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ABSTRACT

The use of broadband laser technology is a novel approach for inhibiting processes related to laser plasma interactions (LPIs). In this
study, several preliminary experiments into broadband-laser-driven LPIs are carried out using a newly established hundreds-of-joules broad-
band second-harmonic-generation laser facility. Through direct comparison with LPI results for a traditional narrowband laser, the actual
LPI-suppression effect of the broadband laser is shown. The broadband laser had a clear suppressive effect on both back-stimulated Raman
scattering and back-stimulated Brillouin scattering at laser intensities below 1 x 10"> W cm™. An abnormal hot-electron phenomenon is also

investigated, using targets of different thicknesses.

© 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/10.1063/5.0122406

I. INTRODUCTION

Laser plasma interactions (LPIs), particularly laser plasma
instabilities, are important in laser plasma research, since they can
determine the success or failure of inertial confinement fusion (ICF)
ignition." * Hence, reducing the contributions of LPI-related pro-
cesses [e.g., stimulated Brillouin scattering (SBS) and stimulated
Raman scattering (SRS)] constitutes an essential research topic. To
achieve this purpose, numerous theoretical and experimental studies
have been performed over the past few decades.””'” These stud-
ies have usually relied on changing the state of the incident laser
and plasma. One typical LPI-process-suppression strategy is the
triple-frequency technique used to drive the laser in current ICF
experiments." For SRS and SBS, the LPI gain is proportional to
the third power of the incident light wavelength. In other words,
to reduce the harm caused by the LPI process, a driving laser
source with a shorter wavelength and higher frequency is frequently
employed. Thus, through technical improvements and repeated ver-
ification, the fundamental-frequency laser of the Cyclops laser (used

in the laser device of the Lawrence Livermore National Labora-
tory in the USA) has been developed for the National Ignition
Facility (NIF) and SGIII laser devices, which both adopt a triple-
frequency laser driving technology. Alongside frequency doubling,
various laser decoherence techniques have been adopted in laser
experiment equipment, with the aim of reducing the spatial and tem-
poral coherence of the laser and thereby suppressing LPIs. Many
strategies have been proposed to suppress laser plasma instabili-
ties, using laser smoothing techniques,” '’ time profile shaping,’
and enhanced plasma damping.'""'” Several beam-smoothing tech-
niques [e.g., continuous phase plates (CPPs)® and induced spatial
incoherence (ISI)]' have been developed. Laser plasma research is
extremely challenging, owing to the interdependence of the plasma
hydrodynamics and the laser-driven instabilities.'” Although igni-
tion has been achieved, research into higher gains and lower driv-
ing conditions remains an important next step. However, current
progress in beam smoothing technology fails to satisfy the demands
of this task. Hence, it is necessary to study laser plasma interaction
in more detail.

Matter Radiat. Extremes 9, 015602 (2024); doi: 10.1063/5.0122406
© Author(s) 2023

9, 015602-1


https://pubs.aip.org/aip/mre
https://doi.org/10.1063/5.0122406
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0122406
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0122406&domain=pdf&date_stamp=2023-November-22
https://doi.org/10.1063/5.0122406
https://orcid.org/0000-0002-6830-5009
https://orcid.org/0009-0009-6416-3785
https://orcid.org/0000-0002-3550-6146
https://orcid.org/0000-0001-5416-456X
https://orcid.org/0000-0003-3936-0006
https://orcid.org/0000-0002-1901-4707
https://orcid.org/0009-0004-0080-1104
https://orcid.org/0000-0002-2814-0174
https://orcid.org/0000-0002-3400-5008
https://orcid.org/0000-0002-8267-5866
mailto:wch11@163.com
mailto:wangch@mail.shcnc.ac.cn
https://doi.org/10.1063/5.0122406

Matter and

Radiation at Extremes

Broadband lasers provide a possible option for restraining LPI
processes. An increase in the laser bandwidth produces a decrease in
its coherence. This may be attributable to a decrease in the effec-
tive light intensity of the plasma, which in turn may inhibit the
occurrence and development of the related LPI processes.

The concept of broadband lasers was developed first. In 1974,
Thomson and Karush'* proposed the concept of using a limited
bandwidth to suppress parameter instabilities. Later researchers
continued this work on broadband lasers, demonstrating their pos-
sible inhibitory effects on LPL.”** Through numerical simulations,
Follett et al.””' found that broadband lasers can suppress the
double-plasma decay process and improve the threshold condi-
tions for the development of absolute instabilities. However, these
previous studies were primarily based on simulations. No convinc-
ing experimental reports on LPIs driven by high-energy broadband
lasers have been published. Progress in the use of broadband lasers
has long been limited by low overall output energies and insur-
mountable safety problems. The rapid technological developments
in recent years, however, mean that some serious technical problems
are expected to be resolved.

A broadband double-frequency laser facility with an output
energy of hundreds of joules, operating on the basis of superlumi-
nescent diode (SLD) technology has constructed by researchers at
the Shanghai Institute of Laser Plasma.”””* SLDs have been intro-
duced into the ICF field as a lower-coherence seed source. Following
a series of technological breakthroughs, this high-power laser facil-
ity now provides not only a verification platform for key techniques

LETTER pubs.aip.org/aip/mre

and the system integration of a low-coherence laser driver, but also
a new type of experimental platform for research into LPI. Hence,
to address the abovementioned shortcomings of research in this
area, we conducted a preliminary experiment into laser-driven LPI
scattering at this facility (referred to as Kunwu).

Il. BROADBAND LASER FACILITY

The incident laser can be either a broadband or narrowband
second-harmonic generation laser with an output pulse width of
a few nanoseconds and an energy of several hundred joules. The
center wavelength and the bandwidth of the broadband laser are
529.5 and 3 nm, respectively. The temporal coherence is less than
300 fs. The facility also retains the output capabilities of the tradi-
tional narrowband laser, to ensure a broadband output of the same
pulse width and energy. The center wavelength and bandwidth of
the highly coherent narrowband laser are 526.5 and 0.3 nm, respec-
tively. Figure 1 shows the laser parameters for a pulse width of 3 ns
and an energy of 500 J, as measured in the experiment. Figure 1(a)
shows the pulse waveforms of the broadband and narrowband lasers.
There are slight differences between the two conditions. However,
the overall shape is basically the same, indicating that the facil-
ity is consistent in terms of broad- and narrowband laser outputs.
Figure 1(b) shows the integrated spectra of both lasers. A slight
difference in central wavelength and a significant difference in band-
width can be observed. The bandwidth of the narrowband laser
is very narrow. The spectrum of the broadband laser exhibits a
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FIG. 1. Laser parameters of Kunwu lasers: (a) measured pulse waveform; (b) integral spectrum of broadband and narrowband lasers; (c) measured time spectral distribution

of broadband laser.

Spectrometer &
stripe cinema
Diffuse
reflector
Collecting lens

Servo mirror Back LPI signal

Target
chamber

Fibers connected
to spectrometers

Photocells to oscilloscopes

Incident laser
3ns, 20

FIG. 2. Schematic of experimental setup.
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clear triangular shape, and its full width at half maximum (FWHM)
exceeds 3 nm. Figure 1(c) shows the time-resolved spectral distribu-
tion of the broadband laser, as measured using a spectrometer and
streak camera. It can be clearly seen that under a change in pulse
time, the broadband laser maintains a relatively wide spectrum with
only minimal changes. This indicates that the Kunwu laser facility
exhibits broadband characteristics throughout.

I1l. EXPERIMENTAL DETAILS

The experiment in this study was conducted using a single-
beam 2w laser with broadband or narrowband characteristics to
drive a CgHjs plane-thick target. A broadband long-pulse (3 ns) laser
initially ablated the target to generate plasma. Therefore, it contin-
ued to interact with the continuously generated plasma to trigger
the occurrence and development of LPI-related processes. The thick-
ness of the target was 300 ym, sufficient to avoid being burnt during
the pulse cycle of the 3 ns laser. The experimental scheme is illus-
trated in Fig. 2. After focusing, the broadband or narrowband 2w
laser beams entered the target chamber through the servo mirror
and irradiated the CsHg plane target. The generated LPI backscat-
tered signals were recorded using various collection devices. In this
study, we focused on the backscattering component of the LPIs. The
generated backscattered LPI signal traveled backward along the opti-
cal path. It entered the diffuse reflector plate and was recorded by
various acquisition devices after passing through a focusing mirror
collimator, servo mirror, and collection lens. Reflected light might
have appeared as noise if the incident laser reached the plane target
and thereby entered the backscattered collection path. To prevent
this, the normal direction of the target surface was set to deviate
from that of the incident laser by ~10° in the horizontal direction. A
continuous phase plate (CPP) was placed before the main focusing
lens to obtain a uniform focal spot. The CPP used in this experiment
included two design focal spot sizes of diameters 150 and 200 ym
(referred to as 150CPP and 200CPP).

An x-ray pinhole camera was placed in front of the target cham-
ber to monitor the laser focus. The pinhole camera was on the target
surface normal, with a pinhole size of 10 ym and pinhole target dis-
tance of ~88 mm, to provide a magnification of ~6.4x. No filter was
placed in front of the detector imaging plate (IP). Two sets of elec-
tron magnetic spectrometers (EMSs) were placed at ~5° normal to
the target surface in front of and behind the target, to measure the
energy spectrum of the outgoing hot electrons. The parameters of
the two EMS sets were identical. The induction intensity was 0.3 T,
the incident collimation hole diameter was 3 mm, the distance from
the target surface was ~575 mm, and the measured energy spectrum
range was 10-500 keV.

The use of a diffuse-reflected plate reflector (a flat plate with
a special surface treatment) to measure the LPI scattering signal
has been verified over many years and represents a conventional
diagnostic technique for the NIF and elsewhere.”

By recording the diffusely reflected signal in a specific direc-
tion, the spectrum and energy of the incident beam, alongside other
information, can be obtained after calibration and post-processing.

A variety of detectors were set up in front of the diffuse reflec-
tor, to measure the LPI-backscattered signal. The main detector was
a combination of a fiber-optic probe and a spectrometer, which
measured the time-integrated spectral signals of backscattered SBS
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(BSBS) and backscattered SRS (BSRS), respectively. In the exper-
iment, the slit of the spectrometer was fully opened, and the slit
width considerably exceeded the inner diameter of the optical fiber,
to ensure that all scattered light signals collected by the optical fiber
probe could be recorded.

For BSBS, a spectrometer consisting of a 2400 line/mm grat-
ing and visible-light charge-coupled device (CCD) with a pixel size
of 20 x 20 ym* was selected for measurement. The center wave-
length was 530 nm, and the corresponding spectral measurement
range was ~520 to 540 nm. For BSRS, a spectrometer consisting of
a 150 line/mm grating and a visible light CCD with a pixel size of
20 x 20 ym* was selected for measurement. The center wavelength
was selected as 700-800 nm, and the corresponding spectral mea-
surement range covered the 500-1100 nm band. This range includes
a band at ~530 nm, where BSBS can be measured. Two limiting
filters with a 532 nm central wavelength and 10 nm bandwidth
were placed in front of the fiber-optic probe, to prevent satura-
tion of the CCD count. Furthermore, the spectral resolution of
the measurement was relatively low because of the large slit in the
spectrometer.

Additionally, a system consisting of a photocell and oscillo-
scope was placed in front of the diffusion plate to measure the time
characteristics of the backscattering data. The photocell was aimed
at a light spot on the diffuse reflection plate. The scattered signals
were collected. After proper filtering and attenuation, the signal was
transmitted to an oscilloscope. Finally, a temporal waveform was
obtained. The BSBS or BSRS data were obtained by placing dif-
ferent filters in front of different photocells. For BSBS, the filter
consisted of two SP600 pieces and several grayscale ones. The SP600
ensured high transmittance of optical signals in the 400-600 nm
band, whereas optical signals in other bands were attenuated. This
was suitable for measuring the BSBS signals at wavelengths near
530 nm. For the BSRS, the filter consisted of two pieces of LP550
and several grayscale pieces. The LP550 ensured that the optical sig-
nal above 550 nm was highly transparent, whereas the optical signal
below 550 nm was greatly attenuated. This ensured that the recorded
signal was relatively clean.

The combination of a spectrometer and streak camera was also
used to measure time-resolved spectral signals. The slit of the spec-
trometer was directed toward the light spot on the diffuse reflection
plate. The slit of the streak camera was aimed directly at the spectral
signal output of the spectrometer. Measurement of BSBS or BSRS
could be realized by selecting different bands from the spectrograph.

IV. EXPERIMENTAL RESULTS
A. Focal spot image from pinhole camera

Figure 3 shows an x-ray image of the focal spots produced by
laser irradiation of a planar thick target under different conditions.
The images were captured using the pinhole camera. The CsHs
plane target was of thickness 300 ym. The pulse of the 2w lasers was
a trapezoidal wave with a FWHM of ~3 ns. The energies of the 2w
lasers were 400-500 J. Figures 3(a)-3(f) show images obtained under
narrowband and broadband laser conditions, respectively.

Figures 3(a) and 3(d) show x-ray images of the focal spots under
point-focusing conditions. The luminous images of the focal spots
are relatively small, regardless of the bandwidth. The shapes are
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200um

FIG. 3. X-ray images of focal spots under (a)-(c) narrowband and (d)-(f) broad-
band laser conditions. (a) and (d) Images under point-focusing conditions. (b) and
(c) Images obtained with 150CPP. (c) and (f) Images obtained with 200CPP.

not circular. Moreover, factors such as shape and intensity distribu-
tion are very unstable. These factors differ for different shots. This
is understandable for laser focal spots without beam-smoothing.
Hence, the CPP technique was adopted. A more uniform focal spot
was obtained by placing the CPP in front of the main focusing lens.
Figures 3(b), 3(e), 3(c), and 3(f) show x-ray luminescence images
of the measured spots. The focal spot for the CPP was far superior
to that obtained under point focusing. The focal spot became more
rounded and smoother. By contrast, the stability of the focal spots
between different shots was significantly improved.

Figures 3(b) and 3(e) show the images obtained with 150CPP,
where the scanning FWHM was 190 ym. Figures 3(c) and 3(f) show
the images obtained with 200CPP, where the scanning FWHM was
230 pm. These values were slightly larger than the focal spot design
values of the corresponding CPP. Before the experiment, the focal
spot size of the CPP was tested using several methods, including
optical signal debugging and tiny energy-ablating Al mirrors. The
results indicate that the size of the focal spot is consistent with the
design values. The x-ray pinhole camera image shows a larger lumi-
nous size, possibly attributable to the luminescence of the expanding
plasma in the focal spot. The actual laser focal spot should be similar
to the designed value. Therefore, we used the CPP design value to
calculate the laser intensity.

In Fig. 3, it can be observed that the differences between the
focal spots of the narrowband laser and those of the broadband laser
are very small. Thus, little difference arises between the narrowband
and broadband lasers in terms of the laser focus. Considering the
instability of point focusing, subsequent experiments primarily used
the CPP focus mode.

B. Results for BSBS

Figure 4 shows two typical broadband and narrowband laser-
driven BSBS-integrated spectra. The incident laser spectra are also
shown. The intensities of the spectral lines along the y axis have
been appropriately adjusted to obtain a clearer display. The curves
are not correlated with each other. The BSBS signals induced by
broadband and narrowband lasers are completely different. This is
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FIG. 4. Broadband and narrowband laser-driven BSBS integrated spectra and the
spectra of the incident laser.

primarily attributable to the difference in the driving laser spectrum.
A small peak at the main laser wavelength (526.5 nm) and a large
one at a shorter wavelength (525.5 nm) are observed for the nar-
rowband laser. The small peak at 526.5 nm could correspond to the
SBS component with an unchanged wavelength (which may con-
tain a small amount of spurious environmental noise). Meanwhile,
the peak at 525.5 nm should correspond to the blue-shifted BSBS
signal, which may result from the Doppler effect produced by the
expanding plasma. However, for the broadband laser, only a broad
peak with a center at 529.5 nm is observed. The shape resembles that
of the incident laser. In fact, a blue-shift phenomenon should also
occur, as can be seen in the figure. However, the magnitude of the
blue shift is less than the bandwidth of the broadband laser. Thus, it
is difficult to distinguish between them.

Figure 5 shows the relationship between the BSBS energy ratio
(with respect to the incident drive laser energy) and the laser inten-
sity on the target surface. As mentioned above, the laser intensity
on the target surface was calculated using the incident laser energy
on the target, the pulse width, and the design value of the CPP.
The experimental data points are distributed in the laser intensity
range of (3-10) x 10" W cm™. Different laser power densities can
be achieved using different CPP sizes and incident laser energies.
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FIG. 5. Relationship between BSBS energy ratio and laser intensity on target
surface.
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FIG. 6. Laser-driven BSRS integrated spectra at different laser intensities: (a) narrowband; (b) broadband.

Among these options, 200CPP was used for data with laser inten-
sities below 6 x 10" Wem™2, and 150CPP was used for intensities
exceeding 6 x 10'* W cm™,

Figure 5 shows that the BSBS energy ratio of the broadband
laser is much lower than that of the narrowband laser. Furthermore,
the BSBS of both broadband and narrowband lasers increases as the
laser intensity increases, which may indicate increasing laser plasma
instabilities. The growth slope k of the broadband laser is ~0.22,
whereas that of the narrowband laser is ~0.46. The growth rate of
the BSBS driven by the broadband laser is significantly lower than
that driven by the narrowband laser (only one-third of that induced
by the narrowband laser at the same laser intensity). To some extent,
these results may prove the effectiveness of the broadband laser in
suppressing BSBS.

C. Results for BSRS

Figure 6 shows the results for the BSRS integral spectra of
two typical broadband lasers and the normalized narrowband laser
driving conditions. The BSRS signals of both the narrowband and
broadband lasers present a bimodal distribution and are directly
related to the laser intensity. Under narrowband laser conditions, the
double peaks are marked as P1 and P2, with corresponding wave-
lengths ~750 and 680 nm, respectively. Figure 6(a) shows that the
BSRS signal starts from a P1 single peak. With an increase in laser
intensity, the intensity of the BSRS gradually increases and develops
another peak, P2. The broadband double peaks are marked as P3 and
P4, with corresponding wavelengths 900 and 710 nm, respectively.
Figure 6(b) shows that the BSRS signal starts from the P3 single peak.
With an increase in laser intensity, the intensity of the BSRS gradu-
ally increases and develops another peak, P4. Expressed in another
way, for both narrowband and broadband conditions, only long-
wavelength peaks (P1 and P3) appear when the laser intensity is
low. Short-wavelength peaks (P2 and P4) gradually appear and are
strengthened when the laser intensity is increased. However, there
are clear differences between the narrowband and broadband con-
ditions. First, the wavelengths of the two peaks for both conditions
are different. Second, the increase in P2 (narrowband condition) is
limited and still significantly lower than that in P1. However, the

increase in P4 (broadband condition) is significant, and the inten-
sity of P4 exceeds that of P3. Although the presence and intensity of
the double peaks varies with changes in laser intensity, the positions
of the double peaks remain almost unchanged. The BSRS spectrum
shape is closely related to the plasma state (i.e., the electron density
and electron temperature). Therefore, the shape of the BSRS spec-
trum, particularly the peak position, with the broadband laser differs
significantly from that with the traditional narrowband laser.

In light of this, the time characteristics of this phenomenon
were measured. Figure 7 shows the measurement results of the spec-
trometer and streak camera. Figure 7(a) shows that the P1 peak (with
a wavelength of ~750 nm) first develops and runs through the entire
laser pulse period of the narrowband laser. At a later stage of pulse
development, the P2 peak at 680 nm begins to develop and gradu-
ally increases. However, for the broadband driving condition shown
in Fig. 7(b), only a group of short-duration peaks are present in the
image. Based on the spectral position and duration, this peak can be
considered to correspond to the P4 peak, with a peak wavelength
of ~710 nm. The P3 peak with a wavelength of ~900 nm is not
observed. The wavelength of the P3 peak at 900 nm is beyond the
response band of the streak camera used in the experiment. How-
ever, the development of the P3 peak is insufficient and the intensity
is too low. In contrast to narrowband driving conditions, it is rea-
sonable to assume that the P3 peak develops first and throughout
the pulse cycle. Subsequently, the P4 peak gradually develops and
rapidly exceeds the P3 peak in the later pulse period.

600

FIG. 7. Time-resolved spectral resolution signals of BSRS at laser intensity
9 x 10" W cm~2, as measured by spectrometers and streak cameras: (a)
narrowband; (b) broadband.

Matter Radiat. Extremes 9, 015602 (2024); doi: 10.1063/5.0122406
© Author(s) 2023

9, 015602-5


https://pubs.aip.org/aip/mre

Matter and

Radiation at Extremes

12 T T T T T T T

Intensity (arb.unit)

Time (ns)

FIG. 8. Time-resolved spectral integral signals of BSRS, as measured by photocell
and oscilloscope.

Figure 8 shows the measurements of the BSRS signal obtained
using a system consisting of a photocell and an oscilloscope. The
results have been normalized. This finding supports our previous
conclusions. As shown in Fig. 8, the early peak P3 is very narrow and
not fully developed under broadband laser conditions. The overall
intensity is very weak.

The relationship between the BSRS energy ratio and the laser
intensity on the target surface in the experiment is shown in Fig. 9.
Compared with BSBS, the energy ratio of BSRS is much lower, as
can be seen in the figure. Most of the BSRS values corresponding to
the broadband laser are significantly lower than those corresponding
to the narrowband laser. The BSRS under narrowband laser con-
ditions increases linearly with increasing laser intensity, indicating
that the current laser intensity does not satisfy the conditions of
a nonlinear increase. The BSRS under broadband laser conditions
also increases with increasing laser intensity. However, their growth
trends are significantly different. It can be observed from the fitted
curve that the change in the energy share with respect to the laser
intensity is closer to an exponential distribution. This suggests that
under broadband conditions, the BSRS increases more rapidly. With
a further increase in the laser intensity, the broadband laser-driven
SRS becomes stronger.
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FIG. 9. Relationship between energy ratio of BSRS and laser intensity on target
surface.
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FIG. 10. Energy spectrum of hot electrons in front of the target under broadband
and narrowband laser conditions from different shots at the same laser intensity.

D. Results for hot electrons

The generation of hot electrons is another important aspect of
LPI research. Two sets of EMSs were used to identify the hot elec-
trons that escaped before and after the laser-driven target. As shown
in Fig. 2, the two sets of EMS are identical, and their positions are
rotationally symmetric with respect to the target position.

Figure 10 shows typical energy spectra of hot electrons in front
of the target under broadband and narrowband laser driving con-
ditions, as measured by EMSI. The figure shows data from several
shots. It can be clearly seen that the energy spectrum of hot elec-
trons under broadband conditions considerably exceeds that under
narrowband conditions. This manifested in two ways: first, the elec-
tron number for the broadband laser is 1-2 orders of magnitude
higher than that for the narrowband laser in the high-energy region
(i.e., E > 150 keV); second, there is a difference in the peak position.
It appears that the peak of the hot-electron energy spectrum under
the broadband laser is higher, reaching ~100 keV. The peak position
of the narrowband laser is ~50 keV. Furthermore, the hot-electron
energy spectrum corresponding to the broadband laser is wider than
that corresponding to the narrowband laser.

Figure 11 shows the relationship between the energy values of
(a) the backward hot electrons (in front of the target, as measured
by EMSI) and (b) the forward hot electrons (behind the target, as
measured by EMS2), as well as the laser intensity at the position
of the EMS. The energy of hot electrons in the solid angle of the
broadband laser exceeds that of the narrowband laser in most sit-
uations, regardless of placement in front of or behind the target.
This is an abnormal phenomenon, and it conflicts with the tradi-
tional perception that hot electrons are mainly derived from SRS. As
mentioned above, the BSRS induced by the broadband laser is sig-
nificantly weaker than that obtained under narrowband conditions
in our experiment. This result indicates that BSRS is not the main
source of hot electrons here. Thus, other mechanisms must induce
the formation of hot electrons.

V. ANALYSIS AND DISCUSSION
A. Brief analysis for broadband laser

The LPI driven by the SLD-based broadband laser clearly dif-
fers from that driven by the traditional narrowband laser. The root
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FIG. 11. Relationship between energy share of hot electrons and laser intensity (a) behind and (b) in front of the target.

cause is a decrease in coherence, caused by the increase in band-
width. From a macroscopic point of view, this is equivalent to beam
smoothing. A decrease in coherence indicates a decrease in the effec-
tive electric field intensity in the plasma. The LPI is directly related to
the electric field intensity, and hence the LPI is somewhat reduced.

When traversing the plasma, incident light waves may excite
ion acoustic waves (IAWs) or electron plasma waves (EPWs) and
produce scattered light waves. These three waves—incident light
waves, scattered light waves, and IAWs or EPWs—interact to pro-
duce different LPI processes. When the phase matching condition
between the three waves is satisfied, resonance phenomena occur,
and an unstable positive feedback loop is formed; this in turn
considerably increases the scattering efficiency.

SBS is the elastic backscattering of incident photons on the
IAWs. In general, SBS can occur in all regions where the elec-
tron density is below critical density (i.e., no significant resonance
feedback processes occur). From this perspective, broadband lasers
cannot exert a substantial influence on the development process of
SBS compared with narrowband ones. The weaker SBS under broad-
band conditions is mainly attributable to the low coherence and
lower effective electric field intensity produced by the broadband
laser.

The SRS results are significantly different. SRS is the elastic
scattering of the incident laser on the EPWs. Coherent feedback is
generated when the incident light wave, electron plasma wave, and
scattered light wave satisfy the resonance conditions. This signif-
icantly increases the intensity of the SRS. For a broadband laser,
an increase in the bandwidth widens the wave vector distribution,
which makes it possible to satisfy the resonance conditions over a
wider range. As shown in Fig. 9, the SRS intensity decreases under
a low laser intensity, which is consistent with the abovementioned
SBS effect. That is, the low coherence and lower effective electric
field intensity produced by the broadband laser lead to a decrease
in the broadband laser-driven SRS. However, with an increase in
laser intensity, a resonance effect gradually arises between the three
waves. Through coherent feedback, the intensity of the SRS increases
substantially and quickly exceeds that of the narrowband laser. Nev-
ertheless, broadband lasers have different characteristics from tradi-
tional narrowband lasers. Thus, it remains possible to retain SRS by
developing relevant techniques, on the basis of these characteristics.

B. Abnormal phenomenon of hot electrons

The hot-electron anomalies are a matter of great concern. Tra-
ditionally, hot electrons originate from the Landau damping or
plasma wave breakup caused by abnormal absorption; this may have
a more direct correlation with the SRS. In our experiment, the BSRS
was typically weaker than that for narrowband lasers, as discussed in
Sec. [V C. However, in terms of hot electrons, broadband lasers offer
a significant increase compared with narrowband lasers, in contrast
to the BSRS results.

In addition, according to the current driving laser conditions
(below 10" W cm™2), the energy of hot electrons usually varies from
a few keV to tens of keV, which is consistent with the results shown
for narrowband laser conditions in Fig. 11. However, in the case of
broadband conditions, the peak energy reaches ~100 keV, in con-
trast to the traditional understanding. Therefore, it is suspected that
the hot electrons in this experiment did not originate from SRS.

Four main mechanisms represent the dominant sources of
hot electrons in laser plasma interactions: SRS, two-plasmon
decay (TPD), resonance absorption, and parametric decay instabil-
ity. Clear differences arise between the corresponding conditions.
Therefore, we designed a novel experiment to investigate this phe-
nomenon. This scheme is the same as that illustrated in Fig. 2.
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FIG. 12. Hot-electron energy spectra for different target thicknesses in front of the
target.
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However, the CgHsg plane target used in this experiment had two
thicknesses: 4 and 300 ym. Furthermore, a point-focusing method
was used.

Figure 12 shows the corresponding results for the backward
hot electrons (in front of the target, as measured by EMSI).
The four curves correspond to broadband thick, broadband thin,
narrowband thick, and narrowband thin targets. The corresponding
conditions for the four shots were similar. The pulse width of the
driving laser was ~3 ns and the energy was ~400 J. It can be seen from
the figure that the results for a thin target of 4 ym and a thick target of
300 um were completely different. For a thin target of 4 ym, the
energy of hot electrons under broadband conditions is significantly
lower than that under narrowband conditions, which is consistent
with the previous finding that hot electrons are mainly derived from
SRS. For the 300 pm-thick target, the energy spectra of the hot elec-
trons is greatly improved under broadband conditions. This trend
matches that mentioned above.

In the experiment, the largest difference between the thin and
thick targets should originate from the critical density surface of
the plasma. For a thin target of 4 ym, the nanosecond driving laser
can quickly burn through the material, and the plasma expands
to the outside. During this process, the critical density n. surface
is eliminated. On the other hand, for a thick target of 300 ym,
the nanosecond driving laser cannot burn completely through the
material. A critically dense surface is present near the target sur-
face. Therefore, for the experiment with the 300 pm-thick target, the
abnormal hot electrons under broadband laser driving conditions
may be attributable to the existence of a critical density surface.

We reconsidered mechanisms besides SRS that may produce
hot electrons. TPD mainly induces an electron density around near-
quarter-critical density (0.25n.). Thus, it may not be the source of
the large increase in the number of hot electrons under broadband
conditions. Resonance absorption occurs primarily near the critical
density. However, the conditions under which resonant absorption
occurs are stringent; this absorption requires a higher laser inten-
sity and a larger oblique incidence angle. In this experiment, the
laser intensity was only several 10'* W cm™, and the laser inci-
dent angle was only ~10°. Thus, resonance absorption is unlikely
to be the source of the large increase in the number of hot electrons
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FIG. 13. Typical lateral LPI spectral information, as measured by lateral optical
fiber probe, containing a strong SBS peak and a very weak SRS signal. The
corresponding detection angle was 25°.

LETTER pubs.aip.org/aip/mre

under broadband conditions. In addition, the dominant source of
hot electrons was the parametric decay instability; this occurs when
an incident photon decays into an IAW or EPW. The energy of the
photons is mainly transferred to the EPW, which drives the gen-
eration of hot electrons. A characteristic of the parametric decay
instability is that hot electrons can be excited in both the forward
and backward directions, which is consistent with the experimental
results.

However, it remains worthwhile studying why the paramet-
ric decay instability under broadband laser conditions exceeds that
under narrowband laser conditions. It is conceivable that these
phenomena are caused by the characteristics of broadband lasers.
New experiments and targeted analytical simulations should be con-
ducted in future research, to better understand the meaning and
value of broadband lasers.

C. Near-backward scattering

Near-backward scattering is also of interest in LPI research. It is
generally believed that in the near-backward direction, the intensi-
ties of the SBS, SRS, and other LPIs decrease rapidly with increasing
deviation angle from the back direction. In the experiments, the
optical fiber probe was placed 15° and 25° away from the back and
80° from the tangent to the target plane. Thus, the near-backward
and lateral scattering signals could be measured using a spectrom-
eter. Figure 13 shows typical lateral LPI spectral information, as
measured using the lateral optical fiber probe. The corresponding
detection angle was 25°. The spectrum contains an SBS signal of
wavelength ~530 nm and an SRS signal with a wavelength in the
range of 600-1000 nm. It can be clearly seen from the figure that the
intensity of SBS considerably exceeds that of SRS. Based on the peak
intensity alone, SBS is ~500x stronger than SRS. Even though SRS
occupies a relatively large wavelength range, the scattered energy
contained in SRS is considerably less than that contained in SBS.

Figure 14 shows the energy information of SBS under dif-
ferent scattering measurement angles for the two shots. Although
fluctuations can be observed in the data for the two shots, they
still exhibit the same trend under both broadband and narrow-
band conditions. These results are consistent with expectations, and
the SBS intensity decreases rapidly with increasing measurement
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FIG. 14. Energy information of SBS at different scattering measurement angles.
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FIG. 15. SRS spectrum in (a) the 15° and (b) the 25° directions.

angle. The SBS intensity produced by the broadband laser is signifi-
cantly lower than that produced by the narrowband laser at smaller
angles (e.g., 15°). The average reduction is ~20%. However, with
increasing angle, the SBS intensity produced by both broadband and
narrowband lasers is fairly high (e.g., at 25°). Furthermore, the SBS
intensities of both decrease substantially (approaching close to zero)
when the position is 80° with respect to the tangent of the target
plane.

Although the near-backward SRS is much weaker than the SBS,
a significant difference remains at different measurement angles.
Figure 15 shows the SRS spectra in (a) the 15° and (b) the 25° direc-
tions. The SRS spectra at the two positions are essentially identical
for the narrowband laser. They exhibit a single-peak structure with a
wavelength of ~750 nm. For the broadband condition, an evident
difference is noticeable. There is again a unimodal structure at a
wavelength of ~750 nm in the 15° direction, although the intensity is
much weaker than under narrowband conditions. In the 25° direc-
tion, however, a bimodal structure with peak wavelengths of 760
and 950 nm is observed. This result can also be compared with the
spectral distribution of the BSRS (shown in Fig. 6). For the narrow-
band condition, the peak at 750 nm resembles that of P1 in Fig. 6.
P2 is not shown, because the signal was too weak. For the broad-
band condition, the 750 nm peak corresponds to P4, as shown in
Fig. 6. P3 appears only in the 25° direction. However, the corre-
sponding peak wavelengths are red-shifted compared to those of P3
and P4, as shown in Fig. 6. This may indicate that a clear physical
phenomenon is involved, which is related to the possible wave-
vector resonance matching produced by the broadband laser in
different angular directions. This topic requires further analysis and
research.

VI. CONCLUSION

A preliminary experimental study of broadband laser-driven
LPIs was conducted using a broadband SHG laser. Through a com-
parison with the results for a traditional narrowband laser under
the same parameter conditions, we initially determined that the
broadband laser had a clear suppressive effect on both BSBS and
BSRS under a laser intensity of less than 1 x 10> W cm™2. With

increasing laser intensity, both BSBS and BSRS made a lower con-
tribution and exhibited a slower increase. An abnormality in the
hot-electron energy spectrum was observed under broadband laser
driving, possibly attributable to the fact that a broadband laser is
more likely to induce parametric decay instabilities. Finally, it should
be noted that as a new low-coherence driver, this broadband laser
differs significantly from traditional narrowband laser drivers. The
results presented here reflect the contributions of broadband lasers
in suppressing LPI-related processes, which may provide a basis for
improving fundamental understanding of broadband lasers, as well
as developing an in-depth understanding of LPIs.
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