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Abstract 
Laser Wakefield is produced by ultra-high intensity laser pulse interacting 
with underdense plasma with special conditions for the laser wavelength and 
plasma density. In this mechanism, nonlinear forces appear due to the very 
high amplitudes of the electromagnetic wave and these forces evacuate plas-
ma electrons from the path of the laser pulse leading to very high electron 
plasma density gradients. Due to the electrostatic forces which result from 
these density perturbations, the electrons move very fast in oscillatory man-
ner to restore neutrality creating a wake of electron density perturbations be-
hind the laser pulse. Detailed investigation has been dealt with the time-delay 
between the driver laser pulse and the probe pulse which can affect the pro-
duction of high plasma gradients needed for photon acceleration process. 
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1. Introduction 

High-intensity short-pulse laser-plasma interactions are of much current interest 
because of their applications [1] [2] [3]. When the intense laser or particle beam 
interacts with the plasma, it creates plasma waves. The generation of relativistic 
plasma waves by intense laser or electron beams in plasmas is important for 
producing ultra-high gradient. A number of methods are being pursued after the 
development of the laser/particle beam-matter interactions to achieve ultra-high 
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gradients. These are including the laser Wakefield mechanism. The generation 
of the relativistic plasma waves using the laser Wakefield was first proposed by 
Tajima and Dawson in 1979 for producing ultra-high gradient plasma density. 
However, the intensity and the length of the pulse are controlling on the me-
chanism which, is used to generate the plasma waves. In the laser Wakefield the 
intensity is high ( 1810I � ) with length ultra-short (1.79874 × 10−5) [4]. In 1982 
[5] Sullivan and Godfrey, and in 1984 [6] Mori simulated the LWAF in 
one-dimensional (1-D) particle-in-cell. Before 1988 the technology for generat-
ing ultra-intense picoseconds laser pulse didn't exist. The LWAF was reinvented 
independently by [7] Gorbunov and Kirsanov and [8] [9] Sprangle et al. In 1989 
[10] Bulanov et al., also in 1990 Sprangle et al. [11] [12] and Berezhiani and 
Murusidze [13] developed the nonlinear theory of LWFA in one dimension. In 
1992 [14], and in 1993 [15] Sprangle et al. analyzed the nonlinear theory of the 
LWFA in two dimensions including the self-consistent evolution of the laser 
pulse. In 1993 [16] Hamster et al. obtained the first experimental evidence for 
plasma wave generation by the LWFA mechanism. In 1999 [17], the ray tracing 
simulation was used to diagnose future plasma acceleration and it was found 
that the photon acceleration was the most appropriate diagnostic technique for 
the future laser Wakefield accelerators. In 2002 [18], the simulation of the pho-
ton acceleration was studied by the interaction between the ultra-short intense 
laser pulse and the gradient of plasma density, the frequency up shift was ob-
served clearly in 1d simulation and small in 2d simulation. The saturation me-
chanisms and the effects of slippage, dispersion, diffraction and pump depletion 
for parameter optimization were discussed. Also in 2002 [19], the simulation of 
the photon acceleration was studied using plasma wake fields and the amplifica-
tion of the laser pulse using Raman backscattering. The simulation of the pho-
ton acceleration and laser pulse amplification presented with electromagnetic 
PIC simulation codes, 1d-XOOPIC and 2d OSIRIS observed the frequency up 
shift photon acceleration simulation after 2 cm of pulse propagated up to 150% in 
1d simulation, but only 10% for 2d simulation. In the simulation of laser pulse 
amplification, 1d fluid model was developed for the slowly varying envelope equa-
tions to investigate the amplification characteristics. The seed pulse is amplified 
exponentially with the growth rate in linear regime, and proportionally to t1 in 
nonlinear regime. In 2004-2005 [20] [21], C. D. Murphy et al. studied experi-
mentally and numerically, the photon acceleration by changed the gas density in 
experiment and changed the plasma density in the numerical studies with ul-
tra-short laser pulse, the blue shift was observed and it decreased with increasing 
plasma density. In 2006 [22], R. Trines, et al. used the same parameter in the ex-
perimental and also in the simulation that it used ultra-short intense laser pulse 
with change in the plasma density, the photon acceleration was observed and 
agreement between the numerical and the experimental. Also in 2006 [23], A. J. 
W. Reitsma, et al. studied laser pulse propagation in underdense plasmas with 
two different one-dimensional codes for two laser pulse lengths that are relevant 
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to the ongoing development of laser Wakefield acceleration, agreement between 
the full wave and photon kinetic approaches. In 2007-2008 [24], R. M. G. Trines 
et al. studied the role of the photon acceleration of a long laser pulse (180fs) with 
underdense plasma. They observe that the laser pulse modulated on the length 
scale of the laser-driven plasma wave and predicted that the plasma wave will 
also modulate the laser frequency. In 2012 [25], the frequency up-shift pheno-
mena during the interaction of an intense laser pulse with helium gas target was 
observed. This shifted due to the Wakefield-induced modulation of the laser 
pulse and used PIC code on this propagation. In 2013 [26], the generation of lon-
gitudinal electrostatic Wakefield was studied by interaction of super-Gaussian la-
ser pulse with homogeneous plasma presented by 2D PIC simulation in the relati-
vistic regime. It is observed that the generated wake amplitude for su-
per-Gaussian driving laser pulse increase as compared to the Wakefield ampli-
tude for a Gaussian laser pulse. By developing a 1D numerical model the Wake-
fields generated due to super-Gaussian laser pulse are then compared to the 
wakes driven by Gaussian laser pulse. The results obtained via numerical studies 
and simulations are found to be in good agreement with each other. In 2015 
[27], the photon acceleration was shown as a particular case of the inelastic scat-
tering process, where a probe photon increased, their energy from a moving in 
density perturbated. This observation illustrated by studying the interaction of a 
probe photon beam with bubble which produced by intense laser pulse. Still in 
2015 [28], sending a long laser probe pulse behind the short pump pulse, gene-
rates the Wakefield. By this simulation the measurement of a density profile in a 
plasma Wakefield can be performed using the photon acceleration. 

In this research, the acceleration of the probe pulse photons was studied by 
generating a Wakefield behind a short-duration ultra-high-intensity pump pulse 
propagate in underdense density plasma that was calculated from the wave-
length of the laser pulse, compared to the acceleration produced in a reference 
[18] which used a high-intensity pulse and also reference [11] with changed on 
density of the plasma. He found a very high acceleration of the probe’s pulse 
photons. The effect of the time delay change between the pulses generated the 
Wakefield and that will accelerate and the extent of the effect of this change on 
acceleration was also studied. This change was compared to reference [29] where 
the study was carried out for the time delay values were calculated from the wa-
velength of the plasma wave, found that the probe pulse is down shifted (photon 
deceleration) or up shifted (photon acceleration) unlike what was calculated in 
our current research where the time delay values were calculated relative to the 
wavelength of the pump pulse and found that all times have the same effect on 
acceleration. 

In Section 2, introduction to photon acceleration and the equation used in this 
acceleration. In Section 3, the conditions generate the Wakefield used in this ac-
celeration. In Section 4, the simulation used to generate the Wakefield and cal-
culate the time delay then the results from this simulation. Finally is the conclu-
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sion. 

2. Photon Acceleration 

The concept of photon acceleration can be used to describe the spectral changes 
experienced by electromagnetic waves when they propagate in spatially and 
temporally varying plasmas. When the space and time scales of the plasma per-
turbations are much larger than the photon wavelength and period, geometric 
optics can be used to describe the motion of the electromagnetic wave-packets. 
Photons can exchange energy with the plasma through the action of the ponde-
romotive force. The upshift frequency of an electromagnetic wave propagating 
through plasmas is [18] 

( ) 2
0 0 0

0 0 0 0

cos p p g

p

k n
n n

ζ ω ν τ δω
ω λ

 ∆
= −π  

 
                 (1) 

where gν  and τ  are the group velocity of the probe pulse and the propaga-
tion time, respectively. 0pω  is the electron plasma frequency characterized by 
the characteristic dispersion relation [30] 

2 2 2 2
0 3p P thekω ω ϑ= +                         (2) 

where ω  and k are the frequency and wavenumber of the electrostatic oscilla-
tions respectively, and the e mTϑ =  is the electron thermal velocity and eT  
the electron temperature [31]. 

An electron plasma wave is considered one of the basic types of electrostatic 
waves, because its frequency is nearly equal to the electron plasma frequency. 
[32]. 

Some mechanisms can be used to generate perturbation in the plasma density. 
In this work the density gradient generation by Wakefield is thoroughly investi-
gated.  

3. Wakefield Plasma Density Gradient Generation 

When a short laser pulse with frequency is much larger than the plasma 
frequency and due to the ponderomotive force, an electrostatic wake will be 
excited [33], as in Figure 1. An intense pulse with a group velocity [34]. 

( )
1

2 2 2
01EM

g pv c cω ω= − <                      (3) 

Propagate through underdense plasma ( )0 Pω ω� , the ponderomotive force 
expels electrons from the region of the laser pulse and excites electrons gradient. 
[35] 

( ) 22pond oscF m v≅ − ∇                        (4) 

These waves are generated as a result of being displaced by the leading edge of 
the laser pulse. If the laser pulse length lL cτ=  is larger than the electron  
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Figure 1. A short laser pulse propagating in a plasma 
excites a relativistic electron plasma wave. 

 

plasma wavelength (where lτ  is the pulse duration), 2
p

p

cλ
ω
π

=  [36] the  

energy in the plasma wave is re-absorbed by the trailing part of the laser pulse. 
However, if the pulse length is approximately equal to or shorter than the 
plasma wavelength l pcτ λ<  [37] [38], the ponderomotive force excites plasma 
waves or Wakefields with phase velocity equal to the laser group velocity and the 
energy is not re-absorbed.  

4. Simulation Results 

Simulation experiments with different probe pulse parameter are conducted to 
observe the effect of the variation of this parameter on the nature of the interac-
tion of this pulse with the Wakefield, and how this affects the upshift of the fre-
quency of the photons in the probe pulse. 

The time delay is selected with respect to the ratio (
c
λ ) for the pump pulse.  

The time of the wavelength for the pump pulse is calculated, and then the selec-
tion of the time delay for the probe pulse is done according to the calculated  

time of the pump pulse ( t
c
λ

= ) as equals to 0.0t, 0.25t, 0.5t, 0.75t and t. 

Figures 2(a)-(d) show the phase space of electrons (perturbation of plasma 
density) after generation. The amplitude of density gradient produced from the 
propagation of the pump pulse in the plasma with ultra-high intensity I = 7.04 × 
1019 W/cm2 and ultra-short duration 60.0 × 10−15 s was in the range of the 
expected value.  

Figures 3(a)-(d) show the 3-D representation of the simulation results of 
frequency upshift for the probe pulse propagation at different simulation times.  

The probe pulse is sent after the pump pulse with times delay of [0.0, 0.25
c
λ , 

0.5
c
λ , 0.75

c
λ , 0.75

c
λ ] with the same wavelength but with a lower duration,  

14.9895 × 10−15 s. The intensity of the probe pulse is much lower than the pump 
pulse 148.98 10×�  W/cm2. Photons can exchange energy with the density 
gradient of the plasma through the action of the ponderomotive force. The  

https://doi.org/10.4236/ojapps.2021.113026


M. M. Abd Elwahab et al. 
 

 

DOI: 10.4236/ojapps.2021.113026 359 Open Journal of Applied Sciences 
 

 

Figure 2. Phase space electrons of times delay [0.0, 0.25
c
λ

, 0.5
c
λ

, 0.75
c
λ

, 
c
λ

] respectively at simulation time 2.00110 × 10−13 

s. 
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Figure 3. The 3-D graph of the probe pulse of times delay [0.0, 0.25
c
λ

, 0.5
c
λ

, 0.75
c
λ

, 
c
λ

] respectively at simulation time 

2.00110 × 10−13 s. 
 
upshift of the photons continues to a greater extent at later times. Positive 
frequency shifts (upshifted) require the laser probe pulse to be centered about 
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regions of the wave with a decreasing density as shown in Figure 4. The 
comparison between the electric field of the probe pulse at various times delay is 
shown in Figure 5.  
 

 
Figure4. Diagram of probe pulse upshifted. 
 

 
Figure 5. The electric field amplitudes of the probe pulse a function of distance at various 
time delays. 

5. Conclusion 

Equation (1) with its components gives the relation between the frequency shift  

0

ω
ω
∆  and the density perturbation 0

0

n
n
δ

. The results have been obtained to  

demonstrate this relation. A single ultra-high intensity laser pulse when propa-
gating in underdense plasma with special density calculated from the laser pulse 
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wavelength, excites an electron plasma perturbation with very high gradient mi-
grates following and behind the pulse and creates Wakefield with very high elec-
trostatic amplitude. The results obtained in this paper for this case show qualita-
tively the effect of changing the time when the photons in the probe pulse inte-
ract with the electron plasma gradient in the wake of the drive pulse. According 
to the theory, as soon as this interaction happens, the photons will be upshifted. 
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