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Abstract 

The papers appeared in this volume of research report have been presented at the “Symposium on Pulsed Power and High-

Density Plasma and its Applications” held by National Institute for Fusion Science. They report the present status and recent 

progress in experimental and theoretical studies on pulsed power technology and its applications. 
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Editor’s Preface 

 
 
 

The collaborative research symposium on “Pulsed Power and High-Density Plasma and its Applications" was 
held at National Institute for Fusion Science (NIFS), Toki, on Dec. 26-27, 2017. This symposium was attended by 44 
researchers and students from universities, institute and industrial companies. At the symposium, 34 research papers 
were presented each of them was followed by fruitful discussions. This symposium has provided an excellent 
environment for information exchange between the researchers and has promoted collaborations between NIFS and 
universities.  

During the symposium, LHD site tour was given by NIFS staffs especially for this symposium. The attendees 
have obtained an exceptional opportunity to enjoy a close look at the LHD experimental facilities and listen to the in-
depth explanations by the NIFS researchers.  

I would like to express my sincere thanks to all of the symposium attendees, all of the paper authors, and the 
staffs of National Institute for Fusion Science. 
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Target Design for Giant Cluster Ion Inertial Confinement Fusion

Nagaoka University of Technology 
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2. Target design from stopping power of 
cluster projectile 

3. Indirect or direct drive inertial 
confinement fusion 
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2. Experimental Apparatus
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4. Experimental Results and Discussion
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5. Conclusions
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Characteristics of Hot Spot Radiation in the
Divergent Gas-Puff Z Pinch

Keiichi Takasugi, Mineyuki Nishio∗

Institute of Quantum Science, Nihon University

∗Anan College, National Institute of Technology

ABSTRACT

Characteristics of hot spots were compared among normal and reversed discharges
in the divergent gas-puff z pinch. By the measurement using CCD, a small spotted
hot spot was observed. The size of the hot spot was evaluated, and a smaller hot
spot was observed in the reversed discharge.

Keywords

Divergent gas-puff z pinch, Hot spot size, K-shell radiation, CCD camera

1. Introduction

Gas-puff z pinch is an efficient x-ray source ca-
pable of repeated discharge [1]. Plasma focus
can also cause plasma to converge to a single
point reproducibly. The divergent gas-puff z
pinch has been devised to realize an efficient
point radiation source that combines both ad-
vantages [2].

The divergent gas-puff z pinch performs gas-
puff from the center conductor to contract the
plasma 3-dimensionally and generate hot spots
on the front face of the conductor. Compared
to conventional gas-puff z pinch, efficient en-
ergy input is possible by this method[3].

K-shell and L-shell radiations have been ob-
served from the Ar pinch plasma[4, 5, 6]. In
this study, focusing on the K-shell radiation of
the divergent gas-puff z pinch, the comparison
of the normal and the reversed discharges on
the spatial structure of the hot spots were per-
formed.

2. Discharge System

Experiments were conducted on the SHOTGUN
III z-pinch device at Nihon University (Fig. 1).
The energy storage section of the device con-
sists of a capacitor bank of 40 kV 12 μF with
maximum current of 300 kA. The feature of this
device is that it can be charged either positive
or negative. In this experiment the charging
voltage was set at 25 kV or -25 kV.

The gas-puff was made by a high-speed gas
valve installed inside the center conductor and
a divergent annular Laval nozzle provided on
the electrode. The divergence angle of the noz-
zle was 10◦ with respect to the central axis.
The diameter of the nozzle was 30 mm, and the
opposite electrode had a hole of 60 mm. The
distance between the electrodes was 30 mm. Ar
was used as the operating gas, and the plenum
pressure of the valve was 5 atm. The electrode
on the side of the center conductor was made
of stainless steel and became the supply source
of Fe during discharge [4].
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Fig. 1: Schematic diagram of the SHOTGUN
III divergent gas-puff z-pinch device. The gas
was puffed from the cylindrical Laval nozzle
mounted on the center electrode.

3. Diagnostic System

Discharge currents were measured by Rogowski
coils placed at the anode (input) and the cath-
ode (load) sides. The anode current represents
the current entering the device from the power
supply, and the cathode current represents the
current flowing between the electrodes.

A scintillation probe (SCI) using a 5 μm
Be filter and a 3 mm thick plastic scintillator
was used to monitor x-ray. The optical signal

Fig. 2: Schematic diagram of the soft x-ray pin-
hole camera. The image was detected by the
CCD.

l1 l2

was transmitted to the shield room by an op-
tical fiber and converted into electric signal by
a photomultiplier. X-ray exceeding 1 keV are
detected, and K-shell radiation of Ar ions and
Fe Kα line are observed.

Also, an x-ray diode (XRD) having a Au
photocathode was used. The x-ray diodes was
sensitive to wide wavelength range from ultra-
violet to soft x-ray. Both K-shell and L-shell
radiations of Ar ions were detected.

In order to observe the spatial structure of
x-ray radiation, a pinhole camera using x-ray
film was used. The pinhole diameter was 400
μm and the film was Kodak Biomax MS film.

Hot spots were observed using a pinhole
camera equipped with a CCD. A CCD made by
Laser-Laboratorium Göttingen e.V. was used.
The sensitive range is < 1 nm ∼ 1,100 nm, and
the pixel size is 6.45 μm, (1, 392×1, 040 pixels).

Figure 2 represents the arrangement of the
pinhole camera. The distance between the plasma
and the pinhole was 220 mm, and the distance
between the pinhole and the CCD was 155 mm.
The ratio of distances was 1.4:1. A pinhole with
a diameter of 20 μm and a Be filter with a thick-
ness of 15 μmwere used. Soft x-ray below 1 keV
is blocked by the filter. Since the sensitivity of
Fe Kα line is low, only K-shell radiation of Ar
ions can be observed.

Since the pinhole diameter is not sufficiently
small, the size of the hot spot is not simply 1.4
times the size of the image. The image diame-
ter D is expressed as

D = a
l1 + l2
l1

+ d
l2
l1
, (1)

where a is the pinhole diameter, d is the hot
spot diameter, l1 is the distance between the
hot spot and pinhole and l2 is the distance be-
tween the pinhole and the image. The first
term becomes important when a is not suffi-
ciently small compared to d.

4. Experimental Results

Figure 3 shows the current waveform and x-
ray signals for (a) normal discharge with charg-
ing voltage of 25 kV and (b) reversed discharge
with charging voltage of -25 kV. The peak cur-
rent was about 180 kA for normal discharge and
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Fig. 3: Discharge currents and x-ray signals of
divergent gas-puff z pinch in (a) normal and (b)
reversed discharges.

about -170 kA for reversed discharge. In each
cases, a strong shrinkage occurred in the vicin-
ity of the peak current after 2.25 μs from the
discharge start, and a dent was formed in the
current. A spike-like SCI signal was observed
with the shrinkage. The XRD signal was ob-
served at the contraction and subsequently.

Figure 4 is the image of a hot spot recorded
with x-ray film for (a) normal discharge and (b)
reversed discharge. In normal discharge, a hot
spot was generated on the anode front surface,
and x-ray was also generated from the anode
surface. In the reversed discharge, no x-ray was
observed on the electrode surface. Instead, the
hot spot was made to grow long in the axial
direction.

Figure 5 is the image of the hot spot pro-
jected onto the CCD for (a) normal discharge
and (b) reversed discharge. The horizontal di-
rection means the axial direction and the ver-

Fig. 4: X-ray pinhole images of divergent gas-
puff z-pinch taken by x-ray film in (a) normal
and (b) reversed discharges.

tical direction means the radial direction. The
hot spots were observed as small dot shapes,
which were quite different from those in Fig.
4. In normal discharge, the horizontal length
was 80 μm and the vertical width was 90 μm.
In the reversed discharge, the horizontal length
was 50 μm and the vertical width was 60 μm.
The resolution is pixel size of 6.45 μm. Rela-
tively small hot spot was observed in the re-
versed discharge.

5. Summary and Discussion

Normal and reversed discharges of the diver-
gent gas-puff z pinch were performed. In both
cases, a strong shrinkage occurred at 2.25 μs
after the discharge started, and generation of
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Fig. 5: Soft x-ray images of hot spots on the
CCD taken in (a) normal and (b) reversed dis-
charges.

soft x-ray was confirmed. Soft x-ray emitted
from hot spots were measured.

K-shell radiation image of hot spot was ob-
served by the CCD camera. Since the diame-
ter of the pinhole used for the measurement was
not sufficiently small compared to the hot spot,
the hot spot size was analyzed in consideration
with the pinhole size. The measurement reso-
lution was 14 μm. In this measurement, a hot
spot smaller in reverse discharge than in nor-
mal discharge was observed. Since there are
not many measurement examples yet, it is not
always clear whether there is such a tendency.

In this reversed discharge, considering that

+25 kV -25 kV

Horizontal length (μm) 65 23
Vertical width (μm) 79 37

Table 1: Horizontal and vertical size of a
hotspot in normal and reversed discharges.

a current of 170 kA is flowing inside the circle
of diameter 23 μm, the magnetic flux density
at the outer circumference is 3.0 × 103 T, the
magnetic pressure is 3.5 × 1012 Pa. Assum-
ing the pressure balance, when the tempera-
ture is 1 keV, the combined ion and electron
density is 2.2 × 1028 m−3. This value is over-
valued by three orders of magnitude compared
to the spectroscopic measurement result [7]. If
we trust the spectroscopic result, the current is
flowing a little wider area.

The shape of the hot spot image of the CCD
is different from that of the x-ray film. The dif-
ference between CCD and x-ray film is whether
you feel Fe Kα line. A nearly spherical hot spot
was observed in the CCD. It is thought that Fe
atoms or ions get into other parts and emit x-
ray. In the case of normal discharge, it is con-
sidered that the anode surface emits x-ray and
the electron beam directly strikes the anode.
In the case of reverse discharge, x-ray are emit-
ted with a strange elongated shape. Within
a short period of time from the start of dis-
charge, probably Fe ions enter the plasma and
are thought to be illuminated by the electron
beam generated together with the pinch.
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Spatial distribution measurement of liquid droplets
generated in impulsed high voltage atomization

M. Nishio, A. Uchida and R. Kiyono

National Institute of Technology, Anan College, Tokushima, 774-0023, Japan

Abstract
Impulsed high voltage atomization experiment were carried out for comparison to electrostatic at-

omization. Reduction of mist size and increment of the number of mist droplets are required in order to
maximize interactions between surrounding air and droplets. Spatial distributions of atomized droplets of
water solution were measured by shadowgraph imaging with pulsed light source. From the comparison of
histograms, impulsed high voltage atomization can generate more number of small size and less number of
middle size.

Keywords
electrostatic atomization, impulsed high voltage, spatial distribution of droplets, shadowgraph

1. Introduction

Physical properties of fine liquid droplets vary

easily by coalescence or disruption. Chemical prop-

erties of them vary also by mixing or volume change

against fine solid particles. An operation that at-

omize liquid droplets (atomization or misting) can

enlarge surface area and can also amplify interac-

tion between droplets and air vapor under atmo-

spheric pressure. Techniques with atomization are

utilized in many fields such as an industry field,

agricultural field, and so on [1–4]. Application ex-

amples include fuel injection in engines, spray paint-

ing for vehicle body, and fine particle generation by

spray dryer. Approaches to generate fine droplets

are categorized as nozzle method with pressure en-

ergy, jet method with vapor energy, wheel method

with rotating energy, ultrasonic wave method with

vibration method, evaporation and condensation

method with thermal energy, and electrostatic method

with electric energy.

Electrostatic atomization (for short, EA) re-

quires no mechanical part, and can adjust atomiza-

tion properties by changing applied voltage. Appli-

cation examples of EA include moisturizing effect

in air conditioners or electro-spraying for effective

car-body painting and so on. Direct current high

voltage is applied between nozzle electrode ejecting

liquid solutions and a counter-electrode. If charged

amount into a droplet is enough, three-dimensional

cone, called as Taylor cone, is generated at the end

of the nozzle electrode with a sharp tip. When

a outward repelling force among supplied charges

exceed an inward attracting force by surface ten-

sion, continuous disruption phenomena is caused

by fluid-dynamical instabilities of liquid structures.

Hartman et al., (2000) [4] indicated that theo-

retical disruption processes and experimental ver-

ification. According to it, more supplied charges

into droplets caused stronger repelling force be-

tween charges remained on the surface, and the dis-

ruption mode changed from zero-ordered sausage-

type instability to one-order kink-typer one. Obata

et al., (2015) [5] reported that rapid rise-time of

applied impulse voltage enables to achieve short

generation time of the Taylor cone in an atom-

ization experiment with a impulsed high voltage

power supply. Also, they showed that the number

of Taylor cones increased in accordance with the

amount of extra-charge.

The amount of current in the atomization cir-

cuit depends on the applied voltage and the resis-

tance of electrolyte solution. More amount of elec-

tric charges supplied into droplets is required for

less size of mist droplets and more numbers of mist

droplets. In a single nozzle for atomization, applied

voltage to the electrode will increase with effect of

reflection of transmitting voltage wave. This en-

ables to increase the amount of current injected

droplets.

This study aims to achieve reduction of mist

size and increment of the number of mist droplets

with an application of impulsed voltage without

change of intensity of voltage in order to maximize
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Fig. 1: circuit diagram and schematic diagram of impulsed high voltage atomization

interaction between surrounding air and droplets.

In this study, both electrostatic and impulsed high

voltage atomization (for short, IHVA) were con-

ducted in order to reveal difference of mist size

distributions in between the two types of voltage

applying.

2. Experimental Setup

DC or impulsed high voltage was connected to

spray nozzle of water solution to supply electric

charges into droplets. Flow rates were adjusted by

trimming dial of intravenous bag storing the solu-

tion. Flat-tip hollow stainless tube was used for

the spray nozzle. Outer diameter of the tube was

0.5 mm. Opposite electrode was stainless metal

having torus-shape. In the experiment of impulsed

one, only one droplet was attached below the tip of

hollow tube without adjustment of flow rate of the

solution. Ethanol-water solution (50 wt. %) was

used in both DC and IHV experiments.

DC high voltage power supply, MKS40KP (Max-

ellec Inc.), generates impulse high voltage in accor-

dance with input voltage signal through its remote

terminal. The power supply accept pulsed low-

voltage signal from 0 to 10 [V] and generate corre-

sponding value of pulsed high voltage from 0 to 40

[kV]. Because an one-chip microcomputer module,

Arduino Uno, can produce only 5 [V], the input

low-voltage signal to MKS40KP was amplified to

10 [V] by non-inverting amplifier circuit with an

operational amp. Following four data were mea-

sured with digital phosphor oscilloscope: impulsed

voltage waveform applied to the spray nozzle, volt-

age waveforms transmitted into the remote receive

terminal of the high voltage power supply, current

waveform of charge arrived at the opposite elec-

trode after misting, and current waveform of the

current supplied to spraying nozzle. Fig. 1 (a)

shows circuit diagram of impulse high voltage gen-

eration. Fig. 1 (b) shows schematic diagram of

power supplies and measurement devices.

Current waveforms were obtained by using a

shunt resistor. When the small resistor was in-

serted serially in between the counter electrode and

a ground cable, voltage drop was occurred in be-

tween both ends of shunt resistor (200 [Ω]). Cur-

rent waveforms were obtained from the voltage drop

value divided by resistance of the shunt resister.

Spatial distributions of atomized droplets were

recored by pulsed light-source-type shadowgraph

apparatus (NS400). This light source includes pulse

generation circuit using a thyratron. The pulsed

width was 50-80 ns. After generating pulsed light

for shadowgraph, the light was parallelize by trans-

mitting through first convex lens. At the target,

droplets absorb enough amount of light intensity

in accordance with their outer shapes. Second con-

vex lens make the image concentrated at the focal

point. These images were recorded with a single-

lens reflex camera, α58 (Sony). Saved spatial droplet

distribution images were analyzed with a image-

analytics software, Image J. Its particle measure-

ment function can measure area of cross-section of

droplets and the number of them by droplet size

category. The images were converted gray-scaled

images, then were converted to binary images. His-

togram data of them were categorized and showed

that the difference between EA and IHVA.
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Fig. 2: Generation processes of fined droplets indicated from shadowgraph measurements

Fig. 3: sub-μm size droplets generation and its current waveforms

3. Results and discussion

Generation processes of fined droplets were in-

dicated with the shadowgraph measurements in Fig.

??. Those images were recorded in different targets

(similar volume of droplets) and different pulsed

voltages. From 10 to 20 [ms], droplets began to de-

form its outer shapes after applying IHV. Around

30 [ms], Coulomb force acting to charges in the

droplet became larger. Because charges locating at

lower bottom of the droplet responded more than

the other part, the outer shape changed to three-

dimensional sharp cone. This structure is called

as ”Taylor cone”. In the 35 [ms], because the re-

pelling force exceeds the surface tension with this

IHV, small-size droplets in combination with large

amount of charges were ejected from the tip end of

Taylor cone. In the 45 ms, a number of atomized

droplets distributed around elongated Taylor cone.

As the result of Taylor cone, thin elongated liquid

column could have disrupted into small sections in

accordance with the wavelength of fluid-dynamical

instabilities (for example, Kelvin-Helmholtz insta-

bility or Rayleigh-Taylor instability). This process

of generation of small droplets indicates IHVA.

Detailed behavior of tip area of the Taylor cone

is shown in left part of Fig. 3. When the fluid-

dynamical instability occurred in the elongated Tay-

lor cone, a spiral structure was observed some times.

Shape of smaller size droplets were dubious because

the size of them should be under resolution capabil-

ity of the shadowgraph method with visible light.

This means size of them may be sub-μm. Fig.

3 indicates the voltage waveform applied to the

droplet, current waveform of charges which reached

at the counter electrode, input voltage, and output

current monitor signal in this shot. Impulsed volt-

age having 200 ms rise-time, 32 kV peak amplitude
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Fig. 4: difference between atomization dynamics

Fig. 5: histograms of both type of atomization

was achieved. Although negative power supply was

used in this experiment, current waveform carried

by atomized droplets showed bipolar signals in ac-

cordance with pulse width of input voltage. This

may mean ion generation of air molecules.

Fig. 4 shows comparison between spatial dis-

tribution of droplets under EA and IHVA. Fig.5

shows histograms of droplet diameter with respect

to each size category indicated in Fig. 4. In the

EA, applied voltage was 10 kV, electrode inter-

val was 3 cm. In the IHV, instantaneous applied

voltage at the timing of the image was -11.9 kV,

electrode interval was 1.5 cm. IHVA process can

generate more number of smaller size droplets (ap-

proximately 10 μm) and less number of middle size

droplets (approximately from 60 to 110 μm) com-

pared with the EA. Application of impulsed volt-

age into uncharged droplets can cause reflection of

voltage wave at the end of a distributed parameter

circuit. Superimposed voltage as the result of the

wave reflection may produce instantaneous surge

current.

4. Conclusion

Small droplets generation in IHVA was com-

pared to that in EA. IHVA can generate more num-

ber of smaller size droplets and less number of mid-

dle size droplets.
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ABSTRACT Hatchability of Artemia Salina egg in water was investigated with irradiation of pulsed
intense relativistic electron beams (PIREBs). An electron induction accelerator “ETIGO-III” was used as
the PIREB generator. The irradiation results indicated that the hatchability of the eggs was decreased
with the increase of the irradiation dose. Also the hatchability of the eggs in the water was reduced in

comparison to one in the air with the PIREB irradiation.
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1 Introduction

Pulsed intense relativistic electron beams (PIREBs)

were applied to a technology for environmental

conservation, such as decrease of NOx concentra-

tion [1], reduction of volatile organic compounds

contained in soil [2], and decomposition of congo

red in water [3]. The PIREB has potential for vari-

ous treatments due to electrons with higher kinetic

energy, bremsstrahlung X-ray and radicals gener-

ated from the PIREB. It is considered that the

PIREB has the advantage for brief treatments in

comparison with a DC electron beam, because the

beam current is of the order of kA with a short

pulse duration.

The aquatic conservation is a pressing prob-

lem, recently [4]. Influence on aquatic ecosystems

by microorganisms of alien species has been re-

ported throughout the world [4]. The treatment

of the aquatic microorganisms is a crucial issue to

preserve the industry and the human health.

In our previous study, inactivation of zooplank-

ton (Artemia Salina) by the PIREB irradiation

has been reported [5]. Also, the hatchability of

the eggs placed in the air by the PIREB irradi-

ation has been investigated [6, 7]. In the water,

the radiolysis products, such as OH radicals and

aqueous electrons, are also one of main factors to

inactivate the zooplanktons.

The purpose of this study is to investigate the

dependence of the irradiation dose to the hatch-

ability of the zooplankton (Artemia Salina) eggs.

Also, the influence of the indirect effect to the eggs

is studied in comparison with the various irradia-

tion conditions.
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Figure 1: Experimental apparatus for PIREB gen-
eration using electron linear induction accelerator
“ETIGO-III”.

2 Experimental Setup

We used two acceleration cells of the PIREB gen-

erator “ETIGO-III” (Extreme Energy Density Re-

search Institute, Nagaoka University of Technol-

ogy), which is an electron linear induction acceler-

ator [8]. Figure 1 shows the experimental appara-

tus of PIREB generation. A field-emission foilless

diode generates an electron beam with a hollow

shape. Electrons emitted from a cathode ring of

diode are accelerated by applied voltages in the

1st (diode) and the 2nd gaps. The maximum ap-

plied voltage is −2 MV at each gap in a vacuum.

The electrons are extracted to the outside of a vac-

uum chamber as PIREB.

The voltage waveforms were measured by solu-

tion resistors, and the beam current was detected

by a Rogowski coil, as shown in Fig. 1. Figures 2

and 3 show the typical waveforms of the applied

voltage and the beam current in this apparatus.

The accumulated voltage corresponds to the maxi-

mum extraction voltage (1.8 MV for the diode and

1.8 MV for the 2nd gap as shown in Fig. 2), and

the maximum kinetic energy of PIREB reaches up

to 3.6 MeV in this case. As shown in Fig. 3,

the PIREB with a peak current of −2.4 kA in

70 ns (FWHM) was extracted to the air space after

passing through a Ti foil.

Figure 4 shows the PIREB irradiation experi-

mental setup for the eggs of Artemia Salina. The

eggs were placed at the depths of 5.0 mm and

7.5 mm in the penetration direction of PIREB

from the surface of the Ti foil, and the radial posi-

tions were 30 mm from the center. The eggs were

put on three positions at each depth, and were set

Figure 2: Typical acceleration voltage waveforms
of PIREB at each acceleration cell.

Figure 3: Typical waveform of PIREB current de-
tected at Rogowski coil.

Figure 4: PIREB irradiation experimental setup
for Artemia Salina egg in water.
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Figure 5: Hatchability of Artemia Salina egg with
various experimental conditions for γ-ray irradia-
tion in air [9] (open circle ◦), PIREB irradiation in
air [6, 7] (open triangle �), PIREB irradiation in
water (full triangle � [10] and full-inverted triangle
� for this experiment), respectively.

at about 100 at each position. The eggs were put

into the artificial seawater after the PIREB irradi-

ation.

The irradiation dose for the egg was controlled

by the number of the irradiation shots of ETIGO-

III and the depth of the egg in the water. Film

dosimeters (FUJIFILM FTR-125) were placed be-

hind the egg to simultaneously measure the dose.

3 Experimental Result

Figure 5 shows the hatchabilities of the Artemia

Salina eggs with various experimental conditions.

The dose was detected by the film dosimeter in the

PIREB irradiation experiments as shown in Fig. 4.

The hatchability of the eggs was decreased with

the increase of the dose in all of the cases. The

hatchabilities for the γ-ray irradiation (open circle

◦) [9] and the PIREB irradiation in the air (open

triangle �) [6, 7] were almost same. The hatcha-

bilities for the PIREB irradiation in the water (full

triangle � [10] and full-inverted triangle � in this

experiment) were lower than one for the irradia-

tion in the air. It is considered that the indirect

effect induced by the radical generation increased

due to the interaction between the PIREB and the

water for the irradiation results in the water.

4 Conclusion

In this study, the dose dependence of the inacti-

vation of the zooplankton eggs was investigated

with the irradiation of the PIREBs. The hatch-

ability of Artemia Salina eggs in the water was

studied in the various dose, and was compared to

the case with the irradiation of γ-ray and the case

for the PIREB irradiation in the air. The elec-

tron induction accelerator “ETIGO-III” was used

as the PIREB generator.

The irradiation results indicated that the hatch-

ability was decreased with the increase of the irra-

diation dose. The hatchability with the γ-ray irra-

diation was almost same as one with the PIREB ir-

radiation in the air. On the other hand, the hatch-

ability in the water was reduced in comparison to

one in the air with the PIREB irradiation. It is

considered that the indirect effect induced by the

radical generation increased due to the interaction

between the PIREB and the water.
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