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Abstract:
Laser-plasma interaction is a fascinating subject in view of its various applications in wave generation, particle acceleration,
radiation generation, etc. The laser beam gets reflected at the vacuum-plasma interface if the plasma density is equal or
larger than the critical density. However, in the presence of strong magnetic field in the order of kilo Tesla, the beam
can travel some distance through over-dense plasma. Here E×B heating and pondermotive force play role for the laser
beams to propagate through the over-dense plasma. In the present article, taking the external magnetic field along the
propagation direction of the laser beam we have observed the R- and L- waves to be excited. The applied magnetic field
is chosen in such way that the laser frequency ωl falls between the electron cyclotron frequency ωce and ion cyclotron
frequency ωci. Under this situation, it generates only an R-wave. If the laser frequency is considered to be less than the ion
cyclotron frequency ( ωlaser < ωci) then an L-wave is additionally generated. In both the cases, an electrostatic disturbance
is also formed with different but significant electric field amplitudes. We simulate these R- and L-waves in 1-D by using
Particle-in-Cell (PIC) simulation using the EPOCH-4.17.10. Specifically, the electric and magnetic fields are studied that
are associated with these waves, and the waves are verified based on the dispersion relation and the polarization studies.
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1. Introduction

In the case of plasma density equal or larger than the crit-
ical density, the laser is found to reflect at the vacuum
plasma interface [1, 2] and is unable to interact with the
plasma or has a poor interaction with the unmagnetized
plasmas [3–6]. However, a stronger magnetic field of mag-
nitudes in the order of kilo Tesla can help laser to penetrate
through the over-dense plasma, providing an effective in-
teraction. The magnetic fields of this order have now been
achieved in some advanced laboratory experiments [6]. It
turns out that there is a good likeliness for technological
improvement to catch up in future to have the regime of
magnetized electrons and ions available in laser-plasma in-
teraction experiments [7, 8]. It is important to understand
the laser-plasma interaction under the effect of a strong mag-
netic field because it will find more useful applications in
future. For investigating such situation and explaining the

physics of laser-plasma interaction, Particle-In-Cell (PIC)
simulations have been developed with sophistication [8, 9].
This has been largely observed that some part of energy of
the incident EM wave is transferred to an electron plasma
wave, i.e. a phenomenon called resonance absorption. The
energy of the laser has been found to be absorbed in the
plasma in many schemes [10, 11] including Brunel heating
scheme, J×B resonance absorption, etc. [12–16]. If the
laser intensity is in the nonrelativistic regime, then the role
of J×B electron heating is taken to be negligible. The
electromagnetic wave can be absorbed resonantly by linear
mode conversion into a plasma wave when it is obliquely
incident on an inhomogeneous plasma [17–19]. It has found
importance for microwave laboratory experiments and laser
target experiments [20]. Presently, many researchers inter-
est has been directed toward the application of the right
circular wave (R-wave) to the plasma because this wave
can realize localized electron heating [21]. Another applica-
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Table 1. Laser and plasma parameters in a 1D simulation.

Parameters Over dense plasma Over dense plasma

(B0 = 14.2 kT )Whistler (R-wave) (B0 = 99.4 (14.2×7) kT )R-L wave

Plasma Parameters

Density (n0) 9×1026 per m3 9×1026 per m3

Frequency(ωpe) 17.5×1014 rad/s 17.5×1014 rad/s
(ωpi)(mi/me = 30) 3.2×1014 rad/s 3.2×1014rad/s

Laser Parameters

Intensity (I) 3×1019 Watt/m2 3×1019 Watt/m2

Frequency (ω) 1.89×1014 rad/s 1.89×1014 rad/s
Wavelength (λ ) 10 microns 10 microns

tion of an R-wave is the formation of confining potentials
in mirror devices and suppression of large disruptions in
tokamaks [22, 23].
In the present paper, we employ a one-dimensional PIC
simulation for electromagnetic wave propagation through
the over-dense plasma. In particular, we consider an intense
laser pulse and a strong magnetic field of few tens of kilo
Tesla magnitude. With an appropriate strength of the mag-
netic field, we can excite either R-wave or both the R- and
L-waves simultaneously in the plasma. We develop fast
Fourier transformation (both in time and space) for veri-
fying the excitation of these waves and determining their
propagation characteristics.

2. Simulation setup

At x = 0, the plasma medium is taken to exist. The laser
is incident on the plasma from the left side, and the right
side of the simulation box is assumed to be open. The
laser is considered to propagate along the x-direction and
the external magnetic field (B0) is also taken in the same
direction. The electric field of the laser is directed along the
y-direction and its magnetic field is along the z-direction.
We have used 1-D Particle-In-Cell (PIC) simulation to study
the interaction of this laser with such a plasma. The 1-D
simulation box with dimension Lx = 2000 µm has been
chosen. The grid size is ∆x = 0.04 µm. We consider a
carbon dioxide short-pulse laser having wavelength λ = 10
µm (frequency ωlaser = 1.89×1014 rad/s). The laser profile
is taken to be Gaussian with peak intensity of I = 3×1019

Wm−2. The number density of the plasma is taken as n0 =

Figure 1. Propagation of electric field Ey and magnetic field Bz corresponding to R-wave.
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Figure 2. Fast Fourier Transformation (FFT) of the magnetic field in time (left portion) and space (right portion).

9×1026 m−3, corresponding to which the plasma frequency
is 17.5×1014 rad/s. The complete simulation parameters
are given in Table 1. To reduce the computational time, we
use the simulations at a reduced mass of ions, which is taken
to be 30 times heavier than the electrons (mi/me = 30). For
Whistler wave (R-wave), the electron cyclotron frequency
ωce = 24.96×1014 rad/s and ion cyclotron frequency ωci =
0.83× 1014 rad/s. For both the R and L waves (together)
the electron cyclotron frequency ωce = 174.72×1014 rad/s
and ion cyclotron frequency is ωci = 5.83×1014 rad/s.

3. Results and discussion

We have considered two cases in our simulation. In the
first case, the laser frequency is taken between the electron
cyclotron frequency and ion cyclotron frequency (ωci <
ωlaser < ωce) by fixing B0 = 14.2 kT (R-wave case) and
for the second case the laser frequency is less than the ion
cyclotron frequency (ωlaser < ωci) by fixing B0 = 99.4 kT
(R- and L-waves). In the first case, the laser does propagate
through the plasma and generates R-wave. The correspond-
ing electric field (Ey) and magnetic field (Bz) are shown
in Figure 1, where the mode (fields) is (are) clearly seen
moving through the plasma. We have also obtained the fast
Fourier transformation (FFT) of the magnetic field Bz and

Figure 3. Checking the polarization of R-wave through the fields Ez and Ey.
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Figure 4. Propagation of electric field Ey and magnetic field Bz Corresponding to R- and L-waves.

have shown it in Figure 2. Here, the peak value of FFT
(time) of the magnetic field in left portion of Figure 2 gives
rise to the frequency of R-wave and the peak value of FFT

(space) in right portion of Figure 2 gives the wave vector (k)
of the R-wave. We consider the values of ω , k, ωci, ωce and

Figure 5. Fast Fourier Transformation (FFT) of the magnetic field in time (left portion) and space (right portion).
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Figure 6. Checking the polarization of R- and L-waves through the fields Ez and Ey.

ωpe and put them in the following dispersion equation [24]

k2c2

ω2 = 1− ω2
Pe

(ω −ωce)(ω +ωci)
(1)

for the verification of excitation of the R-wave. For the
given set of values, this equation is satisfied and hence, the
excitation of the R-wave is confirmed. In addition to this,
in Figure 3 we check the polarization and observe that the
field component Ez is ahead of Ey, further confirming the
excitation of the wave.
In the second case, the laser propagation through the plasma
is considered for B0 = 99.4 kT, that generates both the R-
and L-waves. The propagation of their fields is shown in
Figure 4, where a larger gap is seen between the electric field
as well of the magnetic field of the R- and L-waves due to
their different velocities. Fast Fourier transformation (FFT)
of the magnetic field of these waves is shown in Figure 5.
Here the peak values of FFT (time) in left portion of Figure
5 gives rise to the frequencies of the L- and R-waves and
the peak value of FFT (space) in right portion of Figure 5
gives the wave vector (k) of these waves. Considering the

values of ω , k, ωci, ωce and ωpe so obtained are put in the
following equation

L-mode :
k2c2

ω2 = 1− ω2
Pe

(ω +ωce)(ω −ωci)
(2)

For the given set of values, equation (1) is satisfied, that
proves the excitation of the R-wave, and the verification
of equation (2) for the said values proves the excitation of
the L-wave. This can be seen that the phase velocity of
the R-wave is larger than L-wave. This is verified through
the second case (both RL-wave case), where the L-wave is
found to be behind the R-wave. Here this is noticed that
after some time the separation of the R-wave and L-wave is
increased, confirming the faster movement of the R-wave at
0.67 c compared to the L-wave propagating at 0.51 c.
The two dispersion parts correspond to left (L)-handed and
right (R)-handed circularly polarized plane waves. The
electric field vector of the L-wave rotates anticlockwise in
time as viewed along the direction of the applied external
magnetic field and clockwise in time for the R wave [1].
This can be understood as follows. An applied magnetic

Figure 7. Snapshot of Ex at t = 4 ps for R-wave case (left portion) and for RL-wave case (right portion).
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field in the x-direction is along the direction of propagation
of the laser. The linearly plane-polarized incident wave may
be decomposed into two right and left circularly polarized
waves. Hence, we can write

E(incident)=E(y−direction)=ER(incident)+EL(incident)
(3)

In the complete region, the R- and L-wave components are
completely decoupled and can be treated separately. For
R-wave, the field component Ez is ahead of Ey due to the
phase difference in both the electric field components. Sim-
ilarly for L-wave, the component Ey is ahead of Ez. In
Figure 6, we check the polarization and observe that the
field component Ez is ahead of Ey in the case of R-wave and
the component Ey is ahead of Ez in the case of L-wave.
We can make a comparative study with the findings of
Goswami et al. [25] who also simulated the situation of
over-dense plasma for the excitation of R- and L-waves.
The parameters used in their work are different. For exam-
ple, they considered a carbon dioxide short-pulse laser hav-
ing wavelength λ = 9.42 µm and intensity I = 3.5×1019

Wm−2, whereas in our case these parameters are 10 µm and
3×1019 Wm−2, respectively. They had taken the ion mass
as 25 times of the electron mass, while we have considered
this as 30 times. The size of the simulation box for RL
wave in our case is also 2 times of their value. The applied
magnetic field in our case is also larger, which has led to
additional result of electrostatic excitation in the plasma
(Figure 7) along with the R- and L-waves, i.e. when the
applied magnetic field is such that the laser frequency ωlaser
is less than the ion cyclotron frequency ωci(ωlaser < ωci).
Clearly, they had missed this important observation that
higher magnetic field helps exciting the electrostatic distur-
bances with significant amplitude in both the cases includ-
ing the R-wave excitation, i.e. when the laser frequency
ωlaser falls between the electron cyclotron frequency ωce
and ion cyclotron frequency ωci. In our case, we observed
electric field Ex = 2× 108 V/m when only the R-wave is
excited and Ex = 0.25×108 V/m for the case of RL-waves.
Not only this, the R- and L-waves are excited with larger
electric field component Ey and magnetic field component
Bz in the presence of higher magnetic field. The time FFT
peak value (5.1×1014 for R-wave and RL-waves) is larger,
indicating that the frequency of generated wave is larger.
Based on our results we can say that more laser energy con-
verts into EM wave and electrostatic excitation due to the
higher external magnetic field, and the reflected part of the
laser energy also decreases.
Finally, this is worth mentioning that not only the L-wave
gets absorbed but also the R-wave. Experimentally it has
been demonstrated that the R-wave or the L-wave can both
be selectively launched into a steady-state dc-discharge
plasma with a helical antenna [25]. But we simulated these
waves (R- and L- waves) with the help of PIC simulation.
In the future, many applications of RL-waves are expected
to evolve, and one of these is particle acceleration where the
charged particle (electron) is trapped inside the wave field,
moves together with the wave and finally accelerates due
to the energy exchange mechanism. This is also mentioned
that the above results were obtained based on the Gaussian

profile of the lasers. However, we can extend the present in-
vestigation with other profiles of the lasers that have proved
to be effective in other optical phenomena also [26–28].

4. Conclusion
A strong magnetic field can cause the laser to propagate
even in an over-dense plasma. Considering appropriate
values of the magnetic field, we proved that the excitation
of either R-wave or both the R- and L-waves simultane-
ously is possible and hence, their multiple applications can
be sought. Along with this, there exist electrostatic distur-
bances in the plasma carrying a significant amount of energy.
The fast Fourier transformation of the magnetic field led
to the determination of the frequency and wave numbers
of these waves. Another confirmation of these waves was
done based on the polarization of the electric fields. Both
the waves were found to propagate at different velocities
and hence, created a difference in the instantaneous position
of the electric fields.
Acknowledgement
Author GK acknowledges the University Grants Commis-
sion (UGC), Government of India, for financial support and
High Performance Computing (HPC) Facility of the IIT
Delhi for allowing to run the simulations.
Conflict of interest statement
The authors declare that they have no conflict of interest.

References
[1] H. K. Malik. Laser-Matter Interaction for Radiation

and Energy. CRC Press: Taylor and Francis, 2th
edition, 2021.

[2] P. C. Clemmow and J. P. Dougherty. Electrodynamics
of Particles and Plasmas. Addison-Wesley, Reading,
1th edition, 1969.

[3] H. K. Malik. “Generalized treatment of skew-
cosh-Gaussian lasers for bifocal terahertz radiation”.
Physics Letters A, 384:126304, 2020.

[4] D. Dorranian, M. Starodubtseva, H. Kawakami, H. Ito,
N. Yugami, and Y. Nishida. “Radiation from high-
intensity ultrashort-laser-pulse and gas-jet magnetized
plasma interaction”. Physical Review E, 68:026409,
2003.

[5] V. B. Krasovitskiia, V. G. Dorofeenko, V. I. Sotnikov,
and B. S. Bauer. “Interaction of powerful laser pulse
with magnetized plasma”. Physics of Plasmas, 11:724,
2004.

[6] D. Nakamura, A. Ikedaa, H. Sawabe, Y. H. Mat-
suda, and S. Takeyama. “Record indoor magnetic
field of 1200 T generated by electromagnetic flux-
compression”. Review of Scientific Instruments,
89:095106, 2018.

[7] C. Federrath. “Magnetic field amplification in tur-
bulent astrophysical plasmas”. Journal of Plasma
Physics, 82:1, 2016.

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1702.24]

https://dx.doi.org/10.57647/j.jtap.2023.1702.24


Kumar et. al JTAP17(2023) -172324 7/7

[8] C. K. Birdsall. “Particle-in-cell charged-particle simu-
lations, plus monte Carlo collisions with neutral atoms,
pic-mcc”. IEEE Transactions on plasma science,
19:65, 1991.

[9] J. M. Dawson. “Particle simulation of plasmas”. Re-
views of Modern Physics, 55:403, 1983.

[10] P. K. Kaw and J. M. Dawson. “Laser-induced anoma-
lous heating of a plasma”. The Physics of Fluids,
12:2586, 1969.

[11] P. K. Kaw. “Nonlinear laser-plasma interactions”. Re-
views of Modern Plasma Physics, 1:1, 2017.

[12] S. C. Wilks, W. L. Kruer, M. Tabak, and A. B. Lang-
don. “Absorption of ultra-intense laser pulses”. Physi-
cal review letters, 69:1383, 1992.

[13] W. L. Kruer and K. Estabrook. “J×B heating by very
intense laser light”. The Physics of Fluids, 28:430,
1985.

[14] J. P. Freidberg, R. W. Mitchell, R. L. Morse, and L. I.
Rudsinski. “Resonant absorption of laser light by
plasma targets”. Physical Review Letters, 28:795,
1972.

[15] Y. Ping, R. Shepherd, B. F. Lasinskia, M. Tabaka,
H. Chena, H. K. Chung, K. B. Fournier, S. B. Hansen,
A. Kemp, D. A. Liedahl, and et al. “Absorption of
short laser pulses on solid targets in the ultrarelativistic
regime”. Physical review letters, 100:085004, 2008.

[16] F. Brunel. “Not-so-resonant, resonant absorption”.
Physical review letters, 59:1, 1987.

[17] A. D. Piliya. “”. Soviet Phys. Tech. Phys., 11:609,
1966.

[18] V. L. Ginzburg. Propagation of Electromagnetic
waves in Plasmas. Pergamon Press, 2th edition, 1970.

[19] K. G. Budden. Radio waves in the Ionosphere. Cam-
bridge University Press, 1th edition, 1961.

[20] R. L. Stenzel, A. Y. Wong, and H. C. Kim. “Conver-
sion of Electromagnetic Waves to Electrostatic Waves
in Inhomogeneous Plasmas”. Phys. Bev. Lett., 32:654,
1974.

[21] D. F. H. Start, N. R. Ainsworth, J. G. Cordey,
T. Edlington, W. H. W. Fletcher, M. F. Payne, and
T. N. Todd. “Observation of a Plasma Current Driven
by rf Waves at the Electron Cyclotron Resonance in
the Culham Levitron”. Phys. Rev. Lett., 48:624, 1982.

[22] S. Yoshimura, M. Watanabe, K. Tanabe, A. Nakayama,
M. Asakawa, T. Maehara, M. Nakamura, H. Tanaka,
T. Maekawa, and Y. Terumichi. “Suppression of a
pressure driven m = 1 mode in a lower hybrid current
drive plasma by electron cyclotron heating in the WT-3
tokamak”. Phys. Plasmas, 7:276, 2000.

[23] D. E. Baldwin and B. G. Logan. “Improved Tandem
Mirror Fusion Reactor”. Phys. Rev. Lett., 43:1318,
1979.

[24] T. J. Boyd, T. J. M. Boyd, and J.J. Sanderson. The
physics of plasmas. Cambridge University Press, 1th
edition, 2003.

[25] L.P. Goswami, S. Maity, D. Mandal, A. Vashistha,
and A. Das. “Ponderomotive force driven mechanism
for electrostatic wave excitation and energy absorp-
tion of electromagnetic waves in overdense magne-
tized plasma”. Plasma Physics and Controlled Fusion,
63:115003, 2021.

[26] L. Malik and A. Escarguel. “Role of the temporal pro-
file of femtosecond lasers of two different colours in
holography”. EPL (Europhysics Letters), 124:64002,
2019.

[27] M. Kumar A. Tevatia L. Malik, A. Escarguel and R.S.
Sirohi. “Uncovering the remarkable contribution of
lasers peak intensity region in holography”. Laser
Physics Letters, 18:086003, 2021.

[28] L. Malik. “Dark hollow lasers may be better candi-
dates for holography”. Optics and Laser Technology,
132:106485, 2020.

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1702.24]

https://dx.doi.org/10.57647/j.jtap.2023.1702.24

	Introduction
	Introduction
	Simulation setup
	Results and discussion
	Conclusion

