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Abstract. Inverse Bremsstrahlung absorption is a mechanism for generating heat in the inertial confinement
fusion (ICF) process. To maximise the heat produced, it is desirable to investigate the possibilities for increasing the
absorption rate through the inverse Bremsstrahlung process. It should be noted that some absorption mechanisms
found for nanosecond long laser pulses also appear for ultrashort laser pulses. In this paper, the physics of absorption
for S-polarised laser pulse and magnetised underdense plasma interaction in the presence of electrons ohmic
heating and ponderomotive nonlinearities is analysed for both collisional isothermal and collisional non-isothermal
magnetised plasmas. Here, we show that, in the presence of a static magnetic field, the absorption rate of the
S-polarised laser pulse through interaction with underdense plasma can be increased intensively. In other words,
by applying an external magnetic field, the laser pulse radiation will penetrate a region of greater plasma density
compared to the case of non-magnetised plasma for the S-polarised absorption. It is remarkable that due to the heat
of the plasma at the expanse of the wave energy in the case of the non-thermal, magnetised and collisional plasma,
the absorption coefficient is increased intensively in comparison with the collisional plasma.
Keywords. Underdense magnetised plasma; collisional plasma; laser and plasma interaction; Bremsstrahlung
nonlinear absorption; ohmic electron heating; nonlinear ponderomotive force.
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1. Introduction
The use of laser-induced fusion for the generation of
controlled thermonuclear power has been considered
because of its good prospects [1–4]. As we know,
one of the methods for the production of energy by
nuclear fusion is the inertial confinement fusion (ICF)
[5–7]. The ICF scheme is available with two kinds
of drives, i.e. direct and indirect drives. In the directdrive procedure, which is based on volume ignition,
central spark ignition and fast ignition, a fusion fuel
pellet is directly irradiated by an ion beam or a laser
beam. This scheme leads to the generation of a shock
wave towards a fuel pellet. As a result, compression and heat in the fuel pellet increase, and inner
implosion occurs in the fuel pellet. In this method,
energy gain in the ICF depends on the choice of fuel
and the proper beam [8–10]. The fuel pellet under
high-power radiation of the laser pulse becomes compressed and then the conditions for ignition and the

burning of the fuel pellet are achieved. An important
parameter in the ICF scheme is high fusion cross-section
to increase the fusion and plenitude of incident ion
beams [11–13]. In general, we know that the lighter ions
have a lower Coulomb repulsion force compared to the
heavier ions. On the other hand, fusion by heavier ions
requires much higher temperatures. The heat required
for the ICF is generated through plasma instabilities
[14,15] (which occur several picoseconds after the laser
beam is applied) or through inverse Bremsstrahlung
(IB) [16,17]. When the collisional effect is vigorous,
a mechanism named collisional absorption or IB contributes to the total absorption [18–21]. During the IB
process, a photon is emitted when an electron is decelerated by the Coulomb field of the nucleus. In this
process, an electron acquires energy from the electric field of the laser during its collision with an ion.
The electrons oscillating in the electric field of the
laser pulse lose energy to the stationary ion through
collisions. As mentioned before, the main contribution
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to absorption is due to electron–ion collisions. It should
be noted that the only problem with the ICF process
is the large Coulomb barrier between the core and the
small cross-sectional area of the reaction and to overcome that, a lot of energy and very high temperature
are needed and accordingly, we would like to examine whether any possibility is existing for increasing
the energy and temperature. Due to the essential role
of extremely high external magnetic field in the particle transport, propagation of laser pulses, laser beam
self-focussing, penetration of laser radiation into plasma
and the plasma electron and ion acceleration, we put
our efforts in examining the effect of a magnetic field
on the rate of nonlinear Bremsstrahlung absorption. A
classical approach to the analysis of Bremsstrahlung
in a static homogeneous magnetic field leads to the
conclusion that the amplification of electromagnetic
waves could occur [22], but the possibility of increased
absorption due to the magnetic field was not considered for the ICF process by including the nonlinear
effects. Some important nonlinear effects are the ponderomotive force of a laser pulse and the ohmic heating
of electrons in the presence of an external magnetic
field. In the current work, to reach the ignition conditions, the mentioned nonlinear effects in the interaction
of obliquely high-intensity laser pulse with plasma in
the presence of an external magnetic field are studied. The interaction between the intense laser beam and
plasma is known to generate more nonlinear effects.
Many nonlinear phenomena in the interaction of a
high-frequency laser beam with plasma are dependent
on the ponderomotive force [4]. The ponderomotive
force is a force on the charge particles in plasma that
changes the plasma electron density and temperature
distribution. In addition, ohmic heating and collisional
energy processes lead to the redistribution of electrons and modification of dielectric constant. Although
some valuable experimental and theoretical works for
ICF processes have been reported, these works did not
properly explain the fundamental parameters of magnetised collisional plasma including electric field oscillation, electron density distribution and total absorption coefficient [23–26]. It should be remarked that
although a comprehensive investigation of the absorption rate of high-intensity laser beams I λ2 ≈ 1014 −
1020 W cm−2 μm2 is still not available experimentally,
some simulation works have been conducted to measure
the absorption rate in a certain range of laser intensity
[27,28].
In [29], the absorption of the S-polarised short laser
pulse in the underdense plasma by considering the
ohmic electron heating and laser pulse ponderomotive
force effects is investigated. Here, the plasma electron density profiles of isothermal and non-isothermal
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Figure 1. The effect of normalised laser beam electric
field as a function of dimensionless plasma length in
collisional
non-isothermal and magnetised
√
√ plasmas when
(dotted line), a0 / δ = 1, θ = π/6
a0 / δ = 1, θ = 0 √
(dashed line) and a0 / δ = 1, θ = π/4 (solid line). Here,
the normalised cyclotron frequency is ωce /ω = 0.4 and the
normalised collisional frequency is taken as νei /ω = 10−1 .

collisional plasmas are found, when the strong laser
pulse radiates obliquely. Furthermore, in this work, the
nonlinear absorption coefficient of laser energy is
obtained for such kinds of plasmas with confined
thickness.
As a new work, in the current paper, we have found the
plasma electron density profiles of both (a) isothermal
and (b) non-isothermal collisional magnetised plasmas
when the strong laser pulse radiates at an angle θ from
the z-direction (figure 1). In this figure, the constant
external magnetic field B0 exists in the z-direction.
Also, nonlinear absorption coefficient of laser energy
is obtained for two kinds of magnetised plasmas with
confined thickness L by considering the effects of the
ohmic heating and the ponderomotive force. Here, by
making use of the Maxwell and momentum transfer
equations in their stationary form besides the thermal
kinetic equation of plasma electrons, the nonlinear equation of wave propagation and the absorption coefficient
in the non-isothermal plasma can be obtained. The outline of this paper is as follows: In §1, we have explained
the propagation of the strong laser pulse irradiating on
the underdense magnetised plasma target with an angle
h from the z-direction. The models of isothermal and
non-isothermal collisional magnetoactive plasmas are
presented in §2. There, the basic equations and fundamental assumptions are given for these models. Section
3 is devoted to discussion and numerical results. In this
section, the profiles of the electric field, the variation of
the electron density and the absorption coefficient for
different laser radiation angles are derived. Finally, §4
is devoted to conclusion.
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2. Basic equations and fundamental assumptions
Nowadays, new schemes of laser-driven fusion energy
are created because laser pulses in the range of picosecond duration and power of petawatt have been available
by chirped pulse amplification (CPA) technique [30–
34]. As the most basic laser energy deposition mechanism, the collisional absorption plays an essential role
in transferring laser energy to the plasma. Particularly,
it dominates the laser energy deposition in the scenario
of the ICF process, in which laser pulses of intensity
(I λ2 ≤ 1015 W cm−2 μm2 ) interact with the target and
deposit their energy into the underdense plasma in the
corona region [31]. In order to formulate the nonlinear propagation of an intense laser pulse through an
underdense magnetised collisional plasma in the nonrelativistic regime, let us consider a semi-infinite plasma
(z > 0) in a constant external magnetic field B0 in the
z-direction. For the oblique incidence of a linear
polarised laser pulse, we choose the coordinates in such
a way that the laser propagates in the y–z plane, i.e.
the wave vector k is in this plane. The vacuum–plasma
interface is chosen at z = 0, and the electromagnetic
wave is obliquely incident at an angle θ to the normal of
this surface. θ is the angle between the electron density
gradient and the wave vector k. Here, the electric field is
in the x-direction for the S-polarisation. Therefore, we
can write the components of the electromagnetic fields
as follows:


ω
ω
(1)
k = 0, k y = sin(θ ), k z = cos(θ )
c
c
E = [E x (y, z), 0, 0],


B = 0, Bx (y, z), B y (y, z), Bext = B0 ẑ .
(2)
As we see from figure 1, because of having only a
z-dependence in the electron density, there is a constant
k y in the form of
ω
sin(θ ).
(3)
c
Now, to develop wave equation for the oscillating
electric and magnetic fields, one can start with Faraday’s induction and Ampere’s laws. By considering
these Maxwell’s equations, we have
ky =

∇ × E = iωB,
∇ × E = μ0 (J − iε0 ωE).

(4)
(5)

It is obvious from figure 1 that the electric field is in the
x-direction, and the wave equation for the x-component
of the electric field is
∂ 2 E x (y, z) ∂ 2 E x (y, z) ω2
+
+ 2 E x (y, z)
∂ y2
∂z 2
c
+iωμ0 Jx (y, z) = 0.

(6)
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Here, we consider the parameter ε0 μ0 ω2 = k02 = ω2 /c2
as the vacuum propagation constant. Now, to obtain
the laser pulse electric field in plasma, we should use
appropriate electron current density in eq. (6). As we
know, the plasma electron current density equation is
Jx (y, z) = −n e eVx (y, z), and we should consider the
equation of electron motion in collisional magnetised
plasma as
m ene

dVe
= −en e (E + Ve × B) − m e n e νei Ve
dt
−∇ Pe + FPe ,

(7)

where m e , Ve , Pe = n e Te and FPe are electron mass,
electron velocity, pressure of electrons and the average
ponderomotive force defined by the laser pulse envelope. In this work, as the ion mass is much greater than
the electron mass, and ω  ωPi , we neglect ion motions.
Then, by writing eq. (7), in x̂ and ŷ directions, the Vx
and Vy components of electron velocity in magnetised
collisional plasma can be written as

 ω 2 −1
ieE x (y, z)
ce
1−
,
(8)
V⊥x (y, z) = −
m e ω̂
ω̂
 
ωce 2 −1
eE x (y, z)  ωce 
V⊥y (y, z) = −
1−
. (9)
m e ω̂
ω̂
ω̂
In the above equations, ωce = eB0 /m e is the electron
cyclotron frequency due to the existence of the external magnetic field and ω̂ = ω + iνei , where ω is the
laser pulse frequency and νei is the collisional frequency
between the charged particles (electrons and ions). Here,
the plasma electron current density is obtained as
J⊥x (y, z) = −n e eV⊥x (y, z)
= −n e e

−ieE x (y, z)
m e ω̂ 1 − (ωce /ω)2

.

(10)

The electric field is a function of z and the phase
exp i k y y + k z z . As k z z is a function of z it can be
included in the amplitude and we can write the electric
field in the form of

iωy sin(θ )
E x (y, z) = E x (z) exp
.
(11)
c
Now, substituting eqs (10) and (11) into eq. (6), we
obtain the wave equation for the x-component of the
electric field as

2 (z)
ωpe
∂ 2 E x (z) ω2
2
+ 2 cos (θ ) − 2
2
∂z 2
c
ω + νei2 − ωce

2 (z)
iνei ωpe
(12)
+
E x (z) = 0.
2
ω ω2 + νei2 − ωce
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In the above equation, ωpe (z) = 4π n e (z)e2 /m e
is the electron plasma
√ frequency using the dispersion
relation as k = (ω/c) ε, and assuming that νei is much
smaller than ω (typically in the corona), the first-order
Taylor expansion (in νei /ω) yields
1/2

2 (z) 
ω
ω
1
pe
k=±
cos2 (θ ) −
c
ω2
1 − (ωce /ω)2
⎧
⎪
⎪
⎨
 ν  ω2 (z)
pe
ei
× 1 +i
⎪
2ω
ω2
⎪
⎩
⎛
⎞⎫
⎬
1

⎠ .
×⎝
⎭
2 (z)/ω2
1 − (ωce /ω)2 cos2 (θ ) − ωpe
(13)
Here, the spatial damping rate of laser energy by the
IB effect kib is given by twice the imaginary part of k as
kib = 2Im{k} =
⎛
⎝

 ν  (ω2 (z))
pe
ei
c

ω2

⎞

1


⎠
2 (z)/ω2
1 − (ωce /ω)2 cos2 (θ ) − ωpe
1/2

2 (z) 
ωpe
1
2
.
× cos (θ ) −
ω2
1 − (ωce /ω)2
(14)
The change in laser intensity I , passing through a slab
of the plasma in the z-direction, is given by
dI
= −kib I.
dz

(15)

For a slab of plasma with length L, the absorption
coefficient is given by
αabs

  L
Iin − Iout
=
= 1 − exp −
kib dz .
Iin
0

(16)

In this stage, we consider two cases of isothermal and
non-isothermal collisional, magnetised plasmas separately. In these cases, we analyse the nonlinear wave
equation, electron density perturbation, dielectric permittivity and absorption coefficient of the magnetised,
collisional plasmas.

2.1 Collisional isothermal and magnetised plasmas
In this section, we consider the collisional magnetised
isothermal plasma in the presence of ponderomotive
force due to the laser pulse. In this case, in the
steady state, the ponderomotive force in the presence of external magnetic field and collisional effects
can be balanced with the electron pressure gradient force. Consequently, according to the momentum transfer eq. (4) in the laser pulse propagation
direction and assuming that the electron temperature
Te is independent of coordinates, we have [26,35]

−

2m e

d2 E x(z)
dn e
n e e2
,
=
T
e
2
2
2
dz
dz
ω2 + νei − ωce

(17)

where Te is given in energy unit. Integrating eq. (17)
from n 0e to n e , the electron density becomes a function
of laser pulse intensity as
n e (z) = n 0e(z) exp −

e2 E x2 (z)
2
m e Te ω2 + νei2 − ωce

.

(18)

Here, it should be noted that the electron density
distribution depends on the electric field E x(z). Also,
the initial electron density n 0e (z) is assumed to be linear as
z
(19)
n 0e (z) = n ecr .
L
Here, n ecr is the critical electron density that occurs
at distance z = L. It should be emphasised that in
the intermediate intensities 1014 –1016 W cm−2 μm2 , it
is convenient to assume that Te is constant and the
dominant spatial dependence comes from the electron
density n e [25,26]. This equation shows that the electron
density is modified by the ponderomotive force, laser
frequency, electron cyclotron frequency and collisional
frequency profiles. Furthermore, by substituting eq. (19)
into eq. (18) and using eq. (12), the nonlinear equation
for electric field propagation in collisional magnetised
plasma and the inhomogeneous dielectric permittivity
are obtained as
d2 E x (z)  ω 2
+
dz 2
c
4π e2 n ec × Lz
× cos2(θ0 ) −
2
m e ω2 +νei2 − ωce

e2 E x2 (z)
iνei
exp −
× 1−
2
ω
m e Te ω2 + νei2 − ωce
×E x (z) = 0,

(20)
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4π e2 n ec ×

2

× exp −
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iνei
1−
ω

z
L

2
m e ω2 + νei2 − ωce

e2 E x2 (z)
2
m e Te ω2 + νei2 − ωce

.

(21)

Moreover, according to eqs (14) and (16), the spatial
damping rate of laser energy and the absorption coefficient of the laser pulse in collisional isothermal plasmas
are given by
kib =

ν 
ei

c
×

×

4π e2 n ec m −1
e ×

z
L

× cos (θ0 ) −


αabs = 1 − exp

L

τcon (i.e.
of intensity variation of E E ∗ . For τcoll
2 ) > 1), one may ignore the thermal con(νei2 r02 δ/Vthe
duction effect (the second term on the right-hand side
of eq. (25)). As a result, the electron temperature can be
found as
Te (z) = Ti +

e2 E x2 (z)
. (26)
2 /ω2
3m e δ ω2 + νei2 × 1 − ωce

2
exp − e2 E x2 (z) / m e Te ω2 + νei2 − ωce
ω2

2 cos2 (θ ) − 4π e2 n m −1 ×
ω2 − ωce
0
ec e
2

4π e2 n ec m −1
e ×

z
L

z
L

ω2
2 ))
exp − (e2 E x2 (z))/(m e Te (ω2 + νei2 − ωce

2 ))
exp − (e2 E x2 (z))/(m e Te (ω2 + νei2 − ωce
2
ω2 − ωce

kib dz .

(23)

0

2.2 Collisional non-isothermal and magnetised
plasmas

1/2

,

(24)

Here, in a steady state, this rate can be balanced by the
power loss due to collision with ions and neutrals and
thermal conduction [32]:

χ
3
Wh = δνei (Te − Ti ) − ∇
(25)
∇Te ,
2
ne
2 /ν , m and T are the
where δ = 2m e /m i , χ /n e = Vthe
ei
i
i
ion mass and temperature, respectively. The characteristic times for collisional energy transfer and thermal
conduction to get manifested are τcoll ∼
= 1/δνei and
2 , respectively. r is the scale length
τcon ∼
= νeir02 /Vthe
0

(22)

On the other hand, by using the momentum transfer
equation in the stationary state for longer laser pulse
duration, we obtain
n e FP−M = −∇Pe = −∇(n e Te ).

Now, for considering the collisional magnetised
non-isothermal plasma in the presence of ponderomotive force due to the laser pulse, we should take into
account the role of density and temperature fluctuations
in ωpe . As we know, for a pulse duration longer than the
ohmic heating time scale τH , the rate of electrons heating
Wh due to the electric field and collisions can be given
by
1
eE x · Vx
Wh = Re E ∗ · J = −
.
2
2
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(27)

By substituting the ponderomotive force (in the
presence of external magnetic field and collisional
effects) into eq. (23), in the collisional and nonrelativistic regime [26] and assuming that the ion
temperature is constant, the electron density distribution can be calculated as
n e (z) = n 0e (z)


e2 E x2 (z)
× 1+
2 /ω2
3δm e Ti ω2 +νei2 × 1− ωce

−(1+3δ)
.
(28)

Here, the initial electron density n 0e (z) is assumed to
be linear, and also, we neglect the ion pressure gradient
force. Furthermore, we assume that the initial electron
and ion densities are equal, i.e. n 0e = n i . By substituting
eq. (28) into eqs (12) and (14), we find dielectric permittivity, nonlinear electric field equation, spatial damping
rate of laser energy and absorption coefficient of the
laser pulse for oblique incidence of the S-polarised laser
beam at an angle θ in the non-isothermal collisional and
magnetised plasma as

79
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4π e2 n ec Lz
iνei
d2 E x (z)  ω 2
2
cos (θ0 ) −
+
1
−
2
2
2
dz
c
ω
m e ω2 + νei − ωce
⎞

−(1+3δ)
e2E x2 (z)
⎠ E x (z) = 0,
× 1+
(29)
2 /ω2
3δm e Ti ω2 + νei2 1 − ωce
⎛

−(1+3δ) ⎞

2n × z
2 E 2 (z)
4π
e
e
iν
ec
ei
x
L
⎠,
ε = ⎝cos2 (θ0 ) −
1+
1−
2
2 /ω2 )
ω
m e ω2 + νei2 − ωce
3δm e Ti ω2 + νei2 1 − (ωce

kib =

ν 
ei

4π e2 n ec m −1
e ×

c
⎛

z
L



2 /ω2 )))
1 + (e2 E x2 (z))/(3δm e Ti (ω2 + νei2 )(1 − (ωce
ω2
⎞

−(1+3δ)

⎜
⎟
2
⎜
⎟
ω
⎟
×⎜
⎜ ω2 − ω2 cos2 (θ ) − 4π e2 n m −1 × z
⎟
0
ec e
⎝
⎠
ce
L

−(1+3δ)
2
2
2
2
2
2
× 1 + (e E x (z))/ 3δm e Ti (ω + νei )(1 − (ωce /ω ))
⎛
⎞1/2
z
4π e2 n ec m −1
e × L


⎜
2 /ω2 ))) −(1+3δ) ⎟
⎜ 2
⎟
× 1 + (e2 E x2 (z)/3δm e Ti (ω2 + νei2 )(1 − (ωce
⎟ ,
×⎜
⎜cos (θ0 ) −
⎟
2
ω2 − ωce
⎝
⎠

αabs


= 1 − exp
0

L

kib dz .

(32)

In this section, it is necessary to note that, for the laser
pulses of duration comparable to the electron–ion collision time, the front part of the pulse gets defocussed,
whereas the back part undergoes periodic self-focussing
[36]. Here, some important points should be considered. In laser–plasma interaction at moderate intensities
(τd = (r0 /cs ) < τ < τE = m i /m e νei ), when the pulse
duration is shorter than the energy relaxation time τE
but longer than the ambipolar diffusion time τd (r0 is
the spot size of the electromagnetic wave and cs is the
ion sound speed) the self-focussing and ohmic heating
nonlinearities are dominant together. In this regime, the
pulse heats the electrons non-uniformly, faster on the
axis and slower away from it. However, here, the laser
pulse length τ (0.1–1 ns) is longer than the ohmic heating
time scale τE (0.01–0.001 ns). In this regime, the ohmic
heating nonlinearity of electrons is dominant over the
self-focussing nonlinearity.
3. Numerical results and discussion
As we mentioned above, by considering the effects
of ohmic heating and ponderomotive force on both

(30)

(31)

non-isothermal and isothermal collisional underdense
and magnetised plasmas, the energy absorption rate of
the laser pulses in the range of 1013 –1015 W cm−2 for
different angular dependences of the S-polarised light
absorption can be investigated. Here, for both isothermal
and non-isothermal collisional underdense and magnetised plasmas, the following parameters of the laser
pulse and plasma have been chosen:
n 0e
δ = 10−3 ,
= 0.6, Te0 = Ti0 = 1 keV,
n cr
where Te0 is the initial electron temperature. In order
to obtain laser pulse electric field, electron density
and absorption coefficient profiles for both isothermal
and non-isothermal magnetised plasmas, we introduce
dimensionless variables as follows:
n 0e
zω
ωce
, ce =
,
Ne =
, ξ=
n cr
c
ω
eE x (ξ )
νei
ν0 =
, a(ξ ) =
,
1/2
ω
m e cs ω 2 + ν 2
ei

where Cs = (Ti /m e )1/2 is the velocity of sound.
Now, by using these dimensionless parameters in the
above equations and by solving them simultaneously
for isothermal and non-isothermal magnetised plasmas,
respectively, we can obtain the mentioned profiles for
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different angular dependence of laser pulse radiation. In
figures 2 and 3, the effects of external magnitude increment on the profiles of the electric field in underdense
collisional isothermal and non-isothermal magnetised
plasmas are illustrated under constant laser intensity and
constant laser pulse radiation angle. In the presence of
external magnetic field in the z-direction (according to
figure 1), for collisional isothermal and non-isothermal
plasmas, the laser pulse should transfer more energy to
the plasma electrons compared to unmagnetised plasma.
It leads to an increase in wavelength of the electric
field and furthermore, the field profiles become nonsinusoidal and nonlinear by increasing the strength of
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the external magnetic field. It is important to note that
near the critical density, it presents a standing wave
formed by the superposition of incident laser wave with
the reflected wave. However, beyond the critical density, electrons are piled up deeply in a narrow region by
the light pressure, and in this region, the electric field
evanesces quickly in the plasma. Figures 4 and 5 show
the angular dependence of different electron–ion collision frequencies for both isothermal and non-isothermal
magnetised plasmas. It is seen that for the low collisionality case, the energy absorption of a laser pulse
is not noticeable compared to the high collisionality
case. By increasing the collisionality rate, the overall

Figure 2. The effect of normalised laser beam electric field as a function of dimensionless plasma length in collisional
isothermal and magnetised plasmas when ωce /ω = 0 (dotted line), ωce /ω = 0.4 (dashed line) and ωce /ω = 0.6 (solid line).
Here, the initial normalised laser beam electric field is a0 = 1, the normalised collisional frequency is νei /ω = 5 × 10−2 and
the laser pulse radiation angle is taken as θ = π/4.

Figure 3. The effect of normalised laser beam electric field as a function of dimensionless plasma length in collisional
non-isothermal and magnetised plasmas when ωce /ω = 0 (dotted
√ line), ωce /ω = 0.4 (dashed line) and ωce /ω = 0.6 (solid
line). Here, the initial normalised laser beam electric field is a0 / δ = 1, the normalised collisional frequency is νei /ω = 10−1
and the laser pulse radiation angle is taken as θ = π/4.
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Figure 4. Total absorption laser pulse coefficient as a function of laser pulse radiation angle in collisional isothermal and magnetised plasmas when a0 = 1, νei /ω = 10−3 (dotted line), a0 = 1, νei /ω = 10−2 (dashed line) and a0 = 1, νei /ω = 5 × 10−2
(solid line). Here, the normalised cyclotron frequency is taken as ωce /ω = 0.4.

Figure 5. Total absorption laser pulse
angle in collisional non-isothermal
√ coefficient as a function of laser pulse radiation
√
and√magnetised plasmas when a0 / δ = 1, νei /ω = 5 × 10−2 (dotted line), a0 / δ = 1, νei /ω = 10−1 (dashed line) and
a0 / δ = 1, νei /ω = 5 × 10−1 (solid line). Here, the normalised cyclotron frequency is taken as ωce /ω = 0.4.

absorption increases obviously. It should be noticed that
in our model, for simplicity, the collision frequency
is assumed to be a constant. In fact, the collisionality will decrease linearly with electron density decay
into the target. Ignoring the dependence of collisionality upon the electron density may slightly overestimate
the absorption in our model. This overstatement is negligible (<10%) because the depth of the compressed
electron layer remains around only one-tenth of the
laser wavelength and the laser pulse can be thoroughly
reflected within this region. Here, it should be noted
that by increasing the laser pulse radiation angle, the
power absorption rate decreases and the absorption
peaks at θ = 0 because of the maximum penetration of the wave when the irradiation is normal to the

target plane. Furthermore, in the non-isothermal and
magnetised plasmas, due to the ohmic heating effect,
the electrons absorb more energy from the fields and
as a result, the plasma temperature increases. In figures 6 and 7, the effect of magnitude increment of
the external magnetic field on the profile of the total
absorption coefficient for underdense isothermal and
non-isothermal magnetised collisional plasmas under
different electron–ion collision frequencies and constant laser pulse radiation angle is presented. In these
figures, it is obvious that by increasing the external magnetic field, as a result of the increase of the electron
density distribution, the dielectric permittivity constant
is decreased and the total absorption coefficient is
increased strongly. Here, it should be noted that, in
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Figure 6. Total absorption laser pulse coefficient as a function of normalised cyclotron frequency in collisional isothermal
and magnetised plasmas when θ = π/4, νei /ω = 10−3 (dotted line), θ = π/4, νei /ω = 10−2 (dashed line) and θ = π/4,
νei /ω = 5 × 10−2 (solid line). Here, the initial normalised laser beam electric field is taken as a0 = 1.

Figure 7. Total absorption laser pulse coefficient as a function of normalised cyclotron frequency in collisional non-isothermal
and magnetised plasmas when θ = π/4, νei /ω = 5 × 10−2 (dotted line), θ = π/4, νei /ω = 10−1 (dashed
line) and θ = π/4,
√
νei /ω = 5 × 10−1 (solid line). Here, the initial normalised laser beam electric field is taken as a0 / δ = 1.

Figure 8. Total absorption laser pulse coefficient as a function of normalised collisional frequency in collisional isothermal and
magnetised plasmas when θ = π/4, ωce /ω = 0.4 (dotted line), θ = π/6, ωce /ω = 0.4 (dashed line) and θ = 0, ωce /ω = 0.4
(solid line). Here, the initial normalised laser beam electric field is taken as a0 = 1.
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Figure 9. Total absorption laser pulse coefficient as a function of normalised collisional frequency in collisional non-isothermal and magnetised plasmas when θ = π/4, ωce /ω = 0.4 (dotted line), θ = π/6, ωce /ω =
√ 0.4 (dashed line) and
θ = 0, ωce /ω = 0.4 (solid line). Here, the initial normalised laser beam electric field is taken as a0 / δ = 1.

non-isothermal and magnetised collisional plasmas, the
laser pulse transfers more energy to the plasma electrons
and the total absorption coefficient increases extremely
in comparison with the case of isothermal magnetised and collisional plasmas. In figures 8 and 9, the
variation of laser absorption with collisional frequency
is plotted for collisional isothermal and collisional nonisothermal magnetised plasmas, respectively. Here, we
want to show the dependence of the S-polarised light
absorption on the electron–ion collision frequency. It
should be noted that the rate of power absorption due
to the interaction with non-thermal electrons significantly exceeds with the increase of collisional frequency
in comparison with the isothermal electrons case. In
both the above-mentioned cases, maximum absorption
occurs at θ = 0 because of the maximum penetration
of the wave when the irradiation is normal to the target.
Our results are in good agreement with [37–39].

4. Conclusion
As we mentioned in [29], the analytical model for the
oblique incidence of an S-polarised short laser pulse
onto the isothermal and non-isothermal collisional plasmas was presented. Here, a considerable rise in laser
pulse energy absorption rate is investigated by increasing the electron–ion collision frequency. In addition,
as expected for higher laser pulse intensities, the laser
pulse energy absorption rate decreases significantly due
to the strengthening of the compression effect. Now in
the current paper, the laser power absorption through
the interaction of ultrashort intense S-polarised laser
pulse with collisional, magnetoactive, isothermal and
non-isothermal plasmas is investigated, separately. Our
analytical calculations have shown that the absorption

coefficient decreases monotonically by increasing the
incidence angle for the two mentioned plasmas, which is
one of the characteristics of the S-polarised light absorption. Furthermore, we investigated the considerable rise
in absorption with increasing electron–ion collision
frequency for two isothermal and non-isothermal collisional magnetised plasmas. In addition, it is found that
in the case of non-thermal, magnetised and collisional
plasma, the absorption coefficient is increased intensively compared to the collisional plasma. The reason
for this effect is related to the heat of the plasma at
the expanse of wave energy. It is remarkable that in
this study, it is found that the interaction between the
laser pulse and non-isothermal, collisional and magnetised plasma is a good option for the generation of ICF
because it produces maximum temperature and energy.
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