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A new additional wavelength-tuning capability has been implemented on the National Ignition Facil-
ity (NIF) laser allowing for unprecedented control of crossed-beam energy transfer (CBET) between
all groups of beams for better performance of indirect-drive inertial confinement fusion (ICF) ignition
experiments. In particular, this advance allows for negation and reversal of flow-induced CBET and the
rebalancing of the intensity of different groups of beams within an indirect-drive (ICF) hohlraum. Experi-
ments conducted at the NIF using a 1.1 MJ laser pulse with peak power of 390 TW demonstrate this high
level of control through measurements of the precise changes to stimulated Brillouin scattering, typically
driven by flow-induced CBET at the end of the pulse. Additionally, this new capability is shown to be able
to predictably control gold-wall plasma expansion in the target driven by early-time flow-induced CBET.
Estimates of early-time CBET from the wall expansion are shown to be consistent with simulation expec-
tations. This new additional capability to control symmetry and backscatter expands the design space of
current experiments and provides extra margin for increased laser energy in near-future experiments.
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Inertial confinement fusion (ICF) consists of compress-
ing and heating small targets containing mixtures of hydro-
gen isotopes [typically deuterium and tritium (DT)] in
order to achieve thermonuclear fusion [1]. In the “indirect-
drive” approach [2,3], a capsule containing the DT fuel
is placed inside a “hohlraum,” a usually cylindrical cav-
ity made of a high atomic number (Z) element (typi-
cally gold); a large number of laser beams enter through
entrance holes at either end and deposit their energy in the
gold wall, which then emits strong and uniform x-ray radi-
ation that compresses the DT capsule. ICF experiments
at the National Ignition Facility (NIF) [4] have recently
achieved a “burning plasma” state, where the primary
heating of the nuclear fuel is from the fusion reactions [5].

ICF experiments are often prone to laser-plasma insta-
bilities (LPI), which can deteriorate the hohlraum perfor-
mance by reducing the laser energy deposition (e.g., via
backscatter instabilities) or degrading its symmetry. The
hohlraum designs used over the last 5—10 years for exper-
iments at the NIF use low hohlraum gas-fill densities (<
0.6 mg cm~3), which have been shown to largely eliminate
backscatter from stimulated Raman scattering (SRS) that
was present in the original designs at levels up to approxi-
mately 15%—20% of the total laser energy [6,7]. However,
low gas-fill hohlraums tend to have a more prominent
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wall plasma expansion inside the hohlraum, as shown in
Fig. 1(a). These “gold bubbles,” driven by the “outer”
beams propagating at 44.5° and 50° from the hohlraum
axis, provide an environment prone to stimulated Brillouin
scattering (SBS) for these outer beams. Indeed, the ion
acoustic waves (IAWs) that are driven by SBS are very
weakly damped in high-Z plasmas where the ion thermal
velocity is much smaller than the acoustic velocity, making
Landau damping of the waves ineffective [8]. In exper-
iments at the NIF, SBS has tended to appear late in the
pulse, when the gold bubble has fully developed, as shown
in Fig. 1(b). While usually not as detrimental as SRS in
terms of potential coupling loss (typically representing at
most a couple of percent of the total laser energy), SBS
poses a greater risk to the laser optics. Because its wave-
length is approximately the same as that of the laser’s, it
is more collimated than SRS, as its refraction through the
plasma on the way back follows the refraction of the laser
beams on their way in. Significant optics damage can occur
even while the overall energy loss remains below 5% [9].
Because of the potential for optics damage and because
it occurs near the end of the pulse, SBS is of particular
concern for any potential scale-up of the current ICF exper-
iments, at either the NIF (with higher laser energy) or any
future facility.

On the other hand, crossed-beam energy transfer
(CBET), which is also a LPI process, has been lever-
aged to help control the implosion symmetry of ICF
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FIG. 1. (a) Hohlraum electron density n./n. (grayscale) at

t = 6 ns; the gold material contour is shown in yellow, and the
four cones of NIF laser beams are represented by the dashed
lines. The green arrows indicate the plasma flow direction and
relative magnitude. (b) Incident laser power on the 44.5° and
50° cones (Pinc), power incident on the wall showing the flow-
induced CBET (Aw = 0) from simulations on the 44.5° and 50°
cones (P44 and Psp), and SBS measured on the two cones (SBSy4
and SBSS()).

implosions. CBET, whereby laser beams overlapping in
plasmas exchange energy with one another via scattering
off IAWs [10—12], has been controlled and utilized at the
NIF by independently adjusting the wavelengths of two
[13—15] and then three [16,17] groups of laser beams.

In this article, we report on the implementation of a
new (fourth) laser wavelength tuning capability at the NIF,
providing an extra degree of freedom for the control of
CBET in indirect-drive hohlraums. This new capability
allows us to negate and reverse the CBET occurring near
the hohlraum entrance holes due to plasma flow-induced
Doppler shifts, and precisely adjust the energy balance
between different groups of laser beams as they reach the

hohlraum wall. Precise tuning of wavelength differences
between the 44.5° and 50° beams is shown to mitigate SBS
and lead to a more uniform and azimuthally symmetric
expansion of the gold bubble inside the hohlraum. Unlike
previous SBS mitigation strategies such as the use of
mixed ion species in the hohlraum wall to increase Landau
damping of SBS-driven ion waves [ 18], SBS mitigation via
CBET does not impact the hohlraum wall radiation spec-
trum and has, at most, a minor effect on the pole-waist
drive symmetry. This new capability provides an addi-
tional margin to potentially increase the NIF laser energy
and power to improve the performance and robustness of
ICF implosions while keeping backscatter to acceptable
levels.

The NIF’s 192 laser beams are arranged in four cones
at 23.5°, 30°, 44.5°, and 50° from the hohlraum axis. The
beams in the inner cones (23.5° and 30°) hit the hohlraum
wall near its waist and the outer cone (44.5° and 50°)
beams hit closer to the equator, as shown in Fig. 1(a),
where the brown dashed lines represent the 23.5° and 30°
cones and the cyan and red dashed lines the 44.5° and 50°
cones, respectively.

CBET occurs anywhere high-intensity laser beams over-
lap in a flowing plasma. Estimating the total amount of
energy transfer at the NIF requires a detailed understand-
ing of the plasma conditions and overlap geometry while
accounting for all possible interactions between the 96
overlapping beams at each entrance hole [14,19]. How-
ever, valuable physical insight can be obtained by simply
considering the CBET scaling laws between two beams.
For a pair of beams with frequencies wy, w; and wave vec-
tors kg, ki, the spatial amplification rate I for beam 1 (in
m~!, such that the intensity /; satisfies dI; /dz = I'l; along
the beam propagation axis z) due to beam 0 in the presence
of a plasma flow V can be expressed in the fluid limit as
[8,11]

l)2

(Aw — Ak -V — Akey)? + 02’

' = Dpes (1)

where ' = a%Ach / (8k0A2Dev) is the peak amplification
rate at resonance. Resonance is obtained when the beat
wave between beams 0 and 1 resonantly drives an 1AW,
for Aw = Akcs + Ak -V with Ak -V the plasma flow-
induced Doppler shift. Here ay = vos./c is the electron
quiver velocity in the laser electric field normalized to c,
Ak = kg — k|, Aw = wy — w1, ¢ is the sound speed, v
the IAW damping, and Ap. the Debye length.

The entrance holes, where all 96 NIF beams overlap,
are the main locations where CBET occurs. Because the
plasma flow in these regions is directed outward along
the hohlraum axis, the Doppler shift (from the reference
frame of the flowing plasma) tends to make all beams blue-
shifted in the plasma frame following wplasma = @Wiab — K -
V with —k - V = kVcos(0) > 0, where £ is the laser wave
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FIG. 2. Reconfiguration of the NIF laser front end to add a
fourth tunable oscillator, leading to an independently tunable
wavelength on each cone of beams.

number and 6 the beam angle with respect to z. Beams
at higher incidence angle are less blue-shifted than lower
incidence angle beams in the plasma frame.

As a result, because of the outward flows at the entrance
holes, CBET in the absence of laser-induced frequency
shift tends to move energy out of the 44.5° beams and
into the 50° beams. This has been robustly observed in
simulations across almost all ICF designs, and (together
with a 15% higher intensity on the 50° beams due to
slightly smaller focal spots) is consistent with the system-
atic observation through almost all ICF experiments of a
significantly larger SBS coming from the 50° beams than
from the 44.5° beams. This is illustrated in Fig. 1(b), which
shows the post-CBET power of the 44.5° and 50° cones
calculated using the code Vampire [20] with plasma condi-
tions provided by the radiative-hydrodynamics code Hydra
[21] for the conditions of the experiments described below,
with no frequency shifts imposed by the laser [i.e., Aw = 0
in Eq. (1): CBET and frequency shifts are merely due to
flow-induced Doppler shifts in this case]. The measured
SBS is also shown on the plot, with 50° SBS being approx-
imately 3 times higher than the 44.5° SBS. The radial flow
component from the gold bubble also leads to a net energy
transfer from the outer to the inner beams for Aw =0
further inside the hohlraum [22], as the inner beams pene-
trate the gold bubble and partially overlap the outers; this
explains why the post-CBET power on both outer cones is
lower than the incident.

In order to negate the flow-induced frequency shift
responsible for increasing the intensity difference between
the 44.5° and 50° beams as they hit the gold bubble plasma,
the NIF laser front end was rearranged to accommodate
a fourth, tunable oscillator, allowing independent control
of the wavelength on each of the four cones of beams
(Fig. 2). This change required a redesign of the legacy
NIF Master Oscillator Room [4] to take advantage of
recent advances in currently available, higher-performance
fiber-based technology (e.g., acousto-optic modulators and
ytterbium-doped amplifiers) and offer more flexibility with
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FIG. 3. Measured SBS on the 44.5° versus 50° beams for

three different wavelength shifts A4 between the groups of
beams: (a),(b) time-resolved measurements; (c) time-integrated
measurements.

a tunable fourth oscillator [23], allowing independent con-
trol of the wavelength on each of the four cones of beams
(Fig. 2).

To test this new capability, an experimental campaign
is conducted using the same platform recently used for
focused science campaigns at the NIF, such as hohlraum
symmetry sensitivity studies or SBS mitigation using
mixed ion species [18,24]; this platform has been shown
to produce SBS levels that are high enough to be clearly
measurable while remaining sufficiently far from the optics
damage threshold. We use 5.75 mm diameter pure gold
hohlraums filled with 0.3 mg/cm? and driven by a 1.1 M1,
390 TW laser pulse [as shown in Fig. 1(b) for the outer
cones of beams, peaking at 130 TW per cone]. A 0.91
mm outer-radius high-density carbon shell is used to assess
symmetry.

Figure 3 shows the result of an experimental campaign
at the NIF where a wavelength shift Aly = dgq5 — A50 1S
introduced between the 44.5° and 50° beams [25]. SBS is
measured using the NIF’s “drive diagnostics,” which col-
lect the backscatter light through the lens on 58 of the 192
beams (with at least one measurement per quad), allowing
averaging over azimuthal variations in the SBS signal [26].
The total SBS per quad is then extrapolated from these
measurements in the lens based on near-backscatter imager
measurements on one 50° quad [27].

The frequency shift between the 44.5° and 50° beams is
done symmetrically with respect to the inner beam wave-
length, i.e., Agqg — Aipn = Ainn — Aso = AAg/2, in order to
prevent energy transfer between the inner and outer beams
and keep the pole-waist symmetry constant. As Aiy4 is
increased, energy gets transferred from the 50° to the
44.5° beams, resulting in a clear decrease in 50° SBS
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(a) X-ray images of the gold bubble expansion viewed through the entrance hole, showing an eightfold pattern aligned with

the 50° beams at Ai4 = 0, the 44.5° beams at Ax4 = 1.2 A, and a smooth expansion at the intermediate 0.6 A. (b) CBET in the picket
(relative energy transfer from the 44.5° to the 50° beams), inferred from the bubble expansion, and compared with simulations using
Vampire. (¢) Equatorial x-ray images of the imploded capsule self-emission at peak compression. (d) Pole-waist asymmetry (P,/Py)

as a function of AX4 [28].

and an increase in 44.5° SBS. An optimum is found near
AXy = 0.6 A. While the benefit in terms of laser coupling
is marginal, re-equilibrating SBS between the 44.5° and
50° cones provides extra margin against potential optics
damage on the 50° beam-lines at higher laser energies,
which is the primary concern with outer-beam SBS at
the NIF.

Energy transfer from the 50° to the 44.5° beams is also
clearly visible on the gated x-ray radiographs shown in
Fig. 4(a). These images show the emission from the gold
bubbles driven by the 44.5° and 50° beams, which are
also separated azimuthally. Figure 4(a) shows x-ray images
looking straight down along the hohlraum axis through
the upper laser entrance hole. Each pinhole image has a
roughly 80-ps temporal resolution with peak spectral sen-
sitivity around 10 keV (the Au L-band emission) using
a 48 um thick Ge filter. The entrance hole radius is ini-
tially 1.685 mm (compared to the hohlraum’s 2.875 mm
radius), which means that the near gold bubble needs to
have expanded inwards by at least 1.19 mm before it
becomes visible through the entrance hole. As indicated
in the figure, the 16 quadruplets (quads) of 50° beams (8
quads from the upper hemisphere and 8 from the lower)
hit the interior hohlraum wall near the laser entrance hole
at azimuthal angles of 0 & n x 45° (n € N), whereas the
16 quads of 44.5° beams hit at 22.5° £ n x 45°.

The gold bubble expansion velocity is largely dictated
by the intensity in the “picket” of the laser pulse; here we
define the picket as the first nanosecond of the laser pulse
after turning on [Fig. 1(b)] [18,24,29,30]. For AA4 =0,
and without flow-induced CBET in the picket, the 50°
beams are 27% more intense than the 44.5° beams (at equal
power) as they hit the wall, due to their 15% smaller area
and smaller incidence angle. As a result, the gold bub-
ble expansion is visibly more prominent at the azimuthal
angles aligned with the 50° beams’ location (eightfold
pattern) for A4 = 0. However, as AA4 is increased, the
wavelength-detuning-induced CBET [which is also effec-
tive in the picket, as the lower plasma temperature and
higher density make up for the lower laser intensity; cf.
Eq. (1) and Ref. [31] ] reverses the trend: the eightfold pat-
tern is aligned with the 44.5° beams at Ai, = 1.2 A, and
the bubble is approximately smooth at 0.6 A, indicating an
approximate balance between the two cones of beams.

Early-time CBET can be estimated using the estab-
lished relationship between the velocity of the wall bubble
and the picket fluence [30]. For a fixed hohlraum gas-
fill pressure, we can relate the energy density deposited
in the hohlraum wall by a laser beam, approximately
E,/A,, where E, is the beam’s energy in the picket
(first 1 ns) pre-CBET and 4,, = A/ cos(@) its area on the
wall (0 is the beam’s angle with respect to z and 4,
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the cross-sectional area), to the expanding gold plasma
kinetic energy, approximately V2, where V) is the gold
bubble expansion velocity. The expansion velocity is
estimated by measuring the bubble radius using x-ray
images like in Fig. 4(a) (taken at # = 6.1 ns), at times
4.6, 5.1, 5.6, and 6.1 ns. We assume the post-CBET
picket energy for the 44.5° and 50° quads simply scales
like Epas + AE(ALg) = KAywasV2,, Ep50 — AE(AAg) =
KA, 50V%,, with AE the wavelength-dependent energy
transfer between the 44.5° and 50° beams and K a constant.
Taking the ratio for equal incident picket energy between
the 44.5° and 50° beams in the experiment (E,44 =
E,so = E,) allows one to relate the relative CBET to
the measured bubble velocities. Additionally, we assume
the pre-CBET energy E, = (1/2)(KAy44V3, + KA, 50V%))
to get AE/E, = [24,44V5,/(AwasViy + AusoV3)] — 1.
While simplistic, this estimate of picket CBET from the
bubble expansion velocity is in good agreement with Vam-
pire simulations, as shown in Fig. 4(b). In addition, we
note that in this particular design, the same A4 shift that
balances the SBS late in the peak of the pulse approxi-
mately equilibrates the gold bubble motion in the picket
and smooths out the eightfold gold bubble azimuthal asym-
metry. This is not always the case and depends on the
details of the hohlraum design and laser pulse shape.

Finally, Figs. 4(c) and 4(d) show equatorial images of
the imploded capsule x-ray self-emission at peak compres-
sion. This platform, which is typically used for dedicated
science experiments and not for achieving high fusion
yields [18,24], intrinsically comes with an oblate implo-
sion (i.e., drive deficit from the hohlraum waist), which
we do not aim to fix here. What the figure reveals is that
tuning AX4 does not have a significant effect on the pole-
waist asymmetry P,. We quantify pole-waist asymmetry
using the coefficient of the second Legendre polynomial
P,, which is found by fitting the 17% contour of the x-
ray images [32] shown in Fig. 4(c). This is in contrast to a
previous SBS mitigation strategy where the gold wall was
coated with a layer of Ta;Os [18] in order to increase Lan-
dau damping of the SBS-driven IAWSs, and which resulted
in a significantly worse pole-waist asymmetry as well as
a slight reduction in hohlraum drive due to the differ-
ent radiation spectrum from Ta,Os-coated versus uncoated
gold.

In conclusion, we demonstrate that SBS in indirect-drive
ICF experiments can be controlled through the implemen-
tation of a fourth independent and tunable oscillator, which
brings a new degree of freedom for the control of CBET
in experiments at the NIF. This new capability enables
accurate control of the drive imbalance between the two
cones of outer beams, and improves azimuthal symmetry
of the gold bubble expansion inside the hohlraum. This
provides additional leverage and margin to further opti-
mize ICF hohlraums and safely push the NIF performance
while keeping SBS under control.
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