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Inertial confinement fusion (ICF) uses the energy of multiple 
laser beams to implode a millimeter-scale capsule contain-
ing nuclear fuel.1 Direct-drive implosions are driven by heat 
that is generated by the absorption of laser light (I + 1014 to 
1015 W/cm2) in a plasma corona surrounding the capsule.2 The 
crossed-beam energy transfer (CBET) caused by stimulated 
Brillouin scattering (SBS)3 reduces the laser absorption, mak-
ing it possible for incoming light to bypass the highest absorp-
tion region near the critical radius, at which the electron num-
ber density ne equals the critical density ,n c m e2 2 2

cr e Lr m=  
where mL is the laser wavelength in vacuum. Under certain 
conditions, the CBET may be large and significantly reduce 
the performance of ICF implosions.4–6

In this article, the effect of SBS in implosion experiments 
on the OMEGA Laser System,7 operating at mL = 351 nm, is 
investigated. The results of a new CBET model coupled to 
the one-dimensional radiative hydrodynamic code LILAC8 
are presented and quantitatively compared with experimental 
results. It is shown that the best agreement between simula-
tions and scattered-light9 and bang-time10 measurements can 
be obtained by simultaneously employing the CBET and non-
local thermal transport.11,12 LILAC simulations show that using 
two-color laser light with a wavelength separation Dm + 5 to 
8 Å can reduce the CBET and increase the absorption, thereby 
improving the implosion efficiency.

The CBET model considers the propagation of two cross-
ing laser beams (probe and pump) in a moving plasma and the 
interaction of these beams with an ion-acoustic wave (IAW) 
that they excite.4,13,14 Assuming s-polarized light and steady 
state, the probe beam intensity I(1) along the path  can be 
calculated as follows:

	 � ,expI I L L d1
0
1 1 1

CBET IB-h= - -$^ ^h h 9 C( 2 	 (1)

where LIB is the inverse bremsstrahlung absorption scale 
length,3 LCBET is the scale length of energy loss or gain caused 
by CBET, and h is an adjustment parameter 0 # h # 1. The 
scale length LCBET is defined by
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where mL,nm is the laser wavelength in microns, I14
2^ h is the 

pump-beam intensity in units of 1014 W/cm2, Te and Ti are 
the electron and ion temperatures (Te,keV in keV), Z is the 
average ionization, oa is the damping coefficient for IAW’s, 

k ca a a ao o=u  is the dimensionless damping,
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is the resonance function,4 ,k c k cua a a a a ak- :| ~= + _ i  
u is the velocity vector, ca is the ion-acoustic velocity, ~a = 
~1–~2 and ka = k1–k2 are the IAW frequency and wave vec-
tor, respectively, and ~ and k with the lower indexes 1 and 2 
are the frequencies and wave vectors of the probe and pump 
light, respectively.

The CBET model has been incorporated into the laser 
absorption algorithm in LILAC. The algorithm calculates the 
integral in Eq. (1) along various light-ray paths, accounting 
for all possible beam crossings in three dimensions. Doppler 
shift of the light frequencies is calculated using the equation 
D~ = ~L(^x/^t) (Ref. 15), where x is the light-wave flight time 
and ~L = 2rc/mL. The damping is approximately 0.2a .ou  for 
CH plasma under the considered conditions.16 Simulations, 
however, showed a weak dependence on aou  over the interval 

0.5..0 1 << aou

The energy is not conserved exactly in Eq. (1) because 
pump-light depletion is neglected. To enforce this conserva-
tion, the algorithm normalizes the total energy gain (or loss) 
for outgoing light to the total energy loss (or gain) for incoming 
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light at each radius. Calculations were significantly simplified 
assuming a uniform illumination of implosion capsules (but the 
intensity profile inside the beams is retained). Test simulations 
using this simplified assumption and the illumination by all 
60 OMEGA beams showed good agreement between the two 
approaches. The random polarization of light on OMEGA is 
accounted for by reducing the numerical factor in Eq. (2) by 0.5.

Typical implosion targets on OMEGA are room-tempera-
ture-D2- or DT-gas–filled plastic shells and cryogenic D2- or 
DT-ice shells with a thin plastic overcoat. The outer diameter 
is about 840 to 880 nm. Laser pulses can have various shapes 
with pickets and pedestals, have durations from 0.1 to 4 ns, and 
deliver on target up to 30 kJ. LILAC simulations of OMEGA 
implosions have revealed the importance of CBET at laser 
intensities I L 1014 W/cm2. At I > 5 # 1014 W/cm2, the energy 
transfer can reach a significant level L30% of the incident 
energy. The CBET is most efficient in a radially extended 
plasma corona, which develops after the first 100 to 200 ps of 
a pulse. The transfer occurs in a relatively wide radial inter-
val +50 nm, in which ne is in the range of 0.2 to 0.3 ncr (see 
Fig. 122.14). As a result, the absorption is spatially redistrib-
uted, shifting outward, and its integrated value can be changed 
[see black and blue lines in Fig. 122.14(a)]. The most-energetic 
transfers involve the incoming light with small impact parame-
ters (at the beam center) and outgoing light, which is inclined at 
+20° to 30° with respect to the radial direction. The former light 

looses some energy and the latter gains the energy. The nonzero 
angles between interacting light rays explain our finding that 
the energy transfer is maximized at the supersonic region of the 
corona, at 1.4u cr a .  [see the red line in Fig. 122.14(a) and the 
blue dashed line in Fig. 122.14(b)], instead of at the transonic 
point, 1,u cr a =  if the angles were close to zero.5 Here, ur is 
the radial component of the velocity. Fortunately, most CBET 
interaction occurs at moderate angles (K25°), where the paraxial 
approximation used in Eq. (2) is valid.

The CBET redistributes the energy inside the laser beams 
from light rays with small impact parameters to light rays with 
larger ones. This redistribution and corresponding modifica-
tion of the absorption can be emulated using the effective 
profile in which the beam’s central intensity is decreased and 
the beam’s edge intensity is increased (see Fig. 122.15). Such 
effective profiles may be useful in multidimensional simula-
tions in which the direct employment of the CBET model is 
highly impractical.17
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Figure 122.15
Incident (super-Gaussian with an index n = 4) and effective beam profiles at t = 
0.5 ns for the same simulation with nonlocal transport and CBET as shown in 
Fig. 122.14. The effective profile emulates the loss (.26%) and redistribution 
of the energy inside the beam caused by CBET.

OMEGA planar and implosion experiments are typically 
simulated by employing the Spitzer thermal transport18 with 
flux limitation, in which the phenomenological constant-
value flux-limiting parameter f is used.19 Assuming f = 0.06, 
the model can explain reasonably well planar shock-timing 
experiments20 and implosion experiments with short (K1 ns), 
square pulses.11 In the case of long, shaped pulses, however, the 
flux-limited transport experiences difficulties in consistently 
explaining the whole range of experimental data, including 
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Figure 122.14
Simulated (a) absorption rate per unit volume (in relative units, black and blue 
lines) and (b) relative electron density n ne cr (solid lines) and Mach number 
u cr a (dashed lines), at t = 0.5 ns for an 880-nm-diam plastic shell (20-nm 
CH wall) imploded with a 1-ns square pulse at I + 1015 W/cm2. The simula-
tions with flux-limited transport ( f = 0.06) are shown in black and nonlocal 
transport and CBET (h = 0.75) in blue. The CBET rate (in relative units) from 
incoming to outgoing light is shown in (a) in red.
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bang-time and scattered-light measurements.11 The inaccuracy 
of the flux-limited transport becomes especially apparent in 
adiabat-shaped designs21,22 in which a time-dependent flux 
limiting was proposed.11,23 

A step-up from the Spitzer transport is the nonlocal transport 
model,11,12 which calculates heat fluxes by solving the simpli-
fied Boltzmann equation and employing the Krook approxi-
mation.24 This transport introduces two major improvements. 
First, the flux in regions with steep temperature gradients is 
reduced from the Spitzer value, eliminating the need for flux 
limitation. Second, the heating by long-range hot electrons 
is accounted for. The latter introduces changes in the density 
scale length near ncr, making this length longer by a factor 
of +10 [Fig. 122.14(b)]. The longer scale length significantly 
reduces the prediction for resonance absorption25 and reduces 
the strong bremsstrahlung absorption peak near critical den-
sity [Fig. 122.14(a)]. Simulations using the nonlocal transport 
predict well the shock-timing experiments with short picket 
pulses (+100 to 200 ps), but they over-predict the laser drive 
in implosions with long pulses.9

The agreement between simulations and experiments is 
significantly improved when the nonlocal transport and CBET 
are used simultaneously. As an example, Fig. 122.16 compares 

the measurement and various simulations of time-resolved 
scattered-light power for a plastic-shell implosion (OMEGA 
shot 56830). The simulated power, using nonlocal transport 
and CBET (green line), shows very good agreement with 
the scattered-light measured power (thick black line) for h = 
0.75. The models without CBET, which use flux-limited or 
nonlocal transport (red and blue lines, respectively), clearly 
underestimate the scattered power. Similar results were found 
in simulations of different warm and cryogenic implosions.

Figure 122.17 shows the neutron-production history for the 
implosion in Fig. 122.16. Again, the bang time inferred from 
the neutron data predicted in the model with CBET (thin solid 
line) shows very good agreement with the bang time inferred 
from the measured neutron data (thick solid line). In contrast, 
the bang times inferred from the results of the models without 
CBET (dashed and dotted lines in Fig. 122.17) are about 150 ps 
earlier. The reduction of the measured neutron rate with respect 
to the predicted rates in Fig. 122.17 is due to the growth of 
perturbations from laser imprint, which affects the implosion 
performance1 and is not considered in LILAC simulations.

Based on simulations of warm and cryogenic implosions 
with different laser energies and pulses, one concludes that 
bang-time and scattered-light measurements can typically 
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Figure 122.16
Scattered-light power for an 830-nm-diam plastic shell (9 atm of D2-gas 
fill, 26-nm CH wall) imploded with 18.3 kJ. The incident laser power and 
experimental scattered power (within !5% accuracy) are shown by the thin 
and thick black lines, respectively. The LILAC predictions with flux-limited 
( f = 0.06) and nonlocal transports are shown in red and blue, respectively, 
and with nonlocal transport and CBET (h = 0.75) in green.

Figure 122.17
Neutron-production history for the same implosion as in Fig. 122.16. The 
measured history (thick solid line) is determined with +50-ps uncertainty. 
The LILAC predictions with flux-limited ( f = 0.06) and nonlocal transports 
are shown by the dashed and dotted lines, respectively, and with nonlocal 
transport and CBET (h = 0.75) by the thin solid line.
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be explained using a somewhat-reduced CBET, in which h is 
assumed between 0.5 and 1. This relatively wide uncertainty 
interval of h can be partially attributed to the uncertainties of 
experimental results. It is apparent, however, that the experi-
mentally suggested mean value h + 0.75 is smaller than the 
theoretical prediction h = 1. This suggests the inaccuracy of the 
simplified CBET model [Eqs. (1)–(3)] is of the order of +25%.

Since the light refraction and frequency shift are sensitive 
to the corona’s spatial structure, the simulated coronal struc-
ture can be validated using time-dependent scattered-light 
spectral measurements.9 Figure 122.18 shows an example of 
the measurement and simulations for an 843-nm-diam plastic 
shell (20‑nm CH wall) imploded with 1-ns square pulse at 
I + 8 # 1014 W/cm2 (OMEGA shot 50601). Two simulations 
are compared using (1) flux-limited transport [Fig. 122.18(b)] 
and (2) nonlocal transport and CBET [Fig. 122.18(c)]. Both 
simulated spectra reproduce reasonably well the basic struc-
ture of the measured spectrum [Fig. 122.18(a)]. The initial (at 
t K 0.5 ns) blue shift is attributed to the Doppler shift of light 
reflected in the expanding part of the corona and the late-time 
(at t L 0.5 ns) red-shifted “fan tails” are produced by light 
reflected in the inward-moving part. However, these simula-
tions reveal important differences. The flux-limited model 
predicts an insufficient initial blue shift [Ref. 26, feature A 
in Fig. 122.18(b)], which clearly deviates from the measured 
spectrum. The blue shift predicted by the model with nonlocal 
transport [Fig. 122.18(c)] shows much closer agreement to the 
experiment. The insufficient blue shift in the flux-limited model 
can be explained by a more-diluted corona [see Fig. 122.14(b)], 

and, consequently, a deeper location of the light-ray turning 
points toward the critical radius, where the coronal outflow 
velocity is reduced.

The structure of the fan tails is less susceptible to the choice 
of a thermal-transport model but depends more on the pres-
ence of CBET. The most-red-shifted parts of the fan tail are 
produced by light rays that penetrate deeply into the corona, 
almost reaching the critical-density region. The larger the 
fraction of the incident light that reaches the critical radius, 
the more intense the red-shifted spectrum. Such red-shifted 
fan tails were found in simulations without CBET [Ref. 26, 
feature B in Fig. 122.18(b)]. In contrast and in agreement with 
measurements, simulations with CBET predict a less-red-
shifted fan tail [Fig. 122.18(c)]. 

Splitting the incident laser light into two or more colors 
can reduce the CBET by shifting and suppressing the cou-
pling resonances [Eq. (3)]. This color-splitting technique can 
be employed to increase the laser absorption in direct-drive 
implosions. Figure 122.19 shows the predicted variation of 
the absorption fraction (solid line) for two-color light with 
a wavelength separation Dm. Here, the same implosion was 
assumed as in Fig. 122.16 and the laser energy is equally 
distributed between the colors. The dashed line in Fig. 122.19 
shows the absorption fraction for the model with the expected 
asymptotic 50% reduction of CBET at ,c caL&m mD ` j  which 
corresponds to Dm = 0 and h reduced by 0.5 (i.e., h = 0.375). 
The increase in the absorption is moderate (.5%) for Dm + 5 Å 
and takes the maximum (.8%) for Dm + 8 to 10 Å. There is 
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Figure 122.18
(a) Measured and [(b),(c)] simulated scattered-light spectra for a plastic-shell implosion (OMEGA shot 50601). LILAC predictions with flux-limited transport 
are shown in (b), and nonlocal transport with CBET (h = 0.75) in (c). The laser wavelength is indicated by the dashed lines.
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little change in the absorption for Dm < 4 Å, which confirms 
the experimental finding that the absorption is insensitive to 
the use of 1-THz smoothing by special dispersion (SSD),27 
which widens the laser bandwidth by +3 to 4 Å. It should be 
noted that this color-splitting technique may be more efficient 
in direct-drive implosions at the National Ignition Facility28 
because of larger CBET in larger-scale targets.

In summary, it has been shown that the effect of CBET in 
direct-drive ICF implosions on OMEGA is significant and 
results in the reduced laser absorption (by +20% to 30%). 
LILAC simulations using CBET and nonlocal thermal transport 
show good agreement with bang-time and scattered-light mea-
surements for warm and cryogenic implosions using different 
pulse shapes and plastic (CH or CD) as an ablator. The simula-
tions, using flux-limited transport ( f = 0.06) and without CBET, 
overpredict the absorption for long pulses (>1 ns), resulting in 
earlier bang-time predictions. The absorption can be increased 
by employing two-color laser light with a wavelength separa-
tion of Dm + 5 to 8 Å.
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