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ABSTRACT
A new mechanism for the generation of high intensity speckles by coupling of overlapping beams is discovered and studied in detail. Using
three-dimensional simulations, the coupling of overlapping beams smoothed by phase plates and by polarization smoothing are investigated
in the regime relevant to inertial confinement fusion studies. It is found that the intensity distribution of the laser beam spot can be changed
by nonuniform spatial phase modulation, and the speckles formed by the phase plate can be split into smaller speckles with higher intensities,
which is favorable for the generation of laser plasma instabilities. Stimulated Brillouin scattering is compared in simulations with and without
coupling of the overlapping incident beams, and the results confirm the enhancement of stimulated Brillouin scattering due to this mechanism.

© 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/10.1063/5.0123585

I. INTRODUCTION

In laser-driven inertial confinement fusion (ICF), owing to the
energy limitations of individual laser beams and the requirement
of symmetrical driving, multiple laser beams are used to drive the
target.1,2 For direct-drive ICF, the laser beams overlap in the under-
dense coronal plasma ablated from the capsule. For indirect-drive
ICF, the laser beams overlap near the laser entrance hole and in the
filled gas inside the hohlraum. In these regions, many laser–plasma
instabilities (LPIs) can be stimulated or amplified by the overlapping
beams, such as crossed-beam energy transfer (CBET),3–7 stimu-
lated Brillouin scattering (SBS),8–11 stimulated Raman scattering
(SRS),12–18 and two-plasmon decay (TPD).19,20 For indirect-drive
hohlraums, CBET is usually used as an important symmetry tuning
method,4–6 although it is considered to be a crucial energy loss mech-
anism in the case of direct-drive ICF.7 Besides, the scattered light
from SBS and SRS will take some energy away from the target and
reduce the laser energy absorption, and the hot electrons generated
from SRS and TPD may preheat the fuel. Although a 1.35 MJ fusion
energy has been achieved at the National Ignition Facility (NIF),21,22

LPIs are still important issues and need to be well controlled to
improve energy absorption efficiency and radiation symmetry.

To reduce LPI, laser beam smoothing techniques, such as
phase plates,23–25 smoothing by spectral dispersion (SSD),26 and

polarization smoothing (PS),27 have been applied in experiments.
Recently, some new theoretical schemes, such as spike trains of
uneven duration and delay,28 polarization rotation,29 broadband
lasers,30,31 time-dependent polarization rotation via pulse chirp-
ing,32 and sunlight-like lasers33 have been proposed. A dynamic
stabilization method34 has also been studied with the aim of con-
trolling perturbation growth of filamentation by wobbler or driver
oscillation.35 In addition, a low-coherence laser facility with kilo-
joule energy output has been demonstrated experimentally.36 To
control energy transfer in indirect-drive hohlraums, wavelength sep-
aration has been added among beam quads with different incident
angles on the NIF,5 because energy transfer is highly dependent
on the wavelength separation between the two overlapping beams.
In reality, under the ponderomotive force of the two overlapping
beams, a plasma grating can be generated. When the phase veloc-
ity of the grating is equal to the sound speed in the reference
frame of the plasma, the amplitudes of the laser beams can be
modified most efficiently.37 Even when the overlapping beams have
the same frequency, their phases can still be modulated by three-
wave coupling. Therefore, control through the use of a plasma
grating is also adopted in the design of plasma-based photonic
devices.38,39 However, previous theoretical studies of phase modula-
tion between overlapping beams have been limited because of their
use of the plane wave assumption without consideration of the beam
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smoothing effect. In this paper, the interaction of overlapping beams
smoothed by phase plates and polarization smoothing is investi-
gated using a three-dimensional code of overlapping laser–plasma
instabilities (COLA). We find a new generation mechanism for
high intensity speckles in the overlapping beams. This mechanism
increases the portion of high intensity within the beam spots, and
worsens the quality of the laser beams, which will result in stronger
LPIs. The SBS in the overlapping beams is taken as an example
demonstrating the enhancement of LPIs by this mechanism.

II. PHYSICAL MODEL
To study the LPIs stimulated by multiple overlapping laser

beams, we employ the three dimensional steady-state code COLA,
which is currently used to study coupling processes of different
beams, including CBET and phase modulation as well as SBS, under
conditions in which the beams are smoothed by phase plates and
polarization smoothing. COLA solves the equations for the vector
potentials of light waves, including the laser light and the scattered
light from SBS, and the equations for the electron density perturba-
tions generated by the beating of the different waves. In this section,
we introduce the physical basis of COLA in detail.

In COLA, the laser beams are assumed to propagate mainly
along the ẑ direction, and the vector potential of the light wave of
laser beam α is defined as

A⃗α = (
1
2

AαxeiΨα + c.c.)e⃗x + (
1
2

AαyeiΨα + c.c.)e⃗y, (1)

where Aαx and Aαy are the slowly varying complex amplitudes of
the two orthogonal polarization components of A⃗, and Ψα is the
rapidly varying phase. The frequency of beam α is ωα = −∂tΨα and
its wavenumber kα = ∂zΨα. Similarly, the vector potential of the SBS
scattered light is given by

A⃗B = (
1
2

ABxeiΨB + c.c.)e⃗x + (
1
2

AByeiΨB + c.c.)e⃗y, (2)

where ABx and ABy are the slowly varying complex amplitudes of A⃗B
in the x̂ and ŷ directions and ΨB is its rapidly varying phase. The fre-
quency and wavenumber of the SBS scattered light are ωB = −∂tΨB
and kB = ∂zΨB, respectively. The perturbation of the electron density
ne is given by

δn = δn� +
1
2∑α≠β
(δnαβei(Ψα−Ψβ) + c.c.)

+ 1
2∑α
(δnB

αei(Ψα−ΨB) + c.c.), (3)

where δn�(z) = ne(x, y, z) − ⟨ne(x, y, z)⟩x,y denotes the transverse
nonuniformity of the electron density on the plane perpendicular to
the ẑ axis, δnαβ is the slowly varying complex amplitude of the den-
sity perturbation generated by the beating of the overlapping beams
α and β, and δnB

α is the slowly varying complex amplitude of the den-
sity perturbation generated by the beating of beam α and the SBS
scattered light. Under the envelope and paraxial approximations,40

the steady-state equations for the incident light can be derived from
the Maxwell equations as

( ∂

∂z
+ να

vgα
+ ∂kα

2kα∂z
− i∇2

�
2kα
+ iω2

pe

2kαc2
δn�
ne
)Aαx

= − iω2
pe

4nekαc2
⎛
⎝∑β≠α

δnαβAβx + δnB
αABx
⎞
⎠

(4)

and

( ∂

∂z
+ να

vgα
+ ∂kα

2kα∂z
− i∇2

�
2kα
+ iω2

pe

2kαc2
δn�
ne
)Aαy

= − iω2
pe

4nekαc2
⎛
⎝∑β≠α

δnαβAβy + δnB
αABy
⎞
⎠

, (5)

where ωpe and c are the electron plasma frequency and the speed of
light in vacuum, and v gα and να are the group velocity and collisional
absorption rate, respectively, of beam α. Similarly, the equations for
the SBS scattered light can be written as

( ∂

∂z
− νB

vgB
+ ∂kB

2kB∂z
+ i∇2

�
2kB
− iω2

pe

2kBc2
δn�
ne
)ABx

= iω2
pe

4nekBc2∑
α

δnB∗
α Aαx (6)

and

( ∂

∂z
− νB

vgB
+ ∂kB

2kB∂z
+ i∇2

�
2kB
− iω2

pe

2kBc2
δn�
ne
)ABy

= iω2
pe

4nekBc2∑
α

δnB∗
α Aαy, (7)

where v gB and νB are the group velocity and collisional absorption
rate, respectively, of the SBS scattered light. The expressions for the
enveloped density perturbations are

δnαβ = −K
(kα − kβ)2

8πmec2 (AαxA∗βx + AαyA∗βy) (8)

and

δnB
α = −K

(kα − kB)2

8πmec2 (AαxA∗Bx + AαyA∗By), (9)

where K = χe(1 + χi)/(1 + χe + χi) is the plasma coupling coefficient
and me is the electron mass. Here, χe = Z′[ω/k(

√
2vTe)]/(kλDe)2/2

and χi = ∑j Z′[ω/k(
√

2vTj)]/(kλDj)2/2 are the electron and ion
susceptibilities, respectively, which are functions of the fre-
quency ω and wavenumber k of the different beat waves.38 Z(ζ)
= i
√

πe−ζ2
erfc(−iζ) is the plasma dispersion function41 and erfc(⋅)

TABLE I. Simulations of propagation of two overlapping beams.

Case Laser condition Switch of coupling

I CPP in same polarization Off
II CPP in same polarization On
III CPP in different polarization On
IV CPP + PS On
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FIG. 1. (a)–(d) Normalized absolute amplitude of the vector potential on different slices in the x̂–ŷ plane at z = 0λc , 170λc , 340λc , and 512λc for beams 1 [(a) and (c)] and 2
[(b) and (d)] in cases I [(a) and (b)] and II [(c) and (d)]. (e) and (f) Normalized absolute amplitude of the vector potential on a slice in the ŷ–ẑ plane at x = 185λc for beam 2 in
cases I and II, respectively.
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FIG. 2. (a) and (b) FOPAI of beams 1 and 2, respectively, diagnosed in the outgoing x̂–ŷ plane in the different cases listed in Table I. Solid and dashed lines denote the
polarization components in the x and y directions, respectively.

is the complementary error function. vTe and vTj are the thermal
velocities of the electrons and the jth ion species, respectively, and
λDe and λDj are the corresponding Debye lengths. Using Eqs. (4)–(9),
it is possible to directly simulate the coupling among arbitrary laser
beams smoothed by phase plates and polarization smoothing and
with incident angles less than 10○, as well as the convective growth
of the SBS stimulated by these beams.

III. GENERATION OF HIGH INTENSITY SPECKLES
BY COUPLING OF OVERLAPPING BEAMS

In the overlapping region of two beams, the phase of each
beam can be modified by the other owing to the coupling between

FIG. 3. Real and imaginary parts (orange and blue lines, respectively) of the
plasma coupling coefficient K vs the wavelength separation between two beams
when the plasma flow velocity is zero.

them. In this section, to show the influence of nonuniform phase
modulation on the overlapping beams clearly without energy trans-
fer between them, the propagation of two overlapping beams with
the same wavelength λc = 351 nm is simulated under different laser
conditions as listed in Table I. The flow velocity of the plasma,
which can induce a Doppler shift in frequency and energy trans-
fer, is set to zero in the simulations. First, cases I (without coupling)
and II (with coupling) are compared for two beams smoothed by
a continuous phase plate (CPP) with the polarization of the vec-
tor potential in the x direction. Then, to study the influence of
polarization, case III (with coupling) is considered, with the polar-
ization of beam 2 set along 45○ in the x̂–ŷ plane. In case IV (with
coupling), the two beams are smoothed by both a CPP and PS to
investigate the effect of PS. Adopting typical plasma parameters near
a laser entrance hole,42 in all simulations in this work, the elec-
tron density is chosen as 0.06nc, with nc the critical density, and
the temperatures as 1.3 keV for electrons and 0.5 keV for ions.
The ion species is fully ionized C5H12. Owing to the limitations of
computational resources, the volume of the simulation box is set
as 256λc × 256λc × 512λc. Two overlapping smoothed beams with
crossing angle about 5○ are launched at the incident x̂–ŷ plane
(z = 0) which is also the focal plane of both of the beams. The inci-
dent angles of beams 1 and 2 are −2.5○ and 2.5○, respectively, from
the ẑ axis in the y direction. The diameter of the laser spot is 180λc,
with a tenth-order super-Gaussian distribution. The small cross-
ing angle allows nearly complete overlap of the smoothed beams in
the whole simulation domain, and this collinear overlapping corre-
sponds to the experimental situation of the laser quadruplet used
on some laser facilities.19,43 The average intensity of each smoothed
beam is Ī = 2 × 1015 W/cm2.

Figures 1(a) and 1(b) show the speckles on different slices in
the x̂–ŷ plane for beams 1 and 2, respectively, in case I, in which
the coupling between the two overlapping beams is turned off. For
comparison, the coupling effect is considered in case II, and the
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corresponding two beams are presented in Figs. 1(c) and 1(d). The
amplitude of beam 2 on a slice in the ŷ–ẑ plane at x = 185λc is also
compared in Figs. 1(e) and 1(f) for cases I and II, respectively. The
color map shows the absolute amplitude of the vector potential nor-
malized by mec2/e, where me and e are the electron mass and charge,
respectively. It can be seen that the differences in the intensity dis-
tribution on the x̂–ŷ plane between cases I and II become more and
more obvious as the beams propagate along the ẑ direction. With
regard to the coupling of the laser beams, the distribution of the
high intensity speckles is obviously changed, and some new speckles

with higher intensity appear in the outgoing x̂–ŷ plane at z = 512λc
for both beams. In Fig. 2, we present the fractional power above the
intensity (FOPAI) of the two beams diagnosed in the outgoing x̂–ŷ
plane. It is clear that the fraction of high intensity up to (2–3) × 1016

W/cm2 within the beam spots in case II is much higher than that in
case I, which means that the beam coupling generates more higher
intensity speckles and worsens the uniformity of intensity in the
overlapping beams.

As discussed above, two overlapping high intensity beams can
couple to each other via their beat wave. This coupling process

FIG. 4. Normalized absolute amplitude of the x [(a) and (b)] and y [(c) and (d)] polarization components of the vector potential on different slices in the x̂–ŷ plane at z = 0λc ,
170λc , 340λc , and 512λc for beams 1 [(a) and (c)] and 2 [(b) and (d)] in case III.
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is related to the phase velocity of the beat wave in the reference
frame of the plasma, and the phase velocity is determined by the
crossing angle and the wavelength separation between the two
beams. In Fig. 3, we present the real and imaginary parts of the com-
plex plasma coupling coefficient K as functions of the wavelength
separation in the absence of plasma flow. When the two beams have
the same wavelength, the imaginary part of K is zero, and so energy
transfer between the two beams is prohibited. However, the real
part of K is nonzero and induces a phase modulation of each laser
beam. If we focus on the coupling term of the overlapping incident

beams and ignore the terms in Eq. (4) associated with damping,
refraction, diffraction, and SBS coupling, then, on substituting
Eq. (8) into Eq. (4), we have

∂Aαx

∂z
= iK

ω2
pe(kα − kβ)2

32πnemekαc4 ∣Aβx∣
2Aαx. (10)

According to Eq. (10), the modulated phase of beam α (α = 1, 2)
is proportional to the local intensity of beam β (β = 2, 1). For a
laser beam spot smoothed by a CPP, there are many speckles with

FIG. 5. Normalized absolute amplitude of the x [(a) and (b)] and y [(c) and (d)] polarization components of the vector potential on different slices in the x̂–ŷ plane at z = 0λc ,
170λc , 340λc , and 512λc for beams 1 [(a) and (c)] and 2 [(b) and (d)] in case IV.
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full-width half-maximum transverse length about Fλc located at dif-
ferent positions within the beam spot, where F is the F-number of
the laser beam.40 Therefore, the intensity distribution on each wave-
front plane is nonuniform within the beam spot, which means that
the modulated phase is also nonuniform on the wavefront plane for
the overlapping beams. As is well known, the amplitude of the vec-
tor potential on the wavefront plane is the superposition of the light
transmitted from the former wavefront plane. After the nonuniform
phase has been added to the complex amplitude of the vector poten-
tial on a given wavefront plane, the intensity distribution will be
changed in the following wavefront plane, and this change is greater
near the overlapping region of the high intensity speckles of the two
laser beams, as shown in Fig. 1. Besides, the amplitude of the laser
light at each point on the following wavefront plane can be either
increased or decreased by the superposition. As a result, within a
speckle generated by the CPP, the laser intensity will become higher
at some positions but lower at others. That is the speckles generated
by the CPP are broken into a greater number of smaller speckles
with higher intensities, as indicated by the small high intensity points
shown in Figs. 1(c) and 1(d). If the overlapping region of the speck-
les is long enough, the smaller speckles will be split again in a similar
way, which will further result in filamentations in the overlapping
laser beams. As indicated by the differences revealed in Figs. 1(e)
and 1(f), the coupling of high intensity overlapping beams can result
in speckle splitting and even filamentation at low density, as long as
the wavelength separation is in the range of Re(K) ≠ 0.

To investigate the influence of polarization on the coupling of
overlapping beams, we perform a simulation with two laser beams
whose polarizations are at an angle of 45○. In case III, the polar-
ization of beam 1 is kept in the x direction, while the polarization

of beam 2 is set at 45○ in the x̂–ŷ plane with the same intensity.
Figures 4(a) and 4(c) show the polarization components in the x and
y directions of beam 1 (A1x and A1y) in different x̂–ŷ slices, while
the two polarization components of beam 2 (A2x and A2y) are pre-
sented in Figs. 4(b) and 4(d). In the incident plane, A1y is zero and
the two polarization components of beam 2 are the same. Because of
the coupling of the overlapping beams, as the two laser beams prop-
agate, A1y gradually increases and the average intensities of the two
polarization components of beam 2 are no longer equal. Although
there is no incident source of A1y, the first term on the right-hand
side of Eq. (5) is nonzero, and so the coupling induces the polar-
ization component A1y of beam 1 in the x̂–ŷ plane.38 Because the
modulated phase is nonuniform, the polarization components of
A⃗1 are not distributed uniformly in space. Similarly, the polariza-
tion components of A⃗2 also vary in space. Furthermore, the intensity
distribution in the x̂–ŷ plane changes significantly for the two polar-
ization components along the ẑ direction. We define the intensity
fraction as

fαi(z) =
⟨∣Aαi(x, y, z)∣2⟩

x,y

∑
i
⟨∣Aαi(x, y, 0)∣2⟩

x,y

, (11)

where α = 1, 2 and i = x, y. In the outgoing plane, the diagnosed
f1x(512λc) = 39.5% and f1y(512λc) = 10.5% for beam 1, and
f2x(512λc) = 35.5% and f2y(512λc) = 14.5% for beam 2. Thus,
the total intensity fraction of the two beams in the x direc-
tion, f1x(512λc) + f2x(512λc) = f1x(0) + f2x(0) = 75%, remains
unchanged, as does the total intensity fraction in the y direction,
f1y(512λc) + f2y(512λc). Furthermore, owing to the nonuniformity
of the phase coupling in space, some high intensity speckles are also

FIG. 6. (a) Normalized absolute amplitude of the vector potential on different slices in the x̂–ŷ plane at z = 0λc , 170λc , 340λc , and 512λc for scattered light from SBS in case
II. (b) Normalized absolute amplitude of the density perturbation on different slices in the x̂–ŷ plane at z = 0λc , 170λc , 340λc , and 512λc corresponding to the ion-acoustic
wave stimulated by beam 2 in case II.
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formed within the beam spots in the two polarization directions,
as shown in Fig. 4. The FOPAI curves of the two polarization
components of beams 1 and 2 in the outgoing plane are shown in
Fig. 2, and it can be seen that the fraction of high intensity in the x
polarization of the two beams in case III is higher than that in case
I, which is consistent with the intensity distribution shown in Fig. 4.

The PS technique can be used to reduce the coupling between
two overlapping beams, but it cannot eliminate it completely. In case
IV, we consider the situation where two overlapping laser beams are
smoothed by a CPP and PS simultaneously. As shown in Fig. 5, the
distribution of speckles of Aαx and Aαy on the incident plane are not

the same for each beam, owing to the speckle separation effect of
the PS technique.27 Thus, the coupling between the two overlapping
beams is weakened compared with cases II and III. However, some
overlapping of the speckles of the two beams in space is inevitable.
Some small speckles with higher intensities are still formed owing
to the nonuniform phase modulation, as shown in Fig. 5. As can be
seen in Fig. 2, the fraction of high intensity on the outgoing plane
in case IV is smaller than in case II and for the x polarization in
case III, but the fraction of intensity near 3 × 1016 W/cm2 in case
IV is higher than in case I owing to the coupling of overlapping
beams.

FIG. 7. Normalized absolute amplitude of the vector potential on different slices in the x̂–ŷ plane at z = 0λc , 170λc , 340λc , and 512λc for (a) beam 1, (b) beam 2, (c) beam
3, and (d) beam 4 in the case of four overlapping beams.
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IV. INFLUENCE OF BEAM COUPLING ON SBS
Because LPIs are sensitive to laser intensity, the increase in high

intensity speckles due to the coupling of overlapping beams might
affect the growth of LPIs.44 Taking SBS as an example, the growth of
SBS is compared for the different laser conditions of the overlapping
beams listed in Table I. In these simulations, seed light with random
distribution in k̂x–k̂y space is launched at the outgoing plane. The
average intensity of this seed light is chosen as 1 kW/cm2, which is
a similar magnitude to the source from Thomson scattering.45 The
wavelength of the seed light is 351.515 nm, which optimally satisfies
the matching condition for SBS here. Taking account of the possibil-
ity that the amplitude of the ion-acoustic wave might saturate owing
to various nonlinear processes,40 the density perturbations are lim-
ited by 0.05ne. Figure 6(a) shows the normalized amplitude of the
SBS scattered light in case II in different slices in the x̂–ŷ plane.
The corresponding amplitude of the density perturbation of the ion-
acoustic wave stimulated by beam 2, which is normalized by the
critical density, is shown in Fig. 6(b). The solution of Eqs. (4)–(9)
in the three-dimensional simulation box for case II indicates that
the SBS is stimulated by the two incident beams and grows mainly
in a convective manner in the −ẑ direction. Thus, the amplitudes of
the SBS light and the corresponding ion-acoustic wave are largest
in the incident plane for each line with the same coordinates (x, y).
Because the convective growth of SBS will be higher in the superpo-
sition region of the high intensity speckles of the two beams, both
the highest intensity of the scattered light and the density perturba-
tions of the ion-acoustic wave are located in the right upper region
on the incident plane, which is consistent with the spatial distri-
bution of the superposed speckles with higher intensity on the x̂–ŷ
plane shown in Figs. 1(c) and 1(d). The reflectivity of the SBS light
on the incident plane in case II is enhanced about 1.6 times com-
pared with that in case I. In case III, the reflectivity of the SBS light
is close to that in case II and also much higher than that in case I.
This indicates that adjusting the polarization angle of two overlap-
ping beams would not reduce the coupling and the SBS significantly,
except when the polarizations of the two beams are orthogonal. For
overlapping beams smoothed by a CPP and PS simultaneously, cou-
pling of the beams would still enhance the reflectivity of the SBS,
because of the appearance of high intensity speckles.

V. ENHANCED COUPLING EFFECT FOR MULTIBEAM
OVERLAPPING

The generation of high intensity speckles by the coupling of
overlapping laser beams is enhanced when there are a greater num-
ber of overlapping beams. To show this effect, we perform a simu-
lation with four overlapping laser beams. For convenience, beams 1
and 2 have the same incident conditions as in case II with two over-
lapping beams discussed above, and two additional beams smoothed
by a CPP are launched at the incident plane with the same polariza-
tion direction. The incident angles of beams 3 and 4 are −2.5○ and
2.5○, respectively, from the ẑ axis in the x direction. Thus, the cross-
ing angle between them is still 5○, while the crossing angle between
beam 1 (or 2) and beam 3 (or 4) is about 3.54○ symmetrically. The
average intensity per beam is again 2 × 1015 W/cm2. In this situa-
tion, the phase of each beam is modulated nonuniformly by the other
three beams. Comparing Figs. 7(a) and 7(b) with Figs. 1(a) and 1(b),

FIG. 8. FOPAI of beams 1 and 2 (solid and dashed lines, respectively) diagnosed
in the outgoing x̂–ŷ plane. The red curves are for case II of two beams and the
black curves for the case of four overlapping beams.

it can be seen that there are many more smaller speckles with higher
intensities within each beam than in case II, owing to the coupling
of the multiple beams. Statistically, the fraction of intensity higher
than 2.5 × 1016 W/cm2 diagnosed on the outgoing plane per beam
is much higher than in case II, as shown in Fig. 8. The reflectivity of
the SBS stimulated by the four overlapping beams is about 23% when
beam coupling is considered, which is much higher than the 9.7% for
four beams without coupling. Therefore, there will be greater gener-
ation of high intensity speckles due to coupling as the number of
overlapping beams increases.

VI. DISCUSSION AND SUMMARY
A new mechanism for the generation of speckles with higher

intensities due to the coupling of overlapping beams has been inves-
tigated thoroughly and verified through three-dimensional simu-
lations. The simulation results show that the intensity distribution
within each beam spot can be changed significantly by nonuniform
spatial phase modulation, and the speckles are split into smaller
ones with higher intensities. The coupling becomes stronger as the
number of overlapping beams increases, and SBS is enhanced owing
to the appearance of the higher intensity speckles. In direct-drive
ICF, this mechanism may affect capsule implosion owing to laser
imprinting. To exclude energy transfer between the incident beams
and reveal the influence of the phase modulation clearly, the wave-
length difference between the laser beams and the plasma flow
velocity are both set to zero in our simulations. In reality, the flow
velocity will induce a Doppler shift and offset the K value against the
wavelength separation. However, our conclusions will remain valid
as long as the real part of K is nonzero. It should be pointed out that
the current wave-coupling model of COLA does not include nonlin-
earities such as ion trapping, two-ion wave decay, ion-acoustic wave
harmonics, and ion-wave bowing,46–50 which might be important if
the number of speckles with higher intensities is increased greatly.
Such nonlinear processes in overlapping beams will be investigated
further in the future.
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