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A two-dimensional electromagnetic Particle-in-Cell (PIC) simulation model is proposed to study
the propagation of intense ion beams with beam width wb small compared to the electron skin
depth c/ωpe through background plasmas in the presence of external applied magnetic fields. The
effective electron gyroradius wge is found to be an important parameter for ion beam transport in
the presence of magnetic fields. In the beam regions, the background plasmas respond differently to
the ion beam of width wb < wge and wb > wge for the given magnetic field and beam energy. For
the case of beam width wb < wge with relative weak external magnetic fields, the rotation effects of
plasma electrons are found to be significant and contributes to the significant enhancement of the
self-electric and self-magnetic fields. While for the case of beam width wb > wge with relative strong
external magnetic fields, the rotation effects of plasma electrons are strongly inhibited and a well
neutralization of ion beam current can be found. Finally, the influences of different beam widths,
beam energies and magnetic fields on the neutralization of ion beam current are summarized for the
cases of wb < wge < c/ωpe, wge < wb < c/ωpe and wb < c/ωpe < wge.
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1 Introduction

The investigations of transport and focusing of charged
ion beams have a variety of important applications, such
as warm dense matter physics [1], high-energy-density
physics [2–4], and the heavy ion fusion [5, 6]. For these
applications, the ion beam should be simultaneously
compressed in the transverse and longitudinal directions
to small spot sizes and short pulses, respectively, due to
the reason that the power per unit area that delivered
by the beam to the target is inversely proportional to
the square of beam radius and the pulse duration. Sim-
ulations [7–9] and experiments [10–12] have proven that
background plasma can be provided as an ideal media
for ion beam focusing and transport. The plasma elec-
trons tend to neutralize the strong repulsive space-charge
force of beam ions and provide a good compression. In
addition, the plasma lens has been proposed as a final fo-
cusing element to improve the luminosity of future high

energy electron-positron colliders [13].
The propagation of an intense ion beam pulse through

the background plasma has been investigated theoret-
ically through the warm-fluid [14], kinetic [15], hybrid
fluid-Vlasov [16], and Particle-in-Cell (PIC) simulations
[7–9]. It is shown that for long, nonrelativistic ion beams,
charge neutralization is complete even for very tenuous
background plasmas. The background plasma can pro-
vide the necessary very high degree of neutralization for
drift compression of intense ion beam pulses, provided
the plasma density exceeds the beam density everywhere
along the beam path. Experiments have shown that a 60-
fold longitudinal pulse compression of ion beams can be
achieved by applying a time-dependent velocity tilt to
the charge bunch and subsequently allowing it to drift
through a background plasma [5]. The gas ionization by
the beam ions improves the neutralization and leads to
considerable enhancement of the self-magnetic field in
the tail of the beam pulse.

In addition, the application of a solenoidal magnetic
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field along the beam propagation direction is found to
show significant effects on the properties of beam fo-
cusing [17, 18]. The magnitude of the self-electric field
increases significantly as the value of external magnetic
field increases from ωce < 2βbωpe to ωce � 2βbωpe, pro-
viding an enhanced focusing of the beam pulse. Here,
ωce = eB0/(mec) is the electron cyclotron frequency,
ωpe = (4πn0e

2/me)1/2 is the electron plasma frequency,
and βb = vb/c with vb the beam velocity and c the
speed of light. For relativistic beams, the application of
a solenoidal magnetic field strongly affects the degree of
current and charge neutralizations when ωce > γbβbωpe,
where γb = (1− β2

b)−1/2. The threshold value of the ap-
plied magnetic field γbβbωpe is relatively small for non-
relativistic beams, while for relativistic ion beams this
threshold value could be large. There are many impor-
tant parameters for ion beam transport in background
plasmas, including beam energy, beam and plasma den-
sity profile, type of ion species and gas ionization, etc.
Thus, an extensive study is needed for a wide range of
beam and plasma parameters to determine the condition
for optimum beam propagation.

We adopt in this work a two-dimensional relativistic,
electromagnetic PIC simulation method to investigate
the propagation of intense ion beams with beam width
small compared to the electron skin depth wb < c/ωpe

through background plasmas in the presence of magnetic
fields, taking into account the relativistic effects. Influ-
ences of beam width and energy on the neutralization of
beam current and plasma polarization are investigated
in detail. The paper is organized as follows. In Section
2, the two-dimensional relativistic, electromagnetic PIC
simulation method is briefly described. Simulation re-
sults are analyzed in detail in Section 3. Finally, we give
a short summary in Section 4.

2 PIC simulation methods

Consider a two-dimensional plasma slab model shown in
Fig. 1. The magnetic field B0 applied in the plasma is
homogeneous and directed along the x axis. The simu-
lation region extends spatially from X = 0 to X = Lx

and from Y = 0 to Ly. Initially, the plasma of density
n0 is placed between Lx/10 and Lx with the other re-
gions be vacuum. The beam ions are injected from the
left boundary and propagate along the x direction. The
equations of motions for charged particles are

ds

dt
= v (1)

du

dt
=

q

m0

(
E +

u × B

γc

)
(2)

where s, v, q and m0 are the position, velocity, charge
and rest mass of charged particles, respectively. Here
u = γv with γ =

√
1 + u2/c2, c is the speed of light,

and E and B are the electric and magnetic fields, which
are determined by Maxwell’s equations:

∂tB = −c∇× E, ∂tE = c∇× B − 4πJ (3)

∇ · B = 0, ∇ · E = 4πρ (4)

Fig. 1 A two-dimensional plasma slab model.

A 2D3V relativistic, electromagnetic PIC code is used
for the simulation. The field equation (3) is solved with
an alternating-direction implicit (ADI) finite-difference
time-domain (FDTD) method [19] to eliminate the re-
straint of the CFL condition. The numerical integration
of the equations of motions for all charged particles is
performed by a standard leap-frog algorithm, with the
Lorentz forces treated by the Boris rotation [20]. Peri-
odic boundary condition in the y direction and perfectly
matched layer (PML) [21] absorbing boundary condition
in the x direction are adopted. To reduce the compu-
tation cost, a moving-window approach is used in the
simulation, where the window of the simulation travels
at the speed of light. The code is parallelized using mes-
sage passing interface (MPI) through domain decompo-
sition. Also, for the efficiency of parallel computation,
a current deposition scheme [22] is designed to conserve
charge exactly and there is no need to solve Poisson’s
equation.

In our numerical simulations, a hydrogen plasma with
mass ratio mp/me = 1836 and plasma ion charge Zp = e

is considered. Also the injection beam ions are taken to
be proton with mass mb = 1836me and charge Zb = e.
Plasma parameters used in the simulation are as follows:
unperturbed plasma density n0 = 1011 cm−3 and ini-
tial plasma electron temperature Te0 = 4 eV. Then the
skin depth c/ωpe is shown to be 1.68 cm. The magnetic
field B0 and beam injection velocity vb are treated as
variables. The simulation box is composed of Nx = 8000
grids in the x direction and Ny = 1024 grids in the y

direction. The space step dx and time step dt are fixed
to 6×10−3 cm and (0.2–0.3)×10−12 s for stability. Thus,
the lengths of the simulation region Lx and Ly are 48 cm
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and 6.1 cm, respectively. We have adopted averaged 20
superparticles per cell for each species, which has been
varied to check the stability of the results.

3 Current neutralization and plasma
polarization

3.1 Beam width wb < wge

Beam width is an important parameter for ion beam
transport in background plasmas. Without external ap-
plied magnetic fields, the beam current is almost unneu-
tralized and the self-magnetic field is a maximum when
the beam width wb is small compared to the electron skin
depth c/ωpe. Further, the positive charge of the ion beam
is shown to be overcompensated by the plasma electron
if a moderately weak solenoidal magnetic field satisfying
ωce � βbωpe is applied along the beam propagation di-
rection, as indicated in Ref. [18]. Here, the beam width
should satisfy wb � wge = Vb

ωce
(1 + ω2

ce/ω2
pe)

1/2, i.e., the
beam width should be large compared to the effective
electron gyroradius wge. We will show in the following
that the effective electron gyroradius wge is an impor-
tant parameter for ion beam transport in background
plasmas in the presence of external applied longitudinal
magnetic fields. Taking into account the relativistic ef-
fects, the effective electron gyroradius becomes

wge = vb(γ2
b/ω2

ce + 1/ω2
pe)

1/2

=
c

ωpe

√
β2

bγ2
b

ω2
ce/ω2

pe

+ β2
b (5)

where γb = (1 − β2
b)−1/2 and βb = vb/c.

We first show the influences of different magnetic fields
on the neutralization of ion beam current and the gen-
erated self-electric and magnetic fields for beam width
wb < wge. A Gaussian proton beam with density profile
nb = 0.5np exp[−(y − Ly/2)2/w2

b − (x − vbt)2/l2b], beam
width wb = 0.18c/ωpe, and half length lb = 2c/ωpe prop-
agating with velocity vb = 0.33c is assumed. The unper-
turbed plasma density np and temperature Te0 are taken
to be 1011 cm−3 and 4 eV, respectively, as described in
Section 2. Here, to acquire a good charge neutralization,
the length lb of ion beam is adopted to ensure that the
beam pulse duration is much longer than the electron
plasma period [9], i.e., τbωpe � 2π.

Figure 2 shows the on-axis distribution of longitudinal
current density along the beam propagation direction for
different magnetic fields at time t = 2240/ωpe. The den-
sity distribution of ion beam is also shown in the figure
for comparison. In addition, relative weak magnetic fields

(ωce/ωpe � 1) are adopted in the simulation (B0 = 600
G and 1500 G) for the case of wb < wge. It is clearly
seen that for beam width wb < wge the magnetic field
is deleterious for the neutralization of ion beam current.
As the magnetic field increases, the longitudinal current
in the beam regions (enbvb − enevex) increases and the
magnitudes of generated self-magnetic and electric fields
increase significantly, as shown in Figs. 3 and 4, where
the azimuthal component of the self-magnetic field Bϕ

and transverse component of the self-electric field Ey

are displayed. In addition, the circle with dashed line
in the figure shows the outline of the ion beam. The
self-magnetic and electric fields are seen to increase from

Fig. 2 The on-axis distribution of longitudinal current density
(in unit of A/cm2) along the beam propagation direction for dif-
ferent magnetic fields at time t = 2240/ωpe. The density distri-
bution of ion beam (in unit of cm−3) is also shown in the fig-
ure for comparison. A Gaussian proton beam with density profile
nb = 0.5np exp[−(y − Ly/2)2/w2

b − (x − vbt)2/l2b], beam width
wb = 0.18c/ωpe, and half length lb = 2c/ωpe propagating with
velocity vb = 0.33c is assumed. The unperturbed plasma density
np and temperature Te0 are taken to be 1011 cm−3 and 4 eV,
respectively.

Fig. 3 The corresponding azimuthal component of the self-
magnetic field Bϕ (in unit of G) for different external applied mag-
netic fields with the same parameters as in Fig. 2. The circle with
dashed line in the figure shows the outline of ion beam.
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18 G and 1.2 kV/cm at the external magnetic field
B0 = 0 G to 47 G and 33 kV/cm at B0 = 1500 G.
This significant increase in the self-electric and magnetic
fields is due to the rotations of plasma electrons about
the beam axis with a high azimuthal velocity [17]. This
rotation effect is caused by the inward transverse motion
of plasma electrons. Also, the enhancement of longitu-
dinal current with increasing external applied magnetic
fields can also be explained by the rotation effects of
plasma electrons.

Fig. 4 The corresponding transverse component of the self-
electric field Ey (in unit of kV/cm) for different external applied
magnetic fields with the same parameters as in Fig. 2. Also, the
circle with dashed line in the figure shows the outline of ion beam.

This rotation effects can be observed from the trans-
verse azimuthal current density distribution of plasma
electrons, as shown in Fig. 5 for external magnetic fields
B0 = 600 G and 1500 G at time t = 2240/ωpe with other

Fig. 5 The transverse azimuthal current density distribution (in
unit of A/cm2) for external magnetic fields B0 = 600 G and 1500
G at time t = 2240/ωpe with other parameters the same as in
Fig. 2.

parameters the same as in Fig. 2. This transverse current
further induces a positive longitudinal magnetic field,
leading to the enhancement of longitudinal magnetic field
inside the ion beam, as indicated in Fig. 6, where the
on-axis distribution of perturbed longitudinal magnetic
field δBx is displayed. From this figure, the combined
ion beam-plasma system is seen to act as a paramag-
netic medium for the case of beam width wb < wge. In
the absence of an applied magnetic field, the ion beam
is focused by the self-magnetic field due to the unneu-
tralized beam current. Although the self-magnetic and
electric fields increase significantly as a longitudinal mag-
netic field applies, the transverse electric force increases
more rapidly than the magnetic force and the transverse
force acting on the beam ions Fy = e(Ey − vbBϕ) can
change sign from focusing to defocusing, as indicated in
Fig. 4.

Fig. 6 The on-axis distribution of perturbed longitudinal mag-
netic field (in unit of G) along the beam propagation direction
for external magnetic fields B0 = 600 G and 1500 G at time
t = 2240/ωpe with other parameters the same as in Fig. 2. The
on-axis distribution of ion beam density is also displayed in the
figure for comparison.

3.2 Beam width wb > wge

We further show the influences of different magnetic
fields on the current neutralization and plasma polariza-
tion for beam width wb = 0.43c/ωpe > wge, with other
beam and plasma parameters the same as those in Fig.
2. Figure 7 shows the on-axis distribution of longitudi-
nal current density along the beam propagation direc-
tion for different magnetic fields at time t = 2240/ωpe.
Also, the corresponding ion beam density is displayed
in the figure for comparison. Relative strong magnetic
fields (ωce/ωpe > 1) are selected for the simulation
(B0 = 2000 G and 104 G) to ensure the condition
wb > wge, as indicated in Eq. (5). One can clearly see
from the figure that the longitudinal current in the beam
regions reduces significantly as the magnetic field in-
creases, indicating the well neutralization of ion beam
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current. Here, the beam pulse duration 2lb/vb is much
longer that the electron plasma period 2π/ωpe and a
good charge neutralization can be acquired. With this
condition, one cam assume the quasineutrality condi-
tion holds, ne

∼= np + Zbnb, where ne is the plasma
electron density, np the density of background plasma
ions and Zbe is the ion charge of beam ions, whereas
Zb = 1 for proton beams. With strong applied lon-
gitudinal magnetic fields, the transverse transports of
plasma electrons are strongly inhibited and plasma elec-
trons move freely along the magnetic field lines. In this
case, the motion of plasma electrons can be considered to
be one-dimensional (along the beam propagation direc-
tion). Then with the charge density continuity equation,
∂ρ/∂t +∇ · J = ∂ρ/∂t + ∂Jx/∂z = 0, and the quasineu-
trality condition (ρ = e(np + Zbnb − ne) ∼= 0), one can
obtain Jx

∼= 0. Thus, plasma electrons tend to neutralize
the beam current. Then plasma electrons ahead and in
the tail of the beam pulse are attracted toward the ion
beam, leading to the generation of positive and negative
longitudinal current ahead and in the tail of the beam
pulse, as indicated in Fig. 7.

Fig. 7 The on-axis distribution of longitudinal current density
(in unit of A/cm2) along the beam propagation direction for
different magnetic fields at time t = 1680/ωpe for beam width
wb = 0.43c/ωpe with other parameters the same as in Fig. 2.

The corresponding azimuthal component of self-
magnetic field Bϕ and transverse component of self-
electric field Ey are also shown in Figs. 8 and 9, re-
spectively. It is interesting to note that the generated
self-electric and magnetic fields change direction near
the position of beam head, which is determined by the
distribution of longitudinal current shown in Fig. 7. In
addition, the generated self-magnetic and electric fields
in the beam regions also change the polarity compared
to the case of no external magnetic field and the case of
small beam width wb < wge with relative weak external
magnetic fields, as shown in Figs. 3 and 4. The transverse
electric force now focus the beam ions, as indicated in

Fig. 8 The corresponding azimuthal component of the self-
magnetic field Bϕ (in unit of G) for different external applied mag-
netic fields with the same parameters as in Fig. 7. The circle with
dashed line in the figure shows the outline of ion beam.

Fig. 9 The corresponding transverse component of the self-
electric field Ey (in unit of kV/cm) for different external applied
magnetic fields with the same parameters as in Fig. 7. Also, the
circle with dashed line in the figure shows the outline of ion beam.

Fig. 10, where the transverse dependence of beam den-
sity and transverse electric field Ey on the beam center
are displayed. The transverse focusing electric fields in
Fig. 9 for the cases of B0 = 2000 G and 104 G are shown
to be 10 times larger than that of case B0 = 0 G. This
significant increase in the magnitude of transverse elec-
tric field indicates the enhanced focusing of ion beams in
background plasmas. Besides, the generation of focusing
electric field indicates the overcompensation of positive
ion beam charge by plasma electrons [18]. For the case
of beam width wb > wge, the strong external magnetic
fields are seen to reduce the azimuthal rotation of plasma
electrons, which can be observed from Fig. 11, where
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Fig. 10 The transverse dependence of beam density (in unit of
cm−3) and transverse electric field Ey (in unit of kV/cm) on the
beam center in the case of magnetic field B0 = 2000 G with beam
and plasma parameters the same as in Fig. 7.

Fig. 11 The transverse azimuthal current density distribution
(in unit of A/cm2) for strong external magnetic fields at time
t = 1680/ωpe with beam and plasma parameters the same as in
Fig. 7.

the transverse azimuthal current density distribution of
plasma electrons is displayed for different magnetic fields
with beam and plasma parameters the same as those in
Fig. 7. In the figure, the significant reduce in the trans-
verse current with increasing magnetic field is due to the
strongly inhibited inward transverse motions of plasma
electrons, which further leads to the significant reduce
in the perturbed longitudinal magnetic field δBx. Figure
12 further shows the on-axis distribution of longitudinal
perturbed magnetic fields δBx for different external ap-
plied magnetic fields B0. The density distribution of ion
beam is also displayed in the figure for comparison. We
note in the figure the reduced magnitude of δBx with in-
creasing external magnetic fields, in contrast to the case

shown in Fig. 6 for the case of beam width wb < wge,
where a revised behavior can be observed. In addition,
the longitudinal magnetic field now is reduced inside the
ion beam while enhanced in the front of ion beam.

Fig. 12 The on-axis distribution of perturbed longitudinal mag-
netic field (in unit of G) along the beam propagation for strong ex-
ternal magnetic fields at time t = 1680/ωpe with beam and plasma
parameters the same as in Fig. 7. The on-axis distribution of ion
beam density is also displayed in the figure for comparison.

For the magnetic fields we adopted in the simula-
tions, the excitation of electromagnetic wave perturba-
tions (e.g., Whistler waves) occurs, as discussed in de-
tail by Dorf [23]. We have also tried in the simulations
the conducting wall boundary condition in the trans-
verse direction and made comparisons with the periodic
boundary case. Complex wave-field structure can be ob-
served for the conducting-wall boundary condition. How-
ever, there are no significant differences in the magnitude
of longitudinal current near the ion beam regions and
in the influences of different magnetic fields on the ion
beam current neutralization for two boundary condition
cases. Our further attention will focus on the electro-
magnetic wave excitation excited by the ion beam pulse
in background plasmas, with the conducting-wall trans-
verse boundary condition in the PIC code.

From Eq. (5), the effective electron gyroradius wge is
seen to increase with the beam energy. For relativistic
ion beams, wge can be larger than the electron skin depth
c/ωpe when the external applied magnetic field satisfies
ωce/ωpe < γb

√
γ2
b − 1. Eq. (5) can be further expressed

as wge = c
ωpe

√
1 + γ2

b−1

ω2
ce/ω2

pe
− 1

γ2
b
. Then for wge to be

smaller than c/ωpe, the magnetic field and beam energy
should satisfy γ2

b−1
ω2

ce/ω2
pe

< 1
γ2
b
, i.e., ωce/ωpe > γb

√
γ2
b − 1.

Further simulations are performed for ion beams prop-
agation through plasmas with different beam energies,
beam widths and magnetic fields. The influences of these
parameters on the ion beam current neutralization and
plasma polarization are summarized in Fig. 13, where
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the relationships between the wge and c/ωpe are shown
for different magnetic fields (ωce/ωpe) and beam energies
γb. The solid line in the figure indicates the case of wge =
c/ωpe obtained from ωce/ωpe = γb

√
γ2
b − 1. For the given

magnetic field and beam energy, the squares and cir-
cles below and up the solid line indicates the cases of
wge > c/ωpe and wge < c/ωpe, respectively. Also for each
given magnetic field and beam energy, the neutralization
of ion beam current is investigated in detail for different
beam widths (wb < c/ωpe). Simulation results show that
for the case of wge > c/ωpe, the external applied mag-
netic fields in the ranges of ωce/ωpe < γb

√
γ2
b − 1 are

found to be deleterious for ion beam current neutral-
ization, and enhance the self-electric and self-magnetic
fields in background plasma significantly, due to the rea-
son wb < c/ωpe < wge, similar to the case shown in
Fig. 2. While for the case of wge < c/ωpe, the beam
width can be varied into regions of wb < wge < c/ωpe

and wge < wb < c/ωpe. Simulation results show that a
well neutralization of ion beam current can be obtained
for the magnetic fields ωce/ωpe � γb

√
γ2
b − 1 provided

the beam width wge < wb < c/ωpe. For example, for
an ion beam propagating through plasmas with velocity
vb = 0.7c (γb = 1.4), the magnetic fields with the magni-
tude below the solid line (ωce/ωpe < γb

√
γ2
b − 1) in the

figure are found to reduce the neutralization of ion beam
current for beam width wb < c/ωpe. On the other hand,
with the given beam energy, the magnetic fields up the
solid line with the magnitude (ωce/ωpe � γb

√
γ2
b − 1)

are found to enhance the current neutralization for the
beam width 0.65c/ωpe (> wge).

Fig. 13 Relationships between the wge and c/ωpe for different
magnetic fields (ωce/ωpe) and beam energies γb. The solid line
in the figure indicates the case of wge = c/ωpe obtained from

ωce/ωpe = γb

q
γ2
b − 1. For the given magnetic field and beam en-

ergy, the squares and circles below and up the solid line indicates
the cases of wge > c/ωpe and wge < c/ωpe, respectively.

4 Summary

In summary, we have performed two-dimensional elec-
tromagnetic, relativistic PIC simulations to investigate
the current neutralization and plasma polarization for
intense ion beams with beam width small compared
to the electron skin depth c/ωpe propagating through
background plasmas in the presence of external applied
magnetic fields. The effective electron gyroradius wge =
vb(γ2

b/ω2
ce +1/ω2

pe)1/2 is found to play an important role
in the ion beam current neutralization and plasma po-
larization. In the beam regions, the background plas-
mas respond differently to the intense ion beam of width
wb < ωge and wb > ωge for the given magnetic field and
beam energy.

For the case of beam width wb < ωge with relative
weak external magnetic fields, the rotation effects of
plasma electrons are found to be significant, which are
caused by the inward transverse motions of plasma elec-
trons, and contribute to the significant enhancement of
the self-electric and magnetic fields. Enhanced longitu-
dinal current in the ion beam regions can be observed
with increasing external magnetic fields. The combined
ion beam-plasma system is seen to act as a paramagnetic
medium, i.e., the longitudinal magnetic field is enhanced
inside the ion beam.

While for the case of beam width wb > ωge with rela-
tive strong external magnetic fields, the rotation effects
of plasma electrons are found to be strongly inhibited
and contribute to the significant reduce in the trans-
verse current and longitudinal self-magnetic field. The
current of the ion beam is found to be well neutral-
ized. The longitudinal magnetic field now is reduced
inside the ion beam, while enhanced in the front of ion
beam. For relativistic ion beams, the well neutralization
of ion beam current may not be obtained with small
external applied magnetic fields ωce � βbγbωpe for the
case of beam width small compared to the electron skin
depth c/ωpe. Finally, the influences of different beam
widths, beam energies and magnetic fields on the neu-
tralization of ion beam current are summarized for the
cases of wb < wge < c/ωpe, wge < wb < c/ωpe and
wb < c/ωpe < wge.
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