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Emission of electromagnetic waves as a stopping mechanism for nonlinear
collisionless ionization waves in a high-β regime
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A high energy density plasma embedded in a neutral gas is able to launch an outward-propagating nonlinear
electrostatic ionization wave that traps energetic electrons. The trapping maintains a strong sheath electric field,
enabling rapid and long-lasting wave propagation aided by field ionization. Using 1D3V kinetic simulations, we
examine the propagation of the ionization wave in the presence of a transverse MG-level magnetic field with
the objective to identify qualitative changes in a regime where the initial thermal pressure of the plasma exceeds
the pressure of the magnetic field (β > 1). Our key finding is that the magnetic field stops the propagation by
causing the energetic electrons sustaining the wave to lose their energy by emitting an electromagnetic wave. The
emission is accompanied by the magnetic field expulsion from the plasma and an increased electron loss from
the trapping wave structure. The described effect provides a mechanism mitigating rapid plasma expansion for
those applications that involve an embedded plasma, such as high-flux neutron production from laser-irradiated
deuterium gas jets.
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I. INTRODUCTION

The development of high-power lasers [1] has enabled
the generation of high energy density (HED) plasmas in
laboratory conditions. Such plasmas are essential to various
applications, including inertial confinement fusion [2], labora-
tory astrophysics [3], and energetic particle [4,5] and radiation
[6,7] sources. The addition of strong magnetic fields (applied
or plasma-generated) enables a host of novel magnetization-
related phenomena, for example in the areas of magnetic
reconnection [8], direct laser acceleration [9,10], hot electron
transport [11,12], and ion acceleration [13–16].

Laboratory laser-generated HED plasmas are often highly
localized, so their expansion plays an important role in plasma
dynamics and energy and particle transport. Plasma expan-
sion is an extensively studied topic that continues to attract
interest due to the complexity and diversity of the phenomena
associated with it. For example, inward plasma expansion

that can be achieved by using targets with inner cavities [17]
differs from the conventional and well-studied outwards
plasma expansion into vacuum [18,19]. The novel features of
the inward expansion are short flashes of energetic protons
[20] and generation of extreme electric [21] and magnetic
fields [22,23].

There are applications where the generated HED plasma
is surrounded by un-ionized gas rather than by vacuum. One
example is the production of monoenergetic neutrons with
high flux from a laser-irradiated clustering deuterium gas jet
[24–26]. In this case, the laser generates within the gas jet
an embedded plasma filament with energetic electrons and
ions. The neutrons are produced via DD fusion reactions. The
reaction rate decreases as the plasma expands and the density
of energetic ions drops, so the rate of plasma expansion into
ambient gas plays an important role for this application.

A recent experimental campaign aimed at understanding
plasma expansion into ambient gas has revealed that the
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evolution of an HED plasma filament surrounded by gas
differs from that of a plasma filament in vacuum [27]. The
plasma boundary expands with a velocity greatly exceeding
that of the ions. The expansion is associated with rapid plasma
production through collisionless field ionization whose rate is
much higher than the rate of impact ionization. The underly-
ing mechanism is a unique nonlinear electrostatic ionization
wave. The sheath electric field of the HED plasma ionizes
the gas, which allows the plasma boundary to expand on a
time scale independent of the ion dynamics. The electrons
produced via the field ionization move into the plasma and
generate an electric field whose sign is opposite to that of the
sheath field. This structure traps energetic electrons next to
the plasma boundary. As the boundary expands, the energetic
electrons remain bunched and maintain a strong sheath field.
The described ionization wave has been shown to propagate
with a relativistic velocity over distances that greatly exceed
the spatial scale of the sheath [27].

The focus of this paper is on the propagation of the ioniza-
tion wave, launched by an HED plasma, through ambient gas
with a strong applied magnetic field. The effect of magnetic
fields on plasma expansion into vacuum has been extensively
studied [28–31]. This computational work is the first study
of the magnetic field impact on the ionization wave mediated
plasma expansion into neutral gas. We consider a regime
where the initial thermal pressure of the plasma exceeds the
pressure of the applied magnetic field (β > 1). Our key find-
ing is that the magnetic field stops the propagation of the
ionization wave by causing the energetic electrons sustaining
the wave to lose their energy by emitting an electromag-
netic wave. We find that the emission is accompanied by the
magnetic field expulsion from the plasma and an increased
electron loss from the trapping wave structure located next to
the plasma boundary.

Our choice of the plasma parameters for this study is in-
formed by the experiments where the ionization waves have
been previously observed [27]. Specifically, the initial char-
acteristic electron energy is several hundred keV and the
electron density is ∼3 × 1019 cm−3. The applied magnetic
fields are in the MG range. Such strong fields can be gen-
erated using various experimental techniques [32–39]. For the
purpose of this study, the applied field is treated as static, since
our time-scale of interest (∼10 ps) is much shorter than the
life-time of the experimentally generated fields.

Our results provide insights for an experimental setup
where an HED plasma is embedded into neutral gas in the
presence of an applied magnetic field. Such a setup is being
considered for the purpose of boosting the neutron yield from
laser-irradiated clustering deuterium gas jets [24–26]. The
expectation is that the magnetic field would slow down the
transverse plasma expansion and delay the decrease of
the ion density that reduces the rate of DD fusion reactions.
The rapid expansion of the plasma boundary due to the ioniza-
tion wave and the associated with it expulsion of the magnetic
field would negate the impact of the magnetic field on the
energetic ions within the plasma. Therefore, the stopping of
the ionization wave by the magnetic field discussed in this
work can be viewed as a mitigating mechanism.

The outline of this paper is as follows. In Sec. II, we high-
light main properties of the ionization wave propagation in the
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FIG. 1. Setup for 1D PIC simulations (a) and a schematic struc-
ture of this system with a propagating ionization wave (b). The blue
color represents neutral hydrogen gas, the black color represents the
original electrons initialized at t = 0 (original electrons), and the red
color represent the electrons generated through field ionization of the
gas (generated electrons).

absence of a magnetic field. In Sec. III, we present qualitative
estimates for the wave propagation through an applied mag-
netic field in the high-β regime and the associated emission
of an electromagnetic wave. In Sec. IV, we examine results
of a kinetic simulations for a 2 MG field and compare them
to the estimates from Sec. III. In Sec. V, we present results
of a β scan, finding the stopping distance for the ionization
wave and the fraction of the wave’s energy emitted by the
electromagnetic wave. In Sec. VI, we summarize our findings
and discuss potential extensions to this work.

II. IONIZATION WAVE WITHOUT
APPLIED MAGNETIC FIELD

In this section, we review the salient features of the ion-
ization wave and its propagation through ambient gas in the
absence of an applied magnetic field. The goal is to provide
the necessary context for the study of the ionization wave
propagation with an applied field presented in Secs. III–V.

The ionization wave is a collisionless mechanism by which
the boundary of an HED plasma embedded in a neutral gas
rapidly expands over a prolonged time period without involv-
ing the ion dynamics. Reference [27] provides experimental
results confirming its existence. The wave has been shown to
exist for a cylindrical and a slab-like plasma, as demonstrated
by one and two-dimensional kinetic simulations [27]. In order
to simplify our analysis while retaining the key physics, we
consider a one-dimensional (1D) case in this paper.

The setup that we use to study the ionization wave with the
help of particle-in-cell (PIC) simulations is shown in Fig. 1(a).
A hydrogen plasma slab with hot electrons is embedded into
a neutral hydrogen gas. Initially, the plasma electrons have
a spatially uniform water-bag momentum distribution with
|px| � mec, where me is the electron mass and c is the speed
of light. There is no transverse momentum. The width of the
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TABLE I. Parameters for 1D PIC simulation. The plasma ions
are initialized cold. The plasma is treated as collisionless.

Plasma Parameters
Fully ionized hydrogen plasma

Plasma density n0 3.3 × 1019 cm−3

Plasma location |x| < 100 μm
Electron momentum Water-bag
distribution (|x| < 100 μm) (cutoff : px = ±mec)

Hydrogen gas Parameters
Hydrogen density 3.3 × 1019 cm−3

Hydrogen location |x| > 100 μm

Simulation Parameters
Simulation domain [−600 μm, 600 μm]
Cells/micron 100/μm
Particles/cell 200

Boundary Condition
Left boundary (x = −600 μm) open
Right boundary (x = 600 μm) open

plasma slab is 200 μm (|x| < 100 μm) and it is sufficiently
large for the formation of the ionization wave not to depend
on its size. The plasma density of 3.3 × 1019 cm−3 is chosen
to be representative of high energy density experiments where
ionization waves have been observed in the past [27]. The
density of the plasma is equal to the density of the ambient
gas. Detailed simulation parameters are given in Table I.

We model the plasma dynamics using Cartesian 1D3V
PIC simulations with the open source PIC code EPOCH [40].
The primary ionization mechanism for the ionization wave
is the collisionless field ionization. We thus neglect colli-
sional impact ionization in our simulations (see Ref. [27]
for a comparison of time-scales between the collisional and
collisionless ionization mechanisms). The field ionization is
modeled using a Monte Carlo ionization module that em-
ploys probabilistic ionization rates for tunneling and barrier
suppression ionization mechanisms. The ionization module is
discussed in more detail in Ref. [40].

The hot electrons generate a sheath electric field at the edge
of the ion density profile. This field prevents the electrons
from freely streaming out into the surrounding gas. As shown
in Fig. 2, this field, whose maximum strength is roughly
70 GV/m, protrudes into the gas by roughly a Debye length.
Due to the strength of the electric field, all atoms in the sheath
become quickly ionized. The ionization effectively shifts the
plasma boundary outwards and manifests itself as a plasma
expansion. Note that the corresponding rate of expansion is
independent of ion dynamics.

We distinguish the electrons produced as a result of the
described ionization process from the ‘original electrons’ and
refer to them as ‘generated electrons’. The generated electrons
have no kinetic energy when they appear at the plasma edge.
They gain their kinetic energy from the sheath field as they
are accelerated into the plasma. In the conventional picture
of an expanding, homogeneous plasma slab, the sheath field
confines both groups of electrons (generated and original)
within the plasma where they are free to mix. The entire
electron population can then be characterized by an average

FIG. 2. Sheath electric field Ex and neutral gas density ngas at the
plasma edge expanding due to the ionization wave. The black curve
is Ex (left axis) and the orange curve is ngas (right axis) normalized
to the initial density n0. The snapshot is taken at t = 2 ps.

kinetic energy, εav . The strength of the sheath field is deter-
mined by εav . As the sheath field produces more and more
generated electrons, the electron population cools down and
εav drops, which then reduces the strength of the field. The
field ionization rate is sensitive to the field strength, so that is
why one would expect for the described expansion to quickly
terminate itself in the described scenario.

Figure 3(b) shows that the plasma boundary in our setup
continues to expand even after the plasma volume increases
by more than a factor of five. Remarkably, the sheath electric
field at the boundary remains strong during this expansion
[see Fig. 3(a)]. The prolonged propagation is enabled by elec-
tron trapping near the expanding boundary. A representative
trajectory for a trapped energetic electron from the original
population is shown in Fig. 3(a). As shown in Fig. 3(a), a
negative electric field arises inside the plasma and travels
together with the boundary expanding in the positive direction
along the x axis. Figures 4(a) and 4(b) provide snapshots of
the electron (px, x) phase space and the electric field structure.
The trapping field indeed keeps a group of energetic electrons
bunched up next to the plasma boundary. The trapping main-
tains the sheath electric field at a nearly constant magnitude,
enabling the long-lasting propagation.

The observed field structure is a nonlinear electrostatic
wave in which the generated electrons create the trapping field
for a group of original energetic electrons, as schematically
shown in Fig. 1(b). The wave consists of a sheath field spike
and an adjacent trapping field spike with an opposite sign. The
field structure can be viewed as a BGK wave sustained by field
ionization, but an analytical solution is yet to be constructed
for this mode. Figure 4(c) shows the total electron density and
the contributions from the generated and original electrons in
the vicinity of the plasma boundary. The acceleration of the
generated electrons into the plasma is evident from the drop
in their density. The parent ions do not respond on this time
scale, which leads to an excess of positive charge behind the
ionization front. The charge separation then creates a negative
electric field inside the plasma that we refer to as the trap-
ping field. It is important to note that most of the generated
electrons escape the wave and only a group of the original
electrons remains trapped.
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FIG. 3. Plasma expansion into neutral gas (a, b) and into vacuum
(c). (a) Time evolution of Ex . The black curve shows a representative
trajectory of a trapped energetic electron from the original popula-
tion. (b, c) Electron kinetic energy density εk normalized to its initial
value εk0. In (c), the black dashed lines are electron density contours
(ne/n0) and the red dashed line is the ion front.

In the example illustrated in Figs. 3 and 4, the ionization
wave travels with a relativistic speed for more than 20 ps. This
significant propagation speed is also evident from the phase
space plot in Fig. 4(a) where the trapped electrons are shifted
upwards. Over the course of the wave propagation, the field
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FIG. 4. Ionization wave structure without the applied magnetic
field at t = 2 ps. (a) Electron phase space. The grey dash-dotted
line denotes the average momentum of the original electrons trapped
by the wave. (b) Longitudinal electric field Ex . (c) Electron density,
normalized by the initial electron density n0.

amplitude generated by the wave and the wave width remain
relatively unchanged. The wave shows no sign of stopping
at the end of our simulation. A distinctive feature of this
expansion mechanism compared to the conventional plasma
expansion into vacuum is that the ionization wave maintains
a high level of energy density at the plasma boundary. Fig-
ures 3(b) and 3(c) compare these two regimes of expansion by
showing the evolution of the electron kinetic energy density,
εk , normalized to its initial value, εk0.
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III. QUALITATIVE ANALYSIS OF WAVE PROPAGATION
IN A MAGNETIC FIELD

In this section, we turn our attention to a setup where
the ionization wave propagates through gas with an applied
magnetic field. The magnetic field lines are parallel to the
surface of the plasma. Without any loss of generality, we
assume that the magnetic field is directed along the z axis.
Our goal is to qualitatively assess the impact of this field on
the wave propagation in a high-β regime.

As shown in Fig. 4(b), the nonlinear ionization wave has
two characteristic spatial scales: the width of the sheath field
spike l and the distance L between this spike and the spike
of the trapping field. The width of the sheath field is ap-
proximately equal to the Debye length, λD, calculated for
ne ≈ n0 and the characteristic energy εhot of the hot electron
population trapped by the wave

l ≈ λD =
√

εhot/4πn0e2, (1)

where e is the electron charge. The distance between the
spikes can significantly exceed l , but a nonlinear analytical
solution is required to determine the exact scaling for L. At
this stage it is sufficient to point out that L > l . An applied
magnetic field, B0, introduces an additional characteristic spa-
tial scale, which is the electron gyroradius

ρe ≈ vhot/ωce, (2)

where vhot ≈ √
2εhot/me is the characteristic electron velocity

(our assumption is that the hot electrons are weakly relativis-
tic) and ωce = |e|B0/mec is the electron gyrofrequency.

As later confirmed by our simulations, the plasma is able
to eliminate or shield out the magnetic field by generating
a surface current layer, with the current flowing along the y
axis. Figure 5 provides a relevant example from a simulations
whose details are discussed in the next section. The current is
generated as the velocity of individual electrons is rotated by
the magnetic field. The corresponding transverse velocity re-
sulting from relatively weak rotation is vy ≈ vhotωce	t , where
we have assumed that vy � vhot. Here, 	t ≈ 	x/vhot is the
electron travel time through the current layer of thickness 	x,
which is the only region with a magnetic field accessible to
the plasma electrons. The field is fully shielded by the current
layer if

B0

	x
≈ 4π

c
|e|nevy. (3)

We now take into account the estimates for vy and 	t to find
that

vy ≈ ωce	x. (4)

We substitute this expression into Eq. (3) to obtain an estimate
for the thickness of the current layer

	x ≈ c/ωpe, (5)

where ωpe =
√

4πn0e2/me.
Our estimate is consistent with the assumption that the

electrons perform only a relatively weak rotation if 	x � ρe.
It is useful to introduce a new parameter, β0, that is the ratio
of the pressure of the hot electrons trapped by the ionization

FIG. 5. Structure of the sheath region in the ionization wave
propagating through neutral gas with an applied magnetic field (B0 =
2 MG). (a) Structure of electric and magnetic fields in the vicinity of
the sheath region with thickness l . (b) Structure of a current layer
with thickness 	x generated by the applied magnetic field. These
snapshots are taken at t = 5 ps.

wave to the pressure of the applied magnetic field. It then
follows from Eqs. (2) and (5) that

	x ≈ ρe/
√

β0, (6)

where

β0 ≈ 8πn0εhot/B2
0. (7)

We thus conclude that the applicability condition for our anal-
ysis is β0 � 1.

To compare the thickness of the current layer with the
width of the sheath, we use Eqs. (5) and (1). We obtain that

	x/l ≈
√

mec2/εhot. (8)

This ratio is independent of the magnetic field and it only de-
pends on the characteristic energy of the electron population.
In our regime of interest, the hot electrons are weakly rela-
tivistic, so the current layer is comparable to the sheath region
and, more importantly, 	x is much smaller than the width of
the ionization wave L (note that L � l in our examples).
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The parameters for the case without the magnetic field
(see Sec. II) are derived from experimental conditions used
to observe the ionization wave in the past [27]. It follows
from Eq. (7) that a 6 MG magnetic field is required to achieve
β0 = 1 at εhot ≈ 200 keV. Such a strong field is beyond what
is currently available, so we focus our study on somewhat
lower magnetic fields in the MG range that can potentially
be accessed experimentally. Our estimates are valid for this
regime of β0 > 1, which indicates that we can expect for the
plasma to shield out the magnetic field on a spatial scale that is
smaller than the typical electron gyroradius. The implication
of this is that the applied magnetic field introduces no major
disruptions to the structure of the ionization wave and its
primary manifestation is a thin current layer at the plasma
edge. As the plasma boundary expands due to the ionization
wave, the layer is expected to move outwards with the speed
of the ionization wave.

We are now well positioned to examine the impact of the
applied magnetic field on the propagation of the ionization
wave. We established in Sec. II that the speed of the ionization
wave changes slowly with time. This observation motivates
us to consider a simple model where the current layer, jy,
is moving in the positive direction along the x axis with a
constant velocity equal to the velocity of the ionization wave
and denoted as u. This current is only coupled to Ey and Bz,
so the corresponding wave equations read

−∂Bz

∂x
= 4π

c
jy + 1

c

∂Ey

∂t
, (9)

∂Ey

∂x
= −1

c

∂Bz

∂t
. (10)

We look for a solution that (in the vicinity of the current
layer) depends on x and t through s ≡ x − ut . It follows from
Eq. (10) that

dEy

ds
= u

c

dBz

ds
. (11)

We have Ey = Bz = 0 to the left of the layer, i.e., inside the
plasma. We use this boundary condition to integrate Eq. (11)
across the current layer, which yields

Ey = u

c
Bz. (12)

We next use this relation to rewrite Eq. (9) as

dBz

ds
= −4π

c
jy

[
1 − u2

c2

]−1

. (13)

The electric field Ey represents an electromagnetic wave
emitted by the moving current layer. We make this explicit by
representing the magnetic field outside of the plasma, i.e., in
the ambient gas, as

Bz = B0 + B1 = B0 + Ey, (14)

where B0 is the applied magnetic field and B1 = Ey is the
amplitude of the electromagnetic wave. We use the expression
for Ey given by Eq. (12) to find that the field structure in the
surrounding gas consists of electric and magnetic fields with

the following amplitudes:

Bz = B0

1 − u/c
, (15)

Ey = u

c

B0

1 − u/c
, (16)

where the magnetic field is enhanced compared to B0 due to
the emissions of the electromagnetic wave.

The continuous emission of the electromagnetic radiation
should lead to energy losses by the plasma electrons sustain-
ing the ionization wave. The easiest way to find these losses
is to integrate the product ( jyEy) over the entire current layer.
We use Eqs. (12) and (13) to express Ey and jy in terms of Bz.
As a result, we find that the rate of energy loss (per unit area
of the plasma surface) is

∫
jyEydx = −u

[
1 + u/c

1 − u/c

]
B2

0

8π
(17)

with the integration performed from inside the plasma, where
jy = 0, to the region occupied only by neutral gas, where
again jy = 0 [in this region Bz is given by Eq. (15)].

We predict that the described energy loss causes the ion-
ization wave to stop. We estimate the characteristic time τ

that the wave travels before coming to a stop as the time
that it takes to lose the majority of the electron kinetic en-
ergy possessed by the trapped electrons (per unit area of the
plasma surface). The latter is approximately εhotn0L, so that
the energy balance condition reads

εhotn0L

τ
≈ u

[
1 + u/c

1 − u/c

]
B2

0

8π
. (18)

In the regime with (1 + u/c)/(1 − u/c) ≈ 1, we have

τ ≈ β0L/u. (19)

The corresponding stopping distance, lstop, is then indepen-
dent of the wave velocity:

lstop ≈ β0L. (20)

The dependence on β0 indicates that the stopping distance
decreases with the magnetic field strength as lstop ∝ 1/B2

0.
We can now compare the rate of energy loss by the elec-

trons to the energy flux carried by the emitted electromagnetic
wave. The x component of the Poynting vector to the right of
the current layer is

Sx = c

4π
EyBz = u[1 − u/c]−2 B2

0

4π
. (21)

In the limit of 1 − u/c ≈ 1, this is twice the rate of energy loss
experienced by the electrons and given by Eq. (17). The other
half is the energy of the applied magnetic field eliminated by
the moving current layer.

The key prediction of our qualitative analysis carried out in
this section is that the magnetic field B0 leads to energy losses
associated with the emission of an electromagnetic wave. This
effect should manifest itself as the ionization wave stopping
over a distance that scales as 1/B2

0.
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IV. IONIZATION WAVE PROPAGATION
IN A MAGNETIC FIELD

In this section we present kinetic simulations that confirm
qualitative predictions of Sec. III for a regime with high β0.

An applied magnetic field can impact two aspects of the
ionization wave physics—the launch of the wave and its sub-
sequent propagation. It is shown in Sec. II that, once the
wave is launched, the electrons sustaining the wave become
decoupled from the rest of the electron population. This aspect
suggests that it is meaningful to study the two aspects (the
launch and the propagation) separately. In order to make a
quantitative comparison of the wave propagation with the case
without the applied magnetic field, we consider a setup with
a localized but uniform magnetic field in the region origi-
nally occupied by gas. Specifically, we set Bz = B0 at |x| �
200 μm. This enables the HED plasma under consideration to
launch the wave without any impact from the magnetic field.

We have made changes to the 1D version of EPOCH (the
PIC code used for this project) in order to implement this
setup. The applied magnetic field is treated as a static external
field that is added in the particle pusher to the magnetic field
computed by the field solver. The field configuration implies
that there is an external current j0

y at |x| = 200 μm that sus-
tains the applied magnetic field. However, our implementation
does not require us to involve this current into the calculations
performed by the field solver to find the applied magnetic
field. The current j0

y is not included into our simulations and
we therefore ignore its energy exchange with the considered
system. The justification for this is that j0

y Ey is only present
for a very short time while the front of the ionization wave
crosses the |x| = 200 μm plane.

Figure 6 that is discussed in more detail later in this section
confirms that the ionization wave enters the magnetic field
region without significant disruptions. All the changes asso-
ciated with the magnetic field take place over a significant
propagation distance while the wave is traveling through a
region with a uniform magnetic field. The external current
j0
y located at the initial magnetic boundary (if we were to

included it into our simulations) is left behind the wave, so
that its exact location and its effect on the wave become
inconsequential. It is important to point out that our setup
works well only in the high-β regime. At β0 close to unity,
we observe significant disruptions to the electron population
during the entrance of the wave into the magnetic field region
and our setup loses its purpose.

Figure 5 shows the field and current layer structure in the
wave that has traveled about 130 μm through the applied
magnetic field with B0 = 2 MG. The wave is launched by the
HED plasma with parameters detailed in Table I (the same as
in the case without the applied field considered in Sec. II).
This is a high-β regime with β0 ≈ 9. In good agreement with
the estimates from Sec. III, the magnetic field is shielded by
the current layer whose thickness, 	x, is much smaller than
wave width L [see Fig. 4(b)]. The layer emits an electromag-
netic wave. We find that Ey ≈ 0.16 B0, which agrees well with
Eq. (16) that predicts Ey ≈ 0.16 B0 for u ≈ 0.15 c.

The enhancement of the magnetic field Bz to the right of
the sheath from B0 to 1.16 B0 is a result of the electromag-
netic wave emission. This enhancement is well captured by

FIG. 6. Plasma expansion in neutral gas with an applied mag-
netic field of B0 = 2 MG in |x| > 200 μm. (a) Time evolution of
Ex . The black curve shows a representative trajectory of a trapped
energetic electron from the original population. (b) Electron kinetic
energy density εk normalized to its initial value εk0. The ionization
wave stops at 9 ps.

Eq. (15). There is a wave front associated with the electro-
magnetic wave (not shown) that propagates with the speed of
light. Ahead of this wave front, Ey = 0 and Bz = B0. Our sim-
ulations use open boundary conditions for the fields, which
means that the emitted wave leaves the simulation domain
upon reaching the right boundary at x = 600 μm. The use of
open boundary conditions prevents a magnetic field pile-up. It
is worth pointing out that the strength of the magnetic field in-
creases if we use reflecting boundary conditions. However, we
assume that the considered system is large enough to ignore
any impact from wave reflection on a time scale comparable
to the time it takes the ionization wave to stop.

Figure 6 shows the time evolution of Ex and the electron
kinetic energy density εk for the considered regime. As ex-
pected, the key features of the ionization wave are preserved.
The wave maintains strong ionizing and trapping fields due to
the electron trapping within the wave. We find that the propa-
gation velocity remains roughly constant. The most noticeable
change compared to the case without the applied field (see
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estimation result
simulation result

FIG. 7. Scan over the applied magnetic field strength B0. Each
marker represents a separate PIC simulation, with lstop being the total
distance traveled by the ionization wave in the region with the applied
magnetic field and β0 is the ratio of the initial plasma pressure to
that of the applied magnetic field. For all the cases presented, the
emission of the electromagnetic wave accounts for ∼70% of the
energy initially associated with the ionization wave. The dashed line
is lstop = κβ0L, where κ = 0.9.

Fig. 3) is the gradual reduction of the wave width. The wave
structure becomes disrupted at about 9 ps, which stops the
expansion of the plasma boundary.

V. STOPPING OF THE IONIZATION WAVE
IN A MAGNETIC FIELD

In Sec. IV, we presented simulation results for the case
with β0 ≈ 9 that confirm the magnetic field expulsion by the
ionization wave and the resulting emission of an electromag-
netic wave. In this section, we examine the stopping of the
ionization wave for a range of applied magnetic fields.

Figure 7 shows the distance traveled by the ionization wave
before stopping as a function of β0. The scan is performed
by setting B0 equal to 1.6, 1.7, 1.8, 1.9, and 2 MG and per-
forming the corresponding PIC simulations (the plasma is set
up with the same parameters as shown in Table I). The value
of β0 is determined using the kinetic energy density of the
original electrons in the ionization wave right before it enters
the applied magnetic field. The travel distance is determined
from a plot similar to that shown in Fig. 6(b) for B0 = 2
MG that gives the time evolution of the plasma boundary for
each simulation. We define lstop as the total displacement of
the plasma boundary in the region initially occupied by the
magnetic field. Based on our β0 scan, we find that the stopping
distance lstop increases linearly with β0 as lstop = κβ0L, where
κ ≈ 0.9 and L is the width of the ionization wave right before
it enters the magnetic field region. This is in good agreement
with Eq. (20) of Sec. III.

The ionization wave has two primary energy loss mecha-
nisms: electromagnetic wave emissions and energetic electron
losses associated with the electron leakage into the region
behind the ionization wave. Using our simulation results, we
are able to compare these two energy loss mechanisms and
confirm that the wave emission is the dominant mechanism in
the high-β regime considered in this paper. We perform this

ionization 
wave

0

1 2 3

FIG. 8. Schematic setup for calculating the energy losses by the
ionization wave. The front and the back of the ionization wave are
located at xmax(t ) and xmin(t ). The energy emitted by the electromag-
netic wave is calculated by integrating the Poynting flux through the
plane located at x = xb.

analysis by splitting the simulation domain into three regions,
as shown in Fig. 8: region 1 is behind the ionization wave;
region 2 is the ionization wave; region 3 is in front of the
ionization wave. The boundaries separating these regions, xmin

and xmax, move with the ionization wave. The energy emitted
by the electromagnetic wave is calculated by time-integrating
the x component of the Poynting vector at a fixed location,
x = xb. In what follows, we detail the calculations performed
to quantify the two energy loss mechanisms.

We have verified that the energy is conserved in our sim-
ulations with good accuracy, so that, as the ionization wave
moves forward through the region with the magnetic field, we
have

E1(t ) + E2(t ) + E3(t ) +
∫ t

t0

Sx(xb)dt ′ = I, (22)

where I is a constant; E1, E2, and E3 are energies (per unit area)
in regions 1, 2, and 3 at time t ,

Sx(xb) = c

4π
Ey(xb)Bz(xb) (23)

is the x-component of the Poynting vector at x = xb. Here, t0
is the time of the ionization wave entering the magnetic field
region. The energies in regions 1, 2, and 3 are calculated as

E1,2,3 =
∫ xR

xL

[
εe

k + εi
k + E2 + B2

8π

]
dx, (24)

where εe
k and εi

k are the kinetic energy densities for elec-
tron and ions. The limits of integration are xL = 0 and xR =
xmin for region 1; xL = xmin and xR = xmax for region 2; and
xL = xmax and xR = xb for region 3. The energy loss by the
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FIG. 9. Time evolution of the energy loss by the ionization wave
associated with the electromagnetic wave emission (solid curve). The
applied magnetic field is B0 = 2 MG. The blue dashed (upper) curve
is the total energy carried by the electromagnetic wave and the red
dashed (lower) curve is the total energy of the expelled magnetic
field [see Eq. (27) for details]. The orange dash-dotted line denotes
the time when ionization wave stops. The ionization wave enters the
magnetic field region at t = t0. The energies are normalized to Einit ,
which is the energy in the ionization wave at t = t0.

ionization wave is then given by

Einit − E2(t ) = [
E1(t ) − E0

1

]

+
[∫ t

t0

Sx(xb)dt ′ + E3(t ) − E0
3

]
, (25)

where E0
1 , Einit , and E0

3 are the energies in regions 1, 2, and
3 at t = t0. Here, we explicitly take into account that the
electromagnetic wave emission starts at t = t0, so that I =
E0

1 + E0
2 + E0

3 at t = t0.
It is particularly convenient to analyze the energy loss

that has taken place up to a given time t in a setup where
xmax at this time t is aligned with xb. By definition, we have
E3 = 0 when xmax = xb. Moreover, E0

3 is the total energy of
the applied magnetic field in the area swept by the ionization
wave:

EB ≡ E0
3 =

∫ xmax(t )=xb

xmax(t0 )

B2
0

8π
dx, (26)

where xmax(t0) is the initial magnetic boundary in our simula-
tion that is located at 200 μm. It then follows from Eq. (25)
that the total energy loss Eloss by the ionization wave is given
by

Eloss ≡ Einit − E2(t ) = Eleak + EEM − EB, (27)

where Eleak = E1(t ) − E0
1 is the total energy that has leaked

into the region behind the ionization wave and

EEM =
∫ t

t0

Sx[xmax(t )]dt ′ (28)

is the total energy emitted by the electromagnetic wave.
Figure 9 shows the described analysis for the case with

B0 = 2 MG considered in Sec. IV. It is insightful to normalize
all energies to Einit , which is the energy in the ionization
wave at t = t0, i.e., right before it enters the magnetic field
region. The vertical dash-dotted line indicates the time when

the the plasma boundary stops expanding. We find the total
energy emitted by the electromagnetic wave is approximately
1.2 Einit . Roughly 58% of the energy comes from the ion-
ization wave (0.7 Einit), while the remaining 42% of the
energy comes from the energy of the displaced magnetic field
(0.5 Einit). This is in good agreement with our estimation in
Eqs. (17) and (21). In the context of the energy losses ex-
perienced by the ionization wave, our analysis indicates that
the emission of the electromagnetic wave is the dominant
mechanism that accounts for 70% of the energy that is initially
associated with the wave.

To conclude this section, we examine how the energy
losses associated with the electromagnetic wave emission vary
with β0. The relative energy loss by the ionization wave as-
sociated with the emission of an electromagnetic wave can
be expressed by (EEM − EB)/Einit . We find that this value
changes insignificantly as we roughly double β0 by increasing
it from β0 ≈ 9 to β0 ≈ 15, with (EEM − EB)/Einit ≈ 0.7 for
the range of considered β0. This result indicates that the wave
emission remains a dominant energy loss mechanism over the
considered range of β0.

VI. SUMMARY AND DISCUSSION

A high energy density plasma embedded in a neutral gas is
able to launch an outward-propagating nonlinear electrostatic
ionization wave that traps energetic electrons. The trapping
maintains a strong sheath electric field, enabling rapid and
long-lasting wave propagation aided by field ionization. In
this paper, we have examined the propagation of a 1D ioniza-
tion wave in the presence of a transverse MG-level magnetic
field in a regime where the initial thermal pressure of the
plasma exceeds the pressure of the magnetic field (β > 1).

Our key finding is that the magnetic field stops the propaga-
tion by causing the energetic electrons sustaining the ioniza-
tion wave to lose their energy by emitting an electromagnetic
wave. The emission is accompanied by the magnetic field
expulsion from the plasma. Our 1D3V kinetic simulations are
supported by qualitative estimates for the stopping distance of
the ionization wave [see Eq. (20)] and an analytical emission
model that predicts the amplitude of the electromagnetic wave
based on the speed of the ionization wave and the amplitude
of the applied magnetic field [see Eq. (16)]. We find that the
emission of the electromagnetic wave accounts for ∼70% of
the energy initially associated with the ionization wave.

The described effect provides a mechanism mitigating
rapid plasma expansion for those applications that involve an
embedded plasma, such as high-flux neutron production from
laser-irradiated deuterium gas jets. The examined magnetic
field strength is in the range of what is now experimentally
available [32–39].

In order to perform a meaningful comparison with the
regime without the applied magnetic field, we considered a
setup where the wave is launched in the the region without
the magnetic field. The wave enters a region with a uniform
magnetic field only after it is fully formed. This configuration
enabled us to develop a better understanding of the wave prop-
agation and stopping in the presence of an applied magnetic
field. In a potential experiment, the magnetic field is likely
to surround the plasma from the very beginning. Therefore,
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a dedicated study that examines the launch of the ionization
wave in the presence of an applied magnetic field would
provide valuable insights.

The ionization wave formation and propagation has pre-
viously been demonstrated for an initially cylindrical plasma
[27]. Such a plasma filaments during the expansion, producing
expanding finger-like structures. Each filament maintains a
high electron energy density, enabling long-lasting propaga-
tion analogous to the 1D case. A dedicated study based on the
understanding developed in this work is needed to assess the
impact of the magnetic field on the filamentation process.
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