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Spatiotemporal evolution of plasma flares in a vacuum breakdown process was characterized by
various optical techniques including Shack-Hartmann type laser wavefront sensors for two-
dimensional electron density imaging, high-speed framing photography for speed determination of
flare expansion, and optical emission spectroscopy for plasma composition assessment. The experi-
mental results showed that the plasma flares with high electron densities of 10 m™ and gas tem-
perature of 2eV were initiated on the copper anode and expanded to the vacuum gap with a
propagation speed of 6 x 10° m/s. Subsequently, the electron densities in the anode flare tips dem-
onstrated a drastic decrease in a short time scale of 50 ns due to a three-body recombination reac-
tion. The anode flare tips combined with the cathode plasma flares initiated on the copper cathode,
and the conductive plasma channels containing flare-induced copper vapor were established in the
interelectrode gap. In the final stage of the vacuum breakdown, the copper-vapor-contaminating
plasmas were deconstructed and they transformed into the vacuum arc discharges. Published by

AIP Publishing. https://doi.org/10.1063/1.5035100

I. INTRODUCTION

Spark conditioning is widely used for the improvement
of dielectric strength of vacuum circuit breakers.' The opti-
mization of the spark conditioning requires a fundamental
knowledge on the physical mechanism of vacuum break-
down phenomena,** which are initiated by plasma flares. In
addition to the spark conditioning, there has been an increas-
ing interest in actively utilizing the plasma flares as a source
of the high-intensity extreme ultraviolet radiation source for
further development and optimization of semiconductor lith-
ographic technology.’™ In order to realize the remarkable
advances in the modern industry by using the plasma-flare-
related technology, the complete modeling and precise con-
trolling of plasma flares are crucially important, which are
achieved by the detailed observation of the spatiotemporal
evolution of the plasma flares.

Historically, the experimental observation of the plasma
flare behavior has been an extremely active area of research
with an early report on photography using a high speed rotat-
ing mirror described by Chiles in 1937.' A large number of
researchers have been studying the expansion speed of the
plasma flares for elucidating switching mechanisms in vac-
uum tubes.'' ™ Qualitative composition of plasma flares was
studied by using the spectroscopic method.'* Differential dye
laser absorption photography was conducted for the visualiza-
tion of the plasma flares with a high spatiotemporal resolution
of a micrometer-nanosecond scale.'” Here, one of the impor-
tant fundamental physical quantities for understanding the
plasma flare behavior is electron density. Although a few elec-
tron density measurements have been conducted by the inter-
ferometric method,16 Stark broadeni11g,5’6’9 and Thomson
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scattering,”® the visualization of the spatiotemporal electron

density evolution over every stage ranging from the plasma
flare generation to the extinction has never been achieved.
Furthermore, the physical mechanism of the spatiotemporal
electron density evolution has never been understood for the
plasma flares.

Recently, Shack-Hartmann type laser wavefront sensors
have been developed as novel means of single-shot visuali-
zation of two-dimensional electron density distributions over
discharge plasmas.'” In spite of the recent advances of
this technique, the Shack-Hartmann sensors have never been
applied to the breakdown processes in vacuum. In this paper,
we describe the systematic characterization of the plasma
flares generated between copper electrodes. Such compre-
hensive characterization was achieved by using various opti-
cal techniques including 50-ns time-resolved Shack-
Hartmann sensors for two-dimensional electron density
imaging, high-speed framing photography for propagating
speed determination, and optical emission spectroscopy for
plasma composition assessment. A combination of these
experimental data is used for the discussion on an electron
consumption mechanism and estimation of the gas tempera-
ture and pressure in the plasma flares.

Il. EXPERIMENT
A. Electrical circuit

The electrical circuit for generating plasma flares is
illustrated in Fig. 1. A 0.6-uF capacitor was charged up to
32kV through a 100-kQ resistor. The 32 kV was higher than
the charging voltage causing the vacuum breakdown in the
present setup by 2kV. After the capacitor charging was com-
pleted, by turning the mechanical switch on, the plasma
flares were generated in a 3-mm vacuum gap. The vacuum
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3-mm Vacuum Gap FIG. 1. Electrical circuit for generating
4 plasma flare.

Current Transformer

083301-2 Inada et al.
32kV
—_—
| | High Voltage Probe
| |  +—5
0.6uF 40Q
Ly O
@ \? 100kQ
ACI100V Mechpnical
Switch

gap was composed of rod-to-rod copper electrodes of 1 mm
in diameter, as shown in Fig. 2. The rod electrodes were cut
out of a copper plate by a copper-wire cutter, polished by
paper and finished by ultrasonic water cleaning. The vacuum
gap was installed in a 0.2-m-diameter stainless-steel vacuum
vessel evacuated to an ambient pressure of 10~ *Pa. Figure
3(a) shows the typical voltage and current waveforms for the
vacuum breakdown. The accompanying error ranges demon-
strates the shot-to-shot variations of the voltage and current
waveforms, which were £3kV and *15A, respectively.
The applied voltage on the anode V (V) was measured by a
high voltage probe connected to the center conductor of the
insulation cylinder on the top of vacuum vessel. The probe
connection point was located at the outside of the insulation
cylinder. The voltage waveform was not corrected for induc-
tive voltage drop over the center conductor of the insulation
cylinder. The second maximum in the voltage waveform was
mainly caused by the resonance oscillation due to the resid-
ual inductance and parasitic capacitance of the high voltage
cable. The measurement of the electrical current / (A) was
conducted by using a current transformer. Figure 3(b) shows
the case where the displacement current was eliminated from
the electrical current depicted in Fig. 3(a). As described later,
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FIG. 2. 3-mm vacuum gap composed of rod-to-rod copper electrode of
I mm in diameter.
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framing photography demonstrated protrusion explosion on
the cathode prior to the generation of the plasma flares. The
time of the explosion occurrence was defined as t=0ns in
this study. After the plasma flare extinction, sustained vac-
uum arcs were established and the arc current flowed through
a current limiting resistance of 40 Q. The peak value and
damping time constant of the arc current were 710 A and 24
us, respectively. The peak current density was ~500 A/mm?,
which caused the intense-mode vacuum arcs'® usually
observed in the high current interruption.

B. Shack-Hartmann type laser wavefront sensor

A detailed description of an electron density measure-
ment using Shack-Hartmann type laser wavefront sensors
was previously reported.20 Our electron density measuring
sensors visualize two-dimensional wavefront gradient pro-
files over the cross-sectional areas of expanded laser beams
transmitted through discharge plasmas. Since the wavefront
gradients of the laser light are expressed as a function of
electron densities in discharge plasma, a two-dimensional
electron density image is obtained from only a single record-
ing. Figure 4 shows the basic concept of a Shack-Hartmann
sensor for measuring electron density distribution in dis-
charge plasma. A Shack-Harmann sensor is composed of an
image camera and microlens arrays. The localized wavefront
gradients of a laser beam are converted into shifts of the
focal spot positions.?'** These spot shifts are observed using
the image camera at any given time after plasma generation.
The moving distances of the focal spots T(4) (m) for laser
wavelength A (m) are determined by the number densities of
neutral particles, positive ions, and electrons in the plasma.
In particular, only the contribution from electrons to T(/1)
depends on 4, whereas the contribution from neutral particles
and positive ions is independent of 1. Therefore, our electron
density sensing system requires a simultaneous measurement
of T(Zy) and T(A,) using two lasers with different wave-
lengths A; and Z,. The electron density is obtained from the
value of T(4,)-T(A,) with the elimination of the influence of
other particle densities. The experimental and analytical pro-
cedures involve: (i) simultaneous spot shift measurements
using two lasers with different wavelengths; (ii) calculation
of line-integrated electron density profiles using the radial
components of the spot shifts; (iii) approximation of the pro-
files by Gaussian functions; and (iv) inverse Abel transfor-
mation to the Gaussian functions for obtaining the electron
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FIG. 3. Voltage and current waveform.

density profiles under the assumption of axial symmetry of
the discharge plasma.

The aforementioned simultaneous two-wavelength mea-
surement is required for the electron density imaging over
weakly ionized plasmas including neutral particles. On the
other hand, electron density visualization of fully ionized
plasmas is achieved by using single-wavelength method
because the ion contribution to T(A) is still smaller than that
of electrons at the wavelengths used in this study®® and as
a result of this, the T(1) is mainly determined by only the
electron densities. As discussed later in Subsection III B, the
plasma flares were almost fully ionized in the time range of
100 <t <250ns. Therefore, the single-wavelength method
was applied to the electron density imaging over the almost
fully ionized plasma flares in 100 <7<250ns. The laser

wavelength for the single-wavelength method was 784 nm.
Electron density measurements were conducted at 7= 100,
150, 200, 250, 300, 350, 400, and 550 ns.

The electron density sensing system used in this study
employed two continuous-wave diode lasers (TOPTICA
PHOTONICS Inc. iBEAM-SMART-785-S; 4; =784 nm,
TOPTICA PHOTONICS Inc. iBEAM-SMART-405-S;
A>=408nm) capable of constantly producing relatively
flat wavefronts, a sheet of microlens arrays (Nikon
Corporation; pitch P =250 um; focal length f=1mm; array
number =50 x 50; =100, 150, 200, and 250ns, Nikon
Corporation; P =250 um; f= 20 mm; array number = 50 x 50;
t=300 and 350ns, advanced microoptic systems gmbh;
P =300 um; f=467 mm; array number =40 x 40; =400 and
550ns), and an ICCD (intensified charge-coupled device)
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camera (Andor Co., Ltd DH734-18F-73; minimum shutter
speed=5ns; pixel size=13 um x 13 um; pixel number
=1024 x 1024). The minimum detectable limit of electron
densities was ~10% m ™~ for the microlens arrays with the focal
length of 1 mm, ~10% m~3 for 20 mm, and ~10%° m~3 for
467 mm.

The spatial resolution of the sensor is equal to the pitch
among microlens P. On the other hand, a temporal resolution
of the sensing system is determined by the shutter speed of
the ICCD camera. Unless stated otherwise, the shutter speed
of the ICCD camera was set to 50 ns in the electron density
measurements. The repetitive gating operation of the ICCD
camera requires a time interval of more than 2 s; thus, elec-
tron density measurements were carried out on a shot-to-shot
basis changing the time delay of the ICCD trigger signal for
each recording.

C. Fast framing video camera

The flare behavior was observed by using a fast fram-
ing video camera (Specialised Imaging Ltd. SIM; pixel
size =6.45 um x 6.45 um; pixel number= 1360 x 1024;
minimum exposure time =5 ns; detectable wavelength ran-
ge =358-890 nm) incorporating four ICCD cameras, whose
operation timings can be determined separately. The shutter
speed of each ICCD camera was set to Sns in 0 <7 <250,
and 20ns in 300 <7<550ns. In the preliminary experi-
ment, we simultaneously recorded the voltage waveforms
and the monitor out signals of the framing camera so many
times, and identified the explosion timing on the voltage
waveforms within the accuracy of *=10ns. The accuracy of
*10ns could not have a large influence on the temporal
flare behavior evolving in the time scale of ~100 ns.

D. Spectrometer

Optical emission spectroscopy was conducted by using
a combination of the ICCD camera (Andor Co., Ltd
DH734-18F-73; minimum shutter speed =35ns; pixel
size =13 ym x 13 um; pixel number =1024 x 1024) and a
motorized Czerny-Turner spectrograph (Andor Co., Ltd
Shamrock 303i; focal length =303 mm; inverse line disper-
sion=9.64nm/mm for 300 G/mm; wavelength resolu-
tion = 0.43 nm; simultaneously  recorded spectrum
range = 9.64 nm/mm X 13 um x 1024 pixel = 128 nm for 300
G/mm). The input slit axis of the spectrometer was adjusted
onto the center line along the axial direction of the electro-
des, which is indicated in Fig. 2. The optical emission spec-
troscopy was carried out under exposure time of 50ns and a
single-shot scanning range of 430-570 nm.

lll. RESULTS AND DISCUSSION
A. High speed photography

Figures 5(a)-5(1) show a typical spatiotemporal evolution
of the plasma flares observed by using the fast framing video
camera. The spatial reproducibility of the flare propagation
lengths is represented in Figs. 5(c)-5(h) by the error ranges of
*150 um. The light intensity increases from blue to red
regions. The pseudocolor scales of each recording timing were
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corrected based on the camera sensitivity and shutter speed.
Therefore, it is allowed to compare the emitted light intensity
among the different-timing shots. Prior to the appearance of
the plasma flares, an electrical current starts to flow in 7 < Ons
due to electric field emission from cathode protrusions.”
When the current density exceeds a critical value, the explosive
rupture of the cathode protrusions occurs, as observed at
t=0ns in Fig. 5.

Figure 5(b) shows that the plasma flare was initiated on
the anode at r=50ns. The anode flare is caused by the
excessive anode heating due to the impact of high energy
electrons emitted from a cathode surface and accelerated by
a strong electric field in the vacuum gap.?* The intense anode
heating causes an explosive ejection of metallic anode vapor
with a temperature of ~1eV.*> Subsequently, a fraction of
the evaporated anode metal condensates into metallic solid,
and the condensation energy is released to the remaining
metallic anode vapor. The release of the condensation energy
raises the temperature of the remaining metallic anode vapor
to ~3eV.?° The metallic anode vapor is ionized by the colli-
sion with the high energy electrons emitted from the cathode,
and as a consequence, a plasma flare is established on the
anode.

Figures 5(c)-5(f) show that the plasma flare propagated
from the anode to the gap center with a constant expanding
speed of 6 x 10* m/s, which agreed well with other experi-
mental results for copper anodes.'*'? Here, we estimate the
gas temperature of the anode flare T, (eV) from its expand-
ing speed. As a first-order approximation, it is supposed that
the anode flare in 100 <t <250ns was fully-ionized single
fluid and propagated adiabatically into vacuum following the
gaseous sphere expansion. The expansion speed of the anode
flare var (m/s) can be given by?®

oar = |2, M)
y—1

where o (J/kg) is the internal energy of anode flare and v is
an adiabatic exponent. Since the copper ions are heavier than
electrons by five orders of magnitude, the expansion speed is
predominated by copper ion behavior. Therefore, the kinetic
energy of the copper ions were considered for w. The inter-
nal energy of the anode flare is described by

o (J/kg) = 11600 (K/eV)
3 Na (1/mol)

EMCU (kg/mol) ks (J/K)Tg (eV), 2)

where 11600 (K/eV) is a conversion factor between energy
and temperature, N5 (1/mol) is Avogadro’s constant, Mc,
(kg/mol) is the atomic weight of copper ions, and kg (J/K) is
Boltzmann’s constant. The use of Egs. (1) and (2) provides
the gas temperature of the anode flare T, as follows:

_ U?\FMCU(V —1)

- . 3
£ 11600 x 6N ykg ®)

Substituting the experimental result of var=6 x 10° m/s and
the monatomic gas exponent of y :% into Eq. (3), the gas
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FIG. 5. Spatiotemporal evolution of plasma flare at 7= (a) 0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 250, (g) 300, (h) 350, (i) 400, (j) 450, (k) 500, and (1) 550 ns,
observed by using fast framing video camera. Error range of * 150 um represented in (c)—(h) shows spatial reproducibility of flare propagation length.

temperature of the anode flare is determined as 7, ~ 2¢eV in
100 < ¢ <250ns.

At t=300ns, a plasma flare was also initiated on the cath-
ode surface, as shown in Fig. 5(g). Figure 5(h) shows that the
anode flare encountered the cathode flare above the cathode
surface at r=350ns, and a plasma channel was established
over the interelectrode gap. After =300 ns, the anode flare no
longer demonstrated the sphere expansion observed before
t=250ns. The anode flare after t=300ns was seen to propa-
gate in the y-axis preferably. Such unidirectional anode flare
expansion along the y-axis suggests that the flare propagation
was driven in the direction of the electric field over the inter-
electrode gap. After the establishment of the plasma channel,
the plasma flares collapsed from =400 to 550 ns.

B. Optical emission spectroscopy

The optical emission spectroscopy was carried out by
using the spectrometer for plasma composition analysis.

Figures 6(a)-6(d) show representative light emission spectra
at +=200, 300, 400, and 550ns, respectively. The camera
sensitivity and pseudocolor scales of each recording timing
were all common, so that the emission intensity can be com-
pared among the different-timing shots. At #=200ns, con-
tinuum radiation was predominant. Continuum radiation
generally originates from four mechanisms: recombination,
bremsstrahlung, electron attachment, and electron-neutral
collisions. The recombination and bremsstrahlung are caused
by the interactions between electrons and ions, while the
other two processes arise from those between electrons and
neutrals. In this study, the recombination and bremsstrahlung
could be the cause of the continuum radiation because the
neutral copper atom density was smaller than the ion density
by 3 orders, as mentioned later. On the other hand, strong
local peaks were not observed at 510.55, 515.32, and
521.82nm, which are major line spectra of neutral copper
atom Cu(I).?” Therefore, little neutral copper atoms were
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FIG. 6. Optical emission spectroscopy at ¢ = (a) 200, (b) 300, (c) 400, and (d) 550 ns conducted under temporal resolution of 50 ns.

included in the plasma flares at +=200ns. The plasma
flares were almost fully ionized in the time range of
100 <¢#<250ns. Such a small amount of neutral copper
atoms in 100 <7< 250ns could be consistent with T, ~ 2eV
discussed in Subsection III A, because the composition of a
copper vapor plasma under local thermodynamic equilibrium
(LTE) demonstrates that the number density of neutral cop-
per atoms is smaller than that of copper ions by a magnitude
of 3 orders at T,y ~ 2¢eV.?® Under the LTE condition, domi-
nant copper ions at T, ~ 2eV are Cu(III).® Since the transla-
tional temperature of Cu(Ill) reaches that of electrons within
~1ns* and the energy relaxation time of ~1 ns was compa-
rable to the propagation timescale of the anode flares, LTE
could not be fully satisfied. The description on LTE in this
paper is only for qualitative discussion.

The line spectra of neutral copper atoms Cu(l) were
observed at t=300ns, as shown in Fig. 6(b). It should be
noted that the Cu(I) line spectra were dominant only around
the tip of the anode flare. On the other hand, in the region indi-
cated by “A,” the predominant radiation component was still
continuum as shown in the accompanying spectrum of Fig.
6(b). According to the composition of a copper vapor plasma
in LTE,” such stronger Cu(I) line spectra around the tip of
the anode flare suggested a smaller ionization degree, result-
ing in lower T, compared with region A. A possible mecha-
nism of the spectral transition from the continuum to Cu(I)
line components at the anode flare tips will be discussed in

Subsection III C. One more thing to note is that in the vicinity
of the anode surface, there existed a spectral intensity dip at
521.82nm. Such a spectral dip at the major Cu(I) line means
radiation trap caused by the existence of neutral copper atoms.
Therefore, it is suggested that the ionization degree and T, in
the vicinity of the anode surface were also lower than those in
region A.

As mentioned in Subsection III A, the plasma channels
were established at # =350 ns. After the establishment of the
plasma channels, the plasma flares were decomposed from
t =400 to 550 ns. At t =400 and 550 ns, continuum radiation
components disappeared and the Cu(I) line spectra were pre-
dominant over the interelectrode gap, as shown in Figs. 6(c)
and 6(d). In the process of the flare decomposition, the radia-
tion intensity at 510.55, 515.32, and 521.82nm decreased
with increasing time ¢. Such a decrease in the line spectral
intensity corresponded to the decrease in the number density
of neutral copper atoms.

C. Electron density imaging

Figures 7(a)-7(h) show a typical spatiotemporal evolution
of two-dimensional electron density images of the plasma flares
observed using the Shack-Hartmann sensor(s). The shot-to-shot
variation of the absolute values of the electron densities was
within =30%. Figures 7(a)-7(d) show that the plasma flares
with high electron densities of 10°*> m™ propagated from
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the anode to the gap center with the expanding speed of
5-10 x 10° m/s. The flare propagation speed was in excellent
agreement with 6 x 10°m/s, which was observed by the
high-speed framing photography in 100 <7<250ns. Since
dominant valence number of ions was 2 in 100 <z <250ns
under the LTE condition, the pressure of the anode flares
P, (Pa) was 4-40 x 10° Pa, which was calculated by using
Px = 11600(N. + N;)kpT, = 11 600(N, + %)kpT,, where N;
(m ) is the ion density. In that time range, the copper atom
density was expected to be 10°"** m™> from the LTE
composition.*®

According to the spectroscopic measurement at =200
and 300ns, the Cu(l) line intensity at the anode flare tips
increased with increasing time. This suggested that the ioni-
zation degree and T, at the anode flare tips decreased with
increasing time. Since T, in 100 <7<250ns was almost
2¢eV, that in 250 < ¢ <300ns could be below 2eV. Here, the
LTE condition is assumed in 250 <7<300ns. Under LTE,
electron temperature T (eV) is almost equal to T, and it
could be also lower than 2eV in 250 <t <300ns. In the tem-
perate range of T, ~ T, < 2eV, the majority of ionic
valence number Z is 1.2

Figure 8 shows the temporal evolution of the electron den-
sities at the anode flare tips. Some examples of the anode flare
tips are indicated in Figs. 7(a)-7(e). The error ranges in Fig.
8 represent the shot-to-shot variation in the electron densities at
the anode flare tips. The data plots in Fig. 8 show the electron
densities averaged over the several shots. From =250 to
300ns, the electron densities at the anode flare tips showed a
drastic decrease from 2.0 x 10** to 2.8 x 102 m. Such an
electron density reduction in the short time range of 50ns is
considered to be caused by a rapid electron consumption in
the three-body recombination reaction:’* e+ e+ Cu(ll) — e
+ Cu(l). In the following, it is examined whether the rapid elec-
tron consumption was caused by the three-body recombination.

In the process of the electron density reduction, the reac-
tions listed in Table I were taken into account. Considering
Z~1 in 250<¢<300ns, the three-body recombination
caused by multivalent ions could not occur predominantly.
In addition to the three-body recombination, electron
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FIG. 8. Temporal evolution of electron density at anode flare tip. Data plot
shows electron density averaged over several shot and error range represents
shot-to-shot variation.
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TABLE I. Reaction and rate coefficient.

Reaction Rate coefficient

Electron ionization ka=1x10"" m%/s (Ref. 31)
e + Cu(l) — e + e + Cu(ll)
Three-body recombination

ks = S13%10-" m6 /5 (Ref. 30)
e+ e+ Cu(ll) — e + Cu(D) o

impact ionization occurred simultaneously: e+ Cu(l) —e
+ e + Cu(Il).

The values of rate coefficients and related references are
also indicated in Table I. The rate coefficient of the electron
impact ionization kg (m%/s) is reported to be 1 x 107 m¥/
s2! The three-body recombination rate ks (m%s) is
described by k3, = (8.75 x 107%) x TZTZ.*%O In the parametric
assessment above, T¢ (~T,) was treated as an adjustable
parameter and it was varied between, e.g., 1 <T, < 1.5eV.
The radiative recombination was not taken into account in
the present analysis because its contribution®? was negligibly
small compared with the three-body recombination under an
electron density of N, ~ 10** m~> and T ~ 1eV, which
were typical values for the anode flares in 250 < ¢ <300ns.

By using the parameters mentioned above, the following
rate equations were solved simultaneously:

Ne = New, “)
dN,
c(i:tu 2= —keiNeNcy(ry + k3uNZNewq), )
dN,
% = keiNeNeury — kspN*Newq)- ©)

Here, Ncyay and Neyarn (m~?) are number densities of Cu(l)
and Cu(ID), respectively.

Figure 9 shows the simulated temporal evolution of the
electron and copper vapor densities at the anode flare tips.
The solid curves show the simulated results for 7, =1.25eV.
The error bars accompanying the solid curves indicate the

25 T T T T T T T

24.5
— - T I
WEE - o=
= 24
4
[=11]
)
£ 235 T T _
%
=
j53
& - L
5 4 4
s 23 ]
5
Ay
22,50 ‘ N H
€
—N
n
Il 1 1 i

22
250 255 260 265 270 275 280 285 290 295 300
Time ¢ [ns]

FIG. 9. Simulated temporal evolution of electron and copper vapor density at
anode flare tip. Solid curve shows simulated result for 7, = 1.25eV. Error bar
indicates variation range of simulation result for 1 <7, < 1.5eV. At t=250ns,
the N, was initialized at 2.0 x 10** m~* from present electron density measure-
ment. The Neyq, Was initialized at 1.0 x 10* m™>, which was determined by
LTE composition of Cu vapor plasma in temperature of 1-1.5eV.?
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variation of the simulation results for the temperature range of
1 <T, < 1.5¢eV. In the analytical simulation, we had to fix the
electron density N, and the Cu(I) density Ny at = 250ns as
initial values. At r=250ns, the N, was set to 2.0 x 10%* m—3
from the present electron density measurement. The simulation
result was much influenced by the initial N.. The N¢,qy was ini-
tialized at 1.0 x 10”2 m >, which was determined by the LTE
composition of Cu vapor plasma in the temperature of
1-1.5eV.?® The simulation result was little affected by the ini-
tial Neypy. The calculated electron densities at the anode flare
tips certainly decreased by one order of magnitude during sev-
eral tens of ns, which agreed well with the drastic decrease in
Fig. 8. Therefore, the significant electron density reduction
observed in 250 < ¢ <300 ns was qualitatively explained by the
three-body recombination reaction. The three-body recombina-
tion makes a contribution to not only electron consumption but
also neutral copper vapor production, as shown in Fig. 9.
Therefore, the dominant spectral component at the anode flare
tips transited from the continuum to Cu(I) line spectra in
250 <t<300ns.

The number density of neutral copper atoms showed a
decrease in 400 <t<550ns, as mentioned in Subsection
III B. In synchronization with the copper atom density reduc-
tion, the electron density also decreased with increasing time
at the flare decomposition process. The electron density at
t=1550ns was 102722 m_3, which was comparable to that in
vacuum arc phases.'® This means that the copper-vapor-con-
taminating conductive plasmas were gradually deconstructed
and the vacuum arc discharges started to be established in a
time range of 400 << 550ns.

IV. CONCLUSION

The plasma flares with high electron densities of 10*
m >, gas temperature of 2eV, and pressure of 40 x 10° Pa
were initiated on the anode and expanded to the vacuum gap
with a propagation speed of 6 x 10°> m/s in 100 <7< 250ns.
The continuum spectral component was dominant in the high-
electron-density anode flares. On the other hand, the dominant
spectral component at the anode flare tips transited from the
continuum to Cu(I) line spectra in 250 < ¢ <300ns due to the
three-body recombination reaction, which also caused a sig-
nificant decrease in the electron densities from 10°* to 10%
m " in the anode flare tips. The anode flare tips combined
with the cathode plasma flares and the conductive plasma
channels were established at t=350ns. The measurement of
the Cu(l) line spectra showed that copper vapor densities
decreased at the flare decomposition stage in 400 <7 < 550ns,
which meant that the plasma flares started to transform into
the vacuum arc discharges.
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