimental results of the NO decomposition with the reactor using
twelve anode rod electrodes. The NO decomposition characteristic was improved to almost
the same performance of the glass tube type reactor in comparison with the case of six rod
electrodes. This can be explained by the increase of the electric field intensity caused by
narrowing of the electrode separation. The results indicated the possibility of i 1mpr0v1ng the
NO decomposition efficiency raising the applled voltage to the reactor.

(f) Discussion on the energy efficiency ' :

The energy efﬁcnency for the NO decomposmon rate of the each types of the dlscharge
reactor is showed in Fig.12. The energy efficiency was evaluated as the energy required for
decomposing a NO molecule (eV/molecule). In the case of the coaxial type reactor with
twelve anode rod electrodes, the energy efficiency of 294.5(eV/molecule) was obtained at the



NO decomposition rate (%)

)

3 1000———T—— T 77— T T

@ O  -Or-surface discharge type

g i lr’ - # - coaxial type (6 anodes) ]|

% 800+ K - : - ctlnamal type (12 anodes) |

2 ‘ - & - glass tube type

c i d |

e ot

¥ i / _

9 600 »

E

Q

Q -

3 400 /

O

2 “

%5 ae z
,-. P

z 200 o _gzszziil

C

0 T

o

% 1 l 1 ] 1 I 1 [ 1 I 1

- %0 40 50 60 70 80 90

(=]

@

c

O

Fig.12 NO decomposition rate of the each types of the discharge reactor.

maximum NO decomposition rate of 84%. The reported value of the energy efﬁciencg is form
250 to 500 (eV/molecule) as it was showed in the hatched region of Fig.12 I’ The
efficiency of the reactor of our proposing remains to be in this range.

V1. Summary and conclusions

The coaxial type reactor using the porous honeycomb ceramics, which was not utilized for
discharge applications so far, was proposed and the generation of the uniform discharge in
atmospheric pressure required for gas decomposition applications was successfully obtained.
Comparing with our conventional rector of surface discharge type, the new reactor drastically
improved the NO decomposition characteristics. According to the experimental results of NO
decomposition, the surface condition of the ceramics had remarkable effect on the
characteristics of the reactor utilizing the porous honeycomb ceramics. This effect can be
advantageous point of the reactor, because there is large possibility to improve energy
efficiency of NO decomposition utilizing the control of the surface conditions. Moreover, the
utilization of the surface chemical reactions, namely combined use of catalysts, may realize
drastic improvement of the efficiency. It can be possible to conclude that the application to the
gas decomposition is practicable for electrical discharge method using the porous honeycomb
ceramics. :
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ABSTRACT

Recently, nitric monoxide (NO) has began to be widely used in medical treatments of
acute respiratory distress syndrome (ARDS), relaxation of blood vessels to treat high blood
pressure and mitigate against the difficulty of breathing as NO is an endothelium derived
relaxing factor (EDRF). Currently a gas cylinder of N, mixed with a high concentration of
NO is used for medical treatment in a hospital setting., This arrangement is potentially risky
due to the possibility of accidental leak of NO from the cylinder. The presence of NO in air
leads to the formation of nitric dioxide (NO;), which is toxic to the lungs. Therefore an on site
generation of NO would be very desirable for patients with ARDS and other related illnesses.

We have recently reported on the production of NO using a pulsed arc discharge. In the
present work the discharge reactor was made simpler and smaller. NO was generated using a
pulsed arc discharge in dry air and in mixtures of oxygen and nitrogen. Before a further
treatment of the produced mixture of gases by passing it over a heated molybdenum converter,
Maxim concentrations of NO of 455 ppm (parts per million) and NO, of 138 ppm were
obtained. NO,, ozone (O3) and solid particles of brass estimated from the electrodes by the
action of the arc discharge, must be emitted from the gas before inhalation. NO; produced in
the discharge was decomposed to NO by passing it over a heated molybdenum. The
concentration of O3 was found to be zero as determined by UV absorption measurements. The
density of the brass particles, which had diameters over 0.3 pum, was less than 1.39 pg/L. A
filter could readily capture and thus remove the brass particles. The composition of the gas



mixture after treatment with an arc discharge followed by exposure to heated molybdenum
was 540 ppm of NO, 48 ppm of NO; and the balance N; at 0.1 MPa and 300+ 3 K.

L. Introduction

For medical treatment, inhaled nitric oxide (iNO) has been used since NO was
identified as an effective treatment involving endothelium-derived relaxing factor (EDRF) in
1987". Currently iNO is being widely used as a cure for acute respiratory distress syndrome
(ARDS), acute lung injury, persistent pulmonary hypertension of the newbormn and other

23 iNO is also used in surgery and heart transplantation®. Extensive medical

related illnesses
research and development have been carried out on inhalation systems to be used by
patients's). However all current inhalation systems have a common feature in which a gas
cylinder of N, is mixed with a high concentration of NO. The concentration of NO in the gas
cylinder is typically between about 500 ppm6) to 800 ppm”. This arrangement is potentially
risky due to the possibility of accidental leak of NO from the cylinder. If a leak is present, it
would produce NO; by mixing NO with oxygen present in the air. A high concentration of
NO; has a toxic effect on the lungs and this has been well established®. Therefore an on site
generation of NO would be very desirable for patients with ARDS and other related illnesses.
In the present work, the characteristics of a laboratory system for the production of NO which

incorporates the latest improvements in the design of the discharge reactor” ' i

is reported

I1. Experimental setup and procedure ‘

. Figure 1 shows a schematic diagram of the system for generating NO This system
consisted of gas cylinders, NO discharge reactor, NO; converter, a gas analyzer and gas
pressure monitors. Gas cylinders of nitrogen (N3), oxygen (O;) and dry air were used. The
proportion of O, in the mixtures of O, and N; was changed from 6 to 93 %. The gas cylinder
of dry air included 80 % of N», 20 % of O; and traces of carbon monoxide (<1 _pbm, parts per
million), carbon dioxide (<1 ppm) and water vapor (<5 ppm). The gas inlet preésui‘e (Pl).t"c')
the reactor was changed from 0.22 to 0.35 MPa. The gas outlet pressure (P2) from the reactor
was changed from 0.12 to 0.25 MPa. Both pressures (P; and P;) were controlled usmg two
valves, which were placed, respectively at the inlet and outlet of the reactor. The dlfference
between P, and P, was fixed at 0. 1 MPa. The flow rate of the gas mixture and dry air were
varied from 2.0 to 3. 0 L/min at 273 K and 0.1 MPa using a mass flow controller (SEC -440J,
ESTEC, Japan).
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Fig. 1. Schematic diagram of the experimental set up.

Figure 2 shows a cross section of the NO discharge reactor, a charging capacitor C (0.4
to 2.0 nF), a dc power supply (50 kV, 3 mA, HDV-50K3US, Pulse Electronic Engineering,
Japan), a limiting resistor (2 MQ), a spark plug and a trigger pulse circuit. The trigger pulse
circuit consisted of a capacitor (0.22 pF), a thyristor and a pulse.transformer (1:200, HFT1009,
Sanyo, Japan). This reactor is made simpler and smaller than that used previously” '?. The
rod and the plate electrodes were made of brass. The brass rod ending with a hemisphere had
a diameter of 10 mm. The distance between the rod and the plate was 5 mm. The charging
voltage to the capacitor was increased from 15 to 30 kV with increasing outlet pressure (P;)
from the reactor. The charging voltage for all gas pressures was set at a level of about 80 % of
the self-breakdown of the gas. The pulse arc discharge between the rod and the plate was
initiated by the ultra violet radiation from the discharge between spark plug and the plate
electrode'’ . The pulse repetition rate was changed from 10 to 220 pps. The applied voltage
to the rod electrode was measured using a voltage divider (EP-100K, Pulse Electronic
Engineering, Japan), which was connected between the rod and the ground. The current to the

reactor was measured using a Rogowski coil (Pearson current monitor, Model 110A, Pearson

Electronics, USA). “he gas analyzer is based on the method of potentiostatic electrolysis
, injet
Nz / Oz

3, 16)

Trigger
circuit

7.40-50 KV

Fig. 2. A cross section of the NO discharge reactor and electrical circuit.



The NO, converter consisted of a stainless steel vessel enclosing a molybdenum (Mo)
wire and a nickel-chrome wire heater. The molybdenum wire diameter was 0.1 mm and had a
length of 100 m. The vessel was heated to about 670 K. Above 600 K NO; is converted to NO

through the following reaction’ '”,

Mo+ 3NO, - MoO; + 3NO (1)

An assessment of the NO production system, which also included the NO; converter,
was performed. The concentration of O3 was measured using an ultra violet absorption
measurement (Ubest V-570DS, JASCO, Japan) at the same location of the gas analyzer
(figure 1). The concentration of the brass particles in the gas mixture produced by the pulsed
arc discharge was determined by passing the gas through a Whatman silica filter (0.3 pum)
with a combination of a sensitive electronic balance (102 g, MJ-300, YMC co., Japan). Table
1 shows the conditions of all experiments.

Table 1. Experimental conditions.

Proportio Outlet . Gas flow .
. inlet Charging rate Capacita
n-of O, in | Concentr pressure 0 duced f Pul Temperat
the ation of | Pressure from vollage (reduce nee o ulse ure of
mixture NO to reactor reactor to 213K capacitor | repetition vessel
of O, and [ppni] P ) capacitor and 1 [nF] rate [pps] K]
N i%] [atm] [M;a} [kV] atm) C
z [L/min]
6-93 :
Expt. #1 (Mixture) - 2.2 0.12 15 20 2.0 30 300
Expt. #2 (D;Oa;r) ; 2235 | 012025 1530 | 20 2.0 20 300
20 .

Expt. #3 (Dry air) - 22 0.12 15 2.0-5.0 20 50 300
Expt #4 | 20 ; 22 0.12 15 2.0 0420 | 10220 | 300

{Dry air)

20
Expt. #5 (Dry air) - 22 0.12 15 20 04 220 670
I1I. Experimental results and discussions
a. Applied voltage to and discharge current in the reactor
g

Figure 3 shows typical waveforms of applied voltage to and discharge current in the
reactor for two discharge capacitors of 0.4 and 2.0 nF (Expt. #4 of Table 1). The trigger pulse
voltage was applied to the spark plug at time t=0 and it took about 0.45 ps for the discharge
current to fully develop. Both voltage and current waveforms show damped oscillations. The
oscillation frequency decreased from about 10 MHz to about 5 MHz when the external
capacitance C was changed from 0.4 to 2.0 nF. This is consistent with af =1/LC,, where o is
the radian frequency, L the total inductance and C; the total capacitance which includes that of
the external circuit and the discharge.
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Fig. 3. Voltage and arc discharge current waveforms in the reactor in dry air for different charging capacitors.
Conditions: Expt. #4. Table 1: (a)0.4 nF; (b)2.0 nF

b. Characteristics of NO generation reactor

Figure 4 shows the concentrations of NO and NO; as a function of the proportion of O,
in the mixture of O, and N, (Expt. #1 of Table 1). It can be seen from Fig. 4 that the
concentrations of NO and NO; had peaks when the proportion of O, in the mixture was about
35 and 60 %, respectively. The maximum concentrations of NO and NO; reached 282 and 153
ppm, respectively. Figure 5 shows the ratio of NO/(NO+NO,) as a function of the proportion
of Oy in the mixture of O, and N, (Expt. #1). It is desirable that the ratio of NO/(NO+NO;)
should have a high value because NO; is toxic to humans. Medical practitioners suggest that a
ratio of 1.0 should be used. The ratio of NO/INO+NO,) had a peak, which had value of 0.74
when the proportion of O; in the mixture of O; and N; was 20 % (Fig. 5). At this mixture
proportion the production of NO can be made in dry air. Therefore this choice of gas mixture

would be most economical.
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Fig. 4. Concentrations of NO and NO; as a function of
the percentage of O, in a mixture of Q, and N,
Conditions: Expt. #1 of Table 1. .

Fig. 5. Ratio of NO/(INO+NQ,) versus percentage of
O, in a mixture of O; and N;. Conditions: As in Fig. 4.

Figure 6 shows the concentrations of NO and NO; as a function of the exhaust pressure

(Pz) in dry air. The concentrations of NO and NO; increased with increasing the outlet



pressure and therefore with increasing charging voltage and increasing discharge energy. The
ratio of NO/(NO+NO,) had a constant value of 0.74 in the range of 0.12 to 0.25 MPa of outlet

pressure (Fig. 7).
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Fig. 6. Concentrations of NO and NO, versus P,. Fig. 7. Ratio of NO/(NO+NO;) as a function of P; in
Conditions: Expt. #2 of Table 1. dry air. Conditions: As in Fig. 6.

Figure 8 shows the concentrations of NO and NO; as function of the gas flow rate in dry
air (Expt. #3). The concentrations of NO and NO, decreased with increasing the gas flow rate
due to decreasing residence time of the gas in the reactor. The ratio of NO/(NO+NO;)
decreased slightly from 0.76 to 0.73 with increasing the gas flow rate from 2 to 5 L/min (Fig.

9).
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Figure 10 shows the concentrations of (a) NO and (b) NO; as a function of the pulse
repetition rate for different capacitances (Expt. #4 of Table 1). The maximum pulse repetition
rate was limited by relationshilﬁ a capacitor and a dc power supply (3 'mA) used.- The
concentrations of NO and NO; increased linearly with pulse repeﬁtion rate (Flg '10)'. The
concentrations of NO and NO;, were higher for higher values of the charging capacitance
(higher input energy) at a fixed pulse repetition rate. Figure 11. shows the ratio of
NO/(NO+NO,) as function of the pulse repetition rate for different capacitances. This ratio



initially increased with increasing pulse repetition rate until it saturated at 0.77 for all

capacttors.
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Fig.10. Dependence of the concentrations of (a)NO and (b)NO, on pulse repetition rate. Conditions: Expt. #4 of
Table 1.
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Fig.11. Dependence of NO/(NO+NOQ;) on the pulse repetition rate for different charging capacitance. Conditions:
Expt. #4 of Table 1.

Figure‘12 shows the dependence of the concentrations of (a) NO and (b) NO, on the
consumption of average power of the dc supply for different capacitances (Expt. #4 of Table

1). The consumption power (F, in W) was obtained from,
P=§><C><V2xf )

where V and f are the charging voltage to the capacitor (in kV) and the pulse repetition rate (in
pps).

It will be observed from Fig. 12 that for a given concentration of NO the power
requirement decreased with decreasing capacitance. Therefore a smaller capacitance led to
higher energy efficiency for NO production system. The ratio of NO/(NO+NO;) increased
with increasing the consumption power from about 0.55 at 0.9 W to 0.77 at 7.0 W and higher

(Fig. 13).
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. Assessment of the NO reactor system

Figure 14 shows the dependence of the concentrations of NO and NO; on time
subsequent to the application of the pulsed power to the reactor including the passage of the
gas mixture over a heated Mo. (Expt. #5 of Table 1). The condition of this experiment was
chosen due to yield the highest concentration and energy efficiency of NO. It will be observed
from Fig. 14 that the concentrations of NO and NO- increased rapidly following the starting
of the pulsed discharge and soon became constant. In the next step, the gas was passed over a
heated molybdenum (NO; converter) and the concentration of NO increased while that of
NO; decreased. The concentrations of NO increased from 455 to 540 and that of NO,
decreased from 138 to 48 ppm. The concentration of O3 and brass particle having diameters
over 0.3 um were zero and less than 1.39 pg/L, respectively measured at the location of the
gas analyzer. The brass particles could be removed using a filter. The final ratio of
NO/(NO+NO,) was 0.92. This ratio might be made to reach 1.0 by having a longer contact
time between the gas mixture and the heated molybdenum.
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IV.

Conclusions
NO discharge reactor system suitable for medical applications which uses a pulsed arc

discharge was studied. The results are summarized as follows:

1) The present NO reactor system was more compact than earlier systems.

2) The concentration of NO was controlled by adjusting the outlet pressure of the gas
mixture, the gas flow rate and the discharge energy (the charging capacitance and
the pulse repetition rate).

3) The concentrations of O3 was zero.

4) The highest concentration of NO obtained was 540 ppm in dry air.

5) The lowest concentrations of NO; obtained passing the gas over the Mo converter

was 48 ppm in dry air.
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A STUDY OF TRANSIENT CARRIER MEASUREMENTS IN PIN
POWER DIODES BY INFRARED LASER PROBING
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ABSTRACT

A measuring system has been developed for evaluating the distribution of excess
carrier density in silicon power-devices. This system is based upon measurements of
free carrier absorption transients in a silicon wafer by an infrared laser beam. Fast,
precise and direct measurement is possible during the turn-on process of devices. The
time resolution is estimated to be 5.1nsec through the measurement of the excess
carrier density generated by a pulsed YAG laser beam. The spatial resolution is
calculated to be 35um by a ray-tracing methed. A small portion of a high voltage PiN
diode is used as a sample for evaluating the behavior of excess carrier density during
the turn-on and turn-off periods. The pulsed YAG laser beam of 6.0mlJ turns the
diode on within 50ns at the reverse voltage of 35V. The uniformly formed excess
carrier of about 10"cm™ is observed. The measured distributions of carrier density
both in turn-on and off periods show almost similar behavior to the profiles
calculated by a 2D simulation code. '

I. Introduction .

Because of the reliability, compactness and long lifetime, power semiconductor devices
are widely used in a field of pulsed power technology. ’ Required current-switching ability is
over 100kA/psec. In such condition, the switching characteristics of the power semiconductor
devices are greatly influenced by the carrier lifetime, carrier distribution, carrier number
density, and carrier drift phenomena in the depletion layer. The 3D simulator to analyze the
carrier behaviors is now available, however, the experimental results on temporal and spatial
carrier behavior will give important information for developing semiconductor power devices.
We have developed the measuring system for analyzing the transient carrier distribution in
semiconductors using a free carrier absorption method (FCA). ?

IL. Free Carrier Absorption Method
The probing of the excess carrier density generated within silicon wafer is achieved by
using a semiconductor laser beam at 1.55um wavelength. The schematic drawing of the
principle of FCA (Free Carrier Absorption) method is shown in Fig.1. The photon energy of
the beam is smaller than the Si band-gap (1.12eV). In Fig.1(a), the probe beam intensity [
decays within the sample due to absorption from free carriers according to equation (1).
Iy =Texp{-a,-d}, (1)
where [,is the incident beam intensity, 4 the sample thickness and ¢,is a constant
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absorption coefficient related to doping density.
The excess carriers are generated within the sample by an optical pulse that has the photon
energy above band-gap energy of Si, or a current pulse flowing through the device. The

incident beam decays with equation (2). a,., is the absorption coefficient which related to

10 ]F CA

I

- (@) (b)

Fig. 1. The decay of probing beams by the dopant induced free carriers (a) and by the
excess carriers generated by external optical beams or current (b).

the density of free excess carriers generated in the wafer.

Lpc, = Texp{—(a + o, ) d} (2)
From equation (1) and (2), the absorption coefficient is obtained :
Cpea =1n (1"/“;&) : (3)

Usually, a linear dependence is assumed between o, and excess carrier density An

with constant o
An=0 -ag.,. 4)

We have adopted a value 8.14 x107"® cm? at 1.55um wavelength. ”

II1. Measurement system

The carrier density in a power device varies rapidly within a few nano second in a pulsed
operation. To understand the phenomena on the turn-on process a fast and high precision
system for measuring the temporal carrier density is required. Figure 2 shows the
experimental setup for the FCA method. Fast InGaAs photo detector (G3476, Hamamatsu
Photonics) which has 5.0nsec time-response at 1.55um and oscilloscope (TDS3052,
Tektronix) are used for measuring the intensity of probing beam. The overall response-time of
this system is calculated to be 5.1nsec, which is enough to evaluate the turn-on phenomena of
power devices.

The measured samples are silicon wafers and silicon PiN diodes. For the silicon wafers,
the excess carrier is generated by irradiating an yttrium-aluminum-garnet (YAG) laser at the
fundamental wavelength of 1.06um. A pulsed voltage is applied to the PiN diode. The
fundamental wavelength of YAG laser almost coincides in photon energy with the Si band gap.
The calculated carrier distribution in the sample suggests that the sample is homogeneously
excited by the laser beam.
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Typical waveform of the YAG laser pulse is shown in Fig.3 with the measured and
calculated excess carrier densities. The beam energy at the silicon wafer is 18mJ. The
calculated carrier density is obtained by the integral of the output voltage from the photo
detector-2 by equation (5). The constantAin equation (5) is adjusted to fit the calculated
curve to the measured curve.

An = ij;V(t)-dt ' (5

Laser dicde silicon wafer/

1.55um lens 1 pin diode lens 2 photo detector—1

aperture 2 Filter
Amplifire

Plulsed
voltage
source D
photo aops
detector—2 YAG Laser

Oscilloscope

Fig. 2. Experimental setup for FCA technique.

The both curves agreed well by time 120nsec, because the attenuation term by the
recombination is not contained. The carrier density reaches maximum at time 130 nsec after
the irradiation of YAG laser with pulse width of 50nsec FWHM. The carrier slowly decreases
for about 10usec. In the build up time, the decrease of carrier by the recombination could be
disregard by the comparison to the formation. From these results, the high-speed
measurement is possible to carry out using the system.

- """""""'[x10’8]
’_100_ calcutated 1

S 2
E 2 E
= measured S,
a 2
S50 @
o7 g
L
) 2
> 0 L P ISR ST A U SR T T R ‘0

0 50 100 150
Time [ns]

Fig. 3. YAG laser waveform, calculated and measured carrier density in a silicon
wafer by FCA method.

IV. Experimental Results
The carrier number density is measured in a PiN diode of 2mm width 1mm length
0.47mm height, which is cut off from a power diode. The sample is shown in Fig.4.
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Fig. 4. Sampie Diode

The A-K distance of 470um is smaller than the beam size of probing laser which has a beam
shape of ellipse with 4.3 mm X 2.0mm. Beam trajectories at 90° incident angle for a probe
beam are calculated as a function of the distance of traveling direction for three different focal
lengths of lens as shown in Fig.5. The Gaussian beam is assumed in the calculations.

100}

— F=15mm
1------ F=35mm
— F=50mm

Beam diameter [um]
=

-100 P

’ 1 ‘a 1 " ) 1 N 1
-2000  -1000 0 1000 2000

Distance [pm]
Fig. 5. Calculated beam trajectories at 90° incident angle for a probe beam.

Inside the silicon wafer, the beam profile seems to be nearly uniform with the focal length of '
35 or S0mm. The lens with shorter focal length diminishes the beam waist only at the focal
point but shows non-uniform profile. From Fig.5, the beam size in the silicon is estimated to

be 35 X 16um with f=35mm lens.

Figure 6 shows the applied square pulse current of 30us in forward direction for
generating excess carrier in PiN diode. The diode seems to be filled with excess carriers
within 5usec. However, the measured temporal change of the excess carrier density shows the
lack of excess carriers especially near the p” layer at Spsec. Carriers gradually increase and
saturate at 30psec as shown in Fig.7. Figure 8 shows the simulation results by 2D simulator
calculated with the same doping profile of sample diode. Experimental and simulation results
show the equal tendency that the carrier density is high near the p* and n* layers and low at
the center part of n" region. The increasing behavior is almost same in both rsults. However,
there are some differences between experimental and simulation results. The increasing
velocity of excess carriers especially in p* side of the diode is much lager in experiment and
the excess carrier-distribution at both sides of PiN diode is almost same for experimental data
but different for simulation results. '
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Fig.6. Voltage and Current waveforms applied to the sample PiN diode.
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Fig.7. Measured temporal carrier distribution within PiN diode.
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Fig. 8 Carrier density profiles by 2D device simulator.
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The PiN diode used in this study is not a fast switching type but a high voltage resistance
type so that the fast generation of the excess carrier is simulated by a photo excitation with
YAG laser. Such method is equal to make an optically triggered semiconductor switches
which have the very fast turn-on characteristics. The fundamental wave of the YAG laser
beam of 6ml] is irradiated on the sample diode which is inversely biased to 35V. The
switching waveforms are shown in Fig. 9.

80 T T 1 T T T T T T 400 40 I T T 1 1 T T T ] 400

30 300
< 5 —_
E = p
—  a 20 —H200 &
E 2 =
g = =
- [=] E
2008 7 10 4100 5
o

-400 0 =0
1 )| 1 1 L] i i 1 i 1 1 1 1 1 1 -l 1 1
Time [10us/div] Time [100ns/div]
(a) (b)

Fig.9 Voltage and current waveforms for photo triggered PiN diode.

The turn-on time is around 50ns after irradiation of laser beams as shown in Fig.9(b) which is
a enlarged view of Fig.9(a). The turn on time is not influenced by the laser intensity of
reversed voltage because the rise time of the laser beam is limited to be 50nsec. The turn-off
time is a few tens usec which is controlled in diffusion process. The carrier distribution after
200ns from a YAG laser irradiation is shown in Fig. 10. It is proven that the carrier of about
10"8cm™ has been uniformly formed in PiN diode.
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Fig.10 Carrier distribution in the turn-on process in optically excited PiN diode.

Figure 11 shows the carrier distribution in the turn-off process after irradiation of laser beam
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at 0,1,39usec. The rapid decreasing of carrier density is observed near the p* layer. In
comparison with the steady state, the carrier distribution obtained by the simulator at reverse
biasing 35V is shown in Fig.12, the low concentration part corresponds to the depletion layer
around 80um apart from the p* layer. Therefore, the turn-off process starts at the time in
which the resistivity of depletion layer becomes high by the extinction of the carriers. The
turn-off time depends on the carrier emission rate in depletion layer, and is possible to
decrease by shortening the length of depletion layer by applying high reversed voltage.
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Fig.11 Measured carrier behavior during turn-off process.
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Fig.12 Simulated carrier density and depletion layer at reverse biased voltage.
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V. Conclusion

The measuring system for the transient carrier in power devices has been developed by
using a direct probing method with infrared laser. This system is based upon the FCA
technique in which carrier density is obtained from the intensity ratio of output beam and
incident beam. The time resolution is estimated to be 5.1nsec through the measurement of the
excess carrier density generated in a silicon wafer that is irradiated by a pulsed YAG laser
beam. The spatial resolution in a silicon wafer is calculated to be 35um by a ray-tracing
method that shows the beam profile in it. A small portion of high voltage PiN diode is used as
a sample for evaluating the time dependences of excess carrier density during the turn-on and
turn-off periods. The pulsed YAG laser beam of 6.0mJ turns the diode on within 50ns at the
reverse voltage of 35V. The uniformly formed excess carrier of about 10'¥cm™ is observed.
The measured distributions of carrier density both in turn-on and off process show almost
similar behavior to the calculation results by a 2D simulator. The obtained date shows the
usefulness of this direct measuring system for understanding fast switching process of
power semiconductor devices.
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SIMULATION OF NON-LINEAR COAXIAL LINE
USING FERRITE BEADS
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ABSTRACT

A fernite sharpener is a non-linear coaxial line using ferrite beads, which
produces high-voltage, . high-dV/dt pulses. We have been examining the
characteristics of ferrite sharpeners experimentally, varying various
parameters. In this report, we made the simulation of the ferrite sharpener
and compared the predictions with the experimental results in detail to
analyze the characteristics of the sharpener As a result, the results of

simulation are in good agreement with the experimental results.

1. Introduction ‘

High-voltage, high-dV/dt pulses are necessary to drive pulsed laser, Pockels cell, pulsed
radar and to control electron beam. There are various methods to produce high-dV/dt pulses;
non-linear transmission line using ceramic capacitors’”, pn-junction diodes® and ferrite™.
Among them non-linear coaxial line using ferrite beads is superior to the others with respect
to low cost and simplicity of structure. Therefore, we have been examining the characteristics
of ferrite sharpeners, non-linear coaxial lines using ferrite beads, experimentally, varying
various parameters. We have obtained pulses which have high dV/dt of 12kV/ns and
open-ended peak voltage of 45kV.

In this report, we made the simulation of the ferrite sharpener to analyze the
characteristics of the sharpener along with Ref.5. Then we compared the predictions with the
experimental results in detail. As a result, the results of the simulation are in good agreement
with the experimeéntal results.

In Sec.2, the experimental setup of the ferrite sharpener is described. In Sec.3, the
equivalent circuit of the ferrite sharpener is presented. In Sec.4, the results of the simulation

and discussion are described. Finally, the results of this report are summarized in Sec.5.
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2. Experimental setup

Fig.1 shows the structure of a ferrite sharpener, which is a non-linear coaxial line using
ferrite beads. A peace of ferrite bead is nickel-zinc ferrite bead TDK-HF70BB. The outer and
inner diameter of a bead are 5.0mm and 2.0mm, respectively, and its length is 5.0mm. The
impedance of the sharpener after ferrite saturation is designed to be approximately 50Q2. The
principle of the sharpener is illustrated in Fig.2. As shown in the figure, an input voltage pulse
dissipates its front, propagating in the sharpener. Then the input voltage pulse is steepened at
the end of the sharpener. The rise time and peak voltage of the input pulise are approximately
40ns and 20kV, respectively. Typical output waveform of open-ended ferrite sharpener is
shown in Fig.3. The rise time and peak voltage of the pulse are 2.4ns and 45kV, respectively,
so high dV/dt of 12kV/ns is achieved. Voltages are measured by Tektronix high voltage probe:
P6015A and Hewlett Packard digital oscilloscope: HP34510A.

Ferrite beads Braided outer conductor

Center conductor Dielectric Insulator

Fig.1 Structure of ferrite sharpener

—r ferrite sharpener i——~

SNV -

Input Output

time [1ns/div]

Fig.2 Prnciple of ferrite sharpener Fig.3 Output waveform of ferrite sharpener
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3. Equivalent circuit of ferrite sharpener

Along with Ref5, we made the simulation of the ferrite sharpener to analyze the
characteristics of the sharpener. The equivalent circuit of the sharpener is derived as follows.
Current equation of the sharpener is the same as a usual transmission line.
| dI/dz=-CedV /dt (1)
where Cq 1s the capacitance of the sharpener per unit length. The magnetic flux ¢ of the

sharpener is
¢ =Ll + J-m M (r dr | (2)

where Ly is the inductance of the sharpener per unit length after ferrite saturation. r,, and ri are
the outer and inner radius of the ferrite bead, respectively, and M is the magnetization of the

bead. If we assume that M is independent of the radius and is constant, eq.(2) becomes

¢:L01+,unM(?'m—h) (3)
So voltage equation of the transmission line is |
dV/dz=-d¢/dt=LidI/dt+ po(rn—r)dM /dt 4)

From eq.(1) and (4) the equivalent circuit of the sharpener is derived, as shown in Fig. 4.
Voltage sources in the figure are respond to the product of Az and the second term of eq.(4).
dA/d¢ is obtained from Landau-Gilbert equation as below.

dM 2

M?.
S 2 L HM 1 - 5
dir 5. 1( ng ©)

where Sw 1s a switching coefficient of the ferrite used and H is the magnetic field. M is the

saturation magnetization of the ferrite used.

Vi i i
1 — LA/l < LAl < A1 LA/l
\_/
v_inf\o CoAg = Qo = Code ZL IV_out

Fig.4 Equivalent circuit of ferrite sharpener
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4, Results and discussion

. We assume B-H curve as shown in Fig 5. From the catalog, relative permeability at H=0
and saturation magnetic flux density are 1500 and 0.28T, respectively. According to Ref 6, the
switching coefficient of nickel-zinc fernte is 0.25 or 0.51 oe- us. In simulation, time step At is
1ps and the sharpener is divided into 100 sections. The input voitage waveform of simulation
is fitted to that of experiment. The output terminal is loaded with a 50€2 resistor.

Figure 6 shows the rise time of the output voltage pulse of the sharpener when the length
of the sharpener is changed. The prediction with Sy=0.25 is in better agreement with the
experimental resuits than that with Sy=0.51. The prediction agrees with the experimental
results when the sharpener is long, however, neither it does when the sharpener is short.

Figure 7 shows the rise time of the output voltage pulse of the sharpener when the bias
current to the ferrite beads is changed. The direction of the bias current is opposed to that of
the input pulse. The prediction with S»=0.25 is in better agreement with the experimental
resulis than that with Sy=0.51, the same as Fig.6. The prediction agrees with the experimental
results when the directions of bias current and input pulse are different, however, neither 1t

dees when the directions are same,

Fig.5 Modeling of B-H curve
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5. Conclusion

A ferrite sharpener is a non-linear coaxial line using ferrite beads, which produces
high-voltage, high-dV/dt pulses. We have been examining the characteristics of ferrite
sharpeners experimentally, varying various parameters. In this report, we made the simulation
of the ferrite sharpener and compared the predictions with the experimental results in detail to
analyze the characteristics of the sharpener. As a result, the results of simulation are in good
agreement with the experimental results, however, neither it does when the length of the

sharpener is short or the directions of the bias current and input voltage pulse are same.
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Abstract

The energy loss processes in the Mather-type plasma focus discharge,
especially in the phase before pinch, were studied. In the previous plasma
focus experiment using two types of cathode electrode -- sixteen copper-bars
arranged along the envelope of cylinder and a conventional cylindrical tube,
the neutron yield at the optimum pressure was three times higher in the former
cathode than in the latier. The reason resulted from that the energy loss was
enhanced in the latter cathode.

1. Introduction |

The hot, dense plasma produced in plasma focus emits intensive X-ray and aiso neutron
fluxes when deuterium gas was used. In devices with medium discharge energy, the scaling
law on the neutron yields versus discharge emergy and/or maximum current holds

- @ The optimum

independently of details of devices under an optimum condition
condition depends on the discharge voltage, the capacitance, the gas pressure and the
electrode parameters. It is well known that the anode length and diameter are important
parameters that determine the pinch time and the neutron yield. On the other hand, the
cathode parameter has been considered to have only minor infiuence on the plasma focus. In
our previous experiment(”, however, it was shown that the bar cathode gave larger neutron
yield than the tubular one.

The optimum condition for each device 1s, to speak roughly, obtained by pinching the
plasma in front of the anode at the phase near the current maximum, in other words, by

concentrating the discharge energy in the pinch region. When the sirong focus occurs, the
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impedance of the pinch region extremely increases, and the circuit energy concentrates there.
This is the reason why the scaling law holds independently of the details of devices. The
scaling laws obtained so far, however, include some ambiguities. They base on the results of
different devices, and give only roughly the tendency, which spread around the scaling laws.
The results obtained in our previous experiments, that 1s, the cathode structure dependence,
are masked in the scaling laws. The purpose of the present paper is to clanfy the cathode
effects in plasma focus discharges.

2. Summary of Previous Experiments
2.1 Experimental Setup

The experiment was carried out using
the Mather—type plasma focus device (see
Fig.1. The capacitor bank (22.5 pF) was
fired at 25 kV. Two types of cathode
electrode were  used: (I) the cathode
consisted of sixteen bars arranged

cylindrically and (II) the cylindrical tubular

cathode. The anode was 35 mm in diameter 1
and 120 mm in length. The cathode was 80 f

mm in inner diameter and 80 mm in length.

—

The current I and dl/dt were measured by  Figure 1. Schematic diagram of the device,
Rogowskii coil. The neutron yield was (@ Anode, @ Pyrex glass, &
measured by the silver activation type  Polyethylene, @ One part of
detector. The detector was calibrated using  Cathode, & Cathode and ®
Am neutron source to obtain the absolute  Vacuum Chamber .

value.

2.2 Experimental Results

The typical signals of / and d//dt are shown in Fig.2. The neutron yields versus
filling pressure are given for both types of cathodes in Fig.3. Table 1 shows discharge
parameters in the case that the anode was artificially short-circuited by a copper plate
piaced on the top of the cathode. The current reaches its maximum 7, at ¢,, and
T4, L and R are the quarter period, the ‘inductance and the resistance in this
short-circuited discharge, respectively. When the circuit resistance is assumed to be
zero, the maximum current shouid reach 7,. The discharge parameters for the focus
discharge optimized by neutron yield are displayed in Table 2. The experimental

results are summarized as the following:
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(1) The neutron yield is higher in the bar cathode than in the tubular one.

(2) The short-circuited current is lower in the former.

(3) In spite of it, the maximum current in focus discharge (the current just before
pinch) is higher in the former.

(4) The optimum pressure is higher in the former.

]

QL

Current(kn)

=33

T

Lax10®
12x10° -
. 10x10°
8.0x10°F

6.0x10°

Neutron Yleld

40x10°}F

20x10°}

¥ig.2 Typical current I and di/dt signal in
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Tige{y sec)

the bar cathode

T T T T

[ (a} Bar Cathode

L (b) Tubwtar Cathode I ]

L

6 3 10 12 14 16 18 20

D, Gas Pressure (Torr)

Table 1. The discharge parameters at each optimum condition

Fig.3 Neutron Yield vs. Gas pressure

Short-Circuited w : ‘Uo_ C _Im Iy tm T L_' R
at Top of Anode (k) | (kV) [ () (kA) (kA) | (pS) | (#S) | (nH) (mQ)
. Tubular 7.03 25 22.5 350 636 1.35 139 34.8 30.7
Cathode .
Bar Cathode | 7.03 | 25 | 22.5 | 321 543 | 1.57 | 1.62 | 477 | 31.9

The inductances of discharge region in short-circuited discharge are given as

LTutm!ar = Z—ln_

N

T a

for the tubular cathode and

Mol

L R
'Bor
27

-

-
In—4+—
a N d

2N

1 ” a 2N
In 2N+3[—] -
2§

for the bar cathode (see Appendix). They are 19.8 nH and 21.4 nH for the present
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experimental parameter, respectively. This supports the above result (2). Zero
inductance (when the cathode is connected to the anode at the botiom) is obtained
subtracting this inductance of the discharge region from the short-circuited inductance
of Table 1. The values derived by both tubular and bar cathodes should be the same
with each other, but some discrepancy exists between thiem. This shows that the
discharge was not carried out under completely same conditions. However, the

discrepancy is too small to change the present considerations.

Table 2. The results of focus discharges at the optimum condition

Type W(kd) Up(kV) C{u¥F) | P(torr) tp (us) | Ie(kA) Ip/1, Yield
Per sheot
Tubular 7.03 25 22.5 2.5 1.34 168 0.48 3.6x108
cathode
Bar 7.03 25 22.5 4.5 1.62 211 0.67 1.2x10°
cathode

The facts (2) and (3) show that the maximum plasma current, just before the
radial pinch starts, was lower in the tubular cathode than in the bar cathode, in spite
that the maximum current in the short-circuited discharge in Table 1 is higher in the
former. These facts mean that the energy loss in the phase preceding the pinch is
considerably high in both case (the ratios of the maximum plasma current to the
short-circuited current were 0.67 and 0.48) and that it is higher in the latter. Most of
previous papers did not give this ratio explicitly except the paper that gave the ratio
1,/1, =044 for the tubular cathode™. This ratio is consistent with the present
results given in Table 2. The facts (1) - (3) show that the neutron yield does not
correlate with the maximum short-circuited current or the bank energy, but with the
plasma current just before pinch. The fact (4) means that high initial pressure in the
bar cathode corresponds to low one of the tubular cathode, if a similarity holds
between them.

3. Discussions

We are interested in why the energy is dissipated intensively in the phase
traveling around the anode along the axis and also much more iniensively in the
tubular cathode, and why the optimum pressure is higher in the bar cathode. The
ratios of the maximum plasma current to the short-circuited current give a measure of

energy loss. We can consider that the inductance in the short-circuited discharge is
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nearly same with that before pinch in the present case. When we suppose that all
capacitor energy is concentrated on the circuit (or the inductance), the ratios of the
energies lost before pinch to that of the short-circuited discharge result in about 0.23
for the tubular cathode and 0.45 for the bar one from Table 2. The ratios of the energy
lost before pinch to the bank energy (the square of [,/1,) are about 0.070 (that
corresponds to 0.49 kJ) for the tubular cathode and 0.15 (that corresponds to 1.1 kJ).
Surprisingly most bank energy was lost before pinch in both cases, Especially; it is
only about 0.5 kJ that contributed to plasma focus in the tubular cathode. It will -be
important- to diminish this loss in order to improve the capability of plasma focus
devices. The scaling law shows that neutron yield is nearly proportional to the square
of the discharge energy. This means that the neutron yield increases to about 200
times in the tubular cathode, if no energy was lost before pinch.

Figure 4 shows a typical picture in the traveling phase that was obtained for the
tubular cathode on the bases of the ideal MHD simulation. This picture shows that
most gas around the anode is compressed to the inner surface of cathode after ionized
and heated, and that the plasma contacts to the cathode in wide region. The energy to
heat all the gas between the anode and the cathode to 10 eV is about or less than 100
Joule. Hence, most energy would be lost due to thermal conduction or due to ablation
of the surface material of electrodes. The dissipation depends on resistance for a fixed
total current. It seems that the increasing contact area makes the resistance (and the
current density) decrease. However, the plasma temperature decreases in low current
density, that is, the Tesistivity increases. The thickness of low temperature plasma
near the cathode increases with decreasing current density. For the fixed total current,
the increasing contact area does not necessarily make the resistivity decrease, but

rather increase in some conditions.

Fig. 4 Typical picture of the plasma motion obtained in the simulation based on the
 ideal MHD.
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In the plasma sheet compressed near the cathode, the joule heating and the
thermal conduction are estimated as

-112.2

niz = ﬁT_yziz - ﬁTOuf m o,
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where n (=A177%), x(=xn7T"*), T,, T, (<<T,), nand & are the resistivity, the

3

>

thermal conductivity, the temperatures of plasma sheet at both anode and cathode
sides, the characteristic density and thickness of the sheet. In the quasi-steady state
where the joule heating nearly equals the thermal conduction loss, we obtain the
relation

K

7i2 32
nfl, T, .
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Therefore, the total dissipated energy is estimated as
R* » [nifdV ~ ﬁi% ~w2nr
ST )
This means that the total dissipated energy increases with the contact area and the
density, if Tin’’?/8 does not decrease so much.

No simulation was carried out for the bar cathode. We can expect that the plasma
escapes through between bars on the way moving along the axis in this case. The
plasma moves to the tip of anode, forming a thin sheet. Most current flows through
this plasma sheet. The contact area and the plasma density near the cathode are
smaller. As a result, the energy dissipation will be smaller in the bar cathode than in
the tubular cathode. ‘

When the contact area decreases extremely, however, the dissipation will increase
as the ablation become dominate. As an example, we can cite the conventional anode
structure of focus devices. The hole is bored at the tip of the anode in plasma focus
devices to avoid the current concentration that ablates anode material from 1ts surface,
and that decreases neutron yield (see Fig 1). In order to minimize the dissipation, it is

necessary to understand the interaction between plasma and electrodes.

4. Conclusions
The experimental result that the energy dissipation: is lower in the bar cathode
than in the tubular cathode is interpreted as the following:
(1) The dissipated energy incieases with the contact area between the plasma and the
cathode, and with the plasma density near the cathode,
(2) Both contact area and density are considerably smaller in the bar cathode than in
the tubular cathode.
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(3) This results from the fact that the plasma can escape through between the bars in
the former.

(4) The result that the optimum pressure is higher in the bar cathode suggests the
existence of escaping plasma, and seems to support the above considerations.

It 1s crucially important for improving the capability of a plasma focus device to

decrease dissipation during the phase moving around the anode. If we eliminate this

dissipation in a device with tubular cathode, we make the neutron yield increase more
than an order.

On the basis of the experimental results in Sec.2 and the discussion in Sec.3, we
conclude the following general guiding principles for improving plasma focus
devices.

(1) To adapt electrode structures, such as the bar electrode, that decreases the energy
dissipation. Especially, the cathode structure is important, because the plasma
accumulates near the cathode.

(2) To decrease the length of electrodes for decreasing the interaction between the
plasma and electrodes.

(3) To increase the optimum pressure without spoiling uniformity of discharge.
Higher optimum pressure permits to decrease the electrode length.

(4) To increase the discharge voltage because of the same reason with (3).

(5) To decrease the resistance floating in the discharge circuit except the discharge

Tegion.

The number of bars, cathode length and diameter will also have some effects. It
may also be useful to adapt a bar anode. The bar anode will hardly affect the energy
dissipation before pinch (see Fig.4), However, the bar anode makes the plasma
density on the anode surface decrease. In addition, the inductance between the anode
and cathode decreases if the plasma escaped between the anode bars changes the path
of return current to the vicinity of anode. As a result, they will be able to enhance the

focus,
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Appendix
The inductance of tubular cathode is easily given approximately by

Fb
Ltututar = M? in

2n  a
where «, b and ¢ are the anode radius, the cathode radius and the length of anode.
On the other hand, the inductance of bar cathode is a little troublesome.
The vector potential of a bar-cathode array consisted of N bars arranged with
the angle 2n/N on the cylindrical surface of radius & is given by
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v=l vsl

Lol 2N N NN
=—]o reY £ 5 267" cos NG

A

v

uof - r

logd — — | cosnN® for r<b
2n & ;nN ( J

=ﬁ =

i = 1 (bY"
Fol logr—Z—'——(—J cosnN® for r>b
L2';’: i BN\ r |

where [ = N/, is the total current. We have to add the coniribution 4, of anode to

the vector potential, and that A4,,,, of image current obtained from the condition that
the field should not exist inside .of the anode

4. = —%{{-logr for r>a
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Thus, we obtain as the inductance of bar cathode configuration

ABars = A + Aauode + Aimuge

= nv 2y
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r N r
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The magnetic field is easily derived from (B,,B8,) = ((1/ )04, /30, ~0Ag, /0r).

Integration of magnetic energy over whole space naturally diverges. The

magnetic energy inside all bars is subtracted from this integration. We approximate 1t
at the energy generated inside tube of radius d by a solitary straight wire. Then, the

mnductance of this system is approximated as

— 122 —



Lpwr = — j —rdrdedd

REF hm[ Jordr j Bzd6+]2rdr j Bdo - 2an( *:::v ) rdrjl _

b+3

After lengthy calculation, we obtain
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CHARACTERITICS OF ION BEAMS PRODUCED IN A PLASMA
FOCUS DEVICE

K. Takao, M. Shiotani, S. Hirata and K. Masugata
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ABSTRACT

The characteristics of the nitrogen ion beam produced in a plasma focus device have been
studied experimentally to apply the beam to material processing. In this application, the purity of
the ion beam is very important. To clarify the mechanism of the production of impurity ions, two
types of anode (rod type: type A, hollow type: type B) were used. In the experiment, a Mather
type plasma focus device was used with a capacitor bank of 43 2uF. The bank was charged to 30
kV giving peak discharge current of 550 kA. To produce nitrogen ions, the device was pre-filled
with Nz at 5.5 Pa. Ion species and their energy spectra were evaluated using a Thomson parabola
spectrometer (TPS). With type B anode, we have obtained a nitrogen ion beam of 90.5 %,
whereas with type A anode the purity was 26.5 % and copper ion was observed as impurity.

I. Introduction

Plasma focus devices are known to produce high-energy, highly bright pulsed ion beams with
energy of more than 1MeV". Basically, ion species of the beam depend on the pre-filled gas.
Therefore, thé choices of the ion specie will be extended widely, and they are useful as a pulsed
ion beam source. '

The ion beams produced in the plasma focus device have been applied to material ,processingz)’
¥ and expected to be applied to a semiconductor process to implant dopant ions. When pulsed
ion beams are applied to semiconductors, a high degree of purity of the ion beam is especially
needed.

Pulsed ion beams produced in a plasma focus contain impurity ions > . These impurity ions
seem to originate from the gas adhered on the electrodes. However, the physical mechanism of
the productton of these ions remains unclear.

In this study, we have evaluated the dependence of ion beam characteristics on the electrode
shape to produce pure ion beams. Two- types of anode (rod type: type A, hollow type: type B)
were used. lon beams were measured by using an ion pinhole imaging system, a Thomson
parabola spectrometer, and a biased ion collector. Pinhole images, ion current densities, energy
spectra, and ion composition ratios have been compared on both of anodes.

1), 4)

II. Experimental apparatus

A. Plasma focus device
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Figure 1 shows a schematic of the experimental system. The electrode chamber and the
analyzer chamber were separated by a partition plate, which had a pinhole for introducing ions.
In the experiment, we used a Mather-type plasma focus device. The device was operated by a
capacitor bank of 43.2 pF. The charging voltage of the capacitor bank was 30 kV. The electrode
chamber was evacuated below 1.5 x 10” Pa, and pre-filled with N> at 5.5 Pa to produce nitrogen
ion beams. On the other hand, the analyzer chamber was differentially pumped to 1.0 x 10” Pa.

Gas inlet Pinhole To pump

0/ 7'

ST

43.2 uF. Electrode chamber : Analyzer chamber
30kV

Fig. 1 Schematic of the experimental system.

B. Electrode

We used two-types of inner electrodes (anode) to evaluate the influence of the anode shape on
the characteristics of ion beams. Figure 2 shows schematics of the top of anodes. Type Ais a
rod type. It has a rod of 14 mm in diameter and 13 mm in length on the hemisphernical shape
anode. This shape 1s expected to be enhanced the stability of the position of the focused plasma.
Type B is a hollow type, and has a hollow of 40 mm in diameter and 20 mm 1n depth on the top
of the electrode. The length and diameter of both anodes are 280 mm and 50 mm, respectively.
The outer electrode (cathode) i1s squirrei-cage type and the length and the diameter are 250 mm
and 100 mm, respectively.

unit : mm
Type A ( Rod type ) Type B ( Hollow type )

Fig. 2 Schematics of the top of anode.
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C. Measurements

The biased ion collector (BIC) was used to measure the current density of the 1on beams. The
electrode of the BIC was made of brass, 45 mm in inner diameter and 40 mm in depth, and
installed just behind the pinhole. Therefore, the BIC measured the ion current density at z = 218
mm from the top of the anode. As ion beams were neutralized, the BIC was biased at -1 kV to
eliminate electrons.

The ion pinhole imaging system was used to obtain the radial distnbution of ions and to
evaluate the production pattern of the ion beams. We used the CR-39 track detector as an ion
detector. The CR-39 was placed 100 mm downstream from a pinhole.

The Thomson parabola spectrometer (TPS) was used to measure ton species and their energy

“spectra. Figure 3 shows the schematic of the Thomson parabola spectrometer. It is constructed
of a first pinhole, a second pinhole, a magnetic deflector, an electric deflector, and the CR-39.
The diameters of the first and second pinholes were 0.21 and 0.1 mm, respectively. The ions
irradiated onto the first pinhole (located on the electrode axis) are collimated and led into the
magnetic and electric deflectors. The magnetic deflector comprises soft-iron pieces and a
permanent magnet. The size of the magnetic field and the gap length are 50 x 50 mm” and 10
mm, respectively. The electric deflector comprises two plane electrodes (electric field area, 50 x
70 mm®, gap length, 10 mm). The applied magnetic and electric fields were 0.65 T and 10 kV /
cm, respectively. '

S, first pinhole second pinhole |Magnetic  Electric

Y #=0.21 mm $=0.1 mm deflector deflector
) (0.65T) (1 kV/cm)

Pinch plasma \ \ '
d ey

¥
et a+—»
Anode | 50mm 50 mm CLX
N 218 mm - 100mm | 200 mm R

i
%
L
Y

Fig. 3 Schematic of the Thomson parabola spectrometer

1. Results and Discussion

Figure 4 shows typical waveforms of the discharge current ( /; ) and the ion current density (./; ).
In type A anode, the discharge current reaches the peak value of 550 kA at 1.35 pus and drops to
400 kA at 1.6 us suddenly. It suggests that the focused plasma 1s formed and collapsed within
250ns. J; rises at 1.45 us sharply and a peak value of 1150 A/cm” is observed with pulse width of
70 ns (FWHM). In type B anode, the discharge current reaches the peak value of 550 kA at 1 4
ps and drops to 450 kA at 1.65 ps. J; rises at 1.5 us sharply and the peak value of 900 A/cm” is
observed with pulse width of 100 ns (FWHM). The difference of the pulse width between type A

and type B seem to be due to the difference of the energy range (it will be showed later on) and
affected by the time of flight effect.
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Fig. 4 Typical waveforms of the discharge current ( /; ) and
the ion current density (J; ).

Figure 5 shows typical pinhole image of ion beams. The scale wrtten in the figures is
converted at the top of the anode. As seen in the figures, production patterns are concentric circle
type and contain small spots both of anodes.

Figure 6 shows the track pattern obtained using the TPS of type A (shot No. 1988). As seen in
the figure, Cu”, Cu®™, 0%, N*, C¥, 0%, and N** were produced. We have not identified the trace
next to Cu®’, but it would be molecular ions. The energy range of nitrogen ion beams were
distributed from 0.4 MeV to 0.15 MeV. On the other hand, the energy range of copper ion beams
was distributed from 1 MeV to 0.5 MeV.

Figure 7 shows the energy spectrum of ion beams produced by type A anode (shot No. 1988).
The vertical axis indicates the number of ions per unit energy (dF) per unit solid angle (d42) at the
second pinhole. In this case, dF is 0.1 MeV and d€2is 7.85 x 107 Sr, respectively. As seen in the
figure, N" and O™ are almost same value at 0.2 MeV. On the other hand, the value of O” is larger
than that of N" after 0.3 MeV. The values of C" are smaller than those of N” and O at each
energy. Values of doubly 10nized ions of all ion species are less than those of singly ionized ions.
The spectrum of Cu" has the peak value at 0.7 MeV. From fig. 7, an ion composition ratio for
type A anode was estimated to be N*%: 0"?": C" Cu"?" =26.5: 49.0: 12.5:12.0 %.

Figure 8 shows the track pattern obtained with the TPS in case of type B anode (shot No. 1965).
As seen in the figure, 0", N', C*, 0%, N*', and N** were produced. However, oxygen and
carbon 1ons were very low compared with type A anode, and copper ions were not observed. The
energy range of nitrogen ion was distributed from 1 MeV to 0.2 MeV.

Figure 9 shows the energy spectrum of ion beams produced by the type B anode (shot No.
1965). As seen in the figure, the spectrum of N™ has a peak around 0.4 and 0.5 MeV and
decreases with increasing energy. On the other hand, the spectrum of N*¥ monotonically
decreases with increasing energy. The spectrum of N°' is almost flat. The ion composition ratio
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for type B anode was N™*7 . 0" %1 C?"=905: 7.8: 1.7 %. Intype B anode, the production of
nitrogen ion beams with high purity has been achieved.

LS
——
L

50 mm 50 mm

Type A (Rod type ) Type B ( Hollow type )

Fig. 5 Typical pinhole image of ion beams.
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Fig. 6 Track pattern obtained usir.lgithe TPS of type A.
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Fig. 9 Energy spectrum of ion beams produced by type B.

IV. Conclusion

The characteristics of the nitrogen ion beam produced in a plasma focus device have been
studied experimentally to apply the beam to material processing. In this application, the purity of
the ion beam is very important. To clarify the mechanism of the production of impurity ions, two
types of anode (rod type: type A, hollow type: type B) were used. In the experiment, a Mather
type plasma focus device was used with a capacitor bank of 43.2pF. The bank was charged to 30
kV giving peak discharge current of 550 kA. To produce nitrogen 1ons, the device was pre-filled
with N; at 5.5 Pa. Ion species and their energy spectra were evaluated using a Thomson parabola
spectrometer (TPS). With type B anode, we have obtained a nitrogen ion beam of 90.5 %,
whereas with type A anode the-purity was 26.5 % and copper ion was observed as impurity.
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ABSTRACT

We newly constructed a small plasma focus device, and investigated the
characteristics of it. Hydrogen gas was used as a working gas, and a small amount
of neon gas was mixed to the working gas. A time-resolved X-ray pinhole camera
was made, and was used to observe the pinched plasma. Several framing pictures
of the soft X-ray images were obtained with the time-resolved X-ray pinhole
camera, and one of them suggested occurrence of instability in the pinched plasma.

I. Introduction

The plasma focus device is well known as an inexpensive and compact source of intense
soft X-rays. It has been used for number of applications: soft X-ray microscopy', soft X-ray
lithography®, X-ray backlighting for high-density plasmas®. The soft X-rays ranged from
2.33 to 4.37 nm (so-called water window) are required for the soft X-ray microscopy, because
the soft X-rays ranged in these wavelengths are not absorbed by oxygen and are absorbed by
carbon; those can be used to observe living cells. We tried generation of the soft X-rays -
ranged in these wavelengths by using a gas-puff Z-pinch device®, but the intensities of the
generated X-rays were very low. So we newly constructed a small plasma focus device as
the soft X-ray source.

A time-resolved X-ray pinhole camera™ usually consists of pinholes, a micro channel
plate with strip lines and a camera. Pulsed high voltages of which pulse widths are
approximately 1 nanosecond are applied to the strip lines. During the pulsed high voltages
pass through the strip lines, pinhole images of soft X-rays on the strip lines are amplified and
taken with the camera. This short shutter time is great advantage in investigations of the soft
X-rays generated in the plasma focus device,

We newly constructed a small plasma focus device, and investigated the characteristics
of it. Hydrogen gas was used as a working gas, and a small amount of neon gas was mixed
to the working gas. A PIN diode, a convex crystal spectrometer, a streak camera were used
to observe the pinched plasma. A time-resolved X-ray pinhole camera was made, and was
used to observe the pinched plasma. Several framing pictures of the soft X-ray images were
obtained with the time-resolved X-ray pinhole camera, and one of them suggested occurrence
of instability in the pinched plasma. The resuits of preliminary experiments are presented in
this paper.

5.6

II. Experimental Setup

Figures 1 show the schematic drawings of the experimental setup. Configuration of a
plasma focus device and an external circuit are shown in Fig. 1 (a). The plasma focus device
consists of an inner electrode, an outer electrode and an insulator. The outer electrode is
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Fig. I Schematic drawings of experimental setup; configuration of
plasma focus device (a), location of measurement tools (b).
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constructed from 24-copper rods of which diameters are 8 mm; the geometry of the plasma
focus device is like a square cage. The inner diameter of the outer electrode is 100 mm. In
order to make discharge with gas-puff operation by a fast opening valve® a small hole is
drilled along the centerline of the inner electrode. All the experiments reported here were
performed without gas-puff operation by the fast opening valve. The outer diameter of the
inner electrode 1s 50 mm. The lengths of the electrodes are 155 mm. The insulator 1s made
of a Pyrex glass, and the outer diameter and the length of it are 55 and 51 mm, respectively.
The maximum voltage and the maximum stored energy of a condenser bank are 30 kV and 25
kJ, respectively. In all the experiments reported here, the condenser bank was used with the
charged voltage of 15 kV. Hydrogen gas was used as a working gas, and a small amount of
argon or neon gas was mixed to the working gas.

In the experiments, a PIN diode, a crystal spectrometer, a streak camera (IMACON-700)
and a time resolved X-ray pinhole camera were located as shown in Fig. 1 (b). The PIN
diode was used to detect the soft X-rays, and appearance of its signal also suggested pinching
of the plasma. In front of the PIN diode, the crystal spectrometer and a time resolved X-ray
pinhole camera, the beryllium foils of which thickness were 20 micrometers were usually set
as a filter. The crystal spectrometer consists of a slit, a convex rubidium acid phthalate
(RbAP) crystal and a film (KODAK TRI-X). The spectrometer was used to analyze the
wavelength of the soft X-rays, and its detail specification was reported in Ref. 7. A pinhole
image by the soft X-rays was made on the film of the spectrometer. This image is usually
used to calibrate the shits in wavelengths caused by change in the position of the pinched
plasma. In our experiments the pinhole images were also used to verify the soft X-ray
images obtained with the MCP which was operated in time-integrated mode.

Figure 2 shows the schematic drawing of a time resolved X-ray pinhole camera. This
camera consists of a high voltage pulse generator, a micro channel plate (MCP) and a charge
couple device (CCD) camera. The high voltage pulse generator is CPSS/Ins/N made by
Kentech Instruments Ltd. in England, and the maximum value and the pulse width of the

Tz.sw
T

Glass teflon plate

P 8§m
Puise generitw[‘
« N
Y - 0m

-1.5 kV .

I
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30x107° Torr AN - divider

OscilLscope

Fig. 2 Schematic drawing of time resolved X-ray pinhole camera with strip lines.
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Fig. 3 Schematic drawing of time resolved X-ray pinﬁole camera.

output voltage are -1.5 kV and | ns, respectively. The pulsed voltage is divided in two 500}
coaxial cables, and put into the MCP.  The delay time of 10 ns appears between the divided
pulsed voltages, because the lengths of the two cables are 8 and 10 m, respectively. In front
of the MCP, three strip lines are made, and are coated by gold to increase the sensitivity for
the soft X-rays. Since the widths of the strip lines are 5 mm, the impedance is calculated by
20. In order to decrease reflection of the pulsed voltages, transmission lines from the wall
of a vacuum chamber to the strip lines were made with taper shape. Two strip lines are used
to time resolved observation of soft X-rays, and the other one is used to observe the time
integrated image of soft X-rays. When the pulsed voltage pass through the strip line, the
electrons generated by the soft X-rays are amplified and are accelerated to the phosphor plate.
The visible images on the phosphor plate generated by bombardment of the accelerated
electrons are taken with the CCD camera.

In the experiments, the high voltage of 2.5 kV was not able to apply between the MCP
and the phosphor plate. The reason why the high voltage was not able to apply was due to
the roughness on the surface of the phosphor plate. Therefore another time resolved X-ray
pinhole camera was used in the experiments. The schematic drawing of this camera is
shown in Fig. 3. This camera also consists of a high voltage pulse generator, a MCP and a
CCD camera. This pulse generator was made in our laboratory, and the maximum value and
the pulse width of the output voltage are -1.1 kV and 2 ns, respectively. Since this MCP has
no strip line, one framing picture of a soft X-ray image is taken in time-resolved mode.
When a high voltage of -700 V is applied to the MCP, one framing picture of a soft X-ray
image is taken in time-integrated mode.

II1. Experimental Result

The waveforms of a discharge current and the signal of the PIN diode are shown in Fig.
4. The waveforms shown in Fig. 4 were obtained by the experiment with 10 % admixture of
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Fig. 4 Typical waveforms of discharge current and signal of PIN diode.

neon gas to hydrogen gas. The experiments were performed with changing the total gas
pressure, and the maximum value of the signal of the PIN diode was obtained at the total gas
pressure of 1.4 torr. Therefore the all experiments reported here were performed at the total
gas pressure of 1.4 torr. In the figure, the upper and the lower trace correspond to the
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Fig. 5 Streak photograph and waveforms of the discharge current
and signals of PIN diode and IMACON monitor pulse.
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discharge current and the signal of the PIN diode, respectively. The discharge current
reaches to about 500 kA by 1.4 microseconds from initiation of discharge, and the dip is seen
at the tops of it. The difference by changing the admixture gas was not distinguished in the
signals of the total currents. A sharp spike appears in the signal of the PIN diode, and
appearance of this spike is coincident with the timing of the dip in the discharge current.
After that two or three small spikes appear in the signal of the PIN diode.

Figures 5 show a streak photograph, and the waveforms of the discharge current and the
signals of the PIN diode and an IMACON monitor pulse. The scales of the waveforms are
varied from Fig. 4, but the dip is seen at the top of the discharge current. At the same time,
several spikes appear in the signal of the PIN diode. The streak photograph was taken with
the streak camera through the slit located at 5 mm from the top of the inner electrode. In this
streak photograph, it is distinguished that the plasma is pinched on the centerline of the diode.
This pinched plasma exists on the centerline of the diode by 20 ns, and after that disappears.
The pinched velocity of the plasma is estimated by 2.8 X 107 cm/sec from the streak
photograph.

Pinhole photographs obtained in time-integrated mode are shown in Figs. 6. In Figs. 6
(a) and (b), the photographs shown in left side were taken with the film located in the crystal
spectrometer.  Another photographs were taken with the pinhole camera shown in Fig. 3.
Figures 6 (a) and (b) were obtained by using 6 % admixture gas of neon and argon,
respectively. Here the images shown in Figs. 6 (b) are slightly different; the numbers of the
spot-like images are same, but the images tilt in opposite direction. The reason why the
images tilt in opposite direction is caused by the difference in observation ports.  As shown
in Figs. 1 (b), the observation ports of the spectrometer and the pinhole camera are mounted
in right angle. Therefore the images may tilt in opposite direction. In Figs. 6 (a) the soft
X-ray images are cylindrical shape. On the other hand, the spot-like images are seen along
the centerline of the diode in Figs. 6 (b). These features agree with the results reported 1n
Ref. 3. In the pinhole photographs the bright areas also exist near the top of the inner
electrode (L.E.). These areas may correspond to the electrode plasmas generated by
bombardment of the pinched plasmas or high-energy clectrons. From the results it is
verified that the soft X-ray images are obtained with the pinhole camera shown in Fig. 3.

Figure 7 shows the line spectra obtained with the convex crystal spectrometer. These
spectra were obtained by the experiments with 9 % admixture of neon gas to hydrogen gas,
and the soft X-rays of the thirty-five shots were superimposed on the film. The three spectra

[mm]

[mm]

LE.
(a) (b)

Fig. 6 Pinhole photographs obtained in time-integrated mode.
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are distinguished in this figure, and its images expand from the top of the inner electrode
along the centerline of the diode. The each spectrum corresponds the radiations by 1s3p-1s?
(11.544A), 2p-1s (12.19A) , 1s2p-1s* (13.447A). The number of the spectra reported in Ref.
7 was much larger than that obtained in our experiments. This result suggests that the
electron temperature in our experiments might be relatively low., This fact is also verified
that the spectra were not obtained in the case of argon gas; a higher electron temperature is
required in K-shell radiation of argon gas. In order to make the plasma with higher electron
temperature, we will try to the experiments with gas puff at the top of the inner electrode by
the fast opening valve®.

The three framing pictures of the soft X-ray images are shown in Figs. 8. These images
were obtained by the experiments with 9 % admixture of neon gas to hydrogen gas. The
waveforms are also shown in Figs. 8, and the upper and the lower traces correspond to the
signals of the PIN diode and the attenuated pulsed voltage passed through the MCP,
respectively.  The time correlations of these traces show the times when the images are
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Fig. 8 Framing pictures of soft X-ray images obtained
with the time-resolved pinhole camera.
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taken. Since the origin of the time scale is defined as the onset of the signal of the PIN diode,
each image is taken at 10, 50 and 140 ns.  Although the time-resolved pinhole camera shown
in Fig. 3 is able to take one framing picture in a shot, typical images are collected from
several shots in Figs. 8. The image shown in Fig. 8 () is taken just after pinching, and the
bright area is cylindrical shape. In Fig. 8 (b) the bright area in the image breaks into two
areas. This result means occurrence of instability in the pinched plasma, and is only
obtained by time-resolved measurement. The bright area is not seen along the centerline of
the diode in the image shown in Fig. 8 (c), but expands near the top of the inner electrode.
This bright area may correspond to the electrode plasma generated by bombardment of the
pinched plasmas or high-energy electrons. In these images the thickness of the electrode
plasma become thick with progress in time. This fact means that expansion of the electrode
plasma is verified graphically by time-resolved measurement.

IV. Summary

We newly constructed a small plasma focus device, and investigated the characteristics
of it. Hydrogen gas was used as a working gas, and a small amount of neon gas was mixed
to the working gas. By measurement with the PIN diode and the streak camera, pinching of
the plasma was verified. Three line spectra were distinguished by the image obtained with
the convex crystal spectrometer. The time-resolved X-ray pinhole camera was made, and
was used to observe the pinched plasma. Several framing pictures of the soft X-ray images
were obtained with the time-resolved X-ray pinhole camera, and one of them suggested
occurrence of instability in the pinched plasma. Adjustment of the time-resolved X-ray
pinhole camera with the strip lines is under going, so two framing pictures in a shot will be
obtained in a short time.
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ABSTRACT

Rayleigh-Taylor instability was observed on the surface of a contracting z-pinch plasma.
Wavelength of the instability was analyzed from the envelope of the profile, and it increased
with implosion. Analysis with finite Larmor radius effect shows that there is some accelera-
tion of ions during the contraction process. A suggestion to obtain macroscopically uniform
plasma is to increase plasma current without heating the plasma.

I. Introduction

The achievement of uniform implosion of z-pinch plasma is a key feature to z-pinch driven
mertial confinement fusion rsearch. The uniform formation of hot spots is essential for the
efficient and uniform radiation of x-ray. However, as z-pinch plasma is naturally unstable to
MHD modes, it is a difficult objective to avoid instability. In the previous experiments it is
pointed out that the formation of hot spots has a good correlation to the instability pattern
that develops in the contraction [1 - 4]. Although the instability is unavoidable, we will be
able to control the occurrence of hot spots if we find a method of controling the instability.

Here we investigated the development of Rayleigh-Taylor instability in the contraction
phase of the SHOTGUN z-pinch plasma. Using a laser shadowgraphy a clear image of plasma
envelope was obtained. The spatial profile of the instability was analyzed, and change of
wavelength of the instability with implosion was observed.

II. Experimental Setup

Figure 1 shows the schematic view of the SHOTGUN gas-puff z-pinch device. The main
storage section consists of high-speed capacitor bank of 24 yF (25kV, 7.5k}). The gap width
of the eléctrodes is 30 mm. Both electrodes are made of Al. A hollow gas distribution is
intended to form between the electrodes using a hollow nozzle on the anode with a high
speed gas valve. The diameter of the nozzle is 28 mm. Ar gas is used in this experiment,
and the prenum pressure is fixed to 5 atm.
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Figure 1: The SHOTGUN z-pinch device.

The electric currents of the anode and the cathodes are detected by Rogowski coils.
The anode current shows the total input current, and the cathode current shows that goes
through the z-pinch plasma.

X-ray measurement is important to monitor the maximum pinch. A scintillation probe
is used to measure x-ray above 1 keV. K-shell radiations of Ar ion are in this region. A
vacuum x-ray diode with Al cathode is used for XUV measurement (20 eV — 3 keV). L-shell
and M-shell radiations of Ar ion are in this region. An x-ray pinhole camera is used to obtain
space resolved image of hot spots of the plasma.

In order to observe contraction process of the plasma, shadowgraphy using a Nd:YAG
laser is employed. Using a harmonics generator maximum output of 25 mJ is performed at
the wavelength of 532 nm. :

III. Experimental Results

Figure 2 shows sequential shadowgrams of the contracting z-pinch plasma. The anode
current, x-ray and XUV signals are shown in the top frame. The moment of each shadowgram
is shown in the current trace. In each shadowgram the anode is on the right and the cathode
is on the left. The gas distribution is not quite uniform and the zippering effect is observed.

The motion of the plasma is slow until the current goes up to a certain level (1}. The
plasma boundary becomes more clear in the frame (2), which indicates the density increase.
The plasma starts to shrink rapidly at (3), and the displacement from sinusoidal current
becomes obvious. An axisymmetric ripple is found on the surface of the plasma, which is
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Figure 2: Sequential shadowgrams of the contracting z-pinch plasma. The moment of each
frame is shown in the top trace.
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Figure 3: Simultaneous measurements of shadowgram and x-ray pinhole image of the z-pinch
plasma. :

the Rayleigh-Taylor instability caused by the implosion. The plasma continues to shrink at
(4) - (5), and the instability also grows. The plasma contracts on the axis at (6) ~ (7), and
the instability goes into nonlinear stage. The XUV signal increases here, which indicates the
increase of electron temperature. Then the plasma reaches the local pinch (m = 0 mode)
at (8), and x-ray pulses are emitted. Finally the plasma starts to expand hellically (m = 1
mode) at (9). Dense plasma flow from both electrodes is observed at (8) — (9). The observed
instability is axisymmetric. As the magnetic field directs purely azimuthal direction, the
wave number vector is perpendicular to the magnetic field &y = 0.

Figure 3 shows the shadowgram at maximum pinch and the x-ray pinhole photoraph
taken in the same shot of discharge. The ripple observed in tlie shadowgram reaches the
axis. This triggers m = 0 mode MHD instability which causes hot spots. Five hot spots
are observed in the x-ray photograph. Each position of the hot spots is well corerated with
spatial pattern of the m = 0 mode instability.

It was shown that the formation of hot spots has strong relation to the spatial pattern of
the instability. The wavelength of the instability was observed to increase with implosion.
In order to see the change of the wavelength numerically, the envelope of density profile is
extracted, and the spatial pattern is analyzed by Fourier transformation,

Figure 4 shows changes of the wave number {open circle) and the wavelength (cross) of
the instability with time. The lines in the figure show exponential fitting to the values. Here,
the wave number is the number of waves in 3 cin. The wavelength is calculated from this
value. It is clear that the wave number decreases and the wavelength increases with time.
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Figure 4: Wave number and corresponding wavelength of the instability.

IV. Discussion of Results

Well, how is the wavelength or the wave number determined ? And why does the wave
number decrease with time ? A possible explanation is as follows.

The growth rate of Rayleigh-Taylor instability v of ideal MHD plasma is +/gk , where g
is acceleration and k is wave number of the instability. Here the growth rate simply increases
with %, and k cannot be determined for this case. Finite Larmor radius effect (FLR) is a
possibility to limit the growth of the instability. The growth rate with FLR is expressed as

= ok~ Stk W

where w,; is ion cyclotron frequency and p; is ion Larmor radius. In Fig. 5 the growth rates
of both cases are plotted for k. The rate v becomes a maximum value at the wave number

ko= (gwztor)”. (2)

‘The instability will grow at this wave number kg. As the Larmor radius p; = v;/w,; « v/T:/B,
and g o« B2, Then the wave number kg has the dependence of

koo (BAT2)7 (3)
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Figure 5: Growth rate of Rayleigh-Taylor instability with and without finite Larmor radius
effect.

According to this model, the decrease of wave number k& with the time is understood
as decrease of B or increase of 7;. As the plasma current increases and the plasma radius
increases with time, the magnetic field B must increase with time. So the temperature T;
must increase more than B?. If magnetic moment conserves T; oc B. The result implies that
there is some mechanism of extra acceleration or heating of ion that accounts more than the
conservation of magnetic moment.

The goal of this research is to minimize the wavelength of the instability, so that the
plasma column looks uniform macroscopically. As Eq. (4) shows that the wave number k
increases with B and decreases with T}, we can maximize ky by increasing magnetic field or
current without heating the plasma.

V. Summary

The imploding process of Ar z-pinch plasma was observed and investigated using a pulsed
laser shadowgraphy. The Rayleigh-Taylor instability was observed on the surface of the
contracting z-pinch plasma. The wavelength of the instability increased with implosion, and
this lead m = 0 mode instability. The spatial pattern of the instability has strong relation
to the formation of hot spots.

An analysis with finite Larmor radius effect indicates that the wave number of the in-
stability is determined by plasma parameters as B and T:. The decrease of wave number
indicates that there is some accerelation of ions during the contraction process. It is impor-
tant to increase plasma current without heating the plasma in order to keep the wavelength
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of the instability small.
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Abstract

Capillary discharge experiments were carried out to get a lasing of Ne-like Ar
line (J =0-1, A = 46.9 nm). The capillary channel was 120 mm in length and 3
- 4 mm in inner diameter and it was filled with pre-ionized argon gas in an initial
pressure range of 100 - 1000 mTorr. A current up to 37 - 57 kA with a rise time
of 20 ns was generated by a fast pulsed power generator ‘LIMAY-I'(3 2 - 70 ns).
Dynamics of capillary discharge plasma was observed with a streak camera. At the
time of maximum pinch, laser amplification was detected by an X-ray diode.

1 Introduction

Since laser has properties that ordinary light does not posses - namely monochro-
maticity, directivity, high intensity, and coherency - it is fully applicable in various fields.
Moreover soft X-ray laser has soft X-ray properties in addition to these laser properties, it
may be applicable at molecular levels to the instrumentation, and material manipulation
essential to leading-edge research and development in medicine, science and technology.
Actual implementation is eagerly awaited [1}. '

However, the scaling of excitation power for soft X-ray lasing follows a 4.5 power rule
of the lasing frequency. Producing an intense laser of shorter wavelength will therefore
require a device of extremely large scale and high cost. For this reason, the development
of high efficiency soft X-ray laser devices that could be implemented anywhere would be
desirable, and great efforts have been made to achieve this. ‘

In 1994, it was reported that a capillary discharge could produce a laser amplification
at 3p - 3s level of Ne-like Ar (46.9 nm) [2]. In comparison with laser-driven X-ray laser
devices, this device is inexpensive, compact in size and high conversion efficiency from
electric energy to laser energy.

It is possible to enlarge laser energy by increase of a gain-length product or a laser
pulse width. However, soft X-ray laser using capillary discharge can extract only a several
ns pulse. Widths of the laser pulse may be restricted by the plasma dynamics and the
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confining time of the optimal plasma condition. The object of our study is to reveal the
cause, which restricts the duration of lasing, to enlarge a laser pulse width and to get a
higher laser energy. In the present stage, our purpose is to understand the correlation
between plasma dynamics and X-ray radiation process, and to reveal discharge conditions
suitable for a laser amplification by LIMAY-T [3].

2 Experimental apparatus

A pulsed power generator "LIMAY-I (3§ - 70 ns, 13 kJ; Max ) [3]" was used as the
driving power source for the capillary discharge. The drive current above 200 kA with a
rise time of 20 ns was attainable with this generator. The typical experimental setup is
shown in Figure.l. A capillary made of polyacetal with an inner diameter of d = 3 mm
and a length of [ = 120 mm was used. The capillary was installed on the axis inside the
Z-stack insulator of the PFL. The space between the Z-stack insulator and the capillary
was filled with deionized water to prevent breakdown along the capillary outer surface.
Tungsten, a material with a highest melting point, was used for the capillary discharge
electrodes at the both end of capillary. The cathode has an aperture of 2 mm for inlet of
argon gas and observation of a capillary discharge.

After predischarge with a current of 10 - 20 A and a decay time of 30 us, the main
discharge current of 30 - 60 kA was sent into the capillary. A Rogowski coil was used for
measurement of the discharge current.

The-inside of the capillary was filled with 100 - 1000 mTorr of argon gas, and the
background pressure of X-ray diode( XRD ) chamber was kept lower than ~ 10~* Torr
using a differential pumping. The pinhole was located at a distance of 2 cm from the
end of capillary, and the XRD was positioned 60 cm from the pinhole. The pinhole and
the XRD were positioned along the axis of capillary. The absorption coefficient for a
wavelength A = 46.9 nm (26.4 eV) was 75 = 900 cm™! [4]. The light of this wavelength,
for example, argon gas filled with 500 mTorr attenuates by 30 % in a distance of 2 cm.

Photographs of the plasma were taken from the direction of the axis, using a high-
speed camera (Hadland, IMACON 468), in order to confirm its pinch. An X-ray radiation
process was measured with the XRD. The XRD consisted of a photocathode with a
negative bias of -300 V, and a wire mesh anode with a transparency of 44 %, positioned
at a distance of 2 mm from the cathode surface. In this experiment, improvement has
been made to use gold, instead of aluminum, as the photocathode of XRD, which provides
better sensitivity to the X-ray of energy lower than 100 eV. Photo electric vields of
aluminum and gold at a wavelength of 46.9 nm were 0.14 and 0.11, respectively [5] [6].
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Figure 1. Sche_matic of experimental setup.

3 Experiments

3.1 Correlation between plasma dynamics and X-ray radiation

process

Argon gas was filled at a pressure of P = 500 mTorr in a capillary with an inner diameter
of d = 3 mm and length of [ = 120 mm, and predischarged with a current of 10 A. Then,
a current pulse with an amplitude of o= 40 kA, a pulse rise time of 20 ns, and a pulse
width of 105 ns was sent into the capillary. Figure 2 shows the waveforms of discharge
current and the X-ray measured with an XRD with an aluminum photocathode. Figure
3 shows the streak photograph of a capillary discharge plasma taken from the direction of
the axis taken under the same discharge condition. Figure 4 (A) - (D) show the framing
photographs of capillary discharge plasma taken from the direction of the axis in vicinty
of maximum pinch. ' .

The contraction time of shock front 7, was taken to be the time interval between
a beginning of discharge and an arrival of the shock front at the axis. The maximum
contraction time of current sheet 7; was taken to be a time interval between a beginning
of discharge and a maximum pinch of discharge plasma. From Figure 3, the beginning of
strong radiation of light on the axis indicates the contraction of the shock front. Hence,
the contraction time of shock front 7, was 35 ns. The maximum contraction time of
current sheet 7; was 37 - 40 ns.

After 7;, a stagnation of high energy density plasma produced in the vicinity of the
axis. Simultaneously, the XRD signal shows the point of inflection. In addition, the slope
of signal bécomes steeper. The discharge plasma at this time was approximately 200 pm.
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Figure 4(C). Framing photograph of capillary discharge plasma taken from 40 ns to 50 ns
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Figure 4(D). Framing photograph of capillary discharge plasma taken from 50 ns to 60 ns
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After stagnation, the plasma exploded and the XRD signal, which is to say the energy
density of a plasma, decreased.

3.2 Dependence of discharge conditions

It is thought that the plasma condition for the amplification of neon-like argon soft
X-ray laser is needed for the electron density of Ne ~ 0.2—2 x 10"%cm™*, and the electron
temperature of Te ~ 60 — 80 eV {7]. The pinch plasma parameters can be controlled
by charging an initial pressure, a current amplitude( di/dt ), and a capillary diameter.
Experiments were conducted in which the initial pressure and the current amplitude were
varied in the range of 100 - 1000 mTorr and 37 - 57 kA, respectively. A capillary with an
inner diameter of 3.4 mm and a length of 120 mm was used, and gold was used as the
photocathode of XRD.

Figure 5 shows the waveforms of current and the signals of XRD output at the initial
pressures of 275,.412, and 950 mTorr. In the three shots, the measured waveforms were
almost the same. However, as the pressure is increased, the initial peak of X-ray signal
was shifted backward. The inertia of plasma increases at high pressures, although the
magnetic force of the current remains the same, therefore there is a tendency for the
pinch time to be delayed. In addition, the width of intense the X-ray pulse conforms that
of the pinch plasma, and tends to be wider as the pressure increases.

When the pressure was low, 275 or 412 mTorr, the plasma could be rapidly heated
by means of the shock waves. When the pressure was raised to, for example, 912 mTorr,
however, the shock wave formation and the rapid heating were weaken, therefore the
X-ray emission was moderated. Under these conditions, an XRD output was highest at
pressures in the range of 400 - 500 mTorr. The current was changed in the range of 37 -
57 kA using a capillary with diameter of 3.4 mm and a pressure of 412 mTorr. Increasing
the current amplitude, the X-ray signal becomes larger and the occurrence of the peak
becomes forward shifted, because the energy density of the plasma also becomes higher.

As the current amplitude increased, the peak of X-ray signal grew larger, which higher
energy density plasma was generated, and the occurrence of peak shifted forward. This
indicated that strong pinches occurred in a short time, due to a strengthening of the
magnetic force that is in proportion to the squares of current amplitude.

3.3 XRD signals of laser amplification

Figure 7 shows the current waveform and the signal of XRD output obtained under
discharge condition of the capillary diameter of 3.4 mm, the initial pressure of 400 mTorr.
We were able to detect a sharp signal of soft X-ray laser with FWHM of 0.6 ns in the
vicinity of the maximum pinch (58.5 ns}.
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4 Summary

Argon was filled at 100 - 1000 mTorr in capillaries with diameter of 3 - 4 mm and length
of 120 mm. After a predischarge current of 10 A was conducted, a current pulse with an
amplitude of 37 - 57 kA, a pulse rise time of 20 ns, and a pulse width of 100 ns was driven.
Formation of Z-pinch was confirmed using a streak camera. In addition, measurements of
X-ray radiation process from discharge plasma were made using an X-ray diode, and the
relationship between plasma dynamics and X-ray radiation process was clarified. When a
capillary diameter of 3.4 mm, an initial pressure of 400 mTorr and a current amplitude of
47 kA were adopted, the laser amplification was measured in the vicinity of the maximum
pinch. We are planning to study the correlation of soft X-ray laser and capillary discharge
plasma using an XRD, a spectroscope and a high speed camera.
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EFFECT OF PINCH DYNAMICS ON RADIATION TRAPPING IN
DISCHARGE PUMPED NEON-LIKE KRYPTON-LASER
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4259 Nagatsuta, Midori-ku ,Yokohama 226, Japan

ABSTRACT

The characteristics of the populations and gain coefficients in Neon-like (Ne-like)
Krypton (KrXXVII) have been investigated considering the 18-levels of the
25°2p®,25%2p°35,25°2p 3 p, and 25°2p°34d configurations for cylindrical
plasma. Introducing the effective rates for some spontaneous emissions approximated
the influence radiation trapping phenomena. Then we calculated the gains using these
modified rates. And, we have calculated relative sublevel populations and gains for
different electron and ion temperatures for both stationary and dynamic plasmas. The
effect of the energy trapping of the 2p°'S,-2p°3'R . 2p°'S,-2p°35°E ,
2p%'S,—2p3d°D, and 2p*'S,-2p°34'P transitions are investigated in the electron

—3

density regime 10™ — 10 cm

I. Introduction
© Since ‘Zﬁerrikhin ei al” recognized that the populations of some levels in the
configuration can be larger than those in the configuration for proper electron densities
and temperatures, the X-ray laser schemes using transition between configurations. in
ionic systems have been studied both theoretically and experimentally. Feldman et al”
and Kim et al¥ extended the calculation to Ne-like KrXXVII, and showed that a large
number of KrXXVII ions can produce a significant gain in transition between some
configurations. In recent years, Rocca and co-workers* has reported the observation of
soft x-ray amplification and saturation of the J =0-1 transition in Ne-like Ar using a
fast captllary discharge.
In this paper we have performed a calculation for relative level populations and
gain coefficients of the Ne-like Krypton. Also, we have taken into account the escape
probability for both stationary and dynamic pinch plasmas to consider the effect of the

energy trapping phenomena for lasing transitions. It is noted that the effect of the energy
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trapping becomes important for the high electron densities and even increases” the
gain for some lasing transitions.

I1. Model for Calculation

The rate equation for the population N, of an excited level / inthe ith

ionization stage is given by’

dN _ER,,,N' n N/ +n QN §))
with
R,L =n,C, ,{ > u
=n C + A,.l<u
R, = Z(n Cd +A.'m)"zngc.r:. (2)
mel - m>f

- Where n, is the electron density, C“’ the electron excitation (de-excitation) rate
coefficient,and A, the radiative transition rate from an upper state u to a lower state
/. The terms I and Q"' represent the electron collisional ionization rate coefficient

from a level / and the total recombination rate coefficient to the level, respectively.
The collisional excitation rate includes monopole excitation rate for the transition from
the ground state to the 3p(J =0) level. The other dipole collisional excitation rates

are calculated using the well-known formulas which include oscillator strengths as

follows
Cf‘u (C‘m } SEC - ) =1.6x10 -3 quA;.g;ul;i) > exp( — ?Eul ) (3)
ul”e e

where < g(u,/)> denotes the thermal averaged Gaunt factor, f,, oscillator strength,

T, the electron temperature and AF,, the transition energy of the /—u transition.

The de-excitation rate coefficients are obtained using the detailed-balance refation®

ct = Bl exp( Ly @)

' t’

Since an equilibrium between the excited levels is readily established due to their short
lifetimes, the quasi-steady-state approximation has been adopted in our calculation
daN|

= 0. In the present calculation the level populations are normalized in such a way
t
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that; , = %_fu S m, =1 - Furthermore, the recombination and ionization processes
! [

between neighboring ionization stages can be ignored because these processes are
negligibly slow compared to the excitation and de-excitation processes within the
Ne-like ionization stage™ under the densities and temperatures of our interest.

The absorption coefficient or gain of a medium is related to the intensity (7)

of radiation by
I =1,exp{ aZ) (5)

Where 7, is the incident intensity, Z is the length of plasma, and ¢ is the gain
coefficient. For a Doppler-broadened spectral line, the gain coefficient on a radiative
transition between an upper level w and a lower level / is given by
3
aISA——AM'(M/2nkTi)”2gu(Nu/gu_N!/gf) (6)
i

Where Ais the wavelength of the transition between the upper and lower levels, M
the atornic mass of the ions, & the Boltzmann constant, 7, ion temperature, N, and

N are the relative level population, and g, and g, are statistical weights of the level.

Using the relative populations, gain coefficient can be rewritten as follows

; =16XIO “7T!'_“2)“3Aufgu(mu/gu_mn'/gf) (7)

{

The right-hand side of above equation consists of terms only related to Ne-like Kr.  We
have assumed acylindrical plasma with length Z andradius » consisting of
Krypton ions. N, is the total number density of ions in all levels for ionization stage
of the Ne-like Krypton. We have also assumed that N,/N,, =1/4, ie, 1/4 of the
Krypton is in the Ne-like degree of ionization, and rest of the ions is in nearby degrees
of ionization. Under such conditions may be we have N, /n, =1/26.

The optical depth at line center A of plasma is given by ”
T = [k(A)d =k(A).Z (8)
0

where k(A)is the absorption coefficient and Z the length of plasma medium. The
absorption coefficient for the line radiation may be written
e’ f . mMc

) lszA. 9)
mc?(zkr,.) ’ .(

¢

k(L) =
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where m,and c¢ are the electron mass, and speed of light, respectively.

To energy trapping calculations, we are taken into account four resonance
lines that two of the lines are between the lower level to the ground state 2572 p ¢S,
and the other are between the configuration 2s5*2p°3d and the ground state.
Radiation trapping increases the populations of the resonance levels that can be
estimated using the effective radiation rate £(7)A , where E(7)is the escape
probability for a given optical dépth and A the original radiative transition rate. For
the escape probability we have used the following polynomial fit to the tabulated values
calculated by Zemansky®
For 0<7<4.5

E(7)=0.99900 — 0.69775 7 + 0.26653 7° —

0.06191 7° + 0.00811 7* - 0.00045 7’
andfor T > 4.5

E(r)=—1— (11)

T /7 In T

(10)

We have recalculated the level populations with the modified escape factors for
calculating gain coefficients for plasma that has radial motion with velocity gradients
by”

Yy = A(v/iv,)Y AT (12}

We have also assumed that the opacity versus the flow velocity of a Doppler

broadened line is varied same as laser-produced plasmas, (this assumption may be too

optimistic) as follows "

=7 x 0.6 - (13)

v

Tp

With thermal velocity (v, ) and flow velocity (V).

II1. Results and Discussien

Figure (1) shows the schematic energy level diagram for the 18-levels
KrXXVII, which are taken into account in our study. In the calculation of the relative
level population, we have used the atomic data presented by Feldman et al® The
relative level populations for two different temperatures at the electron densities
1x10% 1x10% and 1x10%cm™ are shown in Table(1). As can be seen, the relative
sublevel populations increase with electron density and temperature due to the increase
of collisional excitation rates under electron temperature regime of our interest. At the

electron density 10”¢m™, the populations are distributed close to the Boltzmann

— 156 —



distribution law, because the collisional de-excitation rates exceed the radiative decay
rates. Due to the monopole interaction of the 2p°3p's, level from the ground states,
this level is largely populated. The optical depths in the lines emitted by a cylindrical
plasma along its radius are also given in Table(2). The optical depths of two transitions
from 3d levels to the ground state are greater than 3s levels due to higher oscillator
strengths of these levels. As suggested by Palumbo and Elton®, we have used a radius,
which is 1/20 of the cylinder length.

We have recalculated the level populations using the modified rates of
spontaneous emission by escape factor and the results are given in Table 3(4) for
stationary (dynamic; v=10"cm/s) plasma, respectively. Table (5) shows the gain
coefficients of the two transitions at two electron densities and given temperature. The
first number (g,) is gain coefficient without reabsorption. The gain coefficient g,
includes the reabsorption effect for stationary plasma. Furthermore, g, is calculated
with reabsorption when the plasma has radial velocity. For an electron density below
10%' ¢m ~* these gain coefficients increase with the electron density due to the increase
of the collisional excitation rates. From inspection of Table (5), it can be seen that for a
density at 10* —10* em ™, the reabsorption of resonance lines can be increases the gain

coefficients up to 2 or 3 times in both stationary and dynamic plasmas.
So far," we have assumed that the ion temperature (7;) is equal to the electron

temperature (7, ). However, it is expected that in capillary discharge plasmas, T,will be
much smaller than 7, during the implosion phase. We have rtecalculated the optical
depths (gain coefficients) for different electron and ion temperatures, as shown in Table
6(7), respectively. Since « =T7"""?, the calculated gain coefficients using equation (4)
.should be mmultiplied by (7,/7,)""* only in case of without reabsorption. From
inspection of Table (7), it can be seen that, the reabsorption affect in the both stationary

and dynamic plasmas up to 3 times increases the gain coefficients.

Conclusions

The analysis shows that a volume of Krypton in which significant number of
the lons are in the Ne-like degree of ionization (KrXXVI) can produce a significant
gain in transition between the 2s5°2p°3p and 2s’2p°3s configurations. The effect
of reabsorption of the resonance lines not only increases the population of the lower
level, but also enhances the population of the 3d levels that decay to the upper level.
This latter effect tends to enhance the population inversions. For electron densities
10* —10*" ¢m™, the reabsorption of resonance lines increases the gain coefficients up to

3 times. In the regime of electron density of our study, the gain coefficients increase
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for plasma that has radial velocity due to reduction of the optical depth. Also reduction
of ion temperature than electron temperature'will increase the gain coefficients. Those
parameters (v,7,,7;) are closely conmected to the pinch dynamics of capillary
discharges. To make lasing condition at shorter wavelength estimation, we have to use
more dynamic pinching process. A self-consistent estimation of the potentiality of soft
x-ray lasing in capillary plasma, is the subject of future works, including the precise

evaluation of the opacity in cylindrically moving plasma.
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Table (1). Energy levels and relative level populations for Ne-like KrXXVII given for two electron

temperatures 1keV and 3keV (3keV in parentheses), for stationary plasma (Te = 71 ).

i Configuration tevel Energy (cm™) level Populations level Populations level Populations
ne=102cm* ne=10%"¢cm? ne = 10 Z cm™
1 - 2p° 'S, 0.0 9.91-1(9.883-1) 9.587-1(9.297-1) 7.566-1(6.057-1)
2 2 p5 3s 3 A 13367620 0.27-3(0.57-3) 0.283-2(0.56-2) 0.211-1(0.356-1)
3 2 p5 3s lPl 13392937 0.21-3(0.41-3) 0.182-2(0.36-2) 0.125-1{0.212-1)
4 2 p5 3p ’ 4 13783244 0.15-3(0.34-3) 0.155-2(0.32-2) 0.118-1(0.208-1)
5 2 p5 3s 3 A 13798566 0.12-3(0.17-3) 0.77-3(0.127-2) 0.473-2(0.71-2)
6 2p5 ip 'JD2 13803571 0.25-3(0.51-3) 0.272-2(0.559-2) 0.198-1(0.347-1)
7 2 p5 3s 3 R 13812078 0.3-3(0.46-3) 0.295-2(0.42-2) 0.182-1{0.232-1)
8 2 pS 3p ‘D, 13895333 0.34-3(0.74-3) 0.37-2(0.766-2) 0.276-1{0.488-1)
9 2 p5 ip 3Sl 13899903 0.17-3(0.36-3) 0.155-2(0.329-2) 1.106-2(0.198-1)
10 2 pS 3p 3P2 13931512 0.15-3(0.29-3) 0.25-2(0.51-2) 0.195-1(0.344-1)
T 2p°3p P, 14059763 0.4-4(1.07-4) 0.46-3(0.10-2) 0.34-2(0.62-2)
12 2 p‘ 3p ! R 14223809 0.24-3(0.4-3) 0:25-2(0.38-2) 0.158-1(0.216-1)
13 2 p5 3p 3Dl 14333770 0.14-3{0.32-3) 0.17-2(0.347-2) 0.118-1(0.203-1}
14 2 p5 3p 3D2 14343874 - 0.36-3{0.53-3) 0.44-2(0.657-2) 0.284-1(0.376-1)
15 2 p5 Ip ‘SD 14411330 0.58-2(0.56-2) 0.83-2(0.79-2) 1.108-2(0.112-1)
16 2 pj 3d 313; 14434401 1.08-4(0.26-3) 0.13-2(0.29-2) 0.108-1(0.200-1)
17 2p°3d *D, 14611481 1.07-4(0.27-3) 0.10-2(0.255-2) 0.82-2(0.166-1)
18 2 ps 34 'PI 14997775 0.9-4(0.24-3) 0.9-3(0.235-2) 0.73-2(0.153-1)

Table (2). Optical depths at line center for transitions of the type 2p-31 (Te=Ti)

Transition Temperature Optical Depth Optical Depth Optical Depth
ne = 10 @ em’ ne =10 cm? ne = 10 Z em?

31 tkeV 6.3(Z=6.0 ¢cm) 6(Z=0.60cm) 11(2=0.14cm)
3keV 1 .S(z=5.0cm) 1.7(Z=0.30cm) 2.8(Z=0.075cm)

7—=1 TkeV - 3.1(Z=6.0cm) 4.9(Z=0.6cm) 9(2=0.14cm)
IkeV 1.5(2=3.0cm) 1.4(Z=0.30cm) 2.3(Z=0.073cm)

17 -1 TkeV 79.7(Z=6.0cm) 77.1(Z=0.60cm) 142(Z=0.14cm)
IkeV 23(Z=3.0cm) 21.6(2=0.30cm) 35.1(Z=0.075¢m)

18 =1 1keV 116.5{Z=6.0cm} 112.5(Z=0.60cm) 207(Z=0.14¢rm)
IkeV 33.3(Z=3.0cm) 31.5(Z=0.30cm) 52(Z=0.075cm)
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Table. (3). A modified set of relative levels

populations for Ne-like KrXXVII is given for two

electron temperatures lkeV and 3keV(3keV in

parentheses), for stationary plasma (Te = 71 )

Table (4). A set of relative level populations for

Ne-like KrXXVII is given for two electron

temperatures

lkeV

and

3keV(3keV in

parentheses), for dynamic plasma (Te = 71 )

level Populations

Ne= 10 ¢m?

level Populations

n.=10cm*

level Populations

ne=10%em®

level Populations

ne=10%em?

level Populations

ne=10%cm?

level Populations

ng = 102 cm?

1| 8.018-1(8.799-1) | 3.294-1(4.499-1) | 0.975-1(0.644-1) 1| 698-1(5.637-1) | 2.43-1(1.944-1) { 0.906-1{0.456-1)
2 | 0.101-1(0.41-2) | 0.521-1(0.301-1) | 0.854-1(0.813-1) 2| 0.209-1(0.84-2) | 0.606-1(0.488-1) | 0.863-1(0.887-1)
3| 086-2(0.21-2) | 0.351-1(0.181-1) | 0.509-1(0.483-1) 3| 0213-1(0.53-2) | 0.418-1(0.318-1) | 0.515-1(0.532-1)
4| 048-2(0.24-2) | 0.275-1(0.173-1) | 0.48-1{0474-1) 4| 092(042-2) | 0.316-1(0.272-1) | 0.484-1(0.515-1)
50 0.129-1(0.52-2) | 0.182-1(0.145-1) | 0.167-1{0.175-1) 5 | 0.152-1(0.295- 1) | ©.193-1{0.208-1) | 0.167-1(0.158-1)
6 | 0.101-1(0.34-2) | 0.513-1(0.295-1) | 0.805-1(0.793-1) 6] 0226-1(0.72-2) | 0.602-1(0.492-1) | 0.814-1(0-868-1)
7 072(017-2) | 0.353-1(0.178-1) | 0.496-1{0.473-1) 71 0.186-1(0.75-2) | 0.495-1(0.298-1) | 0.507-1(0.429-1)
8| 0.127-1(0.53-2) | 0.661-10410-1) | 1.12-1(1.113-1) 8 | 0.263-1(0.209-1) | 0.792-1(0.665-1) | 1.131-1(1.214-1)
9| 0.141-1(0.94-2) | 0.374-1(0.328-1) | 0.478-1{0.498-1) 9 | 0.211-1(0.166-1) | 0.406-1(0.468-1) | 0.481-1(0.534-1)
10| 0.59-2(0.19-2) | 0.467-1(0.266-1) | 0.769-1{0.783-1) 10| 013110422, | 0597-10.401) | 0.797-1(0.856-1)
1| 0620462 | 0.140-1(0.362-1) | 0.157-1(0.175-1) 11| 071-2(0.69-2) | 0.141-1{0.211-1) | 0.157-1¢0.181-1)
12| 0.13-1(0.85-2) | 0.361-1(0.326-1) | 0.472-1(0.495-1) 12| 0.206-1(0.47-1) | 0.484-1(0.483-1) | 0.478-1(0.447-1)
13| 0.2-1(0.118-1) | 0.502-1{0.452-1) | 0.465-1(0.519-1) 13| 0.216-1(0.667-1) 0.:_;97-1'(0.641-1) 0.462-1(0.469-1)
14| 0.852(0.242) | 0.536-1(0.288-1) | 0.772-1(0.771-1) {14 0.222-1(0.106-1) | 0.749-1(0.477-1) | 0.788-1(0.699-1)
15 ] 0.96-2(0.98-2) | 0.354:1(0:206-1) | 0.161-1(0.182°1) 15] 0.107-1(0.308-1) | 0.172-1(0.256-1) | 0.162-1(0.165-1)
16} 013-2(07-3) | 0:202-1(0.131-1) | 0.433-1{0.446-1) 16 0.23-2(0.11-2) | 0.231-1{0.202-1) | 0.434-1(0.485-1)
17| 0.224-1(0.193-1) | 0.456-1(0.681-1) | 0.938-1(0.548-1) 17| 0.211-1{0.2-1) | 0.411-1(0.831-1) | 0.434-1(0.556-1)
18 0.314-1(0.275-1) | 0.608-1(0.977-1) 0..431-1(0.617-1} 18{ 0.28-1(1.594-1) | 0.508-1(1.305-1) | 0.419-1{0.549-1)
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Table (5). Gain coefficients for two transition 3p-3s (7e = Ti = 3keV). The
calculation was done for two electron densities and also length of cylinder (Z).

Gain coefficient (g, ) is calculated for plasma without reabsorption effect.
Gain coefficient g, ( g, ) is calculated using escape probability for

resonance lines in stationary(dynamic) plasma, respectively.

Transition Gain (cm™), Z=3.0 cm Gain (em™), Z= 030 cm
ne=10 ¥ cm? ne=10"cm?
1553
8=0.33( g, =0.55; £, =1.7) gy=2.1(Z, =88, 2,=10)
15—7 _
go=18%(g, =32 g,=98) £0=22.9(8,=51; g,=54.5)

Table (6). Optical depths at line center for transitions of the type 2p-31 for two electron

temperatures and an ion temperature 71 =0.5 keV for stationary plasma (Te £ T).

Transition Electron Optical Depth Optical Depth Optical Depth
Temperature ne = 10 *® ¢m™ ne =10 %' cm? ne =10 Zem?
3=l 1keV 8.7(Z=6.0 cm) R.4{Z=0.60cm) 15.5(Z=0.14cm)
IkeV 4.4(Z=3.0cm) 4.1(Z=0.30cm) 6.8(Z=0.075cm)
7—=1 1keV 7.2(Z=6.0cm) 6.9(Z=0.6cm) 12.7(Z=0.14em)
3keV 3.6(2=3.0cm) 3.4(Z=0.30cm) 5.6{Z=0.075cm)

17 -1 lkeV §12.7(Z=6.0cm) 109(7=0.60cm) 200(7=0. 14cm)
IkeV 56.3(Z=3.0cm) 52.9(Z=0.30cm) 85.9(2=0.075cm)

18—1 tkeV 164.7(Z=6.0cm) 159(Z=0.60cm) 292(Z=0.14cm)
IkeV 82(2=3.0cm) 77.1{Z=0.30cm) 127{Z=0.075¢m)

Table (7). Gain coefficients for two transition 3p-3s (Te # Th). The calculation

was done at Te=3keV and, 71 =0.5 keV two electron densities and also length of

cylinder (Z). Gain coefficient { g, )-is calculated for plasma without reabsorption

effect. Gain coefficients g, (g, ) is calculated by rates of spontaneous £mission

for resonance lines in stationary (dynamic}) plasma, respectively.

Transition Gain(cm'"), Z=3.0em Gain (cm™), Z= 0.30 cm
ne =10 cm? n, = 10 2' cm?
15—=3
go=08(g, =18 g,=33) go=to( g, =144 £,=123)
15—-7 )
go=46( 8, =10 €, =21) £0=56( 2, =834, g, =136)
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ABSTRACT

An electron beam probing technique is examined to measure the electric field, which
remains in the plasma after the interaction between an intense relativistic electron beam
(IREB). The electric field of the nonlinear wave packet of Langmuir wave is called a
caviton. An electron beam with large cross-section is used as a probe beam to take a
shadowgraph of spatial distribution of the electric field. Many holes were observed on the
shadowgraph in the period of 450-700ns from the IREB injection. The average size of the
holes is evaluated to have dimensions of 20 Debye lengths. The deflection of probe beam
is analyzed by assuming the electric field based on the caviton theory. The experimental
results show good agreement with the theory.

1 Introduction

We have been carrying out experiments on the beam-driven strong Langmuir turbu-
lence by injecting an intense relativistic electron beam (IREB). Study of the nonlinear
collapsing wave packet called a caviton is important for understanding of Langmuir turbu-
lent plasma. In contrast with propagating wave, the electric field of a caviton is spatially
localized. Inside the caviton, a density well is caused by the ponderomotive force due
to the localized high frequency electric field. The phenomenon of self-focusing, leading
to an increasing tendency for the waves to refract and be trapped in regions of highest
intensity, was investigated by Zakharov, et al. There has been major progress in two- and
three-dimensional numerical simulations of such systems, leading to many significant new
insights [1]. Many cavitons appeared simultaneously in the simulation. The experiments
have been carried out specifically to examine the predictions of strong-turbulence theory
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[1]. For example, the ionospheric-modification experiments have provided a rich proving
ground for the theory. Overall responses of a many-cavitons system can be examined
there. Experiments in which a low-energy electron beam is injected into a cylindrical
plasma showed some of the evidence for self-focusing and wave collapse in plasma, [2]. On
the other hand, relativistic beam-plasma experiment produces strong electric field where
the field-strength distributions and interactions with electrons are interpreted in terms of
strong turbulence. That is, the plasma is strongly heated by an IREB instantaneously.
Spectroscopic observation of forbidden lines indicated that the strong electric field was
produced through the IREB injection [3][4]. Microwave with broadband frequency emit-
ted from the plasma [5][6]. In the measurement of IREB passing through the plasma,
large scattering was observed, which was considered to be due to the turbulence electric
field in the plasma [7}.

An electron beam probing technique applicable to IREB-plasma system has been
developed [8]-[10]. It will be reported here that the signal-to-noise ratio, S/N, is improved
as a result of improvement of the detector. A probe beam which has a large cross section
and lower current density is employed. The detail of the deflection becomes clear. Tt
seems to provide the new prospects about the turbulence field.

2 Experimental setup

An IREB with energy of 1.5MV, current of 30kA, and duration of 30ns is employed
to inject a plasma. A drift chamber, 60cm long and 16cm in diameter, is used [Fig.1]. No
external magnetic field is applied. A plasma is produced with rail-type guns. The average
of plasma density n, is a function of the time, 7, from a start of the discharge. The plasma
density was measured with a microwave interferometer and Langmuir probes. The n, has
about *+ 50% of reproducibility due to the plasma gun. The gun was set at the position
of z = 100mm, where z is the distance from the anode. The density of the plasma at z=
100mm reaches 3 x 10'3cm=3 at 7 = 12us. At z= 305mm, the highest density 2x 10'%ecm ™3
is obtained at 7 = 15us. After the plasma reaches at the chamber wall at 7 = 20us, the
density starts to decrease. Since the external magnetic field is not applied, propagation
of IREB depends on the injection time which related to the density of the plasma. It was
also measured by using spectroscopy that the plasma electron temperature is heated from
1eV to about 50eV [4]. '

The outline of the electron probe used for this experiment is shown in Fig.1l. An
electron gun for the probing was set at the position z=305mm. The probe beam passes
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Figure 1: Experimental setup

through the chamber perpendicularly to the IREB. A probe beam with current of ~ 50mA
is obtained by applying a pulse voltage of 50kV to the electron gun. The probe beam
diverges slightly. The cross-section increases with the distance from the gun. The distance
from the electron gun to the center of the main chamber is 22.0cm, and that from the _
center to the phosphor screen is 34.6cm. The orifices are set along the path of the probe
beam as shown in Fig.1. '

A phosphor screen is used to detect the probe beam. The camera system has a high-
speed response up to 5ns. The system is composed of an image intensifier unit and a
digital camera. The gate function of this system can prevent mixing of the noise of the
TREB. The phosphor, P47, is used, whose decay time of emission is ~ 25ns to 50%. The
pulse length of probe beam is 100ns, and it gives the resolution time of the diagnostic
syster,

Deflection of the probe beam was tested with the known static electric field, before
the probe beam injected into the plasma.

3 Experimental results

The time schedule is shown in Fig.2. The time from IREB injection to the probing
is taken as a parameter, 4.
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Figure 2: An operation for the probing. From a top, (1) the waveform of V; of IREB,
(2) the waveform of the accelerating voltage for the probe beam, and (3) the gating pulse
for the image intensifier are shown. A plasma gun was fired the 7 second before the
injection of IREB. Moreover, the time from IREB injection to the probing is taken as the
parameter, 9.

3.1 The pattern with many holes

The photographs of a phosphor screen are shown in Fig.3. The dark part on the
photograph is the part where the electrons hit the screen. The length of one side of the
photograph is 75mm. Figure 3(a) is the case of a vacuum. It corresponds to the beam
pattern without deflection. The diameter of the probe beam is limited by the first orifice
placed at the entrance of the main chamber. The cross-section of the probe beam passing
through the plasma is observed as a circle in the figure. Inhomogeneity in the cross-section
of the probe beam is observed.

Both of figures 3(b) and 3(c) are taken at 7 = 80us, when the chamber is filled with
the plasma. Figure 3(c) is the case that the IREB is injected into the plasma. As no
difference between Fig.3(a) and 3(b) is observed, the probe beam is not affected by the
plasma. However, many holes with various sizes are observed in Fig.3(c). The probe
beam was affected by the IREB injected plasma. Though the similar pattern with many
holes is observed in every shot, the position of the holes changes.

Many holes are observed in the case of the IREB injection at 7 = 60 — 100pus. The
plasma density decreases as 7 increases. As shown in Fig.4, when the plasma density is
increased, the size of the hole decreases, and the number of holes increases. For example,
a number of holes are seen at the whole surface in Fig.4(a).
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Figure 3: Examples of the beam pattern before and after the deflection. (a) a vacuum,

(b) a plasma, and (c) the plasma after an interaction of IREB. {b)-(c); 7 = 80us, (c)
0=462ns. :

T = 60us & =470ns T = 80ps 6 = 454ns T = 100us & = 458ns
(~2X10"c¢m?3) (~ 5X10%m3) (~2X10%m?)
(@)- o #51028 ‘ ’

_..._.* <m ”s
2.4mm 4.6mm 7.4mm

Figure 4: Examples of beam pattern with many holes. The density dependence is shown
here. (a) 7 = 60us, (b) 7 = 80us, (c) 7 = 100us. For each cases, the plasma density is
(a) np = 2 x 10Mem™3, (b) n, = 5 x 10%m~2 and (c) n, = 2 x 10'%cm~? respectively.
The dimension of 20 Debye lengths is shown in the figure for comparison.
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A characteristic size of the holes changes with n, clearly. As the density decreases, the
diameter of the hole increases. The scale of 20Ap is shown in the figure for comparison.
The dimension of 20Ap is estimated to be (a) 2.4mm, (b) 4.6mm, and (c) 7.4mm, where,
the electron temperature was assumed to be constant, 50eV. The divergence angle of the
beam was taken into account. The average size of the holes is evaluated to be the order
of 20\ p.

The hole in the shadowgraph indicates lower current density. The area where holes
overlap has high current density instead of the density reduction. It is thought that the
probe beam was piled in drifts. '

3.2 Time transition

The measurement becomes possible after §=300ns because of the S/N. The measure-
ment was carried out after this time. The clear image of the hole is not observed for any
shot at the time §=300-450ns. The number density of holes is not large and the picture is
- not so sharp. Holes are clearly recognized at the time of §=450-700ns. Since the picture
s sharp, it suggested that the pattern and the size do not change in the time duration of
100ns, which is the pulse length of the probing pulse. The size of the holes depends only
on the 7, but does not have dependency to the §. At the time =700-1600ns, the picutre
of the holes becomes thinner and fewer. It becomes impossible to observe any deflection
after 0 > 1600ns. The pattern returns to that observed before the IREB injection.

4 Discussion

Generally, in the case of electron beam probing, the deflection angle is measured. The
deflection angle is given as proportional to both the intensity and the size of the electric
field. Here, we know neither of them now. Then we presume the caviton electric field
and its self-similarity, which is predicted by strong-turbulence theory. The calculated
deflection angle and the beam pattern after the deflection by a caviton will be given.
Comparisons between the theory and experiment will be carried out.

4.1 Theory of deflection
4.1.1 Angle

First of all, we pay attention to the deflection by one caviton. Inside the caviton, high
frequency electrostatic wave oscillates with plasma frequency. The period of the electric
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908ns - 1088ns

Figure 5: The typical patterns showing the time transition after the IREB pulse. {a) é
=444ns, (b) 572ns, (c) 908ns, and (d) 1088ns in the case of T = 60us

field oscillation is assumed much shorter than the pulse width, 100ns, of the probe beam.
The probe beam will be deflected in the plus and the minus direction within the angle
Omaz, Just as a scattering. The amplitude of 8., is calculated by assuming the dipole
potential with Gaussian envelope. For simplicity, the linearly polarized field is considered.
And the polarization is perpendicular to the probe beam. The probe beam propagates
along the y-axis. The electric field in the x-y plane is expressed as [1],

E.(y) = E(0) exp(—y*/a®) cos(wy t). (1)
Here a is the characteristic width of caviton and Eyp is the central-field strength. The Fy
corresponds the maximum field in a caviton. The maximum angle of deflection ,8,.., for
the electron with a velocity w, and energy of eV} is calculated from

+o0
tan Opgx =~ fEmdy/2V0 R~ E(O)] cos(y wp/vp) exp (—y/a®) dy =~ 6, e, (2)

where

a wy , T
= =———— - 3
¢= 20 ~ Yy, ™ ®)

The T, is the electron temperature in eV, and o' = a/Ap. Here,

8y = VT aB(0) = V78 T./V, (4)
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8 is the threshold value for collapse, © = 61.8. The deflection angle is proportional to
T, but dose not depend on n,. The experimental conditions, 5=>50 kV, T.=50 eV, lead,

6o =~ 0.014 rad. =~ 0.80 deg. (5)

While the collapse of a caviton, a becomes small and E(0) increases with keeping the
af£(0) constant[1]. Although tketa o does not change with the size of caviton, tfeta mas is
deduced by the factor e~=" when the caviton is large. For example, 0., decreases by a
factor more than 0.5 from the 6, at @’ > 50. The caviton with large size, i.e. a’' > 50, the
deflection of the probe beam becomes too small to detect. When o’ becomes small, Omaz
is nearly equal to 8. As a result, the deflection by the small caviton can be detected.

41.2 Pattern

The probe beam projects the caviton field on a phosphor screen, see Fig.6. A hole with
elliptic shape, whose minor axis is in the direction of polarization, is typically obtained
at 10 < @’ < 50. The beam density becomes lower in side the hole, though the higher
density regions are appeared at the periphery, especially at the locations of the poles of
electrostatic potential. Theoretically the distance between the two poles is V2 a here. If
the caviton size becomes small, @ < 10, the electrons on different paths inside a caviton
cross each other before reaching the screen. Then the shape of the pattern becomes more
intricate. When &' > 50, the hole cannot be observed.

15 10 05 00 05 10 15
x [cm]

Figure 6: Calculated deflection pattern. m, = 2 x 10*%m=3, T,=100eV, V,=50kV, a =
15Ap, ©=61.8, y=34.6cm.

4.2 Experimental results
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(i)

The size of the hole obtained by the calculation agree with the experiment. The
dimension of the hole is observed to be ~ 20)p.

(if) The IREB density is considered to be high enough to excite the Langmuir wave
whose energy density is comparable to the thermal energy. The number of the caviton,
Ng can be estimated from the theory in Ref. [1]. Ng = lem™ at n, = 1 x 10%m™3,
Ne = 22cm™ at n, = 1 x 10Mem™3, and Ne = 698cm™ at n, = 1 x 10'2cm™ are
estimated. The N¢ changes due to the small change of n,. The number density of holes
obtained in the experiment is nearly equal to those numbers.

(iii) The large deflection was observed after IREB injection and for a while, ~ 1us.
The property of the time transition of the deflection can be explained as following. Many
cavitons with various sizes will be created by an IREB with duration of 30ns. After the
IREB passed through the plasma, the first caviton becomes small enough to give the
observable deflection. The deflection occurs similarly until the last caviton burning out.
The time duration that the observable deflection coutinues is evaluated by the time that
ion sound wave propagates the dimension of 10Ap. It is estimated to be ~ 260ns for a
carbon plasma. This agrees with the time scale of our experiment, i.e. ~ 250ns.

(iv) In previous experiment[9], the probe beam, which was well focused to a spot,
was employed. A scattering of the beam was occurred at the similar condition for T and
4. The observed deflection angle agreed also with the calculation mentioned in this paper.

5 Summary

Although the deflection by two or more cavitons has not been investigated yet, the
hole in the deflected pattern can be explained by the caviton model using proper param-

eters.
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ABSTRACT

A plasma created from metal powder was obtained under pulsed high current discharges.
Powder flow was injected transiently between the electrodes in vacuum. The powder particles
are spherical and are accelerated by pulsed electrostatic fields. Other control methods for
powder flow were discussed. Discharge evolution in a pulsed metal powder plasma was
examined using a high-speed cameras and a spectrometer.

1. Introduction

We proposed to use powders instead of gases as an initial matter for creating plasmas by
high-current pulsed discharge. The powder plasmas have various advantages compared with
gaseous plasmas. To control spatial distribution of powders is easier than gases because of its
larger mass when they are transiently injected between discharge electrodes. Since powders
~ are solid state, there are more kinds of material to be used as plasma medium in comparison
with gaseous plasmas. Generally, dust particles in the plasma were unfavorable in processing
plasmas” or in magnetically confined plasma apparatus”. In our study, powders are positively
used to create plasmas, that takes a different direction to the research on dusty plasmas.
Powder produced plasmas have a possibility of various applications such as z-pinch, analysis
of arc physics in vacuum circuit breakers, thin film deposition in material science, intense soft
X-ray source, and so on. )

Gas-puff z-pinches and wire array z-pinches are the typical examples of the z-pinch created
from locally isolated initial medium in vacuum. The feature of the gas-puff z-pinch is that
dense plasmas can be created in a reproducible manner at a high repetition rate. The gas-puff
z-pinch requires fast-acting electromagnetic valves and well-designed gas nozzles to establish
the initial gas distribution. Since the puffed gas spread with a sonic speed in vacuum, it is
difficult to control the initial density distribution. The wire array z-pinch can also produce a
high-density plasma from solid matter. However, mounting the wire array in the proper
position between the electrodes is so difficult, that the repetition rate becomes low. The
powder z-pinch has both advantages of high repetition rate operation and high initial mass
density. In addition, it may be possible to obtain more complex discharge characteristics using
multi-coated powders.

In order to create plasmas from powder, it is necessary to inject powders between discharge
electrodes. We employed an electrostatic control of the powder injection system, in which
electrostatic fields accelerate particles between parallel plate electrodes.
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In this study, we produced pulsed powder plasmas and observed early stage of the
discharge using a high-speed image converter camera and a spectroscopic analyzer.

2. Experiment

2.1 Control of powder injection

Powders are transiently injected between the discharge electrodes in vacuum prior to the
discharge. There may be many kinds of powder injection methods. The powder injection
system is required to have easiness of operation, compact in size, and reproducible operating
properties. By taking this requirement, we designed an electrostatic controlled powder
acceleration system.

Two plane electrodes are placed in parallel separated by an insulator spacer. The upper
clectrode has a hole at the center for powder ejection and the bottom one has a shallow
conical structure with nine-degree slope down toward the center and with the circumference
of 16mm in diameter. The conical structure prevents powders from spreading around and
makes them gathering into the center again. When a pulsed voltage is applied between the
electrodes, powders on the bottom electrode are charged to Q with the same polarity of the
electrode. The charge Q is written as”,

3
&3, 2
Q—Sﬂgo’ E,

where g is permittivity in vacuum; r particle
radius; and E; electric field between the
electrodes; respectively. Powders are attracted to
the upper electrode by the electrostatic force F,
(=0Eg). When F, becomes greater than the
gravitational force F,, the powders are

accelerated toward the upper electrode and some - =

part of those will be ejected from the hole”. W0pmidiv
Figure 1. Photomicrograph of the spherical
copper powder

2.2 Experimental procedure

We employed spherical copper powder with a particle diameter of 75pm in the experiments.
Figure 1 shows a photomicrograph of the copper powder particles with a diameter of 150mm.
Figure 2 shows the experimental setup for powder discharges. The discharges were powered
by a capacitor of 4.5uF charged to -20kV. The discharge electrodes with the powder injection
system were placed in a vacuum chamber evacuated to a pressure of 10°° Tor.

Main discharge electrodes made of titanium were placed above the powder injection system.
The lower electrode of the main discharge connected to the ground potential acted as a upper
electrode of the powder injection system. The upper electrode had a hole at the center with a
diameter of 2mm for particle injection. The electrode separation was 10mm for the main
discharge.

The acceleration electrodes of the powder injection system were separated by an acrylic
insulating spacer with the thickness of 10mm in height and the inner diameter of 16mm. A
driving voltage applied to bottom electrode was 8kV and its pulse width was 100ms. The
rectangular pulsed voltage applied to the powder injection electrodes was generated by
switching on and off using a high voltage relay.
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Since the injected particles were located apart from each other between the electrodes in
vacuum, breakdown processes were complicated. The particles are supposed to be ionized
preceded by heating and evaporation processes. However, the breakdown voltage between the
electrodes with powder was almost similar to that in vacuum. Consequently the discharge
time delay was long and reproducibility of the discharges was poor. To establish reproducible
powder discharges, a pre-ionization system was necessary to supply initial electrons. We
placed an additional electrode at the center of the high voltage electrode. When the main
capacitor was fired, a surface discharge current flew between the additional electrode and the
high voltage electrode. The surface discharge provided sufficient amount of initial electrons
for pre-ionization. The pre-ionization discharge ceased when a 500pF capacitor was charged

up.

Pre-ionization )
Main

GND

4.45uF

. "'* Pre-ionization
Powder —>e discharge

Insulating tube

o HV

Powder injection

Insulating spacer
system

Figure 2. Experimental setup of the pulsed powder discharge with an electrostatic powder injection system

3. Results and Discussion

3.1 Injected powder distribution

The spatial distribution of injected powder was observed by taking a photograph of
particles illuminated by a flashlamp in the air. Figure 3 shows a photograph of the injected
copper powder taken at the timing of 120ms after applying the acceleration voltage pulse
when the number of particles reached the maximum. About seventy-particles were observed
above the injection hole. The behavior of the particles in vacuum will not be so different from
that in the air because the viscous drag force by the air is negligibly small. The number of
particles is plotted in figure 4 when the injection operation is repeated. Almost the same
number of particles was obtained until two hundred shots. The number of shots being able to
inject constant amount of powder depends on the initial mass placed on the electrode. Since
the measurements were performed without the main high voltage electrode, particle flow
pattern would change slightly if the discharge electrode was placed above the injection hole.
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Figure 4. Number of the injected powders

Figure 3. Photograph of the injected powders

3.2 Discharge experiments

The early stage of powder discharge was observed using the image converter camera
(Hadland Photonics, Imacon468) by framing mode with the exposure time of 100ns. Each
frame has the time interval of 150ns.

When the powder was not injected between the electrodes, the discharge developed as a
vacuum discharge. A set of framing photographs is shown in Figure 5. Although they are not
taken in a single discharge, they are selected as showing the typical profile at each time
among many data. The temporal behavior of the discharge is explained as follows. When the
capacitor was fired, initial electrons created by the pre-ionization discharge were accelerated
and bombarded the anode. Anode plasma was generated from the anode vapor that was boiled
off by the electron bombardment. The anode plasma expanded toward the cathode. At this
stage, filamentary plasma channel was sometimes formed between the cathode and the anode
plasma. Finally, the anode plasma reached the cathode. A bright plasma column was formed
between the electrodes.

Figure 5. Framing photographs of the early phase of the discharge without powder injection.
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The typical framing photographs of temporal development of the powder discharge are
summarized in figure 6. The temporal behaviors are classified into two types as shown in
Figure 6(a) and (b).

At the beginning of the discharge, spot-like light emission from the particles is observed.
The emission seems to be originated from evaporation and ionization of the particles by
electron collisions. In Figure 6(a), although the anode plasma grew from the anode to the
cathode, the particles were clearly seen between the electrodes. However, the macroscopic
behavior of the discharges was almost similar to that without powder as shown in figure 5. In
the other case, shown in Figure 6(b), narrow plasma channel bridged between the cathode and
growing anode plasma region. The diameter of the channel was irregular.

From the viewpoint of applications, powder must be uniformly ionized to form a plasma
channel. In our experiment this is not the case. The discharge was a combination of powder
discharge and the vacuum discharge. However the effective cross section of electron to the
anode surface was much larger than that to particles. Since the mass of evaporated material
from the anode was also larger than that from the patticles, the discharge current was
supported by the anode plasma.

Sequential photographs (a)

catnose I

Sequential photographs (b)
Figure 6. Framing photographs of the early phase of the powder discharge
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In order to examine vaporization and ionization process of the particles, spectroscopic
measurements were done using the spectrometer of visible wavelength range. However,
meaningful difference was not observed between the vacuum discharges and the powder
discharges.

4. Conclusions

In this work, we generated the pulsed powder discharge that is a new scheme for creating
plasmas from solid materials. We constructed the electrostatic powder injection system and
achieved the stable injection until two hundred shots. Observation of the early stage of the
discharge was performed using the image converter camera. Spot-like light emission from the
powders was observed at the beginning of the discharge. Two kinds of discharge development
were observed. The one was macroscopically similar to vacuum discharge and the other had
narrow plasma channels between the cathode and the anode plasma, The obtained discharge
was a combination of powder discharge and the vacuum discharge because the evaporation
from the particle was poor.
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ABSTRACT

The growth mechanism of instability in gas-puff z-pinch plasma was investigated using laser
diagnostic systems. An interferometer system was employed to investigate the temporal
evolution of the structure in the plasma column during the pinch. The z-pinch plasma was
driven by a fast bank, which provided a current of 160 kA for 1.5 us quarter period of
oscillation. The plasma layer moved toward the z-axis and its shape gradually changed into
columnar. The plasma layer splits into two layers on the way to implosion. The inner layer,
which was indicated to be shock front, propagated toward the z-axis faster than the outer layet.
The outer layer seemed quite smooth while the implosion by the inner layer took place at the
z-axis. After the blast from the implosion expanded and came across the outer layer, the
disturbance occurred at the outer layer and then the instability was caused in plasma column.

1. Introduction

Intense soft X-rays radiated from z-pinch devices have a potential to be used for several
industrial applications, for example lithography in semiconductor device processing,” soft X-
ray microscopy etc. Although these devices are quite simple, small and inexpensive, they are
expected to be of high efficiency in comparison with the synchrotron obituary radiation
(SOR). The gas-puff z-pinch scheme ** enables the production of soft X-ray radiation with a
high repetition rate. However, the gas density gradients not only in the axial direction but also
in the radial direction are considered to lead the z-pinch plasma to instabilities, which degrade
the reproducibility of X-ray radiation. On the other hand, a current of up to 200 kA is easy to
handle and to generate using a simple fast capacitor bank. A typical rise time of the current
provided by such a small bank is in the microsecond range. The instability grows significantly
in this range. There are plenty of computational and experimental works on plasma
instabilities to explain the process of its growth for a wide variety of devices. However, they
do not describe the triggering mechanism of the instability in detail.

‘The purpose of this paper is to experimentally observe the temporal behavior of gas-puff z-
pinch plasma and to figure out what triggers the plasma instability in the slow implosion
system. A compact gas-puff z-pinch device driven by a 1.9 kJ fast capacitor bank was used in
this experiment. The temporal behavior of the z-pinch plasma is discussed using the
interference images of z-pinch plasma at different times and of different shots obtained using
a holographic pulsed laser interferometer and a shadowgraph.'®"?

2. Experimental Setups and Procedures

Figure 1 shows the schematic diagram of the z—pinch electrodes. The z-pinch device
consists of a brass anode that is equipped with an.annular nozzle. A stainless steel mesh
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cathode is used to avoid the gas stagnating on the cathode surface.'” The nozzle is slightly
inclined to the z-axis to in order to suppress the diffusion in the radial direction. The
transparency of the mesh cathode is 81%. Ar gas is puffed from the anode nozzle. The plasma
current is provided from a 6 uF capacitor bank, which is charged up to 25 kV (1.9 kI). The
main gap switch for the current is fired at 1.4 ms after the gas-puff actuator is triggered.

The X-ray is obtained by using a PIN photo diode. Since it is equipped with a 3 pm thick
Al film, the photon energy to be detected is limited to more than 1 keV, which is from photons
in the K-shell of Ar.'?,

Figure 2 shows the schematic arrangement of the Mach-Zehnder pulsed laser
interferometer. Second harmonic wave (532 nm) of the Nd-YAG laser (Continuum, Surelite-1I,
600 mJ, 5 ns) was used. The interference image was recorded on instant films after passing
through a neutral density (ND) and laser line filters. A window with appropriate thickness 1S
inserted in the reference arm of the interferometer to compensate the difference in the optical
length of each arm. The system can be easily changed into a shadowgraph configuration by
inserting a screen in the reference arm. The temporal behavior of the z-pinch plasma is
discussed from the images at different times, which were acquired in different shots.

3. Experimental Results and Discussions

- Figure 3 shows typical waveforms of the driving current and a signal from PIN diode.
The current reached 160 kA and slightly dropped when X-ray was radiated.

Figure 4 shows the sequential interference images of z-pinch plasmas during the process
to the implosion. Figure 5 shows the shadowgraph images of z-pinch plasmas. Each image in
Figs. 4 and 5 was obtained from an independent shot. The first image shows the view of sight
just before the plasma was initiated. The fringes around the nozzle were shifted due to the
annular plasma at 300 ns. However, the shape in the cathode side is still not clear. The whole
feature of the plasma column came out around 500 ns and the discharge was formed in
conical shape. The diameter of the plasma near the anode did not change so much while that
near the cathode was dynamically reduced, despite the larger J x B force should take place at
the current layer with the reduced radius. This is explained to be caused by the gas density
gradient along z-axis. High gas density near the anode sustained the J x B force. Figure 6
shows the time evolution of the plasma column diameter near the both of electrodes. The
initial drift velocity of the plasma layer near the cathode is estimated to be 2 cm/ps that was
more than 4 times faster than that near the anode. The plasma drift velocity near the anode
was gradually reduced. The gas density gradient in the radial direction might influence the
drift velocity. Finally the plasma diameter near the cathode was stagnated as well as that near
the anode and the plasma radius along the z-axis became almost the same. All the data
acquired at At of more than 1200 ns showed perturbations on the plasma surface as shown in
Fig 5 (c).

Returning back to Figs. 4 and 5, in order to see what happens in detail until the
perturbation appears on the plasma surface. A double layer structure came out around 600 ns.
This structure was observed also in the shadowgraph in Fig. 5 (a). The outer and inner
structures were supposed to be. the current sheet and the shock front, respectively. The inner
layer moved faster than the outer layer and imploded at the z-axis. The outer layer was
stagnated but its surface seems quite smooth during the implosion by the shock front. After
the implosion, something complex like a blast from the implosion started expanding. The
temporal behaviors of the structures at the cathode and at the anode surfaces are summarized
in Figs. 7 (a) and (b), respectively. The instability on the outer layer started growing after
collision with the inner structure. This indicates that the plasma instability was initiated by the
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shock wave. In the last image in Fig. 4, high density plasmas, which might be produced by X-
rays from z-pinch plasma, appeared on the anode. As shown in Figs. 6 and 7, the behavior of
the plasma structure until 1100 ns was reproducible in this experiment.

This paper describes the z-pinch plasma driven by a microsecond current. Plasmas driven
by a current with short rise time in the range of several tens of ns is an interesting objective
for the next experiment. An inductive voltage adder machine, which is equipped with a POS',
are being prepared for the experiment.

4. Conclusions

Measurement of the gas density distribution and the temporal observation of the z-pinch
plasma, which had been driven by a small and slow-rise current, were conducted using laser
diagnostic systems. The plasma layer moved toward the z-axis and its shape gradually
changed into columnar. The plasma layer splits into two layers on the way to implosion. The
inner layer propagated toward the z-axis faster than the outer layer. After the blast from the
implosion expanded and came across the outer layer, the disturbance occurred at the outer
layer and then the instability was caused in plasma column.
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ABSTRACT

The current in a wire array during its exploding phase has been studied. The wire array
consisting of many thin wires is used as a plasma source in a z-pinch x-ray radiation system.
The current distribution in the exploding wire array plays an important role in producing an
initial symmetrical plasma. In the present experiment, four tungsten wires of 0.1 mm in
diameter were exploded in vacuum. The experiment was carried out with an inductive voltage
adder pulsed power generator providing a current of 160 kA at quarter period of 1.8 ps. The
currents through and the voltage across the wires were measured simultaneously. It was found
that the currents in the wires were inhomogeneous espeéially after the wires became plasma.
Once the currents became inhomogeneous, the inhomogeneity remained throughout the
discharge. It was also studied-how the dimensions of the wires affected the homogeneity of |
the currents. Wires of different lengths or different cross sectional areas resulted in strong
inhomogeneities of the currents. The wires with shorter length or smaller cross sectional area
became plasmas earlier than other wires. Thus the resistances of the wires were not equal.

These differences in the resistance caused the inhomogeneity of the currents.

I. Introduction

X-ray radiated from z-pinches has recently been of much interests in applications as an
inertial nuclear fusion driver in a similar way to lasers and heavy ions [1]. The development
of fast and high-energy pulsed power technology has allowed the use of a thin metal wire
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array as a z-pinch plasma source. A highly-symmetrical thin metal wire array can provide a
symmetrical initial plasma, which then leads to a very uniform plasma implosion. The
uniform implosion allows the production of an efficient x-ray radiation thus providing
extremely high power and energy. The Z accelerator located at Sandia National Laboratories,
in which currents up to 20 MA were delivered into a tungsten wire array in approximately 100
ns, has successfully produced x-ray radiation of up to 200 TW and nearly 2 MJ [1].

The behavior of the current through the wire array in water has been investigated
numerically in terms of the resistivity change of the wire [2], [3]. It has been predicted that
the behavior of currents through the wire array is unstable [4]. If the wires in an array could
not be exploded simultaneously by the unstable current behavior, an inhomogeneous mass
distribution of the initial plasma would be produced and cause a Rayleigh-Taylor plasma
instability [5], [6]. It is very important in obtaining uniform implosions of z-pinch plasmas to
investigate whether the currents flowing through parallel wires in vacuum are homogeneous
or not during transitions from solid wires to plasmas.

In this paper, the currents measured through parallel wires during their exploding phase are
reported. Four parallel tungsten wires were exploded in vacuum to simulate and predict the
current distribution in the wire array z-pinch during its exploding phase. The resistances of the
parallel wires were calculated from the measured voltage and currents. Flows of
inhomogeneous currents through the wires were observed. Also, time resolved pictures of
exploding wire array were taken to observe how the wire array consisting of four wires

explodes.

II. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup. The wire array was driven by
ASO-X generator [7], [8]. ASO-X was operated at a charging voltage of 30 kV. The rise time
of the current, current peak and the output voltage were 1.8 ps, 160 kA and 90 kV,
respectively. The POS was not used here. The wire array consisted of four tungsten wires

having a diameter of 0.1 mm. The diameter and the length of the array were 140 mm and 40
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mm, respectively. Though this wire array is different from that used in the Sandia National
Laboratories both in the number and the diameter of wires, the current phenomena of parallel
wires might simulate the current distribution in the wire array during the transition from solid
wires to plasmas.

The wire array was set in the vacuum chamber load section of ASO-X. The tips of parallel
wires were connected to a cathode plate directly and to an anode plate through a thick rod.
The wires were tensioned by the same weights. The surfaces of the wires were contacted to
the surfaces of holes of the electrodes. The pressure of the vacuum chamber was about 3x 10
Torr achieved in this machine. The generator current was measured with a Rogowski coil
placed upstream the wire array. The currents flowing through each wire were measured
individually by Rogowski coils placed at the thick rods. Also, the voltage was measured by a
resistive voltage divider placed near the cathode plate. The voltage was corrected with an
inductive voltage drop at the load section. These signals were recorded with a 1.5-GHz,
4-GSa/s digital oscilloscope (Hewlett Packard, 54845A).

From the viewpoint of how the dimensions of wires affect the inhomogeneity of the
currents, three different sets of wires were studied; wires of equal dimensions in length and
cross sections (A), wires of different lengths (B) and wires of different cross sectional areas
(C).

For the experiment of the wires of equal dimension, the time resolved picture of the
exploding wire array were also taken by a high-speed framing camera (Hadland Photonics,
IMACON 790).

I11. Results and discussions
A. Wires of equal dimension

Typical waveforms of the wire currents
and the resistive voltage across the wire are
shown in Fig. 2. Although the voltage has an

{Ax) aBeyop

opposite sign before 50 ns due to the

Current (kA}

correction error, it is not significant for

diagnostics because it is at much earlier time

-15 1 'l 1 aa i ' -
0 50 100 150 200 250 300

than that of interest here. When ASO-X was Time (ns)

fired, the currents started to flow almost gjo 2 Typical waveforms of currents
equally through all the wires. There are no  through the wires and voltage across the
large differences in the current values. jre.

Although the resistances of the wires

increased with increasing current, the rates of increase in the resistance of the wires were

almost equal before about 230 ns. This led to the currents through the wires to increase
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simultaneously. However, at about 230 ns, the currents rapidly deviated from each other and
became non-uniform. Note that the sum of the currents through the wires corresponded to the
generator current measured upstream the wire array. Therefore the deviations of the currents
were caused by differences in the resistances of the wires. The voltage across the wire
increased before 230 ns due to increases in the resistances of the wires. The voltage decreased
after reaching the peak voltage at 230 ns though the total current was still increasing. The
currents became inhomogeneous around the time when the vbltage reached its peak. Once the
currents had become inhomogeneous, they did not become homogeneous again and the
deviations among the currents lasted to the end of the discharge.

From Fig. 2, it is seen that the current through wire #4 decreased and the current through
wire #3 increased to compensate for the change in their resistances and in order to maintain
the same total current. The other two currents did not change so much. Since the currents
through the wires compensate the other currents, there was no change in the total current
which was measured downstream or upstream the wire array load. Once the currents became
inhomogeneous, these deviations were maintained during the discharge and the currents did
not become equal. Although the currents in the wires either increased or decreased in different
shots, the same phenomena were observed in all the shots. This suggests an external factor,
that is, the conditions of the contacts between wires and electrodes could not be the same for
wire-to-wire and shot-to-shot.

Fig. 3 shows the resistances of the wires during the discharge calculated from the current
and the voltage waveforms. R is determined from eqn.(1) since Laray was found to be 105 nH.
It is seen that the resistances increased with time and had their peaks at about 230 ns. At
>230ns, the resistances decreased, when a plasma was produced. The resistances were not
equal (15 %) at their peaks (Fig. 3).

Calculating the power dissipation in the wires, it was confirmed that the time when the
resistances rose sharply corresponded to the melting point. It was also confirmed that the
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— 187 —



resistances fell down before reaching the evaporating point. From these results, it was
understood that the evaporations of the wires were not volumetric and breakdown might have
occurred at the surface of the wires [9]. |

Fig. 4 shows the time resolved picture of the exploding wire array taken at 325 ns (a), 525
ns (b), 725 ns (c) and 925 ns (d), respectively, having an exposure time of 20 ns. All the
pictures were taken after the current became strongly inhomogeneous. However, in Fig. 4(a),
only one of four wires was luminous. In addition, although the currents through the wires
were increasing with time, the intensities of luminosities of the wires were alternating.
Moreover, the luminosities were not uniform along the wires. Considering these results and
the power dissipations in the wires, the following conclusion was derived; the evaporations of

the wires were not volumetric and, hence, the discharges did not occur uniformly in the wires.

B. Wires of different lengths

In order to investigate what is dominant for such an inhomogeneous current distribution,
the experiment was done using four wires of different lengths. The lengths of wire #1, #2 and
#3 were 40 mm and that of wire #4 was 20 mm. Fig. 5 shows the waveforms of the currents
through the wires and the voltage across the wire. The behavior of the currents through the
wires before 210 ns was similar to that in the experiment described before. At 2210 ns, the
current through the wires became much more inhomogeneous (Fig. 5) compared to the wires
of the same length (Fig. 2). Especially, the current through the shorter wire #4 increased.
From subsequent shots, it was confirmed that the current through the wire of the shorter
length increased and became larger than in the other wires.

Fig. 6 shows the resistance during the discharge. Although the length of wire #4 was half of
that of the other wires, the resistances of all the wires up to 180 ns were equal within £16 %.
However, the resistance of wire #4 firstly reached its maximum and then decreased. The mass
of wire #4 was half of that of the other wires. The shortest wire that had the lightest mass

5 r r 1 S 50 10
] bl o et
[} Jo e Wire£3
. a 6 f L= = Wied] e,
g g 3
£ 5 50 @ E 4l
] 5
E = B
=) [
2] = o 2 [
s @x
-10 | ruem Wirekd i 4 -100
B M
= = \oitage 0F
.15 L I 1 i : 1 -150 ) 1 L » 1 L L A
0 50 100 150 200 250 300 100 120 140 160 180 200 220 240 260
Time (ns} Time {ns)

Fig. 5. Typical waveforms of currents  Fig. 6. Variations of resistances of the wires
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became plasma first. When the resistance of wire #4 was decreasing, the other wires, except
wire #1, were still increasing. The resistance of wire #1 (Fig. 6) was observed to be different
from the wires of the same length (wire #2 and #3). The current through wire #1 (Fig. 5) was
also different from the current in the wires of the same length (wire #2 and #3) and it did not
deviate from the average current so much when the cumrent distribution became

inhomogeneous. These phenomena were observed in all shots.

C. Wires of different cross sectional areas

Fig. 7 shows the current and the voltage waveforms, where two wires (wire #2) were used
in parallel to increase the cross sectional area. During the early phase of the discharge, the
currents through all the wires were about the same though the dimensions of the wires were
different. This is explained by the dominance of resistances and inductances of the rods
connecting the wires to the anode plate as well as the inductance of each wire. The resistances
and inductances of the rods were estimated to be several hundreds of mQ and several tens of
nH, respectively. The resistances of the wires increased with time, and became dominant in
deciding the current flows. The current through wire #2 deviated from the others because the
resistance of wire #2 was smaller than the others. Then, they approached each other after 240
ns because wire #1, #3 and #4 became plasma. Fig. 8 shows the resistances of the wires.
During the early phase of the discharge, the resistances of the wires were similar because the
inductances of the wires were dominant. The resistance of wire #2 increased slowly compared
with those of the other wires except wire #3 because of its heavier mass. When the resistances
reached their peaks, the resistance of wire #2 was half of either wire #1 or #4 due to the
difference of their cross sectional areas. The wires having smaller mass (wire #1, #3 and #4)
became plasma faster than wire #2. Therefore the resistances approached each other. The

behavior of wire #3 was different from the wires of the same dimension.
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From these experiments, it was found that even if the length, cross sectional area and
material were the same, the currents through the wires became inhomogeneous during their
exploding phases. One of the reasons was thought to be the small differences in the
dimensions of the wires. If the inhomogeneity of the dimensions exists or connections
between the wires and the electrodes were not exactly identical, the transitions from solid
wires to plasmas must be different. It was noteworthy that the currents through the wires of
the array became inhomogeneous when the wires became plasmas. From the numerical
analysis in reference [4], even if the differences in the dimensions or connections are small,
the currents tend to be inhomogeneous. The inhomogeneous current could cause an
inhomogeneous mass distribution, leading to unequal implosion speeds and a spoiling of the
pinch. However, in the present experiment, the rise time of the current was much longer than
that in the resent z-pinch experiments. If the rise time of the current is short enough for the
inductances of the wires to be dominant and the inductances of the wires are equal to each
other, the inhomogeneity of the currents might be diminished. The inhomogeneity of the
currents occurred during the exploding phase. Therefore, the inhomogeneity of the currents is
independent of the array radius. On the other hand, if the cross sectional area is small enough
to evaporate both uniformly and volumetrically, the inhomogeneity of the currents reported in
this paper might also be diminished.

IV. Conclusions _

The current distribution of the wire array in vacuum was studied. Individual measurements
of the currents flowing through the wires allowed us to know how currents behave during the
discharge. Voltage and current measurements were also carried out to calculate the resistance
variations of the wires. The resistance of the wire increased with time due to heating by the
current. Melting wire became vapor and then plasma causing a decrease in its resistance. A
strong current deviation occurred when the resistance started to decrease. The deviations were
held during the discharge. Such an inhomogeneous current distribution might be caused by
small differences in the wire dimensions.

Inhomogeneous current distribution might occur in an actual wire array z-pinch system.

This might affect the initial plasma production and implosion.
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ABSTRACT

Although considerable investigations have been reported on z-pinches to- achieve
nuclear fusion, little attention has been given from the point of view of how a wire
array consisting of many parallel wires explodes. Instability existing in the wire
array discharge has been'shown. In this paper, the effect of wire shape in the wire
array on unstable behavior of the wire array discharge is represented by numerical
analysis. The claws on the wire formed in installation of wire may cause
ununiform current distribution on wire array. The effect of error of wire diameter

in production is computed by Monte Carlo Method.

I. Introduction

Recently, z-pinches have been expected to achieve power generation by nuclear fusion
14),  Wire arrays are exclusively used as a z-pinch plasma source. The behavior of the
plasma produced from a wire array and the wire explosion have been investigated by
numerical analyses and experiments. It has been reported that the initial mass distribution of
the plasma has a significant influence on the development of the Rayleigh-Taylor instability
4),5), On the other hand, the unstable behavior of parallel two exploding wires has been
investigated from the viewpoint of an opening switch ©).7). However, little attention has
been given to the point of view of how a wire array consisting of numerous parallel wires
explodes. When the wires of the array do not explode simultaneously, owing to an unstable
behavior, an inhomogeneous mass distribution of the plasma, as well as a deviation of the
current flow, may be yielded.

The unstable behavior of wire array discharge has been predicted from numerical analysis

and resistivity variation of wire.8) Here, the effect of wire shape in the wire array on
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unstable behavior of the wire array discharge is represented by numerical analysis. The
claws on the wire formed in installation of wire may cause ununiform current distribution on
wire array. The effect of error of wire diameter in production is computed by Monte Carlo
Method.

II. Prediction of unstable behavior

Figs. (1a) and (1b) show whether the wire array system is stable or unstable. ] and £0
represents the resistivity’ of a wire in n wire array and the resistivity of other wires,
respectively.  Either stable or unstable state is discriminated for one wire to the other, thereby,
current concentration and division are found. Figure 1 is calculated on a copper resistivity
variation measured in single wire explosion in water. The gray areas and white areas
represent unstable and stable state, respectively, and the gray depth means strength of unstable
drive. The equilibrium of wire array operation is represented as the straight diagonal line
from a left-down corner to a right-up corner, since the resistivities of each wire are same on
the line.  Figs. 1 (a) and (b) are for the case of n =2 and n = 10, respectively.

In the case of n = 2, the distribution of unstable regions is symmetrical about the diagonal,
since a bundle of n-1 wires is just one wire. In the case of n= 10, the strength of the
tendency to the unstable behavior on the left hand side of the diagonal is larger than that on
the right hand side of it, although it is not clear on Fig. 1(b) because of the rough separation of
the depth of the gray scale. Also, the same tendency occurs for the stable, although the
strength of stable drive is not indicated in the Fig. 1. The distribution is no longer
symmetrical about the diagonal. Furthermore, the strength of the tendency to the unstable
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o
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0.01F ] 0_01;_’;’1:;._ i
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Fig. 2. The contour maps of the instability in exploding; the unstable strength is represented
as minus magnitude and stability is represented by zero (white-painted).
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and the stable behavior increases with increasing the wire number. The enhancement of the
strength of the tendency to the unstable behavior at the left hand side of the diagonal implies

that one wire explodes later than the others and the current concentrates into the wire.

I11. Effect of wire shape difference: claw on unstable behavior

The probability of unstable behavior in wire array discharge is represented. However, it
is not clear that all wire array system will behave unstably or not, the degree of unstable
behavior, and what to effect on it.  In this chapter, the unstable behaviors are simulated when
a wire in the wire array has different shape. Here, a section of different diameter is given to a
wire, and the diameter and length of the section are changed.

Figure 2 shows the schematic for the numerical simulation. The wire array consists of n
2 cm wire of 0.05 mm in diameter. A wire (the most right wire in Fig. 2) has a section of
different diameter, which is assumed as a claw in installation. The total current through the
wire array is 100 kA and constant. The computed current waveforms are shown in Fig. 3.
The total wire number is 10 and the claw consists of a section of 0.046 mm in diameter and
0.2 mm in length. The solid line and broken line represents the currents of normal wire and
a wire having the claw, respectively. Appreciable ununiform current distributions are shown
at 1.8 ns, 2.3 ns and after 2.8 ns. Although current ununiformity is no wonder because of
different wire shape, they are eventful and the distribution is not constant. We call the
current ununiformity at 2.3 ns concentration and the others dispersal, respectively. The

lower waveforms of Fig. 3 represent the resistivity variation. The unstable behavior are

; i ey~ T
| 100M$ 10100 fiaw wire. s®| ]
0.05mm . T < 10000F=m T
L& Ll 9900} RIBENS
' AR
9800 =y
i I wi T
005 e tawpart | | | 1]
2cm eee '] —— Claw section g 0.04F Pt
Length : 0.2m et I H 7 3H
- % 0.03F
_‘Q 0.02F |
LT T | 7 ~0.01F
% I
Time [ns]
Fig. 2. Schematic of wire array Fig. 3. Waveforms of wire array
for the numerical simulation. current and resistivities.
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produced by the rapid resistivity variation of wire.8)

The peak values of Fig. 3 are calculated for several different diameter of the claw section.
Figure 4(a) and (b) shows peak value corresponding to the dispersal at 1.8 ns and to the
concentration at 2.3 ns, respectively. As the diameter of claw section becomes further from
normal diameter, the current distribution become more ununiform. In Fig. 4(a), the
ununiformity relaxes below 0.044 mm. It is because the period #3 approaches to the period
#2, that is to say, the current concentration is cancelled by the dispersal.

I total
Wire A Wire B
1 L L . 1 N '
0.044 0.046 0.048 0.05
Diameter of claw section [mm]
(a) Current dispersal: /4
10200 ——
= 10100) .
w2
10000 37530038~ 005
Diameter of c¢law section [mm]
(b) Current concentration: /p Fig. 5. Schematic of wire
Fig. 4. Peak values of current dispersal for the numerical simulation
and current concentration. by Monte Carlo Method.

IV. Effect of wire shape difference: manufacturing error on unstable behavior

The fluctuation of wire diameter is obtained by the distribution function of wire diameter
and Monte Carlo Method. Figure 5 represents the schematic of wire array in the case of two
wires and the distribution function of wire diameter, respectively. The fluctuation by this
procedure simulates wire shape considering the manufacturing error. In this analysis, the
current per wire is constant; the total current changes by wire number. Figures 6 represent
the typical current waveform of wire array with wire shape obtained by Monte Carlo Method,

in the cases of wire number: n=4, 6, 8 and 10.  Appreciable ununiform current distributions

—195—



are observed around 4 ns although the distribution function of wire diameter would be too
wide. The uniformity will be enough to make the z-pinch ununiform and bring a seed of
R-T Instability. Since the resistivity data used finish on vaporization phase, the simulations
do not support the transition from vapor and plasma and plasma phase. - In these phases, the
uniformity may be recover or the ununiformity may grow. Moreover, the inductance of wire
array is not considered. These influences are important for z-pinch experiment, will be

discussed another paper.

11000 — . . . 11000
< <
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11000 — , , : 11000
< =
< 10000 = 10000
5000 ————4———— 900
Time [ns] Time [ns]
(cyn=28 (d)n=10
Fig. 4. Typical current waveform of wire array with wire shape
obtained by Monte Carlo Method
V. Summary

The unstable behaviors of the wire array discharge with wire shape difference are

discussed by numerical analysis. The claws on the wire formed in installation of wire cause
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ununiform current distribution on wire array. The error of wire diameter in manufacturing is
estimated by Monte Carlo Method and the unstable behavior are also computed. These
simulations show the appreciable ununiform current distributions in wire arrays and the effect
on pinches should be considered. Further simulation including transition from vapor to

plasma and inductive effect for fast drive is expected immediately.
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ABSTRACT

The ablation plasma produced by pulsed ion-beam evaporation (IBE) has been successfully
utilized in the preparation of thin films of many kinds of materials. To understand the basic
process of thin-film deposition by the IBE, high-density ablation plasma produced by intense
pulsed ion beam has been studied experimentally by using high-speed photography. The
results have given us visual understanding of the plasma behavior. In addition, the ablation

process is also studied by investigating the mass variation of the target.

I. Introduction

When an intense pulsed light ion-beam (LIB) is irradiated onto a target, high-temperature,
high-density ablation plasma is produced by the ion-beam energy deposition. Intense pulsed
ion-beam evaporation (IBE)'? has been proposed for the first time at the Nagaoka University
of Technology (NUT) as a technique for preparing thin films. Afier that, various kinds of
crystallized thin films have been prepared successfully.” Recently, IBE has been applied to

39 1t is understood

the thin-film preparation of SrAl04:Eu, B4C, amorphous Si and others.
that the characteristics of thin films produced by IBE depend on the behavior of the ablation
plasma This paper presents an investigation on the behavior of ablation plasma by the use of

high-speed photography.

II. Principles of IBE
O-1. Generation of ablation plasma

When charged particle beam is irradiated onto a solid target, each particle of the target
gains its kinetic energy in a volume between the surface and the range of ions which depends
on the initial ion energy and the target material. When a very short pulsed ion beam is
utilized, the part of the surface within the ion range is heated rapidly. Since the range of LIB
is very short (for example the range of 1MeV proton (H") ion ~ 10 pm), the energy of the jon
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beam is deposited in a very thin layer near the surface. When its energy is deposited, the
layer can be heated, melted, vaporized, ionized etc. As a consequence, high-density ablation
plasma is produced. Solid materials such as ceramic, metal or alloys, can be used as the
targets for IBE.

II-II. Expansion of ablation plasma and deposition of thin film

The ablated plasma that is produced near the surface of the target expands in vacuum,
resulting in a plasma flow in a direction perpendicular to the target. When the ablation
plasma reaches the substrate which is located near the target, a thin film is deposited by the
solidification part of the ablation plasma. |

The features of IBE method are summarized as follows. 1) Since the temperature of the
target surface is heated up to more than several thousand degrees, materials with high melting
point can be easily ablated.” 2) Due to the high-density plasma, the instantaneous
deposition rate exceeds more than a few cm/s. For the same reason, mask-side deposition
(MS/IBE)*® and backside deposition (BS/IBE)*'? are available, where the substrate is placed
by the target holder and the reverse side of the holder, respectively. 3) Since the pulse width
is short compared with the conduction time of heat, we do not heat the substrate to prepare the

films ¥

I11. Experiment

Substrate holder
Flashbmm \‘ e v et L ”*r"-“_fT

M- 1. Preparation chamber

The experiment was carried out using an

intense pulsed charged-particle beam generator,
“ETIGO-TI".'Y Figure 1 shows the schematic

of the experimental arrangement for the

preparation of thin films by the IBE method.
The left-hand side the ion beam diode chamber
that produces the LIB, while the right-hand side
represents the thin film preparation chamber.

The LIB is produced by a magnetically
insulated diode (MID)'¥ with a geometrically 10 cm

focused configuration. In this experiment, the Fig. | Schematic of experimental
target that was tilted at 30° or 90° to the beam setup for IBE.
axis. The vacuum chamber was evacuated to

~10™* Torr.
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Table I

Technical specification of high-speed camera

Frame speed

Exposure time

5.000~ 20.000.000
frames/sec
10ns~200 tis

Interframe 40 ©s~200 us
Inner delay 30ns~40ns
Photograpﬁic sensitivity 400nm~900nm

IM-II. High-speed camera

Table | shows the specification of high-speed camera (Ultra NAC FS8501) used in this
experiment. As the observation window, acryl resin was used, which has uniform
transparency in the range of photographic sensitivity of high-speed camera. The camera was
separated with a distance (3 m) from the window to avoid the noise generated by

“ETIGO-11” (Fig. 2).

Substrate
Holder

Chamber

~

High-speed Camera
(Ultra NAC FS501)

Window
(Acrylic Resin)

3m

~ Electromagnetic shielding

Fig.2 Schematic of experimental arrangement for the measured of the ablation plasma.

Table 11 Experimental conditions. Table I Physical constants of Pb, Ag and W.

lon species mostly H' (>85%) Target Pb Ag W
N o ey ! OM:: Meling poirt (C) 3275 9619 3387
Ambient pressure 2%x107* Torr Boiling point (°C) 1750 2184 5927
Target Pb, Ag. W, Cu, Al Vapor pressure’ (°C) 559 824 2756
 Energy density 50 J/cm’ Range™ (4tm) 902 683 5.3
dar 180 mm . 10" Tomr
drs 50, 90 mm
2] - 30, 90 o ** ] MeV proton (H")

—200—



IM-II. Target

Table I summarizes the experimental conditions. In this investigation, various kinds of
targets, such as Cu, Al, Pb, Ag and W were used. Here, Pb, Ag, and W were utilized to
measure the behavior of ablation plasma and ablated mass (cf. Tablelll). The copper mask
shown in Fig. 3 was placed on the target to detect the ablated mass. The target tilted at 30°
or 90° to the beam axis was used to diagnose the target mass loss by difference of ion range.
If the tilt angle is 30°, as shown in Fig. 4, the ablated depth (d) is halved as compared with
that of 90°.

{ .
‘§ N
;IJ (,ﬁ}& LIB
: LIB {, /ﬂ s

! N s

i \\ %“-‘-a«\
! "\\\\\?_waask

‘ e 22 o Targe
- 90/ \/jr

! Mask
- Cu B
@ (b)
Fig. 3 Copper mask (50 X50%1 mm', Fig. 4 Cross-sectional view of the target setup with
hole diameter = 30 mm) attached on the tilt angles of (a) 90° and (b) 30° .

the target.

IV. Experimental results and discussion
IV-1. Behavior of ablation plasma

High-speed photographs obtained in this experiment are shown in Figs. 5 to 9. Figure 5
shows photographs obtained for the hybrid target, where Pb and Cu are arranged as shown the
insert of Fig. 5. Light emission from the ablation plasma can be observed first from Pb (left
side), and later from Cu (right side). Figure 6 shows the photographs of the hybrid target of
Al and Cu. Where both materials are placed 5 mm intervals. Three lines of light emission
were observed for the first 0~12 ps, which was followed by four lines of due to light
emission for 18~42 ps. The behavior of ablation plasma, such as the expansing velocity
and lifetime, changes by the target material.

Figures 7 ~ 9 show high-speed photographs of three kinds of materials of Pb, Ag and W
target, respectively. For the Pb and Ag target shown in Fig. 7 and Fig. 8, the ablation plasma
instantly expands toward the direction of the substrate holder. As a result, the plasma exists
near the holder while emitting light. At the same time, it turned out that the ablation plasma
expands even at the backside region. On the other hand, from Fig. 9, the emissions of near

the ablation plasma from the W target continues for a long time, and expands almost linearly.
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The differences of the behavior seems to be due to the difference of vaporizing temperature.
In other words, materials with lower vaporizing temperature (such as Pb) are relatively easily
evaporated, while higher vaporizing materials (such as W) are hard to be evaporated instantly.

IV-TI. Ablated mass

Table IV and Figure 10 show the average mass ablated per shot. The ablated mass was
determined by measuring the target mass before and after the beam irradiation. It is evident
that the target mass loss is larger for the low vaporizing temperature materials than the high
vaporizing temperature materials. Comparing the target with the tilt angle, the ablated
masses of 90° are larger than that of 30° masses. Particularly, for the W and Ag target, the
ablated depth (d) for the tilt angle of 30° is roughly halved compared with that of 90°.  Thus,
ablated masses are dependent on the ion ranges of the materials.

Substrate Substrate

t=15ps t=18 us t=21ps t=30us t=36ps t=42 us
Fig. 5 High-speed photographs for a hybrid Fig. 6 High-speed photographs for a hybrid
target of Pb and Cu.  dys =90 mm target of Al and Cu arranged 5 mm intervals

alternatively. drs =90 mm
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Substr;@
Ion beam
-]
Target

Subsu;iﬁ
Ton bfam
Target

t=12ps t=18 ps t=24 s

t=30ps t=36pus t=42us - t=30 ps t=36us t=42 ps
Fig. 7 High-speed photographs for Pb target. Fig. 8 High-speed photographs for Ag target.
de =50 mm ‘ dTS = 50 mm

Table IV Target mass loss per one shot.

g=30" 0=90°

Substr;%\

Jon beany Target mg/shot  mg/shot Ratio
Target w 3 6.8 0.44
Ag 6 14 0.43
Pb 37 45 0.82
50
m6=90°
Swl 8-30° 1 6000
@ N N O
t=12 s t=18 ps t=24 ps E 30 Soiling point § ] 4000%
2 NN g
E 20 § %
z \ 4 2000 §
s 10 | % =
0 = R 0

w Ag Pb

t=30pus t=36ps t=42 us . . .
. ) Fig. 10 Ablated mass, melting and boiling
Fig. 9 High-speed photographs for W target. . ,
temperatures for different kinds of targets.
de =50 mm
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V. Conclusions
The following conclusions were derived from the results and discussion.

1) The ablation plasma observed by high-speed photographs behaves strongly by dependent
on the target materials. The ablation for Pb and Ag target takes place instantaneously
with the beam irradiation, the emissions of the ablation plasmas with the tungsten target
continue for a longer time.

2) The ablation mass strongly depends on the vaporization temperature of the target material.

3) The ion range is a major factor to determine the ablation depth.
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ABSTRACT

We have developed a laser ion source. It makes high current and good quality beam that has
rectangular wave form with fast rising. It has the short drift length of 1cm. The effect of
temporal changing of plasma flux to the meniscus of the emitting surface was investigated. It
was found the meniscus was rather stable even at mismatched condition. It supplied a copper
ion beam of 200mA(255mA/cm?) with duration of 400ns and 30ns rise time. The beam

emittance was about .87 mmemrad.

L. Introduction

Heavy ion fusion(HIF) requires high brightness and high current ion sources with a low
charge state and needs a current level exceeds the maximum capabilities for static plasma ion
sources which supply ions with Bohm's current density.!) Moreover HIF scheme demands
rectangular beam wave forms. For a gaseous discharge type, it may be difficult to produce
such low temperature and high dense plasmas. A pulsed solid vapor type like vacuum arc
source?) or laser ion sources may be a unique solution.

A laser ion source is an attractive candidate. Because, the laser ablation plasma expands
spherically from one fixed point and long life is expected owing to high energy efficiency.

The expanston length of ablated plasmas must be short to extract rectangular wave form
beams because prefill of plasma in an extraction gap must be avoided. So, laser intensity must
be suppressed, but it is known laser ablation plasmas still have high translational kinetic
energy up to 100eV.3) So ions are supplied enough with the product of density and drift
velocity. Moreover, it is thought the plasma temperature is so low that a pure singly ionized
state is expected selecting a proper target.

However plasma flux changes temporary in short drift length, which may disturb the ion
emitting surface. Then we investigated the meniscus of the emitting surface and the beam wave
forms under such temporally changing condition. It was found that beams behaved as if
matching condition during 400ns at least.

II.LExperimental Setup

A schematic diagram of experimental apparatus is shown in Fig.1. Four induction cavities
made of ferrite cores, connected to a pulse forming line, can generate voltages up to S0kV
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during 400ns. Four cavities were stacked in a voltage adder configuration. In our experiments,
extraction voltage was about 140kV with 400ns duration.

Ferrite Core

Nd:YAG Laser
A =532nm

e regtaTm-cTn SUEp———— ————

B
9
)

::::@QJ
GO

[ ]

Pulse Line Transformer Prirﬁary Source

Fig.1 A schematic view of experimental apparatus

|

10" 20 'Honeycomb(Al)

Fig.2 Laser ion source and extractor and Faraday cup

Fig.2 shows a schematic view of our ion source. A copper rod was used as the target. The
Laser pulse focused on it with 300mm focal length lens and incident angle was 70°. The spot
size was 1.6 x 0.7mm. We used a frequency doubled Nd:YAG laser with pulse duration of
7nsec. The drift length was lcm. Both electrodes are made of plane SUS plates and each
extraction hole was 1cm in diameter. The gap length was 2cm which was double of extraction
hole diameter.

We used a Faraday cup with a honeycomb lattice which suppressed the secondary
electrons. Emittance measurements were done using the pepper-pot method.¥) The beam
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images were amplified by a MCP gated with a 300ns cable pulsar. A tantalum pepper-pot
plate with 50pm thickness has holes of 200um in diameter and their interval are 2mm. We
performed the experiments under a background pressure of the order of 10-3 torr.

IT1.Results and Discussion

We measured wave forms and pepper-pot images of the beam as a function of time duration
between laser irradiation and the voltage application. Fig.3 shows typical beam wave forms
and pepper-pot images at three timings. When the timing of applying gap voltage was
delayed, plasma prefilled the gap. The beam wave form was similar to that of the plasma
opening switch. As shown with the pepper-pot image, the beam was largely divergent because
of strong space charge repulsion. When applying voltage preceded it could be seen a strange
pepper-pot image in which small divergent pattern was overlaid on the medium divergent
beam. In case of the preceded timing, the meniscus of the emitting surface might be curved
with its center of curvature outside the plasma. But it was not clear that two beams were
coexistence at a time.
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Fig.3 Typical beam wave forms and pepper-pot Images at different timings.

Surprisingly, when the timing was on time, the beam behaved as if under the absolute
matching condition though the plasma flux changed temporally. The meniscus was very stable
and the emittance was rather small. As shown in fig.4, the emittance had the minimum value
when the supplied current matched the extracted current. When we further increased the
current supply, the divergent angle of one fixed point began to increase slowly. It was thought
the emitting surface became to convex shape as the plasma flux increased over the extraction
current.

— 207 —



o

©

£8
= -8 Plasma lon Current E o 8 §
=0.6 = S 71 {80 o
..a 1—46 | =y 3
S0 7. - N A =
5 %3 am Current £ Sa §§ —!/ i N —"}_5 3
oo ZE,J" i Z g 1f {40 3

0 k=L Wwo g iy 2 20

0 1.221.241.26 1.28

A

1.20 1.221.241.26 1.28 1.20 1.221.241.26 1.28 1.

Laser Supply Voltage[kV]
Fig.4 Beam characteristics versus laser intensity.

It was unexpected that beam current was larger than supplied current(more than 10 times).
As shown in fig.5, the slightly divergent beam could be seen and it was observed at any timing
whenever plasma was under dense. As shown in fig.6, beam current limited by Child-
Langmuir's law could be extracted above the laser intensity corresponding to supplying
voltage 1.22kV. A secondary ionization process, such as field-ionization of excited neutral
atoms may be taking place around the anode region.5) It is noted that the laser intensity was
just above the threshold of laser ablation plasma.
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Fig.5 Beam images at matching timings
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Fig.6 Beam wave forms at matching timings.
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IV.Conclusion
By adjusting the timing between laser plasma and the voltage application, the effect of

temporal change of plasma flux to the meniscus of the emitting surface was not seen during
400ns. We extracted a copper ion beam of 200mA (255mA/cm?2) with flat-top wave form
duration of 400ns and 30ns rise time. At this operatlng condition, the beam emittance was

about 0.8 mmemrad.
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TRANSIENT POTENTIAL HUMP
IN LOW FLUENCE LASER ABLATION PLASMA
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ABSTRACT

It is considered that ions in a laser ablation plasma are accelerated by the
hydrodynamic pressure and/or electric field in the plasma. The acceleration
mechanism of ions in the ablation plasma must be clarified for several applications,
especially in an energy region of low fluence laser irradiation. We investigate the ion
acceleration mechanism in the low fluence laser ablation plasma using computer
simulation. As a result, it is found that a transient potential exceeds the floating
potential level, is created in an early stage of the ablation process. The ions are
accelerated by the electrostatic potential hump, and anisotropy of ion acceleration is

induced by the interaction between conductor walls and the laser ablation plasma.

L. Introduction :

Plasmas generated by laser irradiation are applied to pulsed laser deposition method for a
material processing and inertial confinement fusion (ICF) using intense laser, etc. In fields of
high-energy physics and ICF using heavy ion beam (HIF), an intense-heavy-ion beam is
essentially needed. The charged particle beam is generated using high flux ion source and
particle accelerator. Ion sources using laser ablation plasma were proposed for these
purposes.l'z) It is desirable that the ions extracted from those sources have low charge state to
decrease the space charge effect during the high-current beam transport. Consequently, low
fluence laser should be used for these ion sources.”

In the case of intense laser irradiation, ions in the ablation plasma are mainly accelerated
due to two mechanisms: hydrodynamic force derived from pressure gradient caused by the
dense ablation plasma and electrostatic force induced by the escape of high energy electrons;
so-called Coulomb explosion. The high-energy electrons accelerated by the intense laser field,
immediately escape from the plasma region. Consequently, the remained ions create a

potential hump, so that the self-electrostatic field accelerates the ions.
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On the contrary, the experimental results” show that the ions in the ablation plasma are
accelerated up to several hundred electron volts (eV) even using low fluence lasers.
Furthermore, the ions are mainly accelerated to perpendicular direction of ablation target, i.e.
anisotropic acceleration.” In the early stage of ablation process, as already mentioned, dense
plasma is generated near the target surface, and the plasma has a large-pressure gradient. As a
result, the generated plasina is pushed out to outer free space by the pressure gradient.
However, the hydrodynamic acceleration occurs only in the early stage of ablation, and the
Coulomb explosion does not play a significant role because of the low (~ eV) electron
temperature in the ablation plasma. The ions accelerated up to a few hundred eV from the low
temperature plasma are of great interest from above two reasons.” '

In this study, we discuss the anisotropic ion acceleration mechanism from laser ablation
plasma in the case of low fluence laser. We have carried out a numerical computer simulation
using a simplified model and the particle-in-cell (PIC) method ®” to clarify the cause of

anisotropic ion acceleration in copper plasma produced in a vacuum gap.

II. High Energy Ion Generation Mechanism from Laser Ablation Plasma

The calculation model in this section is schematically shown in Fig.1. In this section, the
ablation plasma generation process is treated as one-dimensional. The gap distance between
the conductor target (ablation surface) and the opposite electrode, i.e. total calculation region,
15 lcm, and both boundaries are grounded conductor walls. The exact self-consistent
calculation for ablation process is difficult due to the treatment of the phase change from solid
to neutral gas and plasma. To simplify the problem, we neglect the laser-plasma interaction
process and assume that the ablation plasma is placed near the left side electrode, and the
plasma consists of Cu” and electrons. These particles are uniformly distributed in the above
region at constant supplying rate. The width of plasma region is assumed to be 0.5mm. The
Cu" temperature is 0eV, and the electron has Maxwell distribution of 10eV.

lLaser
- ®
= Vacuum "E’
g Plasma 5
[} QO
~ w
Calculation Region

1em

Figure 1: One-dimensional calculation model for Laser ablation plasma.
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For the above plasma simulation, we use one-dimensional electrostatic PI1C code 87 in this
section. Qur PIC code uses forth-order Runge-Kutta methed for time integration of relativistic
particle motion. For efficient integration of the Poisson equation, we use dynamic mesh
refinement depending on time. The Poisson equation is solved by Successive Over Relaxation
(SOR) method, and the SOR Poisson equation solver is effectively calculated using the
Multi-Grid method ¥

The typical calculation results in these conditions are as follows: Fig.2 and Fig.3 show the
results for case of initial Cu” drift velocity of 0eV. Fig.2 (a) and (b} are particle maps for Cu"

ions on phase space, and then (c) and (d) are shown for electrons. Fig.3 presents the number
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Figure 2: Cu” and electron particle maps on phase space, {a) Cu" ions at initial state, (b} Cu’ ions at 100ns, (¢} electron at

initial state, (d) electron at 100ns, respectively.
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Figure 3: Cu" and electron number density and potential distribution, (a) at 5ns and (b) at 100ns, respectively. Solid lines are

Cu’ number density, doted lines are electron number density and dashed lines are potential.

density of the plasma and created potential distribution. Fig.3 (a) and (b) are the values at
Snsec and at 100nsec, respectively. As can be seen from Fig.2 (b), the ions were accelerated
into free space. The increase of the potential could be observed from Fig.3. The potential
transiently increased more than 40V during several 10 nsec. As assumed previously, electrons
in the plasma escape to the target side, and it is found that the potential increased by the space
charge build-up. This transient potential is held until the ions in the plasma also escape to the

left side electrode.

—y 50ns
10 B ,, \ Y T
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L
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[%)]

e T —
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Figure 4: Comparison of created potential between case of ion drift=0eV and drift=1eV at 50ns.
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As mentioned earlier, laser ablation plasma is accelerated by hydrodynamic effect so that
the ions have drift velocity toward from the target side to the free space. Keeping this in mind,
we will consider the effect of this drift velocity. Fig.4 shows the results with and without drift
velocity of ions. The assumed ion drift velocity is 1eV in this calculation. As can be seen
from Fig.4, the drift velocity additionally increased the potential value.

From those results, we can deduce the behavior of the ion acceleration from laser ablation
plasma as follows: conductor (copper: Cu) target evaporates due to the laser irradiation. The
electrons in the dense neutral gas absorb the irradiated laser energy, and ionize it. A part of
electrons in the generated plasma escapes to the target side, i.e. the electrons are absorbed into
the conductor target. On the other hand, velocity of the ions in the ablation plasma is very
slow as compared with the electrons if the ion temperature is the order of the electron’s one.
Therefore, the electrons in the ablation plasma can easily move, but the ions can hardly
escape to the conductor target. Consequently, potential hump exceeds the floating potential of
Te=10eV plasma, is transiently formed in the ablation plasma only during the charge
separation phase, i.e. ion transit time. The electrostatic field caused by the transient potential

accelerates the ions.

I11. Anisotropic Ion Acceleration in Laser Ablation Plasma

In this section, we discuss the anisotropic ion acceleration mechanism. From the
experimental results?, it is found that the accelerated ions have directivity. As discussed in
previous section, the acceleration results from electrostatic field caused by transient potential.
However, potential is scalar value, so that it is difficult to explain the anisotropy in the ion
acceleration. Therefore, we have to investigate the acceleration mechanism using
multi-dimensional particle simulation.

Fig.5 shows the simple two-dimensional calculation model used here. The centerline of
=0 in the model is the cylindrical axis, at which the cylindrically symmetric boundary
condition is imposed. The other three outer boundaries are grounded conductor walls. The
calculation area is supposed to be in vacuum. For the numerical simulation, two-dimensional
PIC code is used, the field compon'ent (E,, E.), and the particle position and velocity (r, z, v,
v,) are solved using the Maxwell equations and the relativistic equation of motion.*” The
calculation area is 0 < r < lecm and 0 £ z £ lcm. The plasma consists of Cu” and
electron, and is placed in 0 & r £ 0.5mm and 0 = z = 0.5mm at the initial condition
{see Fig.5).
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Figure 5: Two-dimensional calculation model for investigation of anisotropic ion acceleration from ablation plasma.

The calculation results are shown in Fig.6~8. Fig.6 shows the ion particle maps on r-z
coordinate space. As can be seen from Fig.6, the ions were anisotropicaly accelerated. Fig.7
presents particle maps in electron and ion on velocity space. The anisotropic acceleration of
ions was also shown from Fig.7. Fig.8 presents potential distribution at the early stage. The
contour lines on r-z plane show the potential distribution. From Fig.8, the potential has
anisotropic distribution because the plasma was placed near the left side electrode at initial
condition. These results suggest that the electrostatic field induced by the anisotropic potential
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Figure 6: Cu” particle maps on r-z space, (a) at initial state and (b) at 200ns,
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creation is the cause of the experimentally observed anisotropic ion acceleration in the

ablation plasma.
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Figure 7: Particle maps on velocity space at 200ns, for electron (a) and for Cu" (b), respectively.
IV. Summary

The ion acceleration mechanism in ablation plasma produced by low fluence laser
irradiation was investigated by numerical particle simulation. The results showed that
high-energy electrons in the plasma escaped to the target electrode in the early stage of the
process. For this reason, electrostatic field induced by the space charge build-up, accelerated
the remained ions in the plasma. In addition, two-dimensional PIC simulation results
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Figure &: Created potential distribution on two-dimensional space at Ins.
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indicated that the electrostatic field induced by the interaction between the plasma and the
electrode caused anisotropic ion acceleration. This means the electrode effect plays an
essential role for ton acceleration in low fluence laser ablation plasma. Although the
phenomena treated n this paper is based on the simplified model, the plasma behavior and the

ion energy are similar to the experimental observation.
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Abstract

A new numerical scheme for simulation of the distribution function according to the Vlasov-
Poisson equation is described. At each time step, the distribution function and its first derivatives
are advected in phase space by the Cubic Interpolated Propagation (CIP) scheme. Although a
cell within grid points is interpolated by a cubic-polynomial, any matrix solutions are not re-
quired. The scheme still gives the stable, accurate and reasonable results with memory storage
comparable to particle simulations. Furthermore, by using the CIP-Conservative Semi-Lagrange
(CIP-CSL) scheme developed by one of the authors, the scheme guarantees the exact conserva-
tion of the mass.

Keywords: Vlasov equation, Distribution function, CIP, CIP-CSL, Mass conservation

1 Introduction

In recent years, various numerical methods have been used for solving the nonlinear Vlasov
equation and these methods are roughly divided into two classes. One numerical approach
is the particle method that directly follows the trajectories of particles, such as the PIC
method (see for review [1]). This method has been considered to be quite stable even if
only few computational particles are used. On the other hand, it is known that this scheme
essentially involves some serious disadvantages stemming from statistical numerical noise
particularly when detailed structure of distribution is needed for the purpose of transport

phenomena like viscosity and heat conduction and for atomic processes.

Another approach is the Eulerian method that uses a hyper-dimensional computational
mesh in phase space and the time integration of the distribution function is carried out

on each computational mesh point. Because these methods don’t involve any source of
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the statistical noise intrinsic to the particle methods and the profile of the distribution
function is stored equally, this numerical approach is more suitable for the simulations
in which the particle distribution in a certain velocity region plays an important role.
However, since this method covers all the phase space with grid points, the memory
storage and computaiion time rapidly increases. However, in the recent works, one of
the authors have applied the Constrained Interpolation Profile (CIP) scheme to Vlasov
equation and successfully show a possibility to realize high accurate numerical plasma

simulation with extreme lower computational costs.[12]

The Cubic Interpolated Propagation (CIP) scheme is a novel unified numerical scheme de-
veloped by Yabe et al.[2-5] for the solving hyperbolic equations. The CIP scheme is a low
diffusion and stable scheme. In the CIP scheme first spatial derivatives are introduced as
free parameters on each grid point and the time evolution of the derivatives is calculated
from the spatial derivatives of a model equation that is consistent with the master equa-
tion. Thus, the coeflicients of the cubic-polynomial are analytically determined from the
physical values and these first derivatives on the neighboring two grid poihts without any
matrix solutions. These facts allow us to easily extend the scheme to hyper-dimensional

scheme and solve hyperbolic equations with lower computational effort.

In contrast in these excellent numerical features, it is also well known that the CIP scheme
not guarantees an exact mass conservation. In the previous work, we improved the CIP
schetne to guarantee the exact mass conservation in the special case, when a non-uniformly
mesh condition is used, mass conservation is not guaranteed. This fault concerning the
conservation proceeds from CIP’s non-conservative formulation. In order to overcome
this disadvantage, we have developed new CIP scheme called as CIP-Conservative Semi-
Lagrange (CIP-CSL) scheme that is based on a conservative formulation. This paper
presents a brief review on the CIP scheme and CIP-CSL2 scheme from a viewpoint of

application to Vlasov equation.

2 Numerical Procedure

2.1 Basic Principle of the CIP-CSL Scheme
In this section, the_ CIP-CSL scheme is briefly reviewed by the use of a simple one-

dimensional hyperbolic equation:

Of /0t +v0f )3z =0. (1)
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If the velocity v is constant, the theoretical solution of Eq.(1) is obtained by shifting a
profile like f(x,t + At) = f(z — vAt,t). Similarly even if the velocity is not constant, an

approximate solution can be given by

f(ZE-,',t =+ At) = f(zt - 'UAt, t)a . . (2)

where z; is the grid point. Equation (2) represents a simple translation of profiles with a
velocity v.

For simplicity, in this paper, we take an assumption that the velocity v is independent of
z. In this case, the advection equation (1) is rewritten into a conservative equation,

af  of) _
E-i-?—o. (3)

The CIP-CSL scheme require an additional constraint of the value integrated within
neighboring two grid points

Tit1

pi = / f(z)dz. (4)

Thus, the time development of p is calculated according to the following equation which
is derived by rewriting down Eq.(3) in a conservative finite difference form:

pih =P+ Apip1 — Ap; (5)

where the superscript "n” indicates the time, and Ap; represents the mass flux passing
through z; during [t,t + At];

ri+§
Ap= [ J(@)da (6)
i
where £ = —u;At. Since Eq.(5) is written as the difference of Ap; for the time evolution

of p, the sum of Ap; over the entire computational domain will vanish exactly, thus
guaranteeing the conservation defined in terms of sum of integral between grid points
¥ p; defined by Eq.(4) instead of a sum over values at grid points 3 f;.

i i
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By the analogy of the CIP scheme, we shall introduce a function:

Difa) = [ f(a')de’ (™

In view of Eq.(6), D;(z) is merely Ap? if x is set to x; + & = z; — v} At, therefore D;(x)
represents the accumulated mass from z; to the upstream point. We shall use a cubic
polynomial to approximate this profile:

Di(z) = ¢: X3 + X2+ fIX ‘ (8)

where X = z — z;. The role of spatial gradient in the CIP method is now played by f
which is the spatial gradient of D(z) in the present scheme. By using the above relation,
a profile of f(z) between z; and z;,, is then obtained by taking the derivative of Eq.(8):
_ ODy{(x)
T

flz) =3¢ X% + 2 X + f7 (9)

From the definition of D in Eq.(7), it is clear that

Di(z;) =0, Di(Zip) = sgn(€)plen (10)

where pft_, is the total mass of upwind cell defined at the cell center ¢ + 1/2 and icell =

i+ sgn(£)/2. Since D /Jz gives a functional value f, it is also clear that

ODi(x) .. ODiTup)
ag: _f'i 8.'1: — Jiup (11)

Therefore, the coeflicients ¢; and 7; are determined so as to satisfy the constraints Eqs.{(10)
and (11). As a result of above simultaneous equations, the coefficients are determined

explicitly without any matrix solution as follows,

fE+ e 2sgn{)pfen
— _ ice . 12
o Azx? Azl (12)
2f7 + fip | 3sgn(€) Pl
=TT An T ga(x)? } 13)
T 1

where Az; = @, — @;. Then, Ap; is calculated as,

z;+§
o= [ f@)ds = Di(ai+) = 6€ + & + 1. (14)

H
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The time development of p can be calculated from Eq.(5) with the aid of Eq.(14).

Then, let us turn to the time evolution of the value f. We calculate the value f in the
same way as the original CIP scheme. The conservation equation (3) is rewritten as
af , of

E+”ax

0, (15)
For the solution of f, we make use of the local analytic solution in the same way in the
CIP scheme, that is well known as the Lagrangian invariant solution:

_ aD;(x; + &)

fi 5

= 3ALE2 + 2A2E6+ fF (16)

2.2 Application to Viasov-Poisson Equation

In order to show the numerical features, we shall treat the simplest case in two-dimensional
phase space composed of space # and velocity v; [12]. The Vlasov-Poisson equation is

rewritten as

Af(z, vy, 1) /0t + v 0f(x, vz, t)/Ox — E(x,t)0f (2,05, 1) /Ov; =0, | (17)

and

OF, [0z =1 — f (2, v, t)dvs. (18)

We use the Cartesian mesh to represent the z-v, phase space with the computational
domain R = {{z,v,)|0 €< = < L, |vz] € wsy}, where L is the spatial periodic length
and vess is the cutoff velocity. The number of mesh points used in z- and .- directions
is designated by N and 2M respectively. After the calculating of the advection in the
z-direction, the scalar potential of the electrical field ¢ is introduced and the following
discrete Poisson equation is solved with results of the advection in z-direction.

Dig1 — P —1-Av, % f_s_tepl- (19)
Az =

Then, the electrical field E?*/2 is given by taking derivative of ¢.
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3 Summary

In the present work, we show a possibility of an application of new numerical schemes,
namely CIP and CIP-CSL scheme to the solution of the Vlasov equation. The time inte-
gration of the distribution function was carried out by a shift of the distribution function
in phase space and the advection was calculated by these schemes. The CIP scheme solves
the advection explicitly and does not require any matrix solution. Furthermore, in addi-
tion to the lower computational cost, the CIP-CSL scheme came to exactly guarantee the

total mass conservation in the solution of the Vlasov equation.
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As an example, we show a numerical result of the symmetric two-stream instability. Initial
condition is

f(z,vz,0) = 1/vVZmv2 exp(—v2/2)(1 — Acos k) (20)

where A = 0.05, k, = 0.5, L = 4w and v,5y = 5.0. weused N = 32, M = 24 and At = 1/8.
The results are shown in Figs.1, 2, 3 and 4.

Figure 1 shows the time development of distribution function in phase space by using the
CIP-CSL scheme. At ¢t = 8.5, trapping and formation of a vortex starts. From ¢t = 8.5
to t = 17.8, the instability grows rapidly and a hole structure appears. After ¢ = 18.0
until the end, trapped particles oscillate in the electric field and the vortex rotates with a
period T = 18. In Fig.2 (b), Over-view profile of the distribution function in phase space
at t=16.6 is also shown. For comparison, numerical results of the original CIP (Fig.2 (a))
and PIC (Fig.2 (c)) method for the same initial condition are shown. Although the CIP
scheme provides the quite similar profile with the CIP-CSL scheme, the PIC scheme gives
a poor resolution and unclear profile because of the statistical noise of the particles.

Furthermore, the development of the electric field energy W, = 1/25; |E.(z:,t)[*Az is
plotted in Fig.3. The CIP-CSL (Fig.3 (b)) and CIP (Fig.3 (a)) scheme described well the
rapidly growth of the instability and the oscillations due to the particle trapping after the
end of the growth. Although the number of particles corresponds to twice larger storage
than M = 24 of the CIP-CSL and CIP scheme, as shown in Fig.3 (c), the electric field
energy is also poorly described and unclear with the PIC method. Therefore, at least as
far as the two-dimensional Vlasov equation concerned, we think that the CIP can solve
an entire profile of the distribution function more accurately with a lower computational
cost.

Figure 4 (a) shows the mass conservation error as a function of time. Mass conservation
rate is checked with 10~* due to the escape of the particle from the computational domain
in v, - direction. In order to verify this fact, we change a cutoff velocity and mesh condition
into vo;; = 10.0 and M = 48 with another conditions same, and the result is shown in
Fig.4 (b). The vastly reduction of the conservative error is caused by the reduction of the
number of particles which escape from domain, and it can be actually verified that the

mass conservation is exactly guaranteed by using the CIP-CSL scheme.
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Fig.1 Time evolution of the distribution function in solution of the two-stream instability

by using the CIP-CSL scheme.

{(a) CIP (b) CIP-CSL (c) PIC
Fig.2 Qver-view profile of the distribution function in phase space at t=16.6 using (a) CIP, (b) CIP-CSL (c)

PIC (4608 "particles", correspond to twice larger storage than M=24 of CIP and CIP-CSL).

— 225 —



0.5
0.4

0.3

0.2

Electric Field Energy

0.1

Time

Fig. 3 The time evolution of the total electric field energy for the two-stream instability.
Dotted curve(a) and solid curve(b) represent the numerical results of the CIP and CIP-CSL
scheme, respectively. Dashed curve(c) represents the result of the PIC scheme with 4608

"particles" which corresponds to M=24 (curve (a) and (b)) as far as storage is concerned.
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Fig. 4 The mass conservation error for the two-stream instability by using the CIP-CSL scheme.

Dotted curve (b) represents the result with a cutoff velocity v,;=10.0 that is twice as large as
solid curve (a).
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NANOSIZED y-ALUMINA WITH DISPERSED ZIRCONIA
SYNTHESIZED BY PULSED WIRE DISCHARGE

Y. Kinemuchi, H. Mouri, K. Ishizaka, T. Suzuki, H. Suematsu, W. Jiang and K. Yatsui

Extreme Energy-Density Research Institute, Nagaoka University of Technology,
Nagaoka, Niigata 940-2188

ABSTRACT

Nanosized y-alumina particles with dispersed zirconia have been synthesized by pulsed wire
discharge. An influence of the zirconia dispersion to the transition of alumina from y to o
phase was studied. It is found that the phase transition is restrained by the dispersion of
zirconia. In the X-ray diffraction data, no peak shift of alumina has been detected, which
indicates no Zr-ion dissolved in an alumina structure. It is considered that the dispersed
zirconia behaves as a barrier for the diffusion of alumina, and that it retards the transition of
alumina.

L. Introduction _

Activated alumina, 1, y and 8-Al;0Os, has been widely used in chemical industry as catalyst
and absorbent. They have the same spinel structure, which are generally called as y-Al,O;
type. It is also known that y-Al;Os irreversibly transforms to a-Al,O3 above 1,100°C. The
phase transition to a-Al,O; is accompanied by considerably coarsening and a marked decrease
in the surface area, which affects the sinterability and the catalytic activity of y-Al,0;.

The effect of additives on the phase transition temperature has been reported elsewhere'®.

L) In order to increase the

For instance, Fe and V,0s reduce the transition temperature
transition temperature, ZrO, is mostly effective among B,O;, SiO;, Li;O, LiF, V;0s,
CuO/Cuy0, TiO;+MnO/MnQ;, TiO»+CuO/Cu;O and ZnF,Y. The increase in the transition
temperature was also reported on the ZrQ, addition .

In the papers mentioned above, particles were synthesized by wet process that requires
complicated process such as washing, drying and heat treatment. In most cases, synthesized
particles are strongly agglomerated after drying.

In the present paper, we have synthesized the nanosized y-ALOj; particles by pulsed wire
discharge (PWD)"®. The advantages of PWD are simple, high energy-conversion-efficiency,
cheap cost, high production rate and so on”. The characteristics of the particles will be

mentioned in this paper.
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11. Experimental procedures

The experiment was carried out by
pulsed wire discharge. The experimental
setup is shown in Fig. 1. Stored energy in
the capacitor is discharged to thin Al wire,
resulting in the formation of aluminum
plasma. The ambient gas of oxygen cools

the plasma due to the gas molecules

interaction with plasma particles. Finally,

Electrodes

nanosize particles of y-Al,O; are formed as Snark Gap Insulators

In order to
disperse ZrO; into y-Al;O3, Zr and Al wires
(@ 025 x 20 mm) were discharged
simultaneously in an oxygen gas (400 Torr).

) HV.
a result of condensation.

I Capacitor Bank

Fig. 1 Schematic of pulsed wire discharge

The distance between wires is less than 1 mm, which were contacted at several points. The
capacitor of 10 or 20 uF was discharged by the charging voltage of 5.6 or 6 kV. The molar
ratio was adjusted by the number of wires. The composition and the number of wires are
summarized in Table I. After the discharges of 8 times, the nanosized particles were
collected by being evacuated through membrane filters.

In order to observe the behavior of the discharge of wires, a Zr and an Al wires were first
set at a distance of 20 mm. The discharge was observed by high-speed photography
(exposure time of 100 ns). The pressure of oxygen was 600 Torr at that time.

Synthesized particies were treated by heating in air between the temperature of
1,000-1,200°C. Heating rate and holding time were 20 K/min and 1 h, respectively.

Powders were characterized by X-ray diffraction (XRD) and transmission electron

microscopy {TEM) with energy dispersive X-ray spectroscopy (EDX).

Table 1 Details of Al and Zr wires and additives
Al wire Zr wire
] . Zr0O, amount
Notation | Zr: Al ratio . Diameter Number of Diameter Number of
(mol%)
{mm) wire {mm) wire
AL _ 0:100 0. 1 0
AZIll 11: 89 20 6 1
AZ20 2080 33 0.25 3 0.254 1
AZ42 42 : 58 60 1 1
ZR 100 :0 100 0 1
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II1. Results
Figure 2 shows typical waveforms of
Half cycle of the

current is 14 ps, and the peak current is 6.5
kKA.

continued for 100 ps.

current and voltage.

The oscillation of the -current
From the current
form, inductance was estimated to be 2 pH.
Figure 3 shows high speed photographs
of PWD. Explosion of Al wire occurred
prior to that of Zr wire. Initially, the shape
of the plasmas was cylindrical, and later
Even though the
boiling temperature is different, 2,486°C
and 3,578°C for Al and Zr, respectively, the
It
seems that the plasmas coexists for 60 ps.

changed to irregular.

discharge happens simultaneously.

Until 1 ms from the switching, emission
and/or radiation was observed.

Figure 4 shows a TEM photograph of
synthesized particles.  Clearly, we see
nano particles and submicron particles.
The shape of most particles was spherical.
From EDX analysis, it was found that
submicron particles were ZrO, or Al,O;
particles.

Figure 5 shows typical XRD patterns of
particles as synthesized and after being heat
treated. The

consisted of 7y-AlLO;

synthesized particles
and ZrO, with
After the heat

treatment, y-Al,O; transformed to a-Al,Os.

tetragonal structure.

tetragonal to monoclinic by heat treatment.

[a—
(=}
H

Voltage (kV)

-
e
@
&
=3 L i :
O i H H
-20 0 20 40 60 80 100
Time (ps)

Fig. 2 Typical wave forms of voltage and current.
charging voltage 6 kV, capacitance 10 pF

Electrodes
g
£
Zr wire =
Al wire
25 mm

8 us 13 us

23 us

973 us

73 us 373 us

Fig. 3 High speed photographs of Al and Zr dischages

It is found that ZrO, partially transformed from

According to the phase diagram of ZrO,,

however, it was reported that tetragonal phase is stable above 1,200°C, and monoclinic is

stable below the temperature.

Figure 6 shows XRD patterns after heat treatment at 1,150°C.

It is clear that the

dispersion of ZrQ; is effective to retard the phase transition of Al,O3 from ¥ to a.
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Fig. 4 TEM photograph of synthesized particles (AZ11), and composition by selected area analysis
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Fig. 5 XRD patterns of particles by AZ1l as Fig. 6 XRD patterns of particles after heat

synthesized and after heat treatment.

Marks @, @, treatment at 1,150°C. Marks @, O and O

O, M and [ indicate y-, 8-, a-ALO;, tetragonal refer to 8-, a-AL,O; and monoclinic ZrO,,

Z10, and monoclinic ZrO,, respectively.

respectively.
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IV. Discussions '

By the discharge of Zr and Al wires, it is possible to synthesize Al,O; with dispersed ZrO,
particles. Mixing different materials in gas phase is expected to be much better, however, it
was too difficult to observe by TEM. Most of the particles are several 10 nm in diameter,
and some are submicron in size. The dispersion of particle size is larger than that of the
particles synthesized from single wire®. This may be related to homogeneity of plasma.
Multi wire setting may lead inhomogeneity of plasma density compared with that of single
wire configuration.

Regarding the influence of ZrO; dispersion on the phase transition of ALO;, increase in
ZrQ; is effective to restrain the transformation. Proposed effects of ZrO; for the transition
may be summarized as follows.

1. Zirconia is a diffusion barrier for the alumina, which restrains the phase transition*®,

2. At low temperature, alumina dissolves in ZrO;. At high temperate, a-Al,O; particles
precipitated from ZrO; may behave as a seed for the phase transition, which promote the
phase transition®.

3. Zirconia may dissolve in y-Al;O3, which stabilizes the 'y-A1203 structure because of larger
ionic radius of Zr*" than that of AP*. As a result, the y-phase is sustained at higher
temperature than the phase transition temperature of non-doped y-Al,03”).

In this experiments, no change in the lattice constant has been observed for Al;O; and ZrO,
as observed from XRID) analysis, which indicates no solid solution in the particles synthesized
by PWD. Hence, the effect 2 and 3 above seem to be disregarded. In order to study the
effect 1, AZ11 was heat treated at 1,100°C for 10 h and XRD analysis was examined. Asa
result, clear peaks of a-Al,O; were observed. Therefore, it is believed that ZrO, behaves as

a diffusion barrier in the present experiment.

V. Concluding remarks

Pulsed wire discharge was applied to synthesize nanosized y-Al;Os with dispersed ZrO;.
It was observed from XRD measurement that synthesized particles consist of y-Al;O; and
ZrQ, with tetragonal structure. It was found from TEM photograph that nanosize particles
and submicron particles coexist. The phase transition of Al,0; from v to a was observed by
XRD after heat treatment at 1,000 - 1,200°C for 1 hin air. It was found that the increase in
Zr0, amount is effective to restrain the transition. It is believed that ZrO; behaves as a
diffusion barrier.
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