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Abstract

A direct comparison of the properties of electron beam generated by antiparallel circularly polarized Laguerre—Gaussian
(CPLG) laser pulse and parallel CPLG laser pulse has been performed with three-dimensional particle-in-cell simulations.
It is known that the longitudinal field of an antiparallel CPLG laser pulse with opposite signs of spin and orbital quantum
number preferentially accelerates electrons to high energy. However, a direct comparison of electron beam between the
other combination of spin and orbital angular momentum, the parallel CPLG laser pulse with the same sign of spin and
orbital angular quantum number, has not been conducted. While the two pulses have an identical transverse field envelope,
the generated electron beam properties are different. Although the magnitude of the longitudinal field is about one order of
magnitude less than that of the transverse field, it has a significant effect on beam divergence. For antiparallel CPLG laser
pulse, collimated electron bunches are formed with small divergence (<50 mrad); while for parallel CPLG laser pulse, a
diverging (> 100 mrad) electron beam is formed. This difference in beam quality can indicate a field-induced acceleration in
actual experiments. A few-cycle laser pulse and low-density plasma are used to rule out the effect of laser—plasma interac-
tion. It is also shown that for antiparallel CPLG laser pulse, the maximum kinetic energy increases with the square root of
incident laser power, consistent with the scaling law for field-induced acceleration.

1 Introduction

For more than two decades, efforts have been made to accel-
erate charged particles using ultra-intense lasers [1-6], as
laser technology advances at a rapid pace [7]. Laser-driven
charged particle accelerations have a wide range of applica-
tions, from medical to fundamental research [8—13]. Cur-
rently, the majority of laser particle acceleration schemes
rely on the plasma field induced by high-intensity laser
pulses [2, 9]. A typical example is the target normal sheath
acceleration mechanism, in which protons are accelerated
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to near 100 MeV by the plasma sheath field generated by
a high-intensity laser pulse [14, 15]. For the acceleration
of electrons to multi-GeV, the laser wakefield accelera-
tion (LWFA) mechanism is used, which makes use of the
wakefield generated by a laser pulse propagating through a
plasma [16-19].

As an alternative to these schemes based on laser-induced
plasma fields, a scheme that accelerates electrons directly
with the field of the laser pulse, called the vacuum laser
acceleration (VLA) scheme, has recently gained attention
[20-24]. Usually, the scheme uses a radially polarized laser
pulse that has a strong longitudinal electric field near the
optical axis [25-30]. As the transverse electric field of such
a pulse has radial components only, the accelerated electrons
have a smaller emittance compared with those accelerated by
a usual linearly polarized pulse. However, an ultra-intense
radially polarized laser pulse is very difficult to produce
because the polarization converter should be able to assign
the polarization angles as a function of the incident laser
pulse’s azimuthal angle [25, 31].

On the other hand, several VLA electron scenarios using
CPLG laser pulse have been proposed. In fact, a mirror-type
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phase plate has been developed recently as a practical
way to produce ultra-intense CPLG laser pulses [32]. The
CPLG laser pulse is a laser pulse that has an orbital angu-
lar momentum (OAM), /, in addition to the linear momen-
tum, and the spin angular momentum (SAM), s = +1, or
the polarization of light [33]. In previous studies [34-38],
the antiparallel (I =+1,s =—-1),(I =—-1,5s = +1)) CPLG
laser pulses have been used for CPLG VLA electron beam
generation. An antiparallel CPLG pulse has characteris-
tics that the longitudinal field is distributed on the optical
axis. Using these characteristics on the longitudinal field,
a high-density attosecond electron bunch is created by the
interaction of nano-fiber and micro-droplets interacting with
intense antiparallel CPLG laser pulses [34, 35]. In addition,
a method using a plasma mirror has been suggested [36].
This method uses the reflection of the antiparallel CPLG
laser pulse from a plasma mirror which simultaneously
injects copious electrons from the plasma mirror and directly
accelerates the injected electrons. According to their simula-
tion results, they expect a 0.47 GeV electron beam using a
0.6 PW antiparallel CPLG laser pulse and plasma mirror.
The trapping effect of the longitudinal magnetic field as well
as the acceleration effect of the longitudinal electric field
during the electron acceleration processes were analyzed in
detail [37]. In the most recent study, the evidence of direct
field-induced acceleration was presented by confirming the
carrier-envelope-phase dependence of electron acceleration
using a few-cycle antiparalle]l CPLG laser pulse [38].

We compare an electron beam generated by a parallel
CPLG laser pulse (I = +1,s = +1) to that produced by an
antiparallel CPLG laser pulse. The parallel CPLG laser pulse
has an identical transverse field envelope while having a
completely different longitudinal field structure. Although
it was mentioned in [38] that the parallel CPLG laser pulses
cannot accelerate electrons, the distinction between the gen-
erated electron beams was not examined. However, the elec-
tron beams created by two distinct laser pulses can be the
experimental indicator for direct field-induced acceleration.
In addition, we investigate the interaction of low-density
plasmas with CPLG laser pulses. This examines the differ-
ence in electron beams caused by laser—particle interaction
while excluding the laser—plasma effect.

2 Field structure of a Laguerre-Gaussian
laser mode

In this section, we express the longitudinal field of the CPLG
laser mode using the paraxial approximation. Then, the solu-
tion to the Helmholtz equation is the Laguerre—Gaussian
(LG) laser mode in the cylindrical coordinates (r, 8, z), and
the wavefunction of the LG laser mode, U, can be written
as
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where [ is the azimuthal index having an integer value, non-
negative p is the radial index, A, is the maximum wave

amplitude, a,,,,, = (e/|ID"? is a normalization factor,

w(z) = wgy/ 1 + (Z/ZR)2 is the beam radius, w is the waist
radius, zp = kw(z) /2 is the Rayleigh length, Ly lis the Laguerre
polynomial, ¢ = —kz — kr? /2R(z) + (|I| + 2p + 1)®; — ,is
the phase, R(z) = z(l + (zR/z)2> is the radius of curvature,

@ = tan~! (z/z;)is the Gouy phase, k = 27/ A is the wave-
number, 4 is the wavelength, and 6, is the offset phase. For
simplicity, we only consider /=+1 and the zeroth mode
p=0,i.e., L,L”:o: 1.

For finding the longitudinal electric field of a CPLG
laser mode, we start with a complex vector potential in
the Coulomb gauge where the electric potential V is 0.
In the paraxial approximation, the complex vector poten-
tial A of a circularly polarized laser mode is written as
A = (A, —isA,, —i/k(0,A, — is0,A,) ) exp (iwr)/ /2, where
s is the SAM of photon and can have either + 1 (left circular
polarization) or -1 (right circular polarization). Substituting
A, with the solution to Helmholtz equation u, ,_, and using
Faraday's law of induction, E = —d,A, the real components
of the electric field of a CPLG laser mode are
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where the maximum transverse electric field strength E7 .,

in Eq. (2) is EO/\/E, not E,. This convention is chosen to
ensure that the time-averaged intensity is identical to the case
of a linearly polarized laser mode. Note that the normalized
transverse field amplitude is defined as a, = E,(mcw/e)™
in this convention. Likewise, we normalize the longitudinal
field amplitude as a, = E_ \p, (mcaw/ e)”!, where E Max 18 the

z,Max z
maximum longitudinal electric field strength.
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The longitudinal electric field, E,, of a CPLG laser mode
in Eq. (3) has three important properties. First, the longi-
tudinal field contains the term of a total angular momen-
tum times azimuthal phase dependence, (I + 5)6. Since the
polarization of the light can be either s = +1or s = —1, the
longitudinal field wavefront becomes planar only when
(l=-1,s=+1)or (I =+1,s = —1). Figure la shows the
normalized longitudinal electric field in the xy plane at the
focus for the case (I = —1,s = +1), while Fig. 1b shows the
case of (I = +1,s = +1) for comparison. When [ is — 1, the
longitudinal electric field E_ (I = —1, s = +1) has no angular
dependence since (— 1 + 1) =0 6 and results in a large field
along the propagation direction. Figure 1a shows this field
structure on the focal plane, which offers the opportunity of
an efficient electron acceleration along the z direction. On
the other hand, when [ is + 1, the longitudinal electric field
E (I = +1,5 = +1) has phase dependence of (1+1)8 = 260,
and we do not expect an efficient electron acceleration
because the laser pulse cannot keep the accelerated electrons
in the same phase.

Second, in the expression for E, in Eq. (3), there is a
spin—orbit coupling term, (s - [ — |/|), which vanishes when
the orbital and spin quantum numbers have the same signs,
dubbed as the “parallel” case. On the other hand, the term

becomes —2|I| when the orbital and spin quantum numbers
have different signs, which we call the “antiparallel” case. In
the antiparallel case, the longitudinal field is proportional to
E, « =2|l|r""exp(—r? /w}) when r < wy. In Fig. 1a, where
lis — 1 and s is + 1, the longitudinal field is strong around
the optical axis because E, « —2exp(—r?/ WS). In contrast,
the longitudinal electric field vanishes around the optical
axis in Fig. 1b because E, & r’exp(—r?/w2) when both
and s are + 1. An intuitive geometrical argument is given on
the spin—orbit nature of the longitudinal electric field of the
CPLG laser mode in Ref. 40.

Third, the maximum longitudinal electric field E_yy,, is

24/2e/kwq X Er \pox on the focal plane in the antiparallel

case. For example, when the laser wavelength is 800 nm,
and the waist radius w is 3 pm, Zx/ﬁ/kw0 is about 1/5.
To accelerate electrons to relativistic speed with the lon-
gitudinal electric field, the normalized longitudinal field
amplitude a5 = E_ \j,, X (mcw/ ¢)~! should be larger than
1. Then, the normalized transverse field amplitude should
satisfy ay = E, - (mcw/e)™" > 5/2. Note that the trans-
verse field strength |E;| has the same donut shape for
both antiparallel and parallel cases, as shown in Fig. lc.
In Fig. 1c, d, the transverse field strength is reduced by

(a)2 T T T l 2 T T T 1
E;(l=-1) E;(l= +1)
1t 13 1t 13
- D & S
£ of | = S of | B
BN ’ S g PN 5 ¢
E £
A1t . 1t . :
= Il 1 1 — =9
2771 0 1 2 1 2
X/Wo
(c)> s e I " (d) 5
[Ex(1= % 1)/5|
1 8 3 — E2I=-1)
= = . 2() =
1<) /==
§ 5 ----- 25
] = W
w
-2 L 1 1 "
2 1 0 1 2 0 2
X/Wo X/Wo

Fig. 1 Field structures of CPLG laser modes. a The longitudinal field
amplitudes on the focal plane for the antiparallel case,
E (I =-1,5 = +1). b The longitudinal field amplitude for the parallel
case, E (I =+1,s = +1). ¢ The transverse field strength for both /,

|[Er(l= 21,5 =+D)| = /E? + E?. Transverse field strength is multi-

plied by 24/2e/kw,=1/5, which corresponds to kw, of 24. d The
square of the longitudinal field strength in the antiparallel case

(solid). The square of the longitudinal field strength in the parallel

case (dashed). The square of the transverse field strength multiplied
2

by (2\/ 2e/ kwo) = 1/25is shown as a dotted line. All fields are nor-

malized to the maximum longitudinal field strength in the antiparallel
case, E(I = —=1,0, = +1)(r = 0,z = 0). The x and y axes are normal-
ized to the waist radius, w,
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a factor of 2@/kw0 =1/5, and is normalized to the
maximum longitudinal electric field for / = —1 case. The
solid line in Fig. 1d represents the square of the longitu-
dinal field strength on the x-axis for the antiparallel case,
ie., E?(l = —1). As expected, the square of the longitudinal
field strength shows a maximum at x = 0. The dashed line in
Fig. 1d represents Ezz_(l = +1), which presents much smaller
peaks at x/w, = 1. The dotted line in Fig. 1d indicates the

square of the normalized transverse field strength, which
peaks at x/w, = 1/ \/E . An LG laser pulse with a relativ-

istic transverse electric field a, > 1 pushes electrons inward
as well as outward owing to the ponderomotive force. In
our VLA scenario, an electron pushed inward is accelerated
by the longitudinal electric field near the optical axis if it is
antiparallel.

3 Results and discussion

The electron acceleration by the longitudinal field of the
antiparallel and parallel CPLG laser pulses are examined,
using a fully relativistic particle-in-cell code, EPOCH3D
[39]. The simulation box has dimensions of 80 x 80 X 15 um3
and is divided into 480 x 480 x 375 cells. The initial plasma
is located within the Rayleigh range, 0 < z < z;. For both
electrons and protons, 30 computational particles per species
are assigned to each cell, corresponding to a total of 2 x 10°
computational particles for each species. The number

Fig.2 Distributions of electrons
(green dots) and longitudinal
electric fields (background
color). a In the antiparallel case,
the majority of electrons are
trapped by the longitudinal field
around the optical axis. b In the
parallel case, the longitudinal
field is 0 V/m around the optical
axis. In both figures, electrons
with kinetic energy greater than
200 MeV are shown at a simu-
lation time of 125 fs. In these
simulations, a 2 PW laser power
has been used

E.(I=-1)

x [um]
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density is identically set to have 10_5nc for both particle spe-
cies. The density of the plasma was set so low to avoid the
action of the plasma fields in the acceleration. Since plasma
phenomenon is not involved in our simulation settings, a cell
size of A/20 in the longitudinal direction results in sufficient
resolution for the electron acceleration process. We consider
800 nm laser pulses with a spot size of 2.0 um in full width
at half maximum (FWHM), which corresponds to kw, = 13.
In this spot size, the paraxial approximation, kw, > 1,
remains valid. A short laser pulse having a 5-fs pulse dura-
tion (FWHM) is employed so that electrons can experience
the strongest longitudinal electric field. If the pulse duration
is much longer than this, electrons do not experience the
strongest longitudinal electric field because they are pushed
away at the leading edge of the pulse where a_, ~ 1. Under
these circumstances, one should use a plasma mirror [40]
or a pin-hole mirror [41] to inject pre-accelerated electrons
into the peak of the laser pulse. We have used a 2 PW laser
pulse to obtain the main data. The SAM of the laser pulse
is fixed to the left circular polarization, or s= +1, in our
simulations. After the pulse is gone (t=11 fs), the simula-
tion window follows the accelerated electrons moving at the
speed of light.

Figure 2a, b illustrates the electron distribution along with
the longitudinal electric field distribution in the xz plane at
125 fs. The two pulses have identical transverse field enve-
lopes, resulting in the same ponderomotive force on the
electrons. However, due to the different longitudinal field

E;(I=+1)
T 2 2
7 1 1
1 & £
I
15110 = o 10
= X =l
1 W wy
- -1 -1
il -2 -2
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structures, the distributions of electrons are different. For
the antiparallel case, trapped electron bunches are present
as well as a strong longitudinal electric field around the opti-
cal axis. In contrast, Fig. 2b shows no longitudinal electric
field around the optical axis, and the accelerated electrons
spread out more.

For the quantitative analysis of the electron beam diver-
gence, accelerated electrons are plotted in the xy plane in
Fig. 3. The divergence of a electron 6 is calulcated by

\/VE+ vg /1v,|, and calculated divergence is indicated with a

color code at the position of electrons’ position. In the
antiparallel case of Fig. 3a, the electron beam shows less
spread. In the parallel case of Fig. 3b, the electron beam
divergence is much more pronounced. There are two factors
contributing to the observed differences in electron diver-
gence between these two cases. First, the antiparallel and
parallel CPLG laser pulses have the same transverse enve-
lope but different field structure, which can affect the elec-
tron distribution and divergence. Second, the different lon-
gitudinal field structures in the two cases also play an
important role in the observed divergence differences. Our
analysis suggests that the transverse field has a minimal
impact on the divergence distribution, and that the

Fig.3 Divergence distribution

(a)

longitudinal field is the primary cause of the divergence dif-
ferences observed in Fig. 3. (See Supplementary Fig. S1 for
details.) Besides the beam divergence, the beam emittance
is also an important parameter for the beam quality. There-
fore, we have calculated the geometric emittance of the elec-
tron beams for both cases. In Fig. 3a, the electron beam
radius is < Ar >~ 9.8 um and the beam divergence is
< 0 >= 54.6 mrad. This results in a geometric beam emit-
tance of 0.54 mmemrad for the antiparallel case. In compari-
son, the electron beam radius is < Ar >~ 17.6 um and the
beam divergence is < 8 >~ 117.9 mrad in Fig. 3b. This
results in a beam emittance of 2.07 mmemrad for the parallel
case, which is about four times larger than that in the antipar-
allel case. This result shows that an antiparallel CPLG laser
pulse is a better electron beam driver than a parallel CPLG
laser pulse.

The normalized energy spectra of accelerated electrons
for both antiparallel and parallel cases are shown in Fig. 4a.
The solid black line indicates the energy spectrum for the
antiparallel case, and the dashed black line shows that for the
parallel case. The figure clearly shows that the antiparallel
CPLG laser pulse produces more high-energy electrons than
the parallel CPLG laser pulse. We find that the antiparallel

of electrons. a In the antiparal-

lel case, most of the electrons 20k I [ 4] I
have divergences less than
50 mrad. b In the parallel case, K
the electron beam divergence 10 B
exceeds 100 mrad. Electrons =
with kinetic energy greater than = Of
200 MeV are shown at a simu- >
lation time of 600 fs. In these -10 1
simulations, P=2 PW is used
20k

(b) I= +1
T 200
| 150
E B
] = £ 100
= @
150
0

Fig.4 Energy spectrum and

radial distribution of electrons.
a Normalized energy spectra

of the accelerated electrons are
shown in this plot. b Normal-
ized radial distributions of
electrons are shown for both
I=—1and [= + 1. The solid
black line indicates the distribu-
tion in the antiparallel case. The
dashed black line represents the
distribution in the parallel case.
In these simulations, P=2 PW

Sea

is used. The simulation time is 0-00
600 fs

100 200 300 400
E [MeV]

500
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Fig.5 a Normalized longitudinal number density (solid red line) of
the accelerated electrons for the antiparallel case. Background dots
represent the distribution of the accelerated electrons in the (r,z)
plane. Color code represents the energy of each electron. b A simi-
lar figure is drawn for the parallel case. For the longitudinal number
density, both figures are normalized to the peak electron density in a.
In these simulations, P=2 PW is used. The simulation time is 600 fs

CPLG laser pulse produces 42% more electrons with energy
above 100 MeV than the parallel CPLG laser pulse. Fig-
ure 4b shows the normalized radial distribution of the accel-
erated electrons, which show very different distribution pat-
terns. The solid black line shows the radial distribution of
the electrons in the antiparallel case, where electrons are
concentrated near the optical axis (» < 5 pm). The dashed
black line shows the distribution in the parallel case, where
the electrons are distributed broadly off the axis. The result
in Fig. 4, thus, presents that in the antiparallel case, the high-
energy electrons are distributed along the optical axis.

In addition, the antiparallel CPLG laser pulse produces an
electron bunch highly localized in the z coordinate. The solid
red lines in Fig. 5a, b represent the electron densities along
the optical axis (integrated over the xy plane for a given
z) for the antiparallel and the parallel cases, respectively.
In Fig. 5a, two electron bunches are identified. The first
bunch is peaked at z & 2.5 um and has a width of Azpywpy =
0.1 um, corresponding to Atgywv = 0.3 fs. The second broad
bunch is found at z & 1.5 um. The distance between the two
bunches is about 1 um, which is slightly longer than the
laser wavelength. This is because the electrons in the second
bunch have been detached from the first bunch but to be in
the deceleration phase while having some momentum. After
further acceleration owing to the strong longitudinal electric
field formed in this region, the electrons gain more kinetic
energy along with some divergence. Note that the most ener-
getic electrons are in the second bunch around z & 1.5 um,
where the longitudinal electric field is most intense. This can
be seen by looking at the electron distribution in the (r, z)
plane together with their energy spectrum (color) in Fig. 5a.
If a longer antiparallel CPLG laser pulse is used, a high-
energy electron pulse train can be generated (see Fig. 7a).
In the parallel case (Fig. 5b), the electrons are not bunched
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in the z coordinate and are more divergent, consistent with
the beam pattern shown in Fig. 3b.

To accelerate electrons efficiently with the longitudinal
electric field, electrons must be kept in the acceleration
phase of the field. Since most acceleration occurs within
the Rayleigh range [22], we define the acceleration time as
tec = 2g/c, where c is the speed of light. Additionally, we
define the dephasing time 74, as the time it takes for an elec-
tron to dephase from the acceleration phase of the longitudi-
nal field. This transition occurs when the phase of the field,
wt — kz, changes by , leading to a transition from an accel-
erating force to a decelerating force for the electron. There-
fore, we obtain the expression for the dephasing time as
wl4e, — kz = m. Then the dephasing time is Ty, /2(1 — ),
where T}, is the optical period of the laser, and f is the ratio
of the velocity of electrons to the speed of light. Requir-
Ing 3¢, > Iy gives the condition of > 0.965, which cor-
responds to the relativistic Lorentz factor of y > 4 in our
case with the waist radius of wy = 2 um. The acceleration of
electrons by the longitudinal electric field of the antiparallel
CPLG laser pulse is, thus, effective for a,, > 4. Ideally, if
the electrons are accelerated by the maximum longitudinal
field within the Rayleigh range we can obtain ideal scaling
in laser power as Ey,,(MeV) = eE_ 1,2 = 6924/ P[PW].

In Fig. 6, the energy scaling is examined by plot-
ting the maximum kinetic energy of accelerated elec-
trons in our simulations for different laser powers. The
solid line in Fig. 6 represents the estimated scaling
Eyax(MeV) = 6924/P[PW], and the dashed line does

1000

100

Emax[MeV]

18‘01 0.1 1 10

P [PW]

Fig.6 Maximum electron energy in the simulation for different laser
powers. The maximum electron energy is reached at the end of the
simulation time, or at 600 fs. The solid black line shows the ideal
scaling Eyp,,(MeV) = 6724/P[PW]. The dashed black line shows
50% of the ideal scaling, Ey,,(MeV) = 3464/P[PW]. a, = 4 is indi-
cated by a vertical dashed green line
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Fig.7 a The amount of work done by the longitudinal electric field
(W) and transverse electric field (W) for the antiparallel case. This
figure shows the amount of work done by each field on 100 randomly
selected electrons located in the dense region (z=2-3 um) in Fig. 5a
having an energy of 250-300 MeV. b A similar figure is drawn for

that obtained from the PIC simulations with q,, > 4,
Epax(MeV) = 3464/P[PW]. The two scalings match each
other well in the exponent of the laser power, albeit the
absolute energy values from the simulation scaling are half
of those from the estimated scaling. Such a reduced effi-
ciency was also reported for the VLA with radially polar-
ized laser pulses [22]. When we obtained the ideal scaling
law for antiparallel CPLG laser pulses, we assumed that
the electrons were accelerated along the optical axis. In
practice, however, the accelerating electrons are pushed
away from the optical axis owing to the ponderomotive
force. This prevents them from experiencing the maximum
acceleration field, leading to a deviation from the ideal
scaling law. When a,, < 4 (the vertical green dashed line
marks the laser power for a,, = 4), the maximum energy
decreases further because the electrons cannot be kept in
the acceleration phase of the longitudinal electric field, as
discussed above. For parallel CPLG laser pulses, it is dif-
ficult to obtain the ideal scaling law by applying a similar
method used for the antiparallel CPLG laser pulses. This
is because the longitudinal field is nearly zero around the
optical axis region in the parallel CPLG laser cases, which
complicates the formulation of the ideal scaling law.

The ideal maximum energy scaling of the CPLG driven
electron is about /2 times lower than that of electrons driven
by the radially polarized laser pulses, Ey;,,(GeV) = 1/ P[PW]
[42]. This is because the radially polarized laser mode, TM,,,
is constructed by a combination of two antiparallel CPLG
laser pulses,

E (TMy,) = (E(l=-1,s=+D+E(=+1l,5=-1)),

“

Sil-

(b) 1=
1000

+1

— W
750 4 — W
500 A

250 1

Work (m4c?)

—250 A

-500

0 200 400
time (fs)

600

the parallel case. This figure shows the amount of work done by each
field on 100 randomly selected electrons located in the dense region
(z=0-1 pum) in Fig. 5b having an energy of 250-300 MeV. The
shaded region corresponds to the standard deviation of each value

which results in a y/2 times larger longitudinal field strength.
The beam divergence of the antiparallel CPLG accelerated
electrons in Fig. 3a seems comparable to that of the electrons
accelerated by a radially polarized laser pulse (=37 mrad)
[25]. In short, the antiparallel CPLG laser pulse shows a
comparable performance compared with the radially polar-
ized laser pulse at a similar laser power. However, it is very
challenging to produce radially polarized laser pulse at a PW
level power. In contrast, it is much easier to produce high
power CPLG laser pulses. In fact, a mirror-type phase plate
has been developed recently as a practical way to produce
ultra-intense CPLG laser pulses [32].

To determine which field plays a dominant role in the
acceleration of electrons by the CPLG laser pulses, we
examined the work done by the longitudinal electric field
(W) and transverse electric field (W,) on the electrons. Fig-
ure 7a shows the amount of work done on 100 randomly
selected electrons by each field during the simulation time
from O to 600 fs. The values of W_and W, are calculated as
—e /, %dt and —e [, %dt, respectively. As shown in
this F1g 7a, the longitudinal field in the antiparallel case
does much more work than the transverse field. This sug-
gests that the electrons are predominantly accelerated by
the longitudinal field. We note that the acceleration of elec-
trons is also assisted by the longitudinal magnetic field as
discussed in Refs. [36, 43]. The strong longitudinal mag-
netic field in the CPLG laser pulse trap electrons. This is
because the longitudinal magnetic field can focus electrons
toward the optic axis region since it has the same direction
as the longitudinal electric field, as previously discussed in
Ref. [43]. Therefore, the longitudinal magnetic field further
increases the interaction time between the electrons and the
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Fig.8 Contour of electron density (green) and longitudinal electric field (red) for different values of /, a /= —1 and b / = +1. Polarization is
fixed to the left circular polarization for all cases. A 2 PW, 30-fs-long laser pulse is used. The simulation time is 112 fs

longitudinal electric field. Figure 7b displays the amount
of work received by 100 randomly chosen electrons during
the simulation time from O to 600 fs. Compared with the
antiparallel case, the amount of work done by the trans-
verse field is no longer negligible, particularly during the
initial interaction period (¢ < 100 fs), where W, exceeds the
value of W_. After 100 fs, the effect of the longitudinal field
on the electron acceleration process becomes dominant
even in the parallel CPLG case. We confirm that the elec-
trons are accelerated by both the transverse and the longi-
tudinal fields in the parallel case.

In Fig. 8a, b, we show simulation results obtained with a
30 fs multi-cycle laser pulse. We have fixed the polarization
of the laser as s= + 1. The three-dimensional contour plots
of the electron density is shown in green and the longitudinal
electric field £, is shown in red in Fig. 8a, b. The distribution
of electrons closely matches the distribution of E, in these fig-
ures. For instance, in Fig. 8(b), where [ = +1, the E, of the
CPLG laser pulse has a twisting wavefront and the electrons
show a similar distribution. When [ is — 1, the wavefront of
the CPLG pulse is planar, and electrons form planar bunches
as shown in Fig. 8a. Each electron bunch has a similar shape
as that produced using a 5-fs laser pulse, and shows a pancake-
like structure. Multiple electron bunches are produced, but less
than the number of laser optical cycles. As discussed above,
all electrons are accelerated by the strong electric field in the
leading part of the laser pulse. Using electron injection method
[42], one can even inject electrons at the desired optical cycle.

4 Conclusion
We have examined the effect of the longitudinal field on

the acceleration of the electron beam from the CPLG laser
pulse by comparing the electron beam quality generated

@ Springer

from two different spin—orbit configurations, the so-called
“parallel” and “antiparallel” cases. To examine the differ-
ence in electron beam quality by the configuration of / and
s only, we simulated a simple setup using a few-cycle laser
pulse and an low-density plasma target. In the antiparallel
case, the longitudinal field is present inside the transverse
field envelope with a planar wavefront resulting in colli-
mated high-energy electrons, which is consistent with the
predicted scaling law for field-induced acceleration that
the maximum electron kinetic energy increases with the
square root of incident laser power. We also found that the
longitudinal field plays a significant role in the accelera-
tion of electrons by the parallel CPLG laser pulse. While
the transverse field envelopes of the parallel and antiparal-
lel CPLG laser pulses were identical, indicating the same
ponderomotive force on the electrons, the electron beam
generated from the parallel CPLG laser pulse was more
divergent and less energetic than that from the antiparallel
CPLG laser pulse.

Our results demonstrate that the longitudinal field has
a critical impact on the acceleration of the electron beam
from the CPLG laser pulse, with a significantly different
contribution of longitudinal and transverse fields observed
between parallel and antiparallel configurations. For the
first time, we have clearly shown that direct laser accel-
eration of electrons by antiparallel CPLG laser pulses
is predominantly accomplished by the longitudinal field
rather than by the ponderomotive force of the transverse
field by comparing the case with parallel CPLG laser
pulses. Moreover, we have demonstrated that both trans-
verse and longitudinal fields impact the acceleration of
electrons in parallel CPLG cases. These findings high-
light the importance of considering the longitudinal field
in the design and optimization of direct laser accelera-
tion schemes. We anticipate that the difference in electron
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beam quality observed in our simulations can be confirmed
experimentally.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00340-023-07996-y.
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