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ANALYSIS OF CAVITY GAS CONDITIONS IN HEAVY ION BEAM FUSION REACTORS

ROBERT R. PETERSON, Fusion Technology Institute, 1500 Johnson Drive,
University of Wisconsin-Madison, Madison, Wisconsin 53706-1687

ABSTRACT

The limits on the cavity gas density required for beam propagation and
condensation times for material vaporized by target explosions can determine
the maximum repetition rate of Heavy Ion Fusion (HIF) driven fusion
reactors. If the ions are ballistically focused onto the target, the cavity
gas must have a density below roughly 3 x 1012 ¢m=3 at the time of propaga-
tion; other propagation schemes may allow densities as high as 1 torr or more.
In some reactor designs, several kilograms of material may be vaporized off of
the target chamber walls by the target generated x-rays, raising the average
density in the cavity to 3 x 1018 cm~3 or more. A one-dimensional combined
radiation hydrodynamics and vaporization and condensation computer code has
been used to simulate the vaporization and condensation of material in the
target chambers of HIF fusion reactors. Repetition rates in excess of 1 Hz

have been found to be possible in the three types of target chambers

studied. Means of increasing allowable repetition rates are discussed.



I. INTRODUCTION

The vaporization and recondensation of material in the reaction chamber
of an Inertial Confinement Fusion (ICF) facility can have far reaching conse-
quences on the facility design. If one is designing a plant that produces
commercial electrical power, the condensation of vaporized material must be
considered because it may put an upper limit on the rate at which targets may
be exploded and may have a strong effect on the economic viability of the
plant. Both in power plants and in near term devices, where target explosions
may be very infrequent, one must consider the effects of condensation on
things such as optical components, whose performance or survival may be com-
promised by the deposition of a layer of material through condensation. There
may be beneficial aspects of the recondensation as well, such as redeposition
of vaporized material back onto the first wall of the reaction chamber. The
complexities of these issues may be avoided by designing facilities that have
low target yields and large chamber radii and thus have no vaporization of
wall material, but this increases the costs and/or lowers target gain and
fusion power. For these and other reasons, understanding the vaporization and
condensation of material in reaction chambers is a critical part of technology
research for ICF.

The economic feasibility of heavy ion beam driven fusion reactors as
power plants depends on the ability to achieve a high rate of target shots.
This may be even more true for Heavy Ion Fusion (HIF) than it is for laser or
light ion beam driven fusion because of characteristics of HIF drivers; HIF
drivers have traditionally been thought to have the potential for high
repetition rates. Two recent studies have found that the cost of electricity

for HIF power plants decreases sharply with increasing repetition rate for



repetition rates below 4 Hz.1s2 The required shot rate depends on the cost of
the plant, the desired cost of electricity, and the target gain. A high total
repetition rate for the plant can occur through a high rate for each target
chamber, multiple target chambers, or a combination of the two. The allowable
repetition rate for various target chamber designs is the topic of this paper.

There are several types of designs for target chambers for HIF reactors.
The repetition rate for a given target chamber is determined by the required
cavity gas conditions at the time of the next shot and the length of time
needed to achieve these conditions. If there is no material vaporized off of
the chamber walls, which is the case in designs where the target energy

density on the walls is 1ow,3'5

very high repetition rates may be possible.
Another approach is to allow a thin sacrificial Tayer from the first wall of
the cavity to be vaporized and recondensed back onto the wall1.58  The advan-
tage of this is that the cavities can be smaller and cheaper, or so the
designers hope. Also, one could use higher gain targets that might improve
the economy of power production. Here, one would need a driver with more
energy per pulse and one would therefore have to consider the effect of the
increased driver costs on plant economics. On the other hand, one must wait
until the vapor density in the cavity has fallen to the point where beam
propagation is possible before firing the next shot and there is the chance
that the vapor could condense on and damage critical components of the
reactor,

The vaporization of first wall material and its condensation back onto

9 The target generated x-rays

the walls can be a very complicated process.
rapidly vaporize the wall material in an as yet poorly understood way. For

example, the x-rays raise some of the wall material that is not on the surface



to an energy density above that required to heat it to the boiling point but
not enough to overcome the latent heat of vaporization and it is unclear what
happens to this material. The vaporized material forms a dense layer of
plasma near the surface, which is heated by target generated ions, that may
exist Tlong enough for some rather unusual chemistry to take p]ace.10 The
initially very nonuniform pressure profile in the vapor causes a shock wave
moving towards the center of the target chamber that eventually collides with
other similar shocks, resulting in very complicated hydrodynamic motion on the
target chamber gases and vapors. While this motion is occurring, the gas is
radiating energy back to the first walls and is condensing, Both of these
processes put significant surface heat fluxes onto the wall that can cause
evaporation of wall material. Unusual molecular species formed shortly after
the vaporization may have a rather low sticking coefficient or may actually
cause the wall to release more material than is condensed. Eventually, the
vapor cools enough and enough energy has been conducted away through the walls
that condensation proceeds to the point that the ion beam can be propagated
through the gas and the next shot is fired. The complex nature of these
phenomena indicates that a well tested computer code that contains simulations
of the relevant physical processes is required as a design tool.

In this paper, I will present calculations of the time-dependent average
gas density in a target chamber. I will do this for three target chamber de-
signs that allow the first wall to partially vaporize: HIBALL,6 the wetted
wall concept,7 and CASCADE.8 I will begin with a comparison of the target
chamber gas densities allowed by different drivers and propagation schemes. I
will then discuss the physics that goes into the computer code used for these

calculations. Following a short discussion of HIF target spectra, I will then



present the results of the calculations for the three designs and will con-

sider what can be done to improve the repetition rates for the designs.

[I. GAS CONDITIONS REQUIRED FOR HEAVY ION BEAM PROPAGATION

The limitation of the reaction chamber repetition rate by vaporization
and recombination may be a very important consideration for ICF power plants.
This limit comes about because the density of the gas in the chamber at the
time of the next shot is determined by the mode of propagation for the driver
beam. Lasers require a density of between 3 x 1013 ¢n=3 and 3 x 1016 cm'3,

Tight ion beams 3 x 1010 cm=3 to more than 3 x 1018 cm'3

, and heavy ion beams
3 x 1022 em=3 to 3 x 1017 w3 depending on the mode of propagation. There is
considerable uncertainty in these limits.

The breakdown of gases with intense laser beams has been extensively
studied theoretically and expem‘mentaHy.ll’12 Calculations of the breakdown
threshold laser intensities within the multiphoton absorption and cascade
models do not always agree with experimental results, which are themselves
somewhat inconsistent. It has been found that the breakdown threshold depends
greatly on the laser pulse width and frequency, the focusing optics,13 and the
gas involved, including the density, specie and impurities. An additional
complication is that if the breakdown is limited to a small part of the beam
path, much of the laser energy may still reach the target, especially if the
breakdown occurs very near to the target as it is likely to do. 1% This all
means that it is very difficult to state generally the density limits on the
reaction chamber gas, because it is strongly dependent on the design of the

facility.



The gas density limits in the case of light ion beam fusion depend on the
mode of beam propagation. Propagation in laser guided plasma channels is
currently the favored scheme.15-18 For correct channel formation the gas mass
density in the target chamber should be about 2 x 1072 g/cm3. The species of
the gas ranges from hydrogen to xenon, but 1is always a noncondensable gas.
The number density ranges from 6 x 1016 ¢m™3 for xenon to 1 x 10!° cm'3 for
hydrogen, The effects of condensable vapor mixed in with background gas may
be significant to the formation of the channel and the behavior of the
fireball in the gas that results from the target exp]osion,19 but numerical
1imits on the condensabie density are not known. In the past, we have used
the condition on the condensable vapor density that it cannot change the total
mass density by more that 10%. As an alternative to propagation in channels,

20

schemes using co-moving electron beams“” to charge and current neutralize the

jon beam have also been considered. These methods typically require cavity
gas densities on the order of 3 x 1012 cm'3.

Heavy ion fusion has several beam propagation schemes, with required
target chamber gas densities ranging from 3 x 1012 cm'3 to roughly
1018 cm‘3.21 The lowest target chamber gas densities are required by ballistic
focusing of heavy ion beams. As one increases the cavity gas density, there
is increased ion 1loss due to scattering. As the density continues to
increase, the background gas provides some charge and current neutralization.
However, at low gas densities there exist two-stream instabilities in the
background plasma-ion beam system that prevent effective ion beam propagation.
Once the density reaches a level of about 3 x 1015 cm'3,22 the collision

frequency 1in the plasma becomes high enough to damp out the plasma

instabilities to the point that the ion beam may propagate in a charge and



current neutralized mode. At higher densities, plasma channels could possibly
be used in much the same way as in light jon fusion. Other means of beam
propagation include propagation in a self-pinched mode, which is possible at a
somewhat lower density.

From the discussion above, one can see that the vapor density required at
the time of beam propagation can vary over about six orders of magnitude de-
pending on the mode of propagation. Any material that 1is vaporized by the
target explosion must condense at a sufficient rate that the density reaches
the required level before the next shot. The calculation of the amount of
vaporization of first wall material and of that rate of condensation is the

topic of the remainder of this paper.

II1I. COMPUTER MODELING OF THE PHYSICS OF VAPORIZATION AND CONDENSATION

The vaporization and recondensation of material in the target chamber of
an ICF reactor are often broken down into two distinct phases.23'25 The
vaporization can be of two types: rapid adiabatic vaporization that is due to
essentially instantaneous absorption of target generated x-rays and slow
vaporization due to energy that is radiated from the target chamber gas over a
longer enough time that vaporization is limited by heat transfer into the ma-
terial, In a reactor with a low cavity gas density, which I will call case 1,
the x-rays from the target deposit mostly in the first surface that they meet
in the target chamber, whereas in reactor schemes with higher gas densities,
hereafter referred to as case 2, this energy is mainly absorbed in the gas.
In case 1 both superheated vapor and vapor at the local boiling temperature of

the vaporizing material come off of the surface in a very complicated way.

This vapor will then meet with the energetic target debris ions and will be



further heated. Over the next 100 ms or so the vapor will radiate to the
first surface, causing additional vaporization, hydrodynamically move through-
out the target chamber, and condense back onto the first surface. In this
case, the presence of noncondensable gases may or may not affect the rate of
condensation. In case 2, the x-ray and debris energy from the target create a
fireball in the target chamber gas that radiates its energy to the first
surface over a time on the order of 0.1 ms. The radiant energy of the first
surface is spread out over a long enough time that heat conduction into the
material can drastically reduce the amount of vaporization. The vaporized ma-
terial then mixes in with the noncondensable target chamber gases, where it is
moved about the target chamber by the hydrodynamic motion of the fireball and
is eventually condensed back out of the noncondensable gases. The rate of
condensation can be greatly reduced by the presence of the noncondensable
gases.

In both of the scenarios described above, similar physical phenomena must
be considered. In many cases, heat transfer through the first surface
material is the major process that determines the condensation rate.2®  Slow
heat transfer through the material can keep the temperature near the surface
high, which causes a high vapor pressure that slows the net condensation
rate. In a liquid metal first surface, one must be aware that convective heat
transfer can decrease the surface temperature and increase the condensation

21 Hydromotion in the target chamber gas can also play a role by

rate.
affecting the radiative heat transfer and the local vapor density adjacent to
the first surface. The physics of the sticking of vapor atoms onto the
condensing surface 1is very comph’cated,10 being affected by the molecular

state of the vapor, the energy of the condensing atoms, and the state of the



condensing surface. The molecular state of the vapor is determined in case 1
during the time shortly after the rapid vaporization and deposition of debris
ions, when the vapor is very hot and dense. In fact, there are other impor-
tant processes occurring at this time: there may be rapid recondensation
because the vaporized mass is still very close to the first surface, there may
be additional vaporization because the vapor has been heated by the debris
ions so that the heat flux to the surface is very high, or both. In case 1,
the physics of vaporization itself is rather complex and great differences in
the vaporized mass can be predicted by equally reasonable vaporization models.

A computer code, called CONRAD,28 has been under development at the
University of Wisconsin that attempts to model many of these physics issues.
With the use of this code, much can be learned about the relative effects of
the aforementioned issues. However, it is clear that, both to study each item
separately and to benchmark the computer code, experiments are needed. A
project is in progress to verify the accuracy of the CONRAD computer code by
comparison with that experimental data which is presently ava1‘1ab1e.29 There
are presently no experiments that simultaneously simulate all of phenomena
that occur in HIF target chambers. However, experiments do exist that can be
used to verify various aspects of CONRAD. The coupling of incident ions to
the target chamber gas and the hydromotion of the gas can be compared with
experiments being done at the Naval Research Laboratory, where laser created

30

blow-off plasmas drive shocks in background gases. Experiment at Sandia

31 32,33 where stress waves in

National Laboratory and other laboratories,
solids that are subjected to intense x-rays are measured, may be able to pro-
vide x-ray deposition profiles and amounts of mass vaporized, which can be

compared with CONRAD., The equations-of-state and radiation opacities in



CONRAD, which are provided by the code MIXERG,3% are being compared with data
from Los Alamos National Laboratory.35

The CONRAD computer code attempts to model the behavior of a radiating,
moving vapor and a material that is vaporizing or on which vapor is condensing
by dividing the problem into two separate regions. The vapor, one of the
regions, is modeled with Lagrangian hydrodynamics and multigroup radiative
heat transfer. The unvaporized material, the other region, is modeled with a
standard finite difference heat transfer method. From this point on, the term
"material" will refer to the unvaporized material. Each of these regions is
treated with standard numerical techniques. There is little experience in how
to model the heat and mass transfer between the two regions. For this reason,
there have been some options written into the code that allow the user to
choose, for example, what model to use for rapid vaporization.

There has been considerable effort devoted to modeling the coupling be-
tween the target explosion and the vapor and between the material and the
vapor. Multigroup x-ray deposition in the gas and surface material is calcu-
lated either as though it were instantaneous or in a time-dependent manner, or
both ways. The energy from target debris ions is deposited in the gas as
calculated by a modified form of Mehlhorn's mode].36 The time-of-flight of
the ions is considered. The Lagrangian zones are dynamically rezoned as mass
is transferred between the surface material and the vapor. Data tables of
equations-of-state and opacities are read by CONRAD and are provided by the
MIXERG computer éode.34

In the past, CONRAD has been used to study the importance of radiative
heat transfer from the vapor to the first surface on the net condensation

6

rate. It was found that energy radiated from the vapor, over a time long

10



compared to the heat puise directly from the target and short compared to the
thermal diffusion time in the surface material, can cause significant addi-
tional vaporization that slows the overall reduction of the vapor density.
CONRAD simulations have also shown that the temperature and mass of the con-
densing particle, by affecting the mobility of the particles and thus their
diffusion speeds, can have a marked effect on the condensation rate. The ef-
fects of vaporization modeling and vapor density dependent boiling tempera-
tures have been studied.

An effect that may seriously limit the condensation rate 1is that the
equilibrium boiling temperature of the condensing material is a function of
the local vapor density. Or, in a microscopic sense, the evaporation rate is
a function of the surface temperature of the material, while the condensation
rate is a function of the properties of the vapor near the wall; the net con-
densation rate is the difference between the two. The choice of these alter-
native approaches to the same effect is a option in CONRAD.

The macroscopic equilibrium model uses a temperature dependent calcula-
tion of the boiling temperature and then uses the rapid vaporization models to
calculate the amount of evaporated mass on each time step. Using the
Clausius-Claperyon equation, one can deduce that the boiling temperature at

some pressure P is related to the boiling temperature at 1 atmosphere by

1

boiling ~ 1 R 5
[Tboiling(p=1 atm) oH, In ( )] (1)

T

where P is the local partial pressure of the vapor in atmospheres, R is the
gas constant and AHV is the latent heat of vaporization. In Fig. 1, the boil-

ing temperature of lithium is plotted against the vapor pressure. We are
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Fig. 1.
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aware that the latent heat of vaporization is not always approximately
constant and that experimental data are available for some materials over a
range of temperatures. The use of equation 1, however, lets us investigate
materials such as Pbgslijy for which experimental data over the complete range
of interest are not yet available.

The microscopic evaporation model just assumes that those ions on the
surface of the material that have enough thermal speed to overcome the escape
potential of the surface will leave the surface. The atoms on the surface
have a distribution of speeds that are a function of the surface temperature

that lead to an equation for the evaporation rate,

3
T 4.13 x 10 121 AH A

surff

Se

Here p is the mass density of the surface material, T is the surface

surf
temperature in K and A is the atomic mass number of the material.

We have compared the use of the two condensation options. The
macroscopic model assumes that the system is in a quasi-steady-state, where
the condensation rate approximately equals the vaporization rate. However, in
HIF target chambers the surface temperature and the gas density can be
changing rapidly, which can lead to situations that are not in a quasi-steady-
state. We have found that CONRAD predicted unphysical behavior in these
situations. The microscopic approach does not require quasi-steady-state
because the condensation and evaporation rates are calculated independently.

We have tested the microscopic method by running CONRAD simulations to Tong

times to insure that the gas pressures approach the steady-state vapor
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pressures. Therefore, we have used the microscopic method for calculating net

condensation rates in all of the following results.

IV. HEAVY ION FUSION TARGET EXPLOSIONS

The x-ray and ion spectra and energy partitioning that result from the
target explosion are required for analysis of the target chamber behavior, We
have chosen the target designed by Bangerter, et al. as one that is typical
for HIF.37 Work has continued in recent years on this type of HIF target that
has lead to new gain-energy curves, but the target design has remained about
the same.38 This target design was slightly modified into the form shown in
Fig. 2. Here the target is shown in its initial form and in its configuration
at the start of its burn. The burning of the target was simulated with the
PHD-IV computer code.39

This simulation, in concert with calculations of the interaction between
the fusion neutrons with the fully compressed target, provides the time-
dependent spectrum of x-rays leaving the target and the debris ion energies.
These results have been reported e]sewhere,40’41 and are also shown in Fig. 3
and Table I. The target yield in these results is normalized to 100 MJ, where
the input ion beam energy was 1.3 MJ. The x-ray spectrum shown is integrated
out to 3.5 ns, where the hard component is due to x-rays from the burning
fuel, while the soft are from the whole target.

Naturally, different reactor designs demand different target yields.
These are obtained by scaling the results for 100 MJ to the proper yield. The

shapes of the x-ray and ion spectra remain the same, but the numbers of

photons and ions are changed.
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Table I. HIF Target Yield Energy Partition and Ion Energies

Energy Partition

Fusion Yield
Neutron Yield
X-Ray Yield
Debris Ion Yield

Endoergic Neutron Reactions

Debris Ion Energies
Debris Ion Yield

Average Energy per Nucleon
Deuterium

Tritium

Helium

Lithium

Lead

15

100 MJ
71 MJ
20 MJ
7.4 MJ
1.6 MJ

7.4 MJ

0.85 keV/amu
1.70 keV
2.55 keV
3.40 keV
5.90 keV

176 keV




Fig. 2.
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Fig. 3. Target X-ray Spectrum,
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V. VAPORIZATION OF FIRST WALL MATERIAL

The vaporization and condensation of 1lithium in an ICF target chamber
have been simulated with the CONRAD computer code. The initial conditions for
this simulation are listed in Table II. These parameters are consistent with
the Los Alamos National Laboratory wetted-wall concept,7 which was chosen for
the sake of an example, but do not necessarily represent a design currently
under consideration. The x-ray spectrum used for a 30 MJ target explosion is
scaled from Fig. 3 and the deposition power profile it instantaneously creates
in liquid 1ithium is given in Fig. 4. The long tail is due to the hard compo-
nent of the x-rays. The energy of the debris ions has been put into the low-
est energy x-ray bin for these calculations. This will have some effect on
the results and will not do the heating of the vapor by ions properly.

-6 seconds to deposit their energy,

However, since the ions typically take 10
and since the ion deposition lengths are short compared to the x-ray
deposition lengths, the ions stop in material already vaporized by the x-rays
and will not affect the vaporization process much. A new ion stopping package
is currently being tested and better simulations will be done.

Three vaporization models are included in CONRAD, the user's choice of
model being an input parameter. The models can be understood with the help of
Fig. 5. Here the energy density after deposition of x-rays in the surface
material is plotted against distance from the surface nearest the target, as
is the energy density needed to raise the material to the boiling temperature
and that needed to vaporize the material., One should notice that in region I
there is more than enough energy present to vaporize the material and that in

region II there is more than the sensible heat required to raise the material

to the boiling point but not enough to vaporize it. There is a third region

18



Table II. Conditions for Computer Simulation

First Surface

Nominal Target Yield

First Surface Position

Target X-Ray Spectrum

Time Dependence of X-Ray Pulse

Desired Repetition Rate

19

Liquid Tithium

25 MJ

2 meters from target
Bangerter et al.
Instantaneous

10 Hz



Fig. 4. Deposition Power in Lithium for Spectrum in Fig. 3. Distance from

target is 2 meters.

Absorbed Power (MW/m3)

X-Ray Deposition Profile

2.4E+17

2.0E+17 -

1.6E+17

1.2E+17 -

8.0E+16

4.0E+16

Liquid Lithium First Surface

0.0E+00
le-7

T

1.e-6

1e-5

le-4 1e-3

Distance from Front Surface (m)

20

1.e-2



Energy Density in Material

Fig. 5. Vaporization Models.
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where the material is below the boiling point. Three different models have
been used to study this situation: model A, which is not shown in Fig. 5,
assumes that all of the energy from regions I and II is free to spread around
to vaporize the maximum amount of material, model B only allows region I to
vaporize, and model C uses all of the energy in region I to vaporize material
in region I and the energy in region II to vaporize as much material as
possible in region II,

A series of calculations of the amounts of vaporized mass has been
carried out with CONRAD for target yields ranging from 3.0 MJ to 450 MJ, the
results of which are presented in Fig. 6. One can see that the vaporized mass
can vary by a factor of several between the results of models B and C. This
difference is due in part to the long tail on the deposition profile seen in
Fig. 4. Calculations were not done for model A, which is considered to be the

least physically correct of the three, and is rarely used.

VI. CONDENSATION OF VAPORIZED MATERIAL

Condensation calculations have been carried out for three target chamber
designs with the CONRAD computer code, with the microscopic evaporation model
invoked. The three all allow partial vaporization of the first walls by
target generated x-rays. Typical parameters for the three designs are listed
in Table III., The parameters listed in this table have been fixed for the
sake of example and tend to change in time as work continues on 'these
concepts. For this reason, it is unfair to criticize these target chamber
concepts on the basis of the results presented here. HIBALL uses a coating of
Tiquid Tlithium-lead eutectic, Pbgsliy;, on a substrate of silicon-carbide

fabric to protect the rest of the structure from the target generated x-rays
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Table III. Parameters for Three Target Chamber Designs

HIBALL Wetted-Wall CASCADE

First Wall Material Liquid Pb-Li Liquid Li Graphite
Target Yield (MJ) 396 25 334

Target Design “Bangerter"  "Bangerter" "Bangerter"
Fraction of Yield in X-rays and Ions 0.27 0.27 0.27
Distance from Target to First Wall (m) 5 2 3

X-Ray and Ion Energy per Unit Area
(MJ/m?) 0.340 0.134 0.797

Desired Rep Rate per Cavity (Hz) 5 10 5

23



Fig. 6. Vaporized Masses for a Two Meter Radius Spherical Target Chamber With

a Liquid Lithium First Surface Versus Target Yield per Unit Target Chamber

Surface. Calculations have been made within model B and C.
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and ions. The chamber radius is 5 m and the hoped for repetition rate is
5 Hz. The wetted-wall concept uses liquid lithium that is rapidly flowing so
that centrifugal force holds it up against a metal wall. The radius is only
2 m but the target yield is only 25 MJ, compared with 396 MJ for HIBALL. The
designers of wetted-wall target chambers hope to run at 10 Hz. CASCADE is not
a spherical design but has an effective radius of 3 meters and a first wall
made of flowing graphite pellets that are also held against the walls by
centrifugal force. Some versions of the CASCADE design use beryllium-oxide in
place of graphite, but it has since been learned that Be0 will dissociate and
the beryllium will condense, leaving a great deal of oxygen gas in the the
cavity that must be pumped out.8 The target yield is 334 MJ. As one can see
from Table III, the x-ray and ion target energy per unit area varies
considerably between the three designs and the designs have different wall
materials. The average gas densities in the HIBALL, the wetted-wall concept,
and CASCADE target chambers, as simulated by CONRAD, are shown in Figs. 7, 8,
and 9 respectively. In all of these calculations, the target chambers are
treated as being spherical.

The results for HIBALL show that after 0.2 seconds the density is still
5 x 1014 cm"3, more than 2 orders of magnitude higher than that required for
ballistic focusing. This is because the thermal speed of the vapor atoms is
very low because most of the energy has been radiated away and the high mass
of the lead atoms. One should notice the vapor density is actually increasing
very early in the calculation, which is due to the high radiant heat flux.
The vapor density in the wetted-wall concept initially falls very rapidly to
below 1014 cm=3 but then condensation ceases. At this point the evaporation

rate is equal to the condensation rate. The evaporation rate is fairly high
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Fig. 7. Average Vapor Density in HIBALL Target Chamber Versus Time.
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Fig. 8. Average Vapor Density in a Wetted-Wall Target Chamber Versus Time.
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Fig. 9.
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because the temperature of the surface of the liquid lithium is 540°C at 0.1
second. The condensation could continue if the bulk temperature of the liquid
1ithium were lowered below 420°C or if some other way of increasing the heat
transfer could be found. The thermal conductivity has already been increased
over classical values in an attempt to account for convective heat transfer.
A set of three calculations has been done for CASCADE, for three values of the
sticking coefficient for vapor atoms striking the surface. If all of the
atoms striking the surface stick to it, a sticking coefficient of 1, the
density of vapor in the cavity falls to the Tlevel required for ballistic

3

focusing, 3 x 1012 cm™?, in less than 0.1 second. It has been found, however,

that because of the chemistry of vaporized carbon the sticking coefficient may

013 cm'3 at 0.1 second and

be about 0.7.10 This leads to a density of 1 x 1
should lead to a level acceptable for ballistic focusing by 0.2 second. If
the correct value is actually 0.5, condensation occurs too slowly to allow a
5 Hz repetition rate and ballistic focusing.

There has been some indication that ballistic focusing may indeed be
possible at densities of more than 1014 cm'3.22 If this is true, there is no
problem for the wetted-wall concept and CASCADE in running at 10 Hz. HIBALL

may marginally be able to run at 5 Hz.

VII. ALLOWABLE REPETITION RATES

Computer simulations of the condensation of target explosion created
vapor in three designs of HIF target chambers have been carried out. If the

retatively hard vacuum of 3 x 1012 cp3

is required for ballistic ion beam
focusing, one has three different concerns for the three designs, each of

which could make the repetition rate unacceptably high. In the case of
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HIBALL, the vapor can cool rapidly due to radiation so that the thermal speed
can become very low and the cavity is so large that it takes too long for the
vapor atoms to reach the surface. In the wetted-wall concept, the vapor
pressure of the liquid lithium is high at fairly low temperatures so that the
condensation can be greatly slowed if the surface temperature of the lithium
is even as high as 540°C. In CASCADE, the chemistry of the vapor causes the
sticking coefficient of the vapor on the surface to be significantly below 1.
Adjustments to the parameters Tlisted in Table III may improve the
repetition rates. In HIBALL, the rate may be increased by making the cavity
smaller, and in the wetted-wall concept increasing the flow rate of the
1ithium may lower the vapor pressure by lowering the bulk temperature of the
1ithium and increasing convective heat transfer. It is harder to say what can
be done to CASCADE to change the chemistry of the vapor, but the search for
improvement must begin by gaining understanding of the physics of such hot and
dense vapors. If it is indeed possible to focus the ion beams through denser

gases, all three designs show promise of allowing reasonable repetition rates.

VIII. CONCLUSIONS

Vaporization and condensation phenomena 1in HIF target chambers can be
critically important in determining the repetition rate of the facility.
These phenomena are most important to designs that require very low target
chamber gas densities at the time of driver beam propagation, such as designs
requiring ballistic beam focusing. The density required varies by six orders
of magnitude, depending on the propagation mode.

There are several physics issues that are important to understanding

vaporization and condensation phenomena. Heat transfer through the vaporizing
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or condensing surface is clearly important when the thermal diffusion time is
comparable to or shorter than the time over which heat is deposited. The
conditions of the vapor, that is its temperature and density, can have a large
effect on the condensation of the gas. The physics of sticking, which may be
greatly influenced by the chemistry of the vapor phase, can also dominate the
condensation rate,

A computer code is under development that simulates these phenomena in
ICF reactor target chambers. Presently, the CONRAD code models vaporization,
hydromotion and ionization in the vapor, radiative heat transfer from the
vapor back onto the surface, and condensation. The detailed physics of stick-
ing and vapor chemistry are not presently included in the code. To date,
CONRAD has been used to show the importance of radiative heat transfer, of
correct modeling of the vaporization process, of using the proper target x-ray
spectrum, of calculating the heat transfer in the surface, and of properly
modeling the evaporation of material during the condensation phase.

Experimentation is needed to benchmark computer codes and study specific
physics issues. Many of the physics issues rely on models that need experi-
mental verification. For example, there are presently at least three candi-
date models for vaporization, where each gives a different result. Experi-
ments are needed to better understand the details of this complicated process.
Even if all of the individual physics issues are understood, experiments that
involve all of the issues together are needed to test the validity of the
computer codes such as CONRAD.

The CONRAD computer code is being subjected to a verification procedure
through comparison with some experimental data. This process has already lead

to improvements in the manner ions are absorbed in the gas and will doubtless
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lead to more improvements. Once this process has been completed and a better
version of CONRAD 1is available, we will be able to study HIF target chamber
phenomena more completely than we can at the present time. One area to which
we expect to devote considerable effort is the interaction of the target ions
with newly created vapor and the subsequent behavior of the vapor shortly

after the target explosion.
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