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The effect of laser polarization on the laser wakefield acceleration (LWFA) of electrons has been inves-
tigated in the bubble regime, in particular when assisted by ionization injection. By utilizing linear and
circular laser polarizations, we discover that circular polarization leads to a dramatic increase in the
electron reproducibility rate and also increases the electron charge and beam divergence, while linear
polarization yields higher electron peak energy and more stable beam pointing. Our experimental findings
are also supported by three-dimensional particle-in-cell simulations. Our study highlights the potential
of laser polarization as a simple and effective tool in controlling LWFA and electron-beam properties

depending on applications.
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I. INTRODUCTION

The technological advancement of high-power fem-
tosecond lasers [1] has enabled a rapid development of
laser-plasma-based accelerators [2]. These accelerators,
also known as laser wakefield accelerators, are considered
a new generation of compact accelerators with acceler-
ating electric fields as high as 100 GeV/m, due to the
large space charge occurring inside the plasma [3—6]. In
such an accelerator, a high-intensity laser pulse propagates
through a gaseous medium and ionizes the constituent
atoms and molecules, forming a plasma. Due to the pon-
deromotive force exerted by the intense laser pulse, a
large-amplitude oscillating (and copropagating) density
perturbation, known as a wakefield, is formed in the
plasma behind the laser pulse [4,6,7]. This wakefield can
effectively accelerate electrons to a multi-giga-electronvolt
(multi-GeV) energy level over a short distance (approxi-
mately centimeters). The high-energy electron beams pro-
duced by laser wakefield acceleration (LWFA) can be also
utilized as secondary radiation sources for gamma rays [8],
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x rays [9], betatron x-ray radiation [10], and even terahertz
(THz) radiation [11].

In the LWFA scheme, the laser-plasma interaction can
be highly nonlinear and relativistic. The transverse oscil-
latory motion of electrons becomes relativistic when the
normalized laser vector potential, ay = eEy/(m.wc), is
greater than one, where e, Ej, m., w;, and ¢ are the
electron charge, the electric field amplitude, the elec-
tron mass, the laser angular frequency, and the speed of
light, respectively. Such an intense laser pulse can cre-
ate an electron-free region behind it, known as the bubble
(or cavitation) [4,12]. When electrons are trapped in the
bubble, they can be accelerated by the wakefield due to
the longitudinal electric field formed inside the bubble.
Once the wakefield is established, the primary concern
is how to trap electrons and control their injection. In
general, the electrons should move faster than the phase
velocity of the plasma wave in order to be trapped in
the wakefield [13—15]. Based on this concept, several
injection schemes have been proposed and demonstrated
so far, including ionization injection [16,17], external
injection [18,19], self-injection [20—22], down-ramp injec-
tion [23], shock injection [24], and nanoparticle-assisted
injection [25]. Among these, self-injection and ionization
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injection in the bubble regime have been most popularly
exploited.

According to the linear wakefield model, the gradient
of the laser intensity (V/ ~ Vag) plays a crucial role in
the bubble generation and electron trapping, while laser
polarization does not play a direct role [4,26]. Surpris-
ingly, Ma et al. have recently shown that self-injection is
greatly affected by the polarization of a laser pulse inter-
acting with a target gas [27]. This is because the ionization
of background atoms or molecules strongly depends on
laser polarization and the initial momentum distribution
of ionized electrons is also polarization sensitive, owing
to above-threshold ionization (ATI) [27]. In particular, the
threshold for self-injection becomes lower with circular
polarization (CP) than with linear polarization (LP). This
is because the initial momentum of electrons ionized by a
CP laser is larger compared to LP. Besides, when the laser
energy and the electron density are sufficiently high, the
electron charge injected in the CP case can be an order
of magnitude larger than that in the LP case under the
same plasma conditions [27]. Furthermore, the charge of
injected electrons is also affected by the wavelength of
a driver laser [28]. This self-injection scenario, however,
cannot be arbitrarily controlled in real experiments, unlike
the ionization-injection method [14,16,27,29].

In the ionization-injection scheme, a low-Z gas, e.g.,
hydrogen or helium, doped with a small amount of high-
Z gas such as nitrogen or argon, is used as a target medium
[30]. In general, electron injection is governed by the ion-
ization energy of gas species and laser intensity. This in
turn controls the resulting electron-beam energy spread,
divergence, and charge [31,32]. As the ionization process
depends on the polarization of the electric field, the polar-
ization of an incident laser pulse can be utilized together
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with ionization injection for further control of ionization
and consequent electron-beam properties.

In this paper, we report an experimental and simulation
study on the acceleration of electrons by polarization-
dependent LWFA with ionization injection. This study
investigates the effects of laser polarization (LP versus
CP) on the properties of electron beams, including beam
reproducibility, pointing fluctuation, divergence, charge,
and energy. A numerical study based on three-dimensional
(3D) particle-in-cell (PIC) simulations is also presented for
a comprehensive understanding of polarization-sensitive
LWFA, when driven with and without ionization injection.

I1I. RESULTS AND DISCUSSION

Our experiment was performed at the Center for
Relativistic Laser Science (CoReLS) using a 150-TW
Ti:sapphire laser (A = 800 nm, T = 25 fs). The experimen-
tal scheme is shown in Fig. 1. An f /23 concave mirror
(CM) focused the laser pulses onto a gas jet. The laser
energy before compression was 3.9 + 0.2 J and the wave
front was corrected by a deformable mirror (DM) (AKA
OPTICS DM2-60-32) and monitored by a wave-front sen-
sor (Phasics SID4-GE). In addition, the DM was adjusted
to move the focal-spot position by applying constant volt-
ages to all DM segments, typically yielding approximately
0.225 mm/V. After optimization by the DM, the energy in
the Airy disk was 30%, with a focal spot size of 25 pm
in a full width at half maximum (FWHM) or wy = 21 pm
(at 1/€? in intensity) at the target. This provides a peak
laser intensity of 4.0 x 10'® W/cm? with ag = 1.4. In this
experiment, an ultrathin quarter-wave plate (A /4) was used
before the CM to switch the laser polarization between LP
and CP. In the case of LP, the laser is polarized in the
horizontal (x) direction in Fig. 1.

FIG. 1. The experimental scheme.
A laser pulse (red) is focused
onto the gas jet by a con-
cave mirror for laser wakefield
acceleration (LWFA). A quarter-
wave plate (A/4) is used to con-
trol the laser polarization. The
resulting electron-beam profile is
recorded using the scintillation
screen Lanex 1 and the electron
spectrum is recorded using the
Lanex screens 2 and 3.

Lanex 3
Lanex 2
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FIG. 2. Individual electron energy spectra [(al), (bl), (c1), and (d1)] and

Energy (MeV)

averaged spectra [(a2), (b2), (c2), and (d2)] recorded on

Lanex 3 for linearly polarized (LP) and circularly polarized (CP) laser pulses for a plasma density of (1, x 10'® cm™3) and a focal

displacement (FD) of: (a) FD = 1.8 mm, n, = 5.4; (b) FD = 5.6 mm, n, =

5.8; (c) FD = 2.7 mm, n, = 4.8; and (d) FD = 2.0 mm,

n. = 5.4. FD = 0 refers to the laser vacuum focal position at the entrance edge of the gas jet. The long and short color bars [(al), (b1),
(cl), and (d1)] are on different scales. A summary of the electron-beam properties is shown in Table 1.

In the gas-jet setup, a cylindrical nozzle with a 4-  varied
mm inner diameter was used in a pulsed mode with

an opening time of 10 ms. The gas backing pressure

034026-3

of 0.8

in the range of 7-28 bar, providing gas densities
3.9 x 10'® cm™3, measured with an interferometric

method (see Fig. S1 in the Supplemental Material [33]).
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We used a helium gas mixed with 3% nitrogen (He—3%
N,) for ionization injection. The focal point of the laser
was located at the center and 2 mm above the orifice of
the gas nozzle. After the interaction, thin Al foils were
used to block the laser beam (see Fig. 1). The electron
beam generated by LWFA was characterized using three
scintillating Lanex (Kodak) screens. The profile, point-
ing, divergence, and relative charge of the electron beam
were recorded using Lanex 1. The energy of the elec-
tron beam was measured with an electron spectrometer
consisting of a 0.9-T dipole magnet, which disperses the
electron beam on Lanex screens 2 and 3. This three-screen
setup was adopted to minimize the error in measuring
the electron-beam energy and correct for beam-pointing
offsets [34]. The two screens can detect electrons in the
energy range of 120350 MeV and 150400 MeV, respec-
tively. The electron charge was determined by using an
imaging plate (IP) from Fujifilm BAS-SR 2025, placed
on top of Lanex 3. The IP was exposed to one shot
and then scanned by a Fujifilm BAS5000 scanner. The
charge was estimated by considering the photostimu-
lated luminescence (PSL) coefficient, the energy depen-
dence of PSL, and the time elapsed after the exposure
[35,36].

We started with LP and scanned the plasma density by
changing the gas backing pressure. We also optimized the
laser focal position by adjusting the dc voltages applied
to the DM to obtain an electron signal and find opti-
mal parameters and then we investigated the influence
of laser polarization on LWFA. First, we select four data
sets as shown in Fig. 2 and summarized in Table I. They
show successful shots taken with LP and CP under the
same experimental parameters (i.e., gas backing pressure
and laser focal position), selected from a total of 335
shots.

Figure 2 and Table I show that LP provides higher
peak electron energies than CP in all cases (17% higher
on average and 30% higher in case “D”). This is due
to polarization-dependent ionization injection, in which
the electrons ionized from the K shell of nitrogen (N°®*)
are born earlier in time under LP than under CP and are
injected close to the back of the bubble so that they expe-
rience the stronger accelerating fields. This is detailed in
Sec. I1I.

Another important parameter is the electron-beam-
pointing fluctuation. Figure 3(a) shows variations in the
electron-beam pointing observed on Lanex 1. For LP, the
standard deviation of the beam-pointing fluctuation was
found to be Af, =3.0£0.2 mrad and A6, =2.2+0.1
mrad in the x and y directions, respectively. However,
after switching to CP, the standard deviation increased to
A6, =3.54+0.3 mrad and AG, =2.7£0.2 mrad. This
indicates that the beam-pointing fluctuation is slightly
higher for CP compared to LP. Furthermore, as seen in
Table I and Fig. 3(b), the beam-divergence angle (¢, and
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A summary of the electron-beam properties shown in Fig. 2.

TABLE 1.

Number of Number of
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Charge on
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¢y) in FWHM is larger for CP (< ¢, >= 18.4 mrad,
< ¢y >=10.9 mrad) than for LP (< ¢y >= 11.5 mrad,
< ¢, >= 7.2 mrad). Thus, the electron beam generated
during LWFA via CP exhibits an increased divergence.
This is because the electrons ionized and injected by CP
laser pulses gain larger transverse momenta than by LP.
In addition, the electrons produced under CP follow heli-
cal trajectories, as also observed in self-injection [27,28],
which further enhances the beam divergence. It is inter-
esting to note that both LP and CP cases exhibit an
asymmetric transverse (x-y) distribution. This asymme-
try can be attributed to the characteristics of the laser
system used in the experiment. The laser system dis-
plays a large asymmetric pointing distribution in the x
and y directions, as shown in Fig. 3(c), which influences
the transverse distribution of the electrons in both the
LP and CP cases.

The reproducibility of electron beams was also com-
pared for LP and CP. The success rate of electron accel-
eration was 58% (88 out of 153 shots) for CP and 31%
(247 out of 807 shots) for LP. These results indicate that CP
provides a significantly higher reproducibility rate, approx-
imately 2 times higher than for LP. This improvement can
be ascribed to the superior capability of CP in produc-
ing and injecting more charge during LWFA. It enhances
the likelihood of producing an electron beam, even in the
presence of shot-to-shot variations in many laser-plasma
parameters.

We also compared the electron charge and energy for
LP and CP, utilizing measurements from the Lanex 1 and
Lanex 3 detectors. Figure 3(d), derived from the electron-
beam profiles observed on Lanex 1, reveals a remarkable
difference in the total charge for CP and LP in all energy
ranges. Specifically, CP exhibits a significantly higher total
charge, with an average increase up to 30% compared
to LP. We note that some CP shots yielded less charge
counts than LP ones, especially at high gas densities. This
is because part of the electron beam was clipped when
detected on Lanex 1 due to its larger beam pointing and
divergence in the CP case.

However, the charge detected on Lanex 3, covering
electron energies above 120 MeV, is higher for LP than
CP, as shown in Fig. 3(e). Furthermore, we measured the
peak energy of the electron beam observed on Lanex 3. In
Figure 3(f), the averaged electron peak energy is plotted as
a function of the plasma density. The results show that the
peak energy is higher for LP than CP in most cases. This
is explained in Sec. II1.

II1. SIMULATIONS

To better understand the physics behind the influence
of laser polarization on electron acceleration in LWFA,
we performed PIC simulations using the SMILEI code [37],
using Fourier decomposition with three azimuthal modes
(m = 0,1, and 2) in cylindrical geometry. Specifically, we
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FIG. 3.

(a) Electron-beam-pointing fluctuations detected on Lanex 1 for LP (blue scatters) and CP (red scatters) with covariance

confidence ellipses added. (b) Electron-beam divergence (FWHM) in the transverse (x and y) directions on Lanex 1 with covariance
confidence ellipses added. (c) A map of the laser- (far-field) beam-pointing fluctuations in the x and y directions, after the compressor,
captured with 1416 laser shots. (d),(e) The average (d) count on Lanex 1 and (e) charge on Lanex 3, respectively, versus the plasma
density. (f) The mean peak energy of electron beams on Lanex 3 versus the plasma density. In (d)—(f), the size of the scatters represents

the number of shots.
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studied the interaction between a Gaussian laser pulse
(ap = 1.5, wy = 20 pm, T = 27 fs, and A = 800 nm), first
propagating in vacuum over 30 wm, and a gaseous medium
with a nonuniform density profile consisting of a 1-mm
up-ramp, a 2-mm plateau, and a 1-mm down-ramp. This
structure resembles our measurement. We used a moving
window, propagating at the group velocity of the laser,
with dimensions of 41, x 154, divided by 2112 x 1216
cells (16 particles per cell) in the z and r» directions.
The simulations were performed for three types of target
species—preionized He plasma, pure He gas, and 97% He
with 3% N, (He—3% N,). The ionization rate is calcu-
lated using the Ammosov-Delone-Krainov (ADK) model
implemented in the SMILEI code.

The electron-density profile after about 2-mm propaga-
tion of the laser pulse is shown in Fig. 4 for each medium.
The corresponding energy density is plotted in the inset.
In the case of the preionized He driven with LP and CP
[see Figs. 4(a) and 4(d)], they show an almost identical
wakefield structure, as the ponderomotive force is polariza-
tion independent and there is no ionization involved. In the
He case, we observe a slight modification in the electron
energy density distribution. However, for He—3% N5, the
wakefield structure changes dramatically because of strong
polarization-dependent ionization with N,. With CP in par-
ticular, the electrons acquire higher residual longitudinal
momenta, so that the probability of an electron being born

FIG. 4.

in a trapped orbit increases [14]. We also find that the spa-
tial distribution of the beam charge and energy is wider for
CP than for LP, which confirms the larger beam divergence
for CP.

The corresponding phase-space profiles in the transverse
direction are shown in Figs. 5(a)-5(f). For all gas species,
the accelerated electrons have larger momenta in the trans-
verse (y) direction for CP than for LP. In addition, the
phase-space distribution changes dramatically with polar-
ization; in particular, with the ionization-injection scheme
(He—3% N,). This is more evident around y = 0. If we
look at the final electron spectrum shown in Figs. 5(g)-5(1),
the peak energy is higher for LP in all cases. In the case of
preionized plasma and He gas, there is a slightly higher
peak energy for LP but the difference is not considered
significant. On the other hand, for He—3% N, the dif-
ference in the peak energy between CP and LP is more
pronounced. The energy spread of the main electron beam
tends to increase with both LP and CP in the case of
He—3% N,. The main peak energy in the preionized He
plasma is 240 MeV and 260 MeV for LP and CP, respec-
tively. In He—3% N, the main peak energy is around 190
MeV and 130 MeV for LP and CP, respectively. In addi-
tion, there is a small peak around 380 MeV in preionized
He plasma for LP. This peak decreases to 355 MeV and
204 MeV for LP and CP in He—3% N,. The simulation
results show, for both cases, that the total charge for CP is
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1072
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The electron density (the inset shows the energy density of the electrons) after a 2-mm propagation of the laser pulse [(a)(c)

LP, (d)«f) CP)] in (a),(d) preionized He plasma, (b),(e) pure He, and (c),(f) 97% He with 3% N,.
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higher than for LP, and the charge of the electrons above
120 MeV is higher for LP than for CP, which confirms our
experimental results.

Our simulation results also show why LP yields higher
electron energies than CP in the case of He—3% N,. The
evolution of plasma densities, shown in Fig. 4(c) and in
Figs. S.2-S.6 in the Supplemental Material [33], indicates
that in the case of LP, the injected electron bunch is nar-
rower and extends to the back of the bubble. In the CP
case, however, there is a noticeably large gap between the
electron bunch and the back of the bubble. This is due
to ionization injection that is sensitive to the polarization
of the driver laser. The ionization of the K shell of nitro-
gen occurs earlier in time for an LP laser pulse because
of its higher ay compared to the CP case. The electrons
born early in time can be injected close to the back of
the cavity (similar to self-injection), where the longitudi-
nal wakefield is stronger and can produce higher electron
energies. From the ADK model and also our simulation,
we note that N®* is formed at the peak of an LP laser pulse
with ay = 1.4, whereas almost no N®* is produced with
CP. With relativistic self-focusing and thereby an increas-
ing ay, both polarization states can produce N°* and N’*.

—
(51 S e

Py (arb. units)
o

However, LP always yields the higher ay at any evolu-
tion time and can inject electrons closer to the back of the
plasma bubble compared to CP. This can produce higher-
energy spectra. The general enhancement of total charge
with CP can be also explained by PIC simulations. First,
our PIC simulation results show that the minimum of the
wake potential [4,14] decreases further with CP (see Fig.
S.7 in the Supplemental Material [33]) and this effectively
increases the Hamiltonian on the separatrix (or decreases
the threshold for trapping) [14]. As a result, a higher num-
ber of electrons can be trapped, ultimately leading to an
increased total charge. Second, the electrons ionized and
accelerated by a CP laser pulse can gain higher longitudi-
nal momenta [27,28,38]. This also lowers the threshold for
trapping [14,39], which can yield more charge in the beam.

IV. CONCLUSIONS

In conclusion, our findings highlight the significant
influence of polarization-dependent ionization injection
in LWFA. Its primary contributions are twofold. First,
the laser polarization determines the residual momen-
tum distribution of electrons when liberated via ATI.

FIG. 5. The transverse phase-
space distribution (p, versus y)
of the electron beam (first row,
LP; second row, CP) after a 2.6-
03 mm propagation of the laser pulse
in (a),(d) preionized He plasma,
(b),(e) pure He gas, and (c),(f)

ey

—9 97% He mixed with 3% N.
1074 (g)—(i) Electron spectra at the end
—10 of laser propagation in (g) preion-
10 ized He plasma, (h) pure He gas,
o and (i) He—3% N,, for LP (blue
g5 1075 line) and CP (red line).
=
5 0
g
~ -5 10~
R 0
—-10
— 30 (9 —p | [ (h) — P
o B — cP — cpP
a0 'g 20
==
55 10
)
0 250 0 250 0 250
Energy (MeV) Energy (MeV) Energy (MeV)
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This affects the subsequent behavior and dynamics of
ionization-injected electrons. Second, given the same laser
energy, pulse duration, and focal spot, the polarization state
changes the peak laser intensity. This can alter the onset
of the ionization time, consequently changing the trajec-
tories of ionization-injected electrons in the phase space.
Our experimental results show that CP tends to increase
the electron reproducibility rate (by 90%), the electron-
beam divergence (by 60%), and the total electron charge
(up to 30%) compared to LP, while LP provides the higher
peak electron energy (by 20%) and slightly less electron-
beam-pointing fluctuation. The results, also supported by
3D PIC simulations, reveal the potential of laser polariza-
tion as an additional tuning knob for LWFA, opening up
new opportunities for more controllable LWFA depending
on applications. In addition, the study of CP laser interac-
tion with plasma is important, as it can generate tunable
magnetic fields [40] and circularly polarized x rays [41]
with increased charge and radiation power, also improving
the conversion efficiency with higher success rates.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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