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Abstract

In this paper, a three-dimensional (3D) model as a new module of LAP3D code is presented to study the crossed-beam
energy transfer (CBET) process. This model is not limited by the paraxial approximation and can be used to deal with
a large crossing angle case. Besides, this model is also appropriate for the multi-ion species conditions and even multi-
beams problems, which will be very helpful in relevant experiment analysis and the target design. In our 3D
simulations, we take the overlapped beams with a 60° crossing angle as an example, and observe obvious energy
transfer process, which indicates CBET process might occur between the incident laser beams with a large crossing
angle when the matching condition is satisfied. This large crossing angle CBET process also can change the spatial
shape of the beam spot, and may have some potential important influence on other laser–plasma interaction
instabilities and the energy symmetry in hohlraum.
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1. INTRODUCTION

Presently, because of the physical limit for an individual laser
beam and the consideration of the radiation symmetry, mul-
tiple laser beams are used in the indirect-drive inertial con-
finement fusion (ICF) design (Lindl et al., 2004). These
incident beams are overlapped each other at the laser entrance
hole (LEH) when they enter a hohlraum. If the beat wave
driven by a couple of two beams satisfies the dispersion rela-
tion of the ion-acoustic waves, energy transfers between the
crossed beams through a three-wave coupling process
(McKinstrie et al., 1996). This phenomenon, which is com-
monly named crossed-beam energy transfer (CBET), is a
very important process because of its influence on the cap-
sule implosion symmetry (Kruer et al., 1996) and other
laser–plasma interaction (LPI) instabilities, such as stimulat-
ed Raman scattering (SRS) and simulated Brillouin
scattering (SBS) (Karttunen & Salomaa, 1992; Kline &
Montgomery, 2005; Sharma et al., 2009, 2012; Huller &
Porzio, 2010; Hao et al., 2012; Vyas et al., 2014). During
the latest decades, many experimental works about CBET

have been carried out on the Nova and the Omega laser facil-
ities (Wharton et al., 1998; Kirkwood et al., 2002). Subse-
quently, CBET has been used as an efficient method to
control the implosion symmetry in the experiments per-
formed on the National Ignition Facility and relevant opti-
mized schemes are proposed based on those experiments
(Michel et al., 2010; Moody et al., 2012). Recently, new
kinetic saturated mechanism in multi-laser beams condition
are put forward (Michel et al., 2013), which indicates that
theoretical knowledge of CBET is not enough to explain
the experiments totally, and further study of CBET is still
necessary.
Presently, most of the previous works mainly focused on

the small angle CBET process, which are corresponding to
the crossed beams coming from the same incident side.
And the existing three-dimensional (3D) code is based on
the paraxial approximation, which limits the angle of each in-
cident beam to be <10°. However, in the practical situation,
CBET also has certain possibilities to happen in the hohl-
raum plasma between the crossed beams coming from the
opposite incident sides with a large crossing angle, and this
kind of CBET should be also important because of its poten-
tial impact on other instabilities and the radiation symmetry
in hohlraum. Although large angle CBET process needs
large wavelength shift Δλ to satisfy the matching condition
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between the ion-acoustic wave and the beat of crossed beams.
On consideration of the complicated hohlraum plasma condi-
tions, suitable plasma flow can induce the Doppler shift to
the frequency of ion-acoustic wave and reduce the needed
Δλ for the large angle CBET process. Furthermore, the band-
width of incident beams can be broadened by some laser
smoothing methods such as the smoothing by spectral disper-
sion (SSD) (Skupsky et al., 1989), which also increases the
chance of the large angle CBET. Indeed, in recent work
(Michel et al., 2013), they have considered the potential
effect of large angle CBET and included it in their model,
but each beam was simplified as a one-dimensional ray in
their model. Besides, big angle CBET is also an important
issue in the direct-drive ignition, because it transfers
energy from the center-beam rays to the reflected edge-beam
rays and reduces the energy delivered to the coronal plasma
(Froula et al., 2013). So reasonable modeling of large
angle CBET and multi-beams CBET in high dimension
has wide and important application prospects in ICF.
In order to study the LPI instabilities, a 3D fluid code

named LAP3D (Li et al., 2014) has been developed, which
can simulate the coupling of SRS, SBS, and filamentation
under certain laser beam smoothing methods such as contin-
uous phase plate (Dixit et al., 1996) and SSD. Similar to
PF3D code (Berger et al., 1998), the solver scale of
LAP3D can reach up to mm3 volumes. In this paper, as a
new module of LAP3D code (Li et al., 2014), a 3D model
is introduced to study the CBET process. Because the para-
xial approximation is not used in our physics model, our
code can be used to solve the large crossing angle Δθ prob-
lem in 3D simulations. And it is actually appropriate for the
multi-ion species and even multi-beams problems, which
could be very helpful to estimate the influence of CBET pro-
cess in the target design engineering project. Based on this
code, the CBET process with Δθ= 60° is studied with rele-
vant analysis of its growth rate under different parameters.
Our simulated results show that CBET process occurs be-
tween two incident beams with a large crossing angle
when the matching condition is fulfilled, and the spatial
shape of the wave front is changed obviously after the
beam pass through the crossed region. This phenomenon is
similar with the results obtained in small crossing angle
CBET process (Michel et al., 2009), which indicates that
CBET not only transfers energy between two beams but
also changes the spatial distribution of the energy within
the beam spot. So under an applicable combination of wave-
length shift Δλ and plasma flow velocity �u, large angle CBET
also has potential effect on the radiation symmetry and influ-
ence on other kinds of LPI instabilities.

2. PHYSICAL MODEL

In this section, we briefly introduce the physical model of the
CBET module of LAP3D code, which is presently focused
on the case of uniform or weak non-uniform spatial distribu-
tion of electron density ne, because the CBET process mainly

happens at LEH, where the gradient scale length of ne is very
large. So in our model, we do not consider the influence of
weak non-uniform density on the propagation of light
waves, and only consider its effect on the coupling between
overlapped beams. As usual, we denote parameters I, ne, Te,
Tj, ωpe, nc,me,mj, Zj, c, e, λD, Cs, and nej as the laser intensity,
electron density, electron temperature, ion temperature, elec-
tron plasma frequency, critical density, electron mass, ion
mass, ion charge state, speed of light, electron charge,
Debye length, ion acoustic velocity, and electron–ion colli-
sion frequency, respectively. Here, subscript j is used to
denote different ion species.

Considering two crossed beams transmit along ẑ-axis with
anglesθα, andprojectedangleson x̂− ŷ-planefαwithsubscript
α= 0, 1 for two beams, respectively, we define �Aα = (1/2)
(Aα exp(iΨα) + c.c.) as the vector potential of the light field,
where Ψα is the rapidly varying phase, ωα=−∂tΨα is the fre-
quency, and Aα is the slowly varying complex ampli-
tude. The wave vector �kα = ∇Ψα = kα cos(θα)ẑ+ kα sin(θα)
cos(fα)x̂+ kα sin(θα) sin(fα)ŷ, where kα =

����������
ω2
α − ω2

pe

√
/c,

and ω2
pe = 4πe2ne/me. Then, the frequency and wave vector

of their beat wave are Δω=ω0− ω1, and �Δk = �k0 − �k1. Cus-
tomarily, the electron density perturbation of ion-acoustic
wave excited by the beat wave can also be described in envel-
oped expression δña = (1/2)(δna exp(iΨa) + c.c.), where
Ψa=Ψ0−Ψ1, and the slowly varying enveloped perturbation

δna = −
χe 1+∑

j χj

( )
1+ χe +

∑
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Δk2

8πmec2
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∗
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can be derived from Poisson and linearized Vlasov equations
(Drake et al., 1974). For CBET process, the electron suscept-
ibility and the ion susceptibility of j component are

χe(Δω,Δ�k) =
1+ i

��
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in assumption of the Maxwellian distribution, where ξe =
(Δω− ΔkuΔk)/

��
2
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, vtj =
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Tj/mj

√
, and uΔk is the projection of plasma

flow velocity along the direction of Δ�k. Based on this ki-
netic expression of electron perturbation, the steady-state
equations of two crossed beams are derived from Maxwell
equations under standard envelop approximations (Berger
et al., 1998; Hao et al., 2013) in all three directions as

�k0 ·∇− i

2
∇2 + neiω2

pe

2ω0c2

( )
A0 =
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j χj

( )
1+ χe +

∑
j χj

iΔk2e2

8m2
ec

4
A0 A1| |2,

(4)
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where the three terms on the left side represent the propa-
gation, diffraction, inverse bremsstrahlung absorption, re-
spectively, and the right side term describes the coupling
between two beams through the excited ion-acoustic
wave. We solve Eqs. (4) and (5) by adding a ∂/∂t term
on the left side and simulate the time-dependent process
of the propagating, damping, and coupling of crossed
beams by the operator splitting technique until the solu-
tions reach a steady state. We launch the incident light
wave on the x̂− ŷ-plane at z= 0, and use the open boun-
dary at the other end of ẑ-axis. Periodic boundary condi-
tions are used at two ends of x̂-axis and ŷ-axis.
Our model can also be expanded to multi-beams cases.

Supposing there are N overlapped beams propagating along
different directions with frequency ωα and wave vector �kα,
we can describe the CBET process among these light
waves by N equations as follows,

�kα ·∇− i

2
∇2 + neiω2

pe

2ωαc2

( )
Aα =

∑
β(β≠α)

γαβ
iΔk2αβe

2

8m2
ec

4
Aα Aβ

∣∣ ∣∣2, (6)

where subscripts α, β= 0, 1, …, N− 1(α≠ β), and Δωαβ=
ωα− ωβ, and Δ�kαβ = �kα − �kβ. The coupling coefficient

γαβ =

χe 1+∑
j χj

( )
1+ χe +

∑
j χj
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, (α> β),
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(7)

where the susceptibilities χe and χj are functions of Δωαβ and

Δ�kαβ with the same formulas as Eqs. (2) and (3) introduced
above.
Our model is based on the envelop approximations both in

time and space, which is beneficial for large-scale simula-
tions. Since we mainly focus on the uniform or weak non-
uniform density condition, and ignore the influence of
weak non-uniform density on light waves, we do spatial en-
velop approximations in all directions of the three axes,
which is not limited by paraxial approximation and feasible
to simulate the propagation for the diagonal incident beams
with a large angle is feasible. So our model is different
from the existing models (Eliseev et al., 1996). Besides,
the kinetic model of density perturbation (Strozzi et al.,
2008) provides convenience to deal with the multi-ion spe-
cies problem and the non-uniform conditions of temperature
and flow velocity. Overall, our model could be useful for the
comprehension and estimation of the CBET process during
the target design.

3. SIMULATION RESULT OF CBET WITH LARGE
CROSSING ANGLE

In this section, we present 3D simulations of CBET process
between two overlapped Gaussian beams with Δθ= 60° and
typical LEH plasma parameters, where ne= 0.03 nc, Te=
2.8 keV, and Ti= 0.8 keV (Michel et al., 2013). Two Gauss-
ian beams incident symmetrically about ŷ-axis from z= 0
plane with angles (θ0= 30°, f0= 0°) for beam 0 and
(θ1= 30°, f1= 180°) for beam 1. The maximum intensity
of beams are chosen to be IM0= IM1= 4 × 1015 W/cm2.
Wavelength of beam 0 is fixed to be λ0= 0.351 μm, and
wavelength shift is defined as Δλ= λ1− λ0. Although our
model is feasible to multi-ion species case, we just choose
the plasma component as fully ionized helium (ZHe= 2)
for simplicity. In order to find the best matching condition,
we present the spatial growth rate of CBET K as a function
of Δλ with different uΔk in Figure 1, when Δθ= 60°, ne=
0.03 nc, Te= 2.8 keV, and Ti= 0.8 keV. Customarily, K is
defined as

K = Δk2

4k1

Iλ0[μm]2
Pm

�����������
1− ne/nc

√ Im
χe 1+ χi
( )

1+ χe + χi

[ ]
, (8)

where Pm= 1.368 × 1018W · cm−2 · μm2 (Williams et al.,
2004), which is very important because it indicates the
local energy transfer efficiency and determines the fraction
of transferred energy when the cross region is given. Obvi-
ously, K reaches its peak value when the ion-acoustic wave
dispersion relation Δω=±ΔkCs+ ΔkuΔk is satisfied. The
plasma flow results in a Doppler shift in frequency, which
has no effect on the peak value but changes the matching re-
lation effectively. Although the best matching condition for
Δθ= 60° needs a large wavelength shift, which Δλ=
5.02 Å, when uΔk= 0. The matching condition becomes
easy to be fulfilled when there is a flow velocity, which de-
creases the needed wavelength shift such as the red dash-dot

Fig. 1. K vs. Δλ with different uΔk, when Δθ= 60°, ne= 0.03 nc, Te=
2.8 keV, and Ti= 0.8 keV.
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Fig. 2. Simulation result of CBET with Δλ= 5.02Å and IM0= IM1= 4 × 1015 W/cm2, when ne= 0.03 nc, Te= 2.8 keV, Ti= 0.8 keV,
and uΔk= 0. (a) 3D image of two beams. (b) 2D slice of x̂− ẑ-plane at y= 128. (c) 2D slice of x̂− ŷ-plane at z= 0 labeled as black
dashed line in (b). (d) 2D slice of x̂− ŷ-plane for beam 1 at z= 230 labeled as red dashed line in (b). (e) 2D slice of x̂− ŷ-plane for
beam 0 at z= 230 labeled as blue dashed line in (b).
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line shown in Figure 1. So, CBET process between the beams
with large crossing angle has certain chance to occur under
the complicated hohlraum plasma conditions.
Our 3D simulation results are shown in Figure 2, where the

wavelength shift is chosen to be Δλ= λ1− λ0= 5.02 Å and
uΔk= 0, which corresponds to the peak value of blue solid
curve in Figure 1. We also simulated the process with
Δλ= 2.51 Å and uΔk=−0.5 Cs corresponding to the peak
value of red dash–dot curve in Figure 1, and obtained the
same results as in the former case. The waists of two
beams are 40 λ0, and the simulation box size is 256 ×
256 × 256 with the length unit λ0. Intensities labeled by
color are normalized by IM0 in all of the sub figures. Figure 2a
shows the 3D CBET process. In order to display the simula-
tion result evidently, we give the slice of x̂− ẑ-plane at the
center of ŷ-axis in Figure 2b. The intensity of beam 1 (prop-
agating from right to left) increases rapidly after it passes
through the cross region along with the depletion of
beam 0 (propagating from left to right), which is consistent
with the theoretical expectations. Spatial distribution
of laser intensity on the slice of x̂− ŷ-plane at z= 0 are
shown in Figure 2c. Spots of beam 1 and beam 0 on the
slice of x̂− ŷ-plane at z= 230 are shown in Figures 2d and
e, respectively. Initially, two beams have the same Gaussian
shape intensity profiles on the incident plane according to our
boundary conditions. After they pass through the cross
region, the spatial distribution of intensity within the beam
spot is changed seriously, especially for the depleted beam
0. This phenomenon is caused by the 3D effect of CBET pro-
cess. In fact, the distribution of energy transfer efficiency is
commonly non-uniform in space, and asymmetric to the in-
cident beams. In our simulations, the energy transfer efficien-
cy should be larger at the center of the Gaussian beams. So,
more energy has been transferred from the center of beam 0
than from its boundary. Our simulation indicates that both the
energy distribution between two beams with large crossing
angle and the energy distribution within the beam spots
can be changed by CBET process. Even if the intensity dis-
tribution of beam spots is initially flat, the energy distribution
within the beam spots should also be inevitably changed by
CBET, because the depletion of the pump wave and the in-
crease of the seed wave are different along their cross sec-
tions. This phenomenon might be more serious and
important in the ignition hohlraum, where the smoothed
laser spots and the cross region are much larger than our sim-
ulated case. Because the non-uniform laser spots may stimu-
late severe instabilities such as SRS, SBS, and filamentation,
and further may induce the spatio-temporal drive asymme-
tries in hohlraum (Hinkel et al., 2011).

4. CONCLUSIONS

In summary, a new module of LAP3D code has been devel-
oped to study the CBET process, which can directly calculate
the amount of transferred energy between two crossed
beams with large crossing angle under uniform or weak

non-uniform density conditions. Based on our code, we pre-
sented our 3D simulations of CBET process between two
overlapped beams with 60°. Evident energy transfer effect
is obtained when the theoretical matching condition is ful-
filled, and the spatial distribution of the energy within the
beam spot is also changed. Our simulation indicate that
CBET process with large crossing angle has certain chance
to occur under the complicated hohlraum plasma conditions,
and might be very important because of its potential to
induce other LPI instabilities and destroy the spatio-temporal
symmetry. Besides, our model can also be expanded to
multi-beams cases, and our simulation method establishes a
basic for analysis of future multi-beams experiments on the
Shenguang series facilities (Li et al., 2012; Hao et al.,
2014; Huo et al., 2014) and provides valuable references
for the intending ignition target design.
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