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Abstract
Optimization and control of electron beams is a major issue in laser wakefield
accelerators. Based on two-dimensional particle-in-cell simulations, we
propose a way to control the beam quality in laser wakefield acceleration
using proper optimization of laser pulse length. The laser pulse with varying
pulse duration has been considered that fulfils the resonance condition
(c L   p ) of plasma wave excitation. Pulse amplitude increases as the front
part of the pulse gets compressed that leads to increment in laser pulse
intensity and hence, the pulse imparts stronger ponderomotive force on the
ambient plasma electrons. Stronger ponderomotive force might affect the
injection of electrons into Wakefield. Therefore, one may an employthe laser
pulse with varying values of pule length for laser wakefield acceleration to
explore the quality of the injected bunch in terms of injected charge, mean
energy and emittance. Injection of the electrons beyond a certain limit destroys
the plasma wake and hence, energy gain of the injected bunch reduces. Our
study based on particle-in-cell simulations reports that the optimization of
pulse length is good in terms of monoenergetic beam; low emittance and
improved injection for the pulse duration of 30 femtosecond in laser wakefield
acceleration.

I. INTRODUCTION
Particle acceleration has been a significant field of interest for both fundamental and
applied sciences. It has wide variety of applications including particle therapy for
oncological purposes, radioisotope production for medical diagnostics, ion implanters
for manufacture of semiconductors, and accelerator mass spectrometers for
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measurements of rare isotopes such as radiocarbon. Veksler introduced the idea of
collective acceleration by using plasmas in 1956 [1]. Since, plasma is already in the
breakdown form, the plasma based acceleration is free from the breakdown problem.
Key idea was to inject an electron beam into plasma to excite a large amplitude
plasma wave that accelerates heavier ions. Here, the term collective acceleration is
used because the fields excite in plasma due to the collective plasma oscillations.
Therefore, plasma acceleration is a technique that accelerates the charged particles
such as electrons, positrons and ions by using the electric field associated with the
electron plasma wave or other high-gradient plasma structures (like shock and sheath
fields). Ultra-short laser pulse or charge particle beam can be used to excite a plasma
wave for particle acceleration in a plasma. The plasma based accelerators are quite
significant because of their ability to sustain extremely large acceleration gradient and
also these accelerators can produce ultrashort electron bunches; those have potential
applications in x-ray free electron lasers.
The concept of laser-driven plasma acceleration was first proposed by Tajima and
Dowson in 1979 [2]. They proposed that the ponderomotive force associated with the
laser pulse (if the pulse duration is comparable to the plasma wave period) excite a
plasma wave (wakefield) that propagates with velocity close to the velocity of light.
Here ponderomotive force is a nonlinear force, which arises due to the
inhomogeneous nature of laser electric field. There are various laser-plasma based
acceleration configurations, specifically the laser wakefield accelerator (LWFA), the
plasma beat-wave accelerator (PBWA) [3-6], the self-modulated laser wakefield
accelerator(SM-LWFA) [7-9] and the wakefield driven by multiple pulses [10-12].In
laser wakefield accelerator (LWFA), an ultra-short (1 ps) and high–intense

( 1017 w / cm2 ) laser pulse drives a plasma wave to accelerate the plasma electrons
to GeV energy. Electric field associated with plasma wave is known as wakefield.
The strength of this wakefield can be extremely high of the order of 100 GV/m (for
typical plasma density 1019 / cm 3 ) .The wakefield can be driven effectively when the
laser pulse duration is comparable to the plasma wavelength. Electrons injected into
the accelerating phase of the wakefield can be accelerated to GeV energy over a short
distance.
First experimental evidence of plasma wave generation by LWFA mechanism was
given in 1993 [13]. Several groups reported the beam quality measurements in LWFA
before 2004, but the quality of electron bunch was not upto desired scale [14-18]. The
nonlinear theory for LWFA in one and two dimension with self-consistent evolution
of the laser pulse was given by several groups around the year 1990 [19-22]. In 2004,
the production of high-quality electron bunch characterized by significant charge at
high mean energy with small energy spread and low divergence was reported [23-25].
In these experiments, the electrons were self-trapped by the 10-100 TW laser pulses
from the background plasma using millimeter-scale gas jet sources. High quality
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electron bunches were obtained by controlling the acceleration length so that it was
equal to the dephasing length. Matching of the acceleration and the dephasing length
was accomplished either by using a preformed plasma channel or by using high power
laser pulse. Lower density plasma was also considered to increase the dephasing
length.
In 2006, high quality electron bunches were produced at 1GeV level using 100 TW
class laser pulse in a centimeter-scale plasma channel [26]. Important experimental
milestone was demonstrated for controlled injection and acceleration of electrons
using the colliding pulse method. High quality electron bunches at 100 MeV level
were generated with multi-10 TW laser pulses in a millimeter-scale gas jet using two
pulse collinear and counter-propagating geometry [27]. Production of the stable
electron bunches have been reported by using negative plasma density gradient [28].
Such high quality electron bunches were a result of a high degree of control of the
laser plasma parameters. Although much progress has been made but still it needs to
improve the LWFA experiments. One important challenge is to stabilize the
performance of the accelerator. For stable electron bunch energies, it requires to
control the laser pulse energy, pulse length, and spot size at little percent level. In
similar way, the plasma densities must also be controlled to ensure the wake
amplitude, the dephasing length, and energy gain remain constant. Novel time
resolved diagnostics need to be developed and implemented to allow e.g.
measurement of the slice emittance and energy spread of femtosecond-duration
electron bunches.
In this paper, we have considered a laser pulse of intermediate intensity with different
ratio of leading to trailing pulse edge duration to maintain balance between selfinjection and energy gain of the injected charge bunch. Pulse evolution has been
investigated to see the depletion length and the plasma density distribution during
LWFA. Our focus is to obtainan energetic electron beam with better quality from
LWFA. We have used two- dimensional particle-in-cell (PIC) simulations to obtain
the results. A general mathematical of the problem is given in Sec. II. The PIC
simulation detail is discussed in Sec. III and the simulations results are put forward in
Sec. IV. Finally, a brief summary of the results is given in the last Sec.

II. MATHEMATICAL FORMULATION
Consider a linearly polarized Gaussian laser pulse of the profile of 𝑎2 =
𝑎02 exp(−ξ2 /L2 )for 0 < |𝜉| < 𝐿, where 𝑎 = 𝑒𝐴⊥ /𝑚𝑐 2 , 𝐴⊥ is the vector potential of
the laser pulse, 𝐿 = 𝑐𝜏0 is the laser pulse length, 𝜏0 is the laser pulse duration, 𝜉 =
(𝑧 − 𝑣𝑝 𝑡)/𝜆0 is the moving coordinate normalized by the laser wavelength, 𝑣𝑝 is the
phase velocity of the plasma wave, 𝑐 is the speed of light in vacuum, and 𝑚 and – 𝑒
are the electron mass and charge, respectively. The plasma density is 𝑛0 = 0.01𝑛𝑐 ,
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where 𝑛𝑐 = 𝑚𝜔2 /4𝜋𝑒 2 is the critical density corresponding to the laser frequency 𝜔.
The motion of electrons in the laser field is described by the Hamiltonian, 𝐻 =
{𝑚2 𝑐 4 + 𝑐 2 𝑝∥2 + (𝑐𝑝⊥ + 𝑒𝐴⊥ )2 }1/2 − 𝑒𝜙, where 𝜙 is the electrostatic potential of the
wakefield, 𝑝∥ and 𝑝⊥ are the longitudinal and transverse momentum of the electrons,
respectively. Because of the large mass and the slow response of the ions, we consider
them immobile. We consider the laser wakefield generation in the nonlinear regime
for 𝐿 ≃ 𝜆𝑝0, where 𝜆𝑝0 = 2𝜋𝑣𝑝 /𝜔𝑝0
is the plasma wavelength and 𝜔𝑝0 =
2
4𝜋𝑛0 𝑒 /𝑚 is the electron plasma frequency. The electrostatic wakefield potential
(𝜑 = 𝑒𝜙/𝑚𝑐 2 ) in the electron plasma wave can be given by the Poisson’s equation
𝜕2 𝜑
𝜕𝜉 2

= 𝑘𝑝2 𝛾𝑝2 [

𝛽𝑝 𝛾𝑝 (1+𝜑)
1/2

{𝛾𝑝2 (1+𝜑)2 −(1+𝑎2 )}

− 1],

(1)

where𝛾𝑝 = 1/(1 − 𝛽𝑝2 )1/2 is the relativistic factor, 𝛽𝑝 = 𝑣𝑝 /𝑐 , and 𝑘𝑝 = 2𝜋/𝜆𝑝0.
The longitudinal electric field associated with the wake can be given by⃗⃗⃗⃗𝐸 = −∇𝜑.
Density perturbation of the wake is mentioned in the following Eq.2.
𝛿𝑛
𝑛

𝜋 𝑎02

= −4

2

8

𝜉2

𝜉2

[1 + 𝑘 2 2 (1 − 2 𝐿2 )] exp(−2 𝐿2 )
𝑝𝐿

(2)

It is known that, in LWFA, the strength of accelerating and the dephasing length are
controlled by the plasma density. The increasing plasma density can increase the
accelerating field strength and low plasma density can increases the acceleration
length. Therefore, the plasma density variation is very important in determining the
electron energy gain from LWFA mechanism.
In this work, the role of laser pulse length on the injected bunch quality in LWFA has
been studies. As mentioned in the Eq. (2) density perturbation has dependence over
the laser pulse length, therefore, it might create different density perturbation in the
plasma. Density perturbation affects the laser pulse evolution, which might affect the
wakefield and injection mechanism. Consequently, the beam quality of the injected
bunch might be affected in terms better collimation and energy. Hence, the study of
LWFA mechanism with varying laser pulse is quite significant in terms of is
significant application in ultrashort radiation generation.

III. Particle-in-cell (Pic) simulation
In present simulation study, we used fully relativistic 2D particle-in-cell (PIC) code
named cpl-PIC. For field calculations, we employed the commonly used finitedifference time domain (FDTD) method based on a Yee-mesh [29]. The fields on
particles are area (volume)-weighted in the rectangular meshes. The new feature of
the code is that the simulation particles adhere to the cell so that a pair of particles
close to each other can be found readily without any separate sorting algorithm, which

Study of Laser Wakefield Acceleration by using Particle-in-cell Simulation

329

endows a significant convenience in Monte Carlo calculation of the Coulomb
collisions. The electric and magnetic interlace in the space and time domains to ensure
the second order accuracy. For kinetic part of the code, the velocity and position of
the simulation particles are calculated using the Boris scheme and leap frog methods.
The Villlasenor-Buneman [30]scheme was used to calculate the current generated
from the simulation particles. Finally, the fields applied to the particle are linearly
interpolated from the mesh values. For all simulations, the periodic boundary
conditions were used in transverse direction along with a moving window
implementation in laser propagation direction.A detailed explanation and some
benchmarks of the PIC code are described in Ref. 41. It should be noted that this PIC
code was successfully used in underdense plasma simulations in our previous
publications[31-33].
Laser pulse is polarized along z-direction and propagated along the x direction. The
laser
parameters
have
chosen
as a 0  2.3 , rs  15m ,   1m ,
LFWHM  20fs, 25fs, 30 fs, 35 fs, and 40 fs . Here, 𝑎0 is defined as laser strength

parameter that can be formulated as 𝑎0 = 𝑒𝐸/𝑚𝜔𝑐, where E is the laser electric
field, 𝜔 is the laser frequency, LFWHM is laser pulse length and e and m are the
electron charge and mass, respectively. Total length of underdense plasma has been
considered 3000m in longitudinal direction and 50m in transverse direction with a
background density of n 0  4.0 1018 cm 3 . First, the laser was launched and then
propagated in vacuum for a distance equal to the laser pulse length so that the entire
laser pulse can be in simulation domain before encountering the linear density ramp
that has density variation ranging from zero to n 0  4.0 1018 cm 3 . Laser and plasma
parameters were optimized such that there is reasonable self-injection in the plasma
wake wave. The grid resolution has been set as ∆𝑥 = 𝜆/16 , ∆𝑦 = 𝜆/4, where 𝜆 is
16

the wavelength of the laser. The simulation time step was 1.65 10 s , which satisfies
the Courant condition marginally so that the numerical dispersion is as small as
possible. To resolve laser pulse and plasma fluctuations, we used ten particles per cell
for present set of simulations.

IV. SIMULATION RESULTS AND DISCUSSION
In connection to this work, different pulse length for a Gaussian laserpulse profile
have been considered to explore the electron beam quality in laser wakefield
acceleration.Density distribution, pulse evolution and the quality of the injected bunch
have been analyzed
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Fig. 1. Electron density for laser pulse length (a) 40 fs, (c) 35 fs, (e) 30 fs, (g) 25 fs,
(i) 20 fs and the corresponding peak energy for laser pulse length (b) 40 fs, (d) 35 fs,
(f) 30fs, (h) 25 fs, and (j) 20fs respectively.
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for aforesaid laser-plasma parameters. Beam parameters such as injected charge,
mean energy and emittance have been observed for laser pulse of different pulse
length. Observations of the beam parameters are made before the dephasing and
depletion length. The shape of laser pulse changes as it propagates in plasma due to
variation in refractive index of plasma. Initially, the pulse is compressed slightly
because leading edge of the pulse sees a higher plasma density that leads to the lower
group velocity in comparison to trailing edge of the pulse, which leads to the
asymmetric compression of the pulse. In later time steps, the pulse compression also
followed by the pulse broadening that leads to the oscillations in pulse length and it
continues until the pulse depletes. Laser pulse amplitude decreases first and then
attains almost same value after traversing some distance as a consequence of
defocusing and focussing, respectively.The effect of pulse length on the plasma
wakefield and the self-injection might be different.Plasma density has been chosen
such that the pulse depletion length and electrons dephasing length is equal and it also
ensures the stable propagation of laser pulse. Injection of electrons into plasma wake
starts at 0.8 mm and after that injected bunch attains a peak value of the energy at
1.47 mm.
Fig.1. (a) (c) (e) (g) (i) and (b) (d) (f) (h) (j) show the density distribution and the
corresponding peak energy in case of symmetric laser pulse, respectively. Injection of
electrons starts near around the distance of 0.8 mm in plasma as a consequence of
wave steepening and broadening from the trailing part of the pulse. Broadening of the
pulse, wave steepening and self-injection match exactly as manifested in density
distribution and pulse evolution contours.
In starting time, the plasma wake is not strong enough for injection mechanism.
Therefore, the strong cavity formation and the injection of electron can’t be seen in
first wave bucket behind the laser pulse. Peak energy decreases as laser pulse length
decreases can be seen in Fig.1 (b) (d) (f) (h) (j). That is because the peak laser
amplitude for shorter pulse is less in comparison to the long pulse while propagating
through the plasma.

Table.1. Data of electron beam parameters for varying laser pulse pulse length in
LWFA
Laser pulse
length

20 fs

25 fs

30fs

35 fs

40 fs

Charge

14.28

5.136

17.18

13.94

12.47

Mean energy

107.43

128.42

131.60

150.37

154.38

Emittance

34.01

27.88

43.42

44.30

40.61
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We now turn to the quality of the electron beam accelerated in all five cases (for
different pulse-lengths) with varying laser pulse length. We focus only on the
electrons in the ﬁrst wake just behind the laser pulse. We calculated various
parameters such as the charge, mean energy, and normalized emittance. These
parameters of the electron beam were calculated, when injected electron bunch
attained maximum energy gain. These beam quality parameters are summarized in
table .1.
The data mentioned in above table.1 give a systematic prediction of electron beam
quality parameters for laser pulse with varying pulse length. From the data, one may
optimized the beam quality for a given pulse length. Some general behaviors can be
deduced from these tables. The average electron energy gain in LWFA is sensitive
with the pulse length. The front part of the pulse contributes in injection and the
trailing part plays a crucial role in wakefield excitation. Energy gain of the injected
electron bunch enhances in case of longer pulse as the laser pulse intensity increases
reasonably while propagation in plasma in comparison to the short pulse. When laser
pulse length decreases, strong variation in pulse intensity for short pulse length
dominate over the strong wakefield effect therefore overall energy gain reduces. After
attaining a maximum energy gain, the average energy of electrons decrease because
of the combined effect of pulse depletion and pulse compression.
The charge of injected electron bunch is seriously affected by the laser pulse length.
From above mentioned data the injected bunch charge is maximumin case of 30 fs
laser pulse because of the strong pulse evolution.The emittance of the charged beam is
an important parameter to determine the beam quality in LWFA. In LWFA, the pulse
length is a way to reduce the beam emittance. For the shorter pulse, the trailing part
does not effectively interact with the injected charge. Thus one may use a short pulse
to control the beam emittance in LWFA. As the pulse asymmetry increases, the
emittance of the electron bunch reduces. For short laser pulses, the interaction
between the injected electron bunch and the trailing part of the pulse reduces that
leads to the focusing of electron bunch as laser electric field doesn’t affect the motion
of the injected electrons. Our simulation results suggest that the pulse length may be a
control parameter to optimize the beam emittance in LWFA.

V. CONCLUSIONS
Our study suggests a way to control and optimize the electron beam parameters in
LWFA.The ponderomotive force changes the refractive index of a plasma at the back
and front of the pulse that leads to change in the shape of a laser pulse. PIC (particlein-cell) simulations show that the laser pulse length has considerable effect on the
beam quality due to compression and evolution of the pulse at different propagation
distance in a plasma. Pulse shape evolution affects the wake formation that leads to
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change in self-injection process. Evolution of the laser pulse and wakefield generation
both are quite strong for short laser pulse that’s why injection process starts a little
earlier in comparison to long laser pulses. The injected charge varies a little as the
pulse length increases until the injected bunch attains a peak energy level. After that
the charge injection increases quite reasonably and therefore the peak energy starts to
decrease due to beam loading effect. Laser electric field interacts rarely with the
injected electrons in case of short laser pulses. Therefore, when the pulse gets
compressed and becomes asymmetric, the emittance of the electron bunch reduces.
Hence, the pulse length can be considered as one of the controlling knob for the
emittance of the accelerated bunch. Finally, it can be concluded that the pulse length
is crucial to obtain a good quality monoenergetic beam with low-emittance and
improved injection. A proper selection of pulse length is suggested to generate a good
quality beam in LWFA.
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