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The laser wakefield acceleration of monoenergetic multi-GeV electron beams in the bubble regime is in-
vestigated via particle-in-cell simulations considering laser guiding of sub-petawatt pulses by an optimized
plasma waveguide. The density profile of the plasma has a transverse transition from a low value for the laser
guiding central channel to an optimal higher value for the surrounding plasma. Multidimensional particle-in-cell
simulations in the nonlinear bubble regime show that when the spot size of the Gaussian laser pulse is matched to
the diameter of the low-density laser-guiding plasma channel, electron self-injection can be transversely provided
from the surrounding high-density plasma mitigating the need for a minimum electron density of the low-density
channel to trigger the self-injection. Accordingly, the pump depletion and electron dephasing lengths can be
increased by reducing the electron density of the axial channel, and the electron bunch can be accelerated to
considerably longer distances. As a result, the energy gain of the trapped electrons, injected from the surrounding
high-density region, can be efficiently enhanced. Under such conditions, a completely localized electron bunch
with considerably decreased energy spread (<2%) and enhanced peak energy (~ 2.5 GeV) is accelerated over a

length of ~ 6 mm by a sub-petawatt laser pulse (~86 TW).

DOI: 10.1103/PhysRevE.105.065210

I. INTRODUCTION

Nowadays, laser-plasma acceleration (LPA) is motivat-
ing considerable interest, principally due to its fundamental
advantages compared to conventional rf-based accelerators
[1,2]. A laser plasma accelerator can generate accelerating
wakefields of about 100 GVm™' and even more which are
capable of accelerating electrons to multi-MeV energies over
a typical scale length of 1 mm [3-5]. Such acceleration gra-
dients are several orders of magnitude greater than those
generated by conventional accelerators, which can consider-
ably reduce costs as well as the size of the accelerator, making
them suitable for a university or hospital laboratory. Among
different electron acceleration mechanisms, laser wakefield
acceleration (LWFA) [3-12] and direct laser acceleration
(DLA) [13—17] have received more attention in recent years. It
is shown that high-charge electron beams with energies up to
several hundreds of MeV can be generated in the DLA regime
where a relativistic laser pulse propagates into a near-critical
density plasma. However, this regime becomes effective for
laser intensities exceeding 102> W ¢cm™2, which are not acces-
sible in most currently available laser systems. In addition,
the DLA electron beams show wide energy spreads, limiting
their potential applications. On the other hand, it is shown
that quasimonoenergetic electron beams with charges up to
about 100 pC can be produced by LWFA in the so-called
“bubble” or “blowout” regime, which is dominant when an
ultraintense laser pulse propagates in a low-density plasma
with a relatively lower intensity (10'® <7 < 10! Wem™2)
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[14-23]. Some of the main issues involved in this regime
are the particle trapping mechanism and the peak energy
of the accelerated electron bunches. To increase the final
electron energy, the effective acceleration length should be
increased. This important parameter is limited either by the
pump depletion length Ly = y;cro or by the length of2 de-

. dey; M
phasing between electrons and plasma wake Lyeph = —55 ”
[8,24]. Here, ay = eEy/m.cwy is the normalized peak vector
potential, also called the laser strength; E;, 79, and wq are,
respectively, the laser peak electric field amplitude, laser pulse
duration, and laser central frequency; m, and e are, respec-
tively, the electron rest mass and elementary charge; and c is
the speed of light in vacuum. Also, y, = wo/wp is the Lorentz
factor associated with the linear group velocity of the pulse in
plasma, wp = /n.e2/m,&g is the plasma frequency, n, is the
initial electron density, and & is the vacuum permittivity. In
addition, in a homogeneous or uniform plasma, the bubble ex-
pansion due to the laser self-focusing can furthermore reduce
the dephasing length. According to the expressions above, it
is concluded that the acceleration length can be increased by
decreasing the plasma density, which leads to higher values
of y,. However, unfortunately, at lower plasma densities the
probability of particle trapping reduces because the required
longitudinal electron momentum for self-injection will be in-
creased. Recent research in this area has focused on finding
ways to overcome such issues of conflict. For example, the use
of different laser waveguiding structures [25-29] and multi-
stage acceleration methods [30—34] are proposed to extend the
acceleration length. Some methods, such as plasma density
transition schemes [34—41] and transverse colliding pulses
[42-45], are also proposed to control the electron injection
and energy gain.

©2022 American Physical Society
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The use of a hollow plasma channel is also known as a good
way to overcome some drawbacks in the uniform plasma, such
as the effective acceleration length, and to optimize the laser
or particle-driven wakefield acceleration. However, studies of
hollow channels are mostly focused on low-amplitude waves
or weakly relativistic pulses and linear plasma responses
[46-54], whereas, for the laser and plasma parameters con-
sidered here, the interaction lies completely in the nonlinear
(or bubble) regime. The production of quasimonoenergetic
electron bunches in this regime was first demonstrated in 2004
[3-5]. Since then, numerous theoretical and experimental in-
vestigations have been carried out to enhance the quality of
the self-injected electron bunches so as to make them suit-
able for potential applications such as the next-generation
light sources, ultrafast imaging, high-energy colliders, cancer
therapy, and radiotherapy. However, due to the complexity of
the strongly nonlinear bubble regime, some aspects, such as
particle injection, energy spread, and energy gain in a single
stage, are still challenging [10,25-45,55,56]. The other major
difference between this work and those covering the use of a
hollow or nearly hollow plasma channel to enhance the quality
of the accelerated electron beam is that the minimum electron
density of the central low-density plasma channel is not lower
than ~10'® cm™> and the density of the surrounding plasma
shell is around three times greater. A plasma channel with
such a transverse density profile can be considered as a simple
plasma waveguide [57-60].

This paper reports on the possibility of optimizing a
plasma waveguide in order to provide sufficient self-injection
of electrons in a laser wakefield accelerator and simul-
taneously increase the effective acceleration length in the
nonlinear bubble regime. Fully relativistic two-dimensional
(2D) particle-in-cell (PIC) simulations are performed to study
the acceleration of electrons in a low-density plasma channel
surrounded by a high-density plasma in the framework of
a normal one-stage LWFA. The focus of this paper lies in
investigating the influences of the radial plasma density and
also the diameter of the axial laser-guiding channel on the
injection process, and important parameters of the accelerated
electron beam such as peak energy, energy spread, and total
charge. Results show that for fixed driver pulse parameters,
the diameter of the low-density plasma channel and the elec-
tron density of the axial and surrounding plasma regions can
be optimized to accelerate a completely localized electron
bunch with an enhanced peak energy of about 2.5 GeV, a
relative energy spread of less than 2%, and a total charge of
about 93 pC over a length of ~6 mm by an 85.7 TW laser
pulse.

II. SIMULATION

Simulations are performed using the fully relativistic
particle-in-cell (PIC) code PICCANTE [61-63] in the 2D (x-y)
Cartesian geometry instead of the realistic 3D geometry to
ensure the possibility of performing a series of simulations
for a wide range of parameters, relaxing the need for immense
computational resources. Although the results obtained from
2D slab geometry partly differ quantitatively from the real-
istic 3D one, such simulations are actively and successfully
used in both quantitative and qualitative studies in the field
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FIG. 1. Schematics of the plasma waveguide target with trans-
versely steplike density profile under laser irradiation.

of LPAs [55,64-69]. In the simulations, linearly polarized
Gaussian laser pulses with wavelength Ag =1 um, a full
width at half-maximum (FWHM) pulse duration tp = 33 fs,
a spot size wy = 24 um, and normalized vector potential
ap = 2.6 are focused at the left plasma boundary (x = 0)
and propagate along the positive x-direction. The associated
laser peak intensity Iy [W/cm?] = [ao/(8.5 x Ao [um]]* x
10% and power P [TW] = 0.022 x (apwy /)»0)2 are, respec-
tively, 9.4 x 10'® W/cm? and 85.7 TW. Laser pulses are
linearly polarized along the z-direction and have Gaussian
transverse profiles. The simulation box is a moving window
that propagates with the speed of light ¢ and has dimensions of
60 um x 160 um, which is divided into 2800 x 860 cells, in
the longitudinal (x) and transverse (y) directions, respectively,
with 16 particles per cell. The plasma target is composed of
a narrow low-density plasma channel with density n; sur-
rounded by the thick outer plasma shell characterized by a
higher density n, > n; (Fig. 1). Plasmas are considered to
be fully ionized, and the neutralizing ion backgrounds are
considered to be smooth and frozen.

Central to the simulations are the diameter of the low-
density plasma channel and the electron density of the
surrounding plasma where the transverse density transition
takes place. Separate calculations were performed considering
different values for these parameters.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the snapshots of electron densities at two
different phases of the acceleration process (before and af-
ter dephasing lengths) for each plasma target: (a),(b) and
(©),(d) are for uniform plasmas with electron densities of
n; = 0.0025 n. and ny = 0.008 n, respectively, and (e),(f)
are for the proposed plasma target. The driver laser pulse
duration, wavelength, and intensity are 33 fs, 1 um, and
9.4 x 10" W/cm? (ay = 2.6), respectively, and the corre-
sponding critical density will be n, = 1.12 x 10*! ecm™3. In
such conditions, the laser-plasma interaction is obviously in
the nonlinear regime, and the bubble formation occurs in all
three cases, as can be seen in this figure. From Fig. 2(a),
it can be seen that for the low-density uniform plasma with
n; = 0.0025 n., electrons are trapped in the second bucket
behind the laser pulse, and no injection takes place into the
first bubble. Moreover, the accelerated beam is not localized
along the longitudinal direction, which can lead to a broad
spectrum in the electron energy distribution.
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FIG. 2. Snapshots of electron density distributions in the x-y plane before and after dephasing lengths for (a),(b) homogeneous plasma
with n; = 0.0025 n,; (c),(d) homogeneous plasma with n, = 0.008 n.; and (e),(f) the proposed plasma target with transverse transition in
the electron density profile. The driver laser pulse duration, wavelength, and intensity are 33 fs, 1 um, and 9.4 x 10'8 W/cm? (ay = 2.6),

respectively. The laser spot size is 24 um.

By increasing the initial electron density of the homo-
geneous plasma to ny = 0.008 n. [Fig. 2(c)], the blowout
region strongly elongates and is also transversely deformed,
leading to the wave breaking at the back of the bubble. Then,
electron bunches are continuously injected inside the bubble,
which can lead to a nonlocalized beam with a polychromatic
energy spectrum. In addition, the dephasing length decreases
with the plasma density (Lgepn o n;3/ 2), which means that the
electrons get out of phase after traveling a shorter acceleration
distance following the start of injection and lose their energy
when they enter the decelerating phase, as can be seen in
Fig. 2(d). In the nonlinear bubble regime, the pump deple-
tion (Lyq) and electron dephasing lengths can be estimated

from

2 2
wo 2 wo N
Lpd = <w—) Cc7p, Ldeph = 5(—) )\.p—.

p wp 4

Table I summarizes the calculated values of depletion and
dephasing lengths for considered uniform plasmas. It is ob-
served that pump depletion lengths are considerably longer
than dephasing lengths for both targets, and thus it can be
concluded that the effective acceleration length, and partic-
ularly the maximum attainable energy, are mainly limited by
electron dephasing.

However, in the case of the optimized plasma waveguide
[Fig. 2(e)], the bubble is well formed in the low-density axial
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TABLE I. Calculated values of pump depletion and electron dephasing lengths for the considered uniform plasma targets.

Target Initial electron density ne (cm™) Xp (um) Ly (um) Lgeph (um)
Low-density plasma n; = 0.0025 n, 1.12 x 10% 19.76 3866 2621
High-density plasma ny = 0.008 n, 1.12 x 10! 11.04 1207 457

plasma channel while the electron trapping is provided from
the surrounding high-density plasma. The electron bunch is
highly localized in comparison with Fig. 2(c), and it can be
accelerated over a considerably extended acceleration length
due to the low density of the axial channel, which can lead to
higher energy gain and reduced energy spread. It is observed
that the acceleration length is considerably increased to about
6 mm, which is significantly greater than pump depletion
and dephasing lengths calculated for uniform plasmas with
densities n; = 0.0025 n. and n, = 0.008 n,..

To find out the origin of the injected electrons, we can
examine Fig. 3, which illustrates the trapping and injection of
electrons from the high-density surrounding plasma shell into
the bubble formed within the low-density axial plasma chan-
nel while the electrons of the plasma channel are excluded and
only one-half of the surrounding plasma is shown. We note
that the laser spot diameter is equal to the channel diameter,
thus the laser energy outside the main peak of the focal spot
interacts with a thin high-density plasma layer around the
axial channel. As a result, more electrons can be transversely
added to the electron sheath of the bubble after a few cycles.
In such conditions, self-injection can take place at the rear
of the bubble due to the increased concentration of electrons.
Subsequently, the depletion of the laser energy outside the fo-
cal spot (in the high-density plasma region) together with the
stabilization and contraction of the bubble due to oscillations
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FIG. 3. Distribution of surrounding plasma electrons after about
4 mm traveling of the driver laser pulse through the proposed opti-
mized plasma waveguide showing the injection of the electron bunch
from the high-density surrounding plasma. For a better observation
of how the electrons are transversely injected, only one-half of the
surrounding plasma is shown, and the electrons of the low-density
channel are excluded.

of the pulse spot size suppress further injection, resulting in
an electron bunch localized in position and time.

As mentioned before, for a specified laser spot size, the
diameter of the axial laser-guiding channel plays a vital role
in the injection process, and thus the quality of the accelerated
bunch. Figure 4(a) illustrates the influence of different values
of the axial channel diameter on the total charge of the bunch
trapped in the first bubble just behind the driver pulse, while
the laser spot size is wy = 24 wm and the other laser parame-
ters are as before. It can be seen that with further deviation of
the channel diameter from the laser spot size (either greater or
smaller values), the accelerated bunch rapidly shrinks, causing
the total charge to slump. When the axial channel is greater
than wy, the laser energy penetration into the surrounding
high-density plasma will be considerably decreased. As a
result, the transverse injection of electrons from this region
into the bubble formed within the axial channel will diminish
or even fade for greater values.

On the other hand, for a low-density channel thinner than
the laser spot, although more energy is given to the sur-
rounding high-density region (which leads to ejection of more
energetic electrons from this region), the formation of a fine
bubble in this channel will be alternated or even corrupted
due to the decomposition of the laser spot into two parts
propagating through plasmas with different electron densities.
Under such conditions, the “imperfect” bubble created in the
axial channel could not efficiently trap energetic electrons
ejected from the surrounding high-density region. Therefore,
as can be seen in Fig. 4(a), one can conclude that the optimum
diameter of the low-density laser-guiding plasma channel will
be the same as the driver laser waist or focal spot diameter on
the target surface.

The other parameter that is influential in the occurrence
of transverse injection is the electron density of surrounding
high-density plasma 7. It should be noted that the fixed value
of n; = 0.0025 n, for the electron density of the low-density
channel is calculated so as to ensure the fine formation of
the bubble in addition to an effective extended acceleration
length. The optimization is then performed by varying the
density of the surrounding plasma (n;). Figure 4(b) illustrates
the variation of the total charge of the accelerated bunch in
terms of the electron density of the high-density plasma. It is
observed that a maximum charge of around 93 pC is obtained
for n, = 0.008 n.. By reducing n, from this optimum value,
the bunch total charge is decreased because the number of in-
jected electrons from surrounding plasma is decreased due to
the lower electron density. When the surrounding plasma den-
sity is reduced to that of the axial channel (n; = 0.0025 n.), no
bunch is accelerated in the first bucket behind the driver pulse,
as was also observed in Fig. 2(a). On the other hand, when n,
is increased to values higher than the optimum value 0.008 n,,
the laser energy deposited into the surrounding plasma will
be distributed between more particles. As a result, a smaller
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FIG. 4. Variation of the accelerated bunch total charge in terms of (a) axial channel diameter and (b) electron density of the surrounding

plasma.

number of electrons may acquire sufficient momentum to be
trapped by the bubble formed in the axial channel leading to a
lower total charge. As can be seen in Fig. 4(b), at a density of
around n, = 0.018 n, the beam total charge vanishes, which
means no bunch will be accelerated under such conditions.

The relativistic electron spectra after two different traveling
lengths of the driver pulse are shown in Fig. 5 for low-
density (n; = 0.0025 n.) and high-density (n, = 0.008 n.)
homogeneous plasmas as well as the proposed target with
a transverse density transition. An approximately monoen-
ergetic spike near 0.68 GeV with a very low energy spread
can be seen in Fig. 5(a) for the low-density uniform plasma.
However, this spike is accompanied by a lower-energy plateau
extending to 0.53 GeV, corresponding to the low-energy elec-
trons trapped behind the leading high-energy electrons in
the accelerated bunch. As this figure shows, these particles
are accelerated to still higher energies with those participat-
ing in the dominant energy peak until the dephasing starts,
thus preventing the production of a localized, monoenergetic
beam. During the acceleration in the high-density homoge-
neous plasma [Fig. 5(b)], several peaks appear without any
dominant energy peak representing the continuous injection
of electron bunches, which is in agreement with that observed
in Fig. 2(c). Due to the electron dephasing, after the driver
pulse is traveled about 1.8 mm, these peaks turn into more
inefficient peaks causing a larger energy spread, and electrons
enter the deceleration phase.

On the other hand, in the case of the proposed optimized
plasma target [Fig. 5(c)], two drastic differences can be ob-
served in comparison with the homogeneous ones. First, the
relative energy spread is significantly decreased to less than
2%. This can be explained as follows: when the laser waist (or
spot) is matched to the size of the low-density plasma channel,
the laser energy outside the beam spot outruns electrons from
a thin layer of the surrounding high-density plasma around
the axial channel, where they can be trapped by the ion cavity
behind the pump pulse (bubble). Following that, self-injection
takes place when the population of the electron sheet is suf-
ficiently increased. However, reductions in the sheet charge
(due to electron injection) and also in the laser intensity
outside the laser waist (due to energy transfer to electrons)

prevent continuous injection, leading to a highly localized
monochromatic electron bunch. Secondly, the peak energy
of the accelerated electron beam is considerably enhanced to
about 2.5 GeV by using the proposed target. This efficient
energy gain enhancement can be attributed to the transverse
density profile of plasma.

As was shown before, the injection can be provided by
the surrounding high-density plasma mitigating the need for a
minimum density of the axial channel for the injection process
to occur. Accordingly, by decreasing the plasma density of
the axial channel, the dephasing length will be considerably
increased. As a result, the maximum attainable electron en-
ergy or the peak energy of the accelerated electron bunch is
enhanced effectively. As another advantage, because of the
higher electron density of the surrounding plasma, the axial
low-density channel acts like a waveguide for the laser pulse
and increases the pump depletion length (especially in com-
parison with the case of the uniform plasma with n;), leading
to an extended acceleration distance and thus a higher energy
gain. In addition, the dephasing length in the case of Fig. 5(c)
is obtained about 6.1 mm, which is considerably larger than
that of low-density plasma. The reason can be attributed to the
confinement of the created bubble by the surrounding high-
density plasma. In such conditions, the shape of the bubble
and thus the accelerating fields will be stable over a longer
distance, leading to a dramatic increase in dephasing length.

In practice, preformed plasma waveguides have been ef-
fectively used to guide intense laser pulses over tens and even
hundreds of Rayleigh lengths [57-60]. It is demonstrated that
such plasma waveguides can be produced mainly by high-
voltage discharge capillary and optical ionization approaches.
In both schemes, a parabolic radial electron density profile is
established in the plasma channel with the minimum electron
density on axis resulting in a refractive index profile that is
peaked on axis. According to our calculations, we need a
significant increase in radial plasma density (between two and
four times) within less than 2 pum for transverse injection to
take place. The measured values reported for the channel den-
sity profile show that the radial density gradients are smaller
than what is considered in this paper. However, recently some
new techniques have been proposed to reduce considerably
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FIG. 5. Electron energy spectra for the three types of plasma targets for different traveling lengths of the driver pulse through the targets.
(a),(b) low-density (n; = 0.0025 n.) and high-density (1, = 0.008 n.) homogeneous plasmas, respectively, and (c) the proposed plasma

waveguide with optimized density profile.

the electron density of the channel “core,” which can lead to
the creation of high-density gradients at radii smaller than
40 pm [58,59]. For example, it is shown that laser pulses
of nanosecond length can be used in a capillary discharge
waveguide to locally heat the plasma along the capillary axis
and reduce the core electron density to ~3.0 x 10'7 cm™3
[58]. Moreover, in such conditions, stability of the laser spot-
size can be provided by self-guiding of the ns heater pulse
and also by adjusting the delay between the current and heater
pulses. More recently, a new approach for generating meter-
scale low-density plasma waveguides was demonstrated by
optical field ionization induced by two time-separated Bessel
beam pulses [59]. This method enables very wide tuning
of the plasma waveguide transverse profile and its guided
modes by control of the physical properties of the two Bessel
beams and also the ionizing gas density. For example, un-
der some specified conditions, a considerably large radial
density increase from 0.4 x 10" to 1.8 x 10'® cm™ was
observed within about 4 um at a radius of 20 um. Such
new methods are promising for control of the radial plasma
density and creating large density gradients at radii as small
as the laser spot size, which is our critical assumption in this
study.

IV. CONCLUSION

In summary, the optimized conditions of a plasma waveg-
uide were investigated for laser wakefield acceleration of
electron bunches with considerably improved quality. The
target is a plasma channel with a transverse transition in the
density profile from a low value for the laser guiding central
channel to an optimized higher value for the surrounding
plasma. Results of PIC simulations in the nonlinear bubble
regime showed that with a proper selection of density val-
ues, highly localized monochromatic and multi-GeV electron
beams can be accelerated by sub-petawatt laser pulses. The
other key parameter was the thickness of the central channel,
the optimal value of which was found to be the same as
the laser spot size. Under such conditions, the laser-created
bubble could be guided through the axial low-density channel
to higher dephasing lengths, and simultaneously, electron in-
jection could be provided transversely from the high-density
surrounding plasma. Results also showed that the acceler-
ated beam quality can be significantly improved by using
the optimized plasma waveguide in comparison with uniform
plasmas. For example, it was shown that for a guiding plasma
channel with n, = 0.0025 n, surrounded by a plasma shell
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with n, = 0.008 n., a highly localized monoenergetic elec-
tron beam with a significantly enhanced peak energy of about
2.5 GeV and a reduced relative energy spread of ~2% could

be accelerated by an 85.7 TW laser pulse when its spot size is
matched to the thickness of the guiding channel.
The author declares no conflicts of interest.
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