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In this Letter, we show that cross-beam energy transfer (CBET), ubiquitous in inertial confinement
fusion (ICF) experiments, may be strongly modified by the speckle pattern of the beams. This is
demonstrated by the means of two-dimensional particle in cell simulations, supported by a linear model. In
particular, we show that, although they would be the same in a plane wave model, the exchange rates of
energy may be significantly different whether there is a plasma flow, or a wavelength shift, especially when
the waves are weakly damped. When the crossed laser beams have different frequencies, the energy
exchange rate is substantially reduced compared with the predictions of the plane wave model, widely used
in the hydrodynamic codes that model and interpret ICF experiments. Such effects can partly explain the
disagreement of the CBET predictions compared with experimental results.
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Achieving inertial confinement fusion (ICF) requires the
highly symmetric compression of a deuterium-tritium shell
[1-4] by the means of more than one hundred laser beams.
In the direct drive scheme, the target implosion is driven by
the laser-assisted capsule shell ablation. In the indirect drive
scheme, the laser beams are focused inside a gold hohlraum
to convert the monochromatic light into an x-ray thermal
bath. Then, the capsule located in the hohlraum center is
imploded due to the shell ablation by the x radiation. In
both schemes, there is an energy exchange between the
overlapping beams, known as cross-beam energy transfer
(CBET). The energy goes from the blue-shifted laser
beams, in the plasma reference frame, to the red-shifted
laser beams. The energy exchange is significant [5—10] and
affects the homogeneity of energy deposition in both direct
and indirect drive schemes [11-13]. It is used to balance the
amount of power between the laser cones at national
ignition facility (NIF) [14-16] in order to improve the
symmetry of the target implosion. This is achieved by
tuning the beams wavelengths so as to induce CBET from
the outer (50° and 44.5°) to the inner (30° and 23.5°) cones.
Significant efforts [17-22] have been made to include
CBET in the hydrodynamic modeling of ICF experiments.
Based on the locally homogeneous steady-state linear plane
wave approximation (that will henceforth be simply called
“plane wave approximation”), these models neglect the
speckle structure of the spatially smoothed laser beams. As
further discussed in this Letter, this oversimplification may
explain the difficulties of reproducing the experimental
results.

CBET is a three-wave mixing process which occurs
when two coherent laser beams cross each other, leading
to an interference pattern in the crossing region. Electrons
are pushed away from the strong field region by the
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ponderomotive force, and are followed by ions due to
the electrostatic potential. An ionic acoustic wave (IAW) is
formed, partially scattering one beam along the direction
of the second beam thereby producing an energy
exchange. Let w, and w; be the laser wave frequencies,
and k( and k; be their wave numbers. Because the TAW
results from the beating of the two lasers, its wave number
is k = ky — ky, and its frequency is w = @y — 0 — k - v,
where v, is the plasma flow velocity. CBET is most
effective when the IAW is excited at resonance, i.e., when
® = ke, = |K|c,, where ¢, is the sound speed. Hence,
the phase matching condition for CBET reads as
wo—w; — (Ko—Ky)-vy=(ko—ky)cy.

Within the plane wave approximation, equal frequency
laser beams crossing in a sonic plasma (k - v;/k = —c;)
exchange the same amount of energy as two laser beams
with frequency difference wy — @, = (kg — k;)c,, in a
plasma with no flow. Nevertheless, there is an inherent
difference between these two configurations. In the refer-
ence frame of a moving plasma, the envelope of two
crossing speckles, together with the interference grating,
are moving at v,. In a stationary plasma, the wavelengths’
shift leads to an interference grating moving at w/|k|
whereas the speckle crossing envelope remains motionless.
For infinite laser envelope or when the Landau damping
distance is small compared with the speckle waist, both
situations become equivalent. Yet, in most ICF plasmas,
these two systems are distinct because the IAWs are not
stimulated by the same potential well. In the present Letter,
we demonstrate that the speckle structure questions the
relevance of the plane wave approximation in the wave-
length shift case, and can explain the disagreement between
models and experimental results involving mid to high Z
materials, before accounting for ion trapping [23-25] or
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beam deflection and self-focusing [26]. The speckle struc-
ture may reduce CBET by about 10% in strongly damped
plastic CH plasmas, and up to 50-70% in high Z silicon
ablators [27] or in the gold bubble in low gas filled
hohlraum [13].

We first present 2D Calder [28] particle-in-cell simu-
lations describing the exchange between two beams, each
composed of four speckles in a weakly damped plasma. We
consider situations with and without plasma flow, and when
CBET is at, or out of, resonance. Moreover, a linear model
is introduced to support our simulation results and to
estimate the plasma parameters for which the speckle
structure cannot be neglected.

Figure 1(a) illustrates the simulations setup, consisting of
two beams, each composed of four speckles, crossing each
other. Compared to real spatially smoothed beams, this
simplified configuration allows one to compare the results
with the plane wave case while having a perfect knowledge
of the intensities and the phase shifts between the waves.
The laser pulses propagate from the left to the right. The
temporal evolution is a ramp of 1000wy’ followed by a
plateau until the end of the simulation. The focal spots of the
eight speckles are located in the middle of the simulation
box, and their intensity is 7 =28.8 x 10> Wem™2 with equal
beam waists at 1/e, w=70 cwy' (11 ym for a laser
wavelength of 2 =1 um). All speckles are equally spaced
by Ay = 150 cw!. In the following, each group of four
speckles is referred to as a beam. The frequency shift is either
chosen so as to match the resonance condition w = k¢, =
1.8 x 10~%wy, or slightly away from the resonance, the
lower beams having the lowest frequency. In order to obtain
a small damping without numerical heating, the plasma is
composed of ions with a fixed ionization state Z = 10 and an
atomic number of A = 160. The electron-ion temperatures
are T, =4 keV, T; = 1 keV. The resulting damping dis-
tance is c¢;/v~700cw;! which is twice the value of the
distance for a gold plasma. The electron density, normalized
to the laser critical density, is n,, = 0.04. Moreover, we used
an alternating-order interpolation scheme [29] at fourth
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order, together with a high mode current filtering. The
ion and electron heating, for all simulations, are below 10%
over 1.2 million time steps, which corresponds to a physical
time of 190 ps for A=1pm.

Figure 1 plots the normalized profile of the laser intensity,
and of the electron density perturbation 6N, /n,, along y. In
a stationary plasma with a wavelength shift [Fig. 1(b)], the
propagating IAWs are clearly visible and have time to reach
the next crossing regions due to the small damping rate.
When there is a plasma flow, but no frequency shift, the
IAWs are stationary in the lab frame, as shown in Fig. 1(c).
The amplitude of the density perturbation is weaker when
the plasma is stationary, because the propagating wave does
not have the time to locally grow. Moreover, the phase shift
between waves created in the vicinity of different crossing
regions may decrease the total IAW amplitude, exacerbating
the disparities with the plasma flow case. From these
different IAW amplitudes, we anticipate a substantial differ-
ence in the energy exchange. We checked this numerically
by performing several simulations, with or without plasma
flow, and with various phase shifts between the speckles.
Because the waves are weakly damped, we could not reach
the asymptotic regime in our simulations.

Figure 2(a) compares the gain-loss of linear power of the
upper-lower escaping beams for different laser and plasma
parameters. The red diamonds correspond to a temporal
plane wave model inspired from Ref. [30] and show a
satisfying correspondence with the plasma flow case. At
resonance, the exchange in energy is 20% larger when there
is a plasma flow case (dotted line) than when there is a
wavelength shift case (dashed-dotted line). This difference
is further increased beyond 100% by adding a phase shift
between the speckles (dashed line). It is worth pointing
out that the upper beam is significantly depleted in the
plasma flow case, thereby limiting the inner beam’s power
growth. For smaller intensities, the disparities between the
three cases would be even more pronounced. Despite this
intrinsic difference in the [AW growth shown in Fig. 1, the
energy exchange due to a plasma flow can be canceled out
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FIG. 1. (a) Intensity profile normalized to 2.74 x 10'8/(2/[1 ym])?> Wcm= at time 3.4 x 10°w;" for the plasma flow case. (b) and
(c) Percentage of electronic wave perturbation (cyan) and normalized laser intensity (red) as a function of y and averaged from x = 1600
to x = 1800cwy !in the laboratory frame at t = 2.71 x 105a)5 ! for the wavelength shift case (a), and for the plasma flow case (b).
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FIG. 2. Difference between the linear power of the upper and
the lower beam versus time. (a) At resonance for the plasma flow
case in red (dotted line), the wavelength shift case in cyan, with
(dashed lines) and without (dashed-dotted line) phase shift, and
out of resonance in black (plane line). (b) Out of resonance for the
plasma flow case (plane red line) and for the wavelength shift
case for three values of w/k corresponding to three different
resonance deviations in cyan, blue, and black.

by adding a frequency shift (w/k = ¢, and v; = ¢;) as
illustrated by the black curve in Fig. 2(a). Indeed, out of
resonance the IAW amplitude is very small.

To study the resonance bandwidth, the exchanged power
is plotted in Fig. 2(b) for one out-of-resonance plasma flow
case, and three values of @/k for the wavelength shift case.
For a flow velocity, v, = 0.905c¢,, the transient exchange
oscillates around zero, before vanishing at long times, in a
similar way as in Fig. 2(a) of Ref. [30]. As explained
subsequently by the linear model, the solution behaves like
in the plane wave case, for which the resonance bandwidth
of the weakly damped plasma is thin. By contrast, the
exchange persists in the wavelength shift case. The differ-
ent values of w/kc, (0.88, 0.905, and 0.93) are chosen so
as to explore the resonance bandwidth. The comparable
amount of power exchange in the three cases suggests a
larger resonance bandwidth than in the plasma flow case.
This peculiar tendency can be explained by our model.

The effect of the speckles envelope on the energy
exchange may be deduced from the electron density

perturbation, in the plasma reference frame. Let Va, be

the plasma flow velocity along Kk, assumed to be in the §
direction. From the model presented in [30], 6N, solves

[(9; + v4,0,)> + 20(9; + v4 Dy) = c;05|6N,

= % (cos kgpy + 1)eitky=on gid, (1)

where a = [(Z?n;o|k|*)/47;|aga;, 7; is the ion mass
normalized to the electron mass, n;q is the unperturbed
ion density normalized to the critical density, Z is the
atomic number, and a, a; are the vector potential ampli-
tudes of the two crossing speckles, normalized to m,c/e. In
the most general situation, v is the sum of the Landau and
electron-ion collisional [31] damping rates. The equation
is solved for a coexisting plasma flow and wavelength
shift, which enables one subsequently to choose @ = 0 or
Vg, = 0. The constructive-destructive interference between

the interacting waves is modeled by adding a continuous
phase shift to the envelop

ei¢ — einsin/iy — Z‘]n(ﬂ')einﬁyv (2)

nez

allowing one to obtain a different phase for each crossing
speckle. The linearized ion acoustic wave described by
Eq. (1) is driven by a grating, of wave number k, modulated
by an oscillating envelope of wave vector kg, so as to
model a juxtaposition of crossing speckles. Thus, the
interspeckle distance is Ay, = 27/kg,, and the phase shift
between two neighboring crossing speckles is controlled by
fixing # = 0 (in phase) or § €]0; ky,/12] (out of phase). In
the asymptotic limit (vz > 1), the driven solution is

5Ngr1ven — E elky—lwlZJn (ﬂ.)emﬂy

=
x [f(k +np) + %}(k T ky + n)eiter
Ttk kg et N
with
Flk) = 1 "

—(kvg, — w)? + 2iv(kvy, — @) + 2k’
where f(k) is the driven acoustic wave envelope of a
plane wave of wave number k and frequency w. The power

exchange induced by the driven acoustic wave is ruled by
the wave coupling equations

2lk0 . VAO = 5NgrivenA]e_ik'r+iwt’ (5)

21k1 . VAI — 5N; drivenAOeikT—iwt7 (6)
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where A, | (r) are the vector potential envelopes of the laser
beams. In the perturbation limit, Eq. (5) becomes

koVély = % (cos kgyy + 1)Im{SNg™e} (7)

where AgA} R aga; (coskg,y +1)/2. As ky-V=kycos00,+
kosindd,, the solution after a propagation length of
Asp/ sin @ is

Sl Ay
70 .P 6Nedrlven’ (8)
Iy kysin®

where 6N,%1V°" is the mean value along y (and S for the
phase shift case), and Iy = a3/2. Figure 3(a) plots 61y/1,
[Eq. (8)] as a function of the normalized acoustic damping
rate, for the plasma flow and the wavelength shift cases,
with and without phase shift. The laser amplitudes, angles
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FIG. 3. (a) Semi-log plots of &Iy/I, versus the normalized

acoustic wave Landau damping rate, at resonance v, = ¢, (plane
line) or w = kc, with (dashed-dotted lines) and without (dashed
line) phase shift. The parameters are k,, = 0.0625k, v varies
between 0.0041w and 0.2w. The magenta curve is the ratio
between the wavelength and phase shift case and the plane wave
case. (b) Amplitude of 61,/ versus the deviation to resonance
for three damping values for plasma flow case (red curves) and
wavelength shift cases (cyan curves).

and the plasma density and temperatures match those of
the simulations. The damping is varied to illustrate the
different interaction regimes. The smallest damping value
corresponds to the plasma used in the (collisionless)
simulation (A =160, Z = 10). There, the parameter
v/key =4 x 1073 corresponds to a Landau damping dis-
tance 10 times greater than the speckle’s size Ag,. The order
of magnitude of this parameter is indicated for a few
plasmas relevant to ICF: the gold bubble of indirect drive
configuration, the indirect drive CH with NIF parameters,
the direct drive CH with omega parameters (CH, giving the
same value), carbon, helium, and the higher Z ablators
silicon and beryllium [27,32]. These calculations are made
assuming temperatures ranging from 7', ~ 27; = 1-4 keV
and densities around n,q = 0.01-0.1. Concerning the high
Z plasmas, the range of the damping rates includes the
effect of electron-ion collision, based on Ref. [31]. For
Au (Si), the plasma collisionality may increase the damping
rate up to ~0.05 (~0.03) depending on the cone angle
and local plasma parameters. As the model does not take
into account the depletion of the beam, 6I,/I, reaches
very high values (> 1) but the different tendencies of these
three cases corroborate the simulation results. In the weakly
damped regime—corresponding to the simulations denoted
by X—for the gold or the silicon, a greater exchange rate is
observed with a plasma flow, while the smallest exchange
is obtained with a wavelength shift and out of phase crossed
speckles. Because the damping distance is greater than the
distance between the crossed speckles, the driven wave
with a frequency shift is substantially reduced due to
destructive interferences. In contrast, the power exchange
in the plasma flow case without frequency shift closely
corresponds to the plane wave model, ie., SNIVeN
a/2e™=f (k). For intermediate damping rates, as for
the carbon, helium, and beryllium plasmas, the difference
between both wavelength shift cases fades away as the AW
is damped before reaching another crossing. However,
a large difference remains between the wavelength shift
and plasma flow cases. As the damping distance is
comparable to the speckle size, the driven IAW differs
from the plane wave case. For strong damping rates, as for
the CH plasmas, a difference of ~10% (indirect drive) and
20% (direct drive) remains. For very large damping rates
(> 0.2), all considered situations become equivalent, hence
demonstrating the validity of the plane wave approxima-
tion. Further, the broadening of the resonance bandwidth
evidenced by our simulation results [see Fig. 2(b)] is also
explained by our linear model. Figure 3(b) illustrates the
dependence of 61,/1, on (w/k — v,)/c, for three damping
values, either in the case of a plasma flow (cyan) or a
wavelength shift (red). The amplitudes at resonance are
the same as in Fig. 3(a), yet, for the wavelength shift
case, two more peaks are located at @/ (k + k) = ¢, and
w/(k —kg,) = c;. These resonances, amplified by the
periodicity of our model, is due to the beating between
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the TAW induced by the grating k and the IAWs induced
by the speckle’s envelope +kg,. For realistic spatially
smoothed laser beams, the randomness of the speckle’s
position involves a wide range of wave vectors, and should
result in a broadening of the resonance bandwidth, instead
of two additional peaks.

In conclusion, using both numerical simulations and an
analytical model, we investigated the energy exchange
between laser beams, which either had shifted wavelengths
in a stationary plasma, or the same frequency in a drifting
plasma. We showed that the energy rate was significantly
smaller in the first situation than in the second one, all the
more so as the IAWs were weakly damped. This strong
inhibition is due to the destructive interference between the
many IAWs produced by the gratings. This lets us conclude
that the plane wave models of CBET, used in ICF hydro-
dynamic codes, tend to overestimate the energy exchange
because it cannot account for the speckle-induced TAW
interferences. However, we also conclude that plane wave
models should correctly capture the linear CBET regime
when the laser frequencies are the same.
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