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Abstract. In this work, we will present a system of numerical simulations for inertial
confinement fusion, which consists of a series of one-dimensional, two-dimensional
and three-dimensional codes. Our efforts have been made to develop 2D and 3D com-
puter simulation codes, forming a 2D simulation capability so with the key physics
issues in laser fusion can be separately simulated mainly by a LARED family contain-
ing six different 2D (and partially 3D) code series. The models and the characteristics
of the main codes will be described, and some simulation results using the LARED
family will be presented.
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1 Introduction

Laser fusion, belonging to inertial confinement fusion (ICF), uses a high power laser as
a driver to implode capsules filled with fusion fuel and produce thermonuclear energy.
The capsule implosion is driven by either electron ablation (direct drive) or radiation
ablation (indirect drive). In the direct drive, the laser beams are aimed directly at the
capsule. In the indirect drive, the laser energy is first absorbed in a high-Z enclosure, a
hohlraum. The hohlraum wall converts most of the laser energy into x rays which ablate
the capsule at the hohlraum center and drive implosion.

Substantial progress has been made in the past and it is likely that the ignition con-
dition will be achieved in the laboratory within the next decade. The target design of
ignition used in both the National Ignition Facility (NIF) in the US [1] and the Laser
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Table 1: Description of the LARED code family.

Names Function

LARED-P | 2D and 3D PIC parallelized code for laser plasma interaction.

LARED-H | 2D non-LTE radiation hydrodynamic ALE code for Laser-target coupling and
hohlraum physics.

LARED-R | 2D code for radiation transport

LARED-I | 2D code for indirect driven approach implosion dynamics, ignition and burn propaga-
tion.

LARED-D | 2D code for direct and indirect driven approach implosion dynamics, ignition and burn
propagation.

LARED-S | 2D and 3D Eulerian code series for hydrodynamic instability.

Mega Joule (LM]) in France [2] is preferable to the indirect drive approach because the x-
ray drive is of high uniformity and easy to be used for other applied and basic researches
such as in high energy density physics.

Physics of laser fusion involves very complicated physical processes, in particular
for the indirect drive approach including the hohlraum physics and capsule physics.
The hohlraum physics includes laser propagation and absorption, laser-plasma nonlin-
ear interaction, non-local electron heat conduction, hohlraum plasma dynamics, non-LTE
atomic physics, x-ray conversion and radiation transport, and hohlraum radiation field
uniformity. The capsule physics includes radiation ablation, drive symmetry and hydro-
dynamic instability, and ignition physics. These processes with different characteristic
length scales and time scales are coupled and compete with each other. Laser fusion is
therefore a complicated multi-material, multi-physics (more than one physical process)
and high non-LTE issue. It has been realized that computer simulations are useful in
better understanding laser fusion physics, in helping the design of experiments and in
analyzing the complicated results.

A system of numerical simulation for ICF research has been set up in our institute,
which consists of a series of one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) codes. The 1D code series is relatively all-round in physical modeling
and has been used successfully in a variety of applications. In the last decade, much ef-
fort has been made to develop 2D and 3D computer simulation codes, forming 2D simu-
lation capability so that the key physics issues on laser fusion can be separately simulated
mainly by a LARED code family containing six different 2D (and partially 3D) code series.
Our simulation capability for the indirect drive laser fusion and some other applications
are illustrated in Fig. 1; while some useful descriptions of the LARED codes are summa-
rized in Table 1. In the LARED codes, LARED-H is a two-dimensional non-LTE radiation
hydrodynamic code for laser-target coupling and hohlraum physics modeling. Using the
hohlraum radiation drive provided by the LARED-H calculation, we can perform simu-
lations on capsule implosion and other application problems such as hydrodynamic in-
stability, radiation flux, opacity, equation of state (EOS), and so on. The capsule implosion
process is simulated by both LARED-I and LARED-D which are two-dimensional radi-
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Figure 1: The illustration of numerical simulation capability for the indirect drive laser fusion and other appli-
cation.

ation hydrodynamic codes in cylindrical and spherical coordinate systems, respectively.
It is noted that the LARED-D is often used for the direct driven approach. The LARED-R
is a two-dimensional multi-group radiation hydrodynamic code, while LARED-S, a 2D
and 3D parallelized Eulerian radiation hydrodynamic code series, is designed to study
hydrodynamic instability in plane, cylinder and sphere geometry. Besides the LARED,
two more codes are often used in our simulation and are also listed in Fig. 1. One is
RDMG [3], an 1D radiation hydrodynamic code with the radiation treated by models of
transport, diffusion and conduction, which is used for solving problems such as laser-
target coupling physics, capsule physics, radiation transport, radiation ablation, shock,
and so on. Another is RT3D, an 3D code based on radiation transport without fluid mo-
tion, which gives an 3D irradiation asymmetry around capsule.

The LARED-P, a 2D and 3D parallelized particle-in-cell (PIC) code series, is devel-
oped to study laser-plasma interaction (LPI). The LPI impacts a wide range of physics
issues, including hohlraum energetics, implosion symmetry and pulse shaping in a va-
riety of ways. Since laser-plasma interaction problems have different time and length
scales from those of radiation hydrodynamics behavior, it is difficult to be incorporated
in the integrated radiation hydrodynamic simulations. The LPI effect is estimated with a
PIC code or a fluid code under the plasma condition provided by the integrated simula-
tion. An 3D fluid code is in progress because the PIC code is difficult in simulating LPI
in a large length scale plasma. The LARED-P is also used to study the generation and
propagation of a relativistic electron beam [4-6] which are key issues for laser fusion fast
ignition. More results on LARED-P will be published elsewhere.

The rest of the paper is organized as follows. In Section 2, some details of the LARED
codes, except the LARED-P and the RT3D, will be described. A number of typical simu-
lation examples using the LARED codes will be reported in Section 3. Some concluding
remarks will be given in the final section.
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2 Radiation hydrodynamics codes

In laser fusion, high temperature plasma behavior is closely related to the energy trans-
port processes due to charge particles and radiations, so the radiation hydrodynamics is
the common basis of all of the LARED codes except the LARED-P which is developed
by our group. The main difference between the hydrodynamic codes of LARED is about
description of radiation and atomic processes and numerical methods used. In this sec-
tion, we take LARED-H as an example to describe the physics models and the methods
used to solve the equations, and we present the differences between the LARED-H and
the other codes.

2.1 LARED-H

The LARED-H is used to study laser target coupling and hohlraum physics. It assumes
that the electrons, ions and radiation field are respectively in LTE, each having its own
temperature, called three-temperature approximation. The three-temperature hydrody-
namic equations are

0
a_f +V-(ou) =0, (2.1)
du
E—i-V(Pe-i—Pi—i-Py):O, (2.2)
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d/dt and d/0t are the time derivatives in the Lagrangian and Eulerian frames, respec-
tively. In (2.1)-(2.5), p is the mass density, u the flow velocity, (P.,Te,Cye), (P;,Ti,Cyi),
and (P, T,,Cy) are pressure, temperature and specific heats for the electron, ion and ra-
diation, respectively; F,, F;, and F, are heat fluxes with the flux-limited approximation
for the electron, ion and radiation, respectively. Moreover, Wy, is the laser energy term,
which is given with a 3D ray-tracing package for computing the inverse-bremsstrahlung
energy deposition rate. Besides a laser source, many possible sources can be applied
either in the energy equations or in boundary conditions on temperature, flux, pressure,
etc. W,; is the electron-ion energy exchange term, and W,, is the electron-radiation energy
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exchange term defined by

47 2

WerIF |:]1/<T€) (1+2]i7IVP<TT’)) _VV<T€)IVP<T”):| dv, (26)

where I,,(T;) is the Planck distribution j,(T.) and p,(T,) are the emission rate and ab-
sorption coefficient, respectively, which consist of contributions from free-free, bound-
free, and bound-bound transitions of electrons. j,(T,) and u,(T.) are determined after
specifying the atomic state of the plasmas by using the screened hydrogenic average-
atom model. The thermodynamic quantities are derived either from the ideal gas model
or from data of realistic equation of state.

The code LARED-H can model a 2D axial symmetry system or a 2D Cartesian system
by introducing a relation R =1—a+ay by defining the operators

Vf:%?—i—%f, v-ﬁ:%Jr%ag—;y, dV = Rdxdy, 2.7)
where o« =0 (i.e., R=1) corresponds to the 2D Cartesian system; « =1 (i.e., R=1y) cor-
responds to the 2D axial symmetry system. The LARED-H is designed on a structured
mesh on multi-regions with different resolution requirements. The Arbitrary Lagrangian
Eulerian (ALE) method [7] with staggered grid is used. The discrete time rezoning is also
provided and allows an arbitrary overlap between the old and new mesh. The electron,
ion and radiation thermal conduction equations are solved on the arbitrary quadrilateral
mesh with Kershaw’s nine-point diffusion difference scheme [8].

2.2 LARED-I

The LARED-I is a 2D axially symmetric three-temperature Lagrangian hydrodynamic
code for studying indirect drive implosion physics. The radiation sources are imposed
in the radiation equation or in the boundary conditions on temperature or flux. The
atomic processes are assumed to be in LTE and the average ionization degree and W,, are
calculated with the Fermi-Dirac distribution, or obtained from the data tables. Ignition
and burn dynamics are considered. Neutrons are assumed to escape from system as
soon as they are generated. The hydrodynamic equations are solved with the supporting
operator method [9].

2.3 LARED-D

The LARED-D models direct and indirect drive implosion described in a 2D spheric coor-
dinate system. The basic equations are the three-temperature hydrodynamic equations.
The laser energy deposition is calculated in geometry optics approximation along the
radial direction. The hydro equations are solved with both the implicit and explicit dif-
ference schemes.
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24 LARED-R

The LARED-R is an 2D radiation transport and diffusion Lagrangian hydrodynamic code
in axially symmetric cylinder coordinate. Its main difference from LARED-H is that
the radiation field is not assumed to be Planckian and is described by the frequency-
dependent transport and/or diffusion equations,

191,

-—+Q-VI, :V:/(Te) [IVP(T@) —L/],

c ot

191, 1 , (2.8)
car Y gy T e (Te) =)

Users can choose multigroup transport, multigroup diffusion, or thermal conduction for
the radiation field in different regions, according to the needs of the physical problem
studied. The plasma is assumed to be in LTE and the average ionization degree and the
radiation parameters are calculated with the Fermi-Dirac distribution, or obtained from
the data tables. The radiation transport equation is solved with the discrete ordinate
method [10].

2.5 LARED-S

The LARED-S is a multi-dimensional (2D and 3D in planar, cylindrical and spherical
geometries), multi-material, Eulerian radiation hydrodynamic code series with movable
mesh. The users can choose multigroup diffusion or thermal conduction to model radia-
tion. The operator splitting method is used to treat each of the physical processes.

The basic hydrodynamic algorithm is the flux-corrected transport method (FCT) [11,
12] with sixth-order phase errors on a locally uniform grid, capturing shocks with cor-
rected antidiffusive flux, or the piecewise-parabolic method (PPM) [13] with third-order
accuracy. The implementation of PPM in this code is in two steps, namely a Lagrangian
hydrodynamic step coupled with a re-mapping step (from the Lagrangian grid to the Eu-
lerian grid). Two different mixing physical models are used for multi-material problems,
one is the volume of fluid (VOF) interface reconstruction method [14] based on the PPM
scheme, and the other is the consistent multi-fluid advection (CMA) method [15] based
on the FCT or PPM scheme.

2.6 RT3D

The RT3D, an 3D radiation transport code [16], is developed to study hohlraum radiation
drive symmetry around capsule and other sample packages. In the RT3D, the hydrody-
namic equations are not solved and the plasma condition in the hohlraum is given in
advance. Assume the hohlraum wall (including the capsule if there is one) to be optically
thick. The wall is described by using the power balance relationship

Fin +Sin = out+Ewall/ (2-9)
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where F;,, and F,,;; denote the radiation fluxes into and out of the wall cell, respectively,
S;n is the radiation source flux converted from the laser beams which is known, E,,; is
the energy absorbed by the wall which is associated with the wall cell temperature by
scaling relation, E,,; = aTPtY.

The radiation field is described by the transport equation (2.8) in grey approximation.
Assume the emission from wall is Lambertian, and the boundary conditions are

Fin(r,t):aT4(r,t):/ 1(£,0Q,t)n-Qd0,
n- Q>0 (2.10)

1 .
(Fin+Sin—Ewpan), for n-Q<0,

1
I(I‘,Q,t) - ;Pout(r,t) — E

where n is the normal of the wall element, and ¢ is the Stefan-Boltzmann constant.
Eq. (2.8) is discretized with the implicit difference method, and the corresponding ge-
ometry factors, which are the transport probabilities of particles from one element to
another one, are calculated using the Monte Carlo method.

3 Typical simulation examples

3.1 Simulations of laser target coupling and hohlraum physics

Some LARED-H simulation results are shown in this section. Since either the cylindrical
coordinate or the Cartesian coordinate is used, the LARED-H can simulate the problems
of both hohlraum and disk irradiated by an obliquely incident laser. In the following
example, the Au disk is irradiated by a 0.35ym Gaussian laser pulse of intensity of 1.5 x
10" Wem =2 and FWHM of 0.6ns. The laser incident angle is 45°, and the peak time is
0.8ns. Fig. 2 shows the meshes at the end of the laser pulse (t =1.4ns), which indicates
that the plasma mainly blows off along the normal of the disk despite existing lateral
rarefaction.

We use LARED-H to simulate the hohlraum experiments on Shenguang II (SG-II)
[17,18]. Eight beams, four per side, enter the gold hohlraum through laser entrance holes
(LEHSs) at the ends of the cylinder at angle of 45° to the symmetry axis. The SG-II stan-
dard hohlraums are 1400um long and 800ym diameter with 380ym diameter LHEs. The
hohlraums are heated with 0.35um laser in a 1.0ns square pulse with 2.0-2.5k] of laser
energy. The radiation temperature is measured by Dante at 30° to the hohlraum axis out-
side the LEH. Fig. 3 shows the mesh of SG II hohlraum at f =1.0ns. Four snapshots of
electron density, electron temperature, laser energy deposition and x-ray conversion at
t =1.0ns are shown in Fig. 4. The plasma mainly moves along the radius direction and
it is faster if it originates from the laser spots (around z=400pm). The electron density
in the hohlraum is uniform and equal to around 0.17. (n. =9 x 1021 em—3) except for the
stagnation region where the electron density is a little higher (see Fig. 4(a)). The laser en-
ergy deposition (Fig. 4(c)) and x-ray conversion (Fig. 4(d)) dominate in the neighborhood
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Figure 4: The snapshots of (a) electron density, (b) electron temperature, (c) laser energy deposition and (d)
x-ray conversion, at t=1.0ns.

of the critical surface (where 1, =n.) near the initial wall position. The LARED-H calcu-
lations are postprocessed to mimic the Dante view to give the radiation temperature as
shown in Fig. 5. The agreement between the measured and calculated drive temperature
of the SG Il is very good around the peak.

The hohlraum drive uniformity around the capsule or the sample package can be
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Figure 5: Measured and simulated Dante drive temperature of the SG Il experiment versus time.
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Figure 6: The RT3D simulation of SG Il hohlraum with capsule: the radiation temperature (in 10°K) distribution
on the internal wall (a) and on the capsule (b), and the flux onto the chamber from the LEH (c).

simulated with RT3D. Fig. 6 shows the RT3D simulation of SG II hohlraum with cap-
sule. The RT3D can provide not only the radiation temperature distribution on the inner
wall (Fig. 6(a)) and on the capsule (Fig. 6(b)), but also the flux from the LEH or the diag-
nostic hole received by detectors on the chamber (e.g., Fig. 6(c)). The nonuniformity of
temperature on the capsule is about 2% although the hot spots on the wall are hotter.

3.2 Simulations of capsule implosion
Indirect drive implosion

The radiation drive implosion process is simulated with the LARED-I according to the
drive condition provided by the RT3D. Fig. 7 shows the LARED-I calculations of mod-
eling symmetry for Nova experiments [19]. For these experiments, the beam crossing
position is fixed in the plane of the LEH, so the drive symmetry on the capsule changes
with the hohlraum length due to the fixed laser incident angle. The capsule distortion,
characterized by the ratio of the capsule waist dimension to the dimension along the
hohlraum axis, is plotted versus the hohlraum half-length. As observed in Fig. 7, the
LARED-I calculations are in good agreement with the results of the Nova experiments
and the LASNEX calculations.
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Figure 8: Comparison between SG Il experiments (top) and the LARED-I calculations (bottom).

Fig. 8 shows the results of the SG II experiments and the LARED-I calculation. For
these experiments, SG II standard hohlraums with 300 x 300um? diagnostic hole are used,
and the plastic capsules are 150um radius and 12-15ym thick with doped Ar in D, fill.
The hohlraum length changes from 1200xm to 1600um. The capsule distortion recorded
by frame x-ray camera from the diagnostic hole is shown in the top row of Fig. 8, and the

LARED-I results in the bottom row. The agreement in shape between the experimental
results and the LARED-I calculations is good.
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Figure 9: Density profiles of the asymmetric laser-driven implosion at different phase with the LARED-S calcu-
lations: (a) prepulse, (b) acceleration phase, (c) deceleration phase, and (d) rebound phase.

Direct drive implosion

The capsule implosion is simulated with the LARED-S code. Fig. 9 shows the result of
asymmetric laser-driven implosion. The capsule has an outer radius of 325 microns. The
polystyrene ablator is 25 microns thick at a density of 1g/cm?, and the capsule center is
filled with the D, gas at a density of Img/cm?. The pulse delivers about 10k] of laser light
at the SG-II upgrading set. The laser intensity has a perturbation with 5% fluctuation in
the polar angle direction.

The fast ignition implosion is simulated with the LARED-S code. The capsule has an
outer radius of 325 microns. The polystyrene ablator is 25 microns thick at a density of
1g/cm?, and the capsule center is filled with the D, gas at a density of 1mg/cm?. The
reentrant copper cone has an opening angle 60° and the tip 50 microns from the center of
the capsule. The capsule is driven with the 10k] of laser light at the SG II upgrading set.
Fig. 10 shows the density and temperature profiles without and with perturbation on the
target surface.
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Figure 10: Density and temperature profiles of the fast ignition implosion with the LARED-S calculations, left:
without perturbation, and right: with perturbation.

3.3 Simulations of Hydrodynamic instability

The LARED-S can also be used to simulate the hydrodynamic instabilities. In Fig. 11, the
result of the Richtmyer-Meshkov (R-M) instability using the LARED-S code is compared
with those obtained using the ASCI codes including RAGE, Front-Tracking and FLASH.
The two materials are beryllium on the right, with an initial density of 2.4g/cm?3, and
foam on the left, with an initial density of 0.12g/cm?. The initial amplitude of the pertur-
bation is 25 microns, which is one tenth of the wavelength. A Mach 15 shock propagating
from right to left is used to accelerate the interface. The LARED-S calculation agrees well
with those of the ASCI codes in the physical characteristic quantities.

The shock-bubble interaction simulations of the LARED-S are compared with experi-
ments performed by Nuclear Research Center in Israel [21], see Fig. 12. The Helium bub-
ble in the air is used for light bubble interaction. The shock wave strength is 1.22Mach.
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Figure 11: Richtmyer-Meshkov stability: comparison of the LARED-S calculation with those of the ASCI codes
(RAGE, Frontier and FLASH).

(a)

Figure 12: Comparison between shock-tube experiments and the LARED-S calculations: (a) light bubble, (b)
heavy bubble.

SF¢ bubble in the air is used for heavy bubble interaction. The shock wave strength is
1.17Mach. Comparison shows that the LARED-S calculation results are in good agree-
ment with the shock-bubble experiment results.

3.4 Simulations of supersonic radiation transport

Radiation transport is a very important process in both ICF and astrophysics, which is
rather complicated due to the strong coupling of radiation with matter. In order to un-
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Figure 13: The comparison between the LARED-R-1 simulation results and the experiment of supersonic
radiation transfer in low-density foam done on the SG Il laser facility. The density of foam is 0.05g/cm?3.(a):
Experiment setting; (b): the transfer of 210eV group in CH foam 300um, (c): the transfer of 420eV group in
CH foam 300um, (d): the transfer of 210eV group in SiO; foam 300xm, and (e): the transfer of 420eV group
in SiO; foam 300um.

derstand the radiation transport mechanism and validate the codes, the experiments [22]
of radiation supersonic propagation in low-density foam filled in high Z tube have been
carried out in SG-II laser facility. The experiment setting is shown in Fig. 13. The tube is
300um long and filled with 0.05g/cm?® CH or SiO, foam. The radiation propagation time
at 210eV and 420eV is measured. The comparison between the results of experiment and
the LARED-R simulation is given in Fig. 13, which is found in good agreement.

The LARED-R is also used to simulate the experiments of supersonic radiation flow
performed on the OMEGA laser facility by Back et al. [23]. The simulation result is in
good agreement with the experimental result and the LASNEX calculation, see [24].
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4 Summary

In the last decade, we have developed a series of 2D and 3D computer simulation codes
for laser fusion. In this paper, some of the typical simulation results are presented. The
LARED-H calculations of the SG-II hohlraum show that the results about plasma state,
laser absorption and the x-ray conversion are acceptable and that the calculated radi-
ation temperature is in good agreement with the measured one. Under the radiation
drive conditions provided by RT3D, the LARED-I calculations for the capsule distortion
are found comparable with the experimental results. Moreover, the LARED-S has been
demonstrated useful in simulating capsule implosion and hydrodynamic instability. In
particular, it has been used successfully in simulating the Richtmyer-Meshkov instability
and the shock-bubble interaction simulations. The LARED-R can reproduce the experi-
mental results for radiation propagation in a tube filled with low density.

In conclusion, we have built a 2D simulation capability useful in simulating some of
the key physics issues in the research of laser fusion such as laser plasma interaction,
hohlraum physics, drive symmetry, capsule implosion physics and so on. It is based on
the LARED family containing six different 2D (and partially 3D) code series and the 3D
radiation transport code RT3D. The comparisons between the simulation and experiment
results indicate that our codes are reliable.

We are now in the process of developing the integrated 2D simulation capability for
laser fusion with a variety of optional physics models and numerical methods.
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