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The electron injection and acceleration driven by a few-cycle laser with a sharp vacuum—plasma boundary have been
investigated through three-dimensional (3D) particle-in-cell simulations. It is found that an isotropic boundary impact in-
jection (BII) first occurs at the vacuum—plasma boundary, and then carrier-envelope-phase (CEP) shift causes the transverse
oscillation of the plasma bubble, resulting in a periodic electron self-injection (SI) in the laser polarization direction. It
shows that the electron charge of the BII only accounts for a small part of the total charge, and the CEP can effectively tune
the quality of the injected electron beam. The dependences of laser intensity and electron density on the total charge and
the ratio of BII charge to the total charge are studied. The results are beneficial to electron acceleration and its applications,

such as betatron radiation source.
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1. Introduction

Electron beams with tens of MeV energies are important
tools to explore the properties and internal structures of matter,
and have important and extensive practical applications in in-
dustry, science, and technology.!!! Traditional radio-frequency
(RF) electron accelerators are not only large and expensive,
but also their main purpose is to carry out advanced physi-
cal research, which limits them to primarily serving basic re-
search and advanced technology. In recent years, due to the
tremendous acceleration gradient (more than 100 GV/m), a
table-top electron source from a laser wakefield accelerator
has shown great potential to be the next generation of compact
accelerator.[>®) In laser wakefield acceleration (LWFA), the
ponderomotive force of an ultra-short ultra-intense laser pulse
can radially expel plasma electrons, which leads to the forma-
tion of so-called “bubble” regime. A large number of electrons
can be self-injected into the bubble and accelerated to high
energy, which can be used for the generation of positron,!
betatron radiation,'%-13! and free electron laser.l!*!3] In re-
cent LWFA experiments, the electron beam with a maxi-
mum energy of 8 GeV and an energy spread of 0.3% have
been demonstrated.!!%!7) Currently, the development of laser
technology makes it possible to obtain few-cycle laser pulse
with high-repetition-rate experimentally.!81°] Compared to a
multi-cycle laser, the few-cycle laser has a larger frequency
bandwidth, and ponderomotive force and carrier-envelope-
phase (CEP) effects jointly dominate electron injection and
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acceleration. Recently, many works have been reported to in-
vestigate the LWFA driven by the few-cycle laser pulses, and
the electron beams with pulse width of femtosecond or at-
tosecond and energy of tens of MeV can be obtained.?*-27]
Effective electron injection schemes are required for applica-
tions of electron beam. Multiple electron injection methods
have been developed, such as self-injection,[?8 density gra-
dient injection!>*-% and ionization injection,*!*?l and other
mechanisms.>333] In addition, the BII induced by sharp
vacuum—plasma boundary is also a practical and effective in-
jection method.*®! The BII driven by a few-cycle laser is
different from the usual LWFA, which contains new physi-
cal processes and the electron beam parameters show differ-
ent properties. Therefore, the electron injection and accelera-
tion driven by a few-cycle laser with a sharp vacuum—plasma
boundary are worth further study.

In this paper, we investigate the effect of the sharp
plasma—vacuum boundary on electron injection and acceler-
ation in a few-cycle laser driven wakefield. It is found that
when a few-cycle laser pulse enters the plasma with a sharp
vacuum—plasma boundary, the isotropic BII occurs first, and
then the periodic S1is caused by CEP shift. Three-dimensional
particle-in-cell simulations show that the injected electron
beam parameters are determined by the coupling of BII and
SI, and the electron charge of the BII only accounts for a small
part of total charge. The electron beam parameters can be con-
trolled by tuning the laser intensity and plasma density.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Simulation model and results

In order to study the effect of sharp vacuum-plasma
boundary, a series of 3D particle-in-cell (PIC) simulations are
carried out with the LAPINE code.*”38 A linearly polarized
few-cycle laser with polarization along the y direction and a
wavelength of A9 = 0.8 um propagates along the z direction.
The normalized electric field of the few-cycle laser is given by

a(r,t) = agexp (—r*/wg) sin*(nz/2c7)
x cos(kz — @t + Qcgp),

where wp = 3 um and 7 = 5 fs are the laser spot radius and
pulse duration, respectively, r = /x? +y? is the radial dis-
tance to the axis, x and y are the transverse coordinates, z is
the longitudinal coordinate, & is the wave number, @ is the cen-
tral frequency, @cgp = 0O is the initial CEP. The dimensionless
amplitude of the few-cycle laser pulse is ag = 8, which corre-
sponds to the laser peak intensity of Ip = 1.37 x 102 W /cm?
and a laser power of 19 TW. The electron density of the ini-
tial hydrogen plasma is ne = 1 x 102 cm—3, which corre-
sponds to the plasma wavelength A, = 27cy/a,/ @, = 9.3 pm,
and there is a sharp vacuum—plasma boundary. The laser fo-
cuses at the front of gas target. The simulation box size is
20 umx20 wmx20 pm and is divided into 450 x 200 x 200
cells with 8 macro-particles per cell for hydrogen.

Figure 1 shows the evolution of the electron density trans-
verse slice distributions. When a few-cycle laser enters the
plasma, the electrons pulled out by the ponderomotive force
can undergo BII due to the sharp vacuum—plasma boundary,
as shown in Figs. 1(a) and 1(b). After that, the bubble shows
asymmetry in the laser-polarized plane because of the rapidly
shift of CEP, and periodic self-injection controlled by the CEP
occurs simultaneously. It is worth noting that the bubble is still
symmetric in the plane transverse to the laser non-polarization
direction. The corresponding evolution of electron density at
y =1 um (black line) and y = —1 pum (red line) is shown in
Figs. 1(c), 1(f) and 1(i). One can see that the CEP of the laser
pulse shift rapidly due to the high plasma density, and the lo-
cal electron density at the symmetric position of the laser elec-
tric field shows the difference in value and distribution, which
leads to the different plasma wavelengths at the symmetric po-
sition of the bubble. The peak electron density is 0.32n. at
y =1 um, while it is only 0.26n, at y = —1 um, as shown in
Fig. 1(c). The local electron density in the laser polarization
direction changes the direction of laser electric fields maxi-
mum value periodically, and the period is the same as that of
CEP shift.
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Fig. 1. The evolution of the electron density transverse slice distributions including the laser polarized plane y—z and the laser non-polarized
plane x—z at t = 33 fs [(a) and (b)], r = 60 fs [(d) and (e)], and t = 87 fs [(g) and (h)]. The corresponding electron density at y = 1 um (black

line) and y = —1 um (red line) [(c), (f), and (i)].
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In order to describe the correspondence between CEP
shift and bubble evolution in detail, the evolution of the on-
axis laser electric field, the on-axis electron density, the max-
imum laser electric field (red line), and the absolute value of
the minimum laser electric field (blue line), and the difference
in plasma wavelength between two symmetric positions are
shown in Fig. 2. Due to the effect of plasma dispersion and
Gouy phase shift, the CEP moves rapidly. In previous studies,
a more precise phase shift is described as?!!

_ 2mne L

L
Ap = — +arctan | — |,
¢ e A0 <ZR )

where zg = w3 /Ay is the Rayleigh length, n. is the electron
density, and n. = 1.1 x 10* /A2 (cm™3) is the critical den-
sity. Therefore, we can theoretically calculate the distance of

CEP shift w as 6.2 wm, which is consistent with the simula-
tion results (i.e., 6.5 pm). Figure 2(b) shows the evolution
of the on-axis electron density distribution. One can see that
the maximum local electron density at the position of the laser
electric field also changes periodically, and BII occurs when
the bubble is closed until it accelerates to the dephasing point.
Meanwhile, the laser electric field increases first due to the
self-focusing and then decreases due to the energy depletion
and pulse dispersion, and the maximum electric field changes
periodically, as shown in Fig. 2(c). Figure 2(d) shows plasma
wavelength difference AL between the positions of y = 1 pm
and y = —1 pum. The wavelength difference also oscillates pe-
riodically, and the oscillation period is consistent with that of
the CEP shift.
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Fig. 2. Evolution of the on-axis laser electric field (a), the on-axis electron
density (b), the maximum laser electric field (red line) and the absolute value
of the minimum laser electric field (blue line) (c), plasma wavelength differ-
ence AL between the positions y =1 pm and y = —1 um (d).

Figure 3 shows the z—p, phase space distribution of the
injected electrons beams at different time and the trajectories
of the BII electrons. BII electrons are firstly accelerated at

t =40 fs, as shown in Fig. 3(a). After that, the first and sec-
ond ST occur at t+ = 60 fs and t+ = 80 fs due to the periodic
deformation of bubble, respectively. The electron beam in-
jected in different ways separates in phase space and mixes
in real space, and the BII electrons are mainly located at the
high energy part. The phase space distribution of the electron
beam at the dephasing point show that the BII and SI elec-
tron beam mix with each other in the energy space, and finally
an electron beam with a relatively concentrated energy is ob-
tained. Figure 3(e) shows the trajectories of some typical BII
electrons, where the injection occurs rapidly during the sharp
vacuum—plasma boundary, which is quite different from that
of the periodic self-injection with few-cycle laser.
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Fig. 3. Distribution of the injected electrons (including BII and SI, y > 10)
in the z—p, phase space at (a) t =40 fs, (b) t = 60 fs, (c) t = 80 fs, and
(d) t = 133 fs. (e) The trajectories of the BII electron beam.

The evolution of the electron charge (black line) and max-
imum electron density (red line) are shown in Fig. 4(a), the
condition of the calculated electron charge is y > 10, where
Y is the relativistic factor. One can see that the electron
charge gradually increases until it reaches saturation around
t = 100 fs, and the maximum charge is 1.12 nC. Since the
BII only occurs at the vacuum plasma boundary, and the in-
jected electron beam is spatially separated from the SI, we
can calculate the charge of BII as 0.2 nC, which only ac-
counts for 18% of the total charge. Meanwhile, the maxi-
mum electron density gradually increases first and then tends
to be stable, reaching a maximum of 15x.. Figure 4(b) shows
the electron energy spectrum distribution of the total (blue
line) and BII (red and black lines) at # = 133 fs. Although
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the BII and SI occur simultaneously, an electron beam with
a central energy of 30.8 MeV and an absolute energy spread
of 6.3 MeV is finally produced due to the evolution of in-
jected electrons, and the BII electron beam is modulated by the
driven-laser electric field. In addition, the normalized trans-
verse emittance of the electron beam can be calculated by
& = 0,0,/ (mec?),*°! 0, is the root-mean-square (rms) beam
radius and o), /(mec?) is the normalized rms transverse mo-
mentum along the n direction, for n = x and y. The simulation
results show that the total beam emittances are &, = 3.7 um-rad
and &, = 3.2 um-rad. For the electrons of the BII, the spectrum
width is large, the transverse emittances at the initial time are
& = 1.9 um-rad and & = 1.8 um-rad due to the isotropic BIL
However, the transverse emittance of the laser polarized direc-
tion (&, = 1.1 pwm-rad) is larger than that of the non-polarized
direction (&, = 0.4 um-rad) atr = 133 fs because the BII elec-
trons are modulated by the laser electric field (not shown here).

The CEP is an important control parameter for the few-
cycle laser, the quality parameters of the injected electron
beam as a function of the CEP are shown in Fig. 5. Fig-
ures 5(a) and 5(b) show the total electron beam and BII elec-
tron beam energy spectrum distributions with different CEP
at + = 133 fs. When the CEP = 45°, the electron beam en-
ergy spectrum structure changes into a platform type, while
in other cases, there is a small difference between the peak
energy and the energy spectrum structure. However, the en-
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ergy spectrum of the BII electron beam is controlled by CEP,
and the peak energy is different. We calculate both the to-
tal charge and the ratio of the BII electron charge to the total
charge, as shown in Fig. 5(c). When the CEP = 135°, the min-
imum total charge is 1.08 nC, and CEP = 0° or CEP = 180°,
the maximum total charge is 1.13 nC. In other cases, the total
charge is about 1.1 nC. Meanwhile, the ratio of the BII charge
to the total charge fluctuates periodically with the CEP, and
the maximum and minimum ratio are 21% and 16%, respec-
tively, that is, the BII charge accounts for only about a fifth
of the total charge. In addition, the transverse momentum and
transverse emittance in the laser polarization direction can be
controlled by the CEP. However, since most of the electrons
are self-injected periodically, the transverse momentum and
emittance in the laser non-polarized direction are small and do
not evolve with the CEP.
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Fig. 4. (a) The evolution of the electron charge (black line) and maxi-
mum electron density (red line). (b) The total (blue line) and BII (red
and black lines) electron energy spectrum distribution at ¢t = 133 fs.
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Fig. 5. (a) The total electrons and (b) BII electrons energy spectrum distributions with different CEP at # = 133 fs. Total charge and the ratio of
BII charge to the total charge (c), the transverse momentums and emittances (d) as a function of CEP.
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In order to investigate the effects of laser intensity and
electron density on the charge of the BII and SI, the evolution
of the total charge and the ratio of the BII charge to the total
charge with the laser intensity and electron density are shown
in Fig. 6. One can see that the total charge increases almost lin-
early with the increase of laser intensity, while the ratio of the
BII charge to the total charge increases gradually and tends to
saturation due to the increase of the BII charge, and the maxi-
mum ratio is only 19%, as shown in Fig. 6(a). The total charge
and ratio also increase with the increase of plasma density, the
maximum ratio can up to 29%. In addition, one can see that
isotropic BII and periodic SI always occur simultaneously un-
der the simulation parameters.
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Fig. 6. The total charge and the ratio BII charge to the total charge as a
function of the laser intensity (a) and electron density (b). The relativistic
factor of the electron beam considered is y > 10.

3. Conclusion

In summary, we have investigated the effect of the sharp
plasma—vacuum boundary on the electron injection and accel-
eration in a few-cycle laser driven wakefield. 3D-PIC sim-
ulations show that the wakefield driven by a few-cycle laser
first has an isotropic BII, and then the plasma bubble oscillates
transversely and the electrons are injected periodically into the
bubble due to the change of the local electron density at the
symmetric position of the laser electric field. The BII, which
occurs only once, accounts for a small part of the total injec-
tion, and an electron beam with a central energy of 30.8 MeV
and charge of 1.12 nC can be obtained. The CEP can effec-
tively tune the electron spectrum and the ratio of BII charge
to the total charge, and one can further control the charge and

ratio by optimizing the laser intensity and plasma density. The
results are beneficial to electron acceleration and its applica-
tions, such as betatron radiation source. It is worth noting that
a sharp vacuum—plasma boundary is used in the study, which
is difficult to achieve such density profile experimentally. To
illustrate the effect of scalelength in the front of plasma, we
also simulation the BII by using a 5-pm linear-up ramp length
(less than the plasma wavelength A,). The simulation result is
consistent with the sharp vacuum—plasma boundary condition
(not shown here). In addition, it is possible to achieve such
a density transition by selecting suitable knife edge to form

shock wave in gas in future, [40:41]
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