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Beam spray measurements suggest thresholds that are a factor of ≈2 to 15× less than expected based on
the filamentation figure of merit often quoted in the literature. In this moderate-intensity regime, the
relevant mechanism is forward stimulated Brillouin scattering. Both weak ion acoustic wave damping and
thermal enhancement of ion acoustic waves contribute to the low thresholds. Forward stimulated Brillouin
scattering imparts a redshift to the transmitted beam. Regarding the specific possibility of beam spray
occurring outside the laser entrance holes of an indirectly driven hohlraum, this shift may be the most
concerning feature owing to the high sensitivity of crossed-beam energy transfer to the interacting beam
wavelengths in the subsequent overlap region.
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Understanding the limits of controlled laser-beam
propagation in plasma has long been a central question
in laser-plasma research, including every branch of inertial
confinement fusion. It is well known that laser-plasma
instabilities (LPI) degrade beam propagation, and the
operable parameter space for experiments is often tightly
constrained by the need to avoid the worst impacts of LPI
[1–6]. The less prominent role of LPI in modern, low-gas-
fill, laser-indirect-drive (LID) hohlraums [7,8] has enabled
significant increases in fusion yield [9,10]. However, it has
become clear that low LPI does not mean no LPI: for
example, implosion symmetry remains highly sensitive to
crossed-beam energy transfer [11–15]. Identifying LPI
processes that are active in LID hohlraums therefore
remains a key area of research.
Recent radiation-hydrodynamic simulations of LID

implosions that included external laser-entrance-hole hard-
ware showed that ablation of an aluminum retaining ring by
x rays emitted from the hohlraum interior can produce a
region of plasma where the outer cones might be at risk of
filamentation prior to entering the hohlraum. (For a general
description of a typical LID hohlraum configuration, see,
e.g., Fig. 1 of Ref. [8].) This external hardware has not
traditionally been included in the vast majority of implosion
simulations to date, and it has been conjectured that its
neglect contributed to the longstanding inability to reliably
predict hohlraum drive and implosion symmetry in simu-
lations [16]. This hypothesis sparked renewed interest in
understanding the precise onset of filamentation (beam
spray) in typical plasmas, as well as the ramifications for
beam propagation when thresholds are exceeded.
Early theoretical work identified the conditions under

which a plane wave beam would break up into hot spots

due to ponderomotive [17], thermal [18,19], or relativistic
[20] effects. The introduction of phase plates effectively
bypassed this step by making speckled beams the initial
condition [21–23]. This did not necessarily eliminate
angular spreading, however, because intense individual
hot spots within the imposed speckle pattern can still
self-focus and cause instability [24,25]. Simulations found
that speckle self-focusing provided a strong seed for forward
stimulated Brillouin scattering (FSBS), which could quickly
dominate the resulting angular spreading of the beam
[26–28].Moreover, it was later shown that FSBS can induce
temporal incoherence and beam spray even when all of the
speckles remain below the self-focusing threshold [29–31].
A key identifying signature of FSBS is the redshift imparted
to the beam, which increases with scattering angle. This
mechanism is sometimes also referred to as plasma-induced
incoherence [32–34]. In flowing plasmas, it can cause beam
bending as well [35–37].
Various thresholds have been proposed for the onset of

beam spray. The filamentation figure of merit—FFOM ¼
10hI14iλ2ðne=ncÞð3=TeÞðf#=8Þ2, with average intensity in
units of 1014 W=cm2, laser wavelength in microns, and
electron temperature in keV—remains widely used, with
beam spray expected for FFOM > 1 in the case of a
linearly polarized beam with no temporal smoothing
[38,39]. Only ponderomotive self-focusing was considered
when deriving the FFOM. Grech et al. suggested the
addition of two terms: γT ¼ 1þ 1.76Z5=7ðρ0=λeiÞ4=7,
where ρ0 is the transverse speckle width and λei the
electron-ion mean free path, to account for thermally
enhanced excitation of ion waves; and the inverse normal-
ized ion acoustic wave damping rate ðω=νÞIAW to allow for
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the possibility of weak damping [31,40]. These additions
were intended to better capture the role of ion acoustic
waves in the FSBS-dominated moderate-intensity regime,
giving
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This generalized (or Grech) figure of merit (GFOM)
remained largely untested.
Previous experiments achieved important milestones

including observations of filaments [23,41], beam spray
[32,39,42–44], frequency shifts [32,42,43], induced inco-
herence [33,34,45], and improved beam propagation with
the use of smoothing techniques [23,38,43,44,46].
However, this early work was typically affected by some
or all of the following: limited plasma characterization,
poor data quality, extreme drive conditions, low beam
transmission, scant data, and little quantification of angular
spreading and redshifting—arguably the most important
observables.
In this Letter, we present experimental results demon-

strating the need to account for thermal enhancement of ion
acoustic waves, as well as a dependence on ion acoustic
wave damping, to determine the level of beam spray caused
by FSBS. The results were obtained in a platform designed
to isolate beam spray from other competing instabilities,
with high transmission and well-characterized plasma
conditions enabling careful accounting of laser energetics.

The inferred thresholds range from ≈2 to 15× lower than
the previous theory, which can drastically affect expect-
ations for beam spray. The wavelength shifts in the trans-
mitted beam are comparable to those generating significant
symmetry swings in recent LID implosions. They also
grow continuously for several hundred ps despite the drive
remaining relatively constant, which may pose a key
challenge to developing a reduced model of beam spray
for incorporation into radiation-hydrodynamic codes [47].
The experiments were performed at the University of

Rochester’s Laboratory for Laser Energetics using the
recently commissioned LPI platform shown in Fig. 1
[48–50]. A supersonic gas jet with a 2-mm-exit-diam nozzle
provided a uniform volume of gas at target chamber center
[51]. The gas was ionized and heated quasi-isotropically by
11 OMEGA beams, each with nearly 200 J in a 500-ps
square pulse shape and conditionedwith “SG5” phase plates
to have a 714-μm-FWHM far-field diameter. For this
campaign, temporally resolved electron-feature Thomson
scattering was fielded to measure density and temperature
(based on a super-Gaussian assumption for the electron
distribution function [48,49]) in the center of the plasma
(values are reported in Table I). In addition, spatially
resolved Thomson scattering from a different campaign
featuring the same nozzles and standoff distance along with
a similar heating configuration indicate that the plasma
spatial profilewas close to Gaussian both in terms of density
(1.47-mm FWHM) and temperature (1.37-mm FWHM).
The P9 probe beam—in this case 3ω although there are

options for 2ω, tunable 3ω [52], or 4ω—was injected at
t ¼ 0.6 ns (immediately after the heater beams turned off).
It was linearly polarized and conditioned using an “LLNL-
3ω-150” phase plate to have a 118-μm-FWHM diameter at
best focus, enabling average intensities up to 1.7×
1015 W=cm2. Like the heater beams, it was on for 500 ps.
After propagating through the plasma, the probe beam

was diagnosed using the transmitted beam diagnostic [53].
The beam terminated outside the vacuum chamber on a
spectralon diffuser plate located 1.9 m from the target
chamber center and with an f=4.2 clear aperture, which
enabled full accounting of the beam even in cases with
significant beam spray. The rescattered light off the diffuser

FIG. 1. Experimental setup.

TABLE I. Shot summary.

Ω#101- Gas hI14i ne (1020 cm−3) Te (keV) γT ðv=ωÞIAW Transmission (%) SBS (%) SRS (%) Absorption (%) Total (%)

−402 N2 7.4 3.91 1.13 3.2 0.02 55.4 21.7 0.0 15.1 92.2
−403 N2 15.3 3.98 1.23 3.0 0.02 40.1 37.2 0.0 12.9 90.2
−404 N2 3.6 3.96 1.13 3.2 0.02 66.6 4.3 0.0 16.9 87.9
−406 CH4 7.2 4.04 0.95 2.3 0.1–0.5 65.1 1.0 2.8 12.9 81.9
−407 CH4 15 3.86 1.01 2.2 0.1–0.5 56.0 5.3 4.5 10.0 75.8
−408 CH4 3.5 4.15 0.92 2.4 0.1–0.5 74.6 0.7 0.1 15.2 90.7
−413 CH4 7.1 2.05 0.79 2.1 0.1–0.5 95.7 < 0.2 0.0 4.2 100.2
−414 CH4 15.8 2.02 0.89 1.9 0.1–0.5 93.1 3.1 0.8 3.2 100.2
−415 CH4 3.5 2.26 0.75 2.2 0.1–0.5 93.6 < 0.2 0.0 5.9 99.7
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plate was sampled in transmission by a time-integrated
camera as well as a fiber-coupled uv streaked spectrometer
that measured the power and spectrum with ≈60-ps and
0.4-Å temporal and spectral resolution, respectively.
For a more complete picture of the processes impacting

the beam propagation, direct backscatter was also moni-
tored. A Fresnel reflection off of a full-aperture uncoated
wedged pickoff directed a portion of the light recollimated
by the focus lens to a pair of absolutely calibrated cameras,
one filtered for stimulated Brillouin scattering (SBS) and
one filtered for stimulated Raman scattering (SRS).
The campaign featured a three-shot intensity scan in CH4

at ne ≈ 4 × 1020 cm−3, another in N2 at the same electron
density, and a third in CH4 at half the electron density.
Varying the ion composition and density resulted in
diversity of both the ion acoustic wave damping and the
thermal enhancement factor γT [Eq. (1)]. A shot summary
is shown in Table I, including the probe intensity (�5%
uncertainty), electron density (�2%), and temperature
(�5%) in the center of the plasma, time-averaged over
the probe duration; measured transmission (�2%); SBS
reflectivity (�10%); SRS reflectivity (�20%); calculated
absorption (�4%); and the total that sums transmission,
backscatter, and expected absorption. The high transmis-
sion and low backscatter in low-density CH4 allowed
near-perfect accounting of the laser propagation, providing
ideal conditions for studying the onset of beam spray in
isolation. At higher density, backscatter began to affect the
beam propagation. The shots with the most “missing
energy” were those with significant SRS—consistent with
other recent findings [8]—a deficit that is likely caused in
part by Raman sidescatter [54]. In N2, the gap is likely due
in large part to backscatter spraying outside the collection
lens (no attempt at extrapolation was made).
Beam spray was assessed using the time-integrated

images recorded by the transmitted beam diagnostic.
Four methane shots spanning the full range of data are
shown in Fig. 2(a). The angular spreading was quantified
by finding the average radial lineout, normalizing it by the
signal level near the center of the beam, and then identify-
ing the radius where the signal is nearest 10% of the
normalized value (denoted R10). The lineouts for these
shots are shown in Fig. 2(b), and the contours are also
marked with dashed black curves in Fig. 2(a). (Note that
shot 101 407—which had the most beam spray—is
impacted by clipping the edge of the diffuser plate, so
the transmission reported in Table I is underestimated. Only
the half of the plate that better captured the edge of the
beam was used for the radial lineout in that case.)
The first key result is shown in Fig. 2(c), which plots the

10% intensity contour normalized by that of the beam
propagating through vacuum (13.8 cm). The uncertainty is
approximately the marker size. Following the convention of
Ref. [31], they are plotted versus the ratio of the average
power per speckle to the critical power for self-focusing

hPi=Pc, where hPi ¼ πρ20hIi, ρ0 ¼ ð2=πÞf#λ ¼ 1.5 μm is
the speckle radius, and Pc ¼ ð8π=k20ÞcTen2c=ne ≈
0.7–1.3 GW depending on the shot. Note that the calcu-
lated far-field spatial profile of the beam based on mea-
surements of the phase plate that was used gives chara-
cteristic feature sizes in good agreement with the speckle
radius indicated above. The fact that hPi=Pc ≪ 1 under-
scores the fact that few if any speckles have enough power
to self-focus, putting these results squarely in the pure-
FSBS regime. The FFOM—related to hPi=Pc by a scalar
factor (≈12.5)—is also shown along the top for reference.
This makes it clear that the onset of beam spray is occurring
below FFOM ¼ 1 in each case. The use of hPi=Pc also
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FIG. 2. Beam spray results. (a) Raw data for four of the shots
are shown along with the 10% intensity contours based on the
average radial lineouts shown in (b). (c) Normalized values of
these 10% contours are plotted versus the ratio of the average
power per speckle to the critical power for self-focusing (lower
axis) as well as the filamentation figure of merit (upper axis).
Beam spray occurs below FFOM ¼ 1 in all cases but has a
particularly low threshold in nitrogen due to weak ion acoustic
wave damping.
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allows the expected threshold (Eq. (1): GFOM ¼ 1) to be
written as hPi=Pc ¼

ffiffiffiffiffiffiffiffi
2=π

p ðν=ωÞð1=γTÞ, which is indi-
cated by the arrow for each dataset. It is clear that the
GFOM reliably predicts the onset of beam spray in
each case.
The N2 results stand out from the CH4 shots. The dashed

curve is provided simply to guide the eye, but it shows that
the points could be consistent with the expected threshold,
which is low (hPi=Pc ¼ 0.005) both because of weak ion
Landau damping (ν=ω ≈ 0.02) and a large thermal
enhancement factor (γT ≈ 3.1). The fact that the curve is
concave down and eventually intersects the CH4 data is
suggestive of saturation likely caused by pump depletion.
Weak damping promotes competition with backward SBS,
and only the light that transmits through the backscatter
region will drive beam spray [24,26]. The relatively low
values of transmission and associated high SBS reflectiv-
ities listed in Table I are consistent with this picture.
Beam spray in CH clearly turns on at a higher intensity,

which is primarily due to the large difference in ion Landau
damping: ν=ω ≈ 0.1 to 0.5 for Ti=Te ¼ 0.1 to 0.2. (The fact
that ion temperature was not measured in these experiments
is a source of uncertainty, but we typically find ion-to-
electron temperature ratios in this range for gas jet experi-
ments [48,55].) The low-density, low-intensity shot (101
415) had almost no change in the measured beam diameter
relative to the vacuum case. Linear fits though two points of
each dataset are shown to highlight the slight offset
between the two different densities. The roughly 10%
difference is actually consistent with the expectations from
Eq. (1) due to slightly different thermal enhancement
factors (2.3 versus 2.1). Note the arrows indicating
GFOM ¼ 1 assume ν=ω ¼ 0.1.
The second key result pertains to the wavelength shifts

shown in Fig. 3. Figure 3(a) shows a sample time-resolved
transmitted beam spectrum from shot 101 402, which has
two main contributions: the FSBS shift from the actual
beam spray, and the so-called “Dewandre” shift resulting
from plasma density along the probe path changing in time
due to hydrodynamic expansion [56]. To isolate the former,
the latter must be removed. The Dewandre shift was
estimated two ways. First, the expected shift was modeled
using the time-resolved density information in the center of
the plasma along with two assumptions: (1) the plasma
profile is Gaussian and spherically symmetric per the
complementary imaging Thomson scattering information
mentioned earlier, and (2) the plasma conserves electrons
as it expands. The result of this calculation for shot 101 402
is shown in Fig. 3(a). Second, the frequency shift from
beam spray is intensity-dependent whereas the Dewandre
shift is not. Therefore, the measured shift at very early and
late time should be entirely due to the changing plasma
density, so a linear fit through points at t ¼ 0.65 and
t ¼ 1.35 ns provided the second estimate. The two esti-
mates agreed well, particularly for the nitrogen shots.

Given uncertainty regarding the actual plasma spatial
profiles, the linear fits were assumed to be more reliable
and were used in the subsequent analysis.
Although the laser power, hPi=Pc, and the FFOM were

relatively constant (typically to better than 10%) for ≈300
to 400 ps during the middle of the pulse, Fig. 3(b) shows
that the beam spray wavelength shifts continue increasing
with time, resulting in significant negative skewness to the
time history. Simulations have also observed FSBS growth
times from hundreds of ps to several ns [28,31]. Typically,
we expect SBS saturation times ≈1=ν. Since the damping
rate decreases with scattering angle, the time dependence
suggests scattering angles < 1°, particularly for the more
strongly damped CH plasmas. In turn, this implies that the
observed beam spray results from multiple small-angle
FSBS events (the transmitted beam half-angle increased
from 4.2° to as much as 7°). Multiple FSBS have also been
seen in simulations [27,28]. Since reduced LPI models that

(a)

(b)

(c)

FIG. 3. Frequency shifts. (a) An example (shot 101 402) of the
transmitted beam time-resolved spectrum is shown. The dashed
black curve shows the time-dependent centroid of the spectrum.
There are two main contributions to the measured frequency shift:
beam spray and the so-called Dewandre shift. (b) The beam spray
frequency shifts evidently continue increasing for several hun-
dred ps despite steady drive conditions, indicating the time to
reach steady state is quite long. (c) A plot of the frequency shifts
at t ¼ 1� 0.05 ns versus FFOM bears a very similar resem-
blance to the plot of R10 versus FFOM in Fig. 2(c), suggesting a
direct correspondence between the magnitude of the frequency
shift and the amount of spray, as expected.
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have been incorporated into radiation-hydrodynamics
codes are typically steady-state models that assume satu-
ration times much shorter than hydrodynamic timescales,
the long timescales we observe here pose a key challenge
for the development of such a reduced model describing
beam spray [47].
The dependence of the beam spray wavelength

shift on hPi=Pc is shown in Fig. 3(c). The plot resembles
Fig. 2(c) quite closely, suggesting a direct correspondence
between the amount of beam spray and the magnitude of
the wavelength shift, as expected. The trend in the nitrogen
data is once again indicative of a lower threshold (due to
weak ion acoustic wave damping) and nonlinear saturation
due to pump depletion at the highest intensity.
In summary, the thresholds for beam spray can be a

factor of 2 to 15× less than the oft-cited FFOM would
suggest, but they are well predicted by the GFOM.
Recalling the specific question that motivated this Letter
regarding what impacts, if any, might result from the outer
cones nearing FFOM ¼ 1 in the Al plasma outside the
entrance of a National Ignition Facility hohlraum, the
nitrogen results are most pertinent because ðν=ωÞIAW ∝
Ti=ðZTeÞ so weak damping is applicable. Thus, significant
beam spray may be expected. Furthermore, the maximum
wavelength shifts presented here exceeded 0.5 Å at 3ω.
Using the National Ignition Facility convention, that is
equivalent to 1.5 Å at 1ω, and implosion symmetry has
recently been shown to be highly sensitive to wavelength
detuning in modern hohlraums (≈20 to 50 μm-P2=Å at 1ω
[11–15]). Therefore, cone-specific beam spray occurring
outside the hohlraum is highly likely to compromise
symmetry control, and avoiding this situation should be
a high priority for target design.
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