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ABSTRACT
Recent observations of stimulated Raman side-scattering (SRSS) in different laser inertial confinement fusion ignition schemes have revealed
that there is an underlying risk of SRSS on ignition. In this paper, we propose a method that uses the nonuniform nature of the polarization of
vector light to suppress SRSS, and we give an additional threshold condition determined by the parameters of the vector light. For SRSS at 90○,
where the scattered electromagnetic wave travels perpendicular to the density profile, the variation in polarization of the pump will change
the wave vector of the scattered light, thereby reducing the growth length and preventing the scattered electromagnetic wave from growing.
This suppression scheme is verified through three-dimensional particle-in-cell simulations. Our illustrative simulation results demonstrate
that for linearly polarized Gaussian light, there is a strong SRSS signal in the 90○ direction, whereas for vector light, there is very little SRSS
signal, even when the conditions significantly exceed the threshold for SRSS. We also discuss the impact of vector light on stimulated Raman
backscattering, collective stimulated Brillouin scattering and two-plasmon decay.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157811

I. INTRODUCTION

Laser inertial confinement fusion (ICF) exhibits rich
laser–plasma instabilities (LPIs), such as stimulated Raman
scattering (SRS),1,2 stimulated Brillouin scattering (SBS),1,2

two-plasmon decay (TPD),3 and crossed-beam energy transfer
(CBET),4,5 along with other secondary instabilities. SRS, in which
the incident electromagnetic wave is scattered by an electron plasma
wave (EPW), has been the focus of attention for several decades;
it reduces laser energy coupling efficiency and preheats the target
capsule with hot electrons. Depending on the direction of the wave
vector of the scattered light, SRS can be categorized as forward
scattering, backward scattering, or side-scattering.

SRS exhibits absolute growth (temporal amplification of the ini-
tial seed) in a uniform plasma while experiencing convective growth
(spatiotemporal amplification of the initial seed) in a nonuniform
plasma except at a density of 0.25nc, where nc is the critical den-
sity. In a nonuniform plasma, stimulated Raman side-scattering

(SRSS) is thought to be absolute mode and hence is of great sig-
nificance, since the scattered light tangential to the density gradient
is scarcely affected by the inhomogeneity of the plasma. However,
despite being performed under conditions far beyond the thresh-
old for triggering the absolute mode, experiments in the twentieth
century found little evidence for SRSS. Mostrom and Kaufman6 clar-
ified the discrepancy between theory and experiments, pointing out
that SRSS undergoes transverse convective growth and can only
enter the absolute growth stage after the saturation of the convec-
tive mode, and the finite width of the laser beam raises the threshold
for detecting the absolute mode of SRSS.6,7 After the 1980s, little
attention was paid to SRSS in either experimental or theoretical
investigations.

Recently, however, there has been renewed interest in SRSS as
experimental results have demonstrated the crucial role that it plays
in indirect-drive,8,9 direct-drive,10 and shock ignition11 ICF ignition
schemes. Collective SRSS via shared EPW has been suggested as a
mechanism of hot electron generation in indirect-drive experiments
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at the National Ignition Facility (NIF),8,9 and collective SRSS via
shared scattered light has been observed in a direct-drive experiment
performed on the Omega facility.12 Direct-drive experiments with a
planar target at the NIF have shown SRSS to be the main contributor
to hot electron generation under ignition-scale conditions.13,14 Also,
the importance of SRSS has been verified in shock ignition experi-
ments at low densities.15 Very recently, the dominance of SRSS over
stimulated Raman backscattering (SRBS) has been identified at the
SG-II UP facility16 in double cone ignition17 experiments. To con-
trol the hot electrons generated by SRSS, it is necessary to mitigate
SRSS.

In this paper, we propose suppressing SRSS by vector light18,19

featuring transversely varying polarization. The vector light is typ-
ically generated in two ways: as output from a specially designed
or modified laser resonator or by using a spatial light modulator
to manipulate the amplitude, phase, or both of two orthogonally
linearly polarized lights (or two left- and right-handed circularly
polarized lights).20,21 The mechanism responsible for suppression of
polarization distribution in the cross-section of the pump beam in
SRSS has two aspects. First, in the initial stage, the maximum growth
occurs when the polarization of the seed aligns with the pump, i.e.,
Epump∥Eseed. Additionally, the direction of the scattered wave vector
is perpendicular to the density gradient as well as the electric field
of the seed, i.e., kseed ∥ [∇n × Eseed (Epump)]. This implies that the
scattered wave vector changes with the varying polarization of the
pump. Consequently, the scattered seeds excited at different trans-
verse locations become incoherent owing to the varying polariza-
tions and changing wave vectors, which slows down the growth. Sec-
ond, the variation in polarization will cause the convective growth
process to cease. The scattered light convects with the group velocity
in the direction of the wave vector, and the changes in the directions
of the wave vector and group velocity reduce the convective length
so that the convective gain decreases. As pointed out by Mostrom
and Kaufman,6 limited to the initial amplitude of the seed, the SRSS
exhibits convective growth first and then absolute growth only if
the convective gain is large enough. For vector light, the inhibited
convective growth will prevent the scattered light from entering
the absolute growth stage. Consequently, SRSS can be strongly
suppressed.

Several LPI mitigation schemes have been proposed, such as the
use of broadband light22 or multicolor light,23 sunlight-like lasers,24

polarization smoothing25 or smoothing by spectral dispersion,26 and
rotation of the polarization of the incident light.27 These methods
suppress SRSS by controlling the frequency spectrum, phase distri-
bution, or light intensity, or by imposing a temporal change on the
uniform polarization of the pump laser. In addition to these meth-
ods, other specific strategies for suppressing SRSS involve lowering
the overlapping intensity,8 adjusting the polarization arrangement
of the beam,8 utilizing a silicon ablator to increase the threshold,13

reducing the spot size,12 or modifying the laser pulse shape and
hohlraum plasma conditions.9 In this work, for the first time (to the
best of our knowledge), we propose a scheme to inhibit LPIs using
the nonuniform nature of the polarization of the vector light and
present a parametric design of the vector light to suppress SRSS. As
we will show by three-dimensional (3D) particle-in-cell (PIC) sim-
ulations, SRSS does not occur even when the conditions far exceed
the threshold. The nonuniform polarization of the vector light pro-
vides additional avenues for exploring laser–plasma interaction. The

remainder of the paper is organized as follows. In Sec. II, we present
a verification via PIC simulation of the efficacy of vector light in
suppressing SRSS. In Sec. III, we derive an additional threshold
determined by the characteristic length of the vector light. In Sec. IV,
we discuss the impact of vector light on backscattering, collective
SBS, and TPD, and then summarize our work.

II. SIMULATIONS
The verification of the suppressive effect of vector light on SRSS

is performed using the 3D PIC code EPOCH.28 In this section, we
describe one of the methods for the construction of vector light
in this PIC code and then present contrasting simulation cases of
vector light and linearly polarized Gaussian light to illustrate the
suppressive effect on SRSS of vector light.

A. Construction of vector light in PIC code
We consider linearly polarized Gaussian light (case 1) and vec-

tor light (case 2), both having the same wavelength, beam waist,
and maximum intensity. In case 1, the long pump pulse features a
Gaussian intensity profile with a wavelength λ0 = 1 μm, a waist w0 =
10.875λ0, and a maximum intensity I0 = 4 × 1015 W/cm2, propagat-
ing along the z direction and polarized in the x direction. In the
PIC code, the vector light is constructed by coherent superposition
of two beams with orthogonal polarization29 and different phase
distributions. In case 2, Gaussian light polarized in the x direction
with beam waist w1 = 5λ0 and Laguerre–Gaussian light30 polarized
in the y direction with waist w2 = 6.7λ0 and two indices l = 1, p = 0
are coherently superposed to give an equivalent beam waist w0 =
10.875λ0. The superposed electric field E in cylindrical coordinates
reads

E = 2 exp(− r2

w2
1
)êx + 1.5(2e

∣l∣ )
∣l∣/2
( r

w2
)
∣l∣

exp(− r2

w2
2
) exp (ilϕ)êy,

(1)

where e ≈ 2.718 is the base of natural logarithms. The intensity and
polarization distributions of the vector light are illustrated in Fig. 1.
Notably, the vector light exhibits a nearly Gaussian intensity distri-
bution, and the intensity distribution in cases 1 and 2 are nearly
the same, as can be seen in Fig. 7 in the Appendix. To account for
the degree of nonuniform polarization of the vector light, the char-
acteristic length of variation of the polarization, Lp, which is the
distance from the position of purely x-polarized to that of purely
y-polarized light (or vice versa) in the cross-section of the vector
light, is adopted. Owing to the high cost of 3D PIC simulations, the
Lp in our simulation setups shown in Fig. 2 is about ten wavelengths.
In practice, the magnitude of Lp can be determined by the method
outlined in Sec. I.

B. Simulation setup
To isolate the effect of nonuniform polarization of vector light

on SRSS and exclude competition31 or transition32 between different
LPI processes, the physical parameters have been chosen as fol-
lows. The transversely uniform hydrogen plasma density varies from
0.19nc (z = 0 μm) to 0.235nc (z = 38 μm) along the z direction, cor-
responding to a density scale length of Ln ≈ 180 μm. The electron
temperature is 500 eV, and the ion temperature is 100 eV. The ions
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FIG. 1. Schematic of the nonuniform polarization of vector light with a Gaussian intensity profile.

are set to be immobile. The density is chosen below quarter-critical
density, because the absolute modes of TPD and SRS grow near
quarter-critical density, and they can compete31 or transition,32 or
even induce further secondary instabilities.33 The convective mode
of TPD grows at a relatively low density34 (∼0.21nc to 0.245nc). In
this simulation, the short scale length makes SRBS less important,
the density range excludes the absolute mode of TPD and reduces
the convectively growing length of TPD, and the immobile ions
eliminate SBS. Hence, SRSS is the dominant LPI process.

The simulation region measures 34 × 34 × 38 μm3, with a grid
number of 340 × 340 × 380. Ten particles are placed in each grid,
and the total simulation time is 1000T, where T denotes one laser
period. Typically, periodic boundary conditions are used to facil-
itate the growth of SRSS.7,31 However, owing to the nonperiodic
polarization distribution of the vector light and to ensure consis-
tency between these two cases, open boundaries are adopted here.
Nonetheless, as we will demonstrate later, SRSS is rapidly excited
in case 1 even with transverse open boundaries. Thermal boundary
conditions are applied to particles.

C. Comparison between cases 1 and 2
The results for case 1 (linearly polarized Gaussian light) are

shown in Figs. 3 and 4. As shown in Fig. 2, in case 1, the pump
laser is polarized in the x direction, the scattered wave vector at

FIG. 2. Illustration of the wave vector matching relation of an x-polarized pump in
SRSS and the plasma density profile. The scattered light is indicated by subscript s
and magenta color, the pump light by subscript 0 and green color, and the plasma
wave by subscript p and orange color.

90○ relative to the density profile is in the y direction, and thus the
magnetic field of the scattered light is Bz . The electrostatic wave
has wave vectors (or electric fields) ky(Ey) and kz(Ez). Figure 3
depicts the electrostatic energy integrated over z in the y–z plane,
i.e., ∫ ∣Ey(y, z)∣2dz, which reflects the convective growth of SRSS in
the transverse direction. Since the pump is polarized in the x direc-
tion, the SRSS occurs in the y–z plane. In this configuration, the
electrostatic field excited by SRSS consists of both Ey and Ez com-
ponents, whereas the electrostatic field excited by SRBS has only
an Ez component. As a result, the integrated electrostatic energy,
which exhibits convective growth, is solely attributable to excitation
by SRSS. The SRSS seed originates at the center owing to the max-
imum laser intensity there, and as its amplitude grows, the profile
expands and takes a flat-topped form at a time of about 320T, owing
to convective saturation.

The electrostatic field and its k-space distribution in the plane
where SRSS occurs (i.e., the y–z plane) and the magnetic field of the
scattered light in case 1 at different times are presented in Fig. 4.
The three time points we have chosen are based on the convec-
tive growth of SRSS in Fig. 3. The red arrows in Figs. 4(a), 4(d),

FIG. 3. Electrostatic energy ∫ ∣Ey(y, z)∣2dz in the y–z(n0) plane, integrated over
the longitudinal (z) direction at different times in case 1.
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FIG. 4. Results for case 1 in the y–z(n0) plane, with x representing the direction
of laser polarization perpendicular to the y–z plane shown here. SRSS occurs in
the y–z plane, while SRBS occurs in the z direction. The frequency spectrum in k-
space of the electrostatic field Ez(ky , kz), the electrostatic field Ez(y, z), and the
magnetic field of the scattered light of SRSS Bz(y, z) are plotted at times 180T
[(a)–(c)], 300T [(d)–(f)], and 380T [(g)–(i)].

and 4(g) denote the wave vector of the electrostatic field excited by
SRSS, with

ksrss = (
√

1 − n/nc,
√

1 − 2
√

n/nc)ω0/c,

and SRBS, with

ksrbs = (
√

1 − n/nc +
√

1 − 2
√

n/nc, 0)ω0/c,

where the plasma density is taken to be the average density
n = 0.2125nc. At time 180T, the electrostatic waves are locally excited
in various directions, among which the backscatter has the greatest
strength owing to its higher growth rate. As the instability no longer
develops locally, the intensity of SRSS is much greater than that of
SRBS. At 300T, SRSS dominates, and at 380T, SRBS completely dis-
appears, leaving only SRSS. Although periodic boundary conditions
were not applied, SRSS has already convected transversely beyond
the pump waist width.

Figures 4(c), 4(f), and 4(i) show the distribution of the magnetic
field Bz of the scattered electromagnetic wave, which is normalized
by the maximum magnetic field B0max of the incident laser field.
At time 300T, the scattered light intensity is nearly uniform in the
z direction, whereas at 380T, the scattered light is stronger near
the left boundary. Despite a higher growth rate in the high-density
region, the incident light enters from the left, and scatters off some
energy in the low-density region, which causes an intensity distribu-
tion of the scattered light in the z direction. Notably, the transverse
intensity of the scattered light at 380T remains significant, ∼0.6B0max,
even without the implementation of periodic boundary conditions.
Moreover, it is clearly seen that the scattered light presents a 90○

scattering angle.
Figure 5 provides a comparison with Fig. 4 by illustrating the

electrostatic wave and electromagnetic wave excited by vector light
in case 2. The scattered wave vector of SRSS is not only in the
y direction but in all directions in the transverse (x–y) plane. Here
we choose the x–z and y–z longitudinal planes to illustrate the SRS
of vector light. The wave vector spectra in the kx–kz and ky–kz
planes of the electrostatic field Ez are depicted in Figs. 5(a)–5(d).
Figures 5(e)–5(h) show the electrostatic field distribution Ez , and
Figs. 5(j)–5(m) show the magnetic field of scattered light of SRSS,
Bz , in the two longitudinal planes.

At time 200T, in contrast to case 1, the vector light shows only
a backscattering signal. At 360T, SRBS completely disappears and
SRSS survives with rather high intensity in case 1, whereas in case 2,
there is still no SRSS but SRBS remains. This is because SRSS grows
preferentially under the given parameters, and in case 1, the SRBS
is limited by the small density length scale as well as by competition

FIG. 5. Results for case 2. The frequency spectra in k-space of the electrostatic field Ez are depicted in the kz–kx plane [(a) and (b)] and the kz–ky plane [(c) and (d)], the
electrostatic field distributions Ez are shown in the x–z(n0) plane [(e) and (f)] and the y–z(n0) plane [(g) and (h)], and the magnetic field distributions of the scattered light
of SRSS Bz are plotted in the x–z(n0) plane [(j) and (k)] and the y–z(n0) plane [(l) and (m)], at times 200T and 360T , respectively.
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FIG. 6. Electrostatic energy ∫ ∣Ez(y, z)∣2dz in the y–z plane (perpendicular to the
laser electric field), integrated over the longitudinal (z) direction at different times.

from SRSS. However, in case 2, the transverse polarization variation
presents an obstacle to the development of SRSS, which reduces the
competition and thus causes the SRBS to grow, but the amplitude
of the EPW excited by SRBS is still lower than that excited by SRSS
in case 1. Furthermore, Figs. 5(e)–5(h) demonstrate that the width
of the electrostatic wave distribution is restricted within the beam
waist.

The magnetic field of the backscattered light lies in the
x–y plane, and only the side-scattered signal is presented in
Figs. 5(j)–5(m). From Bz , we can distinguish a weak SRSS at time
200T. At 360T, the intensity of the scattered electromagnetic wave
is still weak. Furthermore, at 360T, the scattering occurs in all direc-
tions, rather than at the angle of 90○ in case 1. This is also in line
with our starting point and indicates that the change in direction
of polarization can cause the wave vector of the scattered light to
change, thereby preventing the SRSS from transverse convection.

Figure 6 depicts the electrostatic energy ∫ ∣Ez(y, z)∣2dz in the
y–z plane (perpendicular to the laser electric field), integrated over
the longitudinal (z) direction at different times. The electrostatic
field excited by SRBS is Ez . For a quantitative comparison with the
electrostatic energy induced by SRSS in case 1, we integrate the
energy over the z direction in the y–z plane. Notably, in case 2, both
the intensity and the total energy of the electrostatic field induced by
SRBS are significantly lower than those in case 1. This emphasizes
that, for the same parameter configuration, the suppression of SRSS
by vector light does not lead to an enhancement of SRBS. Addition-
ally, in contrast to Fig. 3, Fig. 6 clearly demonstrates the absolute
growth of SRBS.

III. ANALYSIS
The suppressive effect of vector light on SRSS has been demon-

strated in Sec. II. In this section, a parametric discussion about vector
light to inhibit SRSS is presented.

The theory of SRSS6,35 has been reviewed in Ref. 7. Two
approaches have been developed to describe the growth of SRSS:
the wave packet solution and eigenmode theory.7,35 The minimum
saturation time ts of the convective mode is used as the criterion

to identify whether convective or absolute growth dominates. If the
growth time t is less than 2ts, wave packet (convective growth) dom-
inates, and it has a finite exponential gain owing to the refraction
of scattered light in a nonuniform plasma. The minimum saturation
time is7

ts ≈ 8.5(ω0 − ωp

ωp
)

1/2
(kpv0

ωp
)

1/2 Ln

c
, (2)

where ωp and ω0 are the plasma frequency and laser frequency, v0
and c are the electron quiver velocity in the laser field and the speed
of light, respectively, kp is the wave vector of the EPW, and Ln is the
density scale length. After t > 2ts, the eigenmode (absolute growth)
dominates, and the growth rate can be found in Ref. 7. The threshold
parameter is given by7

ηa = (
v0

c
)

1/2
(ω0Ln

c
)

4/3 2 − 2ωp/ω0 − ω2
p/ω2

0

(ωp/ω0)2/3 , (3)

and the threshold is ηa = 1.
Under the conditions of the simulation cases 1 and 2, the

threshold ηa is 58, which far exceeds the threshold. Therefore, the
threshold condition is only appropriate for a pump with uniform
polarization. Once there is a polarization distribution over the cross-
section of the pump beam, an additional threshold defined by the
characteristic length of polarization variation Lp is requisite. Under
the assumption that the polarization of the initial scattered seed
excited at a certain location is aligned with the polarization of the
pump locally, as the scattered light convects out of the resonant
location, the electric field of the pump will not be collinear with
the seed. Consequently, the seed cannot be amplified further, and
the excited EPW will be damped finally owing to Landau and/or
collisional damping. The condition for the seed to be able to grow
continuously is that the growth distance L before saturation is much
less than Lp, i.e.,

L = 2Vgets < Lp, (4)

where V ge = (V s + Ve)/2 ≈ V s/2 is the effective group velocity,6

Ve = 3v2
e k�/ωp and V s = c2ks/(ω0 − ωp) are the group velocities of

the electrostatic wave and scattered electromagnetic wave, respec-
tively, k� is the perpendicular wave vector of the electrostatic wave,
ve is the thermal velocity of electrons, and ks is the wave vector of the
scattered light. Substituting the saturation time gives the threshold
condition defined by Lp:

8.5( kpv0

ω0 − ωp
)

1/2
Ln

cks

ωp
< Lp. (5)

For normally incident pump light, the threshold condition is

L2
p,min = 0.616

√
I14 λμmL2

n

(1 − 2ωp
ω0
)
√

2 − 2ωp
ω0
− ω2

p

ω2
0

(1 − ωpω0)ω2
pω2

0
, (6)

where I14 denotes the laser intensity in units of 1014 W/cm2,
λμm is the wavelength of the pump light in micrometers, and
Lp,min is the minimum characteristic length of polarization varia-
tion to trigger SRSS after other parameters have been given. Taking
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typical parameters of an ICF experiment on the NIF13 as an example,
namely, I14 = 8, λμm = 0.351, Ln = 500 μm, and ωp/ω0 = 0.44, where
the density is about 0.2 times the critical density, the minimum char-
acteristic length of polarization is about 0.5Ln, which means that
SRSS can be inhibited if Lp < 0.5Ln, even when the ηa = 4.6 exceeds
the threshold.

IV. DISCUSSION
As shown by the simulations and analysis, the transversely

nonuniform polarization distribution of the vector light contributes
to the suppression of the convective growth of SRSS, which has
transverse propagation and growth. It is straightforward to conjec-
ture that this transversely nonuniform polarization has little effect
on the longitudinally propagating SRBS. As is also evidenced in
Fig. 5, the polarization distribution can suppress transverse con-
vection, but cannot inhibit the backscattering. With regard to TPD,
considering that the wave vectors of the two daughter EPWs possess
transverse components, there is also an effective damping rate due to
polarization change as ν = V ge/Lp, where Vge = Ve = 3v2

e k�/ωp. For a
rough estimation, taking the plasma parameters to be Te = 2000 eV,
Lp = 15λ0, n0 = 0.25nc, k� = 0.1ω0/c, I0 = 5.0 × 1014 W/cm2, and
λ = 0.351 μm (typical of ICF experiments on OMEGA), the effec-
tive damping rate is ν ∼ 10−5ω0. For these parameters, the growth
rate of TPD is about 10−3ω0. Thus, the effective damping caused by
the nonuniform polarization seems insignificant compared with the
growth rate. Thus, the suppressive effect of the transverse polariza-
tion distribution on TPD is negligible, because the group velocity of
EPWs is so small that the polarization change cannot be experienced
during the growth time of instability.

Although the suppression scheme based on vector light
described here is aimed at SRSS driven by a single-beam laser pump,
it is also applicable to the stimulated Brillouin side-scattering (SBSS)
driven by a single-beam or multibeam pump that has been observed
experimentally.36 Previous research has shown that when the direc-
tions of polarization of the two pump beams are orthogonal, the gain
coefficient of collective SBSS decreases to the level of single-beam
side-scattering.37 To effectively suppress collective SBS, we propose
to design pump vector lights with orthogonal polarization distri-
butions, thereby preventing the occurrence of collective SBS while
allowing for single-beam SBS side-scattering. Further, the amplifica-
tion length of single-beam Brillouin side-scattering is reduced from
wb (the width of the pump beams) to Lp, which can decrease the gain.
Thus, adjusting the polarization distributions of both pump beams
enables suppression of both single-beam SBSS and collective SBS.

In this study, we have proposed a method to suppress SRSS
using vector light, which can inhibit the convective growth of SRSS
and prevent it from entering the absolute mode stage. We have
confirmed the effectiveness of this approach through 3D PIC simula-
tions. Our simulation results show that linearly polarized Gaussian
light generates a strong SRSS signal in the 90○ direction, whereas
vector light generates few SRSS signals, even when the conditions far
exceed the threshold for SRSS. We have also established a threshold
condition based on the characteristic length of variation of polar-
ization. This work is the first to explore the inhibition of LPI from
the perspective of the vector nature of the light field, offering a
new possibility for suppressing LPI and paving the way for future
research.
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APPENDIX: THE INTENSITY DISTRIBUTION
OF THE PUMP LASERS IN CASE 1 AND CASE 2

The transverse intensity distribution of the pump lasers of
case 1 and case 2 are presented in Fig. 7. It is worth noting that
the power of the vector light is slightly higher in the high-intensity

FIG. 7. Comparison of the intensity distribution of the pump in case 1 (linearly
polarized Gaussian light) and case 2 (vector light).
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region (central region) compared with that of the Gaussian light.
Conversely, the Gaussian light exhibits more power distributed in
the low-intensity region (marginal region). Although the total pow-
ers of the two cases differ slightly, specifically 12.69 (arbitrary units)
of case 1 vs 13.55 of case 2, the powers in the central region where
the intensity exceeds the threshold for SRSS (I > 3.16 × 1014 W/cm2)
are nearly the same, with values of 12.49 in case 1 vs 12.73 in case 2.
Thus, the difference in power distributed in the marginal region has
little effect.
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