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ABSTRACT 

Experiments were performed on Nova at Lawrence 
Livermore National Laboratory to study the ablation and 
condensation process of National Ignition Facility (NIF) 
first wall materials. Plates of candidate first wall 
materials @io2, B4C, and A120,) were exposed to x-rays 
from hohlraums the Nova chamber. Ablated material 
was collected and measured on a receiving plate which 
was blocked from direct x-ray exposure. This article 
presents the results from these experimentsand 
comparisons with predictions from numerical 
simulations. The net condensation flux was calculated 
using the TSUNAMI code, which was modified to 
incorporate the feature of condensation boundaries. 

I. INTRODUCTION 

With sufficiently high fluence, x rays from the 
explosion of an Inertial Confinement Fusion (ICn fuel 
pellet will ablate the surfaces that have direct views of 
the x rays. In the National Ignition Facility (NIF) 
chamber, surfaces of the target positioner, twelve-inch 
manipulators (TIM), some diagnostics, and the first 
wall are all possible candidates for ablation. The ablated 
materials will expand toward the center of the chamber, 
interact at the chamber center and return to the chamber 
walls. With the 5-m radius of the NIF chamber, 
transient thermal conduction will cool the ablated 
surfaces sufficiently for condensation to occur when the 
ablated materials return to the chamber first wall. 
Correct modeling of the ablation and subsequent 
condensation of the ablated material on colder surfaces, 
in particular optics debris shields, is essential to the 
understanding and modeling NIF chamber gas dynamics. 
In this article, both experimental and theoretical 
analysis and results are presented and compared. 

II. EXPERlMENTS 

Optical quality (flat to a tenth wave or better) fused 
silica blanks (50 mm diameter) were exposed to x-rays 
from Nova laser-heated hohlraum targets. These targets 
are hollow gold cylinders, 2.8 mm long and 1.6 mm in 
diameter, with the laser light focused through the open 
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ends and onto the interior walls. The 10-beam laser 
delivered 30 KJ of 0.35-pn light in a 2.3-ns pulse. The 
fused silica was mounted at 45 degrees, as shown in 
Figure 1, on a “SIM“ (six-inch-manipulator) wt; the 
cart was driven into the target chamber until the fused 
silica was positioned 21.5 cm away from the target. 
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Fig. 1 Experimental Setup 

The centerline of the cart was 25” away from the 
target’s axis of symmetry, which gives it a good “view” 
of the x-rays coming from the hot interior gold walls. 
While this x-ray source varies in time, we calculate that 
the total fluence seen by the fused silica sample can be 
approximated by a Planckian (black-body) spectrum 
with a characteristic source temperature of :OO eV. The 
x-ray fluence at the sample was 4 Hcm measured 
normal to the beam. 

In a second experiment, the cart was positioned 
normal to the hohlraum axis, so that it did not view the 
interior walls directly. However, the walls in this case 
were made very thin, so that significant energy was 
transmitted through them, particularly near the end of 
the laser pulse. This energy was directly measured. 
The sample in this case was exposed io an x-ray fluence 
of approximately 2 Hcm2 , but with a softer spectrum, 
one characteristic of temperatures of < 100 eV. 

*This work was performed under the auspices of the US. Department of Energy by Lawrence Livermore 
National Laboratory under Contract No. W-7405-Eng-48. 



As can be seen in the Fig. 1, part of the sample is 
shadowed by a stainless steel plate. The x-ray ablation 
produces a distinct step at this location, which can be 
measured interferometrically. We found that the depth 
of material removal was 280 nm (pludminus 35 nm) 
for the first s;mple (4 J/cm2), and 180 nm for the 
second (2 J/cm ). We also note that the interferometer 
fringes were very uniform in the ablated region. i.e., 
we were left with an optically smooth surface, 
disregarding pieces of debris which were deposited from 
the target. 

It should be noted that due to their shorter 
absorption length, softer x-rays generally ablate more 
material than harder ones, for the same fluence. 
Therefore, it is not unreasonable that the amount of 
material ablated does not scale linearly with fluence 
only. 

The ablated material was coIlected on a thin CH 
(plastic) foil, and on another piece of fused silica, as 
shown. After vaporization chemical equilibrium 
calculations indicated that the silica existed in a variety 
of chemical species. Si0 and O2 were probably the 
most abundant, but the exact composition varies greatly 
with temperature and pressure. There is also the 
possibility of in-flight condensation into silica droplets. 
The CH foil was analyzed by x-ray fluorescence, using a 
thick Mo anode x-ray tube for a source and a 
silicon/pulse height analysis detector to count Ka x-rays 
emitted from collected silicon. We cannot measure 
oxygen by this technique, nor chemical bonds. Figure 2 
shows the areal density of the detected Si, as a function 
of distance along the foil. We see the expected behavior 
of less collected material as the collector-to-ablated- 
sample distance increases. The decrease very close to 
x=O is due to the lack of ablation above that location, 
due to the shadow cast by the stainless steel plate. The 
exact location of the fluorescence scan for Si was poorly 
controlled (to about 5 mm in the direction orthogonal to 
x), which may account for the differences between the 
two shots at small values of x. 
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Fig. 2. Accumulated Mass at the Receiving Plate 

(Experimental Results) 

Finally, the fused silica collector (not the ablated 
piece) was subjected to a laser-damage test. It was 
found that the part covered by the CH had a damage 
threshold characteristic of the original material, as 
expected, at > 10 J/cm2 using a 0.35 pm laser. 
However, that part which was exposed to the blow 
became damaged at a much lower laser fluence, of order 
1.5 3/cm2. From this we conclude that the ablated 
material does not all redeposit as SiO,. 

m THEORETICALANALYSIS 

This section presents a theoretical analysis for the 
experiments introduced in the previous section. First, a 
simple model for the ablation process by Chen et al? is 
briefly introduced, then the condensation process is 
analyzed, including modeling of the heat and mass 
transfer on both the vapor and solid side, as well as the 
vapor/solid interface. 

III. 1. X-ray Ablation Process 

Chen et al.' developed a simple model to calculate 
x-ray ablation depth for various x-ray fluences and wall 
materials. This section gives a brief introduction to the 
theory, 

X-ray ablation is caused by exponential deposition 
of x-ray energy into a solid or liquid surface. With high 
enough energy density, the molecules closest to the 
surface will be vaporized, dissociated, and ionized. 
Futher down in the solid, the energy density might 
become just high enough to liquidify the solid material. 



The energy profile of the x rays, according to Chen’s 
analysis can be expressed as: 

e(r) = - 

where e(r) is the x-ray energy per unit mass at a given 
penetration depth, $x the x-ray fluence, p the density of 
the solid or liquid material whose surface is heated by x 
rays, R, the distance from the x ray source to the ablated 
surface, 8 the angle between the incident x-ray beam and 
the normal of the ablated surface, andf(E,) is the x-ray 
spectrum. 

Equation (1) gives a energy profile that peaks at the 
surface and decreases sharply into the material. If the 
energy at the bottom of the ablated layer is known, then 
the abaltion depth can be calculated with dr=r-R, for e(r) 
equals to the cohesive energy Ec=ew,+hff,. 

III.2. Condensation Process 

When a cold solid surface is placed in contact with 
hot vapor, a net condensation flux into the solid will 
result. Various theories have been developed to 
calculate the condensation flux. In this article, a simple 
method using thermal equilibrium at the interface is 
adopted. With this assumption, as well as vapor and 
solid properties at the interface, the condensation flux 
can be easily calculated. The interface properties will 
depend on the model used to predict vapor and solid 
behavior, as well as the limitations posed by gas 
dynamics. So in modeIing the condensation process, 
three parts have to be considered -- the vapor phase, the 
solid phase, and the interface. To comply with the 
assumptions used in TSUNAMI code, the vapor phase 
is assumed to be governed by inviscid, compressible 
flow. Modeling for the solid and the interface is 
introduced below. 

III2.1. Interface Modeling 

Although kinetic theory sometimes permits 
significant discontinuity of temperature at the interface, 
thermal equilibrium at the interface is assumed in this 
article. This possible problem caused by this 
assumption can be masked in the numerical method, by 
adopting a grid size in the vicinity of the interface wider 
than the region where the temperature changes rapidly. 

To simplify the problem, we assume that the 
interface temperature is always the saturation 
temperature under the pressure on the vapor side, which 
changes with time. According to Francis Ree, the 
saturation temperature for SiOz can be correlated to 
pressure as ln(P) = 5 - 7.133/T + 4.482T - 8.4642 ln(T) 

within a narrow temperature range. More detailed 
tabulated data was used in the condensation subroutine. 

Another conservation law that is enforced at the 
interface is the energy balance, i.e., dh,,=dh,,. The 
inplementation of this requirement is detailed in the 
numerical method section. 

To specify the relationship for solid and vapor 
enthalpies, the specific heats, cpv and cp, are assumed to 
be consants. The vapor enthalpy consists of the sum of 
superheat, heat of vaporization and sensible heat. A 
kinetic energy term is also included to account for the 
motion of the vapor phase. For the solid, the enthalpy 
at the interface is defined as h=c,(&-&), where t, is the 
solid temperature and t+ the solid temperature far away 
from the the condensation surface. 

III.2.2. Solid Phase Modelling 

Carslaw and Jaeger’ made use of Duhamel’s 
theorem to find the solution for temperature distribution 
in semi-infinite solid slab, with surface temperature f(t). 
They derived an expression for temperature distribution 
with position and time as follows: 

where T,  is the room temperature, a the thermal 
diffusivity, and f i t )  is the surface temperature as a 
function of time. 

The semi-infinite slab assumption is justified if the 
thermal diffusion length is small compared to 
either the thickness of the plate that the vapor condenses 
on, or in case of curvature, the radius of the surface 
curvature. 

I11.2.3. Gas Dynamics Limitation 

It is possible that the kinetic theory predicts greater 
condensation mass flux than the amount of vapor that 
the gas dynamics can deliver to the interface. Schrwk 
et al.3 predicted this phenomenom in several cases in 
HYLIFE If reactor, where superheated Flibe vapor 
condenses on an initially cold liquid Flibe suface. This 
phenomenom is called gas dynamics choking. 

The treatment of gas dynamics choking depends on 
if the vapor is initially subsonic or supersonic. In the 
case of initially subsonic vapor, when the kinetic theory 
predicts a condensation flux greater than the convective 
flux v u ) ,  a rarefaction wave travelling at the local speed 
of sound will be sent upstream into the vapor, thus the 
interface will suck more vapor in until it either reaches 
the flux predicted by the kenitic theory, or the gas 



dynaic limitation. Obviously, this is only possible 
under the subsonic conditions because otherwise the 
rarefaction wave will not be able to reach the upstream 
vapor molecules. According to Liu et al.," the 
maximum mass flux of an originally subsonic flow 
occurs when the velocity is expanded to exactly the 
sound speed, i.e. when Mach number is one. 

As mentioned above, this suction effect will not 
happen for the supersonic case, because the rarefaction 
wave travels at sound speed. Thus for initially 
supersonic vapor, the gas dynamic limitation is the 
simple convective flux (pu). 

IV. Numerical Method 

This section implements the governing equations 
presented above, and provides a subroutine for the 
TSUNAMI code that handles condensation boundaries, 
the predictions of which can be compared with those of 
the experiments. 

J.V. 1. Modeling the Condensation Boundary 

The main purpose of this section is to provide 
TSUNAh4I with a condensation boundary condition. 
Presently, TSUNAMI is capable of treating two types 
of boundary conditions - open boundaries and 
impermeable boundaries3. In treating open boundaries, 
TSUNAMI set the flux at the boundary cell edge to be 
equal to the flux in the cells inside the boundary. For 
an impermeable boundary, TSUNAMI employs a 
technique called mirror imaging. It begins with creating 
an imaginary node opposite but directly adjacent to the 
boundary node, possessing the same density, tangential 
velocity, and pressure, but opposite normal velocity, all 
of which combined to cause the zero normal flux 
condition to be satisfied. 

A condensation boundary can be treated as a semi- 
impremeable boundary. The same technique as in 
mirror-imaging is adopted, but with different properties 
in the imaginary cell. By analogy to the open and 
impermeable boundary conditions, if the boundary vapor 
node has the state of ( p y ,  uy, p J ,  one can assign the 
imaginary mirror node with state (pv,  ux-u,, p,), where 
p, u, p are density, velocity, and pressure respectively. 
The wildcard u, determines the type of boundary 
condition. Obviously, when u,=O gives the 
impermeable boundary, when uX=2u,, the boundary 
becomes open. The semi-impermeable coundary 
requires that u, to be somewhere inbetween. In this 
study, the relationship between the condensation mass 
flux and u,  is assumed to be linear, Le., uJ2u, = 
Glp,.~,~, where G is the condensation mass flux. 

IV.2. The Numerical Scheme 

The initial properties of the vapor can be obtained 
by running the original TSUNAMI code, (with or 
without the condensation boundaries), up to the 
moment when the vapor first impacts on the solid 
surface. As mentioned in the previous section, in order 
to account for the kinetic energy of the incoming vapor, 
the properties of the vapor at the interface should always 
be the stagnation Properties. The numerical scheme is 
as follows: 

(1). Obtain the initial vapor properties at the 
interface from TSUNAMI code. Assume the solid 
phase is initially at room temperature; . 

(2). Calculate and implement the gas dynamic 
limitations 

(3). Carry out the solid phase calculation with the 
interface temperature e, as well as the assumption 
that the temperature at x=a, is always room temperature, 
to obtain the temperature distribution in the solid with a 
grid as shown in Fig. 3. 

(4). Calculate the condensation mass flux with 
energy conservation equation 

(3) 
- q; 

G(lzot - $) = -k - + Gcp(r,o -e) Axl2 
where G is the condensation mass flux, h the enthalpy, 
k the Boltzman constant, Ax the grid size in the solid or 
liquid, cp the solid or liquid specific heat, the subscript v 
denotes the vapor properties, subscript s denotes the 
solid or liquid properties, the number subscript the grid 
number, the superscript the time step. 

Fig. 3 Condensation grid. 

(5). Use the calculated condensation mass flux to 
provide TSUNAMI with the condensation boundary flux 
condition which it needs to do the computation for the 
next time step, as discussed in section N.l. 



(6). Advance to the next time step. With the 
knowledge of the condensation mass flux, surface 
temperature, and temperature distribution in the solid for 
the previous time step, advance time by repeating step 
(1) through (3, only this time the vapor properties are 
from the TSUNAMI results with input from step (5). 

V. RESULTS AND DISCUSSIONS 

A TSUNAMI predictive calculation was conducted 
with the receiving plate modeled as open boundary, in 
order to obtain the total amount of mass that impacts 
onto the condensation surface, in the case that 
everything hits condenses. Then the condensation 
subroutine was incorporated into TSuNAMf for another 
calculation of mass accumulation on the receiving plate. 
Those results were analyzed and compared with the 
exprimental results. 

Figure 4 shows some grey-scale density images of 
the ablation and condensation process. These images 
clearly show that the time-sequence of what happens 
during the whole process. 

Gray-scale density distributions predicted by 
TSUNAMI. 
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Fig. &Comparison of experimental and TSUNAMI 

results. 

Figure 4 shows the results using the TSUNAMI 
code with the condensation subroutine. TSUNAMI 
overpredicts the mass accumulation on the receiving 
plate by approximately a factor of 2 to 3. Several 
approximations in the condensation model should 
contribute to the over-prediction: (1). The assumption 
that the receiving plate is initially at room temperature 
artificially increases the initial condensation mass flux; 
(2). The semi-infinite slab assumption fails to account 
for the possible subsequent heating at the surfaces of the 
receiving plate other than the one that actually receives 
the condensation flux; (3). The coarse grid size (in order 
to mask the sudden temperature change region in the 
vicinity of the interface) also makes the temprature 
difference at the interface appears greater than it actually 
is, thus increases the condensation mass flux. 

VI. CONCLUSIONS 

The ablation and condensation experiment results, 
as well as a method of coupling numerical gas dynamics 
to transient condensation has been presented in this 
article. The motivation of this study is to provide 
TSUNAMI code with a condensation boundary 
condition type, and gain confidence in the model by 
comparing the theoretical results with those from 
expriments. And the resultant comparison shows that 
while it tends to overpredict the condensation flux, this 
condensation model, when coupled with TSUNAMI 
code, gives results that reasonably resemble the 
experimental results. The over-prediction comes from 



approximations made both in modeling the basic 
phenomenon, and in the numerical methods that are 
adopted to implement the governing equations. 

Future work should include a better modeling of the 
vapor/solid interface, perhaps make use of theories such 
as Schrage’s kinetic theory on condensation, a more 
compact numerical scheme to reduce the computation 
time, and to couple this subroutine with an improved 
TSUNAMI code that incorporates both species 
conservation and an improved real gas EOS. 
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