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Abstract

Proton acceleration in a near-critical-density gas driven by a light spring (LS) pulse with a helical structure in its intensity
profile is investigated using three-dimensional particle-in-cell simulations. Compared with other pulse modes with the
same laser power, such as the Gaussian pulse or the donut Laguerre—Gaussian (LG) pulse, the LS structure significantly
enhances the peak intensity and drives a stronger longitudinal acceleration field and transverse focusing field. Both the
high intensity and helical structure of the LS pulse contribute to the formation of a bubble-like structure with a fine
electron column on the axis, which is critical for stable proton acceleration. Therefore, it is very promising to obtain
ultra-high-energy protons using LS pulses with a relatively lower power. For example, by using LS pulses with the same
power of 4.81 PW, the proton in the gas can be accelerated up to 8.7 GeV, and the witness proton can be accelerated to
10.6 GeV from 0.11 GeV, which shows the overwhelming advantage over the Gaussian and LG pulse cases.
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1. Introduction

High-energy ion beams can be used in a wide range of
fields!'~*!. Laser-driven acceleration is an attractive approach
to obtain high-energy protons. Along with the completion of
10 PW laser constructions, such as the ELI-NP and SULF
facilities, the record of proton energy has broken through
100 MeV based on the target normal sheath acceleration
(TNSA) scheme or a hybrid mechanism in several laborato-
ries!*!. However, it is still very challenging to further increase
the proton energy because of the rigorous requirement for
the experimental conditions. Nevertheless, a higher proton
energy, such as a few GeV or tens of GeV, is a long-term

goal for the attractive prospects.

In recent years, the radiation pressure acceleration (RPA)
scheme has become an efficient way to acquire high-energy
protons”~!. Theoretically, this method can produce protons
with energy in the GeV range. However, it remains difficult
to further increase the proton energy to several GeV through
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RPA because of the decreasing acceleration gradient when
the accelerated proton velocity is approaching the speed of
light!"1. Moreover, a large focus spot is necessary for long-
term acceleration of the RPA, which implies that a high laser
power is required. To obtain a higher-energy (above 10 GeV)
proton beam, the acceleration field should move at near-light
speed along with the proton beam!''~'*!, This implies that the
wakefield or bubble structure is a good option for producing
ultra-high-energy proton beams, which has been confirmed
by numerous theoretical studies!'*'>~'®]. However, there are
two necessary conditions for proton wakefield acceleration.
One is the ultra-high intensity/power of the driving laser
pulse. Current research results show that protons can be
self-injected in the wakefield driven by a Gaussian (GS)
laser only when the laser intensity is about 107> W/cm?,
corresponding to a laser power of 100 PW{'>), because a large
focus size is required. Although for the external injection
of protons, the laser intensity should still be of the order
of 10?2 W/cm?, corresponding to a laser power in the range
of tens of petawatts!'?, such high power is still difficult to
achieve and is unavailable in real experiments for current
laser facilities. Furthermore, in a regular bubble driven by a
GS laser pulse, the transverse field has a defocusing effect
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on the positively charged particles and scatters them to
the bubble sheath. Therefore, the protons cannot be well-
confined in the acceleration field. It has been found that,
when a vortex laser with a donut structure in the intensity
distribution, such as the Laguerre—Gaussian (LG) laser,
propagates in undersense plasma, a bubble structure with an
electron pillar on the axis can be formed!'®'*->!1. This special
structure can confine protons in the plasma near the bubble
axis, resulting in continuous and stable proton acceleration.

The light spring (LS) laser is a new type of space—time
coupled laser that can be composed of several LG laser
pulses with different frequencies and topological chargest>?!.
The most prominent features of such a laser are the spiral
structure of the phase and intensity contours. Unlike the
LG pulse with a donut intensity distribution, the high-
intensity bright spot of the LS pulse is concentrated within
a small arc of the ring, and the intensity at other positions
on the ring is extremely low (almost zero). That is, as
the LS pulse propagates forward, the position of the high-
intensity bright spot rotates around the optical axis!”>**!. In
recent experiments, an LS with arbitrary topological-spectral
correlations has been realized by employing a diffractive
axicon with a circular geometry that imparts azimuthal
phase modulations to the beams!’*!. This LS pulse with
a highly focused intensity at a specific local position has
a significantly increased peak intensity when compared to
GS or LG pulses with the same power. Considering the
current difficulty in constructing high-power petawatt lasers,
this provides a feasible prospect for ultra-high-energy proton
acceleration with moderate power lasers.

In this study, this special vortex pulse propagating in
a near-critical-density plasma is investigated using three-
dimensional particle-in-cell (3D PIC) simulations. It is found
that, when the LS pulse, even at a relatively low power,
interacts with the under-dense plasma, a bubble-like struc-
ture with an electron pillar on the optical axis forms sponta-
neously. Protons in the background plasma can be trapped
and stably accelerated for a long time. Simulation results
show that a proton beam can be accelerated to 8.7 GeV by
4.81 PW LS laser pulses. The proton energy is increased by
about 10 times when compared to the acceleration effect of
the LG and GS pulses at the same power, in which cases
there are no self-injected protons. Considering the cascade
acceleration of protons, the witness proton can be accelerated
to 10.6 GeV from 0.11 GeV, which significantly eases the
trapping condition.

2. Theoretical analysis

Physically, LS pulses can be created by combining multiple
LG pulses. Actually, coherent beam combining is widely
used to produce high-intensity laser beams!>>?°l. An
LG beam with the number of radial nodes p =0 can

https://doi.org/10.1017/hpl.2024.72 Published online by Cambridge University Press

Y. Guo et al.

be expressed as aig(7,6,f) = a;(r) exp (i(l6 — wt)) =

a0<\/§/wz>mexp(—rz/wg)exp(i(lé — wt)), where a;(r)
denotes the transverse laser profile, / denotes the topological
charge, zg denotes the Rayleigh distance and w, =
wo,/(z2+zlz{) / (zﬁ), where wy denotes the beam-waist
radius. The position of the maximum radial intensity of

the LG beam is at r = ,/wél/Z, which is related to the
topological charge. In this study, to increase the coherence
of the superposition beams and make the bright spot
more concentrated, the waist radius of each LG beam
woi /11 = wona/I,, Where wg, denotes the beam-waist radius
of the nth beamlet with a topological charge [,. Each LG
mode with a different topological charge is associated with
a specific frequency!?>?”). The LS pulse synthesized by N
beams of the LG pulse with intensity ay is described as
follows:

N
ais (r,0,t) = ZaLG (r,0,1)

n=1

N Il 5
= Za()(ﬁ) exp (—r—z) exp(i(l,0 — wyt)),
W w

n=1 w
(D

where [, = I} + Al(n—1), w, = w; + Aw(n—1),

Wan = wony/ (2 +28) / (z&), Aw denotes the bandwidth gap
and Al denotes the topological charge gap.
The intensity of such beam is as follows:

sin? ( NAI(G;awm))

sin? (Al(&;awot))

2

Iis = as (r,0,0) -ays(r,0,0)* = a2(r)

where ¢wy = Aw/Al and wy denotes the central frequency.
Equation (2) indicates that the intensity profile of the LS
pulse is helical. The interference effect causes the light
intensity to concentrate around a specific angle 6. The high-
intensity bright spot rotates around the laser axis, forming
a spring-like intensity contour in space and time. When
Al =1, the angular position of the peak intensity is 0y (t,z) =
awg (t—z/c) and pitch p = A/a, where A is the central
wavelength.

It is well known that for a laser pulse, intensity I
is proportional to amplitude ay?, with Iy = Caj, where
C = 137 x 10® (W/ecm?)/A%. According to Equation
(2), the intensity of the LS pulse synthesized by N LG
beams with g, can be expressed as I\ s = CNzag and power
Pis=NJ[ Caéds, resulting from the power sum of N beams.
However, when an LG pulse has the same power as an LS
pulse, its peak intensity can be expressed as I = CNa(z).
Therefore, at the same power, the LS pulse achieves a peak
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laser intensity NV times higher than that of the LG pulse (i.e.,
the amplitude is N'/? times higher), which implies significant
advantages in terms of particle acceleration.

3. Three-dimensional particle-in-cell simulation results

Proton acceleration driven by the LS pulse was demonstrated
using 3D PIC simulations based on EPOCH code!”®!. The
simulation box has dimensions 80 wm (x) x 60 pwm (y) x
60 pm (z), corresponding to a moving window with
1000 x 800 x 800 cells and one particle per cell. The tritium
low-density plasma, doped with a small amount of hydrogen,
occupies the 10 pm < x < 800 wm region in the propagation
direction of the laser pulse, and —27 um < y (z) <27 pm.
The density of electron n, = 1.23 x 10?” m™ and the
density ratio of trittum to hydrogen particles is 70:1.
The slow-moving massive background tritium ions enable
the formation of a stable electron bubble with a large
space-charge field'"!, which facilitates the stable generation
of accelerating bubbles in the plasma and benefits the
acceleration of protons. The LS pulse is composed of seven
LG pulses with different topological charges, ranging from
Iy =1tol; =7, and a frequency spacing of a¢wy = 0.05wyp.
The central wavelength A = 0.8 wm. The detailed numerical
values of the seven pulses are listed in Table 1, where the
waist radius of each LG beam wo;/I] = wo,+/I, is satisfied
to increase the coherence of the superposition beams and
make the bright spot more concentrated, where wy, denotes
the beam-waist radius of the nth beamlet with a topological
charge /,. The normalized peak amplitude of the sub-LG
beam ar g = 15; thus, the normalized peak amplitude of the
synthesized LS pulse is expected to be ar.s = 105. The pulse
duration of the sub-beams 7" = 16 wm, equal to the pitch of
the LS pulse.

It should be noted that the transverse intensity distribution
of the LG pulse has a donut-like structure, so that an electron
column which is critical for the transverse confinement of
protons can be generated when it propagates in the gaseous
plasma. For an LS pulse with helical structure intensity, it
also has a singular point at the center of the pulse, similar
to the LG pulse. However, the symmetry of its transverse
distribution is weakened; it is difficult to form a straight
electron column because of the asymmetric ponderomotive
force on the background electrons. To increase the symmetry
of the induced bubble-like structure and obtain a stable
electron column, two LS pulses with high-intensity bright

spots symmetrically positioned relative to the central axis
were used. In fact, this structure is the same as that of an
LS pulse with Al = 2.

The 3D PIC simulation results are shown in Figure 1.
As shown in Figures I(a) and 1(b), when two LS pulses
propagate in low-density plasma, the ponderomotive force
of the spring-like electric field expels and spirals electrons
outward, forming a bubble-like structure with an electron
column on the central axis, which results in a focusing effect
for the positively charged particles''”?’l. It is well known
that when the laser intensity is sufficiently high, protons
in the background plasma can be trapped by the intense
longitudinal acceleration field and move with the bubble
structure for further acceleration. The maximum strength
of the normalized electric field is a;.s >~ 100, as shown in
Figure 1(c), for the reason of the good energy concentration
of the high-intensity bright spot. However, the power is only
4.81 PW, which is one to two orders of magnitude lower
than the previously reported value (it should be noted that
for the same laser strength and focus spot, protons cannot be
well-accelerated by RPA for a general GS pulse). The high
intensity of the LS pulse contributes to the generation of the
intense acceleration field, as shown in Figure 1(d), which
is critical for proton injection and acceleration. With the
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Figure 1. At t = 862 fs, (a) side view and (b) frontal view of the LS
pulse (orange), high-density protons (green) and electrons (blue/purple)
from different views. At this time, the field of the LS pulse is considerably
weakened. The color bar represents electron density, which is normalized
to ne. (c) At =92 fs, the electric field distribution of the LS pulse Ey in the
x—y plane at z = 0. (d) Acceleration field E, in the x—y plane at z = 0 and
t = 862 fs. The electric field is normalized to mewpc/e.

Table 1. Topological charge [, of the nth LG sub-beam constituting the synthesized LS pulse, and the corresponding beam-waist radius

won and angular frequency wy,.

Sub-beam number n 1 2 4 5 6 7
Topological charge I, 1 2 4 5 6 7
Angular frequency w, 0.85awy 0.9w9 0.95wg wp 1.05wq 11wy 1.15w0
Waist radius wy, (jLm) 16 11.314 9.238 8 7.155 6.532 6.047
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Figure 2. (a) Electron density and (b) proton density in the x—y plane at
z=0and r =862 fs.

present parameters, the protons were trapped in the bubble-
like structure and well-confined by the electron column.

Figure 2 shows the electron and proton densities of the
bubble-like structure in the x—y plane at z = 0. It can be
clearly observed that there is a thin electron column with a
high density in the center of the structure. The protons are
focused toward the electron column and accumulate at the
head of the bubble-like structure, where the acceleration field
is much stronger.

The trapped protons are confined to the axis and obtain
high energy from the acceleration field. As shown in
Figure 3(a), protons with higher momentum are located
near the central axis, corresponding to protons with high
density as shown in Figure 2(b). Based on the energy spectral
distribution of the protons, as shown in Figure 3(b), the
cutoff energy reaches 8.7 GeV after about 1 ps acceleration
with the energy conversion efficiency of 11% for protons
exceeding 0.5 GeV. The proton energy spectrum is broad
for the self-injection case because protons are trapped
continuously from the background plasma, whereas protons
with higher energy have smaller divergence angles, and
the mean divergence angle is small (1.853°), as shown in
Figure 3(c), which is important for applications. Here we
should note that protons no more than 1 GeV have been
obtained for GS pulses even though the same effective spot
size of 4 pwm at the same power has been used, and no better
acceleration results can be obtained for the pure RPA by the
GS pulse with such a small focal spot.

Y. Guo et al.

4. Discussion

4.1. Detailed comparison of simulation results and the trap-
ping condition

The initial energy of the trapped protons depends on
the potential of the bubble structure. The Hamiltonian
of a proton in the wakefield and electromagnetic field is

ho=\/1+p; + pya* — ppp (§) — vpPyr, Where &

and hy is an integration constant corresponding to the
initial proton condition in front of the bubble. For a proton
initially at rest, igp = 1. Here, v, is the bubble velocity,
P, = yv, is the proton longitudinal momentum, v, is
the proton velocity, p, = —1/1836, ¢ (§) = f E.d& is the
scalar potential and E| is the acceleration field, which is
positively correlated with ,/ag. According to the simulation
results of the acceleration field for the LS pulse case, the
maximum potential ¢m,x = 1305. It is well known that, if
the scalar potential is sufficiently high, then the protons
can be accelerated to a speed equal to the bubble velocity,
resulting in proton trapping. The trapping conditions are
expressed as follows:

x — ct,

ho +pp¢trap = l/yp-

The potential required for trapping ¢, = 1260, which
is smaller than the maximum potential for the LS pulse
case and, thereby, protons can be trapped in the bubble-like
structure. The motion of the protons can be expressed as
follows:

p (0ph (€) + o) +\/ (oo © +ho)” = (1=13) (1= (0p ©) + o))

_2
lvp

P=

3

From Equation (3), the proton momentum that can be
achieved after acceleration at different wakefield velocities is
as shown in Figure 4. According to the simulation results, the
average velocity of the bubble-like structure is v, = 0.971c,
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Figure 3. (a) At = 1.02 ps, longitudinal momentum distributions of protons, with the momentum normalized to n,c and m, denoting the proton mass.
(b) Energy spectra of protons and (c) angular distribution of proton energy, where the color bar represents the number of protons normalized to the maximum

number of protons.
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Figure 4. Dependence of proton momentum on the bubble velocity, where
vp is normalized to ¢, and Py is normalized to mpc. The black square
indicates the theoretical result, and the red square indicates the simulation
result.

corresponding to a Lorentz factor of y, = 4.18. The expected
momentum is 10.96m,c, which is in good agreement with the
simulation result of P, = 10.31m;c.

The spiral structure of the LS pulse results in a concen-
tration of the laser intensity in the angular direction. That
is, for the LS pulse, the high-intensity bright spot rotates
around the laser axis, forming a spring-like intensity contour
in space and time. When it propagates in the under-dense
plasma, the bright spot pushes the dense electrons forward
at a certain location in the cross-section, and at the next
moment, the following bright spot pushes the fresh dense
electrons at the other corresponding location. Therefore, the
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electron bubble-like structure in the LS pulse case is driven
by the whole pulse instead of the pulse front as in the GS or
LG cases. Meanwhile, both the high intensity and the helical
structure of the LS pulse contribute to the formation of a
bubble-like structure with a fine electron column on the axis,
which is critical for stable proton acceleration. The electron
column along the propagation axis results from the special
ponderomotive force on the background electrons because
the ponderomotive force has a corresponding structure with
the helical intensity.

As mentioned above, there are two key stages for obtaining
high-energy protons: the injection stage and the continuous
acceleration stage. The LS pulse exhibits a spring-like inten-
sity distribution. This structure significantly enhances the
peak intensity by N times and benefits both stages when
compared with other modes, such as GS and LG pulses
with the same power. The higher laser intensity / implies a
stronger ponderomotive force and drives a stronger longitu-
dinal acceleration field E,. To confirm this, the LG pulse and
GS pulse with the same power of 4.81 PW as the driving
pulse are used to compare the proton acceleration effect.
The comparison of the driving field and acceleration field
of the three cases is shown in Figure 5. In the LG case, the
normalized amplitude is approximately 43, which is slightly

ﬁ 20 |
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Figure 5. Atr =92 fs, electric field distribution of (a) the LS pulse, (c) the LG pulse and (e) the GS pulse in the x—y plane at z = 0. The black line represents
the selection of the line for the one-dimensional plot of the electric field. At t+ = 862 fs, acceleration field of (b) the LS pulse, (d) the LG pulse and (f) the
GS pulse in the x—y plane at z =0. The black line represents the selection of the line for the one-dimensional plot of the acceleration field.
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Figure 6. At t = 862 fs, the acceleration field of (a) the LG pulse and (d) the GS pulse. Electron density in the cases of (b) the LG pulse and (e) the GS
pulse in the x—y plane at z = 0. At t = 1.02 ps, the energy spectra of protons driven by (c) the LG pulse and (f) the GS pulse.

lower than the expected value according to Iy g = 2Iis/N
(here, the coefficients of two results from two LS pulses are
used in the PIC simulations). In the case of the GS pulse,
the normalized amplitude is approximately 47. Apart from
the driving pulse, the other parameters are the same as those
in the case of the LS. As shown in Figures 6(a) and 6(b),
the electron column is loose and insufficiently dense to
confine protons. The peak intensity of the acceleration field
for the LG pulse is E,; g = 6.1, corresponding to the max-
imum potential @n,x = 335, which is much lower than
¢wap- The protons cannot be trapped and are continuously
accelerated by the wakefield. As shown in Figures 6(d) and
6(e), the normalized peak intensity of the acceleration field
for the GS pulse is E,gs = 6.7. Due to the absence of a
hollow ring structure in the vortex pulse, it fails to form a
bubble structure with a central electron column near the axis.
The protons diffuse gradually and do not accelerate well.
As shown in Figures 6(c) and 6(f), the cutoff energy of the
protons is much lower than 1 GeV for both the LG and GS
pulse cases. In other words, LS pulses are overwhelmingly
superior in proton acceleration.

4.2. Acceleration for the external injection

Accelerating protons through self-injection is a simple
and direct method that is relatively easy to implement
in experiments. Here, a well-confined acceleration of the
externally injected protons in the wakefield driven by the LS
laser pulse is also considered. The same normalized ampli-
tude ars ~ 100 and power P = 4.81 PW were maintained
consistent with the above self-trapped case. The tritium
plasma with a density of ny = 6.9 x 10°° m occupies the
same simulation box. The witness proton beam with a size of
4pm x 2 pm x 2 pmis emitted fromx =5 pmandy =z =
0 wm. For comparison, a 4.81 PW LG pulse and a 4.81 PW
GS pulse were used to accelerate the witness protons.
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Figure 7. (a) At ¢t = 1.17 ps, 3D longitudinal momentum distributions of
witness protons for the LS pulse as the driving pulse. (b) Energy spectra of
witness protons driven by LS, LG and GS pulses, respectively.

The other parameters were identical to those used in the
LS acceleration case. As shown in Figure 7(a), the witness
protons driven by the LS pulse are well-confined along the
axis and effectively accelerated. The maximum momentum
is 12.36myc at t = 1.17 ps. Figure 7(b) shows the energy
spectra of the witness protons driven by different laser pulses
at t+ = 1.17 ps. For the LS pulse, the witness protons are
accelerated to over 10 GeV from 0.11 GeV with an energy
spread of 0.671°. In the cases of LG and GS pulses, most of
the protons cannot be trapped and further accelerated by the
wakefield. Hence, they significantly lag behind the moving
bubble-like structures. Notably, cascaded proton acceleration
has been reported for the well-known TNSA, collisionless
electrostatic shock acceleration and RPA?'1. However,
for the former two schemes, the energy gain within a few
MeV to tens of MeV is limited because of the immovable or
nonrelativistic acceleration field, whereas for the latter, the
energy of the witness protons should be sufficiently high so
that protons can follow the fast acceleration field.

4.3. Effective acceleration driven by the imperfect LS pulse

We should note that, even though for the imperfect LS
pulse, which is usually more possible to reach considering
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Figure 8. Intensity patterns for imperfect LS pulses combined by sub-LG beams with random initial phases in 12 simulation runs.

the current experimental technology, the results still show
overwhelming advantages in proton acceleration compared
with the LG pulse case.

Considering the feasible method of realization in the
real experiments, the LS can be created by combining LG
beamlets. If the phase and frequency of the LG beam-
let are well controlled before combination, a perfect LS
pulse with one strong point of time-dependent intensity
can be obtained. Otherwise, an imperfect LS pulse with
several strong points of time-dependent intensity owing to
the random phase will be obtained. Considering the current
experimental technology, the latter is usually more prone
to be achieved. Therefore, besides the perfect LS case, we
have performed the imperfect LS case by adding some
random phases between the LG beamlets, and similar results
are observed for the imperfect LS case. The probability of
effective proton acceleration in the imperfect cases is 25%
based on three cycles of effective acceleration in the 12
simulation runs with different random phases adding to the
sub-LG beams in each run. The normalized peak amplitude
of the sub-LG beam ay g = 24 and the total power is 12.3 PW
(the peak intensity of the LS pulse after the incoherent
superposition in the imperfect LS case is lower than that in
the perfect LS case, so here higher total power is required
to accelerate protons effectively). The other parameters of
the driving laser and plasma are the same as that in the
perfect LS case. As shown in Figures 8—10, protons can still
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be trapped by the wakefield and continuously accelerated
for a long time, and eventually gain a cutoff energy up to
8.73 GeV, as shown in Figure 10(a). The acceleration process
is similar to that in the perfect LS case, as shown in Figure 9.
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Figure 9. (a) Proton density, (b) electron density and (c) acceleration field
E; in the x—y plane at z = 0 and r = 862 fs when the imperfect LS pulse
in Figure 8(al2) (combined by sub-LG beams with random initial phases)
is used. The proton and electron density has been normalized to n.. The
electric field is normalized to mewocle. (d) At t = 1.05 ps, longitudinal
momentum distributions of protons in the x—y plane at z = 0, with the
momentum normalized to m,c and m, denoting the proton mass.
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Figure 10. At t = 862 fs, the energy spectra of protons accelerated by (a) the imperfect LS laser pulse in Figure 8(al2) and (b) the LG laser pulse at the

same power.

As comparison, in the case of the LG pulse at the same power
of 12.3 PW, protons cannot be efficiently trapped due to the
insufficient intensity, and the proton cutoff energy reaches
1.32 GeV, as shown in Figure 10(b), which is similar to
the acceleration case in Figure 8(a4). Therefore, although a
higher laser power such as 12.3 PW is required, the results
still show overwhelming advantages in proton acceleration
compared with the LG pulse case.

5. Conclusion

In summary, the proton acceleration in a bubble structure
driven by an ultra-intense LS pulse was examined. Unlike
the traditional hollow vortex beam, the LS pulse displays a
spiral intensity profile, resulting in a higher peak intensity at
a lower driving power, thus forming a bubble-like structure
with an electron pillar on the x-axis. Owing to the sufficiently
intense acceleration field in the longitudinal direction and
focusing field in the transverse direction, protons can be
effectively injected and accelerated. The 3D PIC simulation
results show that, when two LS light pulses are symmetrical
with respect to the central axis and have a total power of
4.81 PW, the peak intensity reaches 2.15 x 10?2 W/cm?.
When they interact with near-critical-density plasma, the
protons in the background are well-trapped and confined
near the axis of the acceleration bubble. After long-distance
acceleration, the trapped protons obtain the energy of
8.7 GeV, showing an overwhelming advantage over the GS
and LS pulses. It should be noted that the intensity can be
enhanced N times for the LS pulse when compared with that
for the general GS or LG pulse at the same power. Therefore,
there is huge potential for particle acceleration with a high
N, even though the total power is not too high.
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