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We numerically investigated the ion behavior in radio frequency (RF) plasma with a pulsed magnetic field
applied to a high-current ion source. A one-dimensional hybrid particle-in-cell (PIC) simulation was performed.
The numerical results demonstrate the generation process of an ion beam by applying a pulsed magnetic field to
the RF plasma. The pulsed magnetic field induces an electric field owing to the interaction between the plasma
and the magnetic field. The induced electric field forms a density gradient, and an electrostatic field is generated.
The electrostatic field propagates as an ion acoustic wave; some ions in the plasma are accelerated, and an ion
beam is generated.
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1. Introduction
Ion beams are used in various scientific and engineer-

ing applications, such as material processing and energy
drivers for fusion reactors [1–4]. Ion sources generate and
provide seed ions for ion beams, and are expected to in-
crease the beam current density toward high power and
improve the processing efficiency.

In conventional ion sources using radio frequency
(RF) plasma, the plasma is generated by gas discharge,
and ion beams are extracted by applying a high voltage
to the plasma. In this process, the charge neutrality of
the plasma is broken, and the extracted beam current den-
sity is imposed by the space-charge-limited current (Child-
Langmuir current) and Bohm current [2,5]. To avoid these
limitations, a novel mechanism for transporting and accel-
erating ion beams while maintaining the charge neutrality
of the plasma is required.

Beam generation while maintaining charge neutrality
is a phenomenon observed in astrophysics owing to the
nonlinear interactions between the plasma and the mag-
netic field. Non-thermal high-energy particles exist in
outer space [6] and are generated by the interactions, such
as collisionless shocks, between the plasma flow and elec-
tromagnetic fields. To elucidate the generation mecha-
nisms for non-thermal particles, laboratory-scale exper-
iments and numerical simulations have been performed
[7–12]. Particle-in-cell (PIC) simulations of high-power
laser experiments have predicted the formation of electro-
static collisionless shocks and generation of reflected ion
beams at the shock surface [9,10]. Moreover, a laboratory-
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scale experiment using pulsed-power discharge and its nu-
merical simulations have demonstrated the generation of
accelerated ions caused by the interaction between a fast
plasma flow and perpendicular magnetic field [11, 12].

Laboratory-scale experiments using high-power lasers
[7, 8] and pulsed-power discharges [11] have generated a
fast plasma flow that evolves in interaction with a steady
magnetic field. To apply the nonthermal particle gen-
eration process discussed in astrophysics to RF plasma,
a time-evolving magnetic field should be applied to the
steady plasma. Several studies on RF plasma dynamics
have applied steady magnetic fields, such as in plasma
thrusters, and significantly contributed to plasma physics
[13]. In recent years, experiments applying an axial pulsed
magnetic field to an RF plasma thruster have been reported,
and new theories in plasma physics have been developed
[14]. Steady plasmas, such as the RF plasma, exhibit good
reproducibility and detailed plasma diagnostics, and are
thus expected to contribute to space plasma physics and
astrophysics. In this study, we numerically investigated
the ion behavior in RF plasma by applying a pulsed mag-
netic field. A one-dimensional hybrid PIC simulation was
performed to investigate the beam behavior of the ions.

2. Setup of Numerical Simulation
To calculate the ion particle motion in the RF plasma,

we used a hybrid PIC method [11, 12, 15]. Owing to the
mass difference between ions and electrons, electrons were
treated as a massless fluid that immediately satisfied the
charge neutrality in the hybrid PIC. Therefore, the spatial
and temporal scales of the analysis were determined based
on the scale of the ion motion, and the computational cost
of the hybrid PIC method was lower than that of the full
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PIC method. Moreover, because the ions are treated as par-
ticles, the hybrid PIC enables the discussion of nonthermal
beam effects, which cannot be discussed in magnetohydro-
dynamic simulations.

The equations of motion for the ions treated as parti-
cles are described as follows:

dxp

dt
= vp, (1)

mp
dvp

dt
Ze(E + vp × B), (2)

where xp is the ion position, vp is the ion velocity, mp is
the ion mass, Z is the ion charge state, e is the elementary
charge, E is the electric field, and B is the magnetic field.
The electron fluid and electromagnetic field are expressed
as follows:

ue = up −
∇ × Bp

µ0ene
, (3)

ne = Znp, (4)

Pe = nekBTe, (5)

Pen−γe = constant, (6)

E = −ue × B − ∇Pe

ene
, (7)

∂Bp

∂t
= −∇ × E, (8)

B = Bp + B0, (9)

where up and ue are the flow velocities of ions and elec-
trons, respectively; np and ne are the number densities of
ions and electrons, respectively; Pe is the electron pressure;
Te is electron temperature; Bp and B0 are the induced and
external magnetic fields, respectively; µ0 is the permeabil-
ity in a vacuum; kB is the Boltzmann constant, and γ is the
adiabatic constant.

The analysis was performed in a one-dimensional
space (x) with three velocity dimensions (vx, vy, vz). The
analytical model is shown in Fig. 1. The calculation region
was set to 100 mm. Superparticles representing argon ions
with a charge state Z = 1 were randomly placed in the
region from x = −100 mm to x = 200 mm, and the par-
ticles could move freely at the boundaries both upstream
and downstream. The plasma parameters were set to typ-
ical RF plasma values as follows [16]: number density
np = ne = 1019 m−3, ion temperature Tp = 0.1 eV, electron
temperature Te = 3 eV, and drift velocity vd = 2.5 km/s.

A pulsed external magnetic field with a Gaussian dis-
tribution with a peak of 10 mT at x = 40 mm and a half-

Fig. 1 Analytical model.

period of 4 µs was applied to the RF plasma. The field
parameters were determined based on the specifications
of the developed pulsed magnetic field generator. For
both upstream and downstream boundary conditions the
electromagnetic fields at the boundaries were set to zero
throughout the analysis. The calculation was completed
before the effect of the boundaries affected the ion behav-
ior.

3. Results and Discussion
Figure 2 shows the time evolution of the x-vx ion

phase space, ion number density np, electric field Ex, and
magnetic field Bz. In the initial stage of the analysis, the
plasma flowed in the −x direction owing to drift velocity.
By applying a pulsed magnetic field, some ions were accel-
erated in the +x direction, and an ion beam was generated.

The spatial distribution of the ion number density at
t = 2 and 4 µs, as shown in Figs. 2 (a) and 2 (b), indicates
the increase of the density upstream of the pulsed magnetic
field. Because the plasma flow is prevented by a pulsed
magnetic field, the plasma stagnates near the peak of the
magnetic field, forming a density gradient. The time evo-
lution of the magnetic field shows a change in the spatial
distribution of the pulsed magnetic field. As the plasma
flow compressed the magnetic field, the spatial gradient of
the magnetic field became steeper.

At t = 8 µs, as shown in Fig. 2 (c), the density gradient
formed at the beginning of the analysis propagates in the
+x direction. Moreover, the ion beam continued to be gen-
erated during the propagation of the density gradient, after
the duration of the pulse, and outside the applied region of
the pulsed magnetic field. The electric field E shown in
Eq. (7) can be approximated in the x direction as follows:

Ex ≈ −
Bz

µ0ene

∂Bz

∂x
− 1

ene

∂Pe

∂x
. (10)

The first term on the right side of Eq. (10) represents the
induced electric field generated by the spatial gradient of
the magnetic field, and the second term represents the elec-
trostatic field caused by the electron pressure gradient. In
the initial stage of the analysis, the induced electric field
is generated, increasing the density gradient. The electron
pressure gradient term also indicates the gradient of the ion
number density from Eqs. (4) - (6). As shown in Fig. 2 (c),
the ion density gradient corresponds to the electric field
that acts as a source for generating the ion beam. Figure 3
shows the results obtained by neglecting the effect of elec-
tron pressure.

Although the ion beam was initially generated, the
density gradient and electric field did not propagate, and
the velocity of the ions rapidly decayed. This indicates
that the electrostatic field contributed to generating the ion
beam after the pulse duration and outside the applied re-
gion of the magnetic field.

Figure 4 shows the space-time evolution of the electric
field Ex. The electric field propagated at an almost constant
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Fig. 2 Time evolution of the ion x-vx phase space, ion number
density, and electromagnetic fields at a) t = 2 µs, b) t =
4 µs, and c) t = 8 µs.

velocity of 2.6 km/s. The ion acoustic speed is expressed
as follows [5]:

vs =

(
kBTe + γkBTp

mp

)1/2

. (11)

Using the calculated values, the ion acoustic speed was es-
timated as vs = 2.69 km/s. The propagation velocity of the
electric field shown in Fig. 4 was approximately equal to

t = 8μs 

Fig. 3 Numerical result of artificially neglecting the electron
pressure.

2.6 km/s 

Fig. 4 Space-time evolution of the electric field Ex.

the ion acoustic speed. This indicated that the electrostatic
field propagated as an ion acoustic wave.

4. Conclusion
In this study, we performed a numerical simulation

based on the hybrid PIC method to investigate the ion be-
havior in RF plasma with an applied pulsed magnetic field.
The numerical results demonstrated the ion beam gener-
ation process by applying a pulsed magnetic field to the
RF plasma. The plasma flow stagnated when a pulsed
magnetic field was applied, and a gradient of density and
magnetic field were formed. These gradients generated an
electric field, and some ions in the RF plasma were accel-
erated. The electric field consisted of the induced electric
field caused by the gradient of the magnetic field and elec-
trostatic field caused by the density gradient. The induced
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electric field forms a density gradient, and the electrostatic
field propagates as an ion acoustic wave and generates an
ion beam. In the future, we will experimentally and numer-
ically investigate the effects of the peak value, half-period,
and spatial distribution of the pulsed magnetic field on the
ion behavior.
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