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Cross-beam energy transfer (CBET) saturation by ion heating was measured in a gas-jet plasma
characterized using Thomson scattering. A wavelength-tunable ultraviolet (UV) probe laser beam
was interacted with four intense UV pump beams to drive large-amplitude ion-acoustic waves. For
the highest-intensity interactions, the power transferred to the probe laser dropped, demonstrating
ion-acoustic wave saturation. Over this time, the ion temperature was measured to increase by
a factor of 7 during the 500-ps interaction. Particle-in-cell simulations show ion trapping and a
subsequent ion heating consistent with measurements. Linear kinetic CBET models were found to
agree well with the observed energy transfer when the measured plasma conditions were used.

In laser-driven inertial confinement fusion (ICF), high-
intensity lasers are used to drive capsules that reach pres-
sure and temperature conditions required for nuclear fu-
sion [1]. This requires multiple overlapping laser beams
to propagate through plasmas surrounding the fusion
capsule. The plasma mediates energy transfer between
the laser beams, which can disrupt the energy coupling
and/or cause irradiation nonuniformity [2, 3]. To account
for this cross-beam energy transfer (CBET), linear mod-
els have been implemented in the hydrodynamic codes
used to simulate ICF experiments [4, 5]. The ability to
predict this transfer of energy is critical to the success of
all laser-driven ICF concepts.

The power transfer between beams is sensitive to the
plasma conditions. Figure 1(a) highlights the sensitivity
of CBET to ion temperature, underscoring the impor-
tance of accurate models in determining the plasma con-
ditions in order to predict its effect on implosions. Un-
certainties in plasma conditions have led to challenges in
isolating errors between the modeling and experimental
observables [6], which has made it difficult to understand
the limitations of the linear CBET theory [7].

Particle-in-cell simulations have suggested that when
the ion-acoustic waves are driven to large amplitude, non-
linear effects will modify the energy transfer resulting in
deviations from linear CBET theory [8, 9]. Early experi-
ments seemed to corroborate this picture, suggesting that
nonlinear physics was required to model the interactions,
but these experiments relied primarily on hydrodynamic
modeling to determine the plasma conditions [10, 11] and
due to the uncertainties in plasma conditions an under-
standing of the saturation physics was elusive. The most
complete studies to date have used Thomson-scattering
from electron-plasma waves to measure the electron tem-
perature and density, while simultaneously measuring the
energy transfer [12, 13]. At small ion-acoustic wave am-
plitudes (δn/ne < 1%), these experiments were well mod-
eled by linear CBET theory, but for larger ion-acoustic

wave amplitudes, discrepancies from linear theory were
evident [14]. Theory and simulations have recently sug-
gested that energy dissipation of the large amplitude ion-
acoustic waves could lead to ion heating and therefore re-
duce the power transfer [15], but no direct experimental
evidence has been established.
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FIG. 1. (a) The ratio of the output power (P ) to the inci-
dent power (P0) of the probe beam was calculated using a
linear kinetic CBET model for the conditions of these ex-
periments over a range of nitrogen ion temperatures. (b)
The total laser intensity, pulse shapes, and beam timings
for each of the beam groups. (c) Transmitted beam diag-
nostic (TBD) data showing the input- (dashed red curve)
and output- (solid black curve) probe and pump (blue curve)
powers. (d) Time-resolved Thomson-scattering data showing
the electron-plasma and ion-acoustic wave spectra of a pump
beam with minimal ion heating.
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FIG. 2. The ion-acoustic wave spectrum measured (points)
after the CBET pump beams turned off (∼ 1600 ps). A cal-
culated spectrum (red curve) is in excellent agreement with
the measured spectrum for the plasma conditions: Te = 450
eV, TH

ion = 750 eV, and T
N
ion = 900 eV. The calculated spec-

trum (blue dashed curve) for the ion temperatures with no
ion heating (Te = 450 eV, TH

ion = 120 eV, TN
ion = 120 eV).

In this Letter, we present the first measurements of
the saturation of cross-beam energy transfer by ion heat-
ing. At the highest intensities studied (4×1014 W/cm2),
saturation of CBET was observed through a significant
reduction (factor of 3) in relative power gained com-
pared with the power gained at the lowest probe intensity
(0.1 × 1014 W/cm2). Simultaneous Thomson-scattering
measurements from the ion-acoustic and electron-plasma
waves showed a factor of 7 increase in the ion temperature
for the highest-intensity CBET interactions. The mea-
sured time-dependent energy transfer was in excellent
agreement with linear CBET calculations for all inten-
sities studied when accounting for the measured plasma
conditions. Vector particle-in-cell (VPIC) [16, 17] simu-
lations demonstrate the mechanism of ion heating and
qualitatively reproduce the experiments. The simula-
tions showed ion trapping over the first ∼10 ps gener-
ating high-velocity ions near the phase velocity of the
driven ion-acoustic waves. Over the next ∼100 ps, these
hot ions thermalized with the background plasma, in-
creasing the ion temperature. For these conditions, the
nonlinear physics leads to an increase in plasma tempera-
ture, which limits the CBET to the linear regime. These
results highlight not only the importance of plasma con-
ditions in accurately determining CBET, but also the
importance of including the feedback of CBET heating
on ion temperature in hydrodynamic modeling.

The experiment was performed on the OMEGA [18]
laser-plasma interaction platform. Figure 1 illustrates
the experimental configuration that consisted of a gas-
jet system that produced a gas plume, which was heated
by nine 500-ps long ultraviolet (UV) beams. The gas
jet used a Mach 2.6, 2-mm exit diameter nozzle (M3-
2.0 designation), which was ∼2 mm away from target
chamber center (TCC). The target gas was a mixture
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FIG. 3. The power transferred into the probe beam for four
different initial probe beam intensities [0.1 × 1014 W/cm2

(red short dashed curve), 0.9 × 1014 W/cm2 (yellow long
dashed curve), 2.0×1014 W/cm2 (green dashed-dotted curve),
4.1× 1014 W/cm2 (blue solid curve)]. The pulse shape of the
pump beams (orange dashed curve) is shown. The energy
transfer calculated using kinetic linear theory for the mea-
sured plasma conditions (diamonds). The inset shows VPIC
simulated probe beam amplification corresponding to the low-
est (red dashed curve) and highest (blue solid curve) experi-
ment probe intensities.

of 45% nitrogen and 55% hydrogen to approximately re-
produce the ion-acoustic wave damping from typical ICF
experiments. The heater beams used large phase plates
[850 µm full-width half-maximum (FWHM)] to produce
a uniform plasma with a ∼1.5 mm diameter plateau at a
density of ne = 8× 1019 cm−3 [19].

To avoid overlap between the heater beams and CBET
experiments, the pump and probe beams were turned on
800 ps into the experiment [Fig. 1(b)], and crossed at
an angle of 99◦ at TCC. The probe beam used the Tun-
able Omega Port-9 (TOP9) laser [20], which was wave-
length tunable over ∼3 nm around the pump beams’
wavelength of 351.11 nm. The resonant wavelength of the
probe beam (351.40 nm) was used for all experiments and
was determined by maximizing the energy transfer while
scanning its wavelength; the probe beam was held at the
lowest intensity. The probe beam used a phase plate,
which created a 160-µm-diam FWHM spot at TCC. The
1.5-ns flattop pulse duration and 125-J maximum energy
of the probe beam generated a maximum intensity of
4 × 1014 W/cm2. The pump beams used phase plates
that created elliptical spots with a minor radius of 110
µm and a major radius of 160 µm at half maximum. The
500-ps flattop pulse duration with ∼180 J per beam deliv-
ered a single-beam area-averaged intensity of ∼ 7× 1014

W/cm2. The minor axis of the pump beam was aligned
nearly parallel to axis of the probe beam, limiting their
interactions to L ∼ 220 µm. The pump and probe beams
had linear polarizations, which were aligned for an S-
polarized CBET interaction.
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The time-resolved power in the probe laser was mea-
sured with the transmitted beam diagnostic (3ω TBD)
[21]. The 3ω TBD collected the light of the probe beam
after its interaction with the pump beams on a spectralon
sheet (diffuser), which was sampled by a two-camera sys-
tem; one time-integrated space-resolved systemmeasured
the transmitted energy and the other spectrally and tem-
porally resolved system measured the power. The in-
cident probe beam energy was measured using an ab-
solutely calibrated calorimeter. A beam pickoff prior
to the target chamber measured the input probe beam
pulse shape. A streak camera coupled to a spectrometer
spectrally and temporally resolved both the incident and
transmitted probe beam with a temporal resolution of
50 ps and a spectral resolution of 0.01 nm [Fig. 1(c)].

The plasma conditions in the experiment were mea-
sured with the Thomson-scattering system (TSS) [Fig.
1(d)] [22]. The TSS collected light from a ∼160 µm ×

60 µm × 60 µm volume at TCC and transported it to
a suite of streak cameras coupled to spectrometers. The
light was collected ∼60◦ from the probe beam axis by an
f/10 telescope, which directed the light to the 1-m and
1/3-m spectrometer-streak camera pairs providing a mea-
surement of the ion-acoustic wave (IAW) and electron-
plasma wave (EPW) spectrum. The temporal resolutions
of these measurements were ∼50 ps and the spectral res-
olutions were 0.02 nm and 0.5 nm for the IAW and EPW
systems respectively.

Figure 2 shows the measured ion-acoustic wave spec-
trum (blue points) from the highest-intensity CBET ex-
periments. Comparing the calculated ion-acoustic wave
spectrum for no ion heating to the measured spectrum
after CBET (∼1600 ps) shows a significant difference in
the widths of the ion-acoustic wave features. This in-
creased width is a direct result of a significant change
in the ion temperature over the time CBET was active
(TN

ion = 120 eV → 900 eV). This late-time nitrogen ion
temperature (TN

ion = 900 eV) significantly exceeds the
electron temperature (Te = 450 eV), which was set by in-
verse bremsstrahlung heating. Prior to the CBET inter-
actions (or for the complete duration of the lowest inten-
sity interaction experiment), equilibration of the laser-
heated electrons with the ions is the only mechanism for
ion heating. The Thomson-scattering spectra were nu-
merically calculated using the non-Maxwellian form of
the standard multiple-species collisionless spectral den-
sity function [23, 24].

Figure 3 shows the amplification of the probe beam due
to CBET at four initial probe intensities. The fact that
the power ratio P/P0 decreases with increasing probe
intensity for minimal pump depletion suggests nonlin-
ear saturation. Furthermore, every probe beam inten-
sity greater than 0.1 × 1014 W/cm2 exhibits a strong
time-dependent reduction in amplification. For the three
highest initial probe beam intensities, the amplification
started high (∼1000 ps), but decreased over time before
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FIG. 4. The plasma conditions for the (a) electrons (b) and
ions measured from the Thomson-scattering spectrum. The
ion temperatures for nitrogen (green points) and hydrogen
(purple points) are shown for two shots corresponding to the
lowest (Iprobe=0.1 × 1014 W/cm2) (diamonds) and highest
(Iprobe=4.1× 1014 W/cm2) (circles) probe beam intensities.

plateauing toward the end of the pump pulse (∼1300 ps).

Figure 4 shows the plasma conditions measured by
Thomson scattering. The time-resolved electron den-
sity and electron temperature conditions measured in the
CBET volume over the duration of the pump beams indi-
cate a nearly constant electron temperature and a slowly
decreasing electron density throughout the experiment
[Fig. 4(a)]. These conditions were nearly identical for all
CBET experiments. Note that electron distribution func-
tions were found to be non-Maxwellian [13, 24], which
was accounted for in Thomson scattering calculations,
CBET calculations, and the VPIC simulations by using a
super-Gaussian electron distribution function consistent
with inverse bremsstrahlung heating [25]. The shaded
region shows the period when CBET energy transfer was
most active.

Figure 4(b) shows the evolution of the ion tempera-
tures. The ion temperatures for the lowest-intensity shot
remain relatively low and only gradually increase over
time from ∼120 eV to ∼200 eV as the ion temperature
begins to equilibrate with the electron temperature. The
ion temperature for the highest-intensity shot also starts
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FIG. 5. VPIC simulations of a plasma prepared identically
to the experimental plasma show the 2-D nitrogen ion ve-
locity distribution functions for a high probe beam intensity
CBET interaction at three time steps; (a) T = 0.01 ps, (b)
T = 10 ps, (c) and T = 100 ps. The x axis (y axis) of each
subplot is the velocity parallel (perpendicular) to the excited
ion wave normalized to the initial nitrogen thermal velocity.
A line shows the log of the 1-D velocity distribution parallel
to the excited ion wave (solid line) compared to the initial
distribution (dashed line).

low (∼120 eV), but rapidly increases over the time when
significant energy transfer occurs in the grey shaded re-
gion. In both cases the nitrogen ions heat faster than
the hydrogen ions and the two species reach an approx-
imate thermal equilibrium near the end of the measure-
ment. Ion heating follows necessarily from conservation
of energy and momentum in the CBET interaction [26]
and the fact that it is more significant at high incident
probe power is consistent with the larger amount of power
transferred. The thermal energy partitioning between
the nitrogen and hydrogen ions is consistent with col-
lisional heating where the N-N (H-N) collision time is
∼5 ps (∼33 ps) for ∼150 eV ion temperatures.

Using the measured plasma conditions (Fig. 4), the
linear kinetic CBET power amplification was calculated
(Fig. 3) [15]. These CBET calculations are in excel-
lent agreement with the measurements at all times and
across all probe intensities tested. The time-dependent
decreasing amplification at the lowest probe beam inten-
sity (0.1 × 1014 W/cm2) was due to the modest decrease
in plasma density as a result of the hydrodynamic ex-
pansion of the plasma. The more-dramatic decrease in
amplification observed for the higher-intensity shots was
a direct result of the increase in ion temperature over the
course of the CBET. As the ions were heated, the IAW
dispersion evolved along a new branch with increased
frequency at the wavenumber determined by the cross-
ing angle. Because the driving frequency was fixed, the
driven IAW was no longer at a resonant frequency, which
increased the wave damping and saturated CBET. Probe
beam propagation studies at the highest intensity were
performed to exclude forward stimulated Raman scatter-
ing and self-focusing as apparent saturation mechanisms
[27]; energy transmission and spectral measurements in-
dicated no energetically significant instability.

Figure 5 shows the normalized 2-D nitrogen ion veloc-

ity distribution functions calculated from VPIC simula-
tions of a high probe beam intensity single-pump-beam
CBET experiment with initial plasma conditions match-
ing the experimental plasma. Initially the nitrogen ions
are at a low temperature (TN

ion = 150 eV) and the ve-
locity distribution function was Maxwellian along both
of the spatial dimensions defined to be perpendicular (y
axis) and parallel (x axis) to the driven ion-acoustic wave
vector. At 10 ps [Fig. 5(b)], the large ion-acoustic waves
driven by CBET have trapped and accelerated the nitro-
gen ions to the phase velocity of the wave (vph/v

N
th ∼ 4.3

is the ratio of the ion-acoustic phase velocity to the ni-
trogen thermal velocity). As the accelerated ions collide
with the bulk of the ions, the overall ion velocity distri-
bution function was heated and nearly reaches a super-
Gaussian shape after 100 ps with a higher temperature of
∼720 eV [Fig. 5(c)]. The electron velocity distributions
remain largely unaffected due to slow temperature equili-
bration rate between the ions and electrons. Figure 3(in-
set) shows the probe beam amplification corresponding
to high and low simulated probe beam intensities. IAW
breakup and nonlinear ion trapping effects that led to
ion heating were observed on short-transient time scales
(∼10 ps), but the nonlinear dynamics were not signifi-
cant in saturating CBET on long time scales (∼100 ps)
[9, 27].

VPIC is a relativistic, electromagnetic particle-in-cell
code with a binary collision model [28] that recovers the
Landau form of inter-particle collisions for weakly cou-
pled plasmas. The 2-D simulation shown in Fig. 5 used a
domain size of 138 µm× 108 µm, cell size equal to the De-
bye length, and 512 computational particles/cell/species.
The speckled laser beams were generated as in Ref. [27]
with diameters of 68 µm, polarized out of the plane, and
launched at an angle 99◦ from one another. The initial
plasma conditions were chosen to match the experiment,
the ions were Maxwellian (Tion = 150 eV) and the elec-
trons super-Gaussian [25] withm = 3 (Te = 600 eV). The
field boundaries were absorbing and the particle bound-
aries were refluxing with Maxwellian (super-Gaussian)
reinjection for ions (electrons).

In summary, the saturation of energy transfer between
crossing laser beams due to ion heating was measured.
Time-resolved Thomson-scattering measurements indi-
cate an increase in ion temperatures during the CBET
interaction. Calculations of the predicted probe beam
amplification using linear kinetic CBET theory agree well
with the measured amplification when the plasma condi-
tions determined with Thomson scattering were taken
into account. The rapid ion heating and resulting CBET
saturation qualitatively agrees with models for CBET
saturation in indirect-drive ICF experiments [15]. VPIC
simulations indicate that at high-probe beam intensities,
ion trapping in the driven ion-acoustic wave accelerates
ions on short (∼10 ps) time scales. At longer time scales
(∼100 ps) the trapped ions heat the bulk of the ion dis-
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tributions. Although significant nonlinear CBET physics
is occurring, it is interesting that linear CBET theory re-
produces the measured results when accounting for the
instantaneous plasma conditions. However, the plasma
conditions are affected by CBET, suggesting that feed-
back from laser plasma instabilities on hydrodynamics
must be accounted for in modeling to accurately predict
the energy transfer [3, 15, 29].
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