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Abstract. A sequential three-dimensional (3D) particle-in-cell simulation code PICPSI-3D with
a user friendly graphical user interface (GUI) has been developed and used to study the interaction
of plasma with ultrahigh intensity laser radiation. A case study of laser–plasma-based electron
acceleration has been carried out to assess the performance of this code. Simulations have been
performed for a Gaussian laser beam of peak intensity 5 × 1019 W/cm2 propagating through an
underdense plasma of uniform density 1 × 1019 cm−3, and for a Gaussian laser beam of peak
intensity 1.5 × 1019 W/cm2 propagating through an underdense plasma of uniform density 3.5 ×
1019 cm−3. The electron energy spectrum has been evaluated at different time-steps during the
propagation of the laser beam. When the plasma density is 1 × 1019 cm−3, simulations show that
the electron energy spectrum forms a monoenergetic peak at ∼14 MeV, with an energy spread of
±7 MeV. On the other hand, when the plasma density is 3.5 × 1019 cm−3, simulations show that
the electron energy spectrum forms a monoenergetic peak at ∼23 MeV, with an energy spread of
±7.5 MeV.
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1. Introduction

Recent advances in laser technology have led to the development of compact multi-
terawatt and petawatt pulsed laser systems [1–4] in several laboratories worldwide. The
interaction of these ultrashort, ultrahigh intensity laser pulses with a plasma has revealed
fascinating physical phenomena and led to advances in areas such as ultrashort X-ray
generation [5], high harmonic generation [6], electron acceleration [7–11] and ion acceler-
ation [12,13]. Out of these, electron acceleration has drawn considerable attention due to
the possibility of developing a compact table-top accelerator. High-intensity laser pulses
propagating through an underdense plasma produce accelerating fields up to ∼100 GV/m
over several millimetres and up to ∼1 TV/m over a few microns, which have been used
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to accelerate electrons to an energy up to 170 MeV [9–11]. Since the accelerating gra-
dient is 1000 times greater than that produced by conventional accelerator technology,
laser–plasma-based acceleration has the potential of setting up compact accelerators in
the future, the only limitation being the acceleration length. Experiments in several
laboratories worldwide using gas jets have demonstrated acceleration of monoenergetic
electrons of energy exceeding 10 MeV and narrow divergence using diverse laser and
plasma parameters [14–21]. To increase the interaction length, plasma channels [10] and
larger laser spots [9,11] were used and electron bunches at ∼0.1 GeV were produced. By
extending the interaction length to the centimetre scale using a plasma channel, 0.5 GeV
stable acceleration has been observed [21]. Improvement in the stability and control of
electron beam energy has been demonstrated through controlled electron injection in two
counterpropagating laser pulses [22] or by using a steady-state-flow gas cell [23].

Knowledge of the detailed electron bunch kinetics will be essential as the channel
length and electron energy scales up. Simulations have an edge over analytical theory
in explaining nonlinear plasma response, electron trapping and self-consistent accelera-
tion. They provide insight into the internal dynamics to optimize LWFAs and are essential
in modelling the physics of monoenergetic electron bunches from self-trapped electrons,
observed in experiments of recent years, and evaluating the scaling of these experiments
to higher energies [10,13,23–25]. Several laboratories have set up particle-in-cell (PIC)
codes for such studies, e.g. VLPL [26,27], OSIRIS [28], VORPAL [29], and the behaviour
predicted by these codes has been subsequently verified in several experiments. A mul-
tipurpose 3D PIC code named PICPSI-3D has been developed at the Laser & Plasma
Technology Division, Bhabha Atomic Research Centre, Mumbai, India, to study the inter-
action of plasmas with laser and particle beams. In this PIC code, an intense laser pulse
interacts with preformed plasma, and the evolution of the plasma and the field parameters
can be studied. The code has been upgraded to facilitate the study of laser–plasma-
based electron acceleration. In this paper, we present a case study of laser–plasma-based
electron acceleration, carried out to assess the performance and limitations of the code.
Simulations have been performed for a Gaussian laser beam of 5 × 1019 W/cm2 peak
intensity propagating through an underdense plasma of 1 × 1019 cm−3 uniform density,
and for a Gaussian laser beam of 1.5 × 1019 W/cm2 peak intensity propagating through
an underdense plasma of 3.5 × 1019 cm−3 uniform density.

The code clearly demonstrates monoenergetic electron acceleration in both the cases.
In the first case, the monoenergetic electrons have an energy peak at 16 MeV and an
energy spread of ±7 MeV with the tail extending up to 50 MeV. In the second case, the
electrons have a monoenergetic peak at 23 MeV with an energy spread of ±7.5 MeV with
the tail extending up to 87 MeV.

2. The code

The code ‘particle-in-cell plasma simulation-3D’ (PICPSI-3D) uses the standard rela-
tivistic particle push and a local finite-difference time-domain (FDTD) solution to the full
Maxwell equations. The code permits different plasma shapes (rectangular, cylindrical
and spherical) and density variations (Gaussian, linear and tangent hyperbolic). The laser
pulse can have a rectangular or a Gaussian temporal profile. The code has diagnostics for
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the evolution of the electromagnetic fields, particle densities, energies and momenta. This
is a sequential code with a static simulation box, written in C and C++ under the Linux
platform. It uses the fast-light-toolkit (FLTK) and OpenGL libraries for the graphical-user
interface and visualization of the data. There are a post-processor ‘Picvic’ and a movie
viewer ‘Moview’ as accompanying utilities. The post-processor analyses the data at a
given time-step and the movie viewer displays the frames saved from the two windows,
namely ‘particle field window’ and ‘particle density window’ as an animated GIF movie.

The code has been modified to facilitate the study of laser–plasma-based electron accel-
eration, and has been commissioned on a dual processor (Quad Core Xeon, 3 GHz)
workstation with 32 GB system memory. The code is run for simulations of laser–plasma-
based electron acceleration for the parameters discussed in §3. We observe monoenergetic
electron acceleration in short as well as long laser pulses, where the long laser pulse
gets strongly self-phase modulated resulting in monoenergetic electron acceleration. The
results are discussed in §4, in terms of the simulation parameters.

3. Simulation parameters

For our simulation study, plasma densities were taken keeping in view the parameters
of our recent experiments on laser wakefield acceleration (LWFA) [30]. A rectangular
simulation box with a pre-formed plasma of uniform density inside was chosen. A lin-
early polarized Gaussian laser pulse enters the simulation box from the left-hand side and
propagates along the z-axis. The threshold for self-focussing of a laser beam in a plasma
is given by Pcrit ≥ 17 (ωL/ωP)

2 GW [8,31], where ωL is the laser frequency and ωP is
the plasma frequency. For both the densities used in the simulations, the power of our
laser (10 TW Ti:sapphire) was more than the critical power. The dephasing length, over
which the electrons outrun the accelerating wakefield, is given by (nc/ne)

3/2 λL [32], and
the maximum energy of the accelerated electrons is given by 2(nc/ne)m0c2 [14]. The
Rayleigh range of the focussing optics in our experiment was about 250 μm [33]. The
code has been run for two sets of laser and plasma parameters.

In the first case, the laser pulse (λ = 790 nm, τL = 45 fs) is focussed on to a spot
of 5 μm (FWHM) in a plasma of density 1 × 1019 cm−3 with six macroparticles per
cell, which is reasonable for the number of particles in tri-linear interpolation of particle
weighting. The plasma consisted of 2 × 107 macroparticles and was inside a simula-
tion box of 30 × 30 × 100 μm3 volume, with a mesh size of 0.1 μm. Initially, a
laser pulse of intensity ∼ 3 × 1018 W/cm2 (a0 = 2) was taken. The code was run
for 6000 time-steps, with each time-step being 0.0962 fs. For the given plasma density,
the dephasing length was ∼1800 μm, the critical power for self-focussing was 2.9 TW
and the expected maximum electron energy was 170 MeV. The evolution of the longitu-
dinal electric field, electron density, electron energy and the momentum phase-space was
recorded after every 100 time-steps. The run took ∼21 days to simulate as a stand-alone
job on the workstation. This run yielded no acceleration over the interaction length of
100 μm of the simulation box. The laser intensity was then increased to 5 × 1019 W/cm2

(a0 = 34), and the code was run keeping the remaining parameters unchanged. In this
case, λp (∼10.4 μm) < cτL (∼13.5 μm). Hence the acceleration is supposed to be in
self-modulated wakefield regime.
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In the second case, a laser pulse of intensity ∼1.5 × 1019 W/cm2 (a0 = 10), τ =
18 fs was focussed onto a 10 μm spot in a plasma of 3.5 × 1019 cm−3 density. The
plasma consisted of 7 × 107 macroparticles (∼4 macroparticles per cell) and was inside
a simulation box of 25 × 25 × 260 μm3 volume, with a mesh size of 0.1 μm. The
code was run for 11,000 time-steps, with each time-step being 0.0962 fs. The dephasing
length in this case was ∼255 μm, the critical power for self-focussing was 0.8 TW and
the expected maximum electron energy was 46 MeV. The evolution of the longitudinal
electric field, electron density, electron energy and momentum phase-space was recorded
after every 100 time-steps. The run took ∼72 days to simulate as a stand-alone job on the
workstation. This case is clearly in the bubble regime as λp (∼5.4 μm) = cτL. A brief
description of the results for both the cases is given in the next section.

4. Results

4.1 Case 1

In figure 1, one observes the growth of a clear bubble after 3400 time-steps (∼327 fs).
The figure shows a 2D slice of electron charge density along the ŷ–ž central plane of the
simulation box, where ŷ is the direction of laser polarization and ž is the direction of prop-
agation of laser pulse. The electrons are shown in blue colour, and one observes gradual
formation of a cavity-like structure devoid of electrons. In 3D, the structure takes the
shape of a bubble. In this case, the long Gaussian laser pulse starts getting self-modulated

Figure 1. The electron density plot along the central plane of the simulation box for
Case 1.
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Figure 2. The self-modulated laser pulse inside the simulation box at (a) 3000 and
(b) 5000 time-steps.

Figure 3. Longitudinal electric field (Ez) as a function of propagation distance z for
Case 1.

at plasma period (∼105 mesh points) as shown in figure 2. The pulse is modulated in only
two fragments as its length is marginally longer compared to the plasma wavelength. In
the experiment, the occurrence of self-modulation was confirmed from the observation of
the Stokes satellite in the FRS spectrum (figure 2a of [33]).
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Figure 4. The electron charge density along z direction, at the central plane of the
simulation box for Case 1.

Figure 3 shows the longitudinal electric field (Ez) as a function of propagation distance
z. One can see the development of a bubble-like structure at 4000 time-steps between
300 and 500 mesh points along the z-axis. A sudden increase in the field amplitude at
these time-steps is a signature of the bubble. As seen in the figure, the field indicates
a bubble-like structure at 4000 time-steps between 350 and 450 mesh points, which has
advanced between mesh points 600–700 at 5000 time-steps. One also observes that the
field amplitude decreases slightly as the electrons are launched at 5000 time-steps. From
figure 3 one infers that the field is ∼140 GV/cm, and the electrons are accelerated inside
the bubble. Figure 4 shows the modulation of electron charge density at 6000 time-steps
(577 fs) along the z-axis. From the figure, one observes that the electron charge density
around 850 mesh points has increased to ∼5 × 1010 from the background charge density
of less than 1 × 1010, whereas at a mesh point of ∼900, it has increased to 6 × 1010,
with a decrease in the charge density to almost zero in between. This again confirms the
formation of a bubble with five and six times increase in the density at the rear and front
of the bubble and a void in between.

The momentum phase-space plot is shown in figure 5. It is observed that initially the
electrons acquire a momentum in the transverse field direction. With the build-up of the

Figure 5. The momentum phase-space plot of electrons for Case 1.
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longitudinal field, they start gaining longitudinal momentum resulting in the total momen-
tum of electrons tilting along z-direction, and by the time the laser pulse has traversed
6000 time-steps, the electrons form a monoenergetic peak. Figure 6 shows the electron
energy spectrum for three time-steps 5000, 5400 and 6000. It is evident that as the elec-
trons are launched into bubble at time-step 5000 (481 fs), the electron energy spectrum
starts forming a peak. It forms a clear peak at 16 MeV at 6000 time-steps (577 fs), with an
energy spread of ±7 MeV, where the tail of the spectrum extends up to 50 MeV. Our sim-
ulation box ends at 100 μm at 6000 time-steps. Due to limitations in system memory, we
could not use a longer interaction length. Nevertheless, it is clear that a greater interaction
length would have resulted in further gain in electron energy along with a sharpening of
the electron energy peak. The full cone angle divergence of all the accelerated electrons
comes out to be 0.23 radians, whereas the full cone angle for monoenergetic electrons is
0.0173 radians.

4.2 Case 2

In figure 7, one observes the growth of a clear bubble after 1600 time-steps (∼154 fs).
The bubble breaks at 4000 time-steps (384 fs) resulting in the launch of electrons inside
the bubble. At 6800 time-steps (654 fs), the electron energy spectrum starts to show a
peak.

Figure 8 shows longitudinal electric field amplitudes for three time-steps of 6400, 6800
and 7600. A sudden increase in the field amplitude at these time-steps is a signature of the
bubble, and one infers that the field is ∼760 GV/cm. At 7600 time-steps, the bubble gets
deformed. Figure 9 shows the modulation in electron charge density and one observes
that the electron charge density around the mesh points 1420 and 1450 has increased to
∼5 × 1011 from the background charge density of less than 0.2 × 1011, with a decrease

Figure 6. Electron energy spectrum for Case 1.
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Figure 7. The electron density plot at the central plane of the simulation box for
Case 2.

in the charge density to very low value in between. This again confirms the formation
of a bubble with a strong increase in the density at the rear and front of the bubble and a
void in between. Figure 10 shows the electron energy spectrum. It is evident that as the
electrons are launched into the bubble at 4000 time-steps, the electron energy spectrum
starts forming a peak at this time-step. It forms a clear peak at 23 MeV energy at 6400
time-steps, with an energy spread of ±7.5 MeV, whereas the tail of the spectrum extends
up to 87 MeV. The full cone angle divergence of all the accelerated electrons comes out
to be 0.37 radians, whereas the full cone angle for monoenergetic electrons is 0.0736
radians.

Direct comparison of electron energy spectra with our experimental result is not pos-
sible as we could simulate only a part of the interaction length due to the serial nature of
the code and limitation of system memory. However, the results of our simulation Case 1,
qualitatively agrees with our experimental results, where one observes a monoenergetic
peak even with a long pulse. This is due to the self-modulation of laser pulse where strong
self-modulation of laser pulse leads to bubble-like structure.

Even though our simulation parameters are restricted by the limitations in the com-
puting hardware, our results are in line with the reported results. The electron energy
spectrum showing a continuum at initial time-step, and subsequently forming a peak
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Figure 8. Longitudinal electric field (Ez) as a function of propagation distance z for
Case 2.

Figure 9. The electron charge density along z direction, at the central plane of the
simulation box for Case 2.
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Figure 10. Electron energy spectrum at different time-steps for Case 2.

which narrows down and grows in amplitude at later time-steps has been reported by
Pukhov et al using the code VLPL [14,34–36]. The typical simulation of a laser–plasma
experiment with the VLPL code in the 3D geometry takes 24 h on 256 processing ele-
ments with 32 GB of memory [15]. The code PICPSI-3D has similar features as that of
VLPL as it supports the interaction of a laser or particle beam with pre-formed plasma.
However, the major difference is that our code is a serial code with static window, whereas
VLPL is a fully parallel code with moving window. This differentiates the computa-
tional capabilities of two codes. On a single-processor workstation (devoted and with
32 GB memory) a similar simulation for a single parameter set would take about 1 year
of CPU time.

In view of this, we plan to use a parallel version of PICPSI-3D on a cluster of four
high-end devoted workstations with 104 GB memory each and 28 processing elements in
total. This will enable us to go for higher plasma volume, lower number of electrons per
macroparticle, smaller mesh size and probably better simulation results.

5. Conclusion

In conclusion, a sequential, 3D, PIC code for studying laser–plasma-based electron
acceleration has been set up in our simulation laboratory. Laser–plasma-based electron
acceleration has been studied on this code. We have simulated two regimes, namely, the
SMLWFA regime and the bubble regime of acceleration. In the first regime, the laser
pulse length is longer than the plasma wavelength, whereas, in the second regime, the
laser pulse length equals the plasma wavelength. We observe that even in the SMLWFA
regime, the choice of a very high intensity laser pulse results in bubble formation and leads
to monoenergetic acceleration, which is common for the second regime. It is observed
that the electrons are accelerated up to an energy of ∼ 50 MeV with a monoenergetic
peak at 14 MeV for the first case. In the second case, electrons are accelerated up to an
energy of ∼87 MeV with a monoenergetic peak at 23 MeV. The formation of a bubble is
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confirmed from charge density snaps along the central plane of the simulation box. The
same is also verified by the electron density plot at the central line of the simulation box
and the plot of longitudinal electric field.
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