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ABSTRACT

Experiments have been conducted on the OMEGA EP laser facility to study the effect of density scale length and overlapping beam geometry
on laser-plasma instabilities near and below the quarter-critical density. Experiments were conducted in both planar geometry (density scale
length L, ~ 190 to 300 um) and spherical geometry (L,, ~ 150 um) with up to four overlapping beams and were designed to have overlapped
intensities and density scale lengths comparable to OMEGA spherical experiments, but with many fewer beams. In comparison with previous
experiments on OMEGA and National Ignition Facility, it is confirmed that shorter density scale lengths favor the two-plasmon decay
(TPD) instability, while longer density scale lengths favor stimulated Raman scattering (SRS). In addition, for experiments at the same scale

length and overlapped laser intensity, higher single-beam intensities favor SRS, while a larger number of overlapping beams favor TPD.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0135603

I. INTRODUCTION

Laser-plasma instabilities (LPI)' are a concern in laser-based
inertial confinement fusion (ICF)” experiments because of the reduc-
tion in laser energy coupled to the target, impacts on drive symmetry,
and the potential generation of hot electrons, which can limit com-
pression of the imploding capsule. Stimulated Raman scattering
(SRS)*” and two-plasmon decay (TPD)” can occur at densities near
the quarter-critical density of the laser [n. = n./4, where #. is the elec-
tron density and #. is the critical density for the laser wavelength 4,
(in pm), with ne &~ 1.1 x 10% /162 cm ] and have been observed in
laser-plasma experiments at intensities relevant to ICF. SRS can also
be driven at densities below quarter-critical. Understanding these
instabilities and their dependence on density scale length, plasma tem-
perature, and overlapping laser beam geometry is critical to the pursuit
of ICF ignition and fusion gain on facilities such as the National
Ignition Facility (NIF).”

Previous experiments have demonstrated the prevalence of TPD®
in 60-beam direct-drive’ ICF implosions at density scale lengths
L, ~ 150 um and electron temperatures T, ~ 2keV on the OMEGA
laser.'” Likewise, planar- and spherical-geometry direct-drive experi-
ments on the NIF'' " have shown the predominance of SRS at L,
~400-600 um and T, ~ 4.5 keV with varying numbers of overlapping
beams.

To complement this dataset, planar and spherical experiments
were designed on OMEGA EP'” to explore systematically intermediate
scale lengths and to assess the effect of overlapping laser geometry on
LPI mechanisms. Relative to OMEGA, OMEGA EP offers advantages
of higher single-beam laser energies, which enable both higher single-
beam intensities and longer laser pulses to drive longer scale length
conditions in planar geometry. While previous experiments on
OMEGA EP explored the effect of different overlapped laser condi-
tions on hot electron production, no scattered light spectral diagnostics
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were available to infer LPI mechanisms and TPD was assumed to be
responsible.” In contrast, the experiments reported here measured
scattered light spectra and show both SRS and TPD, even at scale
lengths that on OMEGA produced only TPD. These results indicate,
in accordance with theory, ' that SRS is sensitive to high single-
beam intensities or long scale lengths, while TPD is more strongly
driven by many overlapping beams.

This paper is organized as follows: The experimental setup for
OMEGA EP experiments and simulations thereof are discussed in Sec.
II. LPT scattered light measurements showing evidence of SRS and
TPD are presented in Sec. IIl. A comparison to previous data on
OMEGA and NIF, showing the effects of scale length and beam over-
lap, as well as LPI threshold considerations consistent with the data, is
discussed in Sec. I'V. Concluding remarks and potential implications
for direct drive ICF are presented in Sec. V.

Il. EXPERIMENTAL SETUP AND SIMULATIONS

LPI experiments on OMEGA EP used spherical or planar CH
targets, irradiated on one side by up to four 351 nm laser beams at
angles of 23.2° relative to the axis of symmetry (Fig. 1). The spherical
experiments used solid spheres with a nominal diameter of 700 ym,
while the planar experiments used planar slab targets with a thickness
of 250 um and a width of 3 to 4 mm, several times larger than the laser
spot [Figs. 1(a) and 1(b)]. On four-beam experiments, a total laser
energy of 8.2 to 9.3k]J was used, either in a 2-ns square pulse or a 4-ns
linear ramp pulse [Fig. 1(c)], with a peak power of around 4 TW. The
beam spots were defined by distributed phase plates (DPPs), with a
nominal diameter of either 750 um (super-Gaussian of order 8.9 with
1/e radius of 336 um) or 400 um (super-Gaussian of order 16.7 with
1/e radius of 233 pum). The laser beams were designed to perfectly
overlap close to the quarter-critical surface, near where LPI takes place,
and were pointed either 200 um in front of the target for planar
experiments or toward the center of the sphere for spherical experi-
ments. There was a small amount of laser blowby (light from the
periphery of the beams refracting past the target) on the spherical
experiments, where the 750 um spot size overfilled the 700 um target,
which contributes to the generation of SRS sidescatter.”” >’ Some
single-beam experiments were performed, with the total energy,
power, and intensity reduced accordingly by a factor of four.
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FIG. 1. Experimental geometry for LPI experiments on OMEGA EP, using (a)
700-um diameter spherical CH targets and (b) 250-um thick planar CH targets.
The time-resolved SRS diagnostic SABS was located in the Beam 4 beamline.
Some experiments used four beams at angles of 23.2° relative to their common
symmetry axis, while others used only Beam 4. Either (c) 2-ns square pulses (red)
or 4-ns linear ramp pulses (blue) with a peak power of 4 TW were used.
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The planar targets were oriented normal to Beam 4, which con-
tains the sub-aperture backscatter station (SABS) diagnostic.21 SABS
samples multiple regions of the beam aperture, using optical fibers to
pick off a portion of the scattered light to be relayed to a spectrometer
and an optical streak camera to capture the time-resolved scattered
light at wavelengths of 400 to 750nm, including scattered light
from both SRS and TPD. This target orientation particularly favors
collection of scattered light near 702 nm from the quarter-critical den-
sity region, which is only observed within ~10° of target normal.””
Single-beam experiments reported here used Beam 4.

Two-dimensional (2D) DRACO™  radiation-hydrodynamics
simulations were used to calculate the plasma conditions. DRACO
simulations were performed in cylindrically symmetric R-Z geometry
with the Z axis directed along the beam symmetry axis. DRACO simu-
lations include 3D laser ray trace™ (with azimuthal symmetry for
energy deposition as appropriate for an axisymmetric code), non-local
electron thermal transport,””” and multi-group diffusion radiation
transport with Los Alamos astrophysical opacity tables.”” Cross-beam
energy transfer was not included in these simulations, though this is
expected to be negligible with all drive beams incident on the same
side of the target. The simulations (Fig. 2) provide calculated time-
dependent local density scale length, electron temperature, overlapped
laser intensity, and threshold parameters (1) for the absolute TPD or
absolute SRS backscatter instabilities”** based on overlapped laser
intensity at the quarter-critical density along the axis of symmetry for
a planar experiment [Figs. 2(a)-2(d)] and a spherical experiment
[Figs. 2(e)-2(h)] with 750 um DPPs and a 2-ns square pulse. The

respective threshold parameters are defined as #nppp = I/ IleD’th' and
Nsps = /5™ where T is the total overlapped laser intensity and

IO — 233 Ty ey / Ly ym and I SRSthr _ 2377/L‘r‘1{ 3m are the intensity
thresholds (units of 10** W/cm?) for absolute TPD and SRS backscat-
ter at quarter-critical density. The single-beam threshold parameter in
four-beam experiments can be considered to be these threshold
parameters divided by 4. The 2D variation in electron density in direc-
tions both parallel and perpendicular to the target surface is shown for
the spherical experiment in Fig. 2(i). The assumption of azimuthal
symmetry is valid, modulo the fourfold beam pattern, for the spherical
experiments. For the planar experiments, DRACO does not account
for the 23.2° tilt of the target relative to the beam symmetry axis in
order to face Beam 4. This is considered a small perturbation.

Planar experiments with four beams were predicted to reach den-
sity scale lengths on axis of around 300 um, electron temperatures of
2.8keV, and overlapped laser intensities of 8 x 10'* W/cm® at the
quarter-critical density. In contrast, the spherical four-beam experi-
ments were predicted to achieve radial scale lengths of only 150 yum,
but similar peak electron temperatures (2.7 keV) and overlapped laser
intensities at n./4 (8.5 x 10" W/cm?). The difference in scale length
between planar and spherical experiments largely drives the difference
in TPD and SRS threshold parameters calculated based on overlapped
laser intensity. Likewise, the balance between #4zs and nppp is differ-
ent, with the longer-scale length planar experiments favoring absolute
SRS, while the shorter-scale length spherical experiments are closer to
equally favorable for SRS and TPD when the total overlapped intensity
is considered. The consideration of single-beam intensities when eval-
uating proximity to TPD and SRS thresholds is discussed in Sec. IV.
Similar plasma conditions are predicted at the end of the laser pulse in
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FIG. 2. 2D DRACO-simulated plasma conditions at the quarter-critical density along the axis of symmetry for four-beam experiments driven by a 2-ns square pulse in either
(a)—~(d) planar geometry (shot 27108, which used a planar target normal to the OMEGA EP beam symmetry axis with the same laser drive as on experiments normal to Beam
4) or (e)—(i) spherical geometry. The density scale length [(a) and (e)], electron temperature [(b) and (f)], overlapped laser intensity [(c) and (g)], and SRS (blue) and TPD
(black) threshold parameters # [(d) and (h)] are shown. Simulated 2D density contours in the spherical experiment (i) at { = 1.25 ns show the deviation from spherical symmetry

in the lateral direction (laser beams incident from the right at 23.2° from the z axis).

ramp-pulse experiments. Planar experiments using a single beam with
the same 750 pum phase plate have an intensity reduced by a factor of
~4 and consequently lower electron temperature (1.7 keV) and den-
sity scale length (220 um). A single-beam planar experiment using the
400 um phase plate and, therefore, a smaller beam spot produced a
190 um scale length, and a laser intensity (4 x 10"* W/cm®) between
the overlapped laser intensity for large-spot single-beam and four-
beam cases, but consequently a much higher single-beam intensity
than either.

lll. RESULTS

Time-resolved scattered light spectra between wavelengths of 400
and 750 nm were measured for a variety of experiments driven by the
2-ns square pulse. Figure 3 summarizes the data, obtained on (a) a pla-
nar experiment driven by four beams with 750-um spots, [(b) and (c)]
planar experiments driven by a single 750-um beam, (d) a planar
experiment driven by a single 400-yum beam, and (e) a 700-um-
diameter spherical target driven by four beams with 750-um spots.
Different neutral density filters, apertures, and overall SABS through-
put limit the comparison of absolute signal levels between experi-
ments, though the comparison of relative prominence of different
features in the spectra is valid.

The data show the relative importance of TPD and SRS signa-
tures. TPD is evident in a doublet feature corresponding to half-
harmonic (w/2) centered around a wavelength (702 nm) twice the
incident laser wavelength, emitted from the quarter-critical region.””
In contrast, SRS appears sometimes as a singlet redshifted /2 feature
from absolute SRS backscatter at quarter-critical density,'" as well as a
broad-wavelength feature <680 nm generated by SRS in the under-
dense (1. < n./4) region. As discussed below, features around 670 to
680 nm may plausibly be due to SRS or TPD.

The TPD doublet w/2 feature appears most prominently in the
planar four-beam experiment [Fig. 3(a)] at the beginning of the laser
pulse when the electron temperature is initially low. It is also evident
in the planar single-beam experiment [Fig. 3(c)] and the spherical
experiment [Fig. 3(e)] when the use of a long-pass filter suppresses
much of the SRS signal below 630 nm (~0.19 n), allowing for the

overall neutral density filtering on the streak camera to be reduced and
the w/2 feature to be revealed.

SRS in the underdense region is observed throughout each exper-
iment. It is strongest in the single-beam planar experiment with a
small spot size [Fig. 3(d)], in which only SRS is observed. Some spec-
tra, e.g., Fig. 3(¢), show what appears to be the blue TPD /2 feature
overlapping with the underdense SRS feature, indicating that some
SRS may be occurring in the region where TPD is active. The SRS
feature increases with time, while the TPD feature shows a time
behavior similar to the redshifted w/2 feature. The expected wave-
length separation of the redshifted and blueshifted w/2 features at
nc/4 can be estimated based on the simulated electron temperature.
The wavelength shift of the red w/2 feature is Adyy, = 3.09 Teykev.zo
For a temperature of T, ~ 2.8 keV, the expected wavelength shift is
Alpm ~ 8.5 nm. The blueshifted feature is shifted by a similar mag-
nitude, so that the separation in wavelengths is expected to be ~15
to 20nm, as is typically observed in OMEGA 60-beam experi-
ments. This is considerably less than the ~35 nm wavelength shift
between the redshifted w/2 feature and the broad feature at wave-
lengths around 670 nm in many of the spectra, suggesting that
additional (SRS) scattered light is likely contributing to the lower-
wavelength feature. However, it is plausible that convective TPD at
densities below quarter-critical could cause a wavelength shift
comparable to the observations.

Ray-tracing calculations'® based on SRS sidescatter gain® indi-
cate that, in the spherical four-beam experiment, SRS scattered light at
wavelengths around 550 nm [cut off by the long-pass filter in Fig. 3(e)
but observed in other experiments without that filter] originates from
the far wing of the beam farthest from SABS (beam 3) and consists
largely of sidescatter (i.e., scattered light perpendicular to the local den-
sity contour) with a gain G ~ 15."* The component of the SRS spec-
trum closer to 640 nm is mostly from the beam that contains SABS
(Beam 4) and can be collected due to refraction. This signal consists of
sidescatter from the wing of that beam with G ~ 10, and backscatter,
while possible, was not calculated to have significant gain.'”
Convective SRS may contribute to SRS observations below 650 nm as
well.
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FIG. 3. SABS-measured time-resolved scattered light spectra (logarithmic color scale) for experiments with a 2-ns square pulse (green line) and (a) a planar target, iradiated
by four beams, (b) and (c) a planar target irradiated by one beam with a 750 um spot size, (d) a planar target irradiated by one beam with a 400 um spot size, and (e) a
700-pm-diameter spherical target irradiated by four beams. The dashed white line [(c) and (e)] represents the 630 nm cutoff of a long-pass filter, with (b) showing data from
a nominally identical experiment as (c), but without the long-pass filter. Periodic features at the top and bottom of the displayed spectra are timing fiducials. The green line
represents the laser pulse. The signal is strongly saturated in the 450-550 nm range in (d), with signal after the laser turns off an artifact of the saturation in the streak camera.
Different neutral density filtering and SABS throughput for each shot limit comparison of absolute signal levels. Note that (€) was previously shown in and reproduced with
permission from Hironaka et al., Phys. Plasmas 30, 022708 (2023). Copyright 2023 AIP Publishing.'®

Notably, a linear gain can be estimated from temporal modula-
tion in the underdense SRS spectrum [evident, for example, in
Fig. 3(e)] in comparison with a 2.5-GHz modulation inherent in the
laser drive. For a four-beam planar experiment with a ramp pulse, the
relative modulation amplitude of the single-beam power was ~5%.
The modulation amplitude in the underdense SRS scattered light, after
dividing out the exponential increase in SRS reflectivity during the
pulse, was ~60%. Therefore, the gain is estimated to be G ~12,
roughly consistent with the calculated SRS sidescatter gains.

The “Raman gap” between underdense and near-n./4 SRS fea-
tures is particularly notable at early time in Fig. 3(e) and similar to
what was observed in NIF planar experiments.'"'” The prominent
SRS reflectivity in the spherical experiments may also be partially
explained by the curvature of isodensity contours, whereby the wings
of the beams interact with blow-off plasma from the side of the solid
sphere and experience effectively longer scale lengths than at the front
of the sphere where the beams overlap [ie., conditions shown in
Figs. 2(e)-2(i)], which is then more susceptible to SRS.

IV. DISCUSSION

The data, in contrast to prior results from OMEGA and NIF pla-
nar and spherical experiments, elucidate the effect of scale length and
single-beam vs overlapped intensity on the prevalence of SRS and
TPD.

Most notably, spherical-geometry 60-beam experiments on
OMEGA, at scale lengths (150-180 pm) comparable to the spherical
OMEGA EP experiments described here, show evidence only of TPD
and do not typically generate SRS signal at overlapped intensities in

the range of these experiments.” Though three-dimensional particle-
in-cell simulations’" of LPI for OMEGA-relevant conditions show
growth of absolute TPD and SRS instabilities in the same region near
the quarter-critical density and that the saturation of both instabilities
and the generation of hot electrons are accurately described only with
the full nonlinear model including both instabilities, in experiments
both SRS and TPD have typically been observed on OMEGA only at
much higher intensities (~4 x 10 W/em?) relevant to shock
ignition.”’ One key difference between typical OMEGA spherical
experiments and the OMEGA EP experiments described here is the
single-beam intensities, which are lower (=10 W/cm?) in OMEGA
implosions, where there are typically ~8 beams overlapping on a given
spot. The appearance of SRS in OMEGA EP experiments at compara-
ble scale length, temperature, and overlapped intensity [Fig. 3(e)], but
higher single-beam intensity, indicates that SRS is less of a multiple-
beam process and is more strongly influenced by single-beam intensity
than is TPD. In contrast, TPD has been demonstrated theoretically
and experimentally, including on OMEGA, to occur through multi-
beam mechanisms.'”****

In addition, the small-phase-plate planar experiment likewise
achieved a scale length around 190 pm, roughly comparable to
OMEGA and OMEGA EP spherical experiments, but shows different
LPI physics. This experiment has an even higher single-beam intensity
(~4 x 10" W/cm®), despite a lower total overlapped intensity, and
shows an overwhelming SRS signal, especially from the underdense
region, relative to TPD [Fig. 3(d)]. This experiment is not affected by
blowby and is further evidence of the strong single-beam dependence
of SRS. In contrast, the planar experiment at 300 um scale length
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[Fig. 3(a)], driven by four beams and therefore at a modest single-
beam intensity, shows considerably more TPD signal in comparison
with underdense SRS. The overlapped laser intensity in this four-beam
experiment is further above the TPD intensity threshold” for absolute
single plane wave beams than the single-beam experiment with a small
phase plate, by a factor of 3.7 vs by a factor of 1.6. At the same time,
the single-beam intensities are at a similar level compared to the abso-
lute SRS threshold,”® exceeding by a factor of 1.7 for the four-beam
experiment and a factor of 1.8 for the single-beam, small phase plate
experiment. The high single-beam intensity overcomes the reduced
scale length in favoring SRS over TPD in the near-quarter-critical
region for the single-beam experiment with the small phase plate,
while TPD is relatively more pronounced in the four-beam experi-
ment. Notably, for the four-beam planar and spherical experiments
that show evidence of TPD, the TPD threshold is not exceeded when
only single-beam intensities are considered (the threshold parameter
being reduced by a factor of 4), suggesting a multi-beam origin.

Planar experiments on the NIF at scale lengths of 500-600 um,
driven by 32 to 64 beams (divided into groups of four closely clustered
beams denoted “quads”), instead show only evidence of SRS both at
the quarter-critical density and in the underdense region.'""”
Spherical-geometry experiments on NIF, driven in polar-direct-drive
geometry, likewise only show evidence of SRS.'” These long scale
lengths are also sufficient to favor SRS over TPD despite modest
single-quad intensities in the ~ 10" W/cm?® range as the SRS thresh-
old is a factor of 3 lower than the TPD threshold.™

Absolute SRS backscatter thresholds are cited to explain the
trends in SRS observations at densities both at and below n./4, includ-
ing sidescatter, due, in part, to the fact that absolute sidescatter merges
continuously into absolute backscatter as the density approaches n./4
and the absolute threshold for sidescatter is identical to backscatter for
normal incidence at 7./4.” This threshold intensity also has the same
scaling with density scale length as backscatter (L~*/%) and only differs,
being lower, by a factor of order unity. This means that the absolute
threshold for sidescatter is lower than that for backscatter by a factor
of ~2, supporting the conclusions on the role of beam overlap and
scale length on the relative observed prominence of SRS and TPD.
The convective threshold (2 7 gain) for SRS backscatter occurs for an
intensity of a few times 10'> W/cm? for a scale length of 200 yim and is
10% lower if the angle of incidence is increased from normal to 23.2°.

scitation.org/journal/php

This means that convective backscatter is likewise estimated to be at or
below threshold. The modifications in the sidescatter convective gain”’
lead to an enhancement that depends on the density and the plasma
wave damping rate. A correct estimation requires detailed ray tracing
to be performed, which is beyond the scope of this work. However,
this enhancement can easily be factors of two or three, such that gains
of 10-20 are possible.

Overlapped laser beam polarization may also play a role in the
multi-beam experiment results, as the four beams on OMEGA EP
have nearly the same polarization (vertical, modified only by the 23.2°
difference in incidence angle), which enhances the multi-beam cooper-
ation between different beams for SRS. In contrast, on OMEGA polar-
ization smoothing is typically applied, and on NIF each quad contains
two beams polarized vertically and two beams polarized horizontally
with respect to the beam propagation direction. The effect of polariza-
tion on SRS, including sidescatter, may be explored in upcoming
experiments on the Laser Mégajoule (LM]) facility.%

SRS and TPD observations at different scale lengths and intensi-
ties are summarized in Table I. Overall, there is a trend, as observed
previously,' "’ of increasing prevalence of SRS with increasing density
scale length. However, the OMEGA EP experiments show that small
scale length conditions can also produce significant SRS at both n./4
and the underdense region if single-beam intensities are sufficiently
high, likely because conditions are approaching or exceeding the con-
vective SRS threshold for a single beam. This result corroborates previ-
ous observations of SRS in short-scale length, high-intensity
experiments relevant to shock ignition.”*” The strongest TPD signals
on OMEGA EP are observed in experiments with four overlapping
beams, while SRS is most pronounced in single-beam experiments.
Overall, these results point to SRS being more of a single-beam phe-
nomenon, while TPD is largely dependent on the superimposition of
overlapping beams. This finding is consistent with previous modeling
and theoretical examination of SRS and TPD absolute instability
thresholds.'®'"**

V. CONCLUSIONS

In conclusion, stimulated Raman scattering and two-plasmon
decay have been explored systematically in planar and spherical geom-
etries on OMEGA EP, revealing the effects of density scale length, laser
intensity, and beam overlap. While previous planar experiments on

TABLE I. Summary of SRS and TPD observations on OMEGA, OMEGA EP, and NIF, as a function of experimental geometry, number of beams, density scale length, electron
temperature (T), and total overlapped and single-beam (for NIF, single-quad) intensities at quarter-critical density, based on 2D DRACO simulations.

Overlapped
Experiment Scale intensity Single-beam/quad

Facility geometry # beams length (um) T. (keV) (W/em?) intensity (W/em?) LPI observations
OMEGA Spherical 60 150-180 2.0-2.8 4-7 x 10" 0.5-0.9 x 10" TPD only”
OMEGA Spherical 60 120 3.5 4 x 10" 5x 10" TPD and SRS™
OMEGA EP Spherical 4 150 2.7 8.5 x 10" 2.1 x 10" TPD and SRS
OMEGA EP Planar 4 300 2.8 8 x 10" 2 x 10" TPD and SRS
OMEGA EP Planar 1 190 2 4 x 10" 4 x 10" Mostly SRS
OMEGA EP Planar 1 220 1.7 1.7 x 10" 1.7 x 10" Mostly SRS
NIF Spherical 192 420 3-35 4-5 x 10" 0.5-1.2 x 10" SRS only'”
NIF Planar 32-64 500-600 3-45 5-15 x 10" 0.5-1.5 x 10" SRS only' """
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OMEGA EP, for which scattered light diagnostics were unavailable,
were assumed to produce solely TPD,"” the present experiments
clearly identify a regime where TPD and SRS can coexist at densities
around and below quarter-critical. As revealed in conjunction with
previous experiments on OMEGA and NIF, short density scale lengths
and more overlapping beams favor TPD, while longer scale lengths
and higher single-beam laser intensities are relatively more favorable
for SRS, as high single-beam laser intensities can produce copious SRS
both near quarter-critical density and in the underdense region even at
short scale lengths. These results are generally consistent with absolute
LPI threshold considerations and contribute to further understanding
of near-quarter-critical LPI at conditions relevant to direct-drive ICF.
These experiments will help guide hot electron preheat mitigation
strategies, such as the use of buried Si layers,"’ that may rely on tailor-
ing mitigation techniques to suppress LPI at different locations in the
density profile.
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