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ABSTRACT
The response of the National Ignition Facility target chamber ﬁrst wall to the x rays and debris ions
emitted by the target is important to the conceptual
design of the facility. The material that is vaporized
by the target emanations can condense on the laser
optics, rendering them too opaque for laser transmittion. This paper presents results of computer simulations of the vaporization of graphite and boron from
the target chamber walls, using x-ray and debris ion
spectra from target breakup simulations performed at
the University of Wisconsin.

chamber to a minimum so that laser optics do not
become clouded with recondensed material. Also, the
vaporization will generate a pressure on the wall that
can cause vibrations or shocks in the wall. Therefore,
to proceed with the design, accurate calculations of
the x-ray vaporization and the secondary vaporization
due to re-radiation of ion energy must be performed.
In this paper, we will present the results of simulations with the CONRAD computer code of the response of graphite and boron coated NIF target chamber ﬁrst walls to x-ray and ion spectra seen from two
directions.

I. INTRODUCTION

II.
NIF TARGET CHAMBER CONCEPTUAL
DESIGN

The National Ignition Facility (NIF) will use a
large solid state laser to drive inertial fusion targets
to ignition.1 The laser light will be converted to a
wavelength of 0.35 µm. The laser will direct 1.8 MJ of
this light onto Hohlraum targets. The NIF will ignite
inertial fusion targets with thermonuclear yields of up
to 20 MJ, of which about 20% is in x rays and target
debris ions. The target chamber wall is 5 m from the
target, leading to a non-neutronic energy ﬂuence of
the ﬁrst wall of 1.3 J/cm2 . Depending on the coating
on the ﬁrst wall, material may be vaporized or melted
by this energy. If the wall is coated with graphite,
a very small amount of material may be vaporized.
Other materials may lead to more mass loss from the
wall. The target x rays reach the wall before the ions
and cause the initial vaporization. If x rays constitute
most of the non-neutronic energy, the ions will be
absorbed in the vapor created by the x rays. The
vapor will heat up and perhaps radiate enough energy
to the wall to cause additional vaporization. It is
important to keep the amount of material vaporized
from the ﬁrst wall and other structures in the target

The NIF target chamber is a sphere 5 m in radius. The chamber is currently thought to be ﬁlled
with a very low density gas. This avoids condensation of the ﬁll gas onto the cryogenic target. If this
condensation problem can be managed at higher gas
density, the vaporization of target chamber material
by the target x rays and debris could be signiﬁcantly
reduced. The target chamber ﬁrst wall is covered with
plates that are coated with a material that is designed
to minimize that vaporization by target emanations.
Graphite and boron are considered as coating materials in this study. The properties we have assumed for
the two materials are shown in Table I. For both materials, we did not have any data for the Grueneisen
coeﬃcient and assumed that it is 1.0. Graphite does
not melt, but sublimes and has no melting temperature. We had no information on the true density
of the plasma sprayed boron and assumed that it is
100% solid density, though this will not play a major
role in these calculations. The other properties come
from a number of standard references.2,3,8 The small

TABLE I

TABLE II

Properties of Graphite and Boron

Results of CONRAD Simulations for
the Breakup of a 20 MJ NIF Target

Atomic number
Solid density (g/cm3 )
Initial density (g/cm3 )
Bulk modulus (MPa)
Grueneisen coeﬃcient
Lattice sep. energy (J/g)
Debye temp. (eV)
Melting temp. (K)
Vaporization temp. (K)
Heat capacity (J/g/eV)
Latent heat of Vap. (J/g)
Therm. cond. (W/cm/eV)

Graphite
6
2.27
1.80
7900
1.0
5.98×104
0.2137
—
3922
8240
5.973×104
1.55×104

Boron
5
2.5
2.5
440
1.0
5.69×104
0.1133
2573
4050
2.67×104
5.69×104
696

Total non-neutronic energy (MJ)
X-ray energy (MJ)
Debris energy (MJ)
Max. outer shell velocity (cm/µs)
Min. outer shell velocity (cm/µs)
Speciﬁc energy in debris (MJ/g)

Hole
7.2
2.58
4.60
179
101
1700

Case
7.41
4.54
2.87
35.1
16.2
47.0

atomic number favors both materials, because the xray deposition lengths are long and the speciﬁc deposition is small, leading to lower surface temperatures.
Comparing the two, graphite has the advantages of a
higher thermal conductivity and the inability to melt;
boron has a higher heat capacity and a lower atomic
number. The form of these materials is under development and the properties will continue to change.
III. NIF TARGET SPECTRA
The target emissions have been calculated with
the CONRAD computer code and are presented in
some detail in another paper in this issue.4 The results
are summarized in Table II. These are the results of
one-dimensional spherically symmetric simulations of
the breakup of the two-dimensional NIF target, which
is a cylindrical gold can with a laser entrance hole in
each end and a fuel capsule in the center. The “Hole”
simulation models the breakup in the direction of the
laser entrance hole by ignoring the eﬀects of the gold
Hohlraum case and allowing the debris and x rays
from the fuel capsule to leave the target unimpeded.
The “Case” simulation includes the gold Hohlraum
case as a spherical shell around a capsule, which stops
the debris from the capsule and converts much of the
debris energy into soft x rays. The hard x rays from
the capsule are attenuated by the gold case. This
leads to the two time-integrated x-ray spectra shown
in Fig. 1. The energy is partitioned between x rays
and ions diﬀerently in the two cases because of the
conversion of capsule kinetic energy into radiation by
the collision between the capsule debris and the gold
shell in the “Case” simulation. The debris going out
the hole is also of much higher velocity and consists
mostly of plastic from the ablator, while the debris

Fig. 1. Time-integrated x-ray spectra from a 20 MJ
NIF target.
leaving the target in the direction of the case is mostly
gold and is much slower.
Depending on the position relative to the axis
of the Hohlraum, an observer sees some combination
of these spectra plus a contribution from the inside
of the Hohlraum case. This is illustrated in Fig. 2.
If the target is observed from the region of the Inside Umbra, only the back side of the Hohlraum case
can be seen and the x-ray and debris ion spectra are
the “Case” values from Fig. 1 and Table II. On the
Hohlraum axis, one can see the capsule through the
laser entrance hole and some of the back of the case
at the end of the can, so the spectra will be a mix of
the “Hole” and “Case” values. Moving oﬀ the axis,
the observer moves into the Capsule Penumbra and
Umbra, where the the capsule is ﬁrst partially and
then totally obscured by the case. The inside of the
Holhraum case emits x rays due to the stagnation of
the capsule debris against heating the gold on the in-

Fig. 2. Schematic picture of x-ray emission from the
NIF target. The spectrum will be highly dependent
on the angle the observer sits at, relative to the axis
of symmetry of the target.

side of the case. This is the same as in the “Case”
simulations, but the x rays are not ﬁltered by the
case. The observer sees this radiation when just oﬀ
of the Hohlraum axis or in the Inside Penumbra. To
test the extremes, we have performed calculations for
pure “Case” and “Hole” spectra.
The temporal shapes of the x-ray and debris ion
pulses on the target chamber ﬁrst wall also come from
the one-dimensional simulations. The x rays from the
laser entrance hole have a pulse width of less than
a nanosecond, while those moving through the case
have a pulse width of many seconds. In both cases,
the debris pulse spreads because of the velocity spread
in the ions. For a 5 m propagation distance, the ions
have spread to pulse widths of 2.16 µs for those from
the laser entrance holes and of 16.6 µs for ions from
the case.
IV. COMPUTER CODES
Simulations have been performed with the CONRAD5 computer code, which is a one-dimensional
Lagrangian radiation-hydrodynamics code with x-ray
and ion energy sources. CONRAD has been developed at the University of Wisconsin and used in several fusion plasma applications. Vaporization and
condensation phenomena on a surface are modeled
in the code. Radiation transport is calculated with
a one-dimensional multigroup ﬂux-limited diﬀusion
method. Equations of state and opacities are interpolated from tables that are either supplied by the
IONMIX6 computer code, by the EOSOPC7 computer code, or from the SESAME8 tables. CONRAD also can calculate equations-of-state internally
with models that are valid at solid and higher densities using a method used in the ANEOS9 subroutines

Fig. 3. Surface temperature versus time for a graphite
NIF ﬁrst wall irradiated by x rays and debris ions from
the laser entrance hole of a 20 MJ NIF target.
used in several codes at Sandia National Laboratories. The EOSOPC code can produce opacities that
are valid for high density and high atomic numbers
and is used in calculation of carbon and boron opacities for the simulations discussed in this paper. The
equations-of-state for these materials are calculated
with the ANEOS methods that includes lattice separation energies and electron degeneracy eﬀects, and
where the material pressure is zero when the material is cold and exactly at solid density. CONRAD
has a single plasma temperature, and therefore assumes that the electrons and ions are at the same
temperature. Realistic time-dependent target x-ray
and debris ion spectra are used. Target x-ray deposition is calculated from the cold stopping powers of
Biggs and Lighthill10 , with corrections to account for
depletion of atomic energy levels by the x rays. Ion
deposition is calculated in CONRAD with a modiﬁed
Mehlhorn model11 which valid to low particle energies. The charge state of the debris ions is calculated
in ﬂight. The CONRAD code has been benchmarked
by comparison with laser driven shock and x-ray vaporization experiments. However, comparisons with
experiments done on NOVA need to be done.
V. RESULTS
The results of simulation of the response of the
target chamber wall coating to the target emissions
are shown in Figs. 3, 4, 5, 6, and 7, and are summarized in Table III. Results are shown for emission

Fig. 4. Temperature proﬁle at the time of maximum
surface temperature for a graphite NIF ﬁrst wall irradiated by target x rays and debris ions from the laser
entrance hole of the NIF target.
from the laser entrance holes and from the Hohlraum
case.
For both graphite and boron, the x rays and ions
emitted from laser entrance holes do not vaporize
any material. The surface temperatures are shown
in Figs. 3 and 6 for graphite and boron. There is an
early temperature rise due to the x rays and a later
and larger rise due to the ions. In both materials,
the peak temperature is well below the melting and
vaporization temperatures. This is due to the wide
pulse width of the debris ions on the ﬁrst wall. The
ion power on the surface is low enough that the material can conduct the heat away from the surface and
TABLE III
Results of CONRAD Simulations
Hole
Graphite
Vaporized thickness (µm)
0
Total vapor∗ (g)
0
Peak surface temperature (K) 1260
Re-radiated energy∗ (MJ)
0
Boron
Vaporized thickness (µm)
0
Total vapor∗ (g)
0
Peak surface temperature (K) 2140
Re-radiated energy∗ (MJ)
0
∗
Assuming a 5 m radius sphere.

Case
0.017
9.84
3060
0.74
0.003
2.21
2600
1.3

Fig. 5. Vaporized thickness versus time for a graphite
NIF ﬁrst wall irradiated by x-rays and debris ions
from the Hohlraum case of a 20 MJ NIF target.
keep the surface temperature low. Also, the x-ray
spectrum is hard enough that the deposition length
is long. The temperature proﬁle in the graphite at
the time of maximum surface temperature is shown
in Fig. 4, where it is seen that the surface heated
layer is about 20 µm thick. This layer is susceptible to damaging thermal stresses, which could cause
cracking and ﬂaking of the surface.
The x-ray spectrum is softer for the emission from
the case and vaporizes some graphite and boron from
the surface. The ablated thickness, energy re-radiated
by the vapor, and surface temperature are shown in
Figs. 5 and 7 for graphite and boron. The x rays vaporize a small amount of graphite and boron, and the
resulting vapor then absorbs the debris ions and then
re-radiates the energy. In both cases, the re-radiated
power is not suﬃcient to cause additional vaporization. In graphite, the surface temperature does not
rise perceptibly because of the re-radiation, while in
boron, because of its lower thermal conductivity, a
small rise is seen. The mechanical impulse on the wall
from the vaporization is small: 0.5 Pa-s for graphite,
2.0 Pa-s for boron.
In total, only a few grams of material are vaporized from the chamber walls; more will come from
other structures. If all of the material condenses on
the laser optics, which we assume to subtend 10% of
the target chamber solid angle, then a 0.17 µm thick
layer of graphite will be deposited on each shot. This
is the worst case because some of the energy from the
target will be in spectra that do not vaporize material.

Fig. 6. Surface temperature versus time for a boron
NIF ﬁrst wall irradiated by x rays and debris ions
from the laser entrance hole of a 20 MJ NIF target.
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