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We report the observation, in a particle-in-cell simulation, of a phenomenon in which a magnetized plasma
absorbing an electron cyclotron wave is rendered transparent by a pump wave, which is a classical analog to
electromagnetically induced transparency (EIT) in quantum physics. Evident mode coupling between the probe
electron cyclotron wave and the pump wave driving the longitudinal plasma oscillation, which is required for the
realization of EIT, is identified in addition to an observation of the electron cyclotron wave recapturing propaga-
tion in the magnetized plasma.
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Conventional quantum electromagnetically induced
transparency (EIT) is a phenomenon in which an optically
thick medium is rendered transparent by controlled laser
light [1]. A cold three-level atomic gas is typically em-
ployed as the medium. In EIT in three-level atomic sys-
tems, a probe light having the same frequency as an eigen
frequency corresponding to the transition between two en-
ergy levels of the atom loses resonance with the atoms if
another appropriately tuned control light (pump light) is
injected. This transparency phenomenon is not a satura-
tion or hole-burning phenomenon. Quantum EIT results
from destructive interference (cancelation of dipole transi-
tions) between eigen states of the atom and the lights, that
is, a type of mode-coupling. EIT has many applications
including the widely known light stopping [2], information
transfer and lasing without inversion.

It is natural to consider expansion of this theoretical
idea to classical oscillator systems such as plasma. EIT
in plasma is a classical analog to quantum EIT in which
plasma is assumed to be the medium. In the magnetized
plasma EIT, the quantities equivalent to the eigen frequen-
cies in three-level atomic EIT systems are considered to be
the characteristic frequencies of a magnetized plasma, such
as the plasma and cyclotron frequencies. EIT based on
this idea was proposed for magnetized and unmagnetized
plasma by Harris [3] and Litvak and Tokman [4], respec-
tively. Although experimental studies of EIT in plasma
were not conducted immediately when Harris first sug-
gested the idea of plasma EIT in 1996 [3], the first experi-
mental identification of EIT in magnetized plasma was re-
cently reported [5].

This EIT in magnetized plasma creates a new branch
at the electron cyclotron frequency when the frequency of
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the pump wave satisfies a matching condition ωprobe ≈
ωpe + ωpump, where ωprobe, ωpe and ωpump are the an-
gular frequencies of the probe-wave, plasma wave and
pump-wave, respectively. A plasma immersed in a back-
ground axial magnetic field absorbs the electromagnetic
wave (probe wave), which is right-hand circularly polar-
ized (RHCP) at the electron cyclotron frequency. Cold
magnetized plasma is normally opaque to RHCP wave in
the frequency band between ω = ωce and ω = ωRH (the
stop band), where ωce and ωRH are the electron cyclotron
angular frequency and the right-hand cutoff angular fre-
quency, respectively. If another appropriate electromag-
netic wave (pump wave) is simultaneously injected, the
electron cyclotron resonance (ECR) disappears, and the
plasma becomes transparent to RHCP wave [6]. This dis-
appearance of ECR is induced by cancelation of the po-
larization current of the ECR wave by mode coupling be-
tween the probe and pump waves [4, 6, 7].

Plasma EIT has various potential applications in-
cluding energy compression of electromagnetic mi-
crowaves [8], ion acceleration by the ponderomotive force,
control of the spatial absorption profile of electron cy-
clotron heating waves in fusion plasmas [9] and free elec-
tron laser [10].

In this paper, we attempt to realize magnetized plasma
EIT by a numerical simulation. The simulation code we
employ is a full-relativistic particle-in-cell (PIC) code that
is spatially one-dimensional and follows three components
of the particle velocities. Therefore, the code enables us
to examine plane-wave propagation in magnetized plasma.
The parameters of the simulation are as follows: The time
step Δt, grid size Δz, number of particles (ions and elec-
trons) per grid ΔN and ratio between ion mass and elec-
tron mass mi/me are 0.1ω−1

ce , cΔt, 10 × 2 and 1833.0, re-
spectively, where c is the speed of light in vacuum. Fig-
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Fig. 1 Spatial (in z-direction) distributions of (a) ions and elec-
trons with x component of four-velocity γvx/c, where
γ ≡ (1 − v2/c2)−1/2, (b) x components of the normal-
ized electric field Ex/(cBz0), and (c) ωce/ωprobe, that is,
the background magnetic field strength Bz0.

ure 1 shows the configuration and a typical snapshot of
the numerical experiment, specifically, the spatial distri-
butions (in z direction) of (a) the ions and electrons with
an x component of four-velocity γvx/c, where γ ≡ (1 −
v2/c2)−1/2, (b) the x components of the normalized electric
field Ex/(cBz0), and (c) ωce/ωprobe, that is, the normalized
background magnetic field strength Bz0. The plasma par-
ticles are confined by perfect reflection end-walls between
z = 50cΔt and 500cΔt. The leftmost region of the compu-
tational domain is a vacuum region from which the probe
and pump waves are launched rightward. Both the right-
going probe wave and a pump wave whose polarization
is right-hand circular are injected from the vacuum region
into a plasma along the background magnetic field (along
the z-axis).

To achieve better impedance matching for the injected
probe wave at the vacuum–plasma interface, the equilib-
rium magnetic field ωce/ωprobe is set higher (= 1.4) at the
vacuum–plasma interface (z = 50cΔt) and decreases to 1.0
at z = 100cΔt. Although divB0 = 0 (B0: the equilib-
rium magnetic field) is not satisfied in the region where
ωce/ωprobe is not constant (z = 50−100cΔt), the wave fields
are properly treated in the entire region. That is, divB = 0
for the wave magnetic field is guaranteed in the entire re-

Fig. 2 Dispersion relation of waves propagating parallel to
background magnetic field obtained from the PIC code
simulation (crosses, open squares and closed circles) and
theory of the CPDR.

gion. The only effect of divB0 � 0 is that the mirror force is
neglected for the particles in the region (z = 50 − 100cΔt).
This neglect of the mirror force makes it possible to pre-
pare a uniform equilibrium electron (and ion) density along
the z-axis.

First, we checked the validity of the PIC code by com-
paring the dispersion relation obtained from the PIC sim-
ulation with the cold plasma dispersion relation (CPDR).
For this test, we launched only a probe wave into a magne-
tized plasma without pump-wave injection. Here, ωpe/ωce0

is 0.5, where ωce0 is the electron cyclotron frequency in
the flat magnetic field region (z = 100 − 500cΔt). Fig-
ure 2 shows the dispersion relation (ω/ωce vs. ck||/ωce) in
the electron cyclotron frequency band. Blue crosses and
green squares represent the PIC simulation results in the
magnetized plasma for right-hand and left-hand polarized
waves, respectively. Closed black circles represent wave
propagation in the vacuum. Solid curves are calculated
from CPDR. The PIC results agree well with the theo-
retical curves obtained by CPDR. By another simulation,
we confirmed that the PIC code accurately demonstrates
an electrostatic mode, that is, the longitudinal plasma os-
cillation, although the result is not shown in this paper.

The following three wave-injection methods were ap-
plied in an attempt to identify EIT by switching the probe
wave or pump wave on or off: (i) probe-wave injec-
tion only, (ii) pump-wave injection only and (iii) injec-
tion of both probe and pump waves. The amplitudes of
the probe wave and pump wave |E|/(cBz0) were 0.03 and
0.1, respectively. The angular frequencies of the probe
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Fig. 3 Spatial profiles of Ex (E⊥) of probe wave for probe-wave
injection only (light blue) and injection of both probe and
pump waves (red). These are obtained from the band-
pass-filtered wave amplitude using a FIR filter having a
frequency range of 0.99ωce − 1.01ωce.

wave ωprobe and pump wave ωpump were ωce0 and 0.7ωce0,
respectively. The plasma angular frequency ωpe at the
given plasma density satisfies the EIT matching condition
ωprobe ≈ ωpe + ωpump.

Figure 3 shows snapshots of spatial profiles of the nor-
malized probe wave electric field Ex/(cBz0) for (i) probe-
wave injection only and (iii) injection of both probe and
pump waves. A finite impulse response (FIR) filter ex-
tracts Ex/(cBz0) whose angular frequency is ωce0 from the
full-band data. The electron cyclotron wave recaptures its
propagation when accompanied by the pump wave (case
(iii)).

Figure 4 shows Fourier power spectra of the elec-
tric fields Ex (E⊥) (top) and Ez (E||) (bottom) measured
at z = 110.0cΔt, where the axial magnetic field corre-
sponds to the ECR field. The window size of the discrete
Fourier transformation is 4096, and the number of ensem-
bles used to calculate the power spectrum is 4. As shown
by the light blue curve in Fig. 4 (top), the spectrum of E⊥
in case (i), only the probe-wave injection, has no peak at
f = ωprobe/(2π) ∼ 0.16 because the probe wave is reso-
nantly absorbed by the electrons. On the other hand, in the
case (iii), the pump-wave injection and probe-wave injec-
tions (red curve), two peaks in E⊥ are clearly observed at
f ∼ 0.11 and f ∼ 0.16 which correspond to ωpump/(2π)
and ωprobe/(2π), respectively.

When the pump wave is injected in addition to the
probe wave, longitudinal plasma oscillation is excited as
shown by the red curve in Fig. 4 (bottom). The frequency
of this longitudinal oscillation agrees well with ωpe/(2π).
These three frequencies, f ∼ 0.059, 0.107, and 0.163, ob-
served in case (iii) accurately satisfy the EIT matching con-
dition ωprobe ≈ ωpe + ωpump.

Figure 5 shows the phase difference Δφ between Ex

and Ey in case (iii), the injection of both probe and pump
waves. At f ∼ 0.16, Δφ is −π/2, indicating that the elec-
tric field of the wave with f = ωprobe/(2π) is right-hand
polarized.

We examine the possibility of stimulated Raman scat-

Fig. 4 Fourier power spectra of Ex (E⊥) and Ez (E||) measured at
z = 110.0. Curves show probe-wave injection only (light
blue), pump-wave injection only (black), and injection of
both probe and pump waves (red).

Fig. 5 Phase difference Δφ between Ex and Ey for injection of
both probe and pump waves.

tering (SRS) of the pump wave. In case (ii), shown by the
gray curve in Fig. 4 (top), the peak at f = ωprobe/(2π) ∼
0.16 is absent, whereas a peak produced by the pump wave
appears. This result rules out the occurrence of SRS of the
pump wave by the plasma wave to the electron cyclotron
wave in this simulation.
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Relativistic effects make almost no contribution to
EIT creation in the simulation. The average relativistic fac-
tor γ of the electrons is small (∼ 1.05) in the EIT demon-
stration.

These results indicate that pump-wave injection ren-
ders the plasma transparent to the electron cyclotron probe
wave as a result of coupling between the probe and pump
waves which drives the plasma oscillation.

In summary, we have shown evidence of EIT in mag-
netized plasma in a PIC simulation. Plasma becomes
transparent to the electron cyclotron wave when a tuned
pump wave is injected. Spectral analysis of the measured
wave electric field indicates the mode coupling between
the probe and pump waves that excites longitudinal plasma
oscillation. This is consistent with the theory reported else-
where [4, 6].
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