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To understand the mechanism of particle acceleration in collisionless shocks, generating a collisionless
plasma flowing through dilute gas is required. We have proposed a compact plasma focus (CPF) device to
generate collisionless plasma by using pulsed-power discharge. To discuss a particle acceleration process in col-
lisionless shocks, it is necessary to evaluate an ion energy distribution function (IEDF) of the plasma. In this
study, we measured the IEDF of the plasma flow using a retarding field energy analyzer (RFA). The experimental
results measured by the RFA showed that ions with a few eV are dominant in the plasma flow generated by the
CPF device. The IEDF could be fitted with the shifted Maxwellian distribution. The plasma parameters were
estimated to be the ion number density ni = 4.6+0.2

−0.8 × 1019 m−3, the ion temperature Ti = 0.8+0.6
−0.4 eV, and the drift

velocity vd = 11+0.5
−3.5 km/s. The estimated velocity approximately agreed with the result of a time-of-flight method

calculated by the ion current waveform.
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1. Introduction
Understanding how to generate high-energy particles

in outer space, called cosmic rays (CRs), is one of the
important issues in astrophysics. The CRs are charac-
terized by a maximum energy of 1020 eV and a non-
thermal power-law energy spectrum [1, 2]. Collisionless
shocks are considered one of CRs generator. Collisionless
shocks are shock phenomena generated by the interaction
of collisionless plasma and electromagnetic fields, such as
shock around supernova remnants. Unlike hydrodynami-
cal shocks on the earth, the energy dissipation process in
collisionless shocks occurs through electromagnetic fields,
and particle acceleration occurs in the process. However,
the detailed generation mechanism of particle acceleration
is not fully understood [3]. One method for understand-
ing the mechanism of collisionless shocks is reproducing
the shock in a laboratory-scale experiment and evaluating
the phenomena in-site [4]. Requirements for reproducing
collisionless shock in the laboratory-scale experiment have
been proposed [5–7]. An important condition is the gener-
ation of a fast plasma flow in a dilute gas. Recently, col-
lisionless shock experiments using high-power lasers have
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been conducted [8,9]. Although laser experiments can gen-
erate well-defined high-energy-density plasma, the exper-
iments have issues with low shot-rates. We propose the
generation of a collisionless plasma by pulsed-power dis-
charge using a plasma focus (PF) device. The PF device
is a technique for generating high-energy-density plasma
and has been applied as ion and neutron beam sources
[10–12]. The generation of the fast plasma flow using
the PF device has a longer space-time scale and is eas-
ier to observe than high-power laser experiments. In ad-
dition, the pulsed-power experiment has high shot-rates.
A tapered cone plasma focus device (TCPFD) produces
a quasi-one-dimensional plasma flow with a drift veloc-
ity of U ∼ 30 km/s, an ion number density ni ∼ 1020 m−3,
and an electron temperature Te ∼ 3 eV in helium gas at
0.3 Pa [13–15]. To generate collisionless plasma, driving
the PF device in dilute gas is required, different from typ-
ical PF devices. As a result, as the mean free path of par-
ticles would be long, typical MHD models inside PF de-
vices can not be applied, and the plasma behavior inside
the PF electrodes is unclear. Therefore, we have developed
a compact PF (CPF) device with six columnar outer elec-
trodes and an inner cone electrode to observe the plasma
behavior inside the electrodes. Understanding the plasma
parameters generated by the CPF device is required to dis-
cuss the particle acceleration mechanism in collisionless
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shock. In this study, we evaluate the ion energy distribu-
tion function (IEDF) of the fast plasma flow produced by
the CPF device using a retarding field analyzer (RFA). We
have measured ion current density using the RFA to under-
stand the plasma parameters of the CPF device.

2. Experimental Setup
Figure 1 is a schematic image of the CPF device. The

CPF device consists of anode electrodes, a cathode elec-
trode, and an insulator. A pulsed-power discharge gener-
ates a plasma sheet at the surface of the insulator. The
plasma sheet propagates in the direction of the tip of the
cone electrode via a high current and a magnetic field in-
duced by its current. At the tip of the cone electrode, the
plasma sheet is compressed by a pinch effect, producing a
thermal plasma. The inner cone electrode (cathode) had
a height of 46 mm and diameter of 26 mm, and the six
columnar outer electrodes (anode) had a height of 62 mm
and inner angle of 76 deg. The vacuum chamber is filled
with He gas at 0.5 Pa. The generated plasma flow is mea-
sured by the RFA located 25 mm from the top of the elec-
trode.

Figure 2 is an equivalent circuit diagram of the CPF

Fig. 1 Schematic image of the CPF device.

Fig. 2 Equivalent circuit diagram of the CPF device.

device. A discharge voltage is 12.5 kV, and the capacitor
bank is 7.7 µF. The discharge current was measured by a
Rogowski coil between a gap switch and the cathode elec-
trode. The stray resistance and inductance of the CPF cir-
cuit, calculated from the discharge current waveform, were
30 mΩ and 65 nH, respectively.

Figure 3 is a configuration of the RFA. The RFA con-
sists of an aperture to limit the flux, an electron reflection
grid (ERG), an ion filter grid (IFG), and a collector to cap-
ture ions. The ERG and IFG grids are made of a stainless
steel mesh (SUS304) with a wire diameter of 60 µm and an
opening area of 0.01 mm2. The collector is a Faraday cup
for suppressing secondary electrons emission. The RFA is
set up on a separate electrical ground from the CPF circuit
to avoid noise via the discharge. Figure 4 shows the dis-
tribution of the applied voltage for each grid. The ERG
was applied at −15 V for reflecting electrons. The IFG
was swept from 0 to 15 V, and the collector was applied
at −30 V to capture ions. The ion current density of ions
captured by the collector is as follows:

J =
Vout

RS
, (1)

where R is the termination resistance (50 Ω), Vout is the
measured voltage, and S is the cross-section of the aperture

Fig. 3 Configuration of the RFA.

Fig. 4 Potential distribution of the RFA.
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with the pinhole of ϕ0.6 mm.

3. Results and Discussion
3.1 Ion current density and drift velocity

Figure 5 shows typical waveforms of the discharge
current and the ion current density at V2 = 0, 5, and 15 V.
As shown in Fig. 5 (a), the typical discharge current re-
sulted in a decaying sine wave with a maximum current of
68 kA and a period of 7.5 µs. As shown in Figs. 5 (b) - (d),
the ion current density waveforms measured by the RFA
were evaluated by cutting off high frequencies considered
noise. The ion current density decreased by increasing V2.
The increase in V2 causes more ions to be reflected by the
IFG, resulting in fewer ions reaching the collector and a
decrease in ion current density. Comparing Figs. 5 (b) and
5 (c), the ion current density decreased significantly by in-
creasing V2 from 0 to 5 V. Thus, the plasma flow produced
by the CPF device is dominated by the ion with energies
of 0 - 5 eV. Comparing Figs. 5 (c) and 5 (d), the ion current
density is less reduced by increasing V2 from 5 to 15 V
because the number of ions over 5 eV is small. The drift
velocity of the plasma flow generated by the CPF device
is calculated by a time-of-flight (TOF) method. The veloc-
ity is calculated from the peak time of the ion current and

Fig. 5 Typical waveform of the discharge current and ion cur-
rent density. (a) The discharge current. The ion current
density at (b) V2 = 0 V, (c) V2 = 5 V, and (d) V2 = 15 V.

distance as follows:

U =
d

tpeak
, (2)

where d is the distance from the bottom of the cathode to
the aperture of the RFA (71 mm), tpeak is the peak time of
the ion current density. From Fig. 5 (b), the drift velocity
was obtained as 12.7 km/s.

3.2 Evaluation of IEDF as shifted
Maxwellian

Plasma parameters were estimated from a V-I charac-
teristic measured by the RFA. The ion current density mea-
sured at the collector of V2 = 0 V is described as follows:

J0 = eZni

∫ ∞
0

v fi(v) dv, (3)

where e is an elementary charge, Z is a charge state (as-
suming Z = 1), ni is the ion number density, v is velocity of
ions, and fi is ion velocity distribution function. Because
fi assumes the shifted Maxwellian distribution, fi can be
expressed as follows:

fi(v) dv =
( M
2πkbTi

) 1
2

exp
(
−M|v − vd|2

2kbTi

)
dv, (4)

where M is helium ion mass, kb is a Boltzmann constant,
Ti is the ion temperature, and vd is the drift velocity of the
plasma flow. From Mv2/2 = eV2 = E2, the relationship
between the velocity and the energy can be expressed as
follows:

dv =
1

Mv
dE2. (5)

From Eqs. (3) - (5), the ion current density dependence on
E2 is expressed as follows:

J(E2) = J0 −
eZni

M

∫ E2

0
fi(E2) dE2. (6)

Figure 6 shows the ion current density dependence
on V2, and the estimated IEDF assuming the shifted
Maxwellian. As shown in Figs. 5 (b) - (d), the ion cur-
rent waveforms measured by the RFA have two peaks. As

Fig. 6 V-I characteristic of the current density dependence on
V2. The values of the experimental results are averages
of the five shots. The approximation line was fitted by
ni = 4.6 × 1019 m−3, Ti = 0.8 eV, and vd = 11 km/s.
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Fig. 7 Evaluation of the parameter ranges by changing (a) ni, (b)
Ti, and (c) vd.

the first peak was present even with increasing V2, it may
be attributed to high-energy ions. However, the presence
of high-energy ions is unclear because the plasma gener-
ation process and the dynamics inside the electrodes are
not clarified in the CPF device. Therefore, we have eval-
uated the second peak as the main bulk of the plasma.
The result indicates that the IEDF of the plasma flow
generated by the CPF device can be fitted by the shifted
Maxwellian as shown in Eq. (6) with the parameters of
ni = 4.6 × 1019 m−3, Ti = 0.8 eV, and vd = 11 km/s.
The fitted IEDF was dominated by helium ions with en-
ergies of a few eV. The almost unchanged ion current den-
sity at V2 = 10 - 15 V shown in Fig. 6 is explained because
the population of the ions with energies of 10 - 15 eV is
low. Moreover, the velocity was approximately equal to
the drift velocity obtained by the TOF method. Figure 7
shows the evaluation of the parameter ranges of ni, Ti, and
vd. By fitting the experimental error bars of the V-I char-
acteristic, the plasma parameters are estimated to be ni =

4.6+0.2
−0.8 × 1019 m−3, Ti = 0.8+0.6

−0.4 eV, and vd = 11+0.5
−3.5 km/s.

4. Conclusion
We measured the ion current density and the drift ve-

locity of the plasma flow generated by the CPF device us-
ing the RFA. The RFA results showed that the ion current
density changed with the IFG voltage V2. Increasing V2

from 0 to 5 V decreased the ion current density signifi-
cantly. The result indicates that the plasma generated by

the CPF device consists of ions of a few eV. Moreover, the
plasma flow velocity generated by the CPF device was es-
timated to be 12.7 km/s using the TOF method with the ion
current density waveform. The V-I characteristic measured
by the RFA could be fitted with the shifted Maxwellian.
The plasma parameters of the ion number density ni =

4.6+0.2
−0.8 × 1019 m−3, the ion temperature Ti = 0.8+0.6

−0.4 eV, and
the drift velocity vd = 11+0.5

−3.5 km/s were obtained. The ve-
locity calculated from the TOF method and the velocity
obtained by fitting to the shifted Maxwellian is approxi-
mately the same.

In the future, we will evaluate the plasma dynamics
inside the electrodes. Moreover, we will apply a mag-
netic field to the plasma flow and evaluate the change of
the IEDF of the plasma flow in the magnetic field.
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