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Abstract
An optical spectrometer system based on 60 channels of fibers has been designed and employed to diagnose light
emissions from laser–plasma interactions. The 60 fiber collectors cover an integrated solid angle of π , enabling the
measurement of global energy losses in a symmetrical configuration. A detecting spectral range from ultraviolet to near-
infrared, with angular distribution, allows for the understanding of the physical mechanisms involving various plasma
modes. Experimental measurements of scattered lights from a conical implosion driven by high-energy nanosecond laser
beams at the Shenguang-II Upgrade facility have been demonstrated, serving as reliable diagnostics to characterize laser
absorption and energy losses from laser–plasma instabilities. This compact diagnostic system can provide comprehensive
insights into laser energy coupling in direct-drive inertial confinement fusion research, which are essential for studying
the driving asymmetry and improving the implosion efficiencies.
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1. Introduction

Controlled fusion is considered a viable method for generat-
ing electricity by harnessing the heat from nuclear reactions.
Inertial confinement fusion (ICF)[1–3] is one of the promising
schemes for achieving fusion energy gain. In ICF, multiple
high-energy lasers are used to directly irradiate the target
(known as the ‘direct-drive’ scheme) or indirectly ablate
the target through X-rays from the laser-heated hohlraum
(‘indirect-drive’ scheme), to drive spherical implosions via
the rocket effect. The symmetrically imploding deuterium-
tritium (DT) fuel is then compressed, and a high-density
and high-temperature core is eventually formed to ignite
the entire target. For a high-performance implosion, the
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efficiency and uniformity of the laser energy deposition
are of primary concern. During laser–plasma interactions,
a part of the laser energy is diverted through laser–plasma
instabilities (LPIs)[4], degrading the laser absorption and
hydrodynamic efficiency, which need to be strategically
mitigated. In parametric three-wave processes, including
stimulated Brillouin scattering (SBS)[5,6] and stimulated
Raman scattering (SRS)[7,8], the energy of the incident laser
beams can be scattered off through interactions with plasma
waves. Besides, suprathermal electrons generated by high-
amplitude electron plasma waves from two-plasmon decay
(TPD)[9,10] or SRS[11] may have a great impact on implosion
performance by preheating the fuel and restricting the
compressed density. Furthermore, multi-beam LPI processes
such as crossed-beam energy transfer (CBET)[12,13] and
TPD[14–16] could redistribute energy absorption and beam
power balance. Due to the importance of LPI physics, precise
and comprehensive diagnostics for laser absorption are vital
in evaluating implosion performance and implementing
various strategies to mitigate energy losses, especially in the
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direct-drive approach where target implosions are directly
driven by laser ablation.

To diagnose laser absorption, a straightforward method is
to measure laser lights that remain unabsorbed but scattered
(including refraction and reflection) from the target. Full-
aperture backscatter stations (FABSs)[17] are commonly
used to measure backward scattered lights. For side SRS,
which has been found to be important in direct-drive
programs[18–21], near-backscattered imagers[22] and angular-
resolved spectrometers[23] can provide useful information.
However, most of those diagnostic systems sample scattered
lights within restricted orientations in the entire target
chamber. To assess global energy losses and absorption uni-
formity, measurements are required to collect lights from the
target across a significant portion of the space in the cham-
ber. Conventional diagnostic methods, such as box calorime-
ters[24,25] and Ulbricht spheres[26], are capable of collecting
large fractions of scattered lights, but are not suitable for inte-
grated ICF experiment campaigns alongside various other
diagnostics. Furthermore, since the scattered lights spread
over a wide spectrum, full-spectral diagnostics are required
for measuring the total energy losses from all types of LPIs.
In addition, the absorbed energy could be diverted to other
components in the coronal plasma, such as suprathermal
electrons, instead of being coupled to implosions. Simultane-
ous measurements of the re-scattering on TPD plasma waves
also support suprathermal electron diagnosis[9]. Thus, it is
essential to develop new diagnostic methods for detailed and
accurate studies on laser absorption and full-spectral LPIs,
which have a marked impact on direct-drive implosions.

In this work, a global and full-spectral scattered-light
diagnostic system has been developed. It combines angular
and spectral resolving capabilities to measure global distri-
butions of optical emission spectra, providing insights into
various processes of laser–plasma interactions through a
compact system. It has been successfully implemented in the
Shenguang-II Upgrade (SG-II UP)[27,28] laser facility. The
globally spatial measurements have revealed laser absorption
asymmetry. Meanwhile, the full-spectral characterizations
have shown various LPIs, dominated by SRS, in the configu-
ration of direct-drive conical implosions. From the integrated
scattered energy, the total laser absorption efficiency has
been assessed.

2. Principle and design

The 60-channel optical spectroscopy system has been
designed to align with the configuration of the laser beams
and target chamber in the SG-II UP facility. As shown in
Figure 1(a), four nanosecond laser beams, denoted as #1,
#3, #5 and #7 (with only three shown for clarity), are
focused axisymmetrically at the same polar angle of 50◦
in the sphere, converging toward the target chamber center
from the top. In addition, a picosecond laser, Beam #9,

Figure 1. Schematic diagram of the 60-channel optical spectrometer. Sixty
reflective collectors are set on the inner side of the chamber wall, as shown
in (a), collecting the lights emitted from the laser–target interactions. The
angles of the laser beams are in the format of (θ , φ), where the polar angle
is indicated as θ and the azimuthal angle as φ. The polarization angle from
p-polarization of Beams #1 and #7 is 23◦ clockwise, and that of Beams
#3 and #5 is 7.5◦ anti-clockwise. The collectors reflect the lights to a fiber
bundle, which is extended for 20 m outside the chamber to a spectrometer,
as shown in (b), and the spectra are recorded by a CCD camera.

propagates in the equatorial plane and is focused at the
center. There are 60 reflective collectors mounted on the
inner wall above the equatorial plane, covering one-quarter
of the sphere, among Beams #1, #3 and #7. The polarization
angles of Beams #1 and #7 are 23◦ clockwise from the
p-polarization, while those of Beams #3 and #5 are 7.5◦
counterclockwise. Since the polarization angles of the four
beams are rotationally symmetrical, measurements covering
a quarter of the spherical space can reveal the distribution
in the 2π solid angle. Each collector is equipped with a
90◦ ultraviolet (UV)-enhanced aluminum mirror that reflects
light from the center to the input end of a fiber with a
192-μm-diameter core. The 60 fibers are bundled together at
a flange, and these components are permanently installed at
the SG-II UP facility.

The fiber bundle extends 20 m outside the vacuum cham-
ber to protect electronic devices from radiations induced by
high-power lasers. It is then coupled through a linear fiber
array (see Figure 1(b)) to the 200-μm slit of the IsoPlane 160
imaging spectrometer, which has a focal length of 203 mm.
The spectrometer is equipped with a triple turret that allows
for the selection of gratings based on different experimental
requirements. In one of our regular operating modes, with a
150-G/mm ruled grating, optical spectra in the 300–800 nm
range can be recorded by a 13.3 mm × 13.3 mm area
charge-coupled device (CCD) camera, achieving a spectral
resolution of 6.3 nm. To obtain wider spectral ranges and
higher resolution, two additional gratings with 50- and
1200-G/mm ruled lines can also be employed, with the main
parameters shown in Table 1. The spectrometer slits are set to
a width of 200 μm to ensure the detection of relatively weak
light signals from the experiments. A fine spectral resolution
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Table 1. List of the spectral ranges and resolution with a 200-μm
slit using different ruled gratings.

Groove density (G/mm) 50 150 1200
Spectral range (nm) 750 421 46
Spectral resolution (nm) 20 6.3 0.7

of 0.3 nm has been calibrated using a 20-μm slit and a
1200-G/mm grating.

3. Calibration and analysis

Since the diagnostic system measures a wide spectrum from
UV to near-infrared, the calibration of the spectral response
covered the range from 340 to 750 nm. Two light-emitting
diode (LED) sources with known power and spectrum char-
acteristics were selected: a continuum white LED emitting
lights with wavelengths from 450 to 750 nm and a deep
UV LED near 340 nm. The LED chips were set at the
target chamber center respectively. Using the 150-G/mm
grating in the spectrometer, the CCD recorded spectra of the
LED lights collected by the fibers at different orientations.
For the white LED, the CCD chip was filtered with a
laminated neutral density film with 0.01% transmission for
400–700 nm, and the exposure time was 1000 s. For the
UV LED, no filter was used in the spectrometer system
considering the lower CCD quantum efficiency in the UV
range, and the exposure time was 1 s. The signal of UV
and white LED lights on the CCD is shown in Figure 2,
where the horizontal axis represents light wavelengths and
the vertical axis corresponds to different orientations of
the fiber channels, with 15 pixels (full width at 1/e of
maximum intensity) for each channel. Due to optical damage
or target splashing after laser shots and obstruction by other
diagnostics, 43 of the 60 channels were able to collect lights
during this experimental campaign.

The light power at the input end of the reflecting mirror
was measured using a power meter. The products of the
power and the exposure time provided the energy input
to each channel, establishing a response relationship with
the recorded spectral intensity on the CCD. The spectral
response of the system is influenced by various factors,
including the reflectivity of the aluminum mirror, the trans-
mission attenuation of the fibers, the grating efficiency and
the CCD quantum efficiency. Each component’s attenuation
acts as a constant neutral density. Based on the calibrated
LED spectra, the response of the entire optical system, R(i,
λj), for a specific wavelength λj (with j denoting the CCD
pixel on the spectral dimension) in channel i, can be derived
using the following procedure.

For channel i set at a specific orientation, the input power
measured in front of the collector is Psrc(i). Given the
known spectrum η(λ) of the LED emission source, the power
at wavelength λj per unit wavelength dλ is calculated as

Figure 2. Mosaic image of the UV and white LED spectra recorded by the
spectrometer with the 150-G/mm grating. Here the white LED light was
recorded with an OD4 filter and 1000-s exposure. The UV one was recorded
with 1-s exposure and the intensity was artificially reduced by a factor of 10
for better visibility.

Psrc
(
i,λj

) = Psrc(i)
∫ λj+dλ

λj
ηdλ∫ ∞

−∞ ηdλ
, which results in an intensity on

the detector Isrc
(
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)
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)
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)
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4. Experimental results

The spectrometer system has been employed to measure the
laser absorption in the conical compression stage of the
double-cone ignition scheme[29] at the SG-II UP facility. In
this setup, the four laser beams overlapped on a C16H14Cl2
(CHCl) spherical shell within a gold cone (shell-in-cone
target), and drove a conical implosion of the shell, as shown
in Figure 3(a). Each beam delivered 1500 J of energy at
a UV wavelength of 351 nm (tripled frequency ω = 3ω0),
and was focused onto the shell through a 700-μm diameter
spot determined by a 	700 continuous phase plate. The
temporally shaped laser pulse is shown in Figure 3(b). The
resulting intensity of the four overlapped beams reached
a maximum of 5.7×1014 W/cm2. The CHCl shell had a
thickness of 50 μm and an inner radius of 500 μm, with
the shell cap having a full opening angle of 100◦. The
orientations of the laser irradiation and the fiber collectors
are shown in the angular coordinates in Figure 3(c), with the
90◦ polar angle defined as the equatorial plane and the 0◦
azimuthal angle as the incidence of Beam #3.

The spatial growth of LPIs is influenced by the laser
polarization directions. The polarization angles of Beams

https://doi.org/10.1017/hpl.2024.57 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2024.57


4 Y. Zhang et al.

(a) (c)

Φ

θ

(b)

Figure 3. (a) Schematic diagram of the conical irradiation. The spherical
CHCl shell is initially embedded in the gold cone, and four laser beams
overlap at the shell surface through 700-μm continuous phase plates.
(b) Laser temporal profile on the target. (c) The coordinates of the collectors
in the 2D angular map, with Beams #1, #3 and #7 incident angles.

#1 and #7 are identical, as are those of Beams #3 and #5.
Consequently, measurements in one-quarter of the sphere
can reveal the light distribution in the entire hemisphere.
The total scattered energy proportion fscatt can be calculated
from the spectral and angular integration, allowing the laser
absorption efficiency fabs to be deduced using the following
equations:

fscatt = 2
∫ π/2

0

∫ π

0

dEscatt

d

(θ,φ)sinθdθdφ/Elas,

fabs = 1− fscatt.

Here θ and φ represent the polar and azimuthal angles in the
sphere, respectively, while Elas is the incident laser energy
on target. Linear interpolation of intensity is used in the
angular integration for the directions between adjacent col-
lectors. Furthermore, the spectrum of scattered light contains
valuable information on various laser–plasma interaction
processes and parametric instabilities.

4.1. Laser–plasma instabilities

Figure 4(a) shows a typical result of global scattered light
recorded by the spectrometer system using the 150-G/mm
grating and the ND4 filter. According to the frequency
matching conditions between the parent laser wave and the
daughter waves, the spectra of the scattered light can char-
acterize different LPI processes. The lights around 351 nm
consist of the direct reflection of the incident laser, SBS
and CBET. The contributions from the three main parts
are currently indistinguishable, but these would be resolved
by using gratings with denser lines for better spectral res-
olution to observe wavelength shifts. The lights around
527 nm, primarily from the 2ω0 remnant of the laser, are
randomly reflected from the chamber and excluded from the
scattered energy calculation. The continuum spectrum from
500 to 650 nm is from SRS, which occurs in sub-critical
plasma with a density lower than the quarter critical density,
and dominates the side scattering in this configuration[20].

TPD re-scattering in the branch around ω/2 (680–720 nm)
has also been observed. The red-shifted peak in the ω/2
spectra at a polar angle around 8◦ indicates electron temper-
ature at quarter critical density of 1.6 ± 0.4 keV. In addition,
the 3ω/2 spectra (230–238 nm) from TPD re-scattering
are generated by Thomson up-scattering of the incident
laser, which requires a broad spectrum of plasma waves[15].
Since the 3ω/2 spectra have been observed to occupy less
than 0.3% of the total scattered energy (equivalent to 10−4

of the laser energy) in a prior experiment with a similar
configuration, the spectrometer system has not been used
with the 50-G/mm grating for simultaneous measurements
of the spectra at 3ω/2.

Typical results for the two-dimensional (2D) angular
distributions of energy in the three main spectral components
are presented in Figures 4(b)–4(d), corresponding to 351-nm
scattering, broadband SRS (around 500–650 nm) and
the ω/2 branch of TPD (680–720 nm), respectively. The
nonuniformity and asymmetry in these distributions could be
attributed to beam energy and pointing imbalances, as well
as laser polarization effects on LPIs. The 351-nm lights were
primarily distributed in the polar directions around the laser
incidence (40◦–70◦), with very weak emissions in larger or
smaller angles, covering a broad span in azimuthal directions
between every two beams (see Figure 4(b)). Among the
shots in this experiment, the integrated energy of the 351-nm
lights is 0.9+0.8

−0.3% (in the format averageupper limit
lower limit ) of the

laser energy. For the broadband SRS, the emissions are
close to the laser incidence (Figure 4(c)), indicating they
are likely driven by single-beam-induced scattering. The
energy conversion to SRS is 2.9+2.6

−0.4% of the laser energy.
The TPD emissions near ω/2 are observed at polar angles
less than 50◦ (Figure 4(d)), which can be explained by the
light refraction due to the density gradient[15]. The total
energy of the ω/2 emissions is 0.3+0.4

−0.1% of the laser energy.

4.2. Laser absorption

The three main spectral components provide an overall
scattered energy of 4.1+2.8

−0.5% of the laser energy, with errors
summing those of the three main spectral components in
quadrature. An FABS system was installed on Beam #7
and absolutely calibrated. The calorimeters of the FABS
were filtered to measure in the 275–375 nm range and a
broad spectrum beyond 400 nm, indicating on average 1.2%
and 0.1% of the laser energy in 351-nm lights and SRS,
respectively, amounting to a total of 1.3% in backscattering.
The results from the spectrometer system and FABS give an
averaged global scattered energy of 5.4%, which suggests
approximately 94.6% laser absorption in the conical implo-
sion driven by the four overlapped laser beams with a peak
intensity of 5.7×1014 W/cm2.

Further improvement of the spectrometer system is cur-
rently underway, including the integration of an intensified
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Figure 4. (a) Raw image for the multi-channel spectra of the scattered lights from the laser-driven shell-in-cone target implosion. Here the longitudinal axis
represents collectors at different orientations, and the wavelength in spectra indicates different processes of LPIs (the spectral response needs to be taken into
account for absolute energy calculation). The corresponding angular distributions of the 351-nm lights, SRS and ω/2 re-scattering TPD are shown in (b),
(c) and (d), using linear interpolation for the directions in between two adjacent collectors. The incident angles for the laser beams are shown in the angular
distribution maps.

CCD with a fast time gate to record the history of laser
energy absorption. In addition to measuring laser absorption
in ICF experiments, work is in progress using this spectrom-
eter to diagnose relativistic laser–plasma interactions. With
the high-power picosecond Beam #9 of SG-II UP facility,
optical spectra of laser light scattered from the target surface
(such as 2ω0 and 3ω0/2 harmonics) can provide valuable
insights into fast electron generation and transportation.

5. Conclusions

A new diagnostic method was designed and developed for
global and full-optical measurements on scattered lights,
with a 60-channel fiber bundle and a spectrometer, offering
resolution for both spectral and angular distributions. It
covers a steradian of π in a solid angle and spans a spectral
range from UV to near-infrared. The spectrometer system has
been tested experimentally for diagnosing laser absorption
and LPIs driven by the nanosecond lasers of the SG-II
UP facility. Following the absolute calibration using LED
sources and according to an axisymmetric configuration of
the laser irradiation, the integrated energy of the scattered
lights has provided the global laser absorption rate. Besides,
the spectra measured with multiple channels also reveal LPI
processes primarily driven by SRS in the conical irradiation
configuration. This diagnostic system can provide invaluable

data, which enables the calibration of novel models for
LPI simulations. It will allow predictions for implosion
experiments and improve our understanding and mitigation
of LPIs.
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