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ABSTRACT

Sunlight-like lasers that have a continuous broad frequency spectrum, random phase spectrum, and random polarization are formulated
theoretically. With a sunlight-like laser beam consisting of a sequence of temporal speckles, the resonant three-wave coupling that underlies
parametric instabilities in laser–plasma interactions can be greatly degraded owing to the limited duration of each speckle and the frequency shift
between two adjacent speckles. The wave coupling can be further weakened by the random polarization of such beams. Numerical simulations
demonstrate that the intensity threshold of stimulated Raman scattering in homogeneous plasmas can be doubled by using a sunlight-like laser
beam with a relative bandwidth of ∼1% as compared with a monochromatic laser beam. Consequently, the hot-electron generation harmful to
inertial confinement fusion can be effectively controlled by using sunlight-like laser drivers. Such driversmay be realized in the next generation of
broadband lasers by combining two ormore broadband beamswith independent phase spectra or by applying polarization smoothing to a single
broadband beam.

© 2021 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/10.1063/5.0054653

I. INTRODUCTION

As one of the most critical and fundamental problems that arise
in attempts to achieve inertial confinement fusion (ICF), parametric
instabilities have attracted significant attention for many years.1,2

With the construction of high-power lasers at higher energy for either
direct- or indirect-drive approaches to ICF,3,4 it becomesmore urgent
to control parametric instabilities in laser–plasma interactions.5,6 In
the indirect-drive approach, for example, laser beams have to
propagate through a large-scale relatively uniform underdense
plasma before arriving at the hohlraum wall and converting their
energy into soft x rays that drive the final implosion of the fusion
capsule.7,8 The parametric instabilities involved here include for

example, stimulated Raman scattering (SRS),9,10 stimulated Brillouin
scattering (SBS),11 and cross-beamenergy transfer (CBET).12,13 These
parametric instabilities not only scatter away a considerable pro-
portion of the laser energy, but may also produce harmful hot
electrons that affect compression and implosion efficiency.5,6,14,15

So far, a number of strategies have been employed or proposed
for mitigating parametric instabilities. Above all, the commonly used
frequency-tripled lasers significantly reduce parametric instabilities.
since the growth rates of these instabilities usually increase with the
laser wavelength.7 Beam smoothing schemes such as spectral dis-
persion (SSD),16 continuous phase plates (CPPs),17 and polarization
smoothing (PS)18 have been widely used to control the peak
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intensities of laser spatial speckles and hence to suppress insta-
bilities.19–22 In multi-ion-species plasmas11 or highly magnetized
plasmas,23 parametric instabilities may be reduced by enhanced
Landau damping. By using laser pulses with spike trains of uneven
duration and delay (STUD),24 the development of parametric in-
stability can be periodically suspended and damped. The use of laser
beams with rotating polarizations has been proposed as a method to
suppress parametric instabilities by weakening the three-wave cou-
pling between incident light, scattered light, and stimulated plasma
waves.25

More generally, parametric instabilities would be suppressed if
the three-wave coupling were broken, which could be realized by
using broadband lasers. Theoretical analyses and simulations have
long predicted that parametric instabilities can be significantly
suppressed if the laser bandwidth is larger than the instability growth
rates.26–28 With innovations in the generation of high-energy
broadband laser pulses,29–31 more effort is now being devoted to
the suppression of parametric instabilities by broadband lasers.
Theoretical and experimental studies have shown that broadband
lasers can increase the intensity thresholds for parametric instabilities
and reduce the corresponding reflections.32–37 Nevertheless, the
bandwidths required to adequately suppress parametric instabilities
(especially SRS) are usually too large and beyond the capabilities of
contemporary high-power laser technology. Reduction of the
bandwidth requirement for suppressing parametric instabilities is
therefore of particular interest for ICF experiments.

In this paper, we propose a novel scheme for mitigating para-
metric instabilities using a sunlight-like laser, which can dramatically
raise the intensity thresholds for instabilities with a much smaller
bandwidth in comparison with conventional broadband lasers. For
the first time, we formulate the temporal electric field structure of a
sunlight-like laser that has a continuous broad spectrum, random
phase, and random polarization. It is found that a sunlight-like laser
pulse consists of a sequence of speckles with different durations and
central frequencies. With an increase in the sunlight-like laser
bandwidth, the mean shift between the central frequencies of two
adjacent speckles increases. Consequently, the resonant three-wave
coupling for parametric instabilities within one specklemay no longer
be supported in the next speckle. More importantly, the random
polarization further decreases the growth rates of parametric insta-
bilities. Therefore, sunlight-like laser pulses have obvious superiority
in mitigating parametric instabilities in comparison with conven-
tional broadband lasers. As an example, the efficientmitigation of SRS
with sunlight-like laser pulses has been demonstrated by numerical
simulations. In this study, we focus on themitigation of SRS, since this
type of instability usually has a higher growth rate, and its mitigation
requires a larger bandwidth and is more challenging than other
instabilities.

II. SPECIFIC MODELS FOR BROADBAND LASERS
AND SUNLIGHT-LIKE LASERS

In previous studies, a broadband laser beam has usually been
modeled as a superposition ofmanymonochromatic laser beams that
have random phases and different carrier frequencies within a given
bandwidth.26,28,33,34,36,37 Although this method is convenient for
implementation in numerical simulation codes, the frequency
spectrum of the resulting broadband laser beam will deviate from the

initially assumed spectrum if the number of monochromatic laser
beams is chosen arbitrarily (see the supplementary material). As a
necessary preliminary to the study of the suppression of parametric
instabilities by broadband lasers, the electric field of a broadband laser
light should be modeled precisely. Here, we propose a natural way to
model the electric fields of broadband lasers with continuous fre-
quency spectra as observed in experiments.

First, the amplitude frequency spectrum of a broadband laser
light is assumed to be f(ω). This is then converted to a complex field by
considering the random phase of the broadband laser, i.e.,

F(ω) � f(ω)exp[iϕ(ω)], (1)

where the amplitude-phase frequency spectrum F(ω) is introduced,
the phase frequency spectrum ϕ(ω) changing within 0 < ϕ < 2π is a
random function of the frequency ω, and i is the imaginary unit. The
electric field E(t) of a broadband laser in the time domain can then be
obtained by the following inverse Fourier transform of the amplitude-
phase frequency spectrum

E(t) � F−1[F(ω)], (2)

where F−1 denotes the inverse Fourier transform. According to
Eq. (1), the amplitude-phase frequency spectrum F(ω) changes with
different random phase spectra. Consequently, the electric fields E(t)
of two broadband lasers with the same amplitude frequency spectrum
can be completely different if their phase frequency spectra are
different. Therefore, if two independent broadband laser beams (with

FIG. 1. Properties of a sunlight-like laser pulse with a flat-top frequency spectrum
and bandwidth Δω/ω0 � 1%. The sunlight-like laser is modeled by Eqs. (1)–(3),
where the central frequency ω0 � 2πc/λ with λ � 351 nm. (a) and (b) Electric field
components Ey and Ez, respectively, where the time-averaged electric field am-
plitude E0 �

�������
〈E2

y(t)〉
√

�
�������
〈E2

z(t)〉
√

. (c) Amplitude frequency spectrum f(ω) and
phase frequency spectrum ϕ(ω) of Ey. (d) Stokes parameters of the sunlight-like
laser pulse, where I denotes the intensity regardless of polarization, Q the linear
polarization along the y (+) or z (−) axis, U the linear polarization at + 45° (+) or −45°
(−) from the y axis, and V the right-handed (+) or left-handed (−) circular
polarization.38
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two different random phase frequency spectra) are set with mutually
orthogonal polarizations, one can obtain a kind of sunlight-like laser
beam that has a continuous broad frequency spectrum, randomphase
spectrum, and random polarization. The electric field of a sunlight-
like laser can thus be written as

E(t) � Ey(t)ey + Ez(t)ez, (3)

where the light is assumed to propagate along the x axis, and Ey and Ez
are the electric fields along two orthogonal polarization directions
that are modeled by using Eq. (2) twice independently.

As an example, the electric fields Ey and Ez obtained from the
above model for a sunlight-like laser pulse with a flat-top frequency
spectrum and bandwidth Δω/ω0 � 1% are displayed in Figs. 1(a) and
1(b), respectively. Although these electric fields appear to be tem-
porally irregular, their Fourier transforms perfectly reproduce the
assumed flat-top frequency spectrum and random phase spectrum.
The Fourier transform results of Ey are illustrated in Fig. 1(c), while
the Fourier transform of Ez reproduces the same amplitude spectrum
f(ω) but a different random phase spectrum ϕ(ω). Besides the flat-top
frequency spectrum, themodel can reproduce any assumed frequency
spectrum, such as a Gaussian spectrum (see the supplementary
material). Further, the random polarization of a sunlight-like laser
is evidenced by the chaotically oscillating Stokes parameters, as shown
in Fig. 1(d). The random polarization of a sunlight-like laser is also
visualized in the movie in the supplementary material. To some
extent, the light from a sunlight-like laser as given by Eq. (3) can be

considered as broadband elliptically polarized light whose polari-
zation orientation, axial ratio, and handedness change randomly with
time. The above analysis indicates that Eqs. (1)–(3) can precisely
model a sunlight-like laser pulse with a continuous spectrum, random
phase, and random polarization.

It is worth noting that the electric field envelope in Fig. 1(a)
consists of a sequence of temporal speckles that have different peak
amplitudes anddurations. Two typical adjacent speckles are displayed
in detail in Fig. 2(a), where the speckle duration is defined as the time
interval between two adjacent valleys in the envelope. More im-
portantly, the Fourier transforms of these two speckle electric fields
result in two different frequency spectra, where a shift δω between
their central frequencies is clearly evidenced in Fig. 2(b).

To quantify the effect of laser bandwidth on the mean frequency
shift between adjacent speckles and the mean speckle duration, a
series of statistical analyses are carried out using 100 independent
broadband laser lights for each bandwidth. In these statistical ana-
lyses, the effect of spectral resolution is also investigated by using three
different total pulse durations (7.02, 14.04, and 21.06 ps); the relation
between the spectral resolution and the laser pulse duration can be
found in the supplementary material. As shown in Figs. 2(c) and 2(d),
the statistical analyses reveal that the mean central frequency shift
between adjacent speckles is proportional to the bandwidth (〈δω〉 ≃
0.16Δω), while the mean speckle duration is inversely proportional to
the bandwidth (〈δt〉 ≃ 9.4/Δω). Figures 2(c) and 2(d) also indicate
that the statistical characters of the speckles are independent of the
numerical spectral resolution used in the statistics, which illustrates
that both themean frequency shift between two adjacent speckles and
the mean speckle duration are intrinsic physical properties of a
broadband laser light.

The intrinsic properties of sunlight-like lasers suggest that they
canmitigate parametric instabilities in three keyways. First, the entire
laser pulse is divided into many speckles, with each speckle having
only a short duration, which limits the interaction time between each
speckle and the plasma. Second, owing to the frequency shift between
adjacent speckles, the three-wave coupling within one speckle is not
fully inherited by the next speckle, which suggests that the plasma
waves excited by the first speckle may not be continuously amplified
by the next. Third, the random polarization greatly reduces the
growth rates of instabilities, since the three-wave coupling essentially
breaks if the polarization directions of the rear incident light and the
front scattered light are orthogonal. The first two mechanisms may
work only if the bandwidth is large enough, but they becomemore and
more important with increasing bandwidth, since 〈δt〉 } 1/Δω and
〈δω〉}Δω. The thirdmechanism, however, can play a significant role
even with a moderate bandwidth. In the present experiments, the
maximum achievable relative bandwidth of the broadband laser is
only about 1%. Therefore, it becomes more necessary to use sunlight-
like lasers in the mitigation of parametric instabilities, by taking
advantage of their random polarizations.

III. PIC SIMULATIONS OF THE SUPPRESSION
OF PARAMETRIC INSTABILITIES BY SUNLIGHT-LIKE
LASERS

To verify the superiority of sunlight-like laser drivers in miti-
gating parametric instabilities, a series of 1D and 2D particle-in-cell
(PIC) simulations are performed using the EPOCH code.39 Both 1D

FIG. 2. Properties of temporal speckles in a sunlight-like laser pulse. (a) Electric
fields of two typical adjacent speckles (denoted by “S1” and “S2”) corresponding to
Eywithin 0.3–0.7 ps in Fig. 1(a). (b) Amplitude spectra fS1(ω) and fS2(ω) of these two
speckles, showing the obvious frequency shift δω between them. (c) Statistical
mean frequency shift 〈δω〉 between the central frequencies of two adjacent
speckles as a function of bandwidth. (d) Statistical mean duration 〈δt〉 of a single
speckle as a function of bandwidth. The statistical analyses in (c) and (d) are
performed over all adjacent speckles for 〈δω〉 and over all speckles for 〈δt〉, with
100 independent broadband laser beams for each bandwidth. The statistical results
under different spectral resolutions are compared by using three different laser pulse
durations: 6000T0 (7.02 ps), 12 000T0 (14.04 ps), and 18 000T0 (21.06 ps).
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and 2D EPOCH codes are first modified to input the electric fields of
broadband lasers and sunlight-like lasers according to Eqs. (1)–(3). In
the simulations, the plasma has a uniform density ne � 0.128nc and an
electron temperature of 3 keV, where nc is the critical density cor-
responding to an incident laser wavelength λ � 351 nm. The ions are
assumed to be immobile. In the 1D simulations, the simulation box
has a total length of 150λ, and the homogeneous plasma slab occupies
the region 30λ < x < 130λ. The plasma slab also has a 5λ density slope
at each side. The cell size isΔx � 0.01λ, with 600macroparticles per cell.
An open boundary condition is set for each side of the simulation box.
In the 2D simulations, the plasma occupies the region 5λ < x< 105λ and
0< y< 40λ. The cell size isΔx�Δy� 0.02λ, with 100macroparticles per
cell. A periodic boundary condition is adopted in the y direction and an
open boundary condition in the x direction. The simulations run up to
6000λ/c ≃ 7 ps for 1D and 1500λ/c ≃ 1.75 ps for 2D cases. To compare
the effects of different laser types in suppressing SRS, the simulations are
carried out using monochromatic lasers, broadband lasers, and
sunlight-like lasers.

In Fig. 3(a), the SRS reflectivity RSRS within a certain laser in-
tensity range relevant to ICF research is compared for monochro-
matic lasers, broadband lasers, and sunlight-like lasers. Here, the SBS
reflectivity is excluded by using immobile ions. In analogy with
previous studies,40,41 we find that in each case RSRS rises steeply
around an intensity threshold and then converges slowly to a satu-
ration value with increasing laser intensity. Here we define the SRS
threshold as the intensity at which RSRS � 1%, since the slope of the
rising reflectivity has its maximum at around RSRS ≃ 1%, as shown in
Fig. 3(a). By comparison with the monochromatic laser, the SRS
intensity threshold for the broadband laser with Δω/ω0 � 1% is

enhanced from 0.76 3 1015 to 1.12 3 1015 W/cm2. Notably, the
sunlight-like laser with Δω/ω0 � 1% can nearly double the SRS in-
tensity threshold to 1.42 3 1015 W/cm2. More importantly, the
conventional broadband laser requires a nearly doubled bandwidth
Δω/ω0 � 2% to reach an intensity threshold comparable to that of the
sunlight-like laser with a bandwidth Δω/ω0 � 1%. Further, the sat-
urated reflectivity for the sunlight-like laser is also as low as that for
the broadband laser with a doubled bandwidth. These results indicate
that in contrast to the broadband laser, the sunlight-like laser sig-
nificantly relaxes the bandwidth requirement for increasing the SRS
intensity threshold and decreasing the saturated SRS reflectivity.

To compare the SRS reflectivities with different kinds of laser
beams, it is important tomake sure that the SRS develops into a quasi-
steady state. In other words, the simulation time should be long
enough that the SRS reflected light can reach saturation at least once.
In the 1D PIC simulations, the total simulation time is set as 6000T0

(about 7 ps), which is long enough to achieve saturation of the SRS
when the laser intensity is above the SRS threshold. The first satu-
ration times of the SRS as functions of the laser intensity are compared
for the three different laser types in Fig. 3(b). It is confirmed that the
sunlight-like laser as well as the broadband laser can delay the sat-
uration of the SRS, which is consistent with the results of a previous
study.42 It should be pointed out that when the laser intensity is below
the SRS threshold, the corresponding SRS reflectivity will be nearly
zero throughout the simulation, and hence the saturation time be-
comes meaningless and is not shown in Fig. 3(b).

In Fig. 3(c), the time evolutions of the electric fields of the
backward-scattered light are displayed for three different kinds of
laser beams. The laser intensity is set as I � 33 1015 W/cm2, which is

FIG. 3. (a) Average SRS reflectivity within 6000λ/c obtained from 1DPIC simulations as a function of laser intensity for amonochromatic laser (MCL), a broadband laser (BBL) with
bandwidthsΔω/ω0� 1% and 2%, and a sunlight-like laser (SLL) with bandwidthΔω/ω0� 1%, respectively. The purple dashed line indicatesRSRS� 1%. (b) First saturation time of
the backward-reflected light as a function of laser intensity for the three different kinds of laser beams. (c) Time evolution of the electric field of the backward laser light, where all
incident lasers have the same intensity of I0� 33 1015W/cm2, and both the broadband laser and sunlight-like laser have a bandwidthΔω/ω0� 1%. (d) Electron energy spectra for
the monochromatic laser, broadband laser, and sunlight-like laser at the final simulation time of 6000λ/c. (e) and (f) Time evolution of |Ex| for the broadband laser and sunlight-like
laser, respectively. In (b) and (d), all lasers have the same intensity I0� 1.43 1015W/cm2, and the broadband laser and sunlight-like laser have the same bandwidthΔω/ω0� 1%.
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well above the threshold intensities for all three laser types to ensure
that the SRS can fully develop into a quasi-steady state. Figure 3(c)
also verifies that the sunlight-like laser as well as the broadband laser
can delay the saturation of the SRS. Nevertheless, the first saturation
of the SRS is reached before t � 1000T0 in each case. Moreover, the
scattered light behaves similarly after the quasi-steady state in all
cases, i.e., bursting of the SRS reflectivity occurs. However, the SRS
reflectivity RSRS averaged within t ≤ 6000T0 is obviously different for
the monochromatic (RSRS � 0.206), broadband (0.172), and sunlight-
like (0.107) lasers. From the point of view of the SRS reflectivity, one
may conclude that the sunlight-like laser and the broadband laser are
both effective in suppressing SRS.

The time evolution of the longitudinal electric field of Ex in
Fig. 3(e) confirms that the SRS is excited by the broadband laser with
Δω/ω0 � 1% at I � 1.43 1015W/cm2. By comparison, Fig. 3(f) verifies
the efficient suppression of the SRS when the sunlight-like laser with
the same bandwidth and intensity is used. Thanks to the efficient SRS
suppression, hot-electron generation is gratifyingly reduced in the
case of the sunlight-like laser, as evidenced in Fig. 3(d). Thus, the 1D
PIC simulations indicate that the sunlight-like laser not only increases
the intensity threshold of SRS, but also reduces the hot-electron
generation in comparison with the broadband laser.

The superiority of sunlight-like lasers in mitigating parametric
instabilities is further verified by 2D PIC simulations. In these
simulations, the laser beams are assumed to propagate along the x
direction, and the laser intensities are always uniform in the y

direction. The polarization directions of themonochromatic laser and
the broadband laser are both set to be along the z axis (i.e., there is S
polarization). From the basic theory of SRS,1 stimulated Raman
sidescattering (SRSS) develops preferentially for S-polarized laser
beams in a 2D geometry,43,44 which is consistent with our simulations
shown in Figs. 4(a) and 4(b). If the monochromatic laser and
broadband laser are assumed to be polarized along the y axis
(i.e., there is P polarization), our 2D simulations show that backward
SRS will become the dominant instability, which is similar to the 1D
simulation results and hence is not displayed here.

In Figs. 4(a)–4(c), we also plot the theoretical wavenumbers by
numerically solving the equations for the three wave matching
conditions and dispersion relations of each wave. In particular, the
scattered light wave vector ks in either Fig. 4(a) or Fig. 4(b) is nearly
perpendicular to k0, i.e., SRSS develops predominantly. A comparison
of the wavenumber intensity distributions for the monochromatic
laser, broadband laser, and sunlight-like laser in Figs. 4(a)–4(c) clearly
shows that a plasma wave due to SRS has been excited by the
monochromatic laser or broadband laser at 1500T0, while it is greatly
suppressed when the sunlight-like laser is used. These 2D PIC
simulations indicate that the sunlight-like laser has a stronger sup-
pressive effect on SRSS as well as on backward SRS. Consequently, as
shown in Fig. 4(d), hot-electron generation is also dramatically re-
duced in the 2D case by using the sunlight-like laser.

IV. DISCUSSION AND CONCLUSION

Since SBS usually has a much smaller growth rate than SRS in a
homogeneous plasma, the bandwidth required for suppression of SBS
is usually much less than that for suppression of SRS.26–28 In other
words, SBS in a homogeneous plasma will usually be suppressed as
long as SRS can be suppressed by using a broadband laser light. The
above 1D and 2D simulations verify that a sunlight-like laser with a
relatively low bandwidth is effective in mitigating SRS in a homo-
geneous plasma. Therefore, it is reasonable to infer that sunlight-like
lasers will also perform well in mitigating other parametric insta-
bilities such as SBS in the homogeneous plasmas relevant to indirect-
drive ICF.

In the inhomogeneous plasmas relevant to direct-drive ICF,
however, SRS may become convective, and the effect of laser
bandwidth on the development of SRS will become more complex.
Fluid-type simulations have shown that the enlargement of the SRS
resonant region in the interactions of broadband lasers with inho-
mogeneous plasmas may increase the convective SRS gain,45,46 even
though broadband lasers decrease the SRS growth rate. Therefore, the
net effect of broadband lasers on the development of SRS is not
obvious in inhomogeneous plasmas. Recently, Wen et al.47 studied
the development of SRS in the interactions of broadband lasers with
inhomogeneous plasmas in both the fluid and kinetic regimes. They
found that the frequency modulation inherent in a broadband laser
may compensate for the spatial detuning of SRS due to density in-
homogeneity and hence enhance the SRS gain in an inhomogeneous
plasma. A maximum-gain condition under which the SRS has its
largest convective gainwas derived in inhomogeneous plasmas, which
indicates that the SRS convective gain will reach its peak value when
the broadband frequency modulation effect cancels the spatial
detuning due to density inhomogeneity.47 Fortunately, the SRS

FIG. 4.Wave-vector distributions of the plasma wave field Ex at 1500T0 found from
2D PIC simulations for (a) a monochromatic laser (MCL), (b) a broadband laser
(BBL), and (c) a sunlight-like laser (SLL). All possible plasma wave vectors are
distributed around the theoretical dashed circles owing to the wave-vector and
frequencymatching conditions: k0� ks + kp,ω0�ωs +ωp, where the subscripts 0, s,
and p refer to the incident, scattered, and plasma waves, respectively. (d)
Corresponding electron energy spectra at the final time of 1500T0. All the lasers
have the same intensity I0 � 1.4 3 1015 W/cm2, and the broadband laser and
sunlight-like laser have the same bandwidth Δω/ω0 � 1%. For simplicity, the laser
intensity is assumed to be uniform in the y direction.
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threshold could also be enhanced by tuning the parameters of the
broadband laser far away from the maximum-gain condition.47

A sunlight-like laser beam comprises two orthogonally polarized
broadband laser beams, and therefore the SRS gain may also be
enhanced with a sunlight-like laser if the frequency modulation
compensates for the spatial detuning of SRS in an inhomogeneous
plasma. However, the random polarization of a sunlight-like laser
itself will not broaden the resonant region of the SRS, but it will further
increase the light incoherence and thus decrease the SRS growth rate.
Therefore, a sunlight-like laser with random polarization is expected
to have a better suppressive effect on SRS than a conventional
broadband laser with the same bandwidth.

With the development of novel broad-bandwidth
techniques,29–31 broadband lasers with a bandwidth of one or a
few percent have already been planned as next-generation ICF lasers.
More importantly, numbers of driver laser beams are usually grouped
into clusters to enter the hohlraum together. For example, 192 driver
beams are grouped into 48 clusters of four beams in the NIF design.4,7

Therefore, sunlight-like laser beams could be obtained in the beam
clustering process as long as broadband laser beams are achieved,
since Eq. (3) indicates that two broadband laser beams with or-
thogonal polarization states and independent random phase spectra
can be combined to form a sunlight-like laser beam.

A sunlight-like laser beam can also be realized using only a single
broadband laser beam with the help of polarization smoothing (PS).
In this approach, an initial broadband laser beam is split by a wedged
birefringent crystal into two orthogonally polarized broadband laser
beams.48 By using independent phase plates, different random phases
can then be introduced into these two orthogonally polarized
broadband laser beams. Finally, superposition of the two orthogonally
polarized broadband beams can produce a sunlight-like laser
beam.34,49

However, there are some differences between these two ap-
proaches to the realization of sunlight-like laser beams. In the first
approach, broadband laser beams for the composition of a sunlight-
like laser beam can be completely independent. For example,
broadband laser beams before beam clustering can have different
frequency spectra (e.g., flat-top or Gaussian) and different central
frequencies. In the second approach, the two broadband laser beams
obtained by PS always have the same frequency spectrum, since they
come from the same initial broadband laser beam. Therefore, there
may be more degrees of freedom available to decrease the light co-
herence in the first approach. On the other hand, PS can be further
applied to a sunlight laser beam to reduce its spatial intensity
inhomogeneity.

In summary, we have modeled a sunlight-like laser beam and
proved its superiority in mitigating parametric instabilities in
laser–plasma interactions for ICF research. To the best of our
knowledge, this is the first precise model of a sunlight-like laser beam
that has a given frequency spectrum, random phase spectrum, and
random polarization state. We have found that compared with
monochromatic lasers, the SRS intensity threshold can be nearly
doubled using such a sunlight-like laser with a relatively low band-
width Δω/ω0 ≃ 1%, while a conventional broadband laser demands a
doubled bandwidth Δω/ω0 ≃ 2% to achieve the same effect. Our 1D
and 2D PIC simulations demonstrate that the plasma waves due to
either backward or sideward SRS can be dramatically reduced by a

sunlight-like laser with a relatively low bandwidth, and consequently
the harmful hot-electron generation can be controlled well. It is
expected that sunlight-like lasers will also be effective in suppressing
other parametric instabilities in a similar manner owing to the de-
graded three-wave coupling in laser–plasma interactions. The next
generation of ICF lasers could include sunlight-like laser drivers,
realized as combinations of two or more broadband laser beams with
independent phase spectra and orthogonal polarization states. This
would be of great benefit in mitigating parametric instabilities in ICF.

SUPPLEMENTARY MATERIAL

See supplementarymaterial for the detailed comparison between
the different models of broadband laser lights. To visualize the
random polarization state of a sunlight-like laser light, the time
evolution of its electric field is also displayed in the supplementary
movie.
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