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ABSTRACT 

The papers presented at the symposium on “Resent Decelopments of Pulsed Power 
Technology and Plasma Application Research” held on January 5-6, 2017 at 
National Institute of Fusion Science are collected. The papers in this proceeding 
reflect the current status and progress in the experimental and theoretical researches 
on high power particle beams, high energy density plasmas produced by pulsed 
power technology.  
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Preface 
 
  The symposium entitled “Recent Developments of Pulsed Power Technology and 
Plasma Application Research” was organized as a part of the General Collaborative 
Research of National Institute for Fusion Science (NIFS) and held on January 5-6, 2017 
at NIFS, Toki. 
  In the symposium, 23 papers were presented in two days, of which 20 papers are 
reported in this proceeding. The total number of participants was 45 including students 
and researchers from universities and companies. 
  The main objective of the symposium is to provide a place of discussion about the 
pulsed power technology, generation of plasmas by using pulsed power technology and 
its application. Therefore, the papers in this proceeding reflect the current status and 
progress in the experimental and theoretical researches on high power particle beams and 
high energy density plasmas produced by pulsed power technology in Japan. It is our 
great pleasure with the unexpectedness if the symposium was beneficial to the 
development of pulsed power and fusion technologies.  
  We would like to express our sincere thanks to all of the participants, the authors and 
the staff of NIFS.  
 
 

Jun Hasegawa 
Tokyo Institute of Technology  

 
Tetsuo Ozaki 

National Institute for Fusion Science  
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Development and evaluation of chopper type Marx Modulator 
for International Linear Collider 
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Mitsuo AkemotoC), Hiromitsu NakajimaC), Masato KawamuraC) 
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ABSTRACT 
On the International Linear Collider (ILC), 10 MW multi-beam klystron will be used as the driver for 

microwave source. For multi-beam klystron power supplies, long pulse power supplies with 
specifications of -120 kV (± 0.5%), 140 A, 1.65 ms, 5 pps are required. Therefore, the chopper-type 
MARX modulator that combines a MARX circuit with a step-down chopper circuit has been proposed.  
In this paper, we report the evaluation results of the chopper type MARX modulator. 

 
Keywords 

ILC, MARX modulator, Pulse Power 
 
1 Introduction 
    In the International Linear Collider, a 
multi-beam klystron of 10 MW will be used as a 
microwave source. As shown in Table 1 for the 
power supply of the multi-beam klystron, a long 
pulse power supply is required with high 
precision as compared with a general high voltage 
pulse power supply. In addition, high reliability of 
power supply, high efficiency, small size, low cost 
are required. When trying to realize this 
specification with a normal MARX power supply 
or a pulse transformer, it is inevitable to increase 
the size of the power supply. Therefore, a chopper 
type MARX Modulator that combines a MARX 
circuit with a step-down chopper circuit has been 
proposed. -2 kV charging, -1.6 kV output cells 
superimposed in 4 stages is taken as 1 unit. 
Its output is -6.4 kV. Furthermore, by using 20 
units, we achieve an output of -120 kV. We report 
the evaluation results of the prototype chopper 
type Marx Modulator. 
 
 

Table 1: Specification of Pulsed Power Supply[1] 
Output Voltage -120 kV 

Output Pulse Flat-top < ±0.5 % 

Output Current 140 A 

Pulse Width (flat-top) 1.65 ms 

Pulse Repetition Frequency 5 Hz 

Rise time and Fall time < 0.1 ms 

Energy deposited into klystron 
during a gun spark 

< 20 J 

 

2 Chopper type MARX Modulator 
2.1 Main circuit 

    Figure 1 shows the circuit of one unit of the 
chopper type MARX power supply. The capacitor 
CM of each MARX cell is charged in parallel by 
turning on SWC. At the time of discharging, 
discharging is performed by PWM controlling 
SWD. For this reason, it is possible to compensate 
the CM voltage decreasing during discharging by 
the change in the duty ratio. Moreover, by 
superimposing the voltage by shifting the phase of 
each stage of MARX, the ripple generated in the 
step-down chopper can be reduced.  
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Figure 1: Simplified circuit schematic of 
chopper-type Marx modulator. 

    Figure 2 shows a picture of the actual 
chopper type MARX power supply. It is a 
system with a total of 20 units. 

 

Figure 2: Photograph of the Chopper-type Marx 
modulator. 

 
2.2 Charging system 
    The charging of the chopper type MARX 
power supply is performed by one high frequency 
transformer for each unit. At present, as shown in 
Figure 3, high-frequency transformers for 4 units 
are driven by one inverter to charge. However, 
since one high-frequency transformer is designed 
to be driven by one inverter, it is planned to 
finally add an inverter. 

 

Figure 3: Charging system diagram. 

 
3 Power supply evaluation test 
3.1 Phase control between each unit 
  Regarding the phase control, by shifting the 
phase of each stage by 1/80 of the PWM period, 
the ripple rate of the output voltage becomes 
the minimum under the ideal condition. 
Therefore, for phase control of each stage of 
MARX, control is set which shifts by 5 μs 
which is ¼ of the PWM period (20 μs) in 4 
cells in the unit. Also, the phase between each 
unit is shifted by 0.25 μs, which is 1/80 of the 
PWM cycle, and setting is made so that all 80 
cells are out of phase by 1/80. This is shown in 
Figure 4 (a), where the arrow shows that the 
phase is shifted by 0.25 μs. However, in the 
current charging system, the influence of the 
coupling due to the capacitance between the 
windings of the high-frequency transformer is 
large. Therefore, phase control between each 
unit was adjusted. Four units that use the same 
inverter with strong coupling of stray 
capacitance are regarded as one group. Within 
this group, PWM control is performed with the 
same phase. Although the four cells in the unit 
are shifted by 5 μs similarly to the ideal 
condition, the phase between each group is 
controlled to shift by 1/20 (1 μs) of the PWM 
cycle. This is shown in Figure 4 (b). The arrows 
indicate that the phase is shifted by 1 μs. 

2



3 
 

 

 

(a) 1/80 shift. 

 

(b) 1/20 shift. 

Figure 4: Diagram of phase shift. 

  Figure 5 and Figure 6 show the results of the 
output voltage under two conditions with 
different phase control. The conditions were a 
charging voltage of 72 V, a duty ratio of 80 % 
to 97 %, and a load of a dummy resistance of 
800 Ω. The output voltage when shifting the 
phase by 1/80 is shown in Figure 5, and the 
ripple ratio is ± 2.9 %. On the other hand, the 
output voltage when the four units charging 
using the same inverter are moved with the 
same phase is shown in Figure 6. The ripple 
ratio is ± 0.7 %, and it can be confirmed that 
the ripple ratio improves more than the phase 
control that minimizes the ripple under ideal 
conditions. 

 

Figure 5: Output voltage at 1/80 shift. 

 

Figure 6: Output voltage at 1/20 shift.  

3.2 Klystron test 
  As described in Section 3.1, with adjustment of 
the phase control between the units, RC snubbers 
of 40 Ω and 375 nF were connected to the output 
of the unit, and the klystron load test was 
conducted. Thales' 5 MW TH 2104 was used for 
the klystron. Figure 7 shows the output waveform 
when the charging voltage is -1.2 kV and the duty 
ratio is 86 % to 97 %. Output voltage - 82.0 kV, 
ripple ratio ± 0.2 %, output current - 46.5 A was 
confirmed. However, under the present situation, 
an undershoot occurs at the falling edge of the 
waveform, and an overvoltage is applied to the 
klystron. Therefore, the introduction of soft start 
is necessary. 

 

Figure 7: Measured modulator output waveform. 

 
4 Conclusion 
  A chopper type MARX Modulator was tested 
as a power source for 10 MW multi-beam 
klystron which will be used in ILC. Adjustment of 
the phase shift between each unit was performed, 
and the output characteristics when klystron was 
used as a load in 20 units were confirmed. By 
introducing soft start in the future, we plan to aim 
for operation with output voltage of -120 kV, 
output current of 140 A, and repetition frequency 
of 5 Hz. 
 
Reference 

[1] ILC Technical Design Report Volume 
3–Accelerator,2013, 
http://www.linearcollider.org/ILC/Pub
lications/Technical-Design-Report. 
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ABSTRACT

A warm dense matter generator by pulsed power discharge with isochoric heating during an
implosion time scale of inertial confinement fusion is developed. An intense pulsed power gen-
erator is used to input the energy into the sample during the implosion time period. An optical
measurement system is arranged with the simultaneous operation by triggering the pulsed power
discharge. As a result, several 1000 K of the sample is observed, and warm dense matter is
generated with well–defined condition. The specific heat measurement system is developed by
the results of the temperature and the input energy histories in the WDM state.

Keywords

Inertial Confinement Fusion, Pulsed Power, Warm Dense Matter, Specific Heat

1 Introduction

Properties of warm dense matter (WDM) are im-

portant, because the physical properties affect an

implosion process of an inertial confinement fu-

sion (ICF) system [1]. A pulsed power discharge

with isochoric heating was proposed to investigate

the WDM characteristics [2, 3]. In the setup, the

density of a sample (i.e., WDM) is well-defined

because the volume of the sample is given by a

rigid capillary wall, and the temperature of the

sample is controlled by the input energy due to

the discharge current. As a result, the various

WDM conditions in the density and the tempera-

ture are achieved by using a foamed metal as the

sample with the system. The WDM research at

the time scale of the implosion process in ICF was

proposed with an intense pulsed power device by

using the pulsed power discharge with the isochoric

heating [4–6]. To explore the physical properties

such as electrical and thermal conductivities, ther-

modynamic properties, equation–of–state, a well–

defined WDM is expected for the measurements.

To generate the WDM in a laboratory scale,

the pulsed power discharge with isochoric heat-

ing was proposed and carried out during several

μsec of the time scale. In this study, the pulsed

power discharge with isochoric heating by using

the intense pulsed power generator “ETIGO-II” [7]

(Extreme Energy–Density Research Institute, Na-

gaoka University of Technology) is investigated to

create the WDM during the ICF implosion pro-

cess (several–tens nsec). The electron beam diode

as the impedance controller [4,6,8] is installed for

the input energy control into the sample.
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2 Experimental Method

The intense pulsed power generator “ETIGO-II” [7],

which is used as the pulsed power supply in this

study. The nominal parameters of ETIGO-II are

suitable for this research because of the peak out-

put voltage of 1 MV, the output current of 590 kA,

and the pulse duration of 100 nsec, respectively.

The outline of the experimental setup consists of

the sample, an electron beam diode placed on the

output terminal of ETIGO-II, voltage and current

measurement devices, and an optical measurement

system. The sample, the electron beam diode, and

the voltage and current measurement devices are

installed into the vacuum chamber. The pressure

in the vacuum chamber is set as less than 0.02 Pa

in the discharge experiment.

The sample is surrounded with a glass capillary

as a rigid wall [6]. The sample material is a copper

wire (ø20 μm) and/or a foamed metal, and the

density is set as 0.1 ρs (ρs is the solid density of

Cu, 8.96× 103 kg/m3).

As the optical measurement system, the streak

camera (Hamamatsu Photonics: C7700-1) mounted

with the spectroscope (Hamamatsu Photonics: C1119-

01) is trigged by the voltage signal from ETIGO-

II. The light emission from the sample placed in

the vacuum chamber is transported from the sam-

ple to the streak camera in the atmosphere. Only

the optical path consists of the mirrors placed in

the atmosphere, and the length is determined by

the time delay of the trigger signal and the streak

camera.

3 Experimental Result

The current I of the sample and the voltages for

V1 and V2 at both edge of the sample were directly

measured by the Rogowski coil and the resistive

dividers [6].

V (t) = V1(t)− V2(t)− L
dI(t)

dt
, (1)

The applied voltage V at the sample was adjusted

by Eq. (1) with the stray inductance of L = 75 nH.

The stray inductance was measured pre-experimentally

with the short circuit. The input power into the

sample was obtained by the product of the cur-

rent and the voltage, and the input energy into

the sample was given by the integration of the in-

put power.

The spectrum history from the sample obtained

by the streak camera. From the spectrum, the self-

absorption was observed at the Hα line. For this

reason, it is considered that the ablated sample

becomes the dense enough. As a result, we esti-

mate the temperature of the sample by fitting the

spectrum to the Planck function.

According to the fitting results, we determined

the temperature of the sample. It was expected

that the sample temperature was increased up to

several 1000 K with the pulsed power discharge

with isochoric heating during the implosion time

scale. For this reason, the WDM could be gen-

erated during the implosion time scale with the

established system proposed in this study.

4 Conclusion

In this study, the warm dense matter generator

by the pulsed power discharge with isochoric heat-

ing during the implosion time scale was developed.

The intense pulsed power generator was used to

input the energy into the sample. Also the op-

tical measurement system was arranged with the

simultaneous operation by triggering the discharge

pulse. The several 1000 K of the sample was ob-

served by the spectrum from the heated sample,

and the temperature and the input energy histo-

ries will be able to give the specific head in the

WDM state.
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ABSTRACT 
Examined are spectral properties of cold Kα radiation from low charge chlorine from C2H3Cl-plasma heated by 

an intense ion beam for cold dense plasma diagnostics. Relativistic atomic structure calculations indicate that the 

Kα lines are slightly shifted to a higher-energy side according to the degree of M-shell ionization. Spectral shift 

from Cl+-Kα lines to those with a fully stripped M-shell is about 10 eV, and calculations with a collisional 

radiative equilibrium (CRE) condition show clear spectral deformation in the electron temperatures of less than 

30 eV, where low charge chlorine having M-shell electrons is dominant. Opacity of the Kα lines is small, and 

the potential to apply for cold dense plasma diagnostics is shown, expecting to give us distinct understandings 

for energy deposition by an ion beam. 

 

Keywords 

heavy ion fusion, energy deposition, opacity, Kα lines, collisional-radiative model, spectral shift, plasma 

diagnostics 

 
1. Introduction  
 
  In heavy ion inertial fusion (HIF) research, energy 
deposition and plasma heating by ion-beam 
irradiation is one of critical issues, and many 
experimental and/or theoretical studies have been 
intensively done [1, 2]. In the related experiments, 
Time-Of-Flight (TOF) is one of the most powerful 
diagnostics in the framework of particle diagnostics 
[3, 4]. In the category of X-ray diagnostics, which is 
also one of promising tools for the above purpose, 
Rzadkiewicz et al. [5] experimentally showed direct 
observation of Si-Kα lines from atomic states with 
L-shell vacancies and chemical bounding with 
neighbor oxygen. Their study may lead us fruitful 
understandings for energy deposition by an ion-beam, 

and have a potential to open a new field of cold 
and/or warm dense matter physics. In the study of 
Ref. [6], Cl-Kα spectra from polyvinyl-chloride 
(C2H3Cl) plasma, which is often used in 
laser-produced-plasma (LPP) experiments and 
chlorine is doped as a tracer, heated by a He2+-beam 
were examined for cold dense plasma diagnostic, and 
a threshold temperature (~85 eV) was found. The 
created plasma-temperature must be lower than the 
threshold to trace energy deposition by an incident 
ion beam since the K-shell ionization by an ion beam 
governs the kinetics of the Kα radiation below the 
threshold. In such a case, Kα radiation with a lower 
charge state is preferred. Recently, the demonstration 
of Kα lines from low charge states chlorine having 
M-shell electrons, which are Cl+~Cl7+ and called 
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'cold-Kα lines' hereafter, is examined for cold plasma 
diagnostics [7]. M-shell Ionization between lower 
charge states results in small spectral shift of line 
radiation. Kα radiation is due to an atomic transition 
between L and K-shells, and the resultant spectral 
shift by M-shell ionization is much smaller than that 
by L-shell ionization. It should be note that Kα lines
with partially ionize L-shell are well-separated with 
respect to the charge states, and essentially applicable 
to moderately hot plasma diagnostics. In this paper, 
our study on Kα lines from low charge chlorine, 
which has M-shell electrons, embedded in 
C2H3Cl-plasma is briefly presented.
 
2. Descriptions on Population Kinetics 
and Spectral Synthesis 

Fig.1 Model of population kinetics. 
 
 The model of population kinetics considered here is 
presented in Fig.1. Vacant K-shell states are mainly 
created through inner-shell ionization by ion impacts 
rather than dielectronic-capture in cold plasma. In the 
figure, although only the creation of a K-shell 
vacancy is given, L-shell vacancy can be also created 
in the same manner. The vacant L-shell states play an 
important role to absorb the Kα emission. 
Non-radiative processes KLL-, KLM-, KMM- and 
LMM-Auger transitions are considered for the 
estimation of net Kα emission. These Auger 
transitions compete with Kα transitions. The 
LMM-Auger is for vacant L-shell states and the 
others are for vacant K-shell states. In solid density 
plasma heated by an ion beam, since the population 
of vacant K-shell states is very small, the total 
average charge state of chlorine Ztotal ~ Zbulk ~ Zvacant 

K-shell – 1 [8], where Zbulk and Zvacant K-shell stand for the 
average charge states of bulk and vacant K-shell 
states, respectively. Here, it should be noted that 
Fig.6 in Ref. [6] gives an intensity ratio between 
cold-Kα radiation and high charged one, and the ratio 
can be an effective index to deduce an electron 
temperature Te in the range of 50 – 100 eV, in which 
the ratios give almost 0.1 - 10. For mostly Te < 50 eV, 
it is suggested that only cold-Kα lines, which come 
from atomic states having M-shell electrons and the 
charge states are less than 8, are applicable.
 Calculations are carried out with a collisional 
radiative equilibrium (CRE) condition. The model of 
population kinetics considered here is based on those 
presented in Kawamura et al. [7,8]. The 
cross-sections of collisional excitation and ionization 
by electron impacts are found in the references in
Ozawa et al. [9]. Radiative recombination can be 
estimated by the detailed balance principle with use 
of the cross-sections of photo-ionization, which can 
be also found in the article. Collisional de-excitation 
and three-body recombination are calculated by the 
detailed balance principle with the corresponding 
inverse processes. The cross-sections of K- and 
L-shell ionizations by ion impacts are respectively 
calculated by Rice et al. [10] and Hansteen et al. 
[11]. 
 The ionization degrees of other elements, namely 
carbon and hydrogen, are estimated with a scaling 
formula based on the Thomas-Fermi model 
developed by More [12].  Pressure ionization [13]
corrected in terms of Kawamura et al. [14], and 
continuum lowering [15] models are adopted. 
Concerning the spectral line-shape modeling, a 
dynamical effect on the Stark broadening is adopted 
[16]. Resultant spectral profiles are convolved by 
electron impact broadening using a semiclassical 
expression [17], natural and Doppler broadenings 
assuming that ion temperature is equal to electron 
temperature. Finally, to estimate the opacity of Cl-Kα 
with low charge states, a radiative transfer equation 
under one-dimensional stationary and spatially 
uniform plasma is solved.
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3. Calculation of Kαα Lines with use of a 
Relativistic Atomic Structure Program 

 Emission energies and oscillator strengths of 
cold-Kα lines are calculated with the use of 
GRASP92 and RATIP codes. These codes are based 
on a multi-configuration Dirac-Fock (MCDF) method 
[18, 19, 20]. Calculated Cl-Kα lines are associated 
with the charge states of Cl+ - Cl8+, and they come 
from ground states with a vacant K-shell, namely, 
Cl+: 1s2s22p63s23p5 -> 1s2s22p53s23p5 + hν, Cl2+:
1s2s22p63s23p4 -> 1s22s22p53s23p4 + hν , … , Cl8+: 
1s2s22p6 -> 1s22s22p5 + hν. The resultant Kα1 and 
Kα2 are found to be calculated within the accuracy of 
~0.5 eV compared with one of available data [7].
 
4. Spectral Properties of Cold-Kα Lines
 

Fig.2 Deformation of a spectral line-shape and 
blue-shift of cold Cl-Kα radiation emitted from a 
polyvinyl-chloride (C2H3Cl) plasma. The vertical 
scale is an arbitrary. However, that at Te = 10 eV is 
scaled down more to make direct comparison with 
others. The actual scale at Te = 10 eV is two times 
larger. 
 
 The typical deformation of a spectral line-shape on 
the electron temperature is given in Fig.2. The figure 
shows dynamical Stark profiles, which are without 
radiative transfer calculation, and the spectra are 
given with the unit of emissivity. In the calculation, it 
is assumed that plasma ion density is solid density 
(~8.1 x 1022 cm-3), and incident ion-beam is a 
C6+-beam, of which current density and mean energy 
respectively are 3 kA/cm2 and 30 MeV. Energy 
spread of the beam is 10% of the mean energy, which 

is described by Maxwellian. It should be noted that 
the emissivity at Te = 10 eV must be scaled down to 
make direct comparison with others, and the actual 
scale of it must be multiplied by two. 

 As seen in Fig.2, at electron temperature Te = 10 eV, 
the spectrum mainly consists of three Kα components 
of Cl+ - Cl3+. With increase in Te, the charge states of 
the main components are Cl2+ - Cl5+ at Te = 20 eV, 
and the Kα lines from Cl4+ - Cl8+ have a large 
contribution at Te = 30 eV. Finally, total blue-shift at 
30 eV from the Kα lines of Cl+ is ~10 eV, and clear 
spectral deformation can be observed.
 

Fig.3 Calculated Cl-Kα spectra at Te = 10 eV with L 
= 0.1 cm, 1 cm, 10 cm. All spectra are normalized by 
L to make direct comparison. 
 
 To examine the saturation phenomenon of low 
charge state Cl-Kα lines, one-dimensional radiative 
transfer calculations with stationary and spatially 
uniform plasma are carried out. In Fig.3, Cl-Kα 
spectra at Te = 10 eV with some plasma lengths L are 
given. All the spectra are normalized by L to make 
direct comparison. With L < 0.1 cm, there is almost 
no difference among the profiles. In this case, L = 1 
cm is almost an upper limit for opacity-free 
diagnostics. 
 
5. Conclusions 
 
 In this study, our recent progress on plasma 
diagnostics with use of cold-Kα radiation is given. 
To utilize the radiation, clear blue-shift of cold-Kα 
lines must be examined with accurate numerical 
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simulation. In the calculation, the line-shift gives 
about 10 eV in accordance with M-shell ionization 
for chlorine, and the clear deformation of spectral 
shape can be seen, and cold-Kα radiation is shown to 
be one of promising tools for cold dense and large 
volume plasma diagnostics. 
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Abstract 

Dynamics of laser ablation plasma in vacuum was discussed for incident intensities less than ~ 109 W/cm2. Results 
showed that the ablation plasma is accompanied by charge flows from the laser ablation plasma to a grounded 
target. The current signals, directly measured by a current monitor, developed from negative to positive depending 
on the dynamically evolving plasma. Results also showed that, initially the current is induced by an electron flow 
from the plasma plume to the surrounding wall and, after a transient phase, the current is replaced by ion flow to the 
wall. This result reflects a breaking of quasi-neutral state of the ablation plasma during the evolution and 
corroborates a generation of ambipolar electric field (double layer) during the ablation process.  
 
Keywords: laser ablation, double layer, sheath, two-electron temperature, ion acceleration

1. Introduction 
Laser ablation plasmas made by moderate irradiation 
level are used in a wide variety of scientific and industrial 
fields. Behaviors of the plasma plume in vacuum are 
usually estimated with the well-known solution of 
gas-dynamic equations [1,2]. Although the velocity 
distribution of ions in the plasma play an important role 
for high flux beam sources of charged particles [3,4], and 
plasma applications such as deposition of thin films 
and/or surface treatments, their transient behaviors are 
not clarified yet. In particular, the extraordinarily fast 

drift speed of ions has been one of the unclarified issues 
of the ablation plasma expanding into vacuum [5].  
Although the plasma shields the laser irradiation, the 
plasma can interact with the target. In addition to the 
hydrodynamic acceleration scheme, a theoretical model 
of metallic target ablation considering electron emission 
from the hot target as well as an electric sheath produced 
at the target-plasma interface was proposed [6].  

In connection with a study on the acceleration 
mechanism, transient processes induced by the evolution 
of ablation plasma in vacuum are of primary concern of 
this report. One of the purpose of this report is to show an 

evidence of the charge flows induced by the dynamically 
evolving plasma. The charge flows to a grounded target 
were measured directly using a current monitor and/or a 

charge collector probe.  
 
 

2. Experimental Arrangement and Plasma Flux 
Measurements 
A schematic diagram of the experimental 

arrangement for the plasma flux measurements is shown 
in Fig. 1. A frequency-doubled Nd:YAG laser irradiated 
 
 

Fig.4. Dependence of the target-to-ground current on 
distance L. 

 
Fig. 1. Schematic of experimental setup for plasma flux 
measurements. 
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Fig. 2. Waveforms of plasma flux made by laser 
irradiation with IL = 3.0  108 W/cm2 and S = 1.73 mm2, 
at L = 150 mm and 200 mm.  
 

Fig. 3. Dependence of plasma flux on laser spot size with 
constant irradiation intensity (at L = 150 mm).  
 
a solid titanium (Ti) plate through a lens (f = 300 mm) 
with a pulse energy of 115 mJ, a pulse width of 15 ns, and 
an irradiation power density of IL = 1.3-3.0  108 W/cm2.  
The plasma flux was measured by a Faraday cup located 
L = 50 mm to 300 mm downstream from the target. The 
background pressure of the chamber made of stainless 
steel was kept less than 10-3 Pa throughout the 
experiments. 

Typical waveforms of the plasma flux at L = 150 mm 
and 200 mm are shown in Fig. 2 where the 
reproducibility was with the line width of the waveform.  
As is well known, the flux has a drifted-Maxwellian form 
and the plasma particles dispersed with the propagation. 
Then the distribution function of ions are composed of 
fast (drift) and thermal (random) components. 

Figure 3 shows waveforms of the plasma flux at L = 
150 mm where laser spot size at the target: S was changed 
as a parameter.  As can be seen, when we increase the 
spot size, the rise time and the flight times for the peak 
values of the flux-waveforms decreased. The spot size 

dependence indicates that hydro-dynamical process plays 
a role for the dynamics of ablation plasma.  The plume 
evolution includes two stages: in the initial stage, where 
the laser spot size is large enough compared with the 
plasma thickness, the expansion is one-dimensional, and 
after some time, when the plasma plume is far from the 
target, the expansion plume becomes three-dimensional.  
The transition from the 1D to the 3D behaviors depends 
on the distance normalized by the spot size.  

In the frame of fluid dynamical theory, the ions can be 
accelerated, by transforming their enthalpy to kinetic 
energy, up-to the thermal speed at stagnation state [7,8].  
This means the maximum speed: umax of the particles is: 

 
                      

(1)  
 

where  is the specific heat ratio, R is the gas 
constant, T0 is the stagnation temperature, m is the mass 
of particle, and a is the sound speed.  This means, in the 
frame of fluid dynamical theory, the ions can be 
accelerated up to an order of the sound speed at 
stagnation temperature [7].   

We can estimate the attainable temperature using a 
simplified model, in which the power balance between 
the laser intensity: IL of 109 W/cm2 and the radiation 
power loss from the plasma is solved, without 
considering the latent heats for vaporization, excitations, 
ionization processes, and fluid-dynamical effect, the 
electron temperature is estimated to be 10 eV at most.  

At the intensity level of this experiments, the initial 
temperature of the ablation plasma: T0 is estimated to be a 
10 eV at most. However, as shown in Fig. 2 and Fig. 3, 
the flux peak arrived the collector at L = 150 mm with 
time-of-flight of 3.3 s. Then the ion energy 
corresponding to the flux peak is estimated to be 
(1/2)mivi

2 ~ 520 eV, which is an order of magnitude larger 
than that predicted by the hydro-dynamical acceleration 
mechanism at this laser irradiation level. 
 
 
3. Direct Measurements of Charge Flows from the 

Plasma to the Target 
Figure 4 shows the arrangement for the charge flow 

measurements [9]. In order to measure the charge flow, 
the Ti target was electrically isolated from the vacuum 
chamber except a connection to the ground by a cable, 
around which a Rogowski type current monitor (R.G.) 
was placed.  Also, to change the boundary condition for 
the plasma plume, a charge collector probe composed of 
a brass disk with 10mm in diameter was placed at L = 
150-200 mm from the Ti plate.  

Figure 5 shows typical signals from the current probe. 
As shown, the currents were negative (electron flow from  
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Fig. 4. Experimental arrangement for measurements of 
charge flow to the laser target.  
 
the target) at the initial phase, and after that they were 
replaced with positive signals (ion flow to the boundary 
wall). The negative peak increased with increase of the 
laser intensity. Also the positive part slightly depended on 
the laser intensity. The results clearly show that the 
ablation plume is breaking quasi-neutrality and the 
plasma potential fluctuates depending on the plume 
evolution.  

For quasi-neutral plasma, the potential  satisfies 
the Poisson equation:  

 
(2) 

 
where Z is the charge of ions. Then the dense plasma is 
separated by a sheath from the target across which the 
potential drop is formed.  
    In order to characterize spatial distribution of the 
charge flows, effects of conductive boundary on the 
current signals were investigated. For the characterization, 
we changed the position of charge collector probe shown 
in Fig. 4, and measured the dependence of the current 
waveforms on L. As shown in Fig.4, in these 
measurements, the collector probe was also directly 
grounded and detected the charge flux to ground potential 
within a narrow solid angle to the target normal. 

The waveforms depended on the laser intensity and 
the distance between the target to the probe. Examples of 
the waveforms are shown in Fig.6. As shown in the figure, 
when we decreased the distance L, the current peak 
increased. These results indicate that the charge flows are 
induced by the dynamic behavior of the plasma plume. 
The sharp increase of the first peak of the current signal 
for smaller L is due to increase of the solid angle of the 
charge collector toward the plasma. The dependence of 
charge flow waveforms on L reflects dynamically 
evolving un-isotropic current distribution.  
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Fig. 5. Current signals through ablation target to the 
ground potential.  
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Fig. 6. Dependence of the target-to-ground current on the 
collector distance L.  

Negative signals are probably due to energetic electrons 
escaping from the plume boundary and the positive 
signals are from ion flows induced by the potential hump 
induced in the plume [10]. Although a hot electron 
population is considered to be critical for producing 
double layer structure [11], electrostatic probe 
measurements indicated existence of the hot electron 
component in the laser ablation plasma under similar 
experimental condition [4]. Absorption of laser radiation 
and rapid expansion in vacuum right after the absorption, 
are probably essential to form the energetic electrons, 
two-electron temperature components, and the breaking 
of quasi-neutral state in laser ablation plasma.  
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4. Concluding Remarks 

The charge separation effects in the collision-less 
plasma expansion into a vacuum have been studied 
extensively concerning high-energy ion jets from 
short-pulse interaction with target [12]. The effects seem 
to play some roles also in the plasma expansion made by 
moderate intensity level as has been shown in this study.  

In this work, charge flows to the ground potential 
from the ablation plasma were measured directly using a 
current monitor. The current signals through the grounded 
target do not disturb the plasma potential. Then the results 
reflected the transient structure of the ablation plume in 
vacuum. Also the results could corroborate a breaking 
quasi-neutrality in the ablation plume, effect of energetic 
electrons, and ambipolar electric field arising during the 
expansion of ablation plume. Results also indicated that 
not only hydro-dynamical mechanism but the ambipolar 
electric field induced in the ablation plasma contribute 
the acceleration of ions in the plasma.  

The final goal of this study is to clarify the 
acceleration mechanism of the fast ions and to derive the 
velocity distribution function of ions under the moderate 
irradiation levels (108-109 W/cm2) which is useful for 
high-flux ablation type ion sources, and reliable laser 
triggering of pulsed discharges.  
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ABSTRACT 

To understand particle acceleration mechanisms in non-relativistic collisionless shocks, we have investigated 
an interaction between a pulsed-power-driven plasma flow and a perpendicular magnetic field. The ion current 
from the plasma flow in the perpendicular magnetic field was measured by an ion collector. The valuation of 
the ion current waveform without and with the perpendicular magnetic field was observed. With the magnetic 
field, the ion current preceding the main current was observed. Results of numerical simulation based on an 
electromagnetic hybrid particle-in-cell method qualitatively agreed with experimental results.  
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1. Introduction  
  Elucidation of generation process of cosmic rays is 
important issue in astrophysics and space physics. 
The characteristic of cosmic rays is non-thermal 
energy distribution with a power-law spectrum, and 
the highest energy of cosmic rays reaches to 1020 eV 
[1]. Collisionless shocks such as heliospheric shocks 
or supernova shocks have been discussed to play an 
energy source for generation of cosmic rays [2-4]. In 
the relativistic region, first-order Fermi acceleration, 
which is a theoretical model of particle acceleration 
in collisionless shocks, has been explained the 
power-law energy distribution of cosmic rays and the 
process how to gain the energy from electromagnetic 
fields [5-6]. However, to drive first-order Fermi 
acceleration, charged particles must be accelerated 
from the non-relativistic region to the relativistic 
region. The process for driving first-order Fermi 
acceleration have been not clarified because of the 
non-linear interaction of electromagnetic fields and 
the charged particles [7-8]. In order to clarify particle 
acceleration mechanisms in non-relativistic 
collisionless shocks, the understanding of behaviors 

and interactions of plasma flow and electromagnetic 
fields in non-relativistic region is required. 
  A plasma flow with a similarity for astrophysical 
phenomena in a laboratory scale experiment provides 
“in-situ” observation of the astrophysical phenomena 
[9-11]. The similarities of the laboratory scale 
experiment to the astrophysical phenomena, such as a 
mean free path of particles, the velocity of the plasma 
flow, or plasma beta are considered. To obtain a fast 
plasma flow in a laboratory, experiments using laser 
ablation or pulsed-power discharge has been carried 
out [12-18]. We have proposed a tapered cone plasma 
focus device to obtain a quasi-one-dimensional fast 
plasma flow for laboratory astrophysics [19-20].  
  In this study, to understand an interaction between 
fast plasma flow and perpendicular magnetic field, 
we have investigated behavior of a one-dimensional 
plasma flow generated by the tapered cone plasma 
focus device in a perpendicular B-field by measuring 
a plasma ion current. A numerical simulation based 
on an electromagnetic hybrid particle-in-cell method 
has been carried out for the comparison with the 
experimental results.  
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 2. Experimental Setup 
  The tapered cone plasma focus device with a 
guiding acrylic tube (length of 20 mm) produces a 
quasi-one-dimensional fast plasma flow with the 
velocity of 30 km/s in a helium gas discharge at 0.3 
Pa [20]. Figure 1 shows the experimental setup to 
apply an external perpendicular B-field, and to 
investigate ion behavior. In order to apply a magnetic 
field Bz perpendicular to the plasma flow direction x, 
permanent magnets were set on the acrylic tube. The 
peak of the B-field is 25 mT at the center of the 
acrylic tube. To measure a plasma ion current from 
the plasma flow, an ion collector (IC) biased at –50 V 
with an aperture of ø0.5 mm was set coaxially to the 
electrodes and the acrylic tube. The distance from the 
end of the acrylic tube to the aperture is 10 mm. The 
ion current was measured through a high-pass filter 
with the cutoff frequency of 10 kHz.  
 
3. Results and Discussions 

3.1 Measurement of the plasma ion current

without and with the perpendicular magnetic field 

  Figure 2 shows the plasma ion current measured 
by the IC without and with the perpendicular B-field. 

Without the B-field, the initial distortion has been 
detected at 3.9 µs, and the current has reached to the 
peak of 70 mA at 4.8 µs. The time from the initial 
distortion to the peak is 0.9 µs. On the other hand, 
with the B-field, the main ion current has been 
delayed, and it has been detected at 5.6 µs. The ion 
current of a few mA preceding the main current was 
observed.  
 
3.2 Numerical simulation for plasma flow 
  To simulate the plasma behavior generated by the 
tapered cone plasma focus device, a numerical 
simulation based on an electromagnetic hybrid 
particle-in-cell (PIC) method has been carried out 
[20]. The ion current at 30 mm is compared with the 
experimental results as shown in Fig. 2.  
  Initial conditions for the numerical simulation 
were decided by the comparison of experimental 
results. The average velocity of super particles is 30 
km/s. We assumed singly ionized helium ions and 
thermodynamic equilibrium, and thus the electron 
temperature and electron number density becomes Te 
= Ti and ne = ni.  

 

Fig. 1  Schematic image of the 
experimental setup to apply the 

perpendicular B-field using 
permanent magnets and to measure 
the plasma ion current using the ion 

collector (IC). 

  
(a) w/o B (b) w/ B 

Fig. 2  Ion current waveform measured by the IC. (a) without the B-field and (b) with the B-field. Without 
the B-field, the initial distortion was detected at 3.9 µs, and the current reached to the peak of 70 mA at 4.8 
µs. The time from the initial distortion to the peak is 0.9 µs. With the B-field, the main ion current was 
delayed, and was detected at 5.6 µs. The ion current of a few mA preceding the main current was observed.  
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 The electron temperature of the plasma flow has 
been experimentally estimated to be Te ~ 2.6 eV from 
the optical emission spectroscopy [20]. The ion 
number density is estimated to be ni ~ 1020 m–3 with 
assuming fully-ionized-plasma of the initial helium 
gas in the chamber as below; the initial number 
density of neutral helium in the chamber is calculated 
by using ideal gas law, nHe = P0 / kBT0, where P0 is 
the initial gas pressure in the chamber, kB is the 
Boltzmann constant, and T0 is the initial temperature. 
The initial number density of neutral helium is 
estimated to be nHe ~ 1020 m–3 with the initial pressure 
P0 = 0.3 Pa, and the room temperature T0 = 300 K.  
  Figure 3 shows the ion current waveform at 30 mm 
numerically simulated by the electromagnetic hybrid 
PIC method. The ion current Ii was calculated as 
below:  

Ii = JixSap  (1) 
where Jix is the ion current density on x direction at 
30 mm represented by the super particles, Sapp is the 
cross section of the aperture with the diameter of ø0.5 
mm. The peaks of the ion current both without and 
with the perpendicular B-field are 80 mA. Without 
B-field, the current has been detected from 0.5 µs, 
and the peak current has been reached at 1.5 µs. The 
rising time of the current is about 1 µs. On the other 
hand, with B-field, the current has been sharply 
increased at 1.5 µs, and the current with a few mA 
preceding the main current has been confirmed. 
These results qualitatively agree with the 

experimental results shown in Fig. 2.  
 
 
4. Conclusions 
  We have observed the plasma ion current from the 
plasma flow generated by the tapered cone plasma 
focus device both in without and in with the 
perpendicular B-field. Without B-field, the peak of 
the ion current was 70 mA, and the rising time of the 
current was 0.9 µs. On the other hand, with the 
B-field, the detected time of the main ion current was 
delayed, and the rising time was shorter than without 
the B-field. In addition, the current of a few mA 
preceding the main current was observed. The 
numerical results simulated by the electromagnetic 
hybrid particle-in-cell method qualitatively agreed 
with the experimental results.  
  To investigate the ion behavior in the 
perpendicular B-field, we will evaluate the 
dependence of the behavior of the ion current on the 
peak of the B-field, and the dependence of the 
detected time of the ion current on the distance to the 
detector.  
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Fig. 3  Ion current waveform at 30 mm numerically simulated by the electromagnetic hybrid PIC method. 
(a) without the B-field and (b) with the B-field. The peak of ion current both without and with the B-field 
were 80 mA. Without the B-field, the current was detected from 0.5 µs, and reached to the peak at 1.5 µs. 
The rising time of the current is 1 µs. With the B-field, the current was sharply increased at 1.5 µs, and the 
current with a few mA preceding the main current was confirmed.  
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ABSTRACT 
Detonation waves were induced by focusing a TEA CO2 laser in the atmosphere. When a metal was placed 
close to the focusing spot, the shock front was strengthened and a two-step shock wave was driven.  The 
formation of discontinuous (two-step) shock wave indicated that there is an additional transference mechanism 
of the energy deposition region to that induced by the shock wave. The images made by a time-resolved 
interferometry and fast framing photographs indicated an electron emission from the metal. Current 
measurements confirmed a current spike induced by electrons emission from the metal surface. All of the 
results strongly indicated that the electron emission plays an important role for the evolution of laser supported 
detonation wave formed at the region close to metal. 
 

Keywords:  Detonation wave, Shock wave, Laser-induced plasma, Electric potential, Uni-polar arc 

 

1. Introduction 
 When a detonation is triggered in a combustible 
gas, the heated fluid drives a self-evolving fast 
shockwave: the shock heated region enhances the 
combustion, the combustion strengthen the shock 
wave, and vice versa. The phenomena in which a 
laser-induced plasma and resulting shock wave 
propagate together is called laser-supported 
detonation wave (LSD) [1].  The laser absorbing 
rate enhances at the shock heated region that 
strengthen the shock wave. Therefore the LSD 
usually has a similar driving mechanism to that of the 
detonation wave. However it has a bit complicated 
structure than the combustion driven one, in which 
laser induced highly non-equilibrium plasma and the 
radiation transport induces a highly transient 
hydro-dynamical motion [2].  

The phenomena; LSD itself was already found in 
1960’s [2] and the fluid dynamic phenomenon 
induced by the LSD and its basic structure is already 
known when it is formed in simple conditions such as 

in gas atmosphere. However, for a phenomena with 
more complex situation such as LSD driven in 
existence of a metal boundary, detailed models are 
still in discussion [4].  

The “Light Craft” is famous for the 
demonstration of propulsion by LSD which 
succeeded in launching a projectile with about 50 g 
weight to 120 meters by using a 10kW CO2 laser [3]. 
The LSD driver is formed in atmosphere with metal 
boundary. In the previous experiment, it was 
observed that when we placed a metal cone, the 
breakdown threshold decreased and a two-step 
(discontinuous) shock wave was formed. Also, a 
streamer-like structure was observed by a fast frame 
camera in the initial phase [4]. The results indicated 
that electron emission from the top of the cone plays 
a role for the evolution of the detonation wave.  

To clarify effects of the metal on the evolution of 
LSD, we tried to make clear the metal induced 
phenomena using a time-resolved interferometry and 
a measurements of current through the metal.   
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Fig.1. Experimental arrangement for study on 
CO2-laser supported detonation.  
 
 
2. Experimental Setup and Results 
2.1 Basic configuration 

A schematic of the basic experimental set-up for 
the LSD experiments is shown in Fig.1. A TEA CO2 
laser (Ushio-Unimark 400; λ = 10,600 nm), was used 
for inducing the breakdown and driving the LSDs. 
The laser beam has a cross-section of 20 × 30 mm2.  
In the figure, f = 63.5 mm is the focal length of a 
ZnSe lens and b is the distance between the lens and 
a conical brass target. We conducted experiments 
usually under atmospheric air conditions and the laser 
was focused 4 mm above the top of a conical target 
(b = 67.5 mm) made of brass. So the F-value of laser 
optics was 2.3, and the beam waist was estimated to 
be about 0.031 mm.  

Temporal out-put profile of the TEA CO2 laser 
was measured by a pyroelectric detector (QS3-H) and 
the total energy with a joule detector (PHD50). A 
typical profile of the laser power is shown in Fig. 2.  

 

Fig.2. Typical power profile of TEA-CO2 Laser. 
 

We took the shockwave images with a Schlieren
system and a fast framing camera (NAC-Ultra Neo). 
A semiconductor laser (λ = 532 nm) was used for the 
probe light of the Schlieren image.  A narrow-band 
path filter (532nm) in front of the fast framing 
camera lens suppressed the stray light from the laser 
breakdown plasma.
 
2.2 Interferometry and Fast-framing Photographs
   When we take a fast photograph, we removed the 
Schlieren optical system, and observed directly the 
evolution of laser-induced plasma image using the 
fast framing camera. 

In order to measure the electron density inside the 
detonation wave and also to increase the temporal 
resolution, we constructed a highly-sensitive, 
time-resolved Mach-Zehnder interferometer using a 
Nd: YAG laser (Handy YAG H-700, Quanta System). 
The second harmonics (λ=532 nm, t = 8 nsec) of 
the laser was used as the light source.  

The setup of the interferometer is shown in Fig3. 
Interference fringes were captured by a CCD camera 
(D5100, Nikon) and a telephoto lens (AF Micro 
Nikkor 105 mm f / 2.8 D, Nikon).  The focal length 
of the telephoto lens was set to 0.314 m, F.28, and the 
sensitivity of the camera was set to the lowest value 
(ISO 100). The time of the image was estimated by 
comparing the signal of the pyroelectric detector and 
the signal of a PIN photodiode. We used two 
interference filters (VPF - 25C - 03 - 45 - 5 3200, 
Sigma Koki) in series to improve the SN ratio of the 
fringe. 

Fig.3. Set-up of time-resolved interferometry.  
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(a)                    (b) 
 
Fig.4. Schlieren image (a) and fast frame photograph 
(b) of the laser induced breakdown at an initial stage 
of LSD. 
 
Examples of the current signals are shown in Fig.7 
(a): without aperture, and (b): with aperture.  By the 
interferometry, we could make clear the existence of 
electrons in the initial stage of laser driven detonation 
wave.  
 
2.3 Current measurement from the metal 

In addition to the imaging experiments, an 
attempt was made to correlate the images and current 
emission from the metal.  We curried out direct 
measurements of electron current from the metal.  

The arrangement for the current measurements is 
shown in Fig.5. As shown, the metal cone was 
supported with electrically insulated metal holder 
between which a 50  terminating resistor and a 
BNC cable were connected.  That enabled us to 
estimate the current from the cone to the ground. To 
investigate the current path, we placed a metal 
aperture around the top of the cone as shown in Fig.6. 

 
Fig.5. Schematic of the current measurements.  

Fig.6. Details of the current measurements. 
 

                   (a) 

                   (b) 
 

Fig.7. Current signals through the metal. 
 
As shown in the figures, we observed a current 

spike at the beginning of the LSD. When we consider 
the correlation of the current signal, the fringe pattern 
and the fast frame images in Fig.4, the positive signal 
indicates electrons emission from the cone.  

In order to investigate the current distribution, we 
placed an aperture at the top of the cone target, as 
shown in Fig.6.  The current signals are shown in 
Fig.7 (b).  As shown, the current signal strongly 
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depended on the aperture diameter which 
corroborates the electron emission pattern from the 
metal cone as illustrated in Fig.6.  
 
 
3.  Concluding Remarks 

A memorable idea of laser propulsion was 
proposed by A. Kantrowits, in which he discussed the 
capability of a laser launching system of spacecraft 
from the earth using a rocket model based on laser 
ablation pressure [5]. In the system, a fast plasma jet 
and/or a LSD made by laser ablation in a thrust 
nozzle behind the projectile are used to obtain high 
specific impulse. The LSD made in the nozzle is the 
effective driving force for the launching system from 
the earth [6].   Namely the LSD is considered to be 
formed in the atmosphere and evolved in a region 
close to a metal wall. However the role of the metal 
on the formation and evolution of the LSD was not 
clarified yet. 

We constructed a system for time-resolved 
interferometry and made clear existence of electrons 
in the very early phase of the LSD.  In this study, an 
attempt was made to correlate the signal of current 
emission from metal and the density distribution of 
electrons. Also we directly measured the current 
between the breakdown plasma and the metal using 
an electrical set-up for evaluating the current profile 
and its distribution.  

The results confirmed electron emission with full 
width at half maximum of 100nsec at a very early 
phase of LSD.  To investigate the current 
distribution, we placed an aperture at the top of the 
meatal cone. The current spike increased clearly with 
decrease of aperture size. The result also support the 
electron emission from the top of the cone and an 
electron flow circulating between the plasma and the 
metal.  
   All of the results are indicating an important role 
of electrons from the metal boundary both for the 
formation and the evolution of LSDs.  

The apparently monopolar current flow can be 
caused by an electrical potential distribution induced 
by the pressure gradient of a transient breakdown 
plasma formed close to metal boundary [7].  
Investigating further the metal-plasma interaction and 
making clear the relation between the current flow 
and the LSD are the future issues.  
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ABSTRACT 
We tested a linear type Inertial Electrostatic Confinement (IEC) neutron source that adopted permanent magnets 

to enhance ion production rate in the glow-discharge plasma. By introducing magnetic fields locally near the 
discharge anodes, the neutron production rate (NPR) normalized by background gas pressure increased by a factor 
of 1.8 and the light emission pattern of the discharge plasma drastically changed. A neutron imaging test was also 
carried out by using a coaxial cylinder type IEC neutron source. Neutron transmission images were successfully 
obtained even with a neutron flux of 45 n/s/cm2, which coincided well with numerical predictions based on Monte-
Carlo simulations.  
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1. Introduction  
 A demand for neutron sources has recently been 
growing in various fields such as air luggage security, 
landmine detector, boron neutron capture therapy, and 
so on. Conventional neutron sources based on fission 
reactor or accelerator technologies, however, are huge 
and expensive, so these neutron sources have not 
gained widespread use yet. 
 The inertial electrostatic confinement (IEC) fusion 
device is one of potential candidates for a 
commercially used compact neutron source. It uses 
high-voltage glow discharge in low-pressure (~Pa) 
background deuterium gas to produce deuterium ions 
and accelerate them. Fast neutrons (2.45 MeV) 
generated by fusion reactions between deuterium   
nuclei are emitted isotropically from the center of the 
IEC device and a part of them are used for neutron 
applications. The neutron sources based on the IEC 
concept can be very compact and less expensive 
compared with the conventional neutron sources, 
various types of IEC devices have been studied for 
many years since the first pioneering work by Miley et 

al[1].  
 The most important issue of the IEC neutron source 
is to improve neutron production rate (NPR). The 
champion record of NPR achieved by the IEC devices 
ranges from 107 to 108 neutrons/s. On the other hand, 
the demand for NPR in practical applications is 
typically more than 109 n/s. Until the kinetic energy 
(E) of deuterium nuclei become 150 keV, the DD 
fusion cross-section ( ) increases as   En (n > 1). 
So, it is necessary to efficiently use the applied voltage 
to accelerate deuterium ions. Since the maximum 
kinetic energies of the ions is determined by the 
positions where those ions are initially produced. 
Controlling the ion production location in the IEC 
plasma is also an important issue. In the previous work, 
various types of ion sources were proposed and tested 
to actively supply deuterium ions to IEC devices [2-5]. 
 This paper reports experimental results on both the 
operation characteristics of a linear-type IEC source 
and the demonstration of neutron imaging using a 
cylindrical type IEC source. 
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2. Preliminary test of a linear-type IEC 
device 

A schematic of the linear-type IEC device is shown 
in Fig. 1. A hollow cathode (60 mm in inner diameter, 
100 mm in outer diameter, and 100 mm in length) 
made of stainless steel was mounted in the center of a 
vacuum chamber and biased to negative high voltage 
through a high-voltage feedthrough. A couple of disk 
anodes (140 mm in diameter) made of stainless steel 
were located coaxially with respect to the hollow 
cathode with a gap length of 110 mm. The discharge 
region between the electrodes were surrounded by 
eight stainless steel rods (ø6 mm), which were 
arranged in parallel with the center axis of the cathode 
and anodes with the same interval in the azimuthal 
direction. The anodes and the rods were connected to 
the grounded vacuum chamber.  
 To enhance ion production rate near the anode, a 
magnetic field was locally introduced by putting a 
permanent magnet (samarium-cobalt) on the back of 
the anode disk as shown in Fig. 2. Since electrons 
travelling toward the anode are trapped by the 

magnetic field and their flight distances increase due 
to E B drift motion, we can expect that the rate of ion 
production by electron impact ionization enhances. 
This effect can localize the ion production near the 
anode where the potential is relatively high, thus 
contributing to the increase of NPR accompanying 
with the increase in the average kinetic energy of ions 
at the cathode.  
 The cathode was connected to a high voltage power 
supply and biased up to –40 kV. The power supply was 
operated in a constant current mode with a discharge 
current of 5 mA or 13 mA. The discharge voltage was 
changed by changing the deuterium/hydrogen gas 
pressure from 0.92 Pa to 1.83 Pa, which was 
controlled by a solenoid valve in the gas feed line. 
 Figure 3 plots the operating voltage as a function of 
the gas pressure. The voltage values with the anode 
magnets (solid lines) and those without the magnets 
(dotted lines) are plotted for two different discharge 
current conditions, 5 mA and 13 mA. In both 
conditions, the operating voltage decreased by 
introducing the magnets to the anodes, indicating that 
that the glow discharge is more easily sustained by
induced magnetic fields around the anodes. This result 
is probably attributed to the increase in electron mean 
flight distance in the gap, which results from their 
gyrokinetic motions in the magnetic field.  
 Figure 4 shows the observed neutron production rate 
(NPR) normalized by background gas pressure. It is 
known that the DD fusion reaction rate between ions 
and background neutral atoms is much larger than that 
between ions in the IEC devices [6]. Thus, by using 
the normalized NPR, we can clearly see the 
dependency of NPR on the discharge voltage and 
current. The normalized NPR increased from 
2.5 104 n/s/Pa to 3.8 104 n/s/Pa by introducing the 
magnets under a discharge condition of 40 kV, 13 mA. 
 When introducing the magnets, strong light emission 
patterns sometimes appeared near the anodes under 
certain discharge conditions as shown in Fig. 5a. Since 
this emission pattern was accompanied by lager 
discharge current, we call this "low-Z (low-
impedance) mode". In the low-Z mode the operating 
voltage largely decreased, so nuclear fusion reactions 

 
Fig. 2. A schematic of magnetron discharge for 
ion production near anodes. 

Fig. 1. Experimental setup. 
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were strongly suppressed. Therefore, the low-Z mode 
must be avoided in operating the IEC device as a 
neutron source. On the other hand, a discharge mode 
with relatively high voltage could be achieved by 
carefully controlling the gas pressure and the 
discharge current (Fig. 5b). This "high-Z" mode is 
considered to be suitable for neutron production. The 
NPR increase observed in Fig. 4 was available only in 
the high-Z mode. 
 As shown in Fig. 5a, the shape of light emission 
pattern is similar the shape of the magnetic field lines. 
In this region the so-called magnetron discharge 
process happens; secondary electrons generated by the 
electron avalanche process near the anode are trapped 
by the magnetic field, leading to strong ionization of 
the background gas. As a result, a relatively highly 
ionized (low-impedance) plasma is generated near the 
anode. 
 The original role of the anode magnet is to enhance 

the ionization of the background deuterium gas by the 
magnetron discharge, which is expected to enhance the 
NPR. However, it was difficult to control the discharge 
so that two conflicting conditions, high ionization 
degree and high impedance of plasma, could be 
satisfied at the same time. One possible way to 
improve the controllability is to introduce additional 
electrodes near the anodes that are used for the control 
of the magnetron discharge condition. The design 
work based on this idea is underway. 
 
3. Neutron imaging test 

Figure 6a shows the IEC neutron source used for the 
neutron imaging in this study. Figure 6b shows the 
setup of the imaging experiment. The anode (height 
320 mm, ø200 mm) and the cathode (height 380 mm, 
ø40 mm) are coaxially mounted in a vacuum chamber 
(height 340 mm, ø393 mm). Both electrodes consist of 
cylindrically arranged stainless-steel rods. The 
cathode was biased to negative high voltage (~60 kV) 
via a feedthrough, and the anode and the chamber were 
grounded. In this device ions are accelerated and 
converged in the radial direction, so neutron 
production occurs in the region along the center axis 
of the cylindrical cathode. The device was operated 
typically for 3 hours in the imaging experiment with a 
NPR of 106-107 n/s. To thermalize neutrons, 
polyethylene blocks (200 cm  100 cm  50 cm) were 
located between the device and a converter.  
 The indirect method was used for neutron imaging. 
This method consists of the following steps; thermal 
neutrons passing through the object activate a 
dysprosium (Dy) foil (~3 h), an imaging plate (IP) is 
activated by the foil (image transfer), and the image 

 
Fig. 5. Typical light emission patterns of the plasma 
column: (a) low-Z mode (2.6 kV, 1.8 Pa, 20 mA) and 
(b) high-Z mode (22.6 kV, 1.0 Pa, 20 mA). 

 
Fig. 3 Dependency of discharge voltage on back 
ground gas pressure. Solid and dotted lines are results 
with and without anode magnets, respectively. 

 
Fig. 4. Dependency of normalized neutron 
production rate (NPR) on discharge parameters. 
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was read out from the IP by a scanner. This method is 
free from background radiation. In the present study, a 
stainless-steel sample containing B4C powder and Cd 
pins were prepared as objects. Geant4[7], a Monte-
Carlo code, was used to simulate neutron dose on the 
imaging plane. 
 Figure 7 shows the objects, the observed images, and 
a numerically predicted image. As shown in Fig. 7b, 
B4C powder and Cd pins were successfully imaged. In 
addition, the numerical analysis well reproduced the 
contrast of the images obtained by the experiment. 
 
4. Conclusion 
 Introducing magnetic field near the anodes of the 
linear-type IEC device was found to effective for the 
enhancement of the NPR. Typically, a normalized 
NPR was enhanced by ~50 % under a discharge 
condition of 40 kV and 13 mA. Without the magnet, a 
normalized NPR was 2.5 104 n/s/Pa, and so a 
normalized NPR was increased.  
 The neutron imaging using a coaxial-cylinder-type 
IEC device was carried out, and the imaging of B4C 
powder contained in a stainless-steel holder and Cd 
pins was successfully demonstrated. 
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Fig. 7. (a) Imaging objects, (b) neutron images of 
B4C powder and Cd pins, (c) numerically obtained 
neutron images of Cd pins. 

Fig. 6. (a) A schematic of a cylindrical IEC device, 
(b) imaging setup. 
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ABSTRACT 
   This paper describes the biological effect of intense pulse electric field from the frequency point of view. A 

pulse-modulated sinusoidal wave as a narrowband pulsed electric field (nbPEF) allows us to deliver a non-thermal, 
intense and well-defined electric field in terms of frequency, field strength and deposition energy to biological 
systems. 10 s long sinusoidal electric fields with a frequency range between 0.1 and 100 MHz and field 
strengths of up to 10 kV/cm were applied to HeLa or HeLaS3 cells, which were subsequently analyzed in terms 
of the morphology and the Ca2+ response. The field with the frequency below a few MHz immediately causes 
blebs in the external field direction, whereas the morphology does not change apparently in the case of the 
frequency more than 10 MHz. The intracellular Ca2+ concentration rapidly increased after the exposure to the low 
frequency field and subsequently decayed exponentially within hundreds of seconds. Inversely, for the high 
frequency fields, the Ca2+ concentration did not change for seconds after the pulse, but increased gradually in tens 
to hundreds of seconds. When the Ca2+ channel on the plasma membrane was inhibited, the delayed Ca2+ uptake 
was suppressed. Our experiment shows that the possibility to activate or impair function of membrane proteins 
physically by using nbPEF without significant defects of the plasma membrane. 

 

Keywords 
Key Words: narrowband pulsed electric field, biological effect, cell morphology, blebbing, Ca2+ uptake, pore 

formation, TRP channel. 
 
 

1. Introduction  
  Biological effects of intense pulsed electric fields 

(PEFs) have been reported over the past three decades. 
Neumann firstly reported in 1972 permeability 
changes induced by PEFs in membrane [1]. PEFs with 
a pulse length of longer than 10 s are generally used 
for electroporation because the cell membrane acts as 
a capacitor and has to be charged to a sufficient voltage 
to cause membrane defects [2]. Schoenbach et al have 
started using nanosecond pulsed electric fields 
(nsPEFs) and reported their effects on various kinds of 
mammalian cells over the past decade [3]. Application 
of nsPEFs to biological cells results in intracellular 
effects with the intense electric field inside the cell 
seemingly adding a new stress to the internal 

biological system which will potentially be used for 
biotechnology and medical treatment.  

  Fig. 1 shows a schematic illustration of a 
mammalian cells exposed to an electric field and its 
simplified equivalent circuit. Plasma membrane, 
which can be regarded as an insulating dielectric film, 
separates intracellular components from outer 
environment. The membrane significantly influences 
the electrical energy flow under an external electric 
field. The membrane prevents low frequency energy 
(<0.3 MHz) from entering the cell, whereas high 
frequency energy flows into the cell because the 
electrical impedance of the membrane is inversely 
proportional to the frequency. Other possible effect is 
to the membrane proteins such as ion channels, ion 
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pumps, signal receptors. As shown in Fig. 2, they are 
linked to the plasma membrane in various forms and 
most of them expose their part to the outer 
environment. An intense external field affects this 
external part as a mechanical stress, which might lead 
to activation of the protein function.  

  Based on the fact that cells are a complex of 
dielectric materials, the intracellular effects are 
expected to depend on frequency, field strength as well 
as input energy of the applied electric fields. In most 
of the previous studies, monopolar square pulses or 
their combinations have been used since the structure 
of the pulse generators are simple and flexible. 
Frequency components of a sub-hundred ns long 
rectangular pulse are widely distributed from zero to 
hundreds of MHz, which might cause various 
frequency dependent effects simultaneously. Electric 
fields with narrowband frequency spectra enable us to 
discuss more clearly the frequency dependence of the 
biological effects. We previously proposed the use of 
intense narrowband pulsed electric field (nbPEF) [4], 
which allows us to give a well-defined field in terms 

of frequency, amplitude and exposure time to 
biological targets. 

 Previously we demonstrated that intracellular DNA 
is induced to break by the exposure to nbPEF with 
frequencies exceeding approximately 3 MHz [5]. Also, 
we reported that nbPEF with tens MHz range 
accelerates the proliferation of mammalian cells [6]. 
Vernier reported firstly that nanoseconds PEF induces 
the rapid increase of intracellular Ca2+ concentration 
[7]. Ca2+, of which the intracellular concentration is 
kept extremely low (<0.2 µmol/ml), are well known as 
the ubiquitous second messenger to initiate various 
kinds of signal transductions related to apoptosis, 
necrosis, cell cycling, production of reactive oxygen 
species, etc. Here, we describe the morphological 
change and the Ca response of mammalian cells after 
exposing to nbPEF, which are dependent upon the 
frequency. This result enables us to discuss more 
clearly the physical impact of non-thermal, intense 
pulsed electric fields on mammalian cells from the 
frequency point of view.  

 

  

Fig. 1 Schematic illustration of mammalian cells exposed 

to non-thermal intense electrical pulses. 

Fig. 2 Schematic illustration of plasma membrane 

with various kinds of proteins. 

 

Fig. 3  Block diagram of the nbPEF application system. 
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2. Materials and Methods 
 
(1) NbPEF Application System 

 Our nbPEF application system consists of a signal 
generator (Agilent, E4400B) to generate a sinusoidal 
wave of frequency between 0.3 and 100 MHz, a pulse 
generator (Berkeley Nucleonics, Type555) to 
determine the pulse duration and a radio frequency 
amplifier (Empower RF Systems, 2088, 500 W), as 
shown in Fig. 3. A 10 s-long sinusoidal voltage 
pulse with amplitude up to 500 V was delivered to a 
platinum micro-gap electrode placed on a glass bottom 
dish through a 50  coaxial cable (RG213/U). A 
non-inductive resistor was inserted between the 
coaxial cable end and the electrodes for matching. The 
voltage between the electrodes was monitored by 
using a high voltage probe (Iwatsu, SS-0170R) in 
every shot. 

 
(2) Cell and Culture Condition 

 All experiments were conducted using HeLa or 
HeLa S3 cells cultured in an incubator (5% CO2, 95% 
air, 37 ) with  minimum essential medium (
MEM) including 10% fetal bovine serum (FBS). The 
cells were moderately passage through every 2 days, 
before getting 80% confluent. The cells used in the 
experiment were therefore assumed to be in 
logarithmic growth phase. The cultured cells were 
washed by PBS (phosphate buffered saline pH 7.4), 
detached by PBS base 2 mM EDTA (etylendiamine 
tetetraacetic acid), suspend by 10% FBS- MEM, 
centrifuged at 1,000 rpm for 5 min at room 
temperature. Then they were re-suspended to 2 10 
cells/ml with MEM. Finally, they were stored in the 
CO2 incubator until they were used.  

 
(3) Cell Morphology and PS Externalization  

 We observed the cells exposed to the pulse using a 
phase contrast and fluorescent microscope (Leica, 
DMI6000B).  used fluorescent reagent, annexin V-
FITC (ABD Bioquest) to investigate the membrane 
integrity. Phosphatidylserine (PS) is a phospholipids 
nutrient usually hidden in inner surface of plasma 
membrane. Usually, in an early phase of apoptosis, the 

PS moves to outer surface of the membrane. Labeling 
the PS by annexin V that fluoresces in green enables 
to visualize cells in the early-to-mid phase of apoptosis. 
This process is advanced slowly. An intensive physical 
membrane stress like pulsed electric field causes the 
mobilization of phospholipids, resulting in the PS 
connecting with annexin V.  

 
(4) Ca Response  

   We used Fluo8-AM (ABD Bioquest) as 
fluorescent reagent for detection of intracellular Ca2+. 
Fluo8-AM is permeable to cell and has a large affinity 
to Ca2+. After removing the culture medium from the 
incubated cell dish, the cells were gently washed with 
phosphate buffered saline (PBS). 1 mL HBSS 
including 1 µL Fluo8-AM were added to the dish, 
which was subsequently incubated for 30 min for 
Fluo8-AM permeating the cells sufficiently. 
Afterwards, again the cells were gently washed with 
PBS and a culture medium was added prior to the 
exposure to nbPEF. Therefore, the situation is that 
Fluo8 exists only inside the cells. The exposure to 
nbPEF was completed within 5 min after the 
preparation. Also, we conducted two experiments to 
discuss the source of Ca2+. Firstly, we used Ca-free 
medium to see Ca2+ release from intracellular stores. 
Secondly, we used the inhibition reagent of Ca2+ 
channels (TRP channels), Ruthenium Red (RR) to 
explore the route of Ca2+ influx through the plasma 
membrane.  
 
3. Results and Discussion  
 
(1) Morphological Change   

  Fig. 4 shows the phase contrast and the fluorescent 
images of HeLa S3 cells 2 min after the exposure to 10 
nbPEFs for 0.3 and 30 MHz. All cells exposed to 0.3 
MHz nbPEFs have a number of blebs. The fluorescent 
image shows the fluorescence is localized on the 
membrane at both polar sites, which is unique feature 
of the alternating current electric fields. The blebbing 
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is supposed to occur due to the damage of the plasma 
membrane because of the enhanced electric field. 
When a mono-polar pulse was applied, the blebs tend 
to be formed only at the anode side because of the 
natural membrane potential (data not shown). In the 
case of 30 MHz, neither bleb nor fluorescence are 
observed despite the same external field strength. 
According to calculation of the electric field 
distribution under ac field [5], the enhancement of the 
electric field at the plasma membrane is mitigated at 
the frequency exceeding 1 MHz since the electrical 
impedance of the membrane is decreased with 
increasing the frequency of the applied field.  
apparent change occurs in 10 MHz. This implies that 
the cells might receive different stress for different 

frequency even for higher frequency range above 1 
MHz, where the membrane seems to remain intact.   
 
(2) Calcium Response      

  Fig. 5 shows the typical Ca responses of HeLa cells 
to two different frequencies of 0.3 and 30 MHz 
nbPEFs indicated by the fluorescent reagent detecting 
Ca2+, Fluo8. The intracellular Ca2+ concentration 
rapidly increased after the exposure to 0.3 MHz 
nbPEFs and afterwards the concentration gradually 
decayed in hundreds of seconds. Inversely, the Ca2+ 
concentration did not change for seconds after the 30 
MHz pulse, but increased gradually in tens to hundreds 
of seconds. Figure 6 shows the temporal variation of 
intracellular Ca2+ concentration as a function of 

 

Fig. 4  Phase contrast and fluorescent (Annexin V-FITC) images of HeLa S3 cells 2 min after the exposure 

to 10, 5 kV/cm, 10 μs-long nbPEFs with different frequencies of 0.3, 30 MHz.  

 

 

Fig. 5  Temporal variation of the presence of Ca2+ after the exposure to 50, 5 kV/cm nbPEF for two different 

frequencies of 0.3 and 30 MHz. Fluorescent dye Fluo8- AM was used as the Ca2+ indicator. 

30



 

 

frequency of the applied electric field. When the cells 
were suspended in Ca-free medium, each cell 
independently showed a tiny fluctuation of the Ca2+ 
concentration, which lasted for tens of seconds (data 
not shown). This Ca2+ was released from intracellular 
stores such as an endoplasmic reticulum. Figures 6(a) 
and 6(b) show results of the experiments without and 
with RR, respectively. When the TRP channels were 
inhibited, the rapid Ca2+ increase was suppressed at the 
low frequency, whereas for tens of MHz nbPEF, the 
delayed Ca2+ uptake did not occur. At the situation that 
the membrane is significantly damaged at the low 
frequency nbPEF, Ca2+ flows mainly through the 
membrane pores, but also TRP channels contribute to 
some extent. At the higher frequencies more than a few 
MHz, the Ca2+ influx through the pores does not seem 
dominant, TRP channels play a certain role for the 
Ca2+ uptake. Interestingly, behavior of the delayed 
Ca2+ uptake seems dependent on the frequency. 
Membrane proteins might receive different stresses for 
different frequency. Our experiment shows that the 
possibility to activate or to impair function of 
membrane proteins physically by using nbPEF 
without significant defects of the plasma membrane. 
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(a) Without Ruthenium Red (b) With Ruthenium Red to inhibit TRP channels 

Fig. 6  Temporal variation of intracellular Ca2+ concentration aftet the exposure to 50, 5 kV/cm nbPEF, as a 

function of frequency of the electric field.  (a) without (b) with Ruthenium Red for inhibition of TRP channels. 
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ABSTRACT 
High-power microwave (HPM) is widely used in communications, defense, underground exploration and a 

host of other applications. Especially, applications to biological and medical area are receiving great interest. 
High peak, low average power radiation may cause biological reactions that are qualitatively different from 
known microwave effects and cannot be explained by ordinary heating. Therefore, understanding of the 
biological effects of HPM irradiation is very important for extending use of HPM. Current knowledge of the 
biological effects is very limited because of specialty of the HPM sources. In this research, design of HPM 
exposure system for the biological experiments is proposed. The system consists of an inductive energy 
discharge generator, a reflex-triode virtual cathode oscillator and a bent waveguide. 
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1. Introduction  
  Recent advances in pulsed power technologies 

have resulted in increased availability and wider use 
of microwave transmitters that can emit nano- and 
micro- second pulses at peak powers of hundreds of 
megawatts or even gigawatts. High-power microwave 
(HPM) is widely used in communications, defense, 
underground exploration and a host of other 
applications. Especially, applications to biological 
and medical area are receiving great interest. One can 
reasonably expect that high peak, low average power 
radiation may cause biological reactions that are 
qualitatively different from known microwave effects 
and cannot be explained by ordinary heating. These 
biophysically different reactions will have a 
possibility of novel application area. Therefore, 
understanding of the biological effects of HPM 
irradiation is very important for extending use of 
HPM. Accumulation of experimental data including 
HPM conditions and theoretical analyzation of the 
data are also required [1], [2]. 

Current knowledge of HPM biological effects is 
very limited because of specialty of the HPM sources. 
The few studies that have explored peak SAR 
(Specific absorption rate) levels of 0.1-60 MW/kg in 
animals and in vitro, have produced isolated, 
sometimes contradictory, and generally inconclusive 
data. The data on HPM bio-effects at higher peak 
SAR (100 MW/kg and higher) are even more scarce. 
These studies claimed profound HPM non thermal 
effects, including changes in the growth rate and 
metabolism of alga cultures, stimulation of the 
immune system, suppression of tumor growth in vivo 
and in vitro, and inhibition of a fungus Fusarium 
growth, induction of developmental aberrations, 
imago death, and infertility in Drosophila flies. 
Pakhomov et al., however, pointed out in his paper 
that studies mentioned above could have suffered 
various flaws, both in biological experiment 
protocols and dosimetry, thus requiring confirmation 
for the findings [3]–[8]. 
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2. Experimental Setup 
 The system consists of an inductive energy 

discharge generator, a reflex-triode virtual cathode 
oscillator and a bent waveguide. Figure 1 and figure 2 
show the HPM exposure system and an equivalent 
circuit, respectively. An inductive energy discharge 
generator was used to generate high-voltage pulse. 22 
kV is charged to a capacitor of 14.9 μF. Once we 
trigger a triggered spark gap switch, the energy stored 
in the capacitor is transferred to a 1.8 μH inductor. 6 
copper wires of 0.15 mm in diameter are used as an 
opening switch to transfer the accumulated inductive 
energy to a reflex-triode vircator. The HPM pulse is 
generated by the vircator. The generated HPM pulsed 
is guided by a waveguide and irradiated to the target 
cells. A 90-degree bent waveguide and lead plates are 
used to block X-rays since the vircator generate the 
HPM pulse but also the X-rays. 

 
3. Results and Discussion  
Figure 3 shows a typical output waveform of the 

inductive generator. Once the spark gap switch is 

closed current about 20 kA peak flows in the circuit. 
However, the current is gradually decreased after 4 μs 
due to the resistance rising of the fuses. The fuses 
were disconnected about 4.6 μs and the voltage 
potential between the both ends of fuses increased 
rapidly. Then the steepening gap in fig. 2 is closed 
and the energy is transferred to the vircator. A typical 
voltage is about 250 kV peak and 200 ns of full with 
of half maximum. 

We measured the microwave waveform at the target 
position in figure 1 using a free-field magnetic field 
sensor(B-90B(R), PRODYN Technologies, 8 GHz 
bandwidth), a balun(BIB-100G, PRODYN 
Technologies, 10 GHz), an attenuator(40 dB, 
Weinschel, 8.5 GHz) and an oscilloscope(DP07604C, 
Tektronix, 16 GHz). Figure 4 shows a typical 
waveform of the vircator. The main frequency was 
between 2.7 GHz and 4.6 GHz. 

The input voltage and output microwave is 
adjustable by changing the fuses(number and 
diameter of the fuses) and vircator(anode mesh and 
gap distance) parameters. We are going to do 

 
Fig. 1  The high-power microwave exposure 

system. (1) Inductive energy discharge generator. 
(2) Reflex-triode virtual cathode oscillator. (3) 

Bent waveguide and X-ray protector. (4) Target. 

Fig. 2  Equivalent circuit of HPM generator 

 
Fig. 3  Typical waveform of the inductive 

generator 
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biological experiments under various conditions of 
the microwave. 

 
4. Conclusions 
In this paper, we proposed a design of HPM 

exposure system for biological experiments. The 
system consists of the inductive energy discharge 
generator, the reflex-triode vircator, the bent 
waveguide and the X-ray protector. Further 
improvements of the generator will be performed to 
do biological experiments under various conditions. 
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Fig. 4  Typical waveform of the vircator(upper) 

and frequency distribution(lower) 
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ABSTRACT 
We have studied water treatment by spraying water droplets into pulsed discharge plasma space. To investigate 
the effect of ozone and plasma to OH radical production in this method, concentration of OH radical and 
ozone were measured in two cases of spraying water droplets into ozone space and into plasma space. OH 
radical concentration increased with ozone concentration, however, OH radical concentration in case of 
spraying into ozone space was similar to that in case of spraying into plasma space if ozone concentration is 
similar. That means that few or no OH radicals are generated from dissociation of water by electron collision, 
and almost all OH radicals are produced from the path including the reactions of hydroxide ion in water with 
ozone produced by plasma, in case of spraying water droplets into the plasma space. 
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1. Introduction  
  Recently, water treatment which can decompose 
refractory organic compounds efficiently, is required 
because of stricter regulations being imposed on 
wastewater discharge into the environment. As one of 
methods for the decomposition of refractory organic 
compounds, water treatment by plasma in 
atmospheric pressure has been studied. Interaction 
between electron in plasma, gas, and water generate 
various active species that decompose organic 
compounds in water. Although various plasma 
reactors have been studied[1], we have adopted a 
method of spraying waste water into plasma space 
because large plasma volume and wide reaction area 
between active species and water can be realized. In 
this method, OH radical generation is very important 
because it can decompose refractory compound 
owing to its high oxidation potential.  

The goal of this study is to elucidate processes of 
OH radical generation to realize effective OH radical 
generation. Generally, OH radical is produced by 

dissociation of water by electron collision. However, 
it is expected from recent research that OH radical 
generation process via reactions with ozone is 
dominant. The purpose of this study is confirmation 
of the effect of ozone and plasma to OH radical 
generation. To confirm it, OH radical concentration in 
cases of spraying into plasma space and into ozone 
space was measured and compared, and the relations 
between ozone concentration and OH radical 
concentration were investigated.    
 

2. Experimental Setup 
The water treatment system used in this 

experiment is shown in Fig. 1. The system is 
composed of a reactor module and a water tank 
module. In the reactor module, wire-to-cylinder 
coaxial electrodes are installed in the reactor cylinder, 
with an inner diameter of 40 mm. The wire electrode 
is made of stainless steel wire (diameter = 0.28 mm), 
and the cylindrical electrode is made of stainless steel 
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Fig. 1  Outline of setup for plasma water treatment
 

wire mesh (diameter = 38 mm, length = 300 mm, and 
mesh size = 1.2 mm × 1.2 mm). The water tank is 
provided with a pump for circulation of treated water. 
The treated water is transformed to droplets by a 
nozzle and sprayed into the reactor from the top of 
the lid. Flow rate of the circulated water was 4 
L/Minute.  

Positive pulsed voltage is applied to the wire 
electrode in the reactor and the cylindrical electrode 
is grounded to generate the pulsed streamer discharge. 
The pulsed voltage is applied by a pulsed power 
generator which is inductive energy storage circuit 
with a semiconductor opening switch.  
 
3. Measurement Method 
3.1 Ozone measurement 

As a method of measurement of ozone 
concentration, indigo method is adopted. This is a 
method for measuring ozone from absorbance of 
indigo trisulfonate solution, which is decreased by 
ozone. The used indigo reagent consists of 15.4 or 
30.8 mg/L of potassium indigo trisulfonate, 1.33 g/L 
of phosphoric acid, and 1 g/L of sodium dihydrogen 
phosphate. Concentration of ozone was calculated 

from the difference between absorbance of the treated 
solution and of the untreated one, by using the 
following equation [2], 

Ozone concentration = ΔA/20000 (mol/L)     (1) 
where ΔA=Difference in absorbance between treated 
and untreated indigo solutions.  
3.2 OH radical measurement  

In order to measure the OH radicals, a fluorescence 
method was adopted. The probe selected for the 
fluorescence experiment is the disodium salt of 
terephthalic acid (NaTA). If NaTA reacts with OH 
radicals, and 35% of the reacted NaTA is converted to 
2-hydroxyterephthalic acid (HTA), which gives a 
bright stable fluorescence. When the solution 
containing NaTA and HTA molecules is irradiated by 
UV light (λ=310nm), HTA molecules emit light at 
λ=425nm, while NaTA molecules do not. In this 
measurement, NaTA solution of 2 mM was used. For 
fluorescence emission from HTA, a LED (LLS 310, 
λ=310nm, Sabdhouse Design) was used. The 
fluorescence spectrum was recorded through an 
optical fiber by a spectrometer (FLAME-S, Ocean 
Optics). In order to quantify the HTA concentration 
in water, a calibration curve for known HTA 
concentration was used. Because of 35% conversion 
to HTA, OH radical concentration is obtained by 
dividing HTA concentration by 0.35.  
 
4. Experimental Method 

Two types of experiment were carried out. One is 
spraying solutions into ozone space, the other is 
spraying into discharge space. Ozone space was 
generated in the coaxial electrode shown in Fig.1, by 
air discharge for several minutes. After the discharge 
was stopped, 1.5 L indigo reagent solution or 1.5 L 
NaTA solution was circulated through the generated 
ozone space to measure ozone concentration and OH 
radical concentration, respectively. The circulation 
was continued until the reaction of the reagent with 
ozone and OH radical is stopped. After that, ozone or 
OH radical was measured from the reacted solution. 
As parameter, discharge time was varied to vary 
ozone concentration.  

At the other experiment, the solutions were 
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(a) Ozone concentration 

 
(b) OH radical concentration 

 
Fig. 2  Variation of ozone and OH radical with 
discharge time in case of spraying water droplets into 
ozone space. 

 

 
(a) Ozone concentration 

(b) OH radical concentration 
 

Fig. 3  Variation of ozone and OH radical with 
discharge time in case of spraying water droplets 
into discharge plasma space.  

 
Fig. 4  Relation between ozone and OH radical 
concentration in cases of spraying water droplets 
into discharge space and into ozone space. 

circulated through the discharge space. A small 
quantity of solution was taken every stated discharge 
time, and ozone or OH radical of each discharge time 
was measured.

 
5. Experimental Result

Fig. 2 and Fig.3 show variation of concentration of 
ozone and OH radical with discharge time, in cases of 
spraying into ozone space and into plasma space, 
respectively. In Fig. 2, discharge time means time of 
discharge for ozone generation caused before water is 
sprayed. On the other hand, the discharge time in Fig.
3 means time of discharge in air including water 
droplets. Ozone and OH radical increased with the 
discharge time.      

From Fig. 2 and Fig.3, the relation between ozone 
and OH radical is obtained as shown in Fig. 4, where 
the concentration of ozone and OH radical measured 
in same condition is drawn as one plot, and the result 

of the spray into ozone space and the result of the 
spray into discharge space are distinguished by plot 
shape. From Fig.4, OH radical concentration 
increased with ozone concentration, and the OH 
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Fig. 5  Expected path for OH radical production, 
including the reaction of hydroxide ion with ozone. 

 
radical concentration in case of spraying into ozone 
space was similar to that in case of spraying into 
plasma space when ozone concentration in the two 
cases was similar. This means that OH radical 
concentration depends on ozone concentration 
regardless presence of plasma radiated to water 
droplets. 

6. Discussion 
When water droplets were sprayed into ozone 

space without plasma, OH radical was produced. In 
this case, OH radical production path via the reaction 
of ozone with hydroxide ion, shown in figure 5 is 
expected. Additionally, because OH radical 
concentration depended on ozone only and was not 
related to presence of plasma, few or no OH radicals 
are generated from dissociation of water by electron 
collision. Therefore it is expected that almost all OH 
radicals are produced from the path including the 
reactions of hydroxide ion in water with ozone 
produced by plasma, in case of spraying water 
droplets into the plasma space.
 
7. Conclusion

To investigate the effect of ozone and plasma to 
OH radical production, concentration of OH radical 
and ozone were measured in two cases of spraying 

into ozone space and into plasma space. 
Measurement result showed that OH radical 
concentration in case of spraying into ozone space is 
similar to that in case of spraying into plasma space if 
ozone concentration is similar. Therefore, when water 
droplets are sprayed into the discharge plasma, few or 
no OH radicals are generated from dissociation of 
water by electron collision, however almost all OH 
radicals are produced from the path including the 
reactions of hydroxide ion in water with ozone 
produced by plasma.
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ABSTRACT

The properties of hot spots were investigated in the divergent gas-puff z pinch. The
resonance and intercombination lines of He-like Ar ions and the satellite lines were
observed by spectroscopic measurements. From the measurement using soft x-ray
CCD, the size of the hot spot was found to be about 100 μm. Observations of a
ginkgo leaf, a sliced onion, a tiny moth and a mosquito were performed using soft
x-ray emitted from hot spots.
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1. Introduction

The gas-puff z pinch is known as a repetitive
and efficient system of x-ray radiation[1]. And
the plasma focus also allows plasma to converge
to a single point reproducibly. The divergent
gas-puff z-pinch has been devised for the real-
ization of efficient radiation source which com-
bines both advantages.

In the experiment of divergent gas-puff z
pinch, high energy electrons have been observed
[2]. Also, high energy ions have been observed,
and ion acceleration independent of current di-
rection has been confirmed[3]. It has been con-
firmed that the generation of high-energy elec-
trons strongly depends on the direction of cur-
rents[4].

In this study, spectroscopic measurements
and shape measurements of hot spots were per-
formed in the discharge with reversed polarity
where electron beams were hard to be gener-
ated near the center electrode in the divergent
gas-puff z pinch. K-shell radiation of Ar ion
emitted from hot spots was applied to the ob-

servation of living tissue.

2. Discharge System

The experiment was carried out on the SHOT-
GUN III z-pinch device at Nihon University
(Fig. 1). The energy storage section of the de-
vice consists of 40 kV 12 μF capacitor bank,
and the maximum discharge current is 300 kA.
The feature of this device is that it can be
charged both positive and negative. In this ex-
periment, in order to reduce the generation of
electron beam near the center electrode, dis-
charge was performed at the charging voltage
of -20 ∼ -25 kV.

The gas-puff is made by a high-speed gas
valve with a divergent annular Laval nozzle in-
stalled in the center electrode. The divergence
angle of the nozzle is 10 degrees with respect
to the central axis. The diameter of the noz-
zle is 30 mm, and the opposite electrode has
a hole of 60 mm. The distance between the
electrodes is 30 mm. Argon was used for the
operating gas, and the plenum pressure of the
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Fig. 1: Schematic diagram of the SHOTGUN
III divergent gas-puff z-pinch device. The
gas is puffed from the cylindrical Laval nozzle
mounted on the center electrode.

valve was 5 atm.
Discharge currents were measured by Ro-

gowski coils placed on the input and the load
sides. A scintillation probe using 3 mm thick
plastic scintillator was used to monitor x-ray.
Figure 2 is the current waveform and the x-
ray signal at the charging voltage of -23 kV.
The current flows in the reversed direction, and
the peak current was about -180 kA. A strong
shrinkage of the plasma occur near the peak
current, and a dent was formed in the current.
The x-ray signal was hardly observed.

3. Soft X-ray Spectroscopy

X-ray spectroscopy was carried out using a Johan-
sson-type curved crystal spectrometer with quartz
crystal[5]. Kodak Biomax MS film was used for
recording x-ray.

Figure 3 is the result of spectroscopic mea-
surements. The resonant (Ar1) and the inter-
combination (Ar1′) lines of He-like argon ion
were strongly radiated. Satellite lines associ-
ated with them have also been observed. Since
lines of different ionization states were observed
simultaneously, the existence of electron beam

Fig. 2: Discharge currents and x-ray signal of
divergent gas-puff z-pinch with negative polar-
ity. X-ray signal was not observed.

Fig. 3: Soft x-ray spectra of argon gas-puff z
pinch. Resonant and intercombination lines of
He-like ions as well as satellite lines were ob-
served. Fe Kα lines were not observed.

was conceivable. The Kα lines of iron has been
observed in the discharge with normal polarity[6,
7], but they were not observed in the reversed
discharge.

4. CCD Measurement

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

Figure 4 represents the arrangement of pin-
hole cameras. The ratio of distances between
the pinhole and the plasma and the CCD was
4:1. A pinhole with a diameter of 50 μm and a
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Fig. 4: Soft x-ray pinhole camera with Be win-
dow. The image was detected by a CCD cam-
era.

Be filter with a thickness of 15 μm were used.
Soft x-ray below 1 keV is blocked by the filter.

Figure 5 is the image of a hot spot pro-
jected on the CCD. The image can be recorded
every discharge, which was observed during the
same discharge of Fig. 2. The image was ob-
served while there was no x-ray signal, and it is
thought to have captured K-shell radiation of
He-like argon ions. The image had an elliptic
shape extending in the horizontal (axial) direc-
tion, and the vertical diameter was about 90
μm on the CCD. The pinhole diameter is not
sufficiently small and the size of the hot spot
is not simply 4 times this size. As a result of
analysis, it is estimated that the diameter of
the hot spot in the vertical (radial) direction is
about 100 μm.

5. Observation of Living Tissue

Small organisms were observed using K-shell
radiation of argon ions around 3.95 Åemitted
from hot spots. The organisms were placed in
the vacuum chamber and exposed in close con-
tact with the CCD.

Figure 6 is a radiogarph of a ginkgo leaf.
The leaf veins were observed in a streaky fash-
ion. There is a tissue with strong absorption
of soft x-ray along the vein. It seems that not
only the difference in the thickness of the tis-

Fig. 5: Soft x-ray image of a hot spot on the
CCD. The spot has an elliptic shape, and its
vertical diameter is about 90 μm.

sue but also the difference in the organization
is observed.

Figure 7 is a radiogarph of sliced onion. Al-
though cell walls were clearly observed with vis-
ible light, they were not observed in soft x-ray
at all. Instead, a fine structure is seen near the
epidermis.

Figure 8 is a radiogarph of a tiny moth
(Cephitinea colonella). Feathers are almost trans-
parent. Antennas and leg contours are clearly
captured. The structures of the head and ab-
domen were observed, which cannot be observed
with visible light.

Figure 9 is a radiogarph of a mosquito (Aedes
japonicus). Feathers can not be seen at all.
The contours of the legs and mouth were clearly
captured. The structures of the head and ab-
domen were observed.

6. Summary and Discussion

The divergent gas-puff z pinch discharge with
reversed polarity was performed and soft x-ray
radiated from hot spots was measured.

The resonant and intercombination lines of
He-like argon ion were strongly radiated, and
satellite lines have also been observed. Since
ions of various ionization states were simulta-
neously observed, it is conceivable that electron
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Fig. 6: Soft x-ray radiograph of a ginko leaf.

Fig. 7: Soft x-ray radiograph of a sliced onion.

beam exists. The Kα lines of iron were not ob-
served in the reversed discharge, which have
been observed in the normal discharge.

The hot spot image of K-shell radiation was
observed by the CCD camera. The image had
an elliptical shape extending in the horizontal
direction. The diameter was estimated about
100 μm.

Small organisms were observed using K-shell
radiation of argon ions emitted from hot spots.
The organisms were placed in the vacuum cham-
ber and exposed in close contact with the CCD.
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ABSTRACT 

 Recent years, one of them a method of using single pulsed X-ray generated by an 
accelerator in order to smuggling of nuclear material prevented has expected. However, this 
X-ray have high intensity and wide range of energy in a short time, so that one difficult to 
measured using a simple item. As a solution, we proposed using a method combining numerical 
calculation and shielding experiment. We measured energy spectrum under two conditions of 
accelerating voltage 380kV and 400kV using proposed method. As result, X-ray intensity is larger 
at 380kV than 400kV on lower energy side and it is larger at 400kV than 380kV on high energy side. In 
the future, it will be necessary to compare this result with the simulation value. 
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1 Introduction 
1.1 Microwave and application 

Bremsstrahlung X-rays is that the X-ray 
generated by the interaction of charged 
particles and atomic nuclei. The principle of 
generating is shown in Fig.1. 

 

Fig.1 Generating of bremsstrahlung X-ray 
 

The bremsstrahlung X-ray is generated by 
bending the trajectory or decelerating the velocity 
for the Coulomb interactions when the charged 
particles pass near the atomic nucleus. 
Bremsstrahlung X-rays are continuous spectra, so 

they have energy distribution over a wide range. 
Moreover, it does not exceed the maximum 
energy of incident electrons.  
1.2 Pulsed bremsstrahlung X-ray generated 

from the accelerator 
Since the accelerator can generate a high 

energy electron beam, it is able to generate high 
energy bremsstrahlung X-rays. This high energy 
X-ray is used in places such as CT imaging and 
non-destructive inspection of containers. 

On the other hand, after the simultaneous 
multiple terrorism, there is an attempt to induce 
photonuclear reaction using this high energy 
X-ray and positively detect it[1][2]. To realize that 
attempt, we must know the nature of this X-ray. In 
this study, we aimed to find out energy spectrum, 
which is one of their properties. Since the 
bremsstrahlung X-ray generated from the 
accelerator has a high intensity in a short time 
(ns-us), it is difficult to measure using a simple 
equipment. As a solution, we proposed using a 
method combining numerical calculation and 
shielding experiment. In this method, energy 
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distribution can be determined easily by 
performing shielding experiment only. In this 
study, the energy spectrum of bremsstrahlung X - 
ray generated from the accelerator was measured 
using the proposed method. 

 
2 Principle and Experimental Setup 
2.1 Principle of X-ray spectrum calculation 
    The equation used for numerical processing 
of spectrum calculation is shown in Fig.2. 
 

Fig. 2 Spectrum calculation formula 
 

Now, the matrix y is a value obtain by X-ray 
shielding experiment. Also, the matrix R is a one 
relating to the line attenuation coefficient and the 
shielding thickness. The method of shielding 
experiment will be described later section. By 
repeatedly calculating this formula, it can 
diagnostic the X-ray spectrum. 

 
2.2 Experimental Setup 
    We used the accelerator "ETIGO-IV" in our 
laboratory. This accelerator can accelerate 
electrons with a maximum voltage of 400 kV[3]. 
    As an X-ray measuring device, we used that 
combining a photomultiplier tube (PMT) and a 
scintillator. The scintillator used LSO and there 
are advantage of high density and short life span. 
A schematic diagram of the experimental setup is 
shown in the Fig.3. 
    Shown in the schematic diagram Fig. 3, the 
electron beam generated by the accelerator strikes 
the copper of the target to generate 
bremsstrahlung X-rays, and the scintillator emits 
light when the X-rays are incident. X-rays are 
measured by making that light incident on the 

PMT. 
 

Fig. 3 Layout schematic of experimental 
equipment 

 
2.2 Experimental Method 
1) Shielding Experiment 

    A copper plate is placed between the 
accelerator and the measuring instrument to 
shield X-ray, and this one is measured. The 
thickness of the copper plate used for 
shielding change by each 2 mm from 0 to 16 
mm. The specific intensity of X-ray 
(intensity upon shielding /intensity without 
shielding) is calculated for each thickness. 
 

2) Diagnostic X-ray spectrum by numerical 
processing 
    In order to calculate the X-ray spectrum, 
numerical processing is performed using the 
equation shown in Fig. 2. 

     
Experimental conditions in this paper are 

shown in Tab. 1. 
 

Tab. 1 Experiment conditions 
AK Gap 22mm 

Measurement Distance 2.50m 
PMT-LSO 5cm 

PMT Voltage 500V 
Cu Tickness 0-16mm 

 
3 Result and Discussion 
    In this paper, we calculated two X-ray 
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energy spectrum of accelerating voltage 380 kV 
and 400 kV by the proposed method. In the 
beginning, measured PMT signal waveforms is 
shown in Fig. 4.  
 

(a)Accelerating Voltage 380kV 

(b)Accelerating Voltage 400kV 
Fig. 4 X-ray Signal Waveforms 

 
The matrix y is obtained using the results 

shown in Fig. 4, and the X-ray energy spectrum 
calculated by numerical calculation is shown in 
Fig. 5. 
 

Fig. 5 X-ray energy spectrum 
 
Analysis of the trend of the calculated energy 
spectrum shows that X-ray intensity is larger at 
380kV than 400kV on lower energy side and it is 

larger at 400kV than 380kV on high energy side. 
The trend of this result of bremsstrahlung X-ray is 
expected to be a reasonable result. However, you 
will need to do a simulation comparison. 
 
4 Conclusion 
  Bremsstrahlung X-ray was generated using the 
accelerator ”ETIGO-IV", and it was diagnosed by 
two instruments with a combination of a 
scintillator and PMT under accelerating voltages 
of 380 kV and 400 kV. The specific intensity was 
determined from the result, and each X-ray 
spectrum was calculated using it. As result, X-ray 
intensity is larger at 380kV than 400kV on lower 
energy side and it is larger at 400kV than 380kV 
on high energy side. In the future, it will be 
necessary to compare this result with the 
simulation value. We also plan to conduct 
experiments using equipment that can 
accelerate with much higher energy. 
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ABSTRACT
We have developed a new type of a pulsed ion beam accelerator named “bipolar pulse accelerator” in order to 
improve the purity of the intense pulsed ion beam. The BPA is operated with the bipolar pulse voltage and is a 
two-stage electrostatic accelerator. A coaxial gas puff plasma gun was used as an ion source, which was installed 
inside the grounded anode. When the bipolar pulse with voltage of about 160 kV and +120 kV and pulse duration 
of about 70 ns (FWHM) each was applied to the drift tube, the pulsed ion beam was observed by two BIC’s (biased 
ion collector) placed downstream of the 2nd gap. By evaluating the ion energy of the ion beam from the time of 
flight delay time between two BIC signals, it was confirmed that the ion beam is again accelerated toward the 
grounded cathode in the 2nd gap by the positive pulse of the bipolar pulse and that the impurity of proton is 
removed.

Keywords

Intense Pulsed Heavy Ion Beam, Bipolar Pulse Accelerator; Magnetically Insulated Ion Diode, Plasma Gun

1. Introduction
Intensity pulsed heavy ion beam (PHIB) technology 

has been developed over the last two decades primarily 
for nuclear fusion and high energy density physics 
research [1,2]. Compared with the traditional ion 
implantation method, PHIB enables the accumulation 
of energy in very short time into the near surface 
region while it maintains a low substrate temperature. 
Recently, PHIB with an ion energy of several 100 keV, 
a high ion current density of several 100 A/cm2, and a 
short pulse duration of < 1 s has been widely used as 
a tool for material processes including the surface 
modification [3], thin film deposition [4] and ion 
implantation [5]. Especially, PHIB has received 
extensive attention as a new ion implantation 
technology named “pulsed ion beam implantation” for 
next generation semiconductor materials including 
silicon carbide (SiC) and diamond, since the ion 
implantation and the surface annealing can be 
completed in the same time.

A number of PHIB sources have been developed so 

far for the requirements of research and industrial 
application [6,7]. The producible ion species, however, 
is limited to the material of electrode (anode), since the 
anode plasma is produced by a high-voltage flashover 
and an electron bombardment to the anode surface. In 
addition, the purity of the PHIB is usually deteriorated 
by absorbed matter on the anode surface and residual 
gas molecules in the diode chamber [8]. Therefore, the 
conventional PHIB is not suitable for various 
applications to material processes.

It is very important for the application of PHIBs to 
the semiconductor implantation to develop the PHIB 
technology to generate high-purity ion beams with 
useful ion species for donor and acceptor in SiC such 
as nitrogen, phosphorous, boron and aluminum. We 
have been successful in generating the high-purity 
pulsed nitrogen and aluminum ion beam with purity of 
more than 90 % [9,10]. In order to improve the purity 
of the intense pulsed ion beam, we have developed a 
prototype of a new accelerator named “bipolar pulse 
accelerator (BPA)” [11, 12]. When the bipolar pulse 
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with the first (-114 kV, 70 ns) and the second pulse (85
kV, 62 ns) was applied to the drift tube, the pulsed ion 
beam with current density of 60 A/cm2 and pulse 
duration of 50 ns was observed at 48 mm 
downstream from the anode surface and consisted of 
N+ and N2+ components with energy of 120~130
keV/Z [13]. It was confirmed that the ions were 
successfully accelerated in the 1st gap toward the drift 
tube by the 1st (negative) pulse of the bipolar pulse. 
As the next stage of the BPA experiment, we have 
performed experiments on the acceleration of the 
pulsed ion beam in the 2nd gap. This paper reports the 
experimental results about characteristics of the pulsed 
ion beam accelerated by the bipolar pulse.

2. Principle of bipolar pulse accelerator
Figure 1 shows the conceptual diagram of the 

bipolar pulse accelerator. The BPA is operated with the 
bipolar pulse voltage and is a two-stage electrostatic 
accelerator. When a bipolar pulse with voltage VOUT

and pulse duration each is applied to the drift tube, at 
first, ions produced in the grounded ion source are 
accelerated in the 1st gap toward the drift tube by the 
negative voltage pulse with pulse duration .
Subsequently, the polarity of the pulse is reversed and 
the positive voltage pulse of duration is applied to 
the drift tube. As a result, the ions are again accelerated 
in the 2nd gap toward the grounded cathode and the 
ion beam experiences total acceleration potential of 
2VOUT in the accelerator. The condition for the most 
effective acceleration is that the pulse duration is 
adjusted to the time of flight delay of the ion to pass 

through the drift tube, i.e., = L/vi, where vi is the ion 
velocity in the drift tube and L is the length of the drift 
tube. This condition can be satisfied by adjusting the 
parameter of the bipolar pulse and the length of the 
drift tube. In the above condition, when the top of the 
ion beam reaches the 2nd gap, the pulse is reversed and 
the ion beam is accelerated effectively in two gaps.

Let us explain the principle of the improvement of 
the purity of the ion beam. We assume that the ion 
beam produced in the ion source, which consists of N+

ion and impurity of H+ ion, is injected into the BPA.
Each ion of N+ and H+ is accelerated in the 1st gap 
toward the drift tube by the negative voltage of the 
bipolar pulse and the length of H+ beam is much longer 
than that of N+ beam due to the difference of the 
velocity, where N+ and H+ ion beams are schematically 
described in Fig. 1. Assuming that the length (L) of the 
drift tube is designed to be same as the beam length of 
N+ beam with a beam pulse duration at an 
acceleration voltage VOUT, the condition for the most 
effective acceleration of N+ beam is satisfied. It is, for 
example, calculated to be L=11.6 cm when VOUT = 200 
kV and = 70 ns. When N+ beam with the length of 
11.6 cm reaches the 2nd gap, the polarity of the pulse 
is reversed and the positive voltage is applied to the 
drift tube, which again accelerates the N+ beam in the 
2nd gap. On the other hand, since the length of H+

beam at VOUT = 200 kV and = 70 ns is L = 43.3 cm,
73 % of the H+ beam is out of the drift tube and 
decelerated in the 2nd gap by the first pulse (negative 
voltage pulse). Hence 73 % of H+ beam is removed in 
the BPA. As a result, the purity of the ion beam is 
improved.

3. Experimental Apparatus
Figure 2(a) shows the schematic configuration of 

the BPA in the present experiment. The system 
consists of a bipolar pulse generator and an accelerator. 
The bipolar pulse generator consists of a Marx 
generator and a pulse forming line (PFL). The 
designed output of the bipolar pulse generator is the 
negative and positive pulses of voltage 200 kV with 
pulse duration of 70 ns each. In the system, the double 
coaxial type is employed as the PFL for the formation Fig. 1 Schematic of Bipolar Pulse Accelerator.
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of the bipolar pulse. The line consists of three coaxial 
cylinders with a rail gap switch on the end of the line, 
which is connected between the intermediate and outer 
conductors. The characteristic impedance of the line 
between the inner and intermediate conductors and 
one between the intermediate and outer conductors are 
6.7 and 7.6 , respectively. The PFL is charged 
positively by the low inductance Marx generator with 
maximum output voltage of 300 kV through the 
intermediate conductor. The rail gap switch is filled 
with pure SF6 gas and the pressure can be adjusted to 
control the optimum trigger timing.

Figure 2(b) shows in detail the acceleration gap 
design and experimental setup of the BPA, which 
consists of a grounded anode, a drift tube, a grounded 
cathode and two magnetically insulated acceleration 
gaps with gap length of dAK=15 mm each. The anode 
and the cathode are the copper electrodes of diameter 
78 mm, thickness 5 mm. The electrodes are uniformly 
drilled with apertures of diameter 4 mm, giving beam 
transmission efficiency of 58 %. In order to produce 
magnetic fields for suppression of the electron flow in 
both acceleration gaps, a magnetic field coil of grating 
structure is used and installed on the rectangular drift 
tube. The uniform magnetic field with strength of 0.3-
0.4 T is produced in direction transverse to the 
acceleration gap by a capacitor bank with capacitance 
of 500 F and charging voltage of 4 kV. To obtain 
higher transmission efficiency of the ion beam, right 
and left sides of the coil consist of 8 blades each and 
have a grating structure. Each of the blades (10 mmW

x 118 mmL x 1 mmT) is connected in series and works 
as an 8-turn coil. Since at peak of the magnetic field, 

the bipolar pulse voltage is applied to the drift tube, the 
pulsed current produced by the capacitor bank is 
applied to the magnetic coil through an inductively 
isolated current feeder. 

A gas puff plasma gun, which consists of a gas puff 
valve and a coaxial plasma gun, was used as the ion 
source and installed inside the anode as shown in Fig. 
2(b). The vessel of the gas puff is filled with N2 gas. 
When the pulsed current is applied to the drive coil of 
the gas puff by discharging the capacitor bank with 
capacitance of 5 F and charging voltage of 6 kV, the 
valve of the gas puff is opened and the filled N2 gas is 
injected into the plasma gun. The ion source plasma is 
produced by discharging the capacitor bank with 
capacitance of 1.5 F and charging voltage of 15 kV
at the optimum timing.

The charging voltage of the PFL (VPFL) and the 
output voltage (V0) of the bipolar pulse were measured
by the resistive voltage divider placed near the rail-gap 
switch, respectively. The ion current density of the 
pulsed ion beam was measured by a biased ion 
collector (BIC) placed inside the drift tube and the 
cathode.

4. Experimental Results and Discussion
First, the BIC was installed at 60 mm downstream 

from the anode surface inside the drift tube to measure
the ion beam accelerated in the 1st gap by the first 
pulse of the bipolar pulse. Figure 3 shows the typical 
waveforms of the charging voltage of the PFL (VPFL), 
the output voltage (V0) of the bipolar pulse and the ion 
current density (Ji) of the pulsed ion beam accelerated 
in the 1st gap. The bipolar pulse generator was 

Fig. 2 (a) Schematic configuration and (b) acceleration gap design and experimental setup of BPA.
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operated at 70 % of the full charge condition of the 
Marx generator. When the bipolar pulse of -118kV, 75
ns (1st pulse) and +102 kV, 70 ns (2nd pulse) was 
applied to the drift tube, the ion beam with a current 
density of Ji = 24 A/cm2 and a pulse duration of 30 ns
(FWHM) was obtained. The energy of the pulsed ion 
beam can be estimated from a time of flight delay. 
Assuming that the time of flight delay is 50 ns, the 
velocity of the ion is calculated to be 1.2 106 m/s. It is 
reported in Ref. [14] that the accelerated ion beam 
consists of the singly and doubly ionized nitrogen ions 
and impurity of proton and N+ is the dominant 
component. Thus, the velocity corresponds to the ion 
energy of 105 keV. In the view of fact that the pulsed 
ion beam has the broad energy spectrum with ion 
charge states of 1+ 2+ as mentioned in Ref. [9], the 
ion energy estimated by the time of flight seems to be 
in reasonable good agreement with the acceleration
voltage i.e., 1st pulse voltage V0= 118 kV of the 
bipolar pulse.

Next, in order to confirm the acceleration of the 
pulsed ion beam in the 2nd gap, the energy of the 
pulsed ion beam was evaluated by a time of flight 
method (TOF). As shown in Fig. 2(b), two BICs were
placed at 10 and 110 mm downstream from the 
grounded cathode, respectively. Figure 4 shows the 
typical waveforms of the output voltage (V0) and the 
ion current density (Ji) measured by each BIC. When 
the Marx generator for the bipolar pulse was operated 
at 80 % of the full charge condition, the bipolar pulse 
with voltage of about 160 kV and +120 kV and pulse 

duration of about 70 ns (FWHM) each was applied to 
the drift tube. The ion current density has three peaks.
As seen in Fig. 4, the TOF delay time of each peaks 
between two BIC signals are 32, 13 and 48 ns, which 
give the velocity of 3.2 106, 7.7 106 and 2.1 106 m/s,
respectively. We estimate the ion energy for both N+

and H+ from each velocity, since the ion beam 
accelerated in the 1st gap contains the nitrogen ion and
impurity of proton. Table 1 shows the estimated ion 
energy. In the present experimental condition, when 
the polarity of the bipolar pulse is reversed, singly 
ionized nitrogen ions do not yet reach the 2nd gap.
Thus, it is evident that the 1st peak of the ion current 
density corresponds to the proton, which is accelerated 
in the 1st gap and subsequently decelerated in 2nd gap
at a fall of the first (negative) pulse of the bipolar pulse. 
Taking in to account the result that the proton with the 
same energy as the acceleration voltage was observed 
in the ion beam accelerated in the 1st gap, it is 
considered that the impurity of proton is removed in 
the BPA. Comparing the estimated ion energy with the 
total acceleration voltage (280 kV) of the applied 
bipolar pulse, we find that the 2nd and 3rd peaks of Ji

correspond to H+ and N+, respectively. The pulsed ion 
beam with H+ and N+ seems to be again accelerated in 
the 2nd gap by the second pulse of the bipolar pulse.

Fig. 3 Typical waveforms of PFL’s charging 
voltage (VPFL), bipolar pulse voltage (V0) and ion 

current density (Ji).

Fig. 4 Typical waveforms of bipolar pulse voltage 
(V0) and ion current density (Ji) measured at 10

and 110 mm from grounded cathode.

32 ns 
13 ns 

48 ns 

V0

Table 1 Estimated Ion energy of N+ and H+

1st peak 2nd peak 3rd peak
N+ 714 keV 4320 keV 317 keV
H+ 51 keV 309 keV 23 keV
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5. Conclusions
We have developed a bipolar pulse generator and a 

prototype of the accelerator to perform proof of 
principle experiments on the BPA. We found that the 
ion beam was successfully accelerated in the 1st and 
2nd gaps by applying the bipolar pulse to the drift tube.
However, the only evaluation of the ion energy via 
time of flight is not enough to confirm the principle of 
the BPA. We are planning to evaluate the ion species 
and the energy spectrum of the ion beam in detail by 
using Thomson parabola spectrometer. In addition, We 
need to optimize the beam quality by modifying the 
gap structure to increase the beam current.
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ABSTRACT 
Cylindrical intense electron beams were injected into a thin rectangular waveguide. Beam cross-sectional 
profiles were observed along the beam axis. The center of the beam cross section was shifted when the beam 
was not injected just on the center of the height. The periodical deformation of the beam cross-sectional shape 
was also observed. When two beams were injected, centers of beams rotated each other and decreased their 
distance.  Using a simple model with momentum equations of linear density elements of the beam, it was 
clear that E B drift with the asymmetric self electric field and the magnetic field on the beam caused those 
phenomena. 
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1. Introduction  
  Free electron maser using an intense mildly 
relativistic electron beam (REB) is one of the 
candidates of a compact intense Tera-Herz source. As 
the radiated frequency increases, not only the wiggler 
structure but also the cross-section of the beam 
decreases. For the cylindrical structure the decrease 
of the beam radius results in the decrease of the 
output power.  Though a sheet electron beam 
propagated along a rectangular waveguide with a 
large aspect ratio was proposed to provide a high 
total current, its propagation suffered considerable 
deformation of its cross-sectional shape from 
diocotron instability[1-4].      
  In this paper, the propagation of cylindrical 
electron beams instead of the sheet beam through a 
rectangular tube is investigated to use an energy 
source of a planar FEM. And a simple model was 
tested to explain the experimental phenomena.  
 
2. Experimental Setup 
 Schematic of the experimental apparatus is shown 

in Fig. 1.  A carbon cathode and a carbon annular 
anode with the same diameter were used in one beam 
experiment.  A large circular cathode or a rod 
cathode with an anode with two holes was used in 
two beams experiments.  Rectangular waveguides of 
14.5 mm x 25 mm and 10.5 mm x 76 mm were 
utilized. The waveguide was set in a circular vacuum 
tube. Each long side was set horizontally as shown in 
Fig.1. The axial length of the waveguide was nearly 1 
m. Axial magnetic field with strength of 0.6-1 T was 

Solenoid coil

Diode
Cylindrical tube

Metal Plate

Rectangular
waveguide to Pump

Cylindrical tube

Rectangular
waveguide

Fig. 1. Schematic of the experiment.  A rectangular 
waveguide was set in a cylindrical vacuum tube.  
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applied by a solenoid coil.   
  Cylindrical REB(s) with energy of around 600 keV, 
current of 100-500 A, diameters of 3, 5, 8, 10 mm, 
duration of 150 ns was injected into a rectangular 
waveguide. Typical waveforms of the diode voltage 
and the beam current are shown in Fig. 2. When two 
beams were injected, the current density of two 
beams was nearly the same.  
  A metal plate grounded through 0.1 Ω register with 
low inductance was used to detect the beam current. 
The damage pattern on the metal plate was used to 
observe the integrated profile of the beam 
cross-section. The border of the damage pattern was 
estimated as shown in Fig. 3. The center of profiles 
was also estimated by the damage pattern.  

  A simple model of the cylindrical beam 
propagation through a rectangular waveguide was 
employed to explain the phenomena observed in the 
experiment. The axial beam length was supposed to 
be infinite. The density profile of the beam 
cross-section is considered to be uniform. The beam 
cross-section is divided into 80 linear density 
elements. Momentum equations of linear density 
elements of the beam were calculated. In the equation 
of each element described below was employed 
where m, q are the mass and charge of line density for 
a unit axial length and γ is the relativistic factor.  

  As the electric field E on each element, the electric 
field of the other linear charges and that of linear 
image charges by all elements are taken into account.  
For the magnetic field B, the axial guide magnetic 
field and the magnetic field of the other linear 
currents are calculated. The electric field on the 
cross-section of the waveguide calculated in the 
model is shown in Fig. 4. The electric field is 
different in strength and direction on the 
cross-section of the beam. The electric field is 
symmetric about horizontal centerline of the 
waveguide height when the center of the beam 
cross-section is on the vertical center of the 
waveguide. The electric field becomes asymmetric, 
when the beam center is not on the vertical center of 
the waveguide.  In Fig. 4 right, the electric field near 
the wall was stronger than the opposite side. 
 

3. Results and Discussion 
3.1 Shift of the center of the profile 

A beam was injected into a 25 x 14.5 mm 
rectangular waveguide. A longer 25 mm side was set 
horizontally.  Damage patterns at the entrance (z=0 
mm) and z=1000 mm downstream side of the 
waveguide were observed. The beam was injected 
into the rectangular waveguide at the center 
horizontally.  When the center of the beam 
cross-section was just on the vertical center point of 
the waveguide at the entrance, the center of the beam 

Fig. 2. Typical waveforms of the diode voltage 
(left) and the beam current (right). 

Fig. 3. A damage pattern and its estimated border
( red line). 

d
dt

γmv = q ( E + v x B )

Fig.4 The electric lines of force of a circular beam 
in a rectangular waveguide.  Left: the center of 
the beam is just on the vertical midpoint of the 
waveguide.  Right: the beam located near the 
upper wall. 
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showed no horizontal shift at the downstream side. If 
the center of the beam was not injected at vertical 

center point of the waveguide, it was shifted to the 
right or left horizontally at the downstream side, as 
shown in Fig. 5. The shift at 1000 mm downstream 
side is plotted in Fig. 6 against the injection position 
of the cross-sectional center of the beam where 0 mm 
is the center of the waveguide height for various 
beam diameters. The calculated results showed good 
agreements with the experimental data. The distance 
between two centers increased, the shift increased. 
The direction of the shift was opposite across the 
vertical center of the waveguide. The direction of the 
shift was the equal to that of E x B force using 
vertical E of the stronger side.  The center of the 
beam shifted because of the asymmetric E x B force.   

 

3.2 Deformation of the beam cross section 

The cross-sectional shape of the beam was 
deformed periodically along the axial distance as 
shown in Fig, 7 where 25 x 14.5 mm waveguide was 
used.  In addition to the shift of the center of the 
beam, the circular shape of the beam cross-section 

Fig. 5.  Upper: when the center of the beam 
was injected near the upper wall, the beam 
shifted to the left at downstream side. Center: 
the center is on the vertical center point, no 
shift.  Right: near the lower wall, the beam 
shifted to the right.  Beam diameter was 8 
mm.  14.5 x 25 mm waveguide was used.  
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Fig. 6. The horizontal shift of the beam 
center at 1000 mm downstream side for 
various injection positions.  0 mm is the 
center of the vertical size of the waveguide. 
Circle : beam diameter=5mm,   triangle : 
8mm, rectangle:10 mm. Open and filled 
symbols are experimental and calculated 
results, respectively. 14.6 x 25 mm 
waveguide was used.  

Border       Calculated     zBeam center

Fig. 7 .  Damage patterns along z-axis.  In 
addition to the horizontal shift of the beam center, 
the cross-sectional shape of the beam was 
deformed. The calculated results showed good 
agreements with the experimental ones.  
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turned to elliptical and back to circular repeatedly. 
The beam cross-sectional shapes were observed 
nearly circular at the injected point (z=0mm), z=400 
mm and 820 mm. The calculated shape of the beam 
cross-section at each position corresponds well with 
the experimental one. Similar experimental and 
calculated results were obtained by using the 10.5 x 
76 mm waveguide.  

When the guide magnetic field was increased, the 
periodical length of deformation was increased. It 
could be reasonable because the drift velocity E/B 
was decreased as the B increased.   

The deformation of the beam cross-sectional shape 
came from E x B drift with the different electric field 
in strength and direction on the beam cross-section as 
shown in Fig. 4.   
 
3.3 The rotation of two beams 
  Two beams 7.5 mm apart were injected into the 
10.5 x 76 mm waveguide.  The beams were rotated 
each other and their shapes of cross-section were 
deformed as shown in Fig. 8. The distance between 
two beams was also decreased along the axial length. 
When the distance of two beams was 38 mm, no 
mutual rotation was observed and their shapes of 
cross-section deformed independently. In Fig. 8, the 
calculated shapes of the cross-section were also 
depicted and they show good correspondence with 
the experimental results. When the distance of two 
beams was narrow, two beams interacted each other 

as expected.  
  When the experimental parameters are given, the 
simple model could estimate the distance of two 
beams that propagate without rotation.  
 
4. Conclusions 

When an electron beam propagates through a 
rectangular waveguide, a shift of the beam center and 
periodical deformation of the cross-sectional shape of 
the beam were observed.  When two beams were 
injected with narrow space, they rotated each other, 
the distance between two beams was decreased and 
their cross-sectional shapes were deformed.   
  A simple model with momentum equations of 
linear beam elements showed good agreements with 
experimental results. The shift of the beam center, the 
periodical deformation of the cross-sectional shape of 
the beam and the rotation of the beams are originated 
from the E x B drift motion of each elements. The 
simple model could be useful to estimate the 
parameters of a rectangular tube and beams for long 
range multi-beam propagation.  
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Fig. 8.  Two beams were rotated each other. The 
distance between beam centers were 7.5 mm at 
z-0 mm. Beam diameter was 5 mm. 10.5 x 76 mm 
waveguide was used.  
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ABSTRACT
The high power microwave generated in an axially extracted virtual cathode oscillator (vircator) has been studied 
experimentally. The vircator is driven by a Marx generator and pulse forming line. To improve the efficiency, we 
installed a cavity in the vircator, since the narrowing of the output microwave frequency leads to the improvement 
of the efficiency. The electron beam diode was an axially extracted vircator with the solid type aluminum cathode 
of 60 mm in diameter and the stainless steel mesh anode. The disc resonator with an extraction window was placed 
at the distance away from an anode with anode-cathode gap of 8 mm. The electronic field of output microwave 
was measured by varying the cavity length and the aperture of cavity to analyze the cavity effect. The maximum 
output power of the microwave from the vircator has been measured to be about 80 MW in this experiment when 
the diode voltage and diode current are 280 kV and 12 kA, respectively. In addition, we evaluate the characteristics 
of output microwave with the resonator by analysis of the time-dependent frequency analysis.

Keywords
High-power microwave, virtual cathode oscillator, vircator, resonance cavity

1. Introduction
Radiation sources of the high-power microwave are 

being developed for applications in plasma heating, 
particle acceleration, high-power radar, and many 
other industrial and military fields [1,2]. A number of 
high-power microwave sources have been developed, 
such as Virtual Cathode Oscillator (vircator),
Magnetron, Klystron, Gyrotron and so on. The 
vircator has remarkably attracted attention over other 
kinds of high-power microwave sources. The vircator 
has the attribute of high-power capability, wide 
frequency tuning ability, and conceptual simplicity [3]. 
It is possible to generate high-power microwaves 
ranging from a few tens of megawatts up to a few 
gigawatts at frequency from a few hundreds of MHz
to a few tens of GHz. However, the vircator has 
difficult problems in low efficiency of beam-to-
microwave power conversion and wide frequency 
bandwidth [3]. The many researchers have been 
making research efforts and experimental studies to 

improve the microwave conversion efficiency and 
oscillation frequency control [4-8]. Despite these 
efforts, the best conversion efficiency is still not higher 
than 10% and an order of magnitude less than that of 
other high-power generators.

It has been found that the conversion efficiency 
depends on the electromagnetic field strengths in the 
interaction region around the virtual cathode. This 
field plays important roles on both modulating the 
electron beam and extracting energy from the electron 
beam. In order to improve the conversion efficiency 
and narrow the output frequency, the vircator with a 
resonance cavity has been proposed and proven 
successful by several research groups [9, 10]. When 
the resonant mode has an electric field component 
along the direction of the virtual cathode oscillation, 
the beam-field interaction can be enhanced by feeding 
back the microwave field to the virtual cathode and the 
field can extract higher energy from the virtual cathode 
oscillation at the resonant frequency. Thus, the choice 
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of the mode is an important consideration in the design 
of the drift space. The experiments were performed 
using an axially extracted vircator with the resonance 
cavity, which was installed by inserting a movable disc 
plate with an extraction window in the drift space. This 
results in an axial electron beam and a virtual cathode 
oscillating along the vircator axis. The axial position 
of this plate was varied during the experimental series. 
In this paper, we investigated the influence of the 
resonant cavity structure, i.e. length and aperture size, 
on the electric field and frequency of the microwave
emitted from the vircator and evaluated the output 
microwave power. In addition, the obtained output 
microwave was evaluated by the time-dependent 
frequency analysis (TFA) [11].

2. Principle of Vircator
The intense electron beam is used for the generation 

of microwave by the vircator. The electron beam diode 
consists of a cathode and an anode. When a high 
pulsed negative voltage is applied to the cathode, 
electrons are emitted from the surface of the cathode. 
The electron beam passes through the anode, which is 
usually a thin foil or a mesh, and is injected into drift 
space on the other side of the anode. When the injected 
electron beam current exceeds the space charge 
limited current in the region behind the anode, a virtual 
cathode, which is an unstable region of negative 
potential, is formed at the same distance as AK gap. 
Most of the electrons in the beam lose their kinetic 
energy and are then reflected back toward the anode. 
The mechanism for microwave generation in the 
vircator can generally be explained by two dynamical 

mechanisms [2, 12]. The first is electron reflection in 
the potential well formed between the real and virtual 
cathodes. The radiation frequency due to electron 
reflexing depends on the AK gap and the beam energy. 
The frequency is approximately given by 
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The second is an oscillation of the virtual cathode in 
time and space. The oscillation frequency is given by

where p is the electron plasma frequency, nb is 
electron beam density derived by the space charge 
limited current, e and me are the electron charge and 
mass, respectively, 0 is the vacuum permittivity, V0 is 
the applied voltage across the AK gap, and =v/c. 
These two oscillation frequencies are fundamentally 
determined by the geometric structure, the applied 
voltage and the electron beam parameter.

3. Experimental Setup
Figure 1 shows a schematic configuration of the 

pulse power system for the axially-extracted vircator 
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Fig.1 Schematic diagram of Pulsed Power system
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used in this study. The pulse power system for 
generation of the high-power microwave consists of a 
high-voltage generator, a single pulse forming line 
(PFL), a gas SF6 spark gap and a pulse transmission 
line. The high-voltage generator is an eight-stage 
bipolar Marx generator with the maximum output of 
800 kV and the stored energy of 5 kJ. The PFL is filled 
with the deionized water as a dielectric. The designed
parameters of the PFL are characteristic impedance of 
3 , and electrical length of 50 ns. In this experiment, 
the pulsed power system was operated in negative-
output mode and the charging voltage of Marx 
generator was set to 24 kV and to operate in a single-
shot mode.

Figure 2 shows the schematic structure of the axial 
vircator and the microwave measurement setup. The 
high-voltage pulse generated from the pulsed power 
system is applied to the cathode of the electron beam 
diode. A vacuum explosive electron emission diode 
was used to generate an intense relativistic electron 
beam. The diode consists of an aluminum planar disk 
cathode of 60 mm in diameter and a stainless-steel 
meshed anode with a transparency of 65%. As shown 
in Fig. 2, both anode and cathode electrodes are plane 
surfaces that are at right angles to the vircator 
symmetry axis. To improve the microwave efficiency 
and control the output frequency, the resonance cavity 
was installed by placing a movable disc plate with a 
center hole at the distance (L) away from an anode. In 
this resonator configuration, it is expected that the 
dominant mode might be the transverse magnetic 
(TM) mode, which have an axial electric field that 
strongly couples to the oscillating virtual cathode's 
electric field. The output microwave was measured 

varying both the distance (L) and the diameter (a) of 
extraction window to analyze the resonator effect. 
From previous experimental results, the AK gap dAK

was set to be 8 mm regarding small shot-to-shot 
variations and good durability of the meshed anode.

The output microwave from the vircator traveled 
along a circular waveguide of 100 mm in diameter and 
375 mm in length and is emitted into free space 
through an acrylic window. The output power of the 
emitted microwave was evaluated by measuring the 
spatial distribution of the microwave from the vircator. 
The open ended rectangle waveguide (WR187: 4.75 
2.22 cm2) is utilized as the receiving antenna, which is 
placed in the step of 10 in the azimuthal direction at 
a distance of 0.7 m away from the window. The 
temporal waveform of the output microwave was 
obtained by using a crystal diode and recorded by a 
digital oscilloscope with a bandwidth of 200 MHz and 
a sampling rate of 2 GS/s, together with the beam 
parameters (voltage and current). In order to carry out 
Fourier transforms and TFA, the signal from the 
antenna was also recorded by a high-speed digital 
oscilloscope with a sampling rate of 40 GS/s through 
a coaxial RF cable.

A resistive CuSO4 voltage divider was used to 
measure the output voltage (VPFL) of the pulsed power 
system and placed at the edge of PFL. The diode 
voltage (Vd) applied to the cathode is calculated by the 
inductive correction, since the inductance of the 
transmission line from the resistive divider to the 
cathode is 100 nH. The diode current (Id) and the 
beam current (Ib) passed through the anode were 
monitored by Rogowski coil at the upstream and 
downstream of the anode.

4. Experimental Results
Figure 3(a) shows the typical waveforms of the 

diode voltage Vd, the diode current Id and the electric 
field of the microwave with no resonance cavity. The 
diode voltage increases up to 200 kV within 100 ns and 
the diode current rises with the diode voltage and has 
a peak of 14 kA. It can be seen from the waveform of 
the microwave field that the microwave is emitted at 
the rise time of Vd. Figure 3(b) shows the Fast Fourier Fig. 2 Schematic structure of axially extracted

vircator and microwave measurement setup.
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transform (FFT) of the microwave waveform. As seen
in Fig. 3(b), the bandwidth of the microwave 
frequency is broad and the main frequency 
components can be identified as ~4.4 and ~5.9 GHz. 
This result indicates that two mechanisms of 
microwave radiation exist together, namely, the 
electron reflex between the real and virtual cathodes as 
well as the virtual cathode oscillation. From above-
mentioned equations, the low frequency is related to 
the virtual cathode oscillation, while the high 
frequency corresponds to the electron reflex process.

Figure 4 shows the microwave output signal 
recorded by the high-speed digital oscilloscope for two
aperture diameters (a=4, 6 cm) of the cavity extract 
window at various cavity lengths. The waveforms of 
the diode voltage applied to the cathode and the 
microwave field without the cavity are shown as the 
reference. It can be clearly seen from Fig. 4 that the 
amplitude of the microwave field with the cavity is 
higher than that without the cavity. The experimental 
results show that the emission time of microwave is 
more stable at the extract window diameter a=6 cm 

than at other diameters. The effect of the cavity 
structure on the output microwave frequency is
investigated by FFT. Figure 5 shows the FFT of each 
microwave E-field shown in Fig. 4. It turned out from 
Fig. 5 that the frequency spectrum has narrow 
bandwidth and sharp peak by installing the resonance 
cavity. The microwave mode depends on the cavity 
structure, i.e. the ratio of the diameter D and the length 
L. The microwave mode can be evaluated by varying 
the cavity length, since the cavity diameter is fixed to 
D=10 cm. Considering that the microwave frequency 
is in range of 4-5 GHz and that (D/L)2 is set from 0.1 
to 1 in the present experimental setup, we find from 
Fig. 5 that the frequency corresponding to TM01p or 
TM11p modes is tuned to resonate with the broadband 

(a)

Fig. 3 (a) Typical waveforms of diode voltage Vd,
diode current Id and electric field of microwave 
with no cavity and (b) FFT of microwave signal 
shown in Fig.3(a).

(b)

Fig. 4 Waveform of microwave electric field as a 
function of cavity length at extract window diameters 
(a) a=4 cm, and (b) a=6 cm.
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Fig. 5 FFT of the microwave E-field of Fig.5 as a 
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virtual cathode oscillation, while the nonresonant 
frequencies are suppressed. Thus, the frequency 
bandwidth of the emitted microwave becomes 
narrower.

Figure 6 shows the spatial distribution of the
received microwave power as a function of the cavity 
length. It turns out that the spatial distribution of the 
received power is almost 0 at the axis and has a peak 
around 30 . It is expected that the dominant mode 
might be the TM mode, since the current oscillation is 
longitudinal direction. It is observed experimentally 
that the most dominant frequency of the microwaves 
generated from the vircator is about 5 GHz which is 
also comfortably above the cutoff frequency of the TM 
mode. Therefore, it is believed that the dominant 
emission mode of the microwave from the vircator is 
mainly TM mode in this experiment.

Assuming that the electric field of the emitted 
microwave is the axial symmetry, the total radiated 
power P of the microwave is given by= 2 ( ) sin  ,
where z is distance between the transmitting and 
receiving antenna, PR( ) is a received power at the 
angle from the central axial in the azimuthal 
direction, Aeff is the effective area of the receiving 
antenna and is given by = 4 = 2 1 + 11   
where G is an antenna gain, fc is the cutoff frequency 
of the antenna, and a and b are the short and long sizes

of the rectangular waveguide, respectively. Table 1 
shows the total radiated power of the microwave 
calculated from the spatial distribution shown in Fig.
6 by using above-mentioned equations. The 
microwave power depends on the cavity length and the 
maximum power of 79 MW is observed at the cavity 
length of L=14 cm. The output microwave power 
increased by 15% compared to that without the cavity.

The oscillation frequency in the vircator depends on 
electron-beam parameters such as voltage, current 
density, and the geometric structure of the diode. As a 
result, the virtual cathode oscillations vary with time 
during the output pulse because of the diode gap 
closure due to cathode plasma expansion. According 
to previous experimental results, at the AK gap 
distance of dAK=4 mm, the microwave frequency 

Fig. 6 Spatial distribution of received microwave 
power as a function of cavity length.
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increases from 6 to 12 GHz during the period of 0-50 
ns and the emission is broadband. The time frequency 
analysis was carried out for evaluation of the 
frequency stabilization of the virtual cathode 
oscillation. Figure 7 shows the time evolution of the 
microwave frequency spectrum with no cavity and 
with the cavity, where the AK gap is dAK=12 mm and  
the cavity is set to the length of L=10 cm and the 
extract window of a=6cm. In Fig. 7, a time-window 
width of 12.8 ns (512 data points) was shifted by the 
step of 0.25 ns and the horizontal and vertical axes 
represent the center of the time window and the 
spectrum intensity obtained within each window by 
the blackness variation, respectively. It can be seen 
from Fig. 7 that in the case of no cavity, the output 
frequency increases from 4.1 to 4.9 GHz with time and 
the bandwidth of the emission is broad, while in the 
case of the vircator with the cavity, the constant 
frequency of ~4.3 GHz was observed over the 
microwave emission and the spectrum became sharp. 
This result shows that the frequency stabilization of 
the virtual cathode oscillator is achieved by installing 
the resonant cavity.

4. Conclusions
We have investigated experimentally and 

numerically the influence of the cavity structure on the
output characteristics of microwave emitted from 
axially extracted virtual cathode oscillator. By 
installing the cavity in the virtual cathode oscillator,
the microwave with the resonant frequency is
enhanced, whereas nonresonant frequencies are 
suppressed and the bandwidth of the emitted 
microwave becomes sharp. In addition, the output 
microwave power increased by 15% to 80 MW. The 
dominant emission mode from the virtual cathode 
oscillator is found to be mainly TM mode by the 
resonance condition of cavity and simulation results. 
We plan to find a practical way of improving its 
frequency characteristics and microwave efficiency.
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ABSTRACT 
Research for the generation of high power microwave, Virtual cathode oscillator 

(Vircator) operated by “ETIGO- ” has been studied. The purpose of this study was to 
elucidate the microwave generation mechanism in the Vircator. A shunt for measuring the 
downstream electron beam in the Vircator was fabricated. Behavior of the electron beam 
when oscillating was confirmed by measuring the electron beam current in the beam 
traveling direction. The microwave was generated 30 ns after the rise of the upstream current. 
At that time, it was confirmed experimentally that the electrons in the downstream electron 
beam were reflected and decreased by the virtual cathode. 
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1 Introduction 

High Power Microwave (HPM) is an 
electromagnetic wave having a frequency of 1 to 
30 GHz and exceeds 100 MW. It is expected to be 
applied to accelerators and wireless power 
transmission. The Virtual Cathode Oscillator 
(Vircator) has the advantage that external magnetic 
field is unnecessary, the structure is simple, and 
frequency can be adjusted. However, the 
conversion efficiency is low, and the oscillation 
mechanism is unclear. [1] In this study, to elucidate 
the oscillation mechanism of the Vircator 
quantitatively, we fabricated a measuring 
instrument that measured the electron beam current 
and investigated the relation between the electron 
beam and the microwave. 
 
2 Experimental Setup  
2.1 Electron beam shunt   

Fig.1 and Fig.2 show the appearance and 
equivalent circuit of a shunt for measuring 
electron beam current. The shunt had an electron 
beam collector with a diameter of 24 cm at the tip. 
The collector was fixed with four screw pipes. 
Shunt resistances (metallic film resistance, 2 Ω) 

were arranged in parallel in the concentric circle 
at the base. It was insulated by placing acrylic 
board (2 mm) between the screw pipe fixing part 
and the flange which was the ground potential. It 
was possible to measure the electron beam current 
by measuring the potential generated when the 
electron beam passed through the shunt resistor.  
    The electron beam current is given by 

. (1) 

Here, the terminating resistance of the oscilloscope 
is 50 Ω, the measurement voltage is Vout, and the 
combined resistance of the shunt resistance is R//. 
 
2.2 Pulsed power generator “ETIGO- ” 

In this study, the virtual cathodic oscillator 
was driven by the repetitive pulsed-power 
generator "ETIGO - IV". (Fig. 3) Rated voltage 
400 kV, rated current 13 kA, pulse width 120 ns, 
repetition rate 1 Hz. [2] The cathode was bonded 
with a 10 cm diameter velvet with epoxy adhesive 
on a 12 cm diameter stainless steel disk. For the 
anode, a stainless-steel mesh (transmittance of 
about 65.8%) cut into a circle and fixed by a ring-
shaped fixture was used. The anode-cathode gap 
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was 21 mm. The voltage between the electrodes 
and the upstream electron beam of the anode were 
measured by the capacitive voltage divider and 
Rogowski coil of the "ETIGO - IV" main body.  
The current which was measured by shunt was the 
downstream electron beam. Each signal was 
observed on an oscilloscope (Lecroy WavePro 760 
Zi) through a coaxial cable. When observing 
microwaves, change the shunt to a circular 
waveguide (21 cm in diameter, 1 m in length) with 
an acrylic window at the tip. The generated 
microwave was received by a horn antenna (band 
1.72 - 2.61 GHz) located 2.5 m away from the 
output window and observed with an oscilloscope 
via a high frequency cable (TOTOKU, TCF 500) 
and a detector (Anritsu 75 N 50 B). The horn 
antenna was installed at a position of 20 ° when the 
front face of the waveguide was set to 0 °. 

3 Experimental Results 
3.1 Measurement of current distribution in 
beam progression direction 

Fig.4 shows the waveform of the shunt when 
the anode-collector gap was discretely varied from 
10 mm to 100 mm. Fig.5 shows the maximum 
current value (average of absolute values in 
"ETIGO - IV" 3 shots) in each anode - collector 
gap. When the anode-collector gap was 70 mm in 
Fig. 4, the current rapidly decreases, it was 
considered that the virtual cathode is formed, 
which suggests that electrons are reflected. [3] In 
Fig.5, the current didn’t change between 10 mm 
and 40 mm. This was because when the anode 
mesh and the collector were regarded as a parallel 
flat plate of the same potential, the virtual cathode 
wasn’t formed at the position which was 
theoretically shorter than twice the distance 
between the electrodes. Current reduction was seen 
at 50 mm and 60 mm. This was because part of the 
beam didn’t strike the collector due to divergence 
of the electron beam due to the self-electric field. 

Fig.1 Electron beam shunt 

Fig.2 Equivalent circuit of electron beam shunt. 

 

Fig.3 Repetitive pulsed-power generator 

“ETIGO- ”. 

 
3.2 Relationship between electron beam and 
microwave 
    Fig.6 shows a combination of upstream and 
downstream current waveforms when a planar 
collector is placed at an anode-collector gap of 70 
mm and microwave power waveform. From the 
graph, the microwave rose about 30 ns after the 
rising of the current. That is, a virtual cathode was 
formed. The electron beam current on the 
downstream side decreased with the generation of 
the microwave because electrons were reflected 
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due to the formation of the virtual cathode. The 
current downstream of the subsequent electron 
beam was limited by the virtual cathode. 

4 Conclusion  
In this study, we fabricated a shunt to measure 

the electron beam current for elucidating the 
oscillation mechanism of the virtual cathode 
oscillator. In the current distribution with respect to 
the beam traveling direction, when the collector 
position was set at 70 mm or more, the formation 
of the virtual cathode was confirmed. From the 
temporal relationship between the electron beam 
and the microwave, the microwave rose about 30 
ns after the rising of the current. Since electrons 
were reflected by the formation of the virtual 
cathode, the downstream electron beam decreased 
and was then limited. 

In the future, we will investigate details on the 
conversion of energy from electron beam energy to 
microwave. 
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Fig.5 The current distribution to beam 

progression direction. 

 

Fig.4 Waveform of downstream to beam 

progression direction.  

 

Fig.6 Time relationship between electron beam 

and microwave. (Top: Upstream and 

downstream current. Bottom: Microwave.)  
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ABSTRACT 

The virtual-cathode oscillator is one of the promising devices being developed as high-power 
microwave sources. It has the advantages of simplicity and high power capability. However, it has 
serious problems like low efficiency and frequency stability. In this paper, we have tried to solve those 
problems by installing a resonator and strengthening microwave interactions. Therefore, microwave 
measurements of a virtual cathode oscillator with a resonator has been carried out. The measurement 
result shows that the output of the virtual cathode oscillator can be improved by installing the resonator 
designed to match the resonant frequency and the oscillation frequency. 
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1 Introduction 

A high power microwave (HPM) is an 
electromagnetic wave whose wave length 1 – 30 
cm (frequency is 30 – 1 GHz) and HPM exceeds 
100 MW in peak power. In recent years, HPM had 
various applications in charged particle 
accelerators, plasma heating, medical field, space 
development field, and many other fields. Virtual 
cathode oscillator (Vircator) is one of the sources 
of HPM. [1][2] A vircator is capable of generating 
pulsed microwaves with the peak power ranging 
from a few tens of MW up to several GW. It design 
is simple and Generated frequency range is on the 
order of GHz. However, vircator has serious 
problems like low efficiency and frequency 
stability. [3] The purpose of this study is to improve 
the microwave efficiency of the vircator by 
installing a resonator. In this paper deals the result 
of comparing and examining the radiation power 
and frequency characteristics of the case where the 
resonator is installed and the conventional vircator. 
 
 

2 Principle and Experimental Setup 
2.1 Principle of Virtual Cathode Oscillator 

Figure 1 shows the schematic structure of the 
vircator used in this paper. The cathode is a planar 
stainless steel disk covered with a piece of velvet 
of 12 cm in diameter, and the anode is a stainless-
steel mesh with a transparency of 65%(Wire 
diameter:0.6mm). The anode–cathode gap is 21 
mm. When a pulsed high voltage is applied on the 
diode, an electron beam is generated from the 
cathode surface and accelerated toward the anode. 
Part of the electron beam passes through the anode 
and forms a virtual cathode that oscillates and 
radiates electromagnetic waves in the microwave 
range. The radiation is extracted through a 
cylindrical waveguide of 21 cm in diameter and 
100 cm in length and is emitted into the air through 
an acrylic window. 
 
2.2 Repetitive pulsed-power generator ETIGO-IV 

Figure 2 shows the repetitive pulsed power 
generator “ETIGO-IV” has been used to drive the  
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Fig. 1  Schematic structure of a virtual 
cathode oscillator. 

 

Fig. 2  Repetitive pulsed-power generator 
“ETIGO-IV”. 

vircator, which has rated outputs of 400 kV in 
voltage, 13 kA in current, 150 ns in pulse width, 
and 1 Hz in repetition rate. [4] 
  Figure 3 shows the typical experimental result of 
a vircator using ETIGO-IV. For observation of 
microwaves, a horn antenna (R-band: 1.72 - 2.61 
GHz) was used and measured with a digital 
oscilloscope (LeCroy Wave Pro 760 Zi, with a 
sampling rate of 40 GS / s) through a coaxial RF 
cable (TOTOKU TCF 500). At the same time, the 
microwave peak power was calculated by mV-
dBm conversion by measuring the microwave by a 
microwave detector (Anritsu 75N 50 B). 
  The peak voltage shown in Fig. 3 reaches 300 
kV with a peak current of 10 kA. Although the 
microwave radiation has been observed, its peak 
power is 60 MW, giving a microwave efficiency is 

1.9%. Figure 4 shows the Fourier transform of the 
horn antenna signals shown in Fig. 3. From Fig. 4, 
the main microwave frequency of the vircator 
using ETIGO-IV is 2.5GHz. 
 
2.3 Installation of resonator 
  Installation of a resonator has been proposed to 
improve the oscillation efficiency of the virtual 
cathode oscillator. [5][6] In this study, a resonator is  

 

Fig. 3  Waveform of diode voltage and 
current, R-band horn antenna signal, and 
waveform of obtained by microwave detector. 

 

Fig. 4  Time-Frequency analysis (TFA) and 
Fourier transform of the horn antenna signal 
shown in Figure 3. 

constructed by attaching an electromagnetic wave 
reflection plate to one end of a metal cylinder. 
Figure 5 shows the principle diagram when a 
resonator is installed in the vircator. It is expected 
that the microwave efficiency will be improved by 
the interaction between the oscillated microwave 
and the microwave reflected by the resonator. In 
this paper, several resonators with resonance 
frequency around 2.5 GHz were prepared and 
experiments were carried out. Figure 6 shows the 
resonator using this paper. 
 
3 Experimental results 
3.1 Change the length of resonator L 
  Figure 7 shows the microwave peak power when 
changing the length of the resonator to 60 to 95 mm. 
The horizontal axis is the length of the resonator 
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Fig. 5  Schematic structure of a virtual-
cathode oscillator with resonant cavity. 

 

Fig. 6  Resonator (L=80mm, D=144mm, 
d=110mm). 

 

Fig. 7  Length of resonator vs peak power 
characteristic (D=144, d=110mm). 

L [mm], and the vertical axis is the radiation power 
[MW]. The plot is the average value of the 
microwave peak power when the measurement 
was carried out 5 times under each condition, and 
the error bar shows the maximum value and the 
minimum value. The red line on the graph shows 
the microwave power without the resonator. From 
Fig. 7, at the resonator length of 80 and 85 mm, the 
peak power is larger than when without the 
resonator. This results shows the properly designed 
resonator can improve the microwave efficiency of 
the vircator. Fig.8 shows the R-band horn antenna 
signal and TFA result under condition of resonator 
length is 80mm. Compared to Fig. 3 and Fig.4, 
when the efficiency improves as shown in Fig. 8, it   

 

Fig. 8  Microwave and TFA results obtained 
by using resonator. (L=80mm, D=144mm, 
d=110mm) 

 

Fig. 9  Inner diameter of resonator vs peak 
power characteristic (L=60mm, D=144mm). 

 

Fig. 10  Microwave and TFA results obtained 
by using resonator. (L=85mm, D=144mm, 
d=90mm) 

oscillates at a single frequency and the amplitude 
of the microwave also tends to be constant. 
 
3.2 Change the inner diameter of resonator d 
  From the results in Fig. 7, larger peak power can 
be expected with the resonator length L = 85 mm. 
Therefore, in Fig. 7, the inner diameter of resonator 
d was fixed at 110 mm, but we investigated 
whether further improvement in microwave power 
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can be made by changing the inner diameter of 
resonator. Figure 9 shows the microwave peak 
power when changing the inner diameter of 
resonator to 30 to 144 mm. The horizontal axis is 
the inner diameter of resonator d [mm], and the 
vertical axis is the radiation power [MW]. It can be 
seen that the peak power greatly changes 
depending on the difference in inner diameter of 
resonator. Especially when the inner diameter of 
the resonator is 90 mm, approximately twice the 
peak power was obtained than in the case without 
the resonator. Figure 10 shows the R-band horn 
antenna signal and TFA result under condition of 
resonator length is 85mm, inner diameter is 90mm. 
From Fig.10, the measured microwave tendency 
also coincided with Fig.8. 
 
4 Conclusion 
  Improvement of peak power and microwave 
efficiency of the virtual cathode oscillator is 
possible by installing a resonator and strengthening 
microwave interaction. In this study, we have 
improved the peak power and microwave 
efficiency of the virtual cathode oscillator by about 
2 times by using a resonator with a length of 85 
mm and an inner diameter of 90 mm. In the future 
we will optimize the resonator structure and aim to 
further improve the efficiency of the virtual 
cathode oscillator. 
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ABSTRACT

Kinetic energy partitioning between longitudinal and transverse directions of beam bunch was
studied for longitudinal pulse compression during final stage of energy driver in heavy–ion in-
ertial fusion. Beam parameters were corresponded with experimental parameters of compact
electron beam simulator. The kinetic energy equipartition was estimated by the multi–particle
simulation results. It was expected that the equipartition in a theoretical approach is underes-
timated in comparison to the numerical simulation result.
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1 Introduction

In an energy driver of heavy ion inertial fusion,

beam dynamics in a longitudinal pulse compres-

sion is an important issue for an effective implosion

process of a fuel pellet [1]. A large scale of a parti-

cle accelerator complex is required to generate in-

tense heavy–ion beams. However it is not suitable

for the researches of the beam dynamics from the

viewpoint of the cost. For this reason, theoretical

and numerical approaches were carried out [2–8],

moreover an experimental device by using electron

beam was proposed for a scaled simulator [9–12].

It is easy to achieve the space–charge–dominated

state in a small experimental device.

The equipartitioning of the longitudinal and

the transverse temperatures of the beam is ex-

pected in the space–charge–dominated condition [13],

and is important topic for the beam dynamics and

transport [14, 15]. In this study, the kinetic en-

ergy partitioning between the longitudinal and the

transverse directions of the beam is discussed with

the evolution of the kinetic energies in the compact

beam simulator.

2 Calculation Conditions

The numerical simulation is carried out using multi–

particle tracking with space charge effect. The cal-

culation box for the numerical simulation and the

detail of the calculation conditions are described in

Refs. [16–18]. The transverse confinement of the

beam is carried out with the pulse solenoidal mag-

net. The magnetic flux density Bz for longitudinal

direction z is given with 11 mT corresponding to

the experimental condition. The velocity modula-

tion pulse duration applied by the induction unit
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is 100 ns. The injected kinetic energy of electrons

is 2.8 keV, and the initial pulse duration is 100 ns.

After the initial setting, the beam bunch is injected

into the modulation gap. The applied voltage Vdec

is geven by

Vdec =
me

2e

1⎛
⎝
√

me

2eV0
+

τp − t

L

⎞
⎠

2 − V0, (1)

where me is the mass of electron, e is the charge of

electron, V0 =2.8 kV, τp =100 ns is the pulse dura-

tion, t is the time, and L=1.93 m is the drift length

for transport. To apply the modulation voltage

into the gap, the longitudinal velocity distribution

of injected electrons has the head-to-tail velocity

tilt. For this reason, the pulse duration of electron

bunch is compressed in order to the velocity tilt

during the drift transport after the gap.

In the experimental condition, the electron gun

emits the electrons, and the electrons accelerate

longitudinally to 2.8 keV in quasi-DC mode after

the electron emission from the thermal cathode

surface. In this study, the initial transverse and

longitudinal temperatures are assumed by T⊥ =

T|| = 1000 K, and the temperatures give the ve-

locity spread to the initial particle distribution.

For this reason, the longitudinal velocity of par-

ticle has the average velocity for injection kinetic

energy of 2.8 keV with the thermal velocity spread

of 1000 K. The condition is an ideal case start-

ing with the equal temperatures. The initial beam

current is −265 μA.

3 Simulation Result

It was found that the longitudinal kinetic energy

of the beam particle was converted into the trans-

verse kinetic energy due to the space charge ef-

fect [18]. The effective transverse and longitudinal

temperatures are evaluated by

T⊥ =
me〈v2⊥〉

2
= me

〈(vx − 〈vx〉)2〉+ 〈(vy − 〈vy〉)2〉
4

,

(2)

and

T|| =
me〈v2||〉

2
= me

〈(vz − 〈vz〉)2〉
2

. (3)
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Figure 1: Equipartitioning ratio T⊥/T|| as a func-
tion of macro (super) particle number Nsp. The
red circle indicates the numerical simulation re-
sult, and the solid line indicates the fitting curve
of f(Nsp) = 103.78N−1.00695

sp + 0.00625084.

Here, me is the mass of electron, v⊥ and v|| are

the transverse and longitudinal velocities of parti-

cle on the beam frame, and vx, vy, and vz are the

particle velocities in x, y, and z directions on the

laboratory frame, respectively. The value 〈X〉 in-
dicated with brackets means the average value of

X. The equipartitioning ratio T⊥/T|| is obtained

by the ratio of Eq.(2) to Eq.(3).

Figure 1 show the equipatitioning ratio at t =

160 nsec (i.e., the maximum compression time) as

a function of the number of macro (super) particles

used for the numerical simulation. By using the

least–square approach, the numerical simulation

results are fitted by

f(Nsp) = 103.78N−1.00695
sp + 0.00625084, (4)

where Nsp is the macro (super) particle number.

From Eq. (4), it is expected that the equipartition-

ing ratio converges on 0.00625084 for Nsp = ∞.

On the other hand, the theoretical estimation

for the equipartitioning ratio indicated as 0.00285 [18].

It is implied that the theoretical result underesti-

mates the kinetic energy equipartition between the

longitudinal and the transverse directions.

4 Conclusion

The kinetic energy partitioning between the longi-

tudinal and the transverse directions of the beam

was investigated numerically for the longitudinal
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pulse compression during the final stage of the

energy driver in heavy–ion inertial fusion. The

beam parameters were corresponded with the ex-

perimental parameters of the compact electron beam

simulator. The equipartitioning ratio T⊥/T|| was
estimated as 0.00625084 in the multi–particle sim-

ulation results. It was expected that the equipar-

titioning in the theoretical approach was under-

estimated in comparisons to one of the numerical

simulation.
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ABSTRACT 
The axial energy distribution and the radial mean energy of a pure electron plasma confined 

in a Malmberg-Penning trap have been measured during and after the longitudinal compression. 
The mean energy in the both directions increases during the compression due to the increase of 
the space charge effects. After the compression, the axial energy is converted into the radial 
energy, while the total energy is almost kept constant. Such precise measurements of the fast 
energy relaxation of compressed electron plasmas could contribute to the technical 
development of generating the space-charge-dominated heavy ion beam with low emittance 
required for a heavy ion inertial fusion.  
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1. Introduction 
   In a heavy ion inertial fusion device, heavy ion 
beams (HIB) with extremely high current should be 
prepared for the efficient implosion of a target. In 
order to realize a large amount of the current, an abrupt 
longitudinal compression of the HIB is required in the 
final stage of the device[1]. The sudden increase of the 
current density generates a high space charge effect 
which causes an increase of the beam emittance. In a 
result, the efficient fusion reaction would be prevented. 
A method for controlling the increase of beam 
emittance after the dramatic compression has to be 
studied. However, the study on the HIB in a large 
accelerator complex will cost a great expense.  
   Instead of HIB, an electron plasma in a Malmberg-
Penning trap is a suitable material for the study on 
charged particle beam. The equivalence has been 
confirmed of the pure electron plasma and the charged 
particle beam in the center-of-mass frame under a 
proper scale transformation[2]. The compression in 
the longitudinal direction of HIB could be simulated 

by the compression in the longitudinal direction of the 
pure electron plasma. The observed energy 
distribution in of the pure electron plasma could be 
related to the beam emittance of the HIB. 
 According to the preliminary experiment using a 
Malmberg-Penning trap, an increase of the electron 
temperature in the axial direction was observed during 
the axial compression of a pure electron plasma[3]. 
However, the time evolution of the radial energy has 
not been measured during the compression. In this 
study, in addition to the axial energy, the radial energy 
of the pure electron plasma was observed during and 
after the axial compression in order to clear the fast 
relaxation process from non-equilibrium state due to 
the compression.    
 
2. Experimental Setup 
  The schematic configuration of the compression 
experiment device is shown in Fig.1. The device is 
composed of an electron source, ring electrodes with 
60 mm in a diameter, and a phosphor screen in a 
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cylindrical vessel. The basic scheme of an electron 
confinement consists of the homogeneous magnetic 
field along the z-axis and the saddle shaped 
axisymmetric potential with negative barriers at both 
ends[4]. We use an electron plasma of cylinder in 
shape with an equilibrium state as an initial profile for 
the compression experiment. The cylindrical electron 
plasma is produced by mixing and relaxation of about 
500 strings of electrons which accumulate in the trap 
through multiple injection-hold-mixing cycles. 

Fig. 1 Schematic configuration of the electron trap. 
Electrons are compressed in the longitudinal direction 
by changing the external electric potential. 
 

Fig. 2 2D magnetic field distribution for the energy 
analysis in the radial direction (upper figure). An 
auxiliary magnetic field is added where the analyzing 
potential is applied for selection of energetic electrons. 
The energy selection is carried out at z = 500 mm 
(lower figure). 

The axial compression is achieved by applying 
negative voltage to seven ring electrodes where the 
electrons originally exists. In this experiment, an 
electron column is compressed from 0.120 m to 0.030 
m in the axial length for 1.5 msec.
  A longitudinal kinetic energy distribution of 
plasmas is measured by the energy selection method 
using variable potential at the end electrode[5]. A 
radial kinetic energy can be measured by magnetic 
mirror field added at the energy selection region 
shown in Fig.2. The axial kinetic energy is converted 
to the radial one due to the mirror field, so the average 
radial kinetic energy could be determined [6]. 
 
3. Experimental Results 
  Figure 3 represents radial distribution of electron 
densities and longitudinal temperatures of the electron 
plasma with the 1/e radius of 11 mm under the 
magnetic field B = 0.1 T(a) and 0.02 T(c) before and 
after the compression. The electron plasmas are 
compressed from the axial length L = 0.12 m to 0.03
m by shortening the ground region for 1.5 msec. The 
radial density distribution almost remains unchanged 
by the compression. On the other hand, the 
longitudinal electron temperature increases over the 
whole region in both cases. The mean increase rates of 
the axial temperature before and after the compression
are 0.38 with B = 0.1 T and 0.21 with B = 0.02 T 
respectively.

The time evolution of the electron temperature in 
the axial and radial directions defined by the mean 
energy is plotted in Fig. 4. During the axial 
compression for 1.5 msec, the temperature in the both 
directions increases rapidly. Because the time scale of 
Coulomb collisions in this parameter range is few 
msec, the increase of the radial energy could be driven 
by a space charge effect. After the compression, the 
axial energy is slowly converted into the radial energy 
probably due to the Coulomb collision, while the total 
energy is almost kept constant.  

4. Discussion 
In beam dynamics, a tune depression is used as an 

index to the space charge effect of charged particle 
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beam. For non-neutral plasmas with low density in 
comparison to the Brillouin density limit, the tune 
depression can be determined as follows [7]

 

 

Fig. 3 Radial density distribution of electron plasmas 
before and after the longitudinal compression for 
magnetic field B = 0.1 T (a) and 0.02 T (b) along with 
the longitudinal kinetic energy distribution. 

Fig. 4 The time evolution of electron temperature in 
the axial direction (closed circles) and radial direction 
(crosses). The electron plasma was compressed from t 

= 0 to 1.5 msec.
 
Here is a constant density determined by the total 
electron number and RMS radius,  is a plasma 
rotation frequency in the cross section, and is a 
average density bounded by the RMS radius. 
According to the radial density distribution, the tune 
depression could be estimated at 0.76 with B = 0.1 T, 
0.67 with B = 0.02 T respectively. On the other hand, 
the average rise rate of the axial temperature before 
and after the compression can be calculated at 3.2 with 
0.1 T and 4.6 with 0.02 T. This results suggest that 
beam emittance increases due to the larger space 
charge with the weaker magnetic field. However, the 
tune depression 0.67 is still large in terms of beam 
physics. In order to investigate the high current ion 
beam, electron plasmas with flat density distribution 
or with the Brillouin density under the weak magnetic 
field are required.
 
5. Conclusion
  An energy increase and relaxation due to a space 
charge effect were observed in an axially compressed 
pure electron plasma. The electron temperature in the 
radial and axial direction increased by compressing the
electron plasma into one forth in the axial length. The 
average rise rate of the axial temperature before and 
after the compression was higher in a weaker magnetic 
field. After the compression, the axial energy is slowly
converted into the radial energy, while the total energy 
is almost kept constant.
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ABSTRACT 
We developed a significantly cost-effective scale-downed device to investigate the beam dynamics during longi-
tudinal compression. The device demonstrated the effects of space charge on the compressed electron beams. We 
adopted specially designed Rogowski coils to monitor the process of beam compression at two different positions 
along the beam line. 
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1. Introduction  
   High power Heavy Ion Beam (HIB) is expected as 
a promising driver of Inertial Confinement Fusion 
(ICF) [1,2]. The ICF driver needs to supply a beam 
power of ~100 TW (roughly 1 MJ in 10 ns). To achieve 
such an extraordinarily high beam power, the ion 
beams are longitudinally compressed at the final ac-
celeration process. However, in this process, space-
charge effects are predicted to increase the beam emit-
tance, which degrades the beam focusability [3]. 
While the detailed mechanism of beam degradation in 
the compression process still remains unclarified, ex-
perimental researches using a driver-level HIB like the 
system design at Lawrence Berkeley [4] are hard to 
perform from its cost. 
  Instead of such a huge and costly HIB device, we 
developed a device for scale-downed experiments 
which uses electrons instead of ions. High specific 
charge of electrons compared with heavy ions enables 
us to simulate the behavior of intense HIBs with a la-
boratory scale device. 
 
2. Beam compression experiment 
  The schematic of the developed beam compression 

device is shown in Fig. 1. It consists of a laser ablation 
plasma electron source, an induction adder composed 
of five modules [5], a solenoidal transport line, and a 
Faraday cup placed at the longitudinal focal point of 
the electron beam.  
  The source plasma is produced by a Q-switched 
Nd:YAG laser with a wavelength of 1064 nm, a pulse 
width of 20 ns, and a maximum energy of 150 mJ. A 
titanium disk is irradiated by the laser with a spot di-
ameter of ~1 mm. The plasma drifts to the extraction 
gap placed at the entrance of the solenoidal line.  

Figure 2 shows ion (a) and electron (b) beam fluxes 
extracted through the gap with 3 kV and -3 kV bias 
voltages, respectively. The diameter of the extraction 
hole was 10 mm. As shown in Fig. 2(b), we obtained 

Fig. 1. Schematic of electron beam compression 

experiment. 
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an electron beam current of several tens of mA from 
the source plasma, which is much more intense than 
that from thermal electron guns used in our previous 
study [6]. In addition to the intensity, this beam source 
has several advantages for our experiment. First, ow-
ing to the drift motion of the plasma source, the extrac-
tion gap can be placed just before the beam modulation 
gap. Second, we can make parameter survey by chang-
ing the timing of modulation voltage application to the 
plasma, since the decay time of the plasma flux (~10 
μs) is enough large compared with the modulation 
pulse length (~100 ns). As shown in Fig. 2, the elec-
tron beam current is tens of times larger than the ion 
beam current. We consider that the enhancement can 
be attributed to the drift motion of the source plasma 
which affects the sheath potential at the extraction 
boundary [7, 8]. 
  The 5-unit induction adder regulated the modulation 
voltage for longitudinal bunching. The typical modu-
lation pulse waveforms are shown in Fig. 3. The unit 
numbers in Fig. 3 correspond to each driver unit 
shown in Fig. 1, and a synthesisized pulse was applied 
to the modulation gap placed just after the beam ex-
traction gap. The "ideal" line shows the modulation 
voltage waveform with which all electrons in the beam 
bunch are longitudinally focused to the same position 
in the beam line when the space-charge effect is ig-
nored. As shown in the figure, the synthesisized pulse 

("synthesis" in the figure) mostly matches the "ideal" 
line, that is, the beam modulation in our experiments 
are expected to be performed precisely. The modula-
tion voltage was adjusted to a focus length  of 160 
cm in the case of Fig. 3. 
  Thanks to precise modulation by the induction ad-
der, the compressed beam has a sharp peak as shown 
in Fig. 4. When the initial beam current was 30 mA,  
the peak current of the compressed beam was 
~170 mA. 

Figure 5 summarizes the results of the bunch com-
pression experiments. The result shows initial current 
dependence of the compression ratio, which is defined 
to be the ratio of the peak current to the initial current. 
When the initial current is larger than 10 mA, the com-
pression ratio decreases with increasing initial current. 
This is the first experimental demonstration of the 
space charge effect on the longitudinally compressed 
charged particle beam.  

 

Fig. 2. Beam current waveforms extracted from la-

ser-produced plasmas. 

 
Fig. 3. Typical modulation pulse waveform applied 

to induction accelerator (focus length Lf=1.6 m) 

 
Fig. 4. Typical waveform of a compressed elec-

tron beam measured at focus point (focus length 

L=1.6 m). 
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3. Consideration for multipoint measure-
ment with Rogowski coils 
  In the beam compression experiment described in 
Section 2, the initial current dependence of compres-
sion ratio is clearly observed in the regime where the 
initial current is more than 10 mA. However, in the 
lower current regime, the reproducibility of the beam 
current is not so good and the compression ratio varied 
shot to shot. To identify the cause of this variation, we 
tried to observe the time evolution of beam during 
compression with multipoint monitoring. Therefore, 
we installed non-destructive beam monitors in addi-
tion to the Faraday cup. Rogowski coils are often used 
as non-destructive beam monitor [9,10]. Since the 
commercially available ones are not suitable for our 
device from a geometrical restriction, we tried to man-
ufacture suitable Rogowski coils.  
 

3.1 Rogowski coil inside the transporting solenoid 

  The Rogowski coil that we made was designed to be 
installed in the solenoidal transport line. The Rogowki 
coil must have sufficient sensitivity with more than 
1 V/A to measure 1-mA electron beams and a wide 
bandwidth enough to monitor the timescale ranging 
from 10 μs to 10 ns at compression peak. Also the 
magnetic core must accommodate the geometry of the 
transport line. Figure 6 shows photographs of the 
Rogowski coil. We used a FINEMET (Hitachi Materi-
als) core because it has high permeability with good 
high frequency characteristics. The number of turns of 

the coil was determined to be 10, by which we ob-
tained a sensitivity of 5 V/A and a cutoff frequency of 
3 kHz. An aluminum case for the coil and a Faraday 
cup attached to the case are also shown in the figure. 
We examined the characteristics of the coil by moni-
toring a beam simultaneously with the Faraday cup. 
  The typical result is shown in Fig. 7. The beam cur-
rent measured is smaller than that in Section 2 because 
the diameter of beam extraction port is reduced to 
2 mm to prevent the beam from hitting the coil. With-
out modulation and compression (Fig. 7(a)), the wave-
form from the Rogowski coil well coincide with that 
from the Faraday cup. With modulation (Fig. 7(b)), the 
coil could not observe the beam correctly. This is prob-
ably because the beam orbit was disturbed by the dis-
continuity of the guiding magnetic field caused by in-
certing the ferromagnetic core [11]. 

From the output waveforms of the Rogowski coil 
and the Faraday cup, we estimated relative sensitivity 
of the coil. Figure 8 shows the relative sensitivity of 
the coil. As shown in the figure, the relative sensitivity 
increased in the high frequency range. This might be 
caused by the parasitic capacitance between the coil 
winding, i.e., the frequency characteristics of the 
Rogowski coil was not flat. 
  We examined the effect of the magnetic core on the 
magnetic field of the beam transport line. Figure 9 
shows the magnetic field measured by a Gauss meter 
along the center axis of the beam line.  

 
Fig. 5. Initial current dependence of beam com-

pression ratio. 

 

Fig. 6. A Rogowski coil and a metal case designed 

to be installed inside the solenoidal line. 
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The result supports that the beam transport is disturbed 
by the modulation of the solenoidal field. After all, we 
concluded that this coil is unsuitable for the non-de-
structive beam measurement. 
 
3.2 Beam monitoring from outside 

Since the prototypical Rogowski coil that we made 
is not suitable to be installed inside the solenoidal line, 
we tried another way to monitor the beams with 
Rogowski coils which were installed outside the sole-
noidal line. The new coils monitor the electron beam 
through the insulator flanges as shown in Fig. 10.  

The result of beam monitoring with this configura-
tion is shown in Fig. 11. When it is without beam mod-
ulation (Fig. 11(a)), the measured waveform by the 
Rogowski coils were similar to those by the Faraday 
cup. The coil signals decay faster than the Faraday cup 
signal, which is due to the insufficient permeability of 
the magnetic cores. On the other hand, as shown in 
Fig. 11(b), a large noise, which was completely differ-
ent from the beam signal, was observed by the coils 
when the beam was modulated. This noise may be due 
to the beam modulation pulse. Probably, the noize 
came through the wall of the beam transport line be-
cause it was not observed with the prototype coils in-
stalled inside the solenoid. This is supported also by 
the fact that the timing of the noise and modulation 
pulse coincide with each other.  

From the above resutls, we conclude that for non-
destructive beam measurement, we have to increase 
the S/N ratio of Rogowski coils. 
 

 
Fig. 7 Beam waveforms of Rogowski coil inside the 

solenoid and comparative Faraday cup signals. 

 

Fig. 8. Frequency characteristic of relative sensi-

tivity of the prototypical Rogowski coil. 

 

Fig. 9. Effect of the Rogowski core on the mag-

netic field of solenoidal beam transport line. 

 

Fig. 10. The configuration of Rogowski coils outside the 

beam line and a Faraday cup. 
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4. Conclusion 
  To contribute the HIB driven ICF, we developed a 
revolutionary compact and cost-effective scale-
downed electron beam device for longitudinal com-
pression of intense charged particle beams. Using this 
device, we showed the first successful experimental 
results for longitudinal beam compression in space 
charge dominated regime. The results showed that the 
beam compression ratio decreases with increasing 
beam intensity. The results demonstrated that the scale 
down devices is useful for the beam dynamics study in 
the space charge dominated regime. 
  We tried to monitor the detailed time evolution of 
the beams during the compression with Rogowski 
coils. In order to accommodate the geometry of the 
beam transport line, we manufactured several types of 
Rogowski coils. However, those Rogowki coil could 
not measure electron beam current waveforms with a 
10-ns timescale at the focusing region.  
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Fig. 11 Measured beam waveforms of Rogowski 

coils outside the solenoid and Faraday cup. 
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