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Control of transmission of right circularly polarized laser light in overdense
plasma by applied magnetic field pulses
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The effect of a transient magnetic field on right-hand circularly polarized (RHCP) laser light propagation in
overcritical-density plasma is investigated. When the electron gyrofrequency is larger than the wave frequency,
RHCP light can propagate along the external magnetic field in an overcritical density plasma without resonance or
cutoff. However, when the magnetic field falls to below the cyclotron resonance point, the propagating laser pulse
will be truncated and the local plasma electrons resonantly heated. Particle-in-cell simulation shows that when
applied to a thin slab, the process can produce intense two-cycle light pulses as well as long-lasting self-magnetic
fields.
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I. INTRODUCTION

Recently, it has been demonstrated by particle-in-cell (PIC)
simulation that tunable circularly polarized terahertz (THz)
radiation can be generated from the interaction of two-color
left-hand circularly polarized laser light with strongly magne-
tized underdense plasma [1]. The frequency of electromagnetic
waves (EMWs) in the optical regime is usually much higher
than the electron gyrofrequency, with few exceptions [2,3].
Therefore, up to now, laser propagation in strongly magnetized
plasmas in the � > ωL regime (where � = eB/mc and ωL

are the gyro and EMW frequencies, −e and m are the
charge and mass of the electron, and c is the light speed
in vacuum) has not gained much attention. This is because
although giga- and even teragauss magnetic fields exist in
and around cosmic objects such as pulsars, black holes, and
magnetars [4–6], in the laboratory magnetic fields only up
to the megagauss level have been produced using traditional
methods such as by strong implosion and/or shock-wave driven
compression [7], powerful multicoil magnets [8], etc. On
the other hand, in high-intensity short-pulse laser interaction
with solid targets, highly time- and space-localized extremely
intense magnetic fields can be self-generated by the baroclinic
effect [9], electron temperature anisotropy [10], relativistic
electron beams [11], etc., and the topic has been widely
investigated [12–15]. In fact, self-generation of magnetic fields
at the gigagauss level have been reported in experiments
[16] and numerical simulations [17]. In view of the ongoing
worldwide effort to further advance even shorter-pulse higher-
intensity lasers and stronger pulsed magnetic fields [15,18],
one can expect that highly space-time–localized hundreds
of megagauss functional magnetic fields should be available
in the near future from advanced laser-target interaction
designs. The possibility of penetration of intense laser light
into overdense plasma can have many applications, especially
for diagnostics of material structures and in the fast ignition
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scheme of inertial confinement fusion. It is therefore of interest
to look into the behavior of laser-plasma interaction involving
such high magnetic fields, especially in the � > ωL regime.

The optical properties of a linear medium are governed
by its refractive index N ≡ ckL/ωL = ε1/2 [19], where kL =
2π/λL, ωL, and c are the EMW wave vector, frequency, and
vacuum speed, and ε is the dielectric constant of the medium.
For unmagnetized plasma, one has ε = 1 − ω2

p/ω2
L [20],

where ωp = (4πn0e
2/m)1/2 is the plasma frequency. Thus,

EMWs cannot penetrate an overdense plasma, where ωp >

ωL. However, for right-hand circularly polarized (RHCP)
EMWs propagating along an applied magnetic field, the
dielectric constant is εB = 1 − (ω2

p/ω2
L)(1 − �/ωL)−1. Thus,

εB > 1 for a plasma with �/ωL > 1, so that a sufficiently
magnetized overdense plasma slab can be transparent. For
convenience, in the following we normalize the plasma
density by the critical density nc = mω2

L/4πe2 and the
applied magnetic field by mcωL/e, so that one obtains the
simple forms ε = 1 − n0 and εB = 1 − n0/(1 − B0) for RHCP
EMW propagation in unmagnetized and magnetized plasmas,
respectively. We note that for left-hand circularly polarized
EMWs, the minus sign in the denominator is replaced by a
plus sign, so that the wave cannot propagate in a solid-density
plasma for any magnetic field strength [1,20].

As an example, we consider RHCP EMW propagation at
normal incidence along the applied magnetic field through
an overdense plasma slab with n0 = 100 and B0 = 3 (cor-
responding to B0 ∼ 320 megagauss in dimensional units for
λL = 1 μm light). According to the linear theory, we have the
refractive index N = √

εB ∼ 7.141. Thus, from the Fresnel
formula, the transmission coefficient for propagation from
vacuum to plasma is Tin = 2/(1 + N ) ∼ 0.246 and from
plasma to vacuum Tout = 2N/(1 + N ) = 1.754. Accordingly,
the transmission coefficient of the plasma slab is T =
TinTout = 0.431, so that about 43% of the incident RHCP
EMW wave field (about 19% of the wave energy) can be
transmitted. In this paper, we verify by particle-in-cell (PIC)
simulation this property for nonlinear RHCP EMWs, and we
show that it could be invoked to produce intense few-cycle

2470-0045/2016/93(5)/053209(5) 053209-1 ©2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevE.93.053209


GUANGJIN MA, WEI YU, M. Y. YU, SHIXIA LUAN, AND DONG WU PHYSICAL REVIEW E 93, 053209 (2016)

light pulses by allowing only a part of an intense laser pulse to
pass through the plasma slab. The evolution of the process
is investigated in detail, and it is found that a long-living
quasistatic lateral magnetic field is generated in the plasma.
Although relatively weak few-cycle light pulses have been
successfully realized and applied for some time in connection
with diagnostics and manipulation of ultrafast phenomena
[21], intense short-pulse laser light useful for generation
of ultrashort pulse or wavelength radiation, charged-particle
acceleration, medical cell repair, tumor treatment, etc., is still
being widely investigated [22–28].

II. PIC SIMULATION PARAMETERS

The length of the PIC simulation box is 5λL, where λL is
the laser central wavelength. The box contains 1000 cells, or
200 cells per λL. A thin uniform plasma target of density n0 =
100nc is located in 2λL � x � 2.055λL, occupying 11 cells
each containing 1000 macro electrons and ions. The ion charge
number is Z = 1 and the ion-to-electron mass ratio is mi/me =
1836. In the simulation, both the electrons and ions are mobile
and have zero initial temperature. Thus, any modification of
the slab by the laser and/or the applied magnetic field should be
observable. Note also that since the few-cycle pulse is created
right at the beginning of the interaction, the scheme can still
be operative even if the target is destroyed by the interaction.

The applied magnetic field is assumed to be a spatially
uniform transient pulse, covering the entire simulation box,
even though it is only needed inside the thin target (since it has
no effect in the vacuum regions). Depending on the required
property of the transmitted pulse, in practice only a field that
decreases from B0 > 1 to B0 < 1 sufficiently fast and covering
a region defined by the laser spot and target thickness is needed.
Accordingly, we model the applied magnetic field by a step
function bounded by sinusoidal rise and fall fronts, namely
B0 = x̂B0{g[(t − t1)/τ1] sin[π (t − t1)/2/τ1] + g[(t − t1 −
τ1)/τ2] + g[(t − t1 − τ1 − τ2)/τ1] cos[π (t − t3)/2/τ3]},
where B0 is the normalized field strength, and g[(t − t1)/τ1]
is the step function: g = 1 for t1 < t < t1 + τ1 and g = 0
elsewhere. The time scales τ1,2,3 are of the order of the light
wave period.

A RHCP laser pulse propagates in the positive x direction
from the left boundary (at x = 0) of the simulation box. The
laser electric field is given by E(0,t) = a(0,t) exp(2iπt/TL +
π/2)êR + c.c., where a(0,t) = a0 sin2(πt/τ ) is the pulse
envelope, a0 is the laser parameter, or the peak wave electric
field normalized by mecωL/e, êR = ŷ + i ẑ, ŷ, and ẑ are unit
vectors in the y and z directions, respectively, and τ is the
pulse duration normalized by TL.

For the 1D 3V (one-dimensional in space and three
dimensional in velocity) collisionless PIC simulations, we
set a0 = 0.1, τ = 20TL, B0 = 3, τ1 = 1TL, τ2 = 1.5TL, τ3 =
1TL, and n0 = 100nc. As in the linear theory discussed above,
the initial plasma is assumed to be cold. The laser-plasma
interaction is thus not highly nonlinear [29], and the slab is
not destroyed, so that comparison of the simulation results
with that from the theory can be made. The magnetic pulse
strength and duration are also such that the plasma is not
destroyed before the desired light transmission is complete, as
would happen if the electron cyclotron frequency is too close

to the laser frequency because of cyclotron resonance and
rapid electron heating. Higher-intensity lasers can also be used
in order to enhance (e.g., by self-focusing and transparency)
the resulting short light pulse, as long as the target is not
significantly modified in the time of interest. Although no
optimization has been made, the timing of the magnetic pulse
in the simulation is such that its peak value roughly overlaps
a high intensity front part of the incident laser pulse, so that a
short but intense portion of the latter is transmitted.

III. SIMULATION RESULTS

Figure 1 shows how the RHCP laser pulse interacts
with the transiently magnetized plasma target. The black
dashed lines mark the on and off times of the magnetic
field B0(t)x̂. The evolution can be seen in panels (a) and
(b) for the projections Ey and Bz of the wave (and the
much weaker self-consistent/-generated) electric and magnetic
fields in the y and z directions, respectively. Recall that the
incident, transmitting, and transmitted pulses are circularly
polarized. For clarity, in (c) and (d) we show the space-time
dependence of the magnitudes of the total (except B0) electric
and magnetic fields |E| = [Ey(t)2 + Ez(t)2]1/2 and |B| =
[By(t)2 + Bz(t)2]1/2, respectively. The laser pulse propagates
in the left vacuum region at the light speed c. Its leading front
arriving at the still-unmagnetized overdense target plasma is
reflected and forms a standing-wave pattern with the still
incoming light. The external magnetic pulse is applied and
appears at t = 8TL, and when B0 > 1 occurs at t ∼ 8.4TL, the

FIG. 1. (a) Evolution of the component Ey of the (incident,
reflected, and transmitted) RHCP wave electric fields. Interference
between the incident and reflected waves can be clearly seen in the
front vacuum region. The black dashed lines mark the turning-on
and -off times (including the ramps) of the applied magnetic field.
(b) The z component of the wave and self-generated magnetic fields.
(c) The magnitude |E| of the wave electric fields. (d) The magnitude
|B| of the wave and self-generated magnetic fields. Note that the
self-generated field exists only inside the target, appearing as a thin
red region (line) in 2λL � x � 2.055λL, and it persists even after the
laser-plasma interaction has ended. The laser parameters are a0 = 0.1
and τ = 20.
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FIG. 2. (a) Evolution of the amplitudes of the incident (blue
dashed curve) and transmitted (red solid curve) RHCP pulses. The
maximum transmitted light wave electric field |E| ∼ 0.05 appearing
at t ∼ 10 corresponds to the light intensity I ∼ 5 × 1015 W cm−2.
(b) The corresponding spectra. The black dotted curves for the
transmitted pulse are obtained from the Fresnel formula. The spectra
curves have been normalized by their own maxima. The laser and
plasma parameters are the same as in Fig. 1.

slab becomes transparent. A short but high-intensity portion
of the laser pulse can pass through the slab before the applied
magnetic pulse vanishes at t ∼ 11.50TL. The slab then again
becomes opaque, cutting off the remaining part of the laser
pulse, (see also the discussion at the end of this section).
The full width at half-maximum (FWHM) and intensity of
the transmitted ultrashort light pulse are τtr ∼ 1.785TL and
atr ∼ 0.0476, respectively. That is, fewer than two cycles from
the central high-intensity part of the incident laser pulse are
transmitted. The transmission coefficient (consistent with the
linear definition) is then T = atr/a0 ∼ 0.476, which agrees
fairly well with that estimated in Sec. I.

The envelopes of the incident and transmitted wave electric
fields |E|in(t) and |E|tr(t) and that obtained from the Fresnel
formula using the calculated refractive index N , as well as
their spectral power densities (SPDs), are shown in Fig. 2. We
see that the results from the simulation roughly agree with
that from the Fresnel formula. Additional simulations (not
shown) indicate that the discrepancy in the latter decreases
(increases) for longer (shorter) magnetization pulses, and it
can even vanish for very long pulses.

Figure 3(a) shows the envelope |E| and the y projection Ey

of the electric field of the two-cycle transmitted pulse at x =
2.1λL. Figure 3(b) shows that with respect to the input laser, the
transmitted pulse is slightly frequency-shifted: first blue and
then red, which can be attributed to the compression-relaxation
sequence of the light pulse as it propagates through the target.
This scenario can be more clearly seen in Fig. 3(c) for the
corresponding SPD at different times. For example, the central
frequencies at t = 9.08TL, t = 9.88TL, and t = 10.88TL are
roughly 1.20ωL, 1.09ωL, and 0.88ωL, respectively, accompa-
nied by a slight broadening of the SPD profile. For specific

FIG. 3. (a) Evolution of the y component Ey(t) (red solid curve)
and the magnitude |E(t)| (blue solid curve) of the electric field of the
transmitted wave at x = 2.1λL, just outside the right edge of the target,
and (b) the corresponding SPD (in arbitrary units, as obtained from
short-time Fourier transform with a two-cycle Chebyshev window).
(c) The corresponding SPD at t = 9.08TL (magenta), t = 9.88TL

(red), and t = 10.88TL (cyan).

needs of the resulting short light pulse, one can optimize the
input parameters. For example, since the transmitted pulse
is not Fourier-, or bandwidth-, limited, further shortening
through tailoring the timings, configurations, etc. of the laser
and applied magnetic field should be possible. However, in
order to avoid cyclotron resonance, the applied magnetic field
should not be such that the electron cyclotron frequency is too
near the laser frequency.

IV. DISCUSSION

To see more clearly the physical processes involved and
what happens at longer times, in Fig. 4 we show the evolution
of the total electric field in the y direction, the total magnetic
field in the z direction, the electron density, and the y

component of the plasma current density. One can see in panel
(a) that about two cycles of the laser are transmitted. The
magnetic field in (b) contains the fields of the periodic light
wave as well as the quasistatic self-generated one, which can
also be seen in Figs. 1(b) and 1(d) in the thin target at x ∼ 2,
especially after the laser pulse has ended at t � 18. [Note
that the applied magnetic field B0(t) that exists transiently
between the two black dashed lines is in the x direction and
therefore not color-coded.] The self-field also contains a small
x component (not shown), which is, however, too weak to
allow the rest of the RHCP laser pulse to penetrate the target
since the laser light is now in the stopband between the electron
cyclotron and the right-cutoff frequencies. (The other side of
the stopband corresponds to the fast RHCP EMW branch that
can propagate only in an underdense plasma [20].) As a result,
most of the remaining laser light is reflected at the right target
boundary, but a very small fraction is still transmitted. The
latter is almost invisible in the vacuum on the right side of
the target. However, since the peak wave magnetic field is of
order ∼0.20, its periodic structure superimposed in the same
ordered self-generated quasistationary magnetic field can be
clearly observed inside the target. This partial self-induced
transparency can be attributed to the ponderomotive force that
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FIG. 4. (a) The y component Ey(x,t) of the wave electric field.
(b) The total magnetic field Bz(x,t) in the z direction, consisting of the
oscillating light wave and the static self-generated magnetic fields.
(c) The electron density ne(x,t). (d) The y component Jy(x,t) of the
current density. The density depression appearing in (c) for t � 20
is a result of the unstable bipolar, thus sheared, current distribution
in (d).

effectively reduces the skin depth [2,3,29,30], as well as the
thinness (not much larger than the skin depth 0.016λL) of
the target. For the same reason, very weak penetration (not
observable in the figures) already took place as the front of the
laser pulse impinges on the target, before the magnetic pulse is
turned on. As expected, this weak self-transparency vanishes
when the thickness of the target is increased.

It is worth noting that although the self-generated qua-
sistatic magnetic field and the corresponding bipolar sheared
current density found in Fig. 4(d) are created rapidly, they are
relatively long-living, persisting even after the actions of both
the driving magnetic and laser pulses have ended. Moreover,
the plasma also remains quasineutral almost everywhere
throughout the process. This behavior can be attributed to
the fact that the present PIC simulation is collisionless, the
initial target plasma is cold, the magnetic pulse is very short,
and the incident laser pulse is not too intense, so that the
plasma slab is not destroyed by the interaction. However, at
still longer times (t � 20), panel (c) shows that a depression
in the plasma density starts to appear, since the oppositely
propagating currents in (d) tend to repel each other. If

higher-dimensional effects are included, one can expect an
appearance of shear-driven plasma instabilities that can destroy
the self-magnetic field and the plasma [3,15,31,32]. However,
such long-time behavior does not affect the process under
consideration.

For simplicity, we have considered a spatially uniform
magnetic field and a short laser pulse. In practice, the magnetic
field is only needed inside the target, so that a highly space-
and time-localized magnetic field (such as that produced in the
interaction of ultraintense lasers with solid targets [16,17]) and
longer laser pulses can also be used. Moreover, the interaction
is of a very small time and space scale, so that it does not have to
start from a steady state. For example, since magnetic fields of
the required intensities are also generated by laser interaction
with solid-density targets, it may be possible to design a setup
that unifies the field generation and laser penetration processes
by making use of the fast oscillating extremely large wave
magnetic field of a second laser pulse.

V. CONCLUSION

In this paper, we have demonstrated with a simple model
and PIC simulation that RHCP EMWs propagating in high-
density plasma can be controlled with a magnetic pulse, and
that the process can be used to generate an intense few-cycle
laser pulse. It should be mentioned that the propagation
and interaction of linear and nonlinear low-frequency RHCP
electromagnetic waves in the radio- and microwave regimes
have been widely studied for many decades in conjunction
with wave propagation in space, ionospheric, and laboratory
plasmas, where RHCP waves with B0 > 1 correspond to
the well-known whistler waves. The latter can propagate
along the Earth’s magnetic fields for long distances [20,33].
The phenomena considered here may also be relevant to
modification of long-wavelength EM waves in the whistler
wave regime in the laboratory and ionosphere modification
experiments [34,35], EM wave-driven current drive and
heating of magnetically confined fusion plasmas [20], as
well as for interpreting phenomena observed in astrophysical
environments, especially those involving magnetars, where
dense plasmas, intense magnetic and radiation fields, as well
as short time scales are prevalent [4,6,11].
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