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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

l)-4). 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 6)>7X 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, (la) and (1b) show whether the wire array system is stable or unstable. p\ and pQ

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 ofn-2 and n - 10, respectively.

In the case of « = 2, the distribution of unstable regions is symmetrical about the diagonal,

since a bundle of n-\ 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. l(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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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.

III. Effeet 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

100kA
Diameter
0.05mm N

2cm — Claw section
Length : 0.2m

.1 .1

Fig. 2. Schematic of wire array

for the numerical simulation.

10100

Time [ns]

Fig. 3. Waveforms of wire array

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.

10000

2. 9900-

0.044 0.046 0.048 0.05
Diameter of claw section [mm]

(a) Current dispersal: IA

10200

- 10100'-

1 0 0 0 0 0.044 (T046 O 4 8 0l)5
Diameter of claw section [mm]

(b) Current concentration: Ig

Fig. 4. Peak values of current dispersal

and current concentration.

I total

Wire A J~ WireB

I

Fig. 5. Schematic of wire

for the numerical simulation

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
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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.
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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

- 1 9 6 -



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)1'3) has been proposed for the first time at the Nagaoka University

of Technology (NUT) as a technique for preparing thin films. After that, various kinds of

crystallized thin films have been prepared successfully.4^ Recently, IBE has been applied to

the thin-film preparation of SrA^O^Eu, B4C, amorphous Si and others.5"9) It is understood

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

II -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 lMeV proton (H+) ion ~ 10 um), the energy of the ion
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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.5-1 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)5'8) and backside deposition (BS/IBE)9"12) 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

fllms.4'13)

Flashboard

III. Experiment

HI- I . Preparation chamber

The experiment was carried out using an

intense pulsed charged-particle beam generator,

"ETIGO-II".14) 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)15) with a geometrically

focused configuration. In this experiment, the F i g ] Schematic of experimental

target that was tilted at 30° or 90° to the beam s e t u p for
axis. The vacuum chamber was evacuated to

~10~4Torr.

Substrate holder

10 cm
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Table I Technical specification of high-speed camera

Frame speed

Exposure time

Interframe

Inner delay

Photographic sensitivity

5.000—20.000.000

frames/sec

10ns~200 Us

40 Us — 200 Us

30ns—40ns

400nm —900nm

HI- II. High-speed camera

Table I shows the specification of high-speed camera (Ultra NAC FS501) 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-H"(Fig. 2).

Substrate
Holder

Chamber
High-speed Camera
(Ul t ra NAC FS501)

Elec t romagne t i c s h i e l d i n g

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

Table II Experimental conditions- Table M Physical constants of Pb, Ag and W.
Ion species

Maxmum ion energy
Pulse width (FWHM)
Ambient pressure

Target
Energy density

dTs

mostly H+ (>85%)
1 MeV
70 ns

2x10~4Torr
Pb, Ag, W, Cu, Al

50 J/cm2

180 mm

50, 90 mm

30, 90°

Target

Melting point (°C)

Boiling point (°C)

Vapor pressure (°C)

Range** (U m)

* lO^Torr

** 1 MeV proton (h

Pb

327.5

1750

559

9.02

O

Ag

961.9

2184

824

6.83

W

3387

5927

2756

5.3
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El-IE. Target

Table II 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. Tablelfl). 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°.

I.IH
LIB

Mask90/ Target

(a) (b)

Fig. 3 Copper mask (50 X 50 X 1 mm1, 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 jis, which was followed by four lines of due to light

emission for 18~42 p.s. 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 -II . 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.

Substiate

Ion beam

Pb
Cu

t = 0

t = 6 us t = 9

t = 15 (as us

t = 3 us

t = 12 JJ-S

t = 21 LiS

Substratq

Ion beam

t = 0 t = 6 us

i _ i i.' n

t = 36 us t = 42 |is

Fig. 5 High-speed photographs for a hybrid

target of Pb and Cu. dTS = 90 mm

Fig. 6 High-speed photographs for a hybrid

target of Al and Cu arranged 5 mm intervals

alternatively. d i s = 90 mm
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Substrate

lor . 1

t = 12 JiS t = 18 t = : JiS

t = 30 us t = 36 |is t = 42 ja

Fig. 7 High-speed photographs for Pb target.

dTs = 50 mm

t = 12 ja,s t = 18 |j.s t = 24 (j.s

t = 30 (as t = 36 us t = 42 ^s

Fig. 8 High-speed photographs for Ag target.

dTS = 50 mm

t= 12(is t = 18 p.s t = 24 (is

t = 30 ^s t = 36 JUS t = 42 [is

Fig. 9 High-speed photographs for W target.

dTS = 50 mm

Table IV Target mass loss per one shot.

So

s

<

Target
m

Ag

Pb

50

40

30

20

10

0

\
Melting poinl

i j

s

J L

=30° e
g/shot m

3

6

37

• 9 =90°
S 9 =30°

\ Boiling point

= 90°
g/shot

6.8

14

45

Ratio

0.44

0.43

0.82

6000

4000

2000

0

f
3

er
at

n,
E

w Ag Pb

Fig. 10 Ablated mass, melting and boiling

temperatures for different kinds of targets.
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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 lcm. 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/cm2) with duration of 400ns and 30ns rise time. The beam
emittance was about O.871 mm»mrad.

I. 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.1) 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
source2) 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 expansion 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 lOOeV.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.Experimental 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 50kV
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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

J^Nd:YAG Laser
i^j A = 532nm

Matching Load
rAnodeRod

r \
Pulse Line Transformer P r imary Sourcl

Fig. 1 A schematic view of experimental apparatus

Anode
.Laser
Cathode

10 20
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 lcm 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.4) The beam
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images were amplified by a MCP gated with a 300ns cable pulsar. A tantalum pepper-pot
plate with 50 urn 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"5 torr.

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.

SlYK'l

Voltage-^,
[80kV/div] ^

Plasma fluxY \

J200mA/div]iJj

JBeam Current

Time[200ns/div]

0 !• 4
ft if fi

a s % •

a g

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.
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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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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/cm2) with flat-top wave form
duration of 400ns and 30ns rise time. At this operating condition, the beam emittance was
about O.871 mm»mrad.
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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.

I. 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.1'2' 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.3'

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 results4' 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.4' 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 plasma 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.5'

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 6'7' 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,

is 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 OeV, and the electron has Maxwell distribution of lOeV.
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Figure 1: One-dimensional calculation model for Laser ablation plasma.
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For the above plasma simulation, we use one-dimensional electrostatic PIC code 6'7) in this

section. Our PIC code uses forth-order Runge-Kutta method 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.8)

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 OeV. 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

Distance [mm]
1

Distance [mm]

10000 10000r

(A

-10000
u

Distance [mm] Distance [mm]

Figure 2: Cu+ and electron particle maps on phase space, (a) Cu+ ions at initial state, (b) Cuf ions at 100ns, (c) 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

5nsec and at lOOnsec, 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.

\drift=1eV

50ns

0 1
Distance [mm]

Figure 4: Comparison of created potential between case of ion drift=0eV and drift=leV 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 leV 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.

III. Anisotropic Ion Acceleration in Laser Ablation Plasma

In this section, we discuss the anisotropic ion acceleration mechanism. From the

experimental results4', 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

r=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 component (Er, Ez), and the particle position and velocity (r, z, vr,

vz) are solved using the Maxwell equations and the relativistic equation of motion.6'7* The

calculation area is 0 ^ r ^ lcm 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

« - 1

(a)

1 1
z [mm] z [mm]

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

Potential [V]
60 r

0
1

z [mm] 2

Figure 8: 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 ion acceleration in low fluence laser ablation plasma. Although the

phenomena treated in 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 computation 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 coefficients of the cubic-polynomial are analytically determined from the

physical values and these first derivatives on the neighboring two grid points 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

scheme 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 ClP-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:

df/dt + vdf/dx = 0. (1)
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If the velocity v is constant, the theoretical solution of Eq.(l) is obtained by shifting a
profile like f(x,t + At) = f(x — vAt, t). Similarly even if the velocity is not constant, an
approximate solution can be given by

f{xut + At)^f(xi-vAt,t\ • (2)

where x\ 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
x. In this case, the advection equation (1) is rewritten into a conservative equation,

ot

The CIP-CSL scheme require an additional constraint of the value integrated within
neighboring two grid points

Pi = I f(x)dx. (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:

= p? + A p m - APi (5)

where the superscript "n" indicates the time, and Ap, represents the mass flux passing
through Xi during [t, t + At];

APl = I f(x)dx (6)

where £ = — UiAt. Since Eq.(5) is written as the difference of Api 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
Y^ Pi defined by Eq.(4) instead of a sum over values at grid points Yl /«•
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By the analogy of the CIP scheme, we shall introduce a function:

X

Dt(x) = Jf(x')dx'. (7)

In view of Eq.(6), Di(x) is merely Ap™ if x is set to Xj + £ — xt - v?At, therefore Di(x)

represents the accumulated mass from Xi to the upstream point. We shall use a cubic

polynomial to approximate this profile:

where X = x — Xj. The role of spatial gradient in the CIP method is now played by /

which is the spatial gradient of D(x) in the present scheme. By using the above relation,

a profile of f(x) between X{ and xiup is then obtained by taking the derivative of Eq.(8):

f(x) = ^ ^ = 3faX2 + 2VlX + /? (9)

From the definition of D in Eq.(7), it is clear that

(10)

where p™cell is the total mass of upwind cell defined at the cell center i ± 1/2 and icell =

i + sgn(£)/2. Since dD/dx gives a functional value / , it is also clear that

hup l 'dx h ' dx

Therefore, the coefficients fa and ^ 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,

f?
Axf

(12)

711 ~ A^T~ A^ l }

where Ax, = xiup — x^ Then, Apl is calculated as,

f(x)dx = Di(Xi + 0 = UZ + r)te + / r e (14)
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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 / . We calculate the value / in the

same way as the original CIP scheme. The conservation equation (3) is rewritten as

For the solution of / , 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:

fi = QX
 s ' = ZAlte + 2AU + ft (16)

2.2 Application to Vlasov-Poisson Equation

In order to show the numerical features, we shall treat the simplest case in two-dimensional

phase space composed of space x and velocity vx [12]. The Vlasov-Poisson equation is

rewritten as

df(x, vx, t)/dt + vxdf(x, vx, t)/dx - Ex(x, t)df(x, vx, t)/dvx = 0, (17)

and

dEx/dx = 1-1 fix, vx, t)dvx. (18)

We use the Cartesian mesh to represent the x-vx phase space with the computational

domain R = {(x,vx)\0 < x < L,\vx\ < vofj}, where L is the spatial periodic length

and voff is the cutoff velocity. The number of mesh points used in x- and vx- directions

is designated by N and 2M respectively. After the calculating of the advection in the

^-direction, the scalar potential of the electrical field (f> is introduced and the following

discrete Poisson equation is solved with results of the advection in x-direction.

0 ^ E f f * 1 . (19)
A

Then, the electrical field £'"+1//2 is given by taking derivative of (f).
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As an example, we show a numerical result of the symmetric two-stream instability. Initial

condition is

f(x,vx,0) = l/V2^vlexp{-vl/2)(l-Acoskx) (20)

where A = 0.05, kx = 0.5, L = 4?r and voff = 5.0. we used N = 32, M = 24 and At = 1/8.

The results are shown in Figs.l, 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 t = 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 Wei = 1/2 J^i \Ex(xi,t)\2Ax 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"4 due to the escape of the particle from the computational domain

in vx - direction. In order to verify this fact, we change a cutoff velocity and mesh condition

into vojf = 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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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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NANOSIZED Y - A L U M I N A 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 a

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.

I. Introduction

Activated alumina, r\, y and 8-AI2O3, has been widely used in chemical industry as catalyst

and absorbent. They have the same spinel structure, which are generally called as Y-AI2O3

type. It is also known that Y-AI2O3 irreversibly transforms to (X-AI2O3 above l,100°C. The

phase transition to (X-AI2O3 is accompanied by considerably coarsening and a marked decrease

in the surface area, which affects the sinterability and the catalytic activity of Y-AI2O3.

The effect of additives on the phase transition temperature has been reported elsewhere ~6\

For instance, Fe and V2O5 reduce the transition temperature1>2). In order to increase the

transition temperature, ZrC>2 is mostly effective among B2O3, SiC>2, Li2O, LiF, V2O5,

CuO/Cu2O, TiO2+MnO/MnO3, TiO2+CuO/Cu2O and ZnF2
4). The increase in the transition

temperature was also reported on the ZrC>2 addition 5'6).

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-AI2O3 particles by pulsed wire

discharge (PWD)79). The advantages of PWD are simple, high energy-conversion-efficiency,

cheap cost, high production rate and so on7). The characteristics of the particles will be

mentioned in this paper.
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II. 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,

nanosize particles of Y-AI2O3 are formed as

a result of condensation. In order to

disperse Z1O2 into Y-AI2O3, Zr and Al wires

( 4> 0.25 x 20 mm) were discharged

simultaneously in an oxygen gas (400 Torr).

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 particles were treated by heating in air between the temperature of

l,000-l,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).

Fig. 1 Schematic of pulsed wire discharge

Notation

AL

AZ11

AZ20

AZ42

ZR

Zr: Al ratio

0 : 100

11 :89

20:80

42:58

100:0

Table I Details

Z1O2 amount

(mol%)

0

20

33

60

100

ofAl and

Diameter

(mm)

0.25

Zr wires and additives

Al wire

Number of

wire

1

6

3

1

0

Diameter

(mm)

0.254

Zr wire

Number of

wire

0

1

1

1

1
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Fig. 2 Typical wave forms of voltage and current,
charging voltage 6 kV, capacitance 10 uF
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III. Results

Figure 2 shows typical waveforms of

current and voltage. Half cycle of the

current is 14 us, and the peak current is 6.5

kA. The oscillation of the current

continued for 100 ixs. From the current

form, inductance was estimated to be 2 LIH.

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

changed to irregular. Even though the

boiling temperature is different, 2,486°C

and 3,578°C for Al and Zr, respectively, the

discharge happens simultaneously. It

seems that the plasmas coexists for 60 (is.

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 ZrO2 or AI2O3

particles.

Figure 5 shows typical XRD patterns of

particles as synthesized and after being heat

treated. The synthesized particles

consisted of Y-AI2O3 and ZrO2 with

tetragonal structure. After the heat

treatment, 7-AI2O3 transformed to 01-AI2O3. It is found that Z1O2 partially transformed from

tetragonal to monoclinic by heat treatment. According to the phase diagram of ZrO2,

however, it was reported that tetragonal phase is stable above l,200°C, and monoclinic is

stable below the temperature.

Figure 6 shows XRD patterns after heat treatment at l,150°C. It is clear that the

dispersion of ZrO2 is effective to retard the phase transition of AI2O3 from 7 to a.

25 mm

73 us 373 jis 9 7 3 ^

Fig. 3 High speed photographs of Al and Zr dischages
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Fig. 4 TEM photograph of synthesized particles (AZl 1), and composition by selected area analysis
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Fig. 5 XRD patterns of particles by AZ11 as Fig. 6 XRD patterns of particles after heat
synthesized and after heat treatment. Marks ©, ©, treatment at l,150°C. Marks © , O and •
O, • and D indicate y-, §-, a-Al2O3, tetragonal refer to 8-, a-Al2O3 and monoclinic ZrO2,
ZrO2 and monoclinic ZrO2, respectively. respectively.
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IV. Discussions

By the discharge of Zr and Al wires, it is possible to synthesize AI2O3 with dispersed Z1O2

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 wire8). 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 ZrC>2 dispersion on the phase transition of AI2O3, increase in

ZrC>2 is effective to restrain the transformation. Proposed effects of ZrO2 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 ZrO2- At high temperate, a-A^C^ particles

precipitated from ZrC>2 may behave as a seed for the phase transition, which promote the

phase transition6^.

3. Zirconia may dissolve in Y-AI2O3, which stabilizes the Y-AI2O3 structure because of larger

ionic radius of Zr4+ than that of Al3+. As a result, the y-phase is sustained at higher

temperature than the phase transition temperature of non-doped y-Al2O35).

In this experiments, no change in the lattice constant has been observed for AI2O3 and ZrC>2

as observed from XRD 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 l,100°C for 10 h and XRD analysis was examined. As a

result, clear peaks of (X-AI2O3 were observed. Therefore, it is believed that Z1O2 behaves as

a diffusion barrier in the present experiment.

V. Concluding remarks

Pulsed wire discharge was applied to synthesize nanosized Y-AI2O3 with dispersed ZrC>2.

It was observed from XRD measurement that synthesized particles consist of Y-AI2O3 and

ZrC>2 with tetragonal structure. It was found from TEM photograph that nanosize particles

and submicron particles coexist. The phase transition of AI2O3 from y to a was observed by

XRD after heat treatment at 1,000 - l,200°C for 1 h in air. It was found that the increase in

ZrC>2 amount is effective to restrain the transition. It is believed that ZrC>2 behaves as a

diffusion barrier.
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