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ABSTRACT 
He report approximate x-ray and debris 

spectra emanating from a region of compressed 
DT fuel representing the Imploded configuration 
of a generic direct-drive ICF reactor pellet. 
He show how the spectra are modified by 
spherical lead shields of various thicknesses 
placed near the pellet, and show that It is not 
possible to lessen the ablation of the first 
wall or blanket of a low-pressure ICF reactor 
chamber through use of such shields. Then we 
report that the calculated x-ray spectra alone 
(i.e., without the associated debris) cause 
vaporization of a first wall placed at a radius 
of 4 m that is much more than previously 
expected. This result Increases the Importance 
of understanding the details of the 
vaporization and condensation phenomena. 

INTRODUCTION 
This paper reports progress In two areas of 

a program to Improve understanding of the 
amount of material vaporized from and then 
condensed back onto the first walls and/or 
blankets of low-pressure ICF reactor chambers 
during each fusion pulse. First we report 
approximate x-ray and debris spectra emanating 
from a region of compressed DT fuel 
representing the Imploded configuration of a 
generic direct-drive ICF reactor pellet. He 
show how the spectra are modified by spherical 
lead shields of various thicknesses placed near 
the pellet, and show that it is not possible to 
lessen the ablation of the first reactor wall 
through use of such shields. Then we describe 
progress 1n an effort to Improve the computer 
modeling of the physical processes Involved In 
the vaporization and condensation of wall 
materials, and show that the calculated x-ray 
spectra alone (i.e., without the associated 

* Kork performed under the auspices of the 
U. S. DOC by the Lawrence Livermore National 
Laboratory under Contract (to. H-7405-ENG-48. 

debris) cause wall vaporization at 4 m that is 
considerably greater than previously expected. 
PELLET EMISSIONS 

Before we can calculate what interactions 
occur at the first wall of a reactor chamber 
when an ICF pellet burns, we must specify the 
x-ray and particulate spectra Impacting the 
wall. To be Independent of any particular 
pellet design, we approximate the emissions 
from a pellet as those from a possible 
configuration of an Imploded generic 
direct-drive ICF reactor pellet. This 
configuration consists of a central gaseous OT 
region to create the "hot spot" needed for 
ignition, surrounded by a shell of compressed 
DT fuel containing small amounts of carbon and 
krypton to represent contaminants that might be 
present. 

The fuel shell may be positioned Inside 
other material layers depending on the nature 
of the pellet driver. For a heavy-Ion driver, 
the fuel may be positioned Inside a low-Z 
pusher that 1s itself Inside a hlgh-Z 
tamper.' The thickness of the tamper varies 
depending on the range of the Ions used. From 
the viewpoint of reactor design, it may be 
desirable to Include a high-Z outer shell to 
absorb the pellet emissions and thereby reduce 
the ablation of the first wall, regardless of 
the type of pellet design. 

He selected a compressed DT mass great 
enough to provide a total yield of 660 MJ. He 
placed this imploded configuration inside a 
spherical lead shell near the pellet whose 
thickness was varied from 0 ("bare" pellet) to 
8 am. (Shields thicker than ( mm were not 
considered because their mass can be more than 
that ablated off the walls.) Lead was chosen 
for reactor economy, although gold or any other 
hlgh-Z material would do. The various 
thicknesses of lead simulate the hlgh-Z 
materials that might be Included in the 

DISTRIBUTION OF THIS DOCUMENT IS UNUMJTED 

&& 



heavy-ion or direct-drive designs, specifically 
to alter the emissions and mitigate the effects 
at the first wall. All details of specific 
pellet designs and their implosions have been 
ignored, so all results presented here are only 
suggestive of the results that will pertain to 
any specific design. 

He used a radiative-hydrodynamics code to 
make the calculations. Figure i displays the 
resultant K-ray spectra for a variety of lead 
shield thicknesses. Figure 2 shows the 
cumulative Integrals of these curves over x-ray 
energy. This figure shows that a bare pellet 
emits a very small amount of energy in soft x 
rays (e.g., below 2 keV), but that the soft x-
ray output is Increased by about two orders of 
magnitude by adding any amount of lead. The 
same qualitative results occur even for an 
aluminum shield. Note from Fig. 2 that a 
shield always emits more energy in soft x rays 
than a bare pellet, even though a thin shield 
radiates slightly more total energy in x rays 
while a thick shield radiates significantly 
less. 

itr 3 io"2 in - 1 io° io' 102 
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Figure 1. Approximate x-ray spectra 

Figure 3 shows typical kinetic-energy 
spectra for the debris (cooled plasma) leaving 
the pellet-shield site. The spectral lines 
merely reflect the coarseness of the zoning 
employed in the calculations. The rms velocity 

Photon energy (keVI 

Figure 2. Integrated x-ray spectra 

of the debris Increases from about ID 6 cm/s 
for thick lead shields to nearly 10 8 cm/s for 
thin shields. Figure 4 shows how the energy in 
the debris varies with shield thickness. Note 
that any shield merely increases the debris 
energy relative to that for a bare pellet. 

The temporal order of the emissions begins 
with the direct radiation of x rays above about 
60 keV from the hot DT out through all of the 
material. This emission g»icrates the Mgh-
energy portions of the curves In Fig. 1. 
Later, depending on the thickness of the 
material, soft x rays are emitted from the 
outer surface of the expanding debris cloud 
after the thermal wave burns through the lead. 
Figure 5 displays the power emitted versus time 
for three thicknesses of lead. 

REACTOR HALL ABLATION PHYSICS 
Our previous understanding of the erosion 

of a first wall has been based on analytic 
estimates of vaporization using energy-
deposition profiles calculated with Sandia's 
BUCKL code 2, or on direct vaporization 
estimates obtained from the CONRAD code from 
the University of Wisconsin (R. Peterson, 
et.al.). CONRAD deposits the energy and 
momentum of x rays and debris in the gas of the 
reactor chamber as these emissions travel from 
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Figure 5. Thick-lead x-ray emission rate 

the pellet to the first wall, as described In 
the HF-FIRE code of the University of 
Hlsconsln.3 CONRAD then adds crude models 
for the vaporization that occurs as the x rays 
arrive at the first wall, assuring that the 
vaporization occurs 1n one code cycle (one time 
step). The "-de then models the subsequent gas 
hydrodynamics, radiation transport, and 
solid-wall thermodynamics. Vaporization and 
condensation, however, are not treated 1n a 
self-consistent Manner: for exaaple, 
condensation in one cycle can generate enough 
heat of vaporization to re-vaporize part of the 

condensed material in the next cycle. 
Unphysical mass-flow oscillations can thereby 
be generated under certain conditions. 

He are expanding CONRAD to include 
more-realistic physics modeling, such as 
real-time hydrodynamics for the vaporization 
stage, real-time debris-wall interaction 
dynamics, ar.-i a more self-consistent treatment 
of vaporization and condensation. Here we 
report advancements concerning the physics of 
vaporization. 

Of the two useful vaporization models in 
CONRAD, one (model "B") vaporizes all material 
whose specific energy deposition is greater 
than the cohesive energy (I.e., the sensible 
heat to reach the temperature of vaporization, 
plus the heat of fusion and the heat of 
vaporization). Another (model "C") vaporizes 
that material plus whatever material can 
effectively be raised to the cohesive energy by 
utilizing all of the remaining energy deposited 
above that required to just reach the 
temperature of vaporization. Hhen the x-ray 
spectra calculated here for any of the lead 
thicknesses are run in CONRAD for a 4-m-radius 
reactor vessel with carbon walls, as for the 
CASCADE reactor concept,* model C vaporizes 
about 201 more material than model B (as long 
as zoning Is fine enough to ensure that the 
vaporized region Includes at least one zone). 
Greater refinement is possible by Incorporating 
time-dependent models which include a release 
("blowoff") wave propagating from the surface 
into the material to the depth at which the 
vapor pressure of the heated material equals 
the pressure of the blowoff gas (or plasma). 
He are currently studying how such models can 
be incorporated in CONRAD. 

A more serious difficulty with CONRAD, 
however, is that it miscalculates the shape of 
the energy deposition profile from x rays, and 
as a result, can miscalculate the total mass 
vaporized by as much as 501 or more. The 
surface heating calculated by CONRAD can In 
fact be too low by an order of magnitude. The 
profile errors occur because CONRAD obtains the 
energy deposition at any location by summing 
over the Inputted x-ray spectrum as a histogram 
Instead of Integrating over energy Increments 
small enough to sample the large changes In the 
photon cross sections within some of the energy 
groups. He have written our own code to obtain 
accurate x-ray deposition profiles through 
numerical integration, and ire studying how to 
modify CONRAD to use summations over 1-keV-wlde 
energy bins. By considering the minor effects 
of the time-dependent models and the 
significant effects of the Improved deposition 
profiles, we estimate that a pellet with a lead 
shield of any thickness should vaporize at 
least one-half kilogram of carbon off the walls 
of the CASCADE chamber due to the x rays 
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alone. This 1s a significant amount of carbon, 
because carbon's cohesive energy of 60 MJ/kg Is 
over twice that of lithium and over 4 times 
that of aluminum. 

The actual mass vaporized would of course 
be greater than this when the effects of the 
debris are also Included. For a bare pellet, 
due to the small soft x-ray production, much of 
the wall ablation may 1n fact result from 
direct debris-wall Interactions. For pellets 
operated with any amount of lead, however, the 
x rays will arrive at the wall first and 
generate 1/2 kg or more of blowoff. The debris 
would arrive later and Interact with this 
blowoff, and not directly with the wall. The 
effect of the debris deposition is then 
Indirect, through Increase of the local 
temperature gradients Immediately outside the 
wall, and thus higher wall temperatures. The 
total ablation from pellets with lead shields 
would thus be worse than from the x rays alone, 
but how much worse is not known without further 
study of the debris-wall interaction dynamics. 

Ablation by the x rays alone of more than 
one-half kilogram of carbon (or up to several 
kg of other materials) at a radius of 4 m from 
a pellet with a lead shield Is much more than 
previously estimated on the basis of other 
spectra, especially bare-pellet spectra. This 
result is also much more accurate than that 
obtainable from CONRAD with its current 
vaporization models. Just 1/2 kg of carbon, if 
not condensed during the interpulse period, 
would raise the nominal 0.1-Torr ambient 
chamber pressure by a factor of 200, thus 
completely inhibiting the propagation of a 
laser beam for the next driver pulse. This 
result emphasizes the great need for better 
understanding of vaporization and 
condensation. It also emphasizes the 
advantages of lower-yield pellets and/or larger 
chamber radii to lower the ablated mass. The 
result also demonstrates that it is not 
possible to reduce the wall ablation by 
interposing a lead shield near the pellet. 
Perhaps the only way to reduce wall ablation 
for a specific pellet yield and a specific 
reactor radius 1s to add mass far from the 
pellet, as would be the case If we used a 
higher-amblent-pressure gas In the reactor 
chamber. The difficulties would then shift to 
the Invention of a scheme to propagate the 
driver beams through this added material. 
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