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True multi-physics problems are becoming more and more tractable as computer capabilities

continue to advance. The majority of experiments involving plasmas require complex multi-

physics simulations to aid in understanding results, designing new experiments, and in some

cases, to insure protection of valuable components such as diagnostics and laser optics. From

a numerical/computational prospective the need to model a wide range of spatial and temporal

scales with multiple models on current and future high performance computing (HPC) hardware

is extremely challenging. The number of cores used in HPC simulations continues to increase

rapidly with time as increased performance on new machines is largely due to an increase in

number of cores rather than faster chips, as was the case only a few years ago. Advances in HPC

hardware are allowing for complex 3D simulations that have a major impact on experimental

efforts. One multi-physics code, ALE-AMR, has been used to model a wide range of experi-

ments at the National Ignition Facility (NIF) as well as planned experiments at the Neutralized

Drift Compression eXperiment (NDCX-II), EUV lithography facilities, and other devices where

beam and plasma material interaction is important.

One effective means of including multi-physics effects is to start with the plasma/fluid equa-

tions in a Lagrangian formulation (in vector and indicial notation i, j,k = 1,2,3) as given be-

low, and to use an operator splitting technique to introduce different timescale phenomena that

accounts for other physical processes such as laser or ion beam deposition, conduction, and

radiation diffusion. Additionally, more subtle effects such as surface tension can be included in

the calculation as additional terms in the stress tensor.
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where D
Dt is the substantial derivative, ρ is the density, ~U = (u,v,w) is the material velocity, t

is time, σ is the total stress tensor, P is the pressure, e is the internal energy, V is the relative

volume (ρV = ρ0 where ρ0 is the reference density), s is the deviatoric stress tensor, and ε̇ is
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Figure 1: Experimental facilities that have been modeling with our ALE-AMR code.

the strain rate tensor.

ION BEAM !
BUNCH!

TARGET  
FOIL!

VOLUMETRIC 
DEPOSITION!

!

Figure 2: Idealized diagram of an ion beam experiment

(above) with a real multi physics simulation (below)

.

These complicated physical interac-

tions described by the above equations

can be used to model a wide range of

physical conditions—from hot radiat-

ing plasma to cold framenting solid—

such as those essential to the behavior

of the types of targets fielded at large-

scale laser facilities. Similarly, model-

ing of ion accelerator beams and tar-

gets also requires interaction of vari-

ous physics packages that include ion

beam deposition and subsequent mate-

rial failure in the form of fragmentation

or droplet formation, depending on the

temperature. We show a sample config-

uration in (Fig. 2). Several examples of

NIF ICF targets and the resulting pre-

dictions from ALE-AMR simulations

are given in a recent paper by Eder et al. [1]. Further examples leveraging multi-physics pack-

ages in the code include modeling of ion accelerator targets for warm dense matter experiments
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Figure 3: Simulation of a 35-micron diameter droplet heated by a CO2 laser for 200 ns and

subsequent dynamics with and without surface tension.

[2], EUV lithography targets, and material wall interactions for fusion devices [3]. We note that

the code itself is a framework for a variety of models and provides automatic parallelization

with communication handled through ghost zones.

An example of a new area of interest for the code that takes advantage of the surface tension

physics is EUV lithography. Multi-physics simulations can be used to improve the conversion

of infrared laser energy to EUV radiation. One approach is to use a prepulse from a CO2 laser

to heat and flatten a series of initially spherical tin droplets. The CO2 main pulse then heats

and ionizes the flattened tin with the resulting EUV radiation being focused by a multilayer

mirror onto a wafer. Simulations require models for laser propagation, laser absorption, heat

conduction, hydrodynamic motion, surface tension, and detailed atomic physics. Surface ten-

sion effects are particularly evident when the prepulse laser energy is reduced and the droplet

is observed to become ellipsoidal and then oscillate after the laser is off. For higher energies

the droplet is observed to flatten into a relatively thin disk that improves coupling to the main

laser pulse. Our recent work has focused on the prepulse dynamics and the role of surface ten-

sion. To model EUV experiments we use a recently implemented surface tension model in the

ALE-AMR code based on the idea of using volume fractions to calculate the curvature of the

liquid-vapor interface and the corresponding surface tension forces. Numerical results of mod-
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eling the prepulse phase of an EUV experiment shown in Figure 3. The droplet at the end of the

laser pulse is shown in the upper left image along with an outline of the initial position. In the

lower right image, we contrast by showing a density plot with the surface tension model turned

off.

As computational facilities advance, the prospect for enhanced multi-physics simulation is

huge [4]. One interesting means of dealing with multi physics problems that have phenomena on

different scales is to consider asynchronous programming model concepts that allow lightweight

threads to handle various different processes as cores and data become available [5] .
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