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SIMULATION STUDY OF WAKE FIELD EXCITATION IN
INTERACTION OF INTENSE LASER AND MAGNETIZED
PLASMA: HALF-SINE PULSE SHAPE (HSPS) AND TRAPEZOID
PULSE SHAPE (TPS)
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We have conducted particle-in-cell (PIC) simulations of a linearly polarized intensive laser pulse with two dif-
ferent envelopes propagating through a homogeneous fully ionized cold plasma. It is shown that the amplitude of
the wake field depends on laser wavelength, pulse duration, electron number density and envelope shape. We have
also simulated the effect of applying a longitudinal magnetic field on the wake field excitation process. It is observed
that magnetic field enhances the wake field and increases its intensity in all cases. Our results are in agreement with
the analytical results presented by Askari and Shahidani [Opt. Laser Technol. 45, 613-619 (2013)] and can help
choosing the optimum values of affecting laser and plasma parameters in order to reach high accelerating wake

electric fields.

Keywords: laser pulse, wake field excitation, particle-in-cell (PIC), magnetized plasma

PACS: 02.60.Cb, 52.25.Xz, 52,38.-r

1. Introduction

As laser beams reach higher intensities, laser plas-
ma interactions draw higher interests since past few
decades, because of the relevance to laser driven
fusion, plasma based accelerators, X-ray lasers and
other applications [B]. A great deal of efforts have
been made to obtain high accelerating fields using
short (<1 ps) ultrahigh intensity (>10" W/cm?)
lasers in an underdense plasma. Acceleration of
the charged particles has very important applica-
tions in physical sciences. For example, particle
physics, nuclear physics, and astrophysics. It has
been an interesting subject for the both experi-
mental and theoretical researches. Also the impor-
tant industrial and medicinal applications should
be enumerated [H]. The ponderomotive force of
a short, ultrahigh intensity laser pulse, which is
proportional to the negative gradient of the laser

intensity, excites the plasma waves assuming the la-
ser pulse maintains its shape. The electrons are
pushed away from the laser pulse area and sepa-
rated from the ions, which are stationary because
of their much higher mass. This charge separa-
tion forms a travelling electric field behind the la-
ser pulse. That is, the wake field. This wake field
is a large longitudinal accelerating electric field.
It can accelerate charged particles to higher ener-
gies than that of conventional linear accelerators
in much shorter distances. The magnitude of wake
field can be more than 100 GV/m. The accelerat-
ing distance is about plasma wavelength, i. e. 10-
30 um, for plasma densities about 10"*-10% cm™.
Laser plasma accelerators can generate high quality
electron beams for which the energy distribution
is quasi-monoenergetic [p-7]. There are several
acceleration schemes in plasma based accelerators
which work on the same principle. These schemes
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are laser wake field accelerator (LWFA) [E], plasma
wake field accelerator (PWFA) [E], plasma beat
wave accelerator (PBWA) [], self-modulated
laser wake field accelerator (SM-LWFA) []
and wake field accelerators driven by multiple elec-
tron or laser pulses []. Among these schemes,
the LWFA was introduced for the first time. Since
the publication of the LWFA idea for the first
time [E], a noticeable progress in both experi-
mental [ﬂ, , @] and theoretical physics [E] has
been made. Leemans et al. have reported generat-
ing GeV electron beams in their experiment [@].
This energy level is almost equal to that (the level)
of conventional RF linacs. Nevertheless, solving
all physical problems in order to reach future high
gradient accelerators is really overwhelming. Con-
trolling the charge and energy of the electron beam
and improving its quality is one of the most impor-
tant subjects. Electron acceleration via laser plasma
interaction is rich in nonlinear effects, such as fast
electron and ion generation [, @], which is a re-
sult of the presence of ultra-intense electromagnet-
ic fields in the process. The effect of magnetic fields
on nonlinear plasma dynamics could not be ig-
nored. A jet of fast electrons flowing along the laser
propagation direction [R1j] or a nonlinear current
of the plasma electrons [P2] is usually used to gen-
erate magnetic fields. Generation of magnetic fields
up to 70 T using the technology of pulsed magnets
is also reported [@]. Ultra-intense magnetic fields
have a significant effect on particle transport, prop-
agation of laser pulses and laser beam self-focusing.
Therefore, the propagation of laser pulse in mag-
netized plasma has been an interesting subject for
many researchers. Shukla et al. have investigated
the nonlinear propagation of an electromagnetic
wave in a strongly magnetized electron—positron-
ion plasma. They have found that the generation
of wake fields depends to some extent on the pres-
ence of ion species and external magnetic field [@].
Xiong et al. have studied the influence of arbitrary
magnetic field on self-focusing of laser pulse prop-
agating in magnetized plasma [@]. They report-
ed that there is a different effect on self-focusing
corresponding to a different angle and intensity.
Krasovitskii et al. have studied the interaction of
powerful laser pulse with plasma and generated
wake field in the presence of an external magnetic
field [@]. They have shown that the transferred
energy to electron oscillations in the wake field is

different for various angles between the direction
of laser pulse propagation and magnetic field. Also,
Jha et al. have studied the evolution of the spot size
of intense laser beam propagating in axially mag-
netized plasma [@]. They have obtained the criti-
cal power for nonlinear self-focusing of the beam.

It is obvious that the effects of the presence of
an external magnetic field on laser plasma nonlin-
ear processes are sophisticated. Hence, different
aspects of this subject still need to be investigated.
One of the important and efficient tools in investi-
gations is numerical simulations. Modelling a plas-
ma-based accelerator needs a code which could be
able to simulate the driver evolution, the wake gen-
eration and the acceleration of particles. Among
various methods, particle based models can do
this properly because the trajectories of particles
should be followed in their self-consistent fields.
Fluid descriptions cannot model a highly nonlinear
wake excitation process and resulting particle tra-
jectories. The most straightforward particle based
model is the fully explicit particle-in-cell (PIC) al-
gorithm [@]. The PIC method simulates the self-
consistent interaction dynamics of particles (elec-
trons and ions) and electromagnetic fields in a 1D,
2D or 3D mesh [@].

2. Formulation and initial set up

In this paper, 2 and 1/2-dimensional particle-in-
cell simulations are carried out to study the wake
field produced by propagation of an intense line-
arly polarized laser pulse with a transverse Gauss-
ian profile and two different temporal envelopes
(Figs. (a, b)): Half-Sine shape and Trapezoid
shape.

We have also studied the effect of the presence
of a magnetic field along the laser propagation di-
rection on the wake field excitation. The ambient
plasma is homogeneous, cold and pre-ionized with
a linear density ramp of the form n(x) = 2ax + b,
where n(0) = n', n(L) = n* and L is the ramp length.
The driving laser beam is in the TM-mode (S-polar-
ized) with a wavelength of A = 1.0 ym correspond-
ing to a frequency of w, = 2mc/A = 1.88x10" Hz,
where ¢ is the light speed in vacuum. The plas-
ma bulk density (n)) is 5x10* m™ which corre-
sponds to the plasma wavelength of 15 ym via
Ap(um) —3.3x10"//n,(cm™). The ions are assumed
to be stationary forming a uniform background of
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Fig. 1. Profiles of laser pulse: (a) half-sine shape and (b) trapezoid shape.

charges. The intensity of laser pulse employed in
this simulation is I, = 3x10** W/m?* which falls into
the relativistic regime. Laser pulse intensity is re-
lated to the dimensionless laser strength parameter
a, by a,=0.851(um)\/I(10*W/m’). So, the above
I, and A values yield a, = 1.62. The electron motion
is highly relativistic when a > 1. This relativistic ef-
fect sets the stage for self-focusing [@]. The general
expression for the index of refraction in a plasma is
©, 1)
2wL2 nyy(r)
tivistic factor, n(r) is the radial density (cylindrical)
profile, w, is the plasma electron frequency prior to
the passage of laser pulse: w, = (47n,e*/m )" and
y-y. = (1 + a?)"* Here, a’= a-a and a is the nor-
malized vector potential of the laser field: a = eA/
m c*, where e is the fundamental charge and m_ is

givenby n —1- , where y(r) is the rela-

the electron mass. A laser intensity profile peaked

2
on the axis ai< 0 leads to %Z’

B
plies that the phase velocity along the propagation

<0 which im-

axis is less than it is off-axis. This causes the laser
pulse fronts to curve such that the beam focuses to-
wards the axis. Other considered laser parameters
are the full width at half maximum (FWHM) of
12 ym (or laser pulse duration of 7 = 40x10°"° s)
and the spot size of s, = 15 ym. In this simulation
we consider a plasma box with the grid size of
(N, Ny) = (750, 256) equal to the 75 ym x direc-
tion length and 256 ym y direction length. Each cell
contains 6 particles. The time step meets the Cou-

e 5 @x)
the program runs for 1500 time steps.

i

rant-Levy stability criterion Az < 1 (z ! J and

The laser pulse is launched from the left bound-
ary and propagates along the x direction. Other
boundaries are considered to be conductors.

We used the conventional PIC algorithm
in our simulation which is briefly described in
the following. First, the simulation domain is di-
vided into spatial grids using the Cartesian geom-
etry. Then, the plasma particles are loaded onto
the grids and their charges are assigned to the sur-
rounding nodes (using first-order weighting) from
which currents are calculated. These source terms
are employed to obtain the electric and magnetic
fields via discrete Maxwell equations (SI) [B1],

VxE=—-— (1)
ot
and
VxB:uoeoaa—E+,u0J, )
t

where E and B are defined on the Yee-mesh [].
In order to make sure that the continuity equa-

tion (8_,0 +VJ =0) is observed, the current den-
sity J is calculated using a charge-conservation
scheme (CCS). Thereafter, the updated E and B
fields are used to push the particles into new po-

sitions and velocities by employing the relativis-
tic Lorentz equation of motion:

dp P
E :q(E+?xBj' (3)

P = yV is the relativistic particle momentum
where y is the relativistic factor. Here, the Boris
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scheme is used [@] which is comprised of three
steps: half acceleration, rotation and half accelera-
tion. The difference form of Eq. (3) is

wl,  pi-, -+, =1,
P | —q E’+P +1P <B' |» (4)
At 2y
P =P~ _gE' %(half acceleration), (5)

1-S.T.-S,T, S,T~S. S.T-S,

P =|ST-S. 1-ST-S.T S.T+S, P (rotation)
ST+S, S.I.-S, 1-ST-ST, (6)
t—l/ + t At .
P> =P" +4E E(half acceleration). (7)
Here
=2 p 5= 2L say=iep.
2y! 1+T

These new momentum of particles are used
to advance positions. This cycle is repeated for as
many time steps as required.

3. Effect of electron number density

Electron number density plays an important role
in laser plasma interaction. It affects the properties
of wake field significantly. In order to study the ef-
fect of this parameter, the amplitude of wake field,
E_, for each envelope shape is plotted in terms of 1,
in Flgs I and E for two different laser parameters
wavelength and pulse duration, respectively. In
Figs. (a—c) and Figs. (d—f), the curves are plot-
ted for A values of 0.8, 1.1 and 1.4 um, respectively.
It should be mentioned that hereafter the highest
presented value of E__ in each figure will be named
maximum. It can be seen from Fig. @that by increas-
ing A, the maximum value of E_, rises and occurs
at higher n, values. This behav1our is in complete

agreement w1th Fig. I(b) in Askari and Shahida-
ni [@] Also, E_, has higher intensities for HSPS

compared to TPS. The maximum magnitudes of E

for different A values are shown in Table 1. When
the magnetic field is applied, the curves shift to-
wards higher intensities. Both HSPS and TPS have
the largest upshift in E  for A = 1.1 ym.

The amplitude of E , in terms of n, for different
values of laser pulse durations 30, 40 and 50 fs is
plotted in Figs. H(a—f), respectively. It is evidently
observed that as 7 increases, the maximum of E
declines and occurs at lower n, values. This be—
haviour is in complete a reement with Fig. H(a) in
Askari and Shahidani [B4]. The maximum values
of E__for different 7 values are shown in Table 2.
Applying magnetic field in this case also causes E
to shift to higher intensities. The E_, amplitude ex-
periences the largest increase for 7 = 40 fs.

4. Effect of laser pulse duration

Another important parameter governing wake field
excitation is the laser pulse duration. So, the ampli-
tude of E_ in terms of T is shown in Figs. H(a—f) for
n,= 1x10* m~, 5x10* m~ and 10x10** m~ corre-
sponding to A = 33, 15 and 10.5 ym, respectively. It
is observed that HSPS and TPS have a little differ-
ent behaviour. For HSPS, the amplitude of E_ grows
when ¢7 <A, peaks at c7 = A and decreases when
¢t > A. For TPS, the amplitude of E , rises when

cr <0. 5)L hits the peak at ¢t = 0. SA and plummets
when ¢t 5 0.5 . The amplitude of E_, drops to its
minimum at ¢t = A_and remains unchanged until at
T = 1.5Ap the amplitude rises again. What is more,
for both HSPS and TPS cases, by increasing n, value,
E_, reaches its maximum at lower 7 values. ThlS be-
haV1our is in complete agreement with Fig. E(b) in
Askari and Shahidani [B4]. The maximum values of
E . for different n values are shown in Table 3. In
the presence of magnetic field, the curves shift up
and the maximum of E_ happens at longer pulse du-
rations for both HSPS and TPS.

5. Effect of plasma frequency

In Figs. E(a—f), the amplitude of E , in terms of
w/w, is plotted for three different values of s, 15

20 and 25 pm, respectively. It is concluded that with
increasing the w /w, value, the amplitude of E_; in-
creases until it peaks at about wp/wL =~ 1.15 (HSPS)
and 0.89 (TPS). The change of s in this case has al-
most no effect on the behaviour and the intensity of
E . The maximum values of E_, for different s, val-
ues are shown in Table 4. Applying magnetic field
causes the rise of magnitude E , for both pulses,
but the rise of TPS magnitude is more distinct than
the HSPS one.
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Fig. 2. Amplitude of wake field E_,in terms of n at (a) A = 0.8 um, (b) A = 1.1 um, (c) A = 1.4 ym for HSPS and
at (d) A =0.8 ym, (e) A = 1.1 ym and (f) A = 1.4 ym for TPS.

6. Effect of magnetic field have a better insight of the effect of magnetic field,

the amplitude of E__ in terms of n is plotted for
Magnetic field has been an interesting issue in three values of longitudinal magnetic fields: B, = 0,
the study of laser plasma interaction. In order to 30 and 60 T in Figs. E(a, b) for HSPS and TPS,
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Fig. 3. Amplitude of wake field E , in terms of n at (a) 7= 30 fs, (b) 7= 40 fs, (c) 7= 50 fs for HSPS and at
(d) T=30fs, (¢) =40 fs and (f) T = 50 fs for TPS.

Table 1. Maximum values of E ,in terms of n, for three different A values.

v (HSPS) ] E"> (TPS) ]
wf 24 3 wf 24 3

A pm (x10" V/m) , (x10% m™) (x10" V/m) , (x10° m™)

0.8 3.454 14 2.557 4

L1 8.455 18 6.869 5

1.4 26.044 20 13.545 7
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Table 2. Maximum values of E ,in terms of n, for three different 7 values.

Em> (HSPS) i E™> (TPS) ]
wf 24 3 wf 24 3
T, fs (10" V/m) n,(x10*m>) (x10" V/m) n,(x10* m™)
30 8.737 18 6.876 10
40 6.514 13 5.037 6
50 4.997 10 3.926 3
(a) (b)
- £
§ =
: 2
3 X
Z ¥
LHE .
n,= 1x10** m™ n,= 5%10** m™
7 (fs) 7 (fs)
(c) (d)
E g
> >
E E
X X
o o
n,=10x10* m= n,=1x10* m~
T (fs) 7 (fs)
(e) (f)
— — n,= 10x10* m™3
g g
> >
E E
X 3
oy _~

n,=5x10*m=

T (fS) T (fs)

Fig. 4. Amplitude of wake field E . in terms of 7 at (a) n = 1x10** m~, (b) n,= 5x10** m™, (c) n,= 10x10** m~
for HSPS and at (d) n, = 1x10** m~, (e) n, = 5x10* m™ and (f) n = 10x10* m~ for TPS.
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Table 3. Maximum values of E,in terms of 7 for three different #, values.

. E™> (HSPS) E™s (TPS)
24 3 wf wif
1, (x10% m™) (X101 V/m) v fs (10" V/m) n fs
1 1.629 62 2.308 62
5 4.500 41 5.659 29
10 6.716 26 8.865 20
(a) (b)
E E
> >
= >
X X
U—F Lr.]“§
50:15‘1,[1'11 50220{41’1’1
wp/wL wp/wL
(c) (d)
g E
> >
S S
ReS X
y y
§, = 25 ym s, = 15um
wp/wL wp/a)L
(e) (f)
e} £
> >
S S
X X
o y
§, =20 ym $, =25 pym
wp/wL wp/wL

Fig. 5. Amplitude of wake field E_, in terms of wp/wL at (a) s,= 15 ym, (b) s, = 20 um, (c) s, = 25 um for HSPS

and at (d) s,= 15 um, (e) s, = 20 yum and (f) s, = 25 ym for TPS.
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Table 4. Maximum values of E, in terms of w,/w; for three different s, values.

E™> (HSPS) E™> (TPS)
wi wf

SpHm (x10" V/m) W/, (x10" V/m) W/,

15 6.278 1.15 4.857 0.81

20 6.678 1.26 4.830 0.89

25 6.705 1.09 4.997 0.89
g £
S =
5 5
X RS
o~ L‘f

n, (x10** m~)

n, (x10% m?)

Fig. 6. Amplitude of wake field E_, in terms of n, at B = 0, 30 and 60 T for (a) HSPS and (b) TPS.

Table 5. Maximum values of E, ¢ in terms of n, for three different B, values.

0 6.473 13 4.900 6
30 6.614 13 5.037
60 6.727 13 5.300

respectively. It is observed that for both pulses,
when B_increases, the magnitude of E__ increases
as well. This behaviour is not seen in Fig. H(b) in
Askari and Shahidani [@]. However, the trend
of Figs. E(a,b) is the same as that of Fig. H(b) in
Askari and Shahidani [@] The maximum val-
ues of E _ for different B_values are shown in
Table 5.

7. Conclusions

In this paper, we have studied the effects of laser
and plasma parameters on the wake field excita-
tion with two different temporal pulse envelopes.
For both shapes, the amplitude of E , increases
when A rises at a definite n, value. Reversely,
the E__ intensity declines when 7 rises. We have
also concluded that the behaviour of wake field

differs in relation to the n value for a separate 7.
For HSPS, the wake field intensity peaks at ct =~ A ,
whereas the same occurs for TPS at ¢t = 0.5 A .
Moreover, the maximum of E_, intensity has big-
ger magnitudes for higher n in the studied range
of n values. Our study has shown that when w /w,
value increases, the amplitude of E_, increases for
HSPS and TPS until it reaches its climax for a dis-
tinct w /w, value. It has been clearly observed that
applying a longitudinal magnetic field enhances
wake field excitation. It is shown in Figs. @, E, E
and E that the maximum value of E__ for the same
initial laser and plasma parameters is larger for
the HSPS case compared to the TPS case whereas
in Fig. @ the highest value of E_, for the TPS case
is larger than for the HSPS case. Our results are
compatible with the results presented by Askari
and Shahidani [B4].
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