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ABSTRACT

The relation between breakdown characteristics and plasma temperature of a pulsed
arc discharge in highly pressurized CO: was investigated up to a supercritical phase. A
transient arc discharge was generated by applying nanosecond pulsed voltage with a
rising rate of 0.7 kV/ns to a point-to-plane gap of 1 mm. The breakdown voltage, arc
current, and consumption energy increased with the CO: density in the gas phase.
However, they were constant at the CO: densities in the supercritical phase. The
plasma temperature determined from the blackbody radiation ranged from 8000 to
12000 K and its dependence with respect to the CO: density was all similar to the
breakdown voltage, arc current, and consumption energy characteristics except under
the critical density of CO: (469 kg/m®). Although the breakdown voltage, arc current,
and consumption energy in supercritical phase were also constant against the CO:
density, the plasma temperature demonstrated a local decrease around the critical
density. The anomaly of the plasma temperature is consistent with the calculated result
of the isochoric specific heat of CO: which has a local maximum around the critical
density.

Index Terms — Supercritical fluids, pulsed power, breakdown, pulsed arc discharge,
optical emission spectroscopy.

drawn attention as a novel chemical synthesis method, e.g.
1 INTRODUCTION phenol polymerization [3], metallic oxide nanomaterials [4],

RECENTLY, plasmas in supercritical (SC) fluids have been  carbon nanomaterials [5], and nanodiamonds [6]. Understanding
studied for use as an arc extinguishing medium [1, 2] and have  breakdown characteristics in the SC-fluids is of importance for
the design of high-pressure chambers. In the supercritical fluid
condition, a medium exceeds specific critical pressure and
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temperature. Consequently, an antagonistic action between a
molecular attraction and a thermal agitation under a condition
close to its critical condition causes an increase in density
fluctuation which often affects breakdown characteristics in SC-
fluids. A local decrease of breakdown voltage appears under SC
conditions close to critical condition of medium for DC
breakdown in SC-Xe, CO, and H,O at the 1 um gap [7], pulsed
breakdown in SC-air at 25 um gap [8], and DC breakdown in
SC-He at 3 um gap [9, 10]. However, the anomaly of breakdown
voltage around critical condition disappears under longer
electrode gap, e.g. 0.5, 1 and 4 mm gaps in SC-He under DC
voltage application [11-13], 200 um and 250 um gaps in SC-CO,
under DC voltage application [14-16], and 140 um and 10 mm
gaps in SC-CO; under pulsed voltage application [3, 17].

Elucidation of plasma behavior in SC-fluids plays a significant
role in the development of power switches and chemical
synthesis. Thus, few studies have focused on measurement of
plasma spectrometry in high-pressure CO, including SC phase.
Optical emission spectroscopy (OES) for discharges in SC-CO»
was conducted by means of steady high-frequency plasma [18,
19]. In these reports, plasma temperature was approximately
3600-7000 K. Critical anomaly of plasma has not been
confirmed under these experimental conditions. T. Kato, et al.
reporting on results of OES with pulsed laser ablation plasma in
SC-CO; [20], noted that emission intensity of atomic oxygen OI
at 496 nm decreases with increasing pressure of CO, except
around the critical point. The peak emission of OI around the
critical condition of CO; (7.4 MPa and 304.5 K) shows a high
intensity irrespective of the decreasing trend of the emission
intensity of OI with increasing the pressure of CO,. However,
little is available on a transient arc plasma in SC-fluids.

In this paper, pulsed breakdown characteristics and plasma
temperature were investigated to confirm critical anomalies of
arc plasma in SC-CO,. Relation between plasma temperature and
physical properties of SC-CO, are discussed by the calculated
isochoric specific heat of CO..

2 EXPERIMENTAL SETUP AND
PROCEDURE

2.1 EXPERIMENTALCIRCUIT AND OBSERVATION
SYSTEM

Figure 1a and b show discharge observation system and our
experimental  circuit (MPC3010S-25LP, SUEMATSU
DENSHI Co. Ltd.). A point-to-plane electrode was adopted to
facilitate breakdown within nanosecond order in high-density
medium. The material of the needle electrode was tungsten,
which has a high melting point. The gap distance inside the
high-pressure chamber was set to approximately 1 mm.
Nanosecond positive pulsed voltage was applied to the point-
to-plane electrodes with a magnetic pulse compression circuit
via a boosting pulse transformer. Voltage and current were
measured with a high voltage probe (EP-100K, Nissin Pulse

Co., Ltd. Japan) and a current monitor (MODEL 6585,
Pearson Electronics Inc. USA), respectively. The emission
spectra from the pulsed arc discharge were recorded with a
multi-channel spectrometer (Glacier X, B&W Tek. Inc.:
wavelength range: 350 - 1050 nm, slit width: 10 um) which
has an instrumental resolution of 1.1 nm. The calibration of
spectral radiance was performed in advance. The integration
time of the spectrometer was set at 3 s. The temperature in our
high-pressure chamber was kept at 306 K while the pressure
was varied between 1.5 to 8.0 MPa (p=27.9 — 614 kg/m?).
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Figure. 1. Schematic diagram of experimental setup and observation system.

2.2 EXPERIMENTAL CONDITIONS

Figure 2 shows pressure variation of CO; as a function of
the medium density of CO; at the given constant temperature.
The condition with the temperature of 304.1 K and pressure of
7.38 MPa that is indicated as a filled circle is the critical point
of CO,. All experiments ranging from 27.9 to 613.7 kg/m®
were done under the equivalent medium temperature of 306 K.
The isothermal line of 306 K drastically varies around the
critical point.

3 RESULTS AND DISCUSSION

3.1 BREAKDOWN VOLTAGE AND ARC CURRENT
CHARACTERISTICS



Understanding of breakdown characteristics is important
because it is closely related to the plasma behavior. Figure 3
shows a typical voltage and current waveforms under SC phase
at 347 kg/m? when the needle to plane electrode was bridged.
Pulse current of several hundred ampere began to flow at the
moment of the breakdown. The voltage value immediately
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Figure 3. Voltage and current waveforms (p = 347 kg/m?). The first peaks of
voltage and current are determined as “breakdown voltage” and “arc current”,
respectively.
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Figure 4. Pulsed breakdown voltage and pulse arc current as a function of
the medium density of CO,

before the sudden decrease in voltage which occurs
simultaneously with initiation the pulse current was defined as
BDV. In addition, the first peak of pulse current was defined as
an arc current. Figure 4 shows BDV and arc current as a
function of the medium density of CO,. Each data point is mean
value of 5 measurements. Error bars indicate standard deviation
of the shot-to-shot variation. Description of “medium density”
instead of “pressure” is used to understand a discharge
phenomenon that is related to a mean free path under a given
field. Provided that equivalent voltage rise rate of 0.7 kV/ns was
applied irrespective of the medium density. In the gas phase, the
breakdown voltage increases with medium density up to 200
kg/m®. The value of arc current depends on the BDV because
the circuit becomes a series inductance-capacitance-resistance
circuit. On the other hand, BDV and arc current are almost
constant irrespective of medium density in the sub-critical and
SC phases. Error bars in sub- and SC phase are greater than that
of the gas phase. The variations of error bar of BDV is
presumed to be caused by the CO, clustering. Because the
experimental results of negative dc BDVs in high-pressure CO»
above 30 kg/m® under non-uniform field are disagreement with
a theoretical BDV estimation on the basis of streamer theory
[14]. The difference of their experiment and -calculation
indicates that the CO, clustering affects the effective Townsend
first ionization coefficient.

3.2 CONSUMPTION ENERGY OF PULSED ARC
DISCHARGES

A consumption energy is normally equal to the integral of a
product of voltage and current, however, resistance and
inductance of the circuit should be considered on a
nanosecond phenomenon. In this study, a consumption energy
of the arc discharge F, is calculated by following equation:
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where v(¢f) and i(f) are voltage and current obtained from
experiments; R and L are the resistance and inductance in the
circuit; C is the capacitance of the capacitor in parallel with
the needle-to-plane electrode; and 7y, is1, and is; are the period,
first peak and second peak of the dumped oscillation current
when the needle-to-plane electrode was shorten. Provided that
if the condition of R? < 4L/C holds true under R-L-C series
circuit, the formulas (2) and (3) can be used. The calculated L
and R by formulas (2) and (3) were 1.1 pH and 3.5 Q,
respectively. The dependence of E.rc calculated by the formula
(1) on the medium density is similar to the characteristics of
voltage and current waveforms, as shown in Figures 4 and 5.
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Figure 5. Consumption energy as a function of the medium density of CO,.

3.3 VALIDATION OF LOCAL THERMAL
EQUILIBRIUM AND DEPENDENCE OF
SPECTROSCOPIC CHARACTERISTICS ON MEDIUM
DENSITY OF CO:

We estimated a time interval required for the discharge in
SC phase to reach local thermal equilibrium (LTE) condition
(7ite) in this study. A collision frequency between electrons
and ions V, can be expressed as follows:

Vie =10 Vey, » “4)

8kT
veth = m ’ (5)

where n; is the particle density (m?), & is the Coulomb
collision cross-section (m?), ven is the mean velocity of
electrons (m/s), k is the Boltzmann constant (J/K), and m. is
the mass of an electron (kg). We calculated Vi on the basis of
the estimated temperature of approximately 1 eV, which will
be indicated in sub-section 3.4. The value of ven Wwas
calculated ~ 10° m/s by the formula (5). According to [21], the
O is estimated to be ~ 107"7 m?, In this experiment, the n; is
in the range from 10% to 10 m3. Consequently, the Vi is
calculated to be 10'4-10'® Hz. Here, the ratio of a mass of a
heavy particle my, to me should be taken into account to
estimate the 7i g as follows:

and

-1 _ my .

(Tire) =V . (6)
The calculation result of my/m. is approximately 104, e.g. an
atomic oxygen. Consequently, the 7t can be estimated in the
range form 1 ps to 1 ns. In this study, the discharge condition
is supposed to reach to the LTE immediately after the moment
of breakdown because of the quite short 7zirte. The
establishment of the LTE made the heavy particle temperature
Ti (K) equal to the electron temperature Tt (K) and allowed us
to use the plasma temperature 7' (K) (~ Th ~ Te).

Figures 6a and b show OES of the pulsed arc discharge in
the gas phase (61.2 kg/m?) and SC phase (466.1 kg/m?),
respectively. The collective lens was focused on the needle tip.
The intensity of the emission indicates a spectral-radiance
(WW/cm?*nm). Both spectra are characterized by continuum
radiation due to plasma recombination of free-bound
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Figure 6. Optical emission spectra of pulsed arc discharge under high
pressure CO,. (a) high pressure gas phase at 61.2 kg/m®. (b) supercritical
phase at 466.1 kg/m®.
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Figure 7. Variation of the emission intensity of OI (777 nm) as a function
of the medium density of CO..

transition and free-free transition (bremsstrahlung). On the
other hand, the three spectra are also characterized and are
resulted from dissociation of CO,, such as positive carbon
monoxide ion CO" at 427 nm and atomic oxygen OI at 777
and 845 nm. The spectrum indicates the pulsed arc discharge
leads to active CO, dissociation and O excitation. To confirm
a dependence of line intensity on the medium density of CO»,
the largest line at 777 nm was measured as a function of the
medium density, as shown in Figure 7. The error bars indicate
standard deviation of shot-to-shot variations. The density
dependence of light emission clearly changed around the 200
kg/m®. In the gas phase (27.9 - 200 kg/m?), the intensity
decreases with medium density. Meanwhile, it is almost
constant independent of medium density including the SC



phase (above 345 kg/m?). Although the arc current increases
with medium density from 27.9 to 200 kg/m’ (see Figure 4),
the intensity of OI decrease with the medium density. This is
because a near-resonant collision owing to increase of
pressure of the CO, is supposed to be dominant compared
with an increase of the arc current [20].

3.4 PLASMA TEMPERATURE OF PULSED ARC
DISCHARGE

As stated in sub-section 3.3, the plasma temperature 7' can
be defined for the present arc discharge. Figure 8 shows the
result of OES of the pulsed arc discharge plasma acquired in
SC-CO, (347 kg/m®) and simulated continuous spectrum.
Under such high pressure, the continuous spectrum of the arc
is estimated from the Planck’s blackbody radiation law
according to the following equation [22]:

) ,

20 [exp(;;j—lJ Q)

where the first radiation constant c; = 3.7415 X 107'¢ Wm?, the
second radiation constant c; = 1.4388 X 102 mK, and A = light
wavelength in nm. 7 in formula (7) indicates the surface
temperature of the arc. In this study, the surface temperature is
treated as the plasma temperature of the arc discharge. The
simulated blackbody emission spectrum obtained as a function
of T by the method of least squares is indicated by a dashed
line (7= 11200 K) as shown in Figure 8.
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Figure 8. Optical emission spectra of pulsed arc discharge measured at (p =
347 kg/m®) and simulated spectrum on the basis of a Planck’s blackbody
radiation law.

Figure 9 shows the T as a function of the medium density.
The error bars indicate the standard deviation of the shot-to-
shot variation. The T has local minimum around the critical
density pc (469 kg/m?), although the value of BDV, I, and
Ey are constant irrespective of the medium density in the
range of SC phase. The local minimum of 7 is presumed to be
caused by the characteristic of isochoric specific heat C, of
CO,, which has a local maximum at critical density. Here, the
relation between T and C, is discussed by a heat transfer. In
general, a basic formula of heat transfer in a material is
expressed as

Q=Cvaa—1;—div(1(~gradT)’ ®)

where Q is the joule heat (W/m?) and K is the thermal
conductivity (W/(mK)). As indicated in sub-section 3.3, the
7ite was 1 ps to 1 ns in this study. As a consequence, the
second term of the right side in formula (8) can be neglected
because the time scale of the first term of (8) depending on the
7ite 1s 5-8 orders of magnitude less than that of the second
term. Here, Equation (8) can be approximated as follows:
dT
0-c¢,% ©)
Equation (9) can be integrated from zero to zitg under an
assumption that the C, is constant for sake of simplicity
because the variation of C, is presumed to be small in
comparison with the variation of 7,

T,

_ 9ureTrre
LTE = +T,>

(10)
where grre is joule heat per unit volume within zirg, TiTE 1S
the increased temperature of arc discharge within 7.tg, and 7
is the initial temperature. The gr1e 7L Te means injection energy
into the discharge channel. From the formula (10), the C,
bears an inverse relation to the rising ratio of 7Tirg. The
calculation result with C, of CO, at 306 K [23] as a function
of medium density is shown in Figure 9. The value of C, has a
local maximum around the critical density, called a critical
anomaly. The calculation result implies that the local
maximum of C, causes the local minimum of 7. On the other
hand, the E, in SC phase is constant irrespective of medium
density even though the T has the local minimum value close
to the critical density. The disagreement between E, and the
decrease of T at critical density is presumed to be caused by
an anomaly of C,. We have inferred that the energy which
does not contribute to the rise of 7 was consumed by
producing reactive plasma close to the critical density,
because the production of carbon nanostructured material
using a microplasma with dielectric barrier discharge close to
the critical density of CO, is larger than that of under other SC
conditions [24].
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Figure 9. Plasma temperature and isochoric specific heat of CO, as a
function of medium density of CO,.

4 CONCLUSION

Nanosecond pulsed arc discharge plasma in high
pressurized CO; including in the supercritical (SC) phase was
investigated by spectroscopic analysis. A comparative



investigation of the breakdown voltage, arc current,

consumption energy, and plasma temperature was performed

with varying CO, density. The obtained results are
summarized as follows:

(1) A change in the CO; density dependence of breakdown
voltage, arc current, and consumption energy appeared
around the subcritical phase when going from gas to SC
phase. In the gas phase, they increase with CO, density.
Meanwhile, in the SC phase, they are almost constant
irrespective of CO; density.

(2) The optical emission spectra were characterized by
continuum radiation and several line spectra, such as
positive carbon monoxide ion CO" at 427 nm and atomic
oxygen OI at 777 and 845 nm independent of CO,
density. However, the intensity of OI at 777 nm
decreases with CO; density in the gas phase and keeps
constant low intensity in SC phase.

(3) Plasma temperature 7 was estimated by fitting blackbody
radiation on the basis of Planck’s law. The dependence
of T on CO; density is similar to breakdown voltage, arc
current consumption energy except for the condition of
close to the critical density. The T has the local minimum
value close to the critical density. This anomaly is
explained by calculation result of isochoric specific heat,
which has a local maximum around critical density.

ACKNOWLEDGMENT

This work was supported by JSPS KAKENHI Grant-in-Aid
for Young Scientists (B) Grant Number 16K18062.

REFERENCES

[1] H. Tanoue, T. Furusato, T. Imamichi, M. Ota, S. Katsuki, and H.
Akiyama, “Dielectric recovery mechanism of pressurized carbon dioxide
at liquid and supercritical phases”, Jpn. J. Appl. Phys., Vol. 54, No. 9,
096102-1-096102-8, 2015.

[2] J. Zhang, A. H. Markosyan, M. Seeger, E. M. van Veldhuzen, E. J. M.
van Heesch, and U. Ebert, “Numerical and experimental investigation of
dielectric recovery in supercritical N,”, Plasma Sources Sci. Technol.,
Vol. 24, No. 2, pp. 025008-1 — 025008-16, 2015.

[3] T. Kiyan, M. Sasaki, T. Ihara, T. Namihira, M. Hara, M. Goto, and H.
Akiyama, “Pulsed Breakdown and Plasma-Aided Phenol Polymerization
in Supercritical Carbon Dioxide and Sub-Critical Water”, Plasma
Process. Polym., vol. 6, no. 11, pp. 778-785, 2009.

[4] A. Kawashima, S. Nomura, H. Toyota, T. Takemori, S. Mukasa, and T.
Macehara, “A supercritical carbon dioxide plasma process for preparing
tungsten oxide nanowires”, Nanotechnology, Vol. 18, No. 49, p. 495603,
2007.

[5] T. Ito, K. Katahira, Y. Shimizu, T. Sasaki, N. Koshizaki, and K.
Terashima, “Carbon and copper nanostructured materials syntheses by
plasma discharge in a supercritical fluid environment”, J. Mater. Chem.,
Vol. 14, No. 10, pp. 1513-1515, 2004.

[6] S.Nakahara, S. Stauss, T. Kato, T. Sasaki, and K. Terashima, “Synthesis
of higher diamondoids by pulsed laser ablation plasmas in supercritical
CO,”, J. Appl. Phys., Vol. 109, No. 12, pp. 123304-1 — 123304-8, 2011.

[7] M. Sawada, T. Tomai, T. Ito, H. Fujiwara, and K. Terashima,
“Micrometer-scale discharge in high-pressure H,O and Xe environments
including supercritical fluid”, J. Appl. Phys., Vol. 100, No. 12, pp.
123304-1 — 123304-5, 2006.

[8] D. A. Lacoste, H. Muneoka, D. Z. Pai, S. Stauss, and K. Terashima,
“Breakdown characteristics of a nanosecond-pulsed plasma discharge in
supercritical air”, Plasma Sources Sci. Technol., Vol. 21, No. 5, pp.
052003-1 — 0520034, 2012.

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17

—

(18]

[19]

[20]

(21]

[22]

(23]

[24]

H. Muneoka, K. Urabe, S. Stauss, and K. Terashima, “Breakdown
Characteristics of Electrical Discharges in High-Density Helium Near
the Critical Point”, Vol. 6, No. 8, pp. 086201-1 — 086201-4, 2013.

H. Muneoka, K. Urabe, S. Stauss, and K. Terashima, ‘“Micrometer-scale
electrical breakdown in high-density fluids with large density
fluctuations: Numerical model and experimental assessment”, Phys. Rev.
E, Vol. 91, No. 4, pp. 042316-1 - 042316-11, 2015.

J. Gerhold, “Helium Breakdown near the Critical State”, IEEE Trans.
Electr. Insul., Vol. 23, No. 4, pp. 765 — 768, 1988.

R. J. Meats, “Pressurized-helium Breakdown at Very Low
Temperatures”, Proc. IEE, Vol. 119, No. 6, pp. 760 — 766, 1972.

1. Ishii and T. Noguchi, “Dielectric breakdown of supercritical helium”,
Proc. IEE, Vol. 126, No. 6, pp. 532 — 536, 1979.

T. Kiyan, A. Uemura, B. Roy, T. Namihira,M. Hara, M. Sasaki, M. Goto,
and H. Akiyama, “Negative DC Prebreakdown Phenomena and
Breakdown-Voltage Characteristics of Pressurized Carbon Dioxide up to
Superciritical Conditions”, IEEE Trans. Plasma Sci., Vol. 35, No. 3, pp.
656 - 662 ,2007.

T. Kiyan, M. Takade, T. Namihira, M. Hara, M. Sasaki, M. Goto, and H.
Akiyama, “Polarity Effect in DC Breakdown Voltage Characteristics of
Pressurized Carbon Dioxide up to Supercritical Conditions”, IEEE Trans.
Plasma Sci., Vol. 36, No. 3, pp. 821-827, 2008.

D. R. Young, “Electric Breakdown in CO, from Low Pressure to Liquid
State”, Vol. 21, No. 3, 222-231, 1950.

T. Kiyan, T. Thara, S. Kameda, T. Furusato, M. Hara, and H. Akiyama,
“Weibull Statistical Analysis of Pulsed Breakdown Voltages in High-
Pressure Carbon Dioxide Including Supercritical Phase”, Vol. 39, No. 8,
pp. 1729 — 1735, 2011.

A. Kawashima, H. Toyota, S. Nomura, T. Takemori, S. Mukasa, T.
Maehara, and H. Yamashita, “27.12 MHz plasma generation in
supercritical carbon dioxide”, J. Appl. Phys. Vol. 101, No. 9, 093303-1 —
093303-4, 2007.

T. Machara, A. Kawashima, A. Iwamae, S. Mukasa, T. Takemori, T.
Watanabe, K. Kurokawa, H. Toyota, and S. Nomura, “Spectroscopic
measurements of high frequency plasma in supercritical carbon dioxide”,
Phys. Plasmas, Vol. 16, No. 3, 033503-1 — 033503-5, 2009.

T. Kato, S. Stauss, S. Kato, K. Urabe, M. Baba, T. Suemoto, and K.
Terashima, “Pulsed laser ablation plasmas generated in CO, under high-
pressure conditions up to supercritical fluid”, Appl. Phys. Lett., Vol. 101,
No. 22, pp. 224103-1 —224103-5, 2012.

P. Shayler and M. Fang, “The transport and thermodynamic properties of
a copper-nitrogen mixture”, J. Phys. D: Appl. Phys., Vol. 10, No. 12, pp.
1659 — 1669, 1977.

W. Driscoll and W. Vaughan, Handbook of Optics, McGraw-Hill, New
York, 1978.

R. Span and W. Wagner, “A new equation of state for carbon dioxide
covering the fluid region from the triple-point temperature to 1100 K at
pressures up to 800 MPa,” J. Phys. Chem. Ref. Data, Vol. 25, No. 6, pp.
1509-1596, 1996.

T. Tomai, K. Katahira, H. Kubo, Y. Shimizu, T. Sasaki, N. Koshizaki,
and K. Terashima, “Carbon materials syntheses using dielectric barrier
discharge microplasma in supercritical carbon dioxide environments”, J.
of Supercritical fluids, Vol. 41, No. 3, pp. 404 — 411, 2007.

Tomohiro Furusato (S’13-M’14) was born in
Kagoshima, Japan, in 1988. He received the B. E., M.
E., and Ph. D. degrees from Kumamoto University,
Kumamoto Japan, in 2011, 2012, and 2014,
respectively. He was with the Japan Society for the
Promotion of Science, Kumamoto University, from
2013 to 2014, as a Research Fellow. Since 2014, he
has been an Assistant Professor with the Graduate
School of Engineering, Nagasaki University,
Nagasaki, Japan. His research interests are pulsed-

power, surface discharge, and discharge phenomena in supercritical fluids.



Naokazu Ashizuka was born in Nagasaki, Japan, in
1993. He received B. E. degree in 2017 from
Nagasaki University, Nagasaki Japan, where he is
currently working toward the M. E. degree. His
current research interest is discharge phenomena in
supercritical fluids.

Takeshi Kamagahara (S’17) was born in
Kagoshima, Japan, in 1992. He received B. E.
degree in 2016 from Nagasaki University, Nagasaki,
Japan, where he is currently working toward the M.
E. degree. He proceeding with research about pulsed
breakdown phenomena in high pressure CO,

y including supercritical phase.
? He received the Young Researcher Award at 19%
IEEE International Conference on Dielectric

Liquids in 2017.

Yoshinobu Matsuda was born in Miyazaki, Japan,
in 1960. He received B. S. degree from Kyoto
University, Kyoto Japan in 1982, and M. E. and Ph.
D. degrees from Kyushu University, Fukuoka Japan
in 1984 and 1987, respectively. After working as an
Assistant Researcher with the Graduate School of
Science and Engineering, Kyushu University from
1987 to 1988, he joined the Department of Electrical
and Electronic engineering, Nagasaki University as
a Lecturer. Since 1990, he has been an Assistant
Professor with the Graduate School of Engineering, Nagasaki University,
Nagasaki, Japan. His research interests are plasma diagnostics, plasma
surface interaction, and engineering application of plasmas, plasma
processing of thin films in particular.

Takahiko Yamashita (M’00) was born in Fukuoka,
Japan, in 1957. He received the B.E., M.E. and D.E.
degrees from Kyushu University in 1980, 1982 and
1985, respectively. He has been working in
Nagasaki University, Nagasaki, Japan since 1985.
He is a Professor of Graduate School of Engineering
and a Vice President of Nagasaki University. He is a
senior member of Institute of Electrical Engineers
Japan. His research interests are discharge on wet-
polluted surface, and other discharge phenomena.

Mitsuru Sasaki was born in Iwate, Japan, in 1972.
He received the B. E., M. E., and Ph. D. degrees
from Tohoku University, Sendai Japan, in 1995,
1997, and 2000, respectively. He had worked about
the development of novel biomass utilization system
with supercritical fluids at the Genesis Research
Institute, Inc. (Nagoya, Japan) as a researcher from
2000 to 2003. Since 2005, he has been an Associate
Professor at the Graduate School of Science and
Technology (2005-2013) and Institute of Pulsed
Power Science (IPPS) (2013 — present), Kumamoto University, Kumamoto,
Japan. His research interests are reactions and separations in subcritical and
supercritical fluids and pulsed discharge phenomena in supercritical fluids.

Tsuyoshi Kiyan (M’07) was born in Okinawa
Prefecture, Japan, in 1965. He received Bachelor's
degree from the University of Ryukyus, Nishihara,
Japan, in 1996, and received Master's degree, Ph.D
(Science) and (Engineering) from Kumamoto
University in 1998, 2002 and 2011 respectively.
From 2002 to 2012, he was with Kumamoto
University as a Research Associate. He moved to
the Faculty of Humanity-Oriented Science and
Engineering, Kindai University, lizuka, Japan, in
2012 as an Associate Professor. During 2007-2008, he was with Frank
Reidy Research Center for Bioelectrics, Old Dominion University, Norfolk,
VA, as a Postdoctoral Researcher. His current research interests are pulsed-
power technology and discharge plasma-aided chemistry.

Yuki Inada was born in Japan in 1985. He received
the B.S. degree in electronic engineering from
Tokyo Institute of Technology, Tokyo, Japan, in
2009, the M.S. degree in electrical engineering from
The University of Tokyo, Tokyo, Japan, in 2011
and Dr. degree in electrical engineering from The

University of Tokyo, Tokyo, Japan, in 2014,
respectively. He was a project assistant professor at
ﬁ The University of Tokyo from 2014 to 2015. He is

now working at Saitama University as an assistant
professor.
His research interests include plasma diagnosis, dielectric breakdown
phenomena and arc interruption techniques.



