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ABSTRACT

BUCKY and ZEUS-2D are two radiation hydro-
dynamics codes under development at the Univer-
sity of Wisconsin for the simulation of the behavior
of high energy density plasmas found in ICF targets
and target chambers. The ZEUS-2D code was orig-
inally developed at the National Center for Super-
computer Applications. BUCKY is a 1-D Lagrangian
code which models many physical phenomena. Veri-
fication of these models in BUCKY with experiments
is in progress. ZEUS-2D is a 2-D Eulerian radiation
magnetohydrodynamics code written for astrophysi-
cal applications. It contains relatively simple radi-
ation physics models which are being enhanced by
implementing models from the BUCKY code.

I. INTRODUCTION

This paper describes the present state of ICF ra-
diation hydrodynamics code development at the Uni-
versity of Wisconsin. Computer codes for the study
of ICF plasma physics and radiation transport have
been under development at the University of Wiscon-
sin for about twenty years. Presently, two radiation
hydrodynamic computer codes and an atomic physics
code are being used, maintained and improved upon.
BUCKY1 is a 1-D radiation-hydrodynamics computer
code. ZEUS-2D, written at NCSA, is a 2-D radiation
MHD code.2,3,4 EOSOPA5 is an atomic physics com-
puter code for calculation of equations-of-state and
opacities for BUCKY and ZEUS-2D.

BUCKY1 is a 1-D Lagrangian radiation-hydro-
dynamics computer code in slab, spherical, and
cylindrical geometry. BUCKY uses table lookups
for detailed equations-of-state and opacities from

EOSOPA5 or SESAME.6 Radiation transport is
calculated several possible ways, including multigroup
diffusion and CRE line transport. Thermonuclear
burn, neutron and fusion product transport, laser,
thermal radiation, and ion source deposition are mod-
eled. BUCKY calculates the response of a solid sur-
face to x-rays and ions including vaporization and
melting.

ZEUS-2D is a two-dimensional, Eulerian-mesh
radiation-magnetohydrodynamics code.2 The funda-
mental hydrodynamic equations can be solved sep-
arately or augmented with magnetohydrodynamics,
radiation, or both. In its published condition, ZEUS-
2D had single group radiation transport, ideal gas
equations-of-state and minimal energy source physics.
ZEUS-2D is being modified to include the physics ca-
pabilities of BUCKY.

BUCKY has been used in the simulation of high
and moderate energy density plasma phenomena.
BUCKY has been used to model ICF target implo-
sions and explosions. It has been useful in the study
of ion beam driven physics experiments on PBFA-II
at Sandia National Laboratories7 and on KALIF at
Forschungszentrum Karlsruhe.8 Laser driven physics
experiments on Nova at Lawrence Livermore National
Laboratory have also been studied with BUCKY.
Moderate energy density applications of BUCKY in-
clude fireballs in gases, and vaporization and melt-
ing of solids by x rays and ions. These applications
are often related to an ICF target chamber, such as
in power plant concepts and in the National Ignition
Facility.9

Recently, there has been significant development
of the BUCKY 1-D radiation-hydrodynamics code.
The ZEUS 2-D radiation-magnetohydrodynamics



code is still in development and has not yet been used
for problems of interest to ICF. BUCKY results have
been compared with experiments at high and mod-
erate energy densities, that are relevant to ICF tar-
gets and target chambers. These are discussed in this
paper.

II. BUCKY 1-D CODE

A. Radiation Transport and Hydrodynamics

The BUCKY code has been compared with ra-
diation burnthrough experiments performed on the
Nova laser at LLNL.10 In these experiments, x rays
produced in a gold Hohlraum with the Nova laser
beams are allowed to burn through a thin gold foil.
The Hohlraums are cylinders 0.16 cm in diameter and
0.275 cm long with walls 25 µm thick. Gold foils and
observation holes are placed in the Hohlraum walls
near the center. Ten laser beams enter the Hohlraums
through holes at each end of the cylinder and shine
on the inside of the walls. The laser pulse shape is
assumed to be trapezoidal, with a 0.8 ns flat top.
The x rays create a Marshak wave in the gold, whose
speed is a function of the opacity and equation of
state of the gold. The transit time of the Marshak
wave is measured for foil thicknesses from 1 to 3 µm
by observing the history of the x-ray emissions from
the back of the foils with a Streaked X-ray Imager
(SXI). Simultaneously, the drive radiation inside the
Hohlraum is measured with the DANTE x-ray diode
array. DANTE observes the x-ray power emitted by
a given area on the inside of the Hohlraum wall in
several energy channels. This can be converted into
an effective wall temperature that is reported as a
function of time.10

These experiments have been modeled with the
BUCKY code in 1-D. The Nova Hohlraum is modeled
as two slabs of solid gold separated by 0.15 cm of low
density gold vapor. BUCKY models the deposition of
the laser in the vapor and on the inside edge of one
of the walls, assuming that the beams are incident at
45◦. By simulating the laser deposition, the radiation
burning into the gold is in a spectrum calculated by
the code and is not assumed to be Planckian. Ra-
diation transport is modeled with 100 energy group
flux-limited diffusion. Equations-of-state come from
SESAME tables, and opacities from tables generated
with the EOSOPA code, where the Unresolved Tran-
sitions Array method is used to calculate high atomic
number opacities.

The proper intensity of the laser is uncertain, be-
cause in a Hohlraum the lasers are focused in distinct
spots which is a 3-D problem. The intensity has been
varied until the code predicts the wall temperature
measured by DANTE. The wall temperature is calcu-
lated as the blackbody temperature that would cre-
ate the emitted flux predicted by the BUCKY sim-
ulations. The simulations used flux limited diffu-
sion for the radiation transport, which only provides
the net flux across the wall surface, so the emitted
flux is calculated as the difference between the net
flux and the flux from the center of the Hohlraum,
σT 4

r (center). The radiation temperature in the cen-
ter of the Hohlraum or drive temperature, the cal-
culated wall temperature, and the DANTE measured
wall temperature are plotted in Fig. 1 for a laser in-
tensity of 150 TW/cm2. One can see that this inten-
sity is close to agreeing with the DANTE measure-
ments. The effect of losses on the holes is accounted
for through the adjustment of the laser power. A 1-D
model like this is only useful when it is tied to a mea-
surement of the wall temperature. The advantage of
modeling the laser, as it has been in these calcula-
tions, over modeling the drive radiation as a black-
body spectrum is the inclusion of non-Planckian fea-
tures. Because the calculated wall temperatures are
forced to agree with the measure values, the drive
fluxes on the sample foil are correct, and the spec-
trum is closer to correct than a Planckian would be.

Fig. 1. Wall and drive temperatures in Nova
Hohlraums. Drive and wall temperatures calculated
by BUCKY for 150 TW/cm2 laser. Wall tempera-
tures are measured with DANTE.



Using 150 TW/cm2 as a laser intensity, the burn-
through of various thicknesses of the gold foils has
been simulated with BUCKY. The burnthrough time
is defined as the time between when the drive flux
reaches 10% of its maximum and when the flux at
the back of the foil reaches 50% of its peak. The
SXI measures the flux in channels between 210 and
240 eV and 430 and 570 eV. BUCKY group struc-
ture allows channels between 208 and 236 eV and
451 and 547 eV. The comparisons of the burnthrough
times for radiation in these channels are shown in
Fig. 2, plotted against foil thickness. One can see that
the BUCKY simulations show excellent agreement
with the experimental results. This is a confirma-
tion of the radiation diffusion method in BUCKY and
the opacities calculated by EOSOPA for use in the
simulation of radiation transport in dense high atomic
number plasmas.

B. Ion Stopping, Vaporization and Melting

The calculation of the deposition of ions in solids
by the BUCKY code has been improved. The code di-
vides material into two parts: hydrodynamic regions
where the material is allowed to move and solid or liq-
uid regions, where hydrodynamic motion does not oc-
cur. Heat transfer is calculated in both parts, though
radiation transport is not calculated in solids. Pho-
tons reaching the interface between vapor and solid
are deposited in the first solid zone. The ion deposi-
tion is calculated in the solid material as a function
of distance using the Bethe model at high particle
velocity and the Lindhard model at low velocities,
with a transition region that smoothly transfers be-
tween the two models. BUCKY uses a model which
is an improvement over Mehlhorn’s11 model by im-
proving the smoothness of the transition region. Also,
BUCKY calculates the charge state of the ions during
their transit. The ion stopping in BUCKY has been
compared favorably with experiments in hot stopping
media.

The ion stopping in BUCKY has been compared
with the TRIM code12 for cold stopping media, rel-
evant in target chamber walls. The TRIM code uses
fits to measured cold stopping results to obtain range
as a function of energy, while BUCKY is an ab initio
calculation. TRIM does a 3-D Monte Carlo calcu-
lation of ion trajectories, including direction change
scattering, while BUCKY assumes 1-D normal inci-
dence ion trajectories and does a deterministic calcu-
lation. Therefore, TRIM can include the straggling
effect while BUCKY cannot.

Fig. 2. X-Ray burnthrough times in gold versus thick-
ness. Radiation flux is measured with the SXI and
calculated with BUCKY at the back of a gold foil in
two photon energy bands.

Vaporization is calculated in BUCKY by deter-
mining the rate that atoms leave the surface, as a
function of surface temperature and lattice separa-
tion energy. This is offset by the rate that vapor
atoms near the surface are condensed, as determined
by the properties of the vapor when enough mass has
been converted to vapor, additional vapor Lagrangian
zones are created. The ability of BUCKY to model
the vaporization of materials by ions has been tested
by comparing a simulation with an experiment per-
formed at Sandia National Laboratories. Tim Renk
of SNL has irradiated a pure aluminum sample with
4 J/cm2 of mixed carbon ions and protons and has
measured the melt depth. The experiment was per-
formed with a light ion diode focusing a beam onto a
sample across a distance of 25 cm. This produces a
beam of mixed protons and carbon ions, each with a
maximum energy of 500 keV. The carbon ions carry
most of the energy (3.40 J/cm2). The carbon ions ar-
rive after the protons because they are moving more
slowly. The experiment yields a 5 µm thick melt layer.

The results of a BUCKY simulation of this experi-
ment show that the peak surface temperature is about
2800 K and is reached at 160 ns after the start of the
protons reaching the sample. The temperature profile
at 60 ns is due to the protons, which have a range of a
few µm in aluminum. The profile has a temperature
peak of 770 K about 2.1 µm into the material. The
melting temperature of aluminum is 933 K, so the



protons do no melting. The profile at 100 ns is dom-
inated by carbon ions. The peak in temperature is
at the surface because the range of carbon is so much
shorter. The melt depth is estimated by just con-
sidering all material above the melting temperature
to be melted. This ignores the effect of latent heat
in melting. Latent heat is included in vaporization.
The results are summarized in Fig. 3, where the tem-
perature profiles in the material are plotted against
position at various times. The melt depth at 100 ns is
about 3 µm. The maximum temperature is reached at
160 ns and the melt depth at this time is about 5 µm.
At 400 ns, the maximum melt depth of about 7 µm is
released. The density of beam ions in the aluminum
builds throughout the shot due to deposition. The
carbons are much closer to the surface. This is com-
pared with the TRIM code densities where 500 keV
protons and carbons (monoenergetic) are deposited in
aluminum. TRIM calculations include the effects of
straggling, which are seen to be important for 500 keV
carbon. The maximum ranges predicted by BUCKY
and TRIM are quite close.

The BUCKY calculations agree reasonably well
with the TRIM calculations and with the SNL exper-
iments. BUCKY predicts 0.05 µm of vaporization.
This has not been detected in the SNL experiments.

C. X-ray Vaporization

X-ray vaporization is predicted by the BUCKY
code. The time-dependent deposition of a multigroup
spectrum of x rays is calculated in the solid and vapor
materials, using cross sections from fits to experimen-
tal values.13 Heat transfer in the materials is simulta-
neously performed. Vaporization is modeled by con-
verting zones of solid into zones of vapor. The zones
of vapor are Lagrangian and exhibit hydrodynamic
motion; the solid zones do not move. A zone makes
this conversion either when the zones have sufficient
internal energy to overcome the sensible heat and la-
tent heat of vaporization, or when the surface vapor
pressure has been high enough for a long enough time
that the zone has evaporated. This model assumes
that mass is lost as individual atoms or molecules,
not as large chunks.

The x-ray vaporization in BUCKY has been com-
pared with experiments done on the Helen laser. In
these experiments, a laser strikes a foil, creating x rays
with approximately a 160 eV blackbody spectrum. At
this photon energy, most of the x-ray attenuation of
Al2O3 is due to the Al,13 so BUCKY uses the x-ray
stopping power of Al at 3.9 g/cm3. The x rays are
assumed to be emitted in a Gaussian pulse 1 ns wide.

Fig. 3. Temperature profiles in aluminum plotted
against depth at various times. SNL experimental
conditions are assumed.

The fluence on a sample material is adjusted by vary-
ing the position of the sample relative to the x ray
producing foil. The material loss is then measured.
For Al2O3, BUCKY calculations were performed and
compared with the Helen experimental results. The
actual uncertainty in the results is not known, but
near the vaporization threshold the uncertainty must
be at least 0.05 µm. The Helen data points at about
0.6 and 0.8 J/cm2 are shown to have zero depth re-
moved, but to have some surface damage. This may
mean a small depth removed that could not be mea-
sured. The Helen results show a threshold for vapor-
ization of between 0.25 and 0.6 J/cm2. The BUCKY
simulations predict a vaporization threshold of 0.25
J/cm2. At about 1.1 J/cm2, Helen had a removal
of 0.1 µm and BUCKY predicted 0.12 µm. So the
agreement between BUCKY and Helen experiments
was within experimental uncertainty.

III. ZEUS 2-D CODE

The ZEUS-2D radiation-magnetohydrodynamics
code2,3,4 is being augmented to add the key capabil-
ities of the University of Wisconsin’s 1-D BUCKY
code, including multiple materials, multigroup radi-
ation diffusion, and table lookup of detailed opac-
ities and equations of state. ZEUS-2D is a two-
dimensional, Eulerian-mesh code, written in covari-
ant orthogonal coordinates and solved by finite differ-
ences with operator splitting into implicit source and



explicit transport steps. The finite-difference mesh
can be modified dynamically, although ZEUS-2D is
not an adaptive-mesh code, and the mesh spacing can
be varied independently in both dimensions.

The unmodified ZEUS-2D code has been tested
on simple radiation diffusion, microexplosion, and
Hohlraum test problems, and it appears to be a suit-
able code upon which to base the desired modifica-
tions. Multiple materials have been implemented by
including the solution of a separate equation of con-
tinuity for each species. The modifications to the
difference equations required to add multigroup fre-
quency dependence have been developed and tested in
a small auxiliary code, using the same variable names
and covariant differencing scheme presently in ZEUS-
2D. These modifications are in the process of being
introduced into ZEUS-2D. The table lookup subrou-
tines from the BUCKY code for equations of state and
opacities have been merged with the ZEUS-2D code,
and debugging of this merger is in its final stages.

IV. CONCLUSIONS

Verification of ion stopping, radiation transport,
atomic physics, vaporization, and melting are in
progress for the BUCKY code. The physics models
in BUCKY agree with experiments in several regimes.
The ZEUS-2D code is being modified to include multi-
group radiation diffusion, multiple material tracking
and realistic equations-of-state and opacities. Models
developed in BUCKY will be inserted into ZEUS-2D,
allowing the accurate simulation of 2-D target and
target chamber phenomena.

ACKNOWLEDGEMENT

This work is supported by the U.S. Department
of Energy and Lawrence Livermore National Labo-
ratory. We wish to acknowledge the ion vaporization
experimental data provided by T. Renk of Sandia Na-
tional Laboratory.

REFERENCES

1. J. J. MacFarlane, G. A. Moses, and R. R. Pe-
terson, “BUCKY-1 – A 1-D Radiation Hydrody-
namics Code for Simulating Inertial Confinement
Fusion High Energy Density Plasmas,” Univer-
sity of Wisconsin Fusion Technology Institute
Report UWFDM-984 (August 1995).

2. J. M. Stone and M. L. Norman, “ZEUS-2D:
A Radiation Magnetohydrodynamics Code for

Astrophysical Flows in Two Space Dimensions. I.
The Hydrodynamic Algorithms and Tests,” As-
trophysical J. Suppl. 80, 753 (1992).

3. J. M. Stone and M. L. Norman, “ZEUS-2D:
A Radiation Magnetohydrodynamics Code for
Astrophysical Flows in Two Space Dimensions.
II. The Magnetohydrodynamic Algorithms and
Tests,” Astrophysical J. Suppl. 80, 791 (1992).

4. J. M. Stone, D. Mihalas, and M. L. Norman,
“ZEUS-2D: A Radiation Magnetohydrodynam-
ics Code for Astrophysical Flows in Two Space
Dimensions. III. The Radiation Hydrodynamic
Algorithms and Tests,” Astrophysical J. Suppl.
80, 753 (1992).

5. P. Wang, “EOSOPA - A Code for Computing the
Equations-of-State and Opacities of High Tem-
perature Plasmas with Detailed Atomic Models,”
University of Wisconsin Fusion Technology Insti-
tute Report UWFDM-933 (December 1993).

6. “SESAME: The Los Alamos National Labora-
tory Equation of State Database,” LANL Report
LA-UR-92-3407, edited by S. P. Lyon and J. D.
Johnson (1992).

7. J. J. MacFarlane, et al., “Plasma Diagnostics Us-
ing Kα Satellite Emission Spectroscopy in Light
Ion Beam Fusion Experiments,” Lasers and Par-
ticle Beams 13, 231 (1995).

8. J. J. MacFarlane and P. Wang, “Numerical Simu-
lation of High Energy Density Plasmas in KALIF
Beam Target Interaction Experiments,” Fusion
Power Associates Report FPA-95-3 (1995).

9. R. R. Peterson, J. J. MacFarlane and Ping
Wang, “X-ray and Debris Emission from Direct
and Indirect National Ignition Facility,” these
proceedings.

10. J. L. Porter, et al., “The Albedo of Gold at High
Temperatures,” ICF Quarterly Report, Lawrence
Livermore National Laboratory Report UCRL-
LR-105821-94-4 (1994).

11. T. A. Mehlhorn, “A Finite Material Temperature
Model for Ion Energy Deposition in Ion-Driven
ICF Targets,” J. Appl. Phys. 52, 6522 (1981).

12. J. F. Ziegler, “TRIM-90 The Transport of Ions in
Matter,” IBM - Research, Yorktown, New York
(1990). Also, J. F. Ziegler, J. P Biersack, and U.
Littmark, “The Stopping and Range of Ions in
Solids,” Pergamon Press, New York (1985).

13. F. Biggs and R. Lighthill, “Analytical Approx-
imations for X-Ray Cross Sections III,” San-
dia National Laboratories Report SAND-0070
(August 1988).


