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Plasma concept for generating circularly polarized electromagnetic waves with relativistic amplitude
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Propagation features of circularly polarized (CP) electromagnetic waves in magnetized plasmas are deter-
mined by the plasma density and the magnetic field strength. This property can be applied to design a unique
plasma photonic device for intense short-pulse lasers. We have demonstrated by numerical simulations that a
thin plasma foil under an external magnetic field works as a polarizing plate to separate a linearly polarized
laser into two CP waves traveling in the opposite direction. This plasma photonic device has an advantage for
generating intense CP waves even with a relativistic amplitude. For various research purposes, intense CP lights
are strongly required to create high energy density plasmas in the laboratory.

DOI: 10.1103/PhysRevE.102.053214

I. INTRODUCTION

Ultraintense lasers are a unique tool to investigate extreme
plasma conditions, which brings new insight for various re-
search fields such as quantum beam science, laser fusion, and
laboratory laser astrophysics. The essence of these applica-
tions is to control intense lasers to produce desired situations
of the electromagnetic waves and plasmas for each purpose.
Plasma photonic device emerges as an attractive medium for
light manipulation at high intensities many orders of magni-
tude beyond the breaking point of traditional optics [1]. For
example, plasma mirror works as an ultrafast optical shutter
that enhances the pulse contrast [2]. Plasma grating is rou-
tinely used to deflect the flux of laser energy [3,4]. Fruitful
laser-plasma interactions open up the possibilities for various
plasma devices such as pulse amplification [5,6] and higher
harmonic production [7].

In this paper, we consider a plasma device to convert a lin-
early polarized (LP) laser to circularly polarized (CP) lights.
CP lasers with relativistic amplitude are thought to be an ideal
means for laser-driven ion acceleration by radiation pressure
[8] or collisionless shocks [9] and effective ion heating by
standing whistler waves [10,11]. However, it is difficult to
increase the intensity of CP lasers using traditional optics due
to the fluence threshold with typically a few J/cm?.

There are several ideas of plasma devices for CP wave
generation utilizing laser-plasma interactions, although there
is a severe limit on the laser intensity. Michel emphet al.
[12,13] propose a novel photonic device as plasma waveplate
by the use of optical two-wave mixing. Lehmann and
Spatschek [14,15] demonstrate numerically that transient
plasma photonic crystal can transform LP laser light into
circular polarization. It is known that relativistic transparency
by anisotropic electron distributions drastically alters the
laser polarization [16]. Compared with these methods, the
key difference of a scheme proposed here is in the use of an
external magnetic field. Our plasma device has a quite simple
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design, but it can be applied to intense lasers exceeding the
relativistic amplitude.

The achievement of quasistatic strong magnetic fields gen-
erated in laser experiments sheds light on the importance of
the interactions between laser lights and magnetized plas-
mas [17,18]. Electromagnetic waves propagate in plasmas as
whistler waves when the strength of an external magnetic field
is sufficiently large. The critical strength B, for the whistler
wave is given by a condition that the wave frequency wy
equals to the electron cyclotron frequency, i.e., B, = m.wq/e,
where m, is the electron mass and e is the elementary charge.
Since there is no cutoff density for the whistler wave, it can
propagate in plasmas at any density [19-21]. This essential
feature stimulates magnetized plasma devices to manage the
transmission of CP waves [22] and generate CP waves by the
Faraday effect [23].

We consider a plasma photonic device based on the
unique characteristics of the whistler wave. The outline of
this paper is as follows. The design strategy for the gener-
ation of CP waves with relativistic amplitude is explained
in Sec. II. Our interest is in CP waves transmitted after the
interaction between a plasma foil and an LP laser along
an external magnetic field. Numerical setup and method of
two-dimensional (2D) particle-in-cell (PIC) simulations are
described in Sec. III. In Sec. IV, a systematic survey of
the simulations is performed for functional evaluation of the
plasma device as a CP wave filter. The dependencies of the
transmittance and reflectivity on the magnetic field strength
and the laser intensity are elucidated in detail. We examine the
effects of the angle between the laser and magnetic field direc-
tions in Sec. V. The possibility of the L-wave extraction is also
discussed. Finally, our conclusions are summarized in Sec. VI.

II. UNDERLYING CONCEPT

We consider a possible way to extract CP waves from
an LP laser by controlling laser-plasma interactions under a
uniform magnetic field. When an external magnetic field is
applied to a plasma target along the direction of laser propaga-
tion, electromagnetic waves can travel in plasma as either the
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(a) Propagation properties of the electromagnetic waves in plasmas along an external magnetic field. The allowance of the

propagation for the R and L waves depends on the plasma density n,/n. and the magnetic field strength By /B.. The region (I) stands for
where the R wave propagates but the L wave is forbidden, and the region (II) is the opposite. Both waves are allowed to propagate in the white
regions, whereas both are forbidden in the dark-gray region. The boundary curves of the separated regions are the cutoft conditions (wg = wy
and w; = wy) and the resonance condition (w.. = wy). (b), (c) Transmittance of the R and L waves, T; (red) and 7; (black), as a function of

the magnetic field strength for the cases of (b) n,/n.

R wave or the L wave. The R (L) wave is a right-hand
(left-hand) CP light with respect to the magnetic field di-
rection. The propagation features of these CP waves depend
on the electron density n, of the plasma and the magnetic
field strength B.y. Assuming the laser frequency is wy, the
refractive indices for the R and L waves are given by

~

n
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where 7, = a)lz,e /a)(z) = n,/n, is the electron density normal-
ized by the critical density n., and gext = Wee/ Wy = Bext/Be
is the ratio of the external magnetic field to the critical value
B.. Here, w,, and ., are the electron plasma frequency and
cyclotron frequency, respectively.

We focus on the transmittance of the R and L waves at the
interface between the vacuum and a plasma target. Since the
electromagnetic waves can propagate in plasmas only when
N? is positive in the linear amplitude limit. Figure 1 indicates
the propagation features along a magnetic field summarized in
the density and magnetic field diagram (77, vs Bex), Which is
the so-called CMA (Clemmow-Mullaly-Allis) diagram [24].
Here, the cold plasma approximation is adopted, and the ion
mass is assumed to be much higher than the electron mass.
The parameter space is divided into several regions by the cut-
off conditions for the R and L waves (wg = wy and w; = wy)
and the cyclotron resonance condition (w.. = wg), where the
cutoff frequency for each wave is written as

L o

o= o [Boct (B +47)') 3)
1. ~ ~ ~

o = 5[ Bt (B 43)'") )

10 and (¢) n./n. = 1.

This diversity in the propagation features is quite different
from the normal cutoff condition (wp. = wy or 7, = 1) with-
out the external magnetic field.

The forbidden regions for the R and L waves are different.
AnLP light is regarded as a combined wave of a right-hand CP
(RCP) and a left-hand CP (LCP) wave. If one of the CP waves
is allowed to enter the plasma target, but the other is forbidden,
the plasma target will work as a filter to generate a CP wave
from an LP light. Two regions satisfy such conditions, which
are labeled by (I) and (II) in Fig. 1(a).

When the magnetic field strength is larger than the critical
B, the whistler-wave mode of the R wave propagates in plas-
mas at any density. On the other hand, there is a cutoff density
for the L-wave component. Only the R wave is allowed to pass
through the plasma target in the region (I). Since the L-cutoff
density depends on the field strength as 7y = Bey + 1, the
parameter range of the region (I) is given by

1 < Beyy <1, — 1.

&)

The transmittance of the R and L. waves at the vacuum-plasma
boundary is evaluated by the refractive indices according to
the Fresnel formula [19]. The energy fraction of the transmit-
ted wave relative to the injected energy of each CP wave is
derived as T, = 4N, /(1 + N,)?, where the subscript * denotes
R or L. The reflectivity is then R, = (1 — N,)?/(1 + N,).
Figure 1(b) shows the transmittance 7 and 7}, for a plasma
density with 7, = 10. The region (I) corresponds that 1 <
Bex < 9 for this case, which is highlighted by light gray in
the figure. The most ideal situation for the R-wave generation
is Tg = 1 and Ty, = 0. In the region (I), the L wave is perfectly
reflected, whereas the transmittance for the R wave increases
with the magnetic field strength. Then, the highest transmit-
tance for the whistler wave will be realized at just below the L
cutoff, that is Bey, ~ 7, — 1. This magnetic field strength is the
optimized condition by which the plasma foil target will work
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as an R-wave filter most efficiently. The higher transmittance
could be realized for much denser targets as well, although
the optimal strength of the magnetic field becomes larger
Bexi ~ 1, > 1.

By contrast, only the L wave is allowed to propagate in the
region (II) of Fig. 1(a). The parameter range of the region (II)
can be expressed as

7, — 1] < Bex < 1. (6)

The required strength of the magnetic field is much smaller
compared to that of the region (I), which could be an advan-
tage in terms of practical application. The transmittance for
the case of n, =1 is depicted in Fig. 1(c). The region (II)
for this case is the range of Bex < 1. The transmittance of
the L wave increases V&Lith By, whereas the R wave starts to
enter the plasma when By, > 1. Then, the best performance as
an L-wave filter (T = 0 and 7; ~ 1) will be achieved at just
below the resonance condition, that is Bey; ~ 1. Because of
the lower density of the region (II), the relativistic effects may
not be ignored when the incident laser amplitude is relativistic
(see more in Sec. V).

By controlling such propagation properties, we can design
a plasma device that converts an LP light into CP waves. In
this paper, we concentrate our discussion on the region (I)
where only the whistler wave gets into the plasma. In the
following, we will search for the optimal conditions of the
plasma photonic device to generate CP lights with the help of
multidimensional PIC simulations.

III. NUMERICAL SETUP

The interaction between a short-pulse laser and a dense
plasma foil is examined in our numerical experiment. We
consider a simple situation in which a thin foil target of solid
hydrogen is irradiated by a Gaussian-shape laser. The plasma
target is assumed to be fully ionized initially. The number den-
sities of the electrons and ions, n, = n;, are spatially constant
inside the target. For simplicity, the foil is in contact directly
with the vacuum without any preplasma. The thickness of the
target L is set to be the same as the laser wavelength A in the
vacuum. Hereafter, tbe length scale is normalized by the laser
wavelength suchas L = L/ o = 1.

The injected laser is an LP light traveling in the x direc-
tion. The pulse duration at half-maximum amplitude is Tp =
To/to = 3, where the unit of timescale is given by the laser
period fyp = Ao/c and c is the speed of light. The incident angle
of the laser is normal to the target surface, and the focal spot is
W = 3 in diameter. The peak laser intensity I is parametrized
by the normalized vector potential ag = eEy/(m.cwy) via the
relation of Iy = eocEg /2, where Ej is the laser electric field
and ¢ is the vacuum permittivity. A uniform external mag-
netic field By is applied parallel to the laser propagation
direction.

Numerical simulations on the laser-plasma interaction in
Cartesian coordinates (x, y) are calculated by a PIC scheme,
PICLS [25]. The collision term is ignored in this analysis, un-
less otherwise mentioned. The computational domain is set to
be (D, D,) = (13, 9), and the plasma target is located at the
middle —0.5 < X < 0.5. The escape boundary conditions for
the electromagnetic waves and plasma particles are applied at

both sides of the x boundaries, whereas the periodic boundary
conditions are adopted in the y direction. The spatial and time
resolutions are AX = A7 = 5 x 1072 and the particle number
is 100 per each grid at the beginning. The third order inter-
polation algorithm is used to suppress the numerical heating.
The time resolution Ar should be sufficiently smaller than
the electron gyration time as well as the plasma oscillation
time to avoid the unphysical numerical heating in strongly
magnetized plasmas.

The transmittance and reflectivity of the electromagnetic
waves are assessed by integrating the energy of the waves
passing through each side of the x boundary. The calcula-
tions are continued long enough until the transmittance and
reflectivity become constant with time, which is typically
fend = 25 after the injected laser hits the target. The key pa-
rameters of this system are the target density 7, the magnetic
field strength By, and the laser amplitude ay. The fiducial
values representing the region (I) are selected as 7, = 10,
Bext =7, and ap = 1. The dimensional quantities of these
fiducial parameters are estimated as a function of the laser
wavelength Ag. For instance, the laser intensity is given by
Iy = 1.4 x 10"%ag A72 W/cm?, where A, is the laser wave-
length in microns. The critical density is calculated as n. =
1.1 x 1077 A;ﬁl m~3, and the critical magnetic field strength

isB., =11 k;ﬂn kT. For this case, the unit time corresponds to

to =3.3 )\.Mm fs.

IV. NUMERICAL RESULTS

The transmittance and reflectivity of the injected LP laser
light are evaluated by 2D PIC simulations. In this section, the
density of the plasma target is fixed to be 7, = 10, and then we
will seek conditions that only the whistler wave is selectively
transmitted. The foil thickness is L = 1, and the amplitude
and pulse duration of the laser are ap = | and 7y = 3. After
enough time has passed since the laser-plasma interaction, the
incident laser energy should be transferred to four different
forms: the transmitted and reflected electromagnetic-wave en-
ergies and the absorbed ion and electron kinetic energies.

The outcome of the energy redistribution after the laser-
plasma interaction depends on the strength of the external
magnetic field. The transmittance and reflectivity in terms
of the incident laser energy are depicted by the black and
red circles in Fig. 2. The final states of the ion and electron
kinetic energies are also shown by the green and blue circles,
respectively. The energy conversion to plasmas is not signifi-
cant except for the cases around Be; ~ 1, where the electrons
absorb the wave energy through the cyclotron resonance [26].
Then, most of the laser energy remains in the form of electro-
magnetic waves.

The numerically obtained transmittance is consistent with
the theoretical estimation shown by the gray dashed curve in
Fig. 2. Because an LP light is a sum of an RCP light and
an LCP light, each having a half component, the total trans-
mittance at a given By, is basically the average of Tx and 7},
shown in Fig. 1(b). Note that the effect of multiple reflections
on both sides of the target surface is taken into account in the
theoretical curve. The numerical results of the transmittance
seem to oscillate around the predicted curve in the range of
1 < Bexe < 10. The oscillation is due to the interference by
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FIG. 2. Transmittance (black) and reflectivity (red) after the in-
teraction between laser and magnetized plasma targets evaluated
numerically by a series of PIC simulations. The kinetic energies
of ions (green) and electrons (blue) at the end of each run are also
indicated. The energy fractions are normalized by the incident laser
energy &. The plasma density is assumed to be n,/n. = 10 and the
laser amplitude is agp = 1. The circles are obtained from 2D runs (120
runs). The same calculations performed in the 1D and 3D geometries
are also shown by the thin solid curves (600 runs) and cross marks (1
run), respectively. The gray dashed curve is the theoretical prediction
of the transmittance. The interference condition 2NgzL /A is indicated
at the top of the figure, where Ny has a dependence of Bey;.

multiple reflections inside the target. The oscillation peaks
in the transmittance appear when an integer multiple of the
whistler wavelength (Ag/Ng) coincides with the optical path
difference of 2L (see the labels at the top of Fig. 2). When
the target thickness becomes much thicker than the whistler
wavelength (e.g., L 2 3), the oscillatory behavior disappears,
and the numerical results exhibit an excellent agreement with
the theory. If the target is sufficiently thicker than the electron
skin depth ¢/wp,, the transmittance feature is independent of
L (see Fig. 3).

In this analysis, we look for the physical parameters of a
plasma device that is transparent for the R wave and entirely
reflective for the L wave. It is confirmed that the ideal situation
as for a CP wave generator is realized when the magnetic field
strength is just below the L-cutoff condition, that is Bex ~ 9.
Figure 4 shows snapshot images of the electromagnetic waves
in one of the best parameters as the plasma device. The field
strength of this run is Bex, = 7.

The spatial distribution of the perpendicular component of
the electric field E is indicated in Fig. 4(a). The target foil
is located at the center, and the incident laser comes from the
left. The energy conversion efficiency from the injected LP
light to the transmitted wave is 0.47. At the time of the snap-
shot, the transmitted wave and the reflected wave exist almost
symmetrically to the target. Figure 4(b) is a one-dimensional
(1D) distribution of the electric field along the x axis. The
phase delay of 7 /2 between E, and E, indicates that the
transmitted wave is the R wave and the reflected wave is the
L wave. The amplitude of the transmitted and reflected wave
is about half of the incident laser amplitude ar ~ ag ~ ag/2.
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FIG. 3. Dependence of the transmittance (black circles) and re-
flectivity (red triangles) on the thickness of target foil L obtained
by 1D PIC simulations. The kinetic energies of ions (green squares)
and electrons (blue crosses) are also shown. The parameters except
for the foil thickness are the density n,/n. = 10, the magnetic field
strength By /B. = 7, and the laser amplitude ay = 1. The transmit-
tance is independent of the foil thickness when L/Ay 2 0.5.

The polarization is mostly circular, but slightly elliptical. For
example, the deviation of the amplitude between E, and E is
around 20% in the transmitted wave, which might be due to
the contamination of components other than the whistler-wave
mode. Figure 4(c) is a three-dimensional (3D) plot of the
direction of the E | vector shown in Fig. 4(b). It is evident
that two CP waves are generated successfully after the laser-
plasma interaction.

Note that both of the transmitted and reflected CP waves
are RCP waves with respect to the propagation direction. The
magnetic field direction is parallel to the laser injection. The
transmitted wave is the R wave so that the circular polarization
is right hand to the propagation direction. The reflected wave,
on the other hand, is the L wave, and then it has left-hand
polarity to the magnetic field direction. Because the propaga-
tion direction is opposite to the magnetic field, the reflected
wave is also right hand to the propagation direction. Then,
this plasma device generates two RCP waves propagating in
the opposite direction. It might be possible to establish an
optics system for combining these two CP lasers in practical
experiments.

Interestingly, if the magnetic field direction is antiparallel
to the laser propagation (i.e., Bext = —7), two LCP waves will
be formed by the same process. Therefore, the polarity of the
generated CP waves can be selected by the direction of the
external magnetic field.

The laser-plasma interaction considered here is indepen-
dent of the spatial dimensions of the simulations. In Fig. 2,
the 1D and 3D PIC results are plotted by the solid curves and
cross marks, respectively. As seen from the figure, all the data
exhibit the same trend, and which indicates that the effect of
the finite laser spot must be negligible. The numerical resolu-
tion of the 1D runs is identical to that of the 2D simulations.
The conclusions illustrated by Fig. 2 are unaffected by the
numerical resolutions, which have been tested by the higher
resolution runs in 1D with AX = 1073, It is also verified by
1D runs that the inclusion of the collisional effects has little
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FIG. 4. (a) Spatial distribution of the perpendicular electric field £, = (E; + E2)"/? of the transmitted (x > 0) and reflected (x < 0) waves,
where the plasma foil is located at —0.5 < x/A¢ < 0.5 (gray dashed line). In this 2D fiducial run, the plasma density is n./n, = 10, the magnetic
field strength is B.y /B. = 7, and the laser amplitude is ap = 1. The pulse duration of the incident laser is 7y /7o = 3 and the focal spot size at
the foil surface is W/Ao = 3 in the y direction. This snapshot is taken at a time #/t, = 11.2 after the incident laser reaches the target surface.
Only for this run, a wider domain size in the x direction is used (D, /Ao = 31). (b) 1D distributions of the electric fields, E, (black) and E,
(red), along the x axis extracted from the same snapshot shown in (a). (c) 3D plot of the direction of £, using the same data as in (b). The color

denotes the amplitude of the perpendicular electric field.

influence on the transmittance in our system. The fiducial run
is also performed in 3D, where the grid resolution is AX =
1072 and fewer particle numbers (20 per grid) are solved.
These numerical results demonstrate that the discovered fea-
ture of this plasma device is robust and quite practical.

The most significant advantage of this plasma device is
that it is applicable even for the relativistic amplitude of the
wave. If the amplitude of the injected wave is relativistic, the
transmitted wave amplitude could also be nearly relativistic.
Figure 5 denotes the dependence of the transmittance on
the laser amplitude ao. The fiducial parameters 7, = 10 and
Bexi = 7 are adopted for these 2D simulations. When gy 2 10,
some particles have escaped from the computational domain,
but those are not counted in the energies of this figure. The
escaped energy is at most 10% of the injected laser energy.
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FIG. 5. Dependence of the transmittance (black) and reflectivity
(red) on the laser intensity. The kinetic energies absorbed by ions
(green) and electrons (blue) are also shown. The energy fractions
obtained from 2D PIC simulations are given by the ratio to the inci-
dent laser energy &. The fiducial parameters are used for the plasma
density n,/n. = 10 and the magnetic field strength Bex /B, = 7.

The transmittance is independent of the laser intensity until
ap < 3. The polarization property of the transmitted wave is
also unchanged for this range of ag. These facts confirm the
applicability of this mechanism in the relativistic intensity
regime. It should be noticed that even when the amplitude
of the transmitted whistler wave is relativistic, ar = 2aq/
(Ng + 1) > 1, the electron quiver velocity remains still non-
relativistic, vy/c = ar /(Bexe — 1). It is because the magnetic
field considered here is sufficiently large enough.

If the laser amplitude becomes further higher, there are
two relativistic effects that prevent the CP wave generation.
One is the electron heating through the cyclotron resonance.
The external magnetic field in these runs is far beyond the
resonance condition. However, due to the relativistic correc-
tion, the resonance condition becomes wy ~ @../y, where y
is the Lorentz factor of electrons. The electrons in the target
gain the energy efficiently through the resonance when ag 2
(B2, — 1)1/ ~ 7 [26]. In fact, the electromagnetic energy
entered into the target is largely absorbed by the electrons,
and the transmittance decreases drastically in the range of
7 < ap S 10.

The sudden rise in the transmittance at ag ~ 10 is caused
by the other effect, that is, the relativistic transparency [27,28].
The cutoff density for the relativistic-amplitude laser is ap-
proximately given by yn.. The minimum intensity for the
relativistic transparency is obtained by ag > [2(72 — 1)]'/? ~
14, where the quiver energy y = (1 +aj/2)"/? is assumed.
This is also consistent with the numerical results shown in
Fig. 5. Therefore, the maximum intensity valid for the CP
wave generator could be managed by the field strength and
the target density.

V. DISCUSSION

For practical use of this plasma photonic device, it might
be difficult to align the magnetic field direction precisely
the same as the laser direction. Then, it would be important
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FIG. 6. Angle dependence of the transmittance (black), reflectivity (red), and the energy fraction of ions (green) and electrons (blue). The
definition of ¢ is the angle between the laser direction and the magnetic field orientation. The fiducial parameters are used for the plasma
density n,/n. = 10, the magnetic field strength B.,/B. = 7, and the laser amplitude a; = 1. The laser-plasma interaction is affected by the
electric field direction of the incident LP laser. The results when the laser electric field is in the y direction and z direction are shown in (a) and

(b), respectively. The indicated marks are the same as in Fig. 2.

to examine the angle dependence of the transmittance. The
laser injection is kept to be along the x axis in the following
analysis. We define ¢ as an angle between the laser and mag-
netic field directions in the unit of degree. Here, the angle is
assumed to vary within the x-y plane. The angle ¢ = 90 (0)
denotes that the magnetic field direction is along the y axis (x
axis).

2D PIC simulations reveal the angle dependence of the
efficiency of our plasma device. The angle dependence of
the phase velocity in the region (I) is characterized by a
figure-eight shape of the wave normal surface [24]. Thus,
the transmittance of the R-wave branch should have a depen-
dence on the angle ¢. The polarization angle of the incident
LP wave is another independent parameter, so that we ex-
amine two cases: Ej || e, and Ej || e;. In the former cases,
the electric field of the incident laser has a parallel com-
ponent to the external magnetic field. However, the laser
electric field is always perpendicular to Be in the latter
cases.

Figures 6(a) and 6(b) show the angle dependence of the
energy redistribution for the cases that the initial electric field
is parallel to the y axis and z axis, respectively. Except for
the angle ¢, the model parameters are identical to the fiducial
run shown by Fig. 4, in which the plasma density is 7z, = 10,
the magnetic field strength is B.y, = 7, and the incident laser
amplitude is ap = 1. The fiducial run corresponds to the angle
¢ = 0 case.

It is found that the transmittance feature is roughly inde-
pendent of the angle ¢ when the angle is less than about 15°.
These results suggest the angle tolerance for the installation of
this plasma device. The transmittance of the R-wave branch
decreases with the increase of the angle. When the angle is
¢ = 90, the injected wave is totally reflected. As a reference,
the theoretical curve is indicated by the gray dashed curve
in Fig. 6, which corresponds to half of the transmittance for
the R-wave branch. There is a critical angle ¢, = 69.9 where
the transmittance, or the phase velocity of the electromagnetic
wave, becomes zero [24]. When the electric field has the y
component [Fig. 6(a)], a fairly large amount of the plasma

heating occurs near the critical angle ¢.. The parallel com-
ponent of the electric field in terms of the external magnetic
field is essential for the resonant absorption by electrons for
this case. The 1D and 3D PIC results in Fig. 6 make sure that
the angle dependence is unaffected by the spatial dimensions
of the simulations.

In Sec. IV, the transmittance of the R wave is examined
intensively. However, as discussed in Sec. II, the extraction
of only the L wave may also be possible in the parameter
region (II). A benefit of the L-wave filter is that the required
strength of the magnetic field is relatively smaller, so that it
could be more feasible for practical use. On the other hand, a
defect of the L-wave extraction is a weaker limit in the laser
intensity. Because of the relativistic transparency, the cases
of ap 2 1 are inappropriate for the LCP wave generation by
our method. Furthermore, it turned out that there is a severe
angle dependence in the transmittance of the L wave. The
ideal transmittance of the L wave is realized only when the
laser injection is strictly parallel to the external magnetic field.
Otherwise, a large fraction of the laser energy goes to the
thermal energy of electrons.

Figure 7 shows the angle dependence of the energy fraction
after the laser-plasma interaction for a typical case in the re-
gion (II). The model parameters calculated here are the plasma
density 77, = 1, the magnetic field strength Bey = 0.7, and the
incident laser amplitude ay = 0.1. The other parameters are
the same as in Fig. 6. When the laser injection is parallel
to the magnetic field (¢ = 0), both of the transmittance and
reflectivity are nearly half of the injected energy. In this case,
only the L-wave component is transparent, and thus it works
as a converter to LCP waves from an LP laser. However, if the
angle is not zero, the energy absorption by the electrons can-
not be ignored. If underdense preplasmas form at the ablation
side of the target, the electrons are accelerated effectively by
the laser field through the v x B force. The wave propagation
is allowed at any angle for this case, which is the L wave at
¢ = 0 and the X wave at ¢ = 90. The angle dependence of the
transmittance and reflectivity exhibits complicated behavior,
as seen in Figs. 7(a) and 7(b).
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FIG. 7. Angle dependence of the transmittance (black), reflectivity (red), and the energy fraction of ions (green) and electrons (blue). The
parameters representing the region (II) in Fig. 1(a) are chosen to be the plasma density . /n. = 1, the magnetic field strength Bey /B, = 0.7, and
the laser amplitude ay = 0.1. The results when the laser electric field is in the y direction and z direction are shown in (a) and (b), respectively.

The indicated marks are the same as in Fig. 4.

In this paper, the incident angle of the laser is assumed
to be always normal to the target surface. Even when the
laser has an incident angle to the target, if the magnetic
field is parallel to the laser direction, the transmitted light
should have circular polarization. It might be interesting to
investigate the dependence of the transmittance on the laser
incident angle together with the ¢ dependence. We ignore the
effects of preplasmas in this analysis because the preplasma
has little influence on the propagation of the whistler wave.
Throughout this analysis, we assume a relatively shorter pulse
duration for the injected laser 7o = 3. However, the stimulated
Brillouin scattering could prevent whistler-wave propagation
if the pulse duration becomes longer (see Fig. 8). The critical
pulse length is determined by the growth time of the Brillouin
instability, and thus it would depend largely on the laser in-
tensity [11]. The dependence of the transmittance on the pulse
duration would also be an exciting task to be studied.
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FIG. 8. Dependence of the transmittance and reflectivity on the
pulse duration 7y of the incident laser obtained by 1D PIC simu-
lations. The indicated marks are the same as in Fig. 3. The fiducial
parameters are used in these runs, but the foil thickness is assumed to
be L/Xy = 10. The transmittance decreases dramatically if the pulse
duration becomes longer about 7 /7y 2, 10.

VI. CONCLUSIONS

We have investigated a unique mechanism of CP wave
generation by controlling the laser-plasma interaction under a
strong magnetic field. When a thin plasma foil is irradiated by
an LP laser under some appropriate conditions, the transmit-
ted and reflected lights become circularly polarized and have
nearly the same intensity. The whistler mode of the R wave
passes through a thin plasma target when 1 < By S, — 1,
while the L-wave component is totally reflected. To function
as a conversion filter, the density of the plasma foil should be
higher than 72, > 2. The optimal condition requires a strong
external magnetic field with a size of Bex; ~ 7, — 1 along the
incident light direction. The polarity of the CP waves can be
switched by the direction of the magnetic field. The transmit-
tance is unaffected by a small angle difference between the
wave injection and the magnetic field less than about 15°.

A significant result of this work is that linear analysis of
this problem is quite adequate for assessing the behavior of
this concept even for the relativistic laser intensity. The advan-
tage of this plasma photonic device is a large amplitude of CP
wave, which is valid even for the relativistic amplitude. There-
fore, the high-intensity CP waves generated by this plasma
device could be useful for high-energy-density plasma ex-
periments, such as laser-driven ion acceleration [8,9] and ion
heating in overdense plasmas [10,11]. It would be possible to
propose plasma photonic devices for various different uses by
appropriately selecting the plasma environment for the density
and magnetic field strength. In the future, it will be meaningful
to pursue further device developments for ultraintense lasers
while utilizing numerical simulations.
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