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modate the cyclic and intense photon and ion energy
deposition while providing the required lifetime. This is
The chamber wall armor is subject to demandinga particular demanding requirement for the dry chamber
conditions in inertial fusion energy (IFE) chambers. IFE wall configuration. Past studies, such as SOMBRERO,
operationis cyclic in nature, and key issues are (a) chamindicated the need for a protective gas at a significant
ber evacuation to ensure that after each shot the chambeasressurge.g., xenon at-0.1 to 0.5 tory to prevent un-
returns to a quiescent state in preparation for the targetacceptable wall erosion for a carbon chamber wall even
injection and the firing of the driver for the subsequentfor direct-drive targets. This created a formidable chal-
shot and (b) armor lifetime that requires that the armor lenge for such a design since the presence of a gas would
accommodate the cyclic energy deposition while providalso have to accommodate target and driver require-
ing the required lifetime. Armor erosion would impact ments. Only a minimal target temperature incre@asder
both of these requirements. Tungsten and carbon are corof 1 K) can be tolerated during injection to maintain the
sidered as armor for IFE dry-wall chambers based onrequired target uniformity for a symmetrical burn. High-
their high-temperature and high-heat-flux accommoda-speed target injectiof@pproximately hundreds of meters
tion capabilities. This paper assesses the requirementger seconil through a background gas could result in
on armor imposed by the operating conditions in IFE, higher target temperature deviation because of heat trans-
including energy deposition density, time of depositionfer from the gas. The presence of a background gas could
and frequencies; describes their impact on the perforalso lead to laser breakdown depending on the gas den-
mance of the candidate armor materials; and discussesity. Until recently, no reasonable design window seemed
the major issues. to exist that satisfied the conflicting chamber gas con-
straints from wall protection on one hand and from target
KEYWORDS: inertial fusion energy, dry chamber wall, pho- and driver considerations on the other.
ton and ion energy deposition A recent effort as part of the ARIES-IFE program
has provided a more detailed assessment of the dry cham-
ber wall. Several material options were considered includ-
ing a carbon and tungsten flat wall and a high-porosity
fibrous carbon configuration to maximize the incident
I. INTRODUCTION surface area and help accommodate the energy deposi-
tion. The goal was to better understand the operating
Inertial fusion energy(IFE) operation is cyclic in design windows based on armor lifetime and on target
nature, and the power plant chamber wall must accomand driver requirements and to characterize the key issues.
Both direct-drive- and indirect-drive-target cases
*E-mail: raffray@fusion.ucsd.edu were considered as part of the ARIES-IFE studies. The
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indirect-drive-target pellet is contained within a rela- 1 um CH +300 A Au
tively massive hohlraum enclosure that after the micro-
explosion would result in much more demanding 195 cm CH Foam + DT

conditions on the wall in terms of X rays and target debris
fluxes. Given the challenge for a dry-wall configuration

to accommodate the threats even from the less deman 169 cm

ing direct-drive target, the studies were focused mainly .150 em DT Vapor

on this latter case and so are the results reported here. 0.3 mg/ce

direct-drive target is often coupled with a laser that is

also the main example driver considered here. CH foam
The results of the ARIES-IFE dry-wall studies are p = 20 mg/cc

described in this paper. First, the threat spectra of th
example targets considered are described, and the ener 0
deposition calculations are highlighted. Next, the mate

rials considered are discussed. The wall thermal analys _
modeling is then described, and the results are high# KrF laser
lighted and discussed. Key issues are discussed with tt = A=1/4 pm
aim of helping to guide research and developni&&D)
effort and to highlight possible synergies with R&D for
plasma-facing component$FCg in magnetic fusion
energy(MFE). Larger issues linked with the choice of a
dry-wall armored chamber must also be considered whe
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developing such a configuration. As an illustration, two Ty ™5 015 25
such issues are also discussed: the activation issues link time (ns)

with disposal of target materials and an example safety

analysis for an air ingress scenario. Fig. 1. Example direct-drive targéNRL) to be coupled with
a laser drivef-3

Il. TARGET SPECTRA

sition time is very smalitypically subnanosecongsvhich
results in large heat fluxes and makes it very challenging

1. adirect-drive target, illustrated in Fig. 1, wherebyfor a wall to accommodate the indirect-drive-target pho-

the driver enerav is deposited directly on the targeton threat. Consequently, although results presented in
ay P 4 g this paper cover both the direct-drive- and indirect-drive-

2. anindirect-drive target utilizing a radiation hohl- target cases, there is more of a focus on the direct-drive-
raum enclosure. The X rays resulting from thetarget case. The burn producfast iong and debris ion
driver beam interaction with the hohlraum mate-spectra for the 154-MJ direct-drive target are shown in
rial are then deposited on the deuterium-tritiumFigs. 3 and 4, respectively. A recently proposed higher-
(D-T) target pellet inside the hohlraum. Such anyield direct-drive target~401 MJ) with similar relative
option has been considered in particular in con-energy partitioning and threat spectra as the 154-MJ case
junction with a heavy-ion-beam driver. was also considered. More detailed information on the

ion spectra for both direct-drive targ€is4 and 401 M)

~ The energy partitioning from the two example direct- 35 well as for the 458-MJ indirect-drive target can be
drive and indirect-drive targeta 154-MJ Naval Re- found in Ref. 4.

search Laborator¢NRL) laser direct-drive targéf and

a 458-MJ heavy-ion indirect-drive tardgéf are shown

in Table | based on LASNEX calculatioAg.he photons

and ions are the major threats to the chamber wall. Ney!l- CANDIDATE DRY-WALL ARMOR CONFIGURATIONS

trons penetrate much more deeply into the structure and AND MATERIALS

blanket and as such are much less of a threat to the cham-

ber wall. The corresponding photon spectra for both tar- Candidate dry chamber armor materials must have
gets are shown in Fig. 2. The major difference betweetigh-temperature capability and good thermal properties
the direct-drive and indirect-drive threat spectra is theo accommodate energy deposition and provide the re-
huge energy component carried by photons in the indirectguired lifetime. Processes affecting armor lifetime in-
drive casd25%) as opposed to the direct-drive cd$®), clude erosion and local armor failure. Ablated material
albeit with a softer spectrum. The photon energy depomust also be considered in the chamber clearing process

Two different kinds of targets were considered:
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TABLE |
Energy Partitioning for 154-MJ NRL Direct-Drive Target and 458-MJ Heavy-lon Indirect-Drive Target
NRL Direct-Drive Target Heavy-lon Indirect-Drive Target
(MJ) (MJ)
X rays 2.10 (1.4% 115  (25%
Neutrons 109 (71% 316 (69%)
Gammas 0.00860.006% 0.36(0.1%
Burn product fast ions 19.5 (13%) 8.43 (2%)
Debris ion kinetic energy 22.1 (14%) 18.1 (4%
Residual energy 1.29 0.57
Total 154 458
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Fig. 2. Photon spectra from NRL 154-MJ direct-drive target . o e )
and 458-MJ heavy-ion-beam indirect-drive tarfjet. IFE. In addition, the possibility of utilizing an engineered
surface[such as a high-porosity fibrous carpet, illus-
trated in Fig. 5(Ref. 6] to maximize the incident area
and provide better accommodation of high-energy depo-

to ensure that after each shot the chamber returns to SitioN IS being investigated. Typical carbon and tungsten
ermophysical properties are listed in Table II.

quiescent state in preparation for the target injection an
the firing of the driver for the subsequent shot. Carbon
that shows good high-temperature resistance and thermal
properties was the major candidate armor considered il¥. ENERGY DEPOSITION IN DRY WALL

past studiese.g., Ref. 1. However, several mass loss  FROM TARGET SPECTRA

processes have been identified in carbon including chem-

ical erosion and radiation-enhanced sublimation thatlead The energy deposition in the material was calculated
to key concerns of lifetime and tritium inventory through based on the photon and ion spectra for the correspond-
codeposition in cold regions, as will be discussed ining targets. A one-dimensionél-D) slab geometry was
Sec. VI.C. In this regard, refractory metals, such as tungassumed, and the calculations were performed for carbon
sten, are attractive candidates since they also offer gooahd tungsten. An attenuation calculation was used for the
high-temperature capability but without the tritium co- photon energy deposition based on data for the attenua-
deposition and inventory concern. However, melting cartion coefficient in the materialincluding photoelectric

be an issue for severe energy deposition scenarios dand Compton scattering effettss a function of the pho-
pending on the stability of the melt layer and on the formton energy-3 The ion deposition calculation included both
of the resolidified material. Both carbon and tungsten areéhe electronic and nuclear stopping powers that were ob-
currently considered as armor material candidates forained as a function of ion energy from SRI(Ref. 14.
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= LOE+19 The calculation procedure included the time-of-
% 10E48 foﬂ flight spreading of the photon and ion energy deposition.
% 10E+17 — e The photons travel much faster than the ions and would
? LOE+16 :JdﬂT reach the chamber wall withir20 ns over a time spread
- 7 -'*Hg__,/'f" of subnanoseconds. The ions take longer to reach the
ER ~T [/\'\ chamber wall and would reach the wall at different times
5 ' .:C/ \ \\ depending on their energy, thereby spreading the energy
g LB e \ ‘\M deposition over time and lowering the heat flux seen by
= L0E+12 the wall. As an example, a simple estimate of the ion time
2 1L0E+11 1 of flight based on kinetic energy is shown in Fig. 8 for
Z 1 0E+10 | the 154-MJ direct-drive target spectra for a case without

10.0E+8 any protective gas in a chamber of radius 6.5 m. The fast

LOE-1  1OE+D  LOE+1  LOE+2  LOE+3  10E+4  LOE+S ions reach the wall within~0.2 to 1 us whereas the
Ton Kinetic Energy (keV) slow ions reach the wall within 1 to 2 &s.

Fig. 4. Debris ion spectra from NRL 154-MJ direct-drive

target?
V. THERMAL ANALYSES

The thermal analysis was carried out using a 1-D
The calculations proceeded by following ions at discretcode based on RACLETTERef. 9 including melting
ized energy levels from the spectra through the materiadnd evaporation, and using BUCK(Ref. 15, an inte-
slab. Figure 6 shows the energy deposition as a functiograted 1-D code that calculates the photon and ion energy
of penetration depth for carbon and tungsten for thaleposition and the wall thermal response for cases with
154-MJ direct-drive target spectra assuming a chambeand without a protective gas. Temperature-dependent
radius of 6.5 m and no protective gas in the chamber. Aoroperties were utilized for both carbon and tungsten;
similar plot for the 401-MJ direct-drive target spectra isthe thermal conductivity of carbon tends to decrease
shown in Fig. 7. appreciably with neutron irradiation, and the thermal

Phioto Na 541

Fig. 5. ESLI carbon fibrous carpét.
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TABLE I
Summary of Main Armor Material Properties
Thermophysical Properties Tungsten Carbon
Density (kg/m?3) ~19350(Ref. 7 ~2000(Ref. 8
Phase change temperatufg, (K) 3683 (Ref. 7) (melting 3640(Ref. 9 (sublimation
Thermal conductivityk (W/m-K) 148 (500K) (Refs. 7 and 8 90 (573 K)P (Ref. 10
90 (3000 K) (Ref. 8 213(>1500K) (Ref. 10
Specific heatC, (J/kg-K) 138(500K) (Ref. 8 1350(500 K) (Ref. 7)
225(3000K) (Ref. 8 2450(3000K) (Ref. 7)
Heat of fusion hyg (kJ/kg) 192 (Ref. 7) —
Heat of vaporizationh, (kJ/kg) 4009(Ref. 7 5940C (Refs. 9 and 11
Molecular weight 183.8%Ref. 8 12
Parameters in vapor pressure E2). (K)
A 12.74(Refs. 9 and 1P 15.75(Ref. 11
B 44 485(Refs. 9 and 1P 40750(Ref. 1))
Assumed condensation coefficient, ~1 0.12(Ref. 1))

@A thin vapor deposition carbon armor is assumed over a carbon-fiber-composite structure.

bThermal conductivity of neutron-irradiated MKC-1PH carbon-fiber compdditeépa.

®This value is based on sublimation of monoatomic carbgm@ is used in the example calculations presented in this paper.
However, this value will change depending on the molecular form and distribution of sublimated Geghdly, C; oreven G 5
molecular clusteps This is an important issue that must be considered in more detailed calcufdtions.

Ix10" | - — Ix10'2 | —
C density = 2000 kg/m’ - y C density = 2000 kgfm
= Debris ions, W B

- Debris ions, C ™y W density = 19,350 kg/m’ — Foris 10ns. W density = 19,350 kg/m”
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Fig. 6. Energy deposition as a function of penetration depttFig. 7. Energy deposition as a function of penetration depth
for carbon and tungsten for the 154-MJ direct-drive for carbon and tungsten for the 401-MJ direct-drive
target spectra assuming a chamber radius of 6.5 m and target spectra assuming a chamber radius of 6.5 m and
no protective gas in the chamber. no protective gas in the chamber.

conductivity data for irradiated carbébdpag were used. Melting was modeled by changing the enthalpy of the

Typical properties are shown in Table II. material over-1 K at the melting point to account for the
latent heat of fusion. Evaporation or sublimation was
V.A. Armor Analysis for Cases Without a Chamber Gas modeled by calculating the evaporated flux as a function

of the wall temperature and then multiplying by the latent
Calculations for the case with no protective chambeiheat of evaporation to calculate the effective heat flux, as
gas were performed using the modified RACLETTE codedescribed below.
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x0T , 3000 — T
1x10% A [T Lrlate ﬁ\ 3-mm Tungsten slab
Density = 19350 kg/m3
Tclo? P/\;,Z\\ 2600 1 um Coolant Ternp. = 500°C
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Fig. 8. lon power deposition as a function of time for 154-MJ o 1 2 3 ‘4 5.6 7 8 9 10
NRL direct-drive target. Time (us)
Fig. 9. Temperature history at different locations in a 3-mm
tungsten slab without a protective gas exposed to the
Under the assumption that at equilibrium the con- é?f'a'gfjsdérgﬁ':z‘d’ﬁf‘ggeggglraeﬁtt:fneCgrgt'grgg%”&ber

densation heat flux based on the vapor pressure and tem- : P

perature would be equal to the evaporation flux based on
the wall temperature, the latter can be estimated as follows:

M resolidification. However, even assuming a melting point
G=,—=0Pa, (1) limit (3410C), the results indicate some margin for ad-
2mRT justment of parameters such as target yield, chamber size,
where coolant temperature, and protective gas pressure.
G = evaporated mass flupgkg/m?2-s) 3. All the action takes place in a very thin region

(<100um) based on which a design with separate func-
tions is preferred: a thin armor providing the high-energy
R = gas constant)/kmol-K) accommodation function bonded to a structural substrate
providing the structural function and interfacing with the
blanket that effectively sees quasi-steady-state conditions.

M = molecular weight

o = condensation coefficient

P,ap = Vapor pressurePa corresponding to the armor

surface temperature typically given by Figure 10 shows the results for a carbon armor case.

Generally, the observations are the same as for the tung-
Bi sten case except that the initial photon-induced peak is
logRap = A — T (20 much smaller since the photon energy deposition goes
more deeply inside the carbon and the maximum tem-
Multiplying G by the latent heat of vaporizatidn ~ perature is<2000C with an associated annual sublima-
(in joules per kilogramyields the evaporation heat flux tion loss of<1 um. From these results, a carbon wall can
as a function of the surface temperature. The values dfurvive the photon and ion energy deposition from this
these different parameters used in the analysis for carbaarget even without gas protection with some margin to
and tungsten can be found in Table II. allow for design optimization on various parameters.
Example results for a 3-mm tungsten slab withouta  Calculations done for the 401-MJ direct-drive-target
protective chamber gas are shown in Fig. 9 for a chambetase in the absence of any protective gas showed un-
radius of 6.5 m and a coolant temperature of 8Q0rhe  acceptable melting and evaporation in the case of tung-
major observations emerging from the results include thgten and unacceptable sublimation in the case of carbon,
following: indicating the need for a protective chamber gas for cham-

1. The photon energy deposition is very fast andber sizes of~6.5 m in radius. For example, for such a

creates an instantaneous temperature increasé50C.  Chamber size with a coolant temperature of Ethe
calculations indicated a maximum tungsten temperature

2. The maximum tungsten temperaturei8000C.  of ~6800°C with a corresponding melt layer of7.3 um
It is not clear whether total melt avoidance would beand evaporation loss 6£0.08 um per shot. For carbon,
required as this would depend on the stability of the melthe maximum temperature was calculated~a&100°C
layer and on the material form and integrity following with a corresponding sublimation loss thickness of
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2000 as compared to a flat carbon surfd€d&he ion sources

| I I
00 ks were carbon and hydrogen at200 to 300 keV with

1800 \ Coolant Temperature = 500°C fluences at the armor surface o5 Jcm? It is recog-
Tum

Surface

_ L e W DO Tarpet Spectra nized that a key issue associated with this particular car-
Sublimation Lass = 9x10-18 m bon fibrous carpet is the large carbon surface area that
1400 Am\\ could lead to carbon ablation of some s@ig., shallow
\ angle sputtering along the fiber length although the sput-
1200 | w“m‘\\‘% : tered carbon atoms might redeposit on adjacent fibers
I and tritium codeposition in colder regions. This overall
1000 issue must be studied in more detail for prototypical con-
ditions, and possible solutions such as coating the fiber
800 ' ' ' with a thin tungsten layer or manufacturing a similar
600 \ carpet from tungsten filaments should be investigated.
o For the scope of this paper, thermal analyses were per-
400 formed to help understand the performance of such a
o 1 2 3 4 5 6 7 8 9 0 fibrous concept from a purely heat flux accommodation
Time (us) basis with the understanding that such a concept will
have to be further improved for IFE armor application.

carbon slab without a protective gas exposed to the .. Tpg hlgh-2[30r0§|ty C?rpet '55 mfde of I'(ljl_gh-aspect-
154-MJ direct-drive-target threat spectrain achamberatio ers(~2to 3 mm long, 5 to 1Qum in diameter,

of radius 6.5 m and with a coolant temperature of With overall carpet porosity-96 to 99%. Asimple model
500°C. was developed for the thermal analysis of this fibrous

carpet, as illustrated in Fig. 11. First, the fibers of diam-

eterd were assumed to be placed in a square pattern with
0.06 um per shot(which, for a repetition rate of 10, separation distangg estimated from the porosity. A sim-
corresponds te-50 mm/day of armor loss ple probability function was assumed whereby the prob-

Calculations were also performed to help understanability of an incident ion flux to hit a fiber in the first

the advantages provided by an engineered surface in aicident plane of fibers is estimated @¥y). The prob-
commodating high incident heat fluxes as compared to ability of the incident ion flux to hit a fiber in the second
flat surface. Recent results from experiments with theplane of fibers i§(1 — d/y)([d/(y — d)]}, and so on. In
RHEPP ion source indicated superior performance fronthis way, a simple estimate of the effective distance be-
a high-porosity carbon fiber carpeliustrated in Fig. 3  tween fibers/e¢ could be obtained by adding the product

1600

Temperature (°C)

Fig. 10. Temperature history at different locations in a 3-mm

ASS]]I‘[']E{] Fib&l" ...;..........E}..____...,é..____....iu..____....:.._
Configuration ~a | @ ® [ ® ° [ °

Model & ‘]..T.-—-

Energy
Front Energy Deposition
T 4] -

L=2.5mm i ; .
High Porosity
Carbon i ' '
Fiber Surface

Fig. 11. Schematic of fibrous carpet modeling.
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TABLE Il
Parameters of Example Fibrous Carpet Analyzed and Summary of Results for Different Incidence Angles
Fiber Characteristics
Length,L 2.5 mm
Diameterd 6.5um
Volume fraction 1.5%
Separationy 47 um
Effective separationyes 215um
Maximum Fiber Average Fractional Overall Fractional
Incidence Angle Temperature Sublimation Loss at Sublimation Loss
(deg (°C) Single Fiber Ti of Fibrous Carpet
0 4390 1 0.015
5.2 4352 0.43 0.0065
10 4292 0.31 0.0046
20 4213 0.15 0.0023

aFractional sublimation loss of 1 is equivalent+®.032um per shot.

of distance and probability linked to each plane of fibers threat of high-energy photons and ions in order to achieve
This was used in developing the final model geometrythe desired armor lifetime. However, the chamber gas
shown in Fig. 11. The ion energy deposition in one ex-conditions must satisfy target and driver constraints prior
ample fiber was calculated for a given incidence arfigle to each shot. The chamber gas provides a medium that
by taking into account the shadowing effect of fibers inabsorbs the target X rays and ions and reemits the energy
all previous incident planes. A two-dimensional ANSYS over a timescale sufficiently long that the permanent tar-
model was then used to perform the transient thermajet chamber structures can cope with the insult. This
analysis of this example fiber under the given ion energysection details results from the simulation of dry-wall
deposition including also time-of-flight effects associ- chambers protected by a buffer gas based on the BUCKY
ated with the ion energy spectra. The results are summaode.
rized in Table lll. For this example fibrous carpet case, A buffer gas in the target chamber absorbs some of
the incident angle to prevent shine-through of the ions tahe target X rays and ions, reemitting the absorbed en-
the substrate is-1 deg based on the fiber separationergy through one of two processes. Photons from the
distancey and ~5 deg based OWs. relaxation of excited electrons through bremsstrahlung,
The sublimation loss per fiber is based on the tem+adiative recombination, or photodeexcitation are emit-
perature distribution at the tip. At a 0-deg incidence angleted at rates determined by the emission opacity of the
this is equivalent to a flat carbon surface that is the norgas. Some of the absorbed energy is thermalized, and
malization factor used for the sublimation values showrthe gas conducts the heat to the wall through conduction.
in Table Ill. The angle of incidence does help to someThe effect of these processes is to further stretch the
extent in reducing the maximum fiber temperature andimescales associated with the insult to the wall in addi-
the sublimation loss as compared to the flat case. Howtion to the effect of the time-of-flight spreading. This
ever, the major effect is associated with the very lowmitigation of the insult to the first wall affords an oppor-
fiber density(0.015 that correspondingly reduces the tunity to reduce the chamber radius #@ndto increase
overall fractional sublimation. These results are in agreethe first-wall operating temperature. The effects of the
ment with postexperimental examination of fibers fol- chamber gas on driver beam propagation, target injec-
lowing the RHEPP shot, which showed no visible ablationtion, and target heating must be considered and will be
or loss of material. These results confirm the advantagediscussed in the following sections.
associated with the engineered surface, offering the pos- Xenon has been considered as a protective chamber
sibility of reducing the maximum temperature to somegas in previous studies based on its combination of chem-

extent and minimizing any ablation. ical inertness and opacity. For example, in the
SOMBRERQO reactor designxenon at 0.5 torfconven-
V.B. Armor Analysis for Cases with a Chamber Gas tionally used to represent the gas density at a temperature

of 300 K) was proposed to protect the graphite first wall
Use of a background chamber gas has been widelfrom the 22 MJ of X rays and 84 MJ of ions emitted by
considered to protect the chamber armor from the cycli¢he ignited target. The opacity of the xenon gas depends

424 FUSION SCIENCE AND TECHNOLOGY VOL. 46 NOV. 2004
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on the population of the energy levels of its various ion- 4500

ization stages. For the low-density high-temperature con- 4000 meiting, albeit brisfly
ditions in the blast wave, the ionization balance of xenon T |

is far from that of collisional equilibrium, and a collisional- 3500

radiative equilibrium population kinetics code, ION- 5 01 DDHY
MIX, is used to generate the xenon equation of state and g 3000

opacity. IONMIX takes as input the ionization potentials £ 2500

of all of the ionization stages of the plasma constituents g

and assumes screened hydrogenic atomic physias- E 2000

tation energies, ionization potentials, and atomic pates ¥

for the excited states in the solution of the equations of 1500 DoLY

collisional-radiative equilibrium. Note that the local ther- 1000

mal equilibrium approximation would significantly over-

estimate the ionization of the xenon, enhancing the rate 500

of reemission and, thus, is not appropriate for the calcu- 1.E-08 1.E-07 1.E-08 1.E-05
lation of chamber gas reaction for the gas densities con- Time (ns)

sidered for chamber protection.
BUCKY, a 1-D Lagrangian radiative-hydrodynamics Fig. 12. Thermal response of the surface of a tungsten-coated

code!® is used for the simulation of the response of the xenon-buffered dry-wall IFE chamber to the threats
buffer gas and armor to target X-ray and ion threat spec- from three different IFE targets. The curve labeled
tra. Prompt X-ray deposition is modeled using cold opac- ID1 is for the 458-MJ indirectly driven heavy-ion-

beam target in a 6.9-m-radius chamber. Those labeled
DDLY and DDHY are for the low-yield154-MJ) and
high-yield (401-MJ) directly driven laser targets, re-
spectively, ina 7.2-m-radius chamber. The xenon pres-

ities from Biggs and Lighthill. Deposition of ion energy
is approximated by the theory of Melhothand the free
electron contribution interpolates between the low-

energy Lindhard-Scharff limit and the high-energy Bethe sures for the calculations are for ID1, 500 mtorr; DDLY,
limit. Radiation transpof€ is calculated in the flux- 10 mtorr; and DDHY, 28 mtorr, where the convention
limited multigroup diffusion approximation. Energy that is to quote densities in pressure equivalents at 330 K,
reaches the wall is treated as a source term in a thermal or 1 torr= 3.54% 10%/cm?3).

diffusion equation. As the temperature in a wall cell ap-
proaches the vaporization temperature, the zone begins
to vaporize at a rate determined by the relative rates of
vaporization and condensation, as determined by the ki- An operating window for armor thermal behavior
netic theory of Labuntsov and Kryukd¥. can be evolved by setting an allowable ablation thickness
The amount of xenon required to prevent unacceptper shot. For example, for the 154-MJ direct-drive target
able mass loss per shot depends on the yield of the targspectra and a 6.5-m chamber with carbon armor, Fig. 13
as well as the partitioning and spectra of the nonneushows the combinations of protective gas density and
tronic components of target output. This is illustrated inwall temperature that would result in one monolayer
Fig. 12 for three different target outputs in substantially(~2 A) per shot of sublimated wall material. These re-
similar tungsten armored chambers. Two of the targetsults are shown as an illustration as it is recognized that
(ID1, the 458-MJ indirectly driven heavy-ion-beam tar- loss of even one atomic monolayer2 A) per shot would
get, and DDHY, the 401-MJ high-yield directly driven result in unacceptably high annual armor erosiap-
laser targethave similar yields but substantially differ- proximately centimetejsand that a more severe con-
ent threat partitioning and spectra, as discussed abovstraint has to be sée.g., assuming that so many atoms
The two direct-drive targets have similar threat partition-are lost per shot corresponding to a uniform average loss
ing and spectra but substantially different yie{d80 MJ  of a fraction of a monolayer From Fig. 13 the thermal
for DDHY and 154 MJ for DDLY). The indirectly driven  operating window is quite large. However, the overall
target requires by far the most xenon to prevent wall los®perating window is substantially reduced when includ-
because its threat is dominated by shallowly penetratingng constraints arising from target and driver consider-
soft X rays(~1 keV) that are not affected by time-of- ations, as discussed in Ref. 20.
flight spreading. The direct-drive target with similar yield The operating window for armor thermal behavior
requires only 120th the amount of xenon to prevent wall would be shifted toward higher gas densities for an
loss because its threat spectrum is dominated by debriadirect-drive-target case where the large fraction of en-
ions whose threat is substantially reduced by time-ofergy emitted as soft X rays necessitates the presence of a
flight spreading. For all three cases, the high-energy bursubstantially denser gas for this chamber design. This is
product ions implant into the wall, and the effect of thisillustrated in Fig. 13, which also shows the combina-
implantation on the long-term material properties of thetions of protective gas density and wall temperature that
armor is an active area of research. would result in one monolayer per shot of sublimated
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Fig. 13. Example operating window for the thermal behavior
of a chamber of 6.5-m radius with carbon armor and
xenon as protective gas for the 154-MJ direct-drive-
target case and the 458-MJ indirect-drive-target case
(lines connecting the points are present to guide the

eye.

ITER Disruption
Thermal Quench
strike point$

~1ms
Melting'sublimation

~1 per 10 cycles
200 to 1000C

Surfacenear divertor
~10%*m~2.s71 (peak under normal operatipn

100 to 350 MJ
~10 n?

wall material for the 458-MJ heavy-ion-beam indirect-
drive-target case. Target injection and heating complica-
tions associated with the presence of the buffer gas are of
much less concern for the massive, thermally shielded
indirectly driven heavy-ion-beam target. Constraints from
driver requirements would tend to be more restrictive on
the maximum allowable gas denstty.

The possibility of using helium as protective gas was
investigated. Helium is created as a product of the reac-
tion, and using it also as a buffer gas would reduce the
number of species in the chamber. However, the results
showed that a much higher helium density would be re-
quired for wall protection as compared to xenon. This
can be explained by the lower number of electrons avail-
able per gas atom to be stripped and becoming highly
efficient components in the slowing of debris ions. To be
as effective as xenon in stopping ions, any gas atom or
molecule, after the X-ray flash to the plasma, should be
capable of yielding at least approximately ten electrons
that will then slow the ions.

ITER Vertical
Displacement
Events

TABLE IV
Conditions Assumed for ITER ELM Scenarios, Vertical Displacement Events, and Disruptions Compared to

Melting'sublimation
~1 per 100 cycles

A few square metefs
~200C

~50 MJm?2
Surfacebulk
~0.3s

Conditions Associated with a Typical Direct-Drive-Target IAERL 154-MJ Target

ITER Type-l ELMs

Meltingsublimation
Few hertz

Surfacdénear divertor strike poinjs
=500C

10to 12 MJ
5to0 10 AT
=200 us

VI. MAJOR ARMOR ISSUES

Although the base operating conditions of IF&y-

clic operation and MFE (with the goal of steady-state
operation are fundamentally different, an interesting par-
allel can be drawn between armor conditions under IFE
and some MFE dynamic scenarios. For example, as shown
in Table IV, the frequency, energy density, and particle
fluxes on the ITER divertor associated with Type 1 edge-
localized-mode(ELM) scenarios are within about one

Energy

Affected area
Location

Time

Maximum temperature
Frequency

Base temperature
Particle fluxes

aLarge uncertainties exist.

*From Ref. 21.
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order of magnitude of those for IFERef. 21). Conse- pendence of the sputtering yield on the angle of inci-
quently and interestingly, issues driving the choice ofdence. Physical sputtering of pure elements at relatively
armor material tend to be similar for MFE and IFE, which low temperature is well understood and can be simulated
provides the possibility of synergy when planning andwith computer code®’ However, recent investigations
carrying out supporting R&D. On the IFE side, much of on metals such as lithium and gallium show an increase
the dry-wall R&D effortis being carried out as part of the of the erosion rates, and a dependence of the yield on the
High-Average-Power-Laser Program involving severalincidence flux, for a broad range of temperatures near the
research institutions and led by the NRRef. 22. melting point. For beryllium, tungsten, and carbon, ex-

The dry-wall armor issues are broadly linked with perimental data and the fit for the sputtering yield at
armor performance, lifetime, safety, and fabrication anchormal incidence are shown in Fig. 14 for deuterium ions
are discussed below. as a function of incident particle energy. For carbon, the
curves for physical sputtering with deuterium ions are
taken from computer simulations and are compared to
experimental data, which include chemical effdétiisnce

Erosion directly impacts armor lifetime. Ablated ma- the poor fi}. It is interesting to see that the carbon phys-
terial must also be considered in the chamber clearingcal sputtering yield peaks at a value ©0.03 for deu-
process to ensure that after each shot the chamber returtesium ion energies of approximately hundreds of electron-
to a quiescent state in preparation for the target injectiowolts. For tungsten, there is a threshold ion energy of
and the firing of the driver for the subsequent shot. Fur—~1 keV beyond which the physical sputtering yield in-
thermore, from MFE experience, carbon erosion can leadreases sharply and then tends to peak at a value of
to large tritium inventory through codeposition with tri- ~0.006 for ion energies of 10 keV. As shown in Figs. 3
tium in cold regions, as will be discussed in Sec. VI.C. Inand 4, the deuterium and tritium ion energy from the
addition to vaporization and sublimation included in thedirect-drive target spectra are well above these values.
analysis presented in Sec. IV, microscopic and macro-
scopic erosion mechanisms could influence armor life-
time. Macroscopic mechanisms tend to arise from local
stresses or from melting and result in chunks or droplets  4,40°4
of material being injected, which is discussed as part of ]
Sec. VI.B. Microscopic processes include physical sput- ] +
tering and, in the case of carbon, chemical sputtering ant | D
radiation-enhanced sublimati¢RES). These have been
studied for many years in the context of MFE, and good
progress has been made in understanding the underlyin ~ 1x10™ 4 E
physical processes. A detailed and comprehensive re ] " " 1
view of these erosion mechanisms and other issues fog 158 ﬁuﬁé o
MFE plasma material can be found in Ref. 23. In light of % ] a”:
such information, these mechanisms are assessed al® 1 =
discussed below in the context of IFE. Note that implan-§ 151024
tation and accumulation of ior(& particular of helium W ] 3
ions in tungstehleading to possible blistering or armor v o
failure represent an additional erosion mechanism, whictZ | |
is discussed separately as part of the effects of irradiatior 1 v
in Sec. VI.D. E '

A fairly complete theory of physical sputtering now g 1x107 . E
exists. Importantly, the predicted sputtering yields, as% ]
well as the expected trends with species propefgeas, ]
atomic mass, surface binding energlyave been exper- 1 v
imentally verified in both tokamaks and laboratory de- 1 W
vices?4?% For plasma-facing materials, including ¥
beryllium, carbon, and tungsten, erosion data exist for
hydrogen, deuterium, and helium in the energy range
from 10 eV up to 10 ke(Refs. 26 and 2)7 The data are ENERGY (eV)

extended '[2(; 2hsigher energies_ and to tritium by C".mpt_‘tel’:ig. 14. Comparison of measured values for the sputtering yield
simulation®”**At grazing incidence the erosion yield is atnormalized incidence for berylliutolosed squares
enhanced relative to the yield at normal incidence, as carbon(open squarésand tungstefclosed triangles
more energy is deposited within the near-surface layer. by deuterium ions with results from analytical mod-
Surface roughness tends to reduce the pronounced de- eling of physical sputtering.

VI.LA. Microscopic Erosion

theory

-4

1x10
10

100 1000 10000
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However, depending on the density of the protective gatisions. In graphite, carbon atoms are very mobile between
used in the chamber, the ion energies could be attenuatgglaphitic planes, and atoms that escape recombination
to these levels. A simple estimate of sputtering from awith vacancies can reach the surface and evaporate freely.
chamber wall can be made from the following expressionAlthough RES exists already at room temperafifriégs

1Y, M, yield is smaller than the physical sputtering yield until

=— 3) ~1500 K. At higher temperature, radiation-induced va-
103Ny p; 47R? cancies become mobile, and an increasing number of
displaced carbon atoms escape recombination and reach
where the surface. The erosion yield increases monotonically
8 = armor loss per shaim) with surface temperature until above000 K when nor-
o . mal sublimation dominates the erosion. Attempts to re-
| = number of incident ions per shot duce RES by doping the carbon material with impurities
— ; ; ; showed a shift of RES to higher temperature, but in gen-
Yi = sputtering yieldatomyion) eral, no complete suppression has been achig/&drig-
M; = armor molecular weight ure 15 shows a collection of erosion data illustrating

No = Avogadro’s constant the strong temperature dependence of RR8f. 31.

0 The sputtering approaches unity as the temperature
pi = armor density(kg/m?3)

R = chamber radiusm).

For the direct-drive target spectra shown in Figs. 3 10
and 4,>90% of the incident ions are hydrogen species;
the rest consist mostly of helium species. These are ligt
ions, and it seems reasonable to use the sputtering resu
for deuterium ions to provide a rough estimate of what tc
expect in such an IFE situation. For a chamber of radiu:
R = 6.5 m, withl = 10%! ions/shot consistent with the
154-MJ direct-drive target spectfsee Figs. 3 and)4the
loss per shot for carbon and tungsten areX6 803 m
and 1.9x 1013 m for the respective maximum physical
sputtering yield values of 0.03 and 0.006. For operatior —
at a repetition rate of-10, these values would translate ¥
to an annual armor loss of 0.18 and 0.06 mm for carboro
and tungsten, respectively. These values are clearly a<
ceptable, and this simple estimate suggests that sputte;
ing yield would not be a major issue for IFE.

For carbon, chemical reactions with incident hydro- %
gen ions are also possible, leading to the formation 0
volatile hydrocarbon molecules or to loosely bound hy-Z
drocarbon precursors, which can be sputtered with muc 5
lower threshold energy. Chemical erosion is a compli-i=
cated multistep process that depends on particle ener¢g
and flux, surface temperature, and material propertie ¥
such as crystalline structure and may be influenced b
impurity atoms in the lattice. Modeling and experimental
results shown in Refs. 23 and 30 indicate that the cherr

rTrTrrTT

T

.
&

rrrrryr ™

ON )

4 keV, He

L

ical sputtering yield peaks at temperatures~600 to \ 1keV H-/

700K and at ion energy levels 6f0.5 keV. Chemical 10° ' I;" r

sputtering decreases dramatically at higher temperature ~~ f ___ - 3

and, thus, should not be of concern for IFE conditions. N
Another erosion process observed in ion-beam ex 300 500 1000 1500 2000

periments and unique to carbon is RES, which results ii
the release of carbon atoms with a thermal velocity dis TEMPERATURE (K]

tribution23:243°During ion irradiation, not only surface Fig. 15. Temperature dependence of the sputtering yield of

atoms are displaced from their lattice sites but also atom pyrolytic graphite by H, D*, He', and Ar* in the
displacements occur throughout the ion range when en- temperature range of RE®eproduced with permis-
ergies larger than-25 eV are transferred in elastic col- sion from Ref. 31
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approaches 2000 K in the case of helium ions and, by In carbon-based material, a phenomenon called
extrapolation, attemperature®000 K for hydrogenand “brittle destruction” has been observed in various MFE
deuterium ions. RES also peaks with ion energies oflisruption simulation facilitie$® It is not clear what
~1 keV and decreases appreciably for energies on eitha@re exactly the physical mechanisms that cause this
side of this3® brittle destruction. One possibility could be cracking

No data are available for the RES sputtering yield atcaused by thermomechanical stresses that develop dur-
temperatures higher than2000 K (extrapolation from ing the intense deposition of energy. Further studies are
Fig. 15 shows a continuous increase with temperatureunder way.
and for ion energies higher thanl0 keV (extrapolation Both melt layer behavior and brittle destruction are
from data in Ref. 30 shows a continuous decrgaleus, being studied as part of the MFE experimental and mod-
it is difficult to make a precise estimate of RES for IFE eling effort, for example, with models such as HEIGHTS
conditions. If one conservatively assumes a sputteringnd FOREV-2(Refs. 34 and 35, respectivelyThis is
yield of unity at temperatures2000 K and ion energies another area where synergy between MFE and IFE R&D
in the range 0.1 to 10 keV, one can make a very roughssues and effort can be very beneficial.
estimate of RES for the example 154-MJ direct-drive
target spectra. The total number of ions of hydrogen angy ¢. Tritium Inventory
helium species can be calculated-a4.7 X 10'® from the
debris ion spectra illustrated in Fig. 4 under the assump-  Tritium inventory is a major safety issue, and armor-
tion of no protective chamber gas. From H®), the related concerns include tritium implantation and trap-
corresponding annual carbon armor loss due to RES iging in the bulk of the armor material and, more
estimated as-0.03 mm. Thus, it appears that RES wouldimportantly, in the case of carbon, codeposition with
not play a major role in the IFE armor case. However,eroded carbon redeposited in cold areas. This has been
there are uncertainties on the sputtering yield values ovestudied extensively as part of the MFE R&D effort. Ref-
the full ranges of ion energy and of temperature in theerence 23 provides a thorough review of the present un-
IFE chamber. In addition, the presence of a protectivalerstanding in this area, including detailed descriptions
chamber gas would attenuate the ion energies and coulaf the underlying physical mechanisms for tritium inven-
result in a larger population of ions at energies betweemory and permeation that provide the basis for models of
0.1 to 10 keV and higher RES loss. It seems prudent fohydrogen retention and recycling. Here, a brief discus-
carbon armor designers to consider RES when develogsion is provided of some of the key findings in existing
ing the armor design and operating conditions. tokamaks as they relate to IFE conditions.

Tritium fuel has been successfully used in the Toka-
. mak Fusion Test React6f FTR) and the Joint European

VL.B. High-Temperature and Thermal Stress Torus (JET), which produce 10 and 16 MW of fusion

Accommodation power, respectivel$-37 A large fraction of tritium was
retained during D-T plasma operations in TFTR and JET

The armor must be able to accommodate the hlghby codeposition with eroded carbon and by isotope ex-
energy deposition and related thermal stress without fall—hange with previously retained deuterigh®® When

ure over the required lifetime. Of concern are the propertie e tritium in-vessel inventorv aporoached the adminis-
of the armor material at or near the melting or sublima—trative safety limit. it was re?/noegd by extensive cam.
tion point. For example, from tests at the RHEPP lon y ’ y

Source Facility, a certain amount of roughening has bee219ns involving several weeks of glow discharge cleaning
observed in tungsten under cyclic heat loads that seem nd deuterium operation. An unexpectedly large amount

occur as the surface deforms to relieve local stre¥ses 0! ritium was also transported to the JET subdivertor
One possibility is to design and operate the metéfling-  '€910n- Tis operation experience pointed clearly to the
sten) armor to allow for microsurface melting in order to problem associated with the formation of tritium-rich
possibly anneal any defects. In that case, it will be im_carbon_ codeposited Iay_e(BSO,um_) in cold areas during
portant to understand the dynamics of the melt layer an§PErations. The retention experience of Alcator C-mod
the possibility of splashing or of flow within the very (Ref. 40 is partlcularlymtergstmg in this respect since it
short time before resolidification. The effect of solidifi- 'S IN€d With molybdenum tiles and there are no carbon

cation itself on the tungsten microstructure is also of . <S:- The analysis showed that most of the deuterium
ventory was implantednot codepositedon the main

concern. The tungsten armor could also be designed f ; : :
operate just below the melting point to avoid melting _§namberwal| and that the fraction of deuterium retained

while providing enough malleability to accommodate Iocal's.dhr ii;gilr!ylla?:vgghloo time3 than in other tokamaks
stresses. More data are needed on tungsten armor und’t\élnI Operation ex .erience in todav's tokamaks points
IFE-like heat loads to better understand its behavior and P P y P

help set the desired operating conditions and to find thgl_?larly to thle fact that SAFE C(ijewce_s_ with (r:]arhbon PE%S
best microstructure configuration. will accumulate tritium by codeposition with the erode

carbon in relatively cold areas, and this will strongly
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constrain plasma operations. For example, carbon i¥L.D. Irradiation Effects

currently chosen in ITER to clad the ITER divertor tar- o ] )
get, near the strike points, because of its greater resil- Irradiation effects include the effect of neutron ir-
ience to excessive heat loads during ELMs and plasmgadiation on material properties and mechanical behavior
disruptions. However, maintaining carbon in the desigrsuch as the decrease in thermal conductiignd the
has a strong impact on the control of the tritium inven-effect of swelling for carbon under high neutron fluence.
tory, and efficient in situ techniques are required to ret also includes the effect of ion implantatigihelium
cover the tritium retained in the codeposited layers tdons in particulay and accumulation in the armor mate-
avoid frequent interruptions imposed by precautionanyial- For example, in tungsteim which helium diffusion:
operating safety limits or necessitated by fuel economyis very pooJ, the large fluxes of helium ions can resultin
Although there are still large uncertainties in estimating2 1 to 1 ratio of tungsten to helium within100 days of

the number of plasma pulses that ITER will need to reactpperation assuming a Am implantation depth. This
the in-vessel mobilizable inventory linfie.g.,<500 g of ~ Would lead to failure of chunks of armor and must be
codeposited tritiuf there are concerns that this could remedied by solutions such as operation at high enough
severely limit plasma operation. Upon reaching that limit,temperature for helium to be mobile in tungsten or by
operation would need to be discontinued, and the subHsing a very fine porous structuteith nanosize being
sequent availability of the machine for plasma operationéhe goaJ to provide a very short diffusion path for helium
would depend on efficient and fast tritium removal tech-t0 be transported to open porosity and back to the cham-
niques that have yet to be fully demonstrated in a tokaber. The porous structure could also help in accommo-
mak. For Comparison, in TFTR, several weeks Weréjating local stresses ariSing from the hlgh heat fluxes

needed for trittum removal after only 10 to 15 min of associated with photon and ion energy deposition. These
cumulative D-T plasma operation. are being investigated as part of the ongoing R&D effort

Several techniques are being considered for the rén this area. Other irradiation issues include material ac-

moval of the tritium-rich codeposited layers. One suchtivation and the associated disposal and safety concerns
technique involves exposure to oxygéeg., thermo- that are discussed in Sec. VII.
oxidative erosion at temperatures570 K, or oxygen
plasma discharggsand has been found to be most effec-yy E. Fabrication
tive in laboratory experiments to remove tritium from a
carbon surfacgby removing the tritium-containing Effort in R&D is needed on the fabrication of the
films).4142 Major drawbacks of such a technique usingarmor material, on its bonding to a structural material,
oxygen, especially at elevated temperatures, includand on the armor and bond integrity under operation. In
collateral effects on other in-vessel components and rethe case of IFE, particular concerns exist as to the appli-
covery time for normal plasma operation. No practicalcability of material(and bonding properties and behav-
method of localizing the oxidation to the area requiredior developed under equilibrium or moderate transients
(and avoiding oxygen exposure elsewhdras been de- to the highly cyclic conditions at the armor surface. Fab-
veloped, although various ideas are being explored. Alrication is also an important issue for the development of
ternatively, high-temperature bakir(@>1000 K) under  engineered material such as the fibrous carpet discussed
vacuum is sufficient to remove the trapped tritium but isin Sec. V.A and finely structured porous tungsten to en-
technically very difficult to achieve. However, the re- hance helium migration back to the chamber.
quired removal rate from any technique has not been Even inthe most optimistic case, itis very difficult to
demonstrated on a tokamak, and this remains a majajuarantee that locally the armor will not erode to an
issue yet to be resolved for next-step devices with carbonnacceptable level or fail. Thus, it is imperative that in
PFCs. parallel with the R&D effort, methods for in situ repair of

For IFE application, carbon redeposition in cold re-the armor be developed to avoid long and costly shut-
gions (less than~800 K) can lead to tritium codeposi- down for replacement of major wall sections in the event
tion in the ratio of up to 1:1. This would correspond to of local failure or erosion.
~60 g of tritium for every micron of ablated carbon in
a chamber of radius 6.5 m. Although the chamber wall
}’i"r']'('afﬁo?ttﬂgZrtf/g‘rpfv'haett’éet’h??é%are many penetration,, er\yation ANALYSIS FOR DIRECT-DRIVE

perature will be low

enough for tritium codeposition to be of concern. As AND INDIRECT-DRIVE TARGETS FOR
part of R&D activities, techniques must be developed DRY CHAMBER WALL APPLICATION
for removal of codeposited tritium through processes
such as those outlined above. Based on the currentunder- This section summarizes the key activation issues
standing from the MFE situation, solving the carbon co-for the candidate coatirf¢pohlraum materials and exam-
deposition issue is a prerequisite to utilizing carbon asnes the influence on the waste management of ARIES-
armor material for IFE. IFE chambers using the radiation conditions of the
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dry-wall concept; a more detailed discussion can be foundf 21 MW-yr/m?, which means a neutron wall loading of
in Ref. 43. Gold and gol¢gadolinium have long been 3.5 MW/m? would correspond to a first-wall lifetime of
considered to be the coating and hohlraum wall material§ full-power years FPY). A 44-cm-thick blanke{20%
of choice for the direct-drive and indirect-drive targets,SiC;/SiC and 80% Pb-17Li, by volumas sufficient to
respectively, offering high target performance and lowprovide an overall tritium-breeding ratio of 1.1. Over the
beam energy losses. More recently, a variety of othe6-FPY service lifetime of the first wall, the target mate-
materials has been considered including tungsten, leadials keep accumulating, reaching a thickness @fi@for
platinum, palladium, and silver for the direct-drive- the laser target coatings ar cm for the more massive
target coating and gold, tungsten, lead, mercury, tantandirect-drive hohlraum wall materials. It seems likely
lum, cesium, and hafnium for the hohlraum wall of the that the incident X rays and ions will melt most of the
indirect-drive target. deposited hohlraum materials, and itis assumed that only
During burn, the coatinghohlraum debris interact a deposited layer1 mm thick will stick on the wall. The
with the source neutrons and become radioactive, themolten materials would run down the first wall, accumu-
travel through the cavity, and reach the solid w@s- late at the bottom of the chamber, and eventually be
suming a low-density chamber buffer gaghere they are removed for disposal or recycling.
deposited. During the subsequent shots, the condensed The irradiation history for the target coatings and
materials get reirradiated for several years and then afgohlraums was conservatively represented as a pulsed
disposed of with the first wall and blanket at the end ofhistory with a single pulse using the target neutron flux
their service lifetime. The accumulation of the radio-and 1@ pulses over the 6-FPY period using the lower and
active target materials on the first wall has prompted arsofter first-wall flux. Note that the fluence-dependent
interest in the issues regarding the waste management afaste disposal ratingWDR) is insensitive to the first-
the chamber structure plated with radioactive target dewall location as long as the material-dependent EOL flu-
bris. The motivation of this assessment is to develop a listnce remains fixed at 21 MWr/m?2 This means a larger
of recommended coatiigohlraum materials that would chamber would call for a lower wall loading and a longer
offer outstanding safety features under the assumed offirst-wall lifetime and will have a comparable WDR to
erating condition. This would be an important input for the 4-m-radius base case. The activity and WDR were
target designers and would have to be considered alongpmputed using the ALARA pulsed activation céfle
with other key factors such as target fabrication, perforand the FENDL-2 175 neutron group transmutation cross-
mance, and safety issues when developing the target deection library. Highly pure materials were assumed for
sign and composition. the target materials and tungsten armor. The impurities
For the example analysis presented here, the radidsr the SiG/SiC structure are taken from ARIES-AT
of the solid first wall was assumed to be 4 m. For thestudy. A WDR= 1 at the end of a 100-yr institutional
direct-drive-target case, the 154-MJ target served as theontrol period means the component qualifies as low-
in-chamber irradiation source. Consideration of the higherlevel waste for shallow land burial. The WDRs reported
yield (401-MJ) direct-drive target should not alter the herein are based on the Fetter waste disposal limits as
main conclusions from this analysis. The direct-drivethey are more restrictive than those of the U.S. Nuclear
spherical shell targets have a radius of 1.95 mm containRegulatory CommissiofNRC) for all materials consid-
ing the frozen D-T fuel interior layer and are coveredered in this analysis.
with a 300-A-thick coating. For the indirect-drive target, The volume-averaged WDR results are summarized
a 15um-thick hohlraum wall, having a volume of inTablesV and VI for the direct-drive-target coating and
0.0085 cm, surrounds the capsutélt is estimated that indirect-drive holhraum cases, respectively. Two addi-
for a repetition-rate of 6 Hz, approximately 190 million tional cases are also included: coating or hohlraum com-
targets per year will be needed. The more massive hohbined with tungsten armor on a separate first wall and
raums produce much heavy metal debris in the chameoating or hohlraum combined with tungsyéinst wall
ber: 20 tonnegyr of gold/gadolinium as compared with attached to the blanket. From the design standpoint, it
5 kg/yr for the gold laser coating. seems desirable to integrate the first wall with the blan-
In the spirit of separating the armor function from ket, and in this case, the armor has a relatively small
the first-wall structural function and blanket function, asimpact on the already low WDR of the SiC first wall
discussed in Sec. V.A, a tungsten armor has been consitidanket (0.02. This means considerations other than
ered coupled with a first-walblanket configuration de- the radiological issue&.g., evaporation rate by target
veloped for the ARIES-AT MFE power plafwith SiC;/ X rays) will determine the preferred armor material,
SiC as structural material and Pb-17Li as coolant aneither tungsten or graphite. The main long-lived radio-
breeder materiaf® The tungsten armor is assumed to benuclides contributing to the WDR are included between
2 mm thick and attached to a 10-mm-thick §iSiC first  parentheses in Tables V and VI. The reported results are
wall. A graphite armor would offer less radioactivity than for a fully compacted waste. The main long-lived radio-
tungsten. An assumed burnup limit of 3% for the §iC nuclides contributing to the WDR of the tungsten armor
SiC structure translates into an end-of-iteOL) fluence  and SiG/SiC structure aré®®™Re ancf®Al, respectively.
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TABLE V candidates and then select the best mat@lidlased on
WDR for Target Coating Materials Deposited on the considerations other thgn the WDR. _Othgr_design issues
SiC/SiC Structure of a Dry-Wall Chamber for such as target fabricatiginstability/gain, tritium reten-
a Direct-Drive-Target Case tion and fill time, and off-site doses during an accident
may further limit the coatinghohlraum materials choice.
Coating/ The merits and additional cost associated with the exclu-
Coating’ | Tungstenl sion of some materials should be evaluated with the per-
_ | Tungsten | First Wall/ spective that the incremental change in the cost of
Coating Material | FirstWall | Boron electricity is only 5% or les$Ref. 43.
— 0.24 0.04
Gold 0.87(1%*Hg) 0.24 0.04
Tungsten 1.0318MRg) 0.24 0.04 VIil. EXAMPLE SAFETY ANALYSIS FOR
Lead 3.6 (?98Bi) 0.24 0.04 DRY CHAMBER WALL
Platinum 169 () 0.35 0.05
Palladium | 4.6<10° (V%"Ag) 3.3 04 To illustrate the impact of armor selection and per-
Silver L7X10° (*rAg) | 114 12.4 formance on the larger safety issue, a scenario leading to

alarge air ingress into the chamber was considered in the
case of a chamber with carbon armor. Such an event may
challenge the design to meet the requirements in the U.S.
One notes immediately that the gold-plated first wallDepartment of EnergyDOE) Fusion Safety Standard
gualifies as Class-C low-level waste. The silver and gad{FSS (Ref. 47, to avoid public sheltering and evacua-
olinium generate high-level wast@/DR > 1) evenwhen tion, by keeping off-site doses below 1 rétt0 mSy in
the WDR is averaged over the entire first wdllanket. an accident because of the large inventory of tritium in
Of interest is that even a very thin layer of silver or the blanket. This event is also important from an invest-
gadolinium on the first wal(1 and 10um, respectively = ment protection standpoint since air ingress can lead to
cause waste disposal problems. Admittedly, it is feasibl@xidation and destruction of the carbon components.
to separate the small amount'8mAg and*58Tb radio- To illustrate the safety analysis, a previously pro-
isotopes from the waste stream and dispose of them gmsed design, the 1000-MWlectrio SOMBRERO de-
high-level waste. However, the high cost of the isotopicsign was used for the evaluation. It was assumed that the
separation process could be prohibitive. If palladium isfirst-wall and blanket regions of SOMBRERO are con-
the preferred coating for laser targets, the palladiumstructed of a low-activation carbgoarbon composite
plated first wall and blanket should be disposed of as anaterial with an assumed 1-kg inventory of trapped tri-
single unit to meet the Class-C waste managemerttum.*8 For the present evaluation, in keeping with guid-
requirements. ance inthe DOE FSS, a severe event was postulated. This
Based on the activation analysis, it is recommendedcenario consists of a loss-of-flow acciden®FA) com-
to exclude the silver and gadolinium from the list of bined with a loss-of-vacuum accidefitOVA) resulting

TABLE VI

WDR for Hohlraum Materials Deposited on the $/SiC Structure of a Dry-Wall Chamber
for an Indirect-Drive-Target Case

Hohlrauny Hohlraumy Tungsten
Hohlraum Materials TungstenFirst Wall First Wall/Blanket
— 0.24 0.04
Gold/gadolinium(50:502 1.2 X 10* (158Th) 924 107
Gold 0.87(*%Hg) 0.28 0.043
Lead 3.6 (298Bj) 0.5 0.068
Mercury 0.4 (**Hg) 0.25 0.04
Tantalum 0.0G182Hf) 0.22 0.04
Tungsten 1.03185MRg) 0.3 0.045
Lead/tantalunycesium(45:20:35 1.5 (298Bj) 0.34 0.05
Mercury/tungstencesium(45:20:35 0.26 (*9%Hg, 186MRg) 0.24 0.04
Lead/hafnium(70:30 2.9 (298Bj) 0.44 0.06

8n atom percent.
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from a 1-n? break in the confinement building. The break systems to reduce the probability of air ingress into the
in the confinement allows outside air to flow into the plasma chamber, thus eliminating the destruction of the
chamber, resulting in the oxidatigéexothermic reaction first wall and the release of HTO from the carbon walls.
of any exposed high-temperature carbon surfaces. The We also looked at a carbon fiber or carbon whisker
oxidation raté® at the carbon surface is a function of configuration for the armor, as representative of the fi-
both the temperature of the carbon and the partial predrous carpet described in Sec. V.A. Our results showed
sure of the oxygen in the chambisee also Ref. 50 that the heatup and peak first-wall temperatsee Fig. 16
This accident was analyzed recently by two groupswvas the same as for the flat carbon wall because the
of researchers, and the results are reported in Refs. Gixidation reaction was limited by oxygen availability
and 51. As an example, the results from Ref. 50 show thafsee Fig. 1Y even though the surface area for oxidation
the first-wall temperature initially at 1000 reaches a is increased by a factor of 100. Therefore, there are no
maximum temperature o£1175C in 2.5 days due to obvious detrimental thermal-hydraulic consequences as-
oxidation of the first wall and blanket and then slowly sociated with using carbon fibrous carpet armor in place
decreases to 80Q by 25 days. Over that period all the of flat carbon. From a safety perspective, future efforts in
tritium in the first wall in the form of HTO0.78 remis  dry-wall carbon chambers should focus on improving
assumed released to the environment. This release alorgnfinement angor determine if there is a grade of car-
with the dose from the xenon gas exceeds the limit offtbon composite that shows very low reactivity with air
site dose of 10 mS{Ref. 48. Our results confirmed that and can meet all of the other requirements for use as a
the first-wall temperature initially at 73C will increase  chamber first-wall material.
to ~1100C, which is slightly lower than the results re-
ported in Ref. 50. The heatup of the first wall is due
entirely to the oxidation of the carbon wa(lsoth front and
back. The peak temperature is low because of oxygedx' CONCLUSIONS
starvation; i.e., the flow of air through the break is unable
to supply enough oxygen to sustain the oxidation rate at The IFE chamber wall requirements of integrity, life-
a high enough level to generate higher first-wall tempertime, and compatibility with reactor operation are quite
atures; however, both results show that the first wall ofdemanding in view of the challenging cyclic operating
the chamber will be completely oxidized. Both resultsconditions both in terms of incident heat fluxes and par-
indicate that a better confinement is needed in dry-walticle fluxes.

1200 — —T T ™ — T
| —— Base (flat surface)
————— Surface area 10 x
Surface area 100 x
1000 .

800 All fibers have been oxidized

Temperature (°C)

600 -

400 -

200
Time (days)

Fig. 16. Surface temperature of carbon armor with different surface areas during tQENA accident scenario.
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Fig. 17. Mass of oxygen in chamber during LORALOVA accident scenario for carbon armor with different surface areas.

The main dry-wall candidate materials are carbon  However, there are some key issues that need to be
and refractory metals because of their high temperaturaddressed for both carbon and tungsten armor. For car-
capability and their ability to accommodate high heatbon, a major concern for the design, operation, and safety
fluxes. Their use as armor material has been evaluated iof the system is the erosion of the carbon armor over
the case of direct-drive and indirect-drive targets. In themany pulses, and codeposition of eroded material in com-
case of the indirect-drive target, a large fraction of thebination with tritium, that could result in unacceptably
fusion reaction energy is in the form of X rays, and a highhigh tritium inventories. For refractory metals, such as
density of protective gas is required for these X raystungsten, cyclic operation at high temperature might lead
(>200 mtorr in the case of xenpmmaking it very chal-  to surface roughening to relieve local stresses. It is spec-
lenging to accommodate the driver requirements on maxdlated that operation near or at the melting point could
imum gas density. A heavy-ion-beam driver with channelprovide some annealing, but this needs to be verified.
transport might be a possibility based on an assumedlso, with the possibility of melting, concerns about the
scattering limit of an integrated line density equivalent tostability of the melt layer and integrity of the resolidified
~1 torr. However, the feasibility and attractiveness ofmaterial over the IFE-relevant timescales must be ad-
such a combination needs to be further evaluated in thdressed. The effect of helium ion implantation on the
context of a power plant. armor integrity is also a key issue in particular for tung-

For the direct-drive target, a thermal design windowsten in which helium diffusion is very slow. The possi-
exists requiring very low gas density. Calculations showbility of developing engineered material is being pursued,
that the threat spectra from the 154-MJ target could bsuch as utilizing a finely structured porous tungsten armor
accommodated with some margin by either a carbon oto enhance the migration of implanted helium back to the
tungsten armor in a 6.5-faradiug chamber witha50@  chamber while at the same time providing local stress
coolant even in the absence of a protective chamber garelief to avoid roughening. High-porosity fibrous mate-
The presence of a protective gas attenuating the threat t@als have also been proposed, such as a fibrous carbon
the wall would provide additional flexibility for setting carpet that showed superior ability to accommodate high
and optimizing the operating conditions, such as the tarheat fluxes. However, the carbon erosion and tritium co-
get yield, chamber radius, and coolant temperature padeposition concerns remain and need to be addressed, for
rameters for power plant applications. Constraints fromexample, by utilizing tungsten or tungsten-coated fibers
target injection and survival as well as from driver re-instead of carbon fibers.
quirements would also have to be considered when set- One interesting observation is that although IFE op-
ting the chamber protective gas dengigge Ref. 2D eration is cyclic in nature while MFE operation targets
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steady state, there are dynamic MFE operation scenario$. “ESLI” Web site, available on the Internet étttp://
(e.g., ELM scenarigsin particular for the next-step de- www.esli.con), Energy Sciences Laboratory, Inc.

vice whose loading conditions on the armor show some

commonality with IFE. Thus, there is substantial overlap 7- P- J. KARDITSAS and M.-J. BAPTISTE, “Thermal and

in the confiqurations and materials considered for MFEStructuraI Properties of_Fusion Related Materials,” available
and IFE ch%mber walls and in the related issues. Thig" the Internetahitip;//aries.ucsd.ediLIB/PROPSPANOY

. e matintro.htm), UKAEA Government Division, Fusion,
I{)Fr(év;drﬁqsoﬁhs&%os&blhty of synergy between MFE and(Euratom/UKAEA Fusion Association

With respect to the activation and safety ofthe cham- g 5 | sMITH R, E. MATTAS. and M. C. BILLONE. “Fu-

ber, it is recommended to exclude silver and gadoliniunkjon Reactor Materials Kuclear Materials Part 2, Vol. 10 B,

from the list of candidate coatingohlraum materialsto B. R. T. FROST, Ed., Materials Science and Technology, VCH

avoid deep geological burial of the chamber structureverlagsgesellschaft mbH, Germany.

and to design a high-performance confinement system to

reduce the probability of air ingress in particular with a 9. A. R. RAFFRAY and G. FEDERICI, “RACLETTE: A

carbon-based chamber. Model for Evaluating the Thermal Response of Plasma Facing
In conclusion, although some major issues still needcomponents to Slow High Power Plasma Transients—Part I:

to be resolved, the analyses show encouraging results ffzfgzogfé ?fgg%?sscégpg?snooé'\ﬂgg%‘ Es%lbggﬁi"’\ll?u%kﬂ:égﬂ

the possibility of utilizing a dry-wall chamber in combi- 7% /s : . oy '

natign with a)iaser-drivegn dire}::t-drive target. A more de- RACLETTE: A Model for Evaluating the Thermal Response

tailed effort i lant text Id b . dof Plasma Facing Components to Slow High Power Plasma
ailed etfort in a power piant context wou € requIreO .5 sients—Part II: Analysis of ITER Plasma Facing Compo-

to better determine the attractiveness of such a configusents 3. Nucl. Mater, 244, 101(1997).
ration for power plant application.

10. L. L. SNEAD and T. D. BURCHELLCarbon Extended
Abstracts pp. 774-7751995.
ACKNOWLEDGMENTS

) 11. V. PHILIPPS, Personal Communication.
This work was supported by the DOE under contract DE-

FC03-95ER54299. We would like to acknowledge the help of{5> «py Eperl MBE-Komponenten GmbH” Web site, avail-
X. Wang from the University pf California, San DiegdCSD) able on the Internet &http://www.mbe-kompo.dgindex.htm}
on the target thermal analysis, M. Zaghloul from UCSD on the(2002)
energy deposition analysis, D. Henderson and P. Wilson from

the University of Wisconsin on the activation analysis, and R'13. “ARIES Properties Archive,” available on the Internet at

Moore from the Idaho National Engineering and Environmen- A
tal Laboratory on the safety analysis. We also acknowledge thghttp.//arles.ucsd.ed,{uB /PROPSPHOTON).

thoughtful input of C. Skinner from the Princeton Plasma Phys-14
ics Laboratory on the tritium issues.

. “Particle Interactions with Matter: SRIM—The Stopping
and Range of lons in Matter,” available on the Internet at
(http://www.srim.org/).

REFERENCES 15. R.R.PETERSON etal., The BUCKY and ZEUS-2D Com-
puter Codes for Simulating High Energy Density ICF Plas-
1. I. N. SVIATOSLAVSKY et al., “A KrF Laser Driven In- mas,”Fusion Techno| 30, 783(1996.
ertial Fusion Reactor ‘SOMBRERO,’'Fusion Techno).21,
1470(1992. 16. T. RENK, Personal Communication; see also T. RENK,
“RHEPP Experiments,” presented at High Average Power Laser
2. S. E. BODNER, D-_ G. CQLOI_\/IBANT_, A.J SCHM'TT- Program Workshop, Washington, D.C., December 5-6, 2002,
and M. KLAPISCH, “High-Gain Direct-Drive Target Design ayajlable on the Internet dhttp://aries.ucsd.edtHAPL/
for Laser Fusion,’Phys. Plasmas?, 6, 2298(2000. MEETINGS/0212-HAPL/program.htm.

3. D. T. GOODIN, N. B. ALEXANDER, C. R. GIBSON, A.
NOBILE, R. W. PETZOLDT, N. P. SIEGEL, and L. THOM-
SON, “Developing Target Injection and Tracking for Inertial
Fusion Energy Power Plantsucl. Fusion 41, 527(2001).

17. T. MELHORN, “A Finite Material Temperature Model for
lon Energy Deposition in lon-Driven Inertial Fusion Targets,”
J. Appl. Phys 52, 6522(1981).

4. “ARIES-IFE Reference Target Spectra,” available on thel8. J. MACFARLANE and P. WANG, “Radiative Properties

Internet at(http;//aries.ucsd.eARIES/WDOCS/ARIES- and Line Trapping _Effects in Post-Explosion Inertial Fusion
IFE/SPECTRA). Plasmas,’Phys. Fluids B3, 3494(1991).

5. D. A. CALLAHAN-MILLER and M. TABAK, “Increas- 19. D. A. LABUNTSOV and A. P. KRYUKOV, “Analysis of

ing the Coupling Efficiency in a Heavy lon, Inertial Confine- Intensive Evaporation and Condensatiomt. J. Heat Mass
ment Fusion Target,Nucl. Fusion 39, 1547(1999. Transfer 22, 989(1979.

FUSION SCIENCE AND TECHNOLOGY VOL. 46 NOV. 2004 435



Raffray et al.

20. F. NAJMABADI, A. R. RAFFRAY, and ARIES TEAM,
“Operational Windows for Dry-Wall and Wetted-Wall IFE Cham-
bers,”Fusion Sci. Technql46, 401(2004.

21. A.R. RAFFRAY, G. FEDERICI, A. HASSANEIN, and D.
HAYNES, “Dynamic Chamber Armor Behavior in IFE and
MFE,” Fusion Eng. Des.63—-64 597(2002.

22. J. SETHIAN et al., “Fusion Energy Research with Lasers
Direct Drive Targets, and Dry Wall Chamberd$yucl. Fusion
(May 2003 (accepted for publication

23. G. FEDERICI et al., “Plasma-Materials Interactions in
Current Tokamaks and Their Implications for Next-Step Fu-
sion ReactorsNucl. Fusion 41, 12R(Dec. 200).

24. P. SIGMUND, “Theory of Sputtering. |. Sputtering Yield
of Amorphous and Polycrystalline Targgt®hys. Rev, 184,
383(1969.

25. W. ECKSTEIN, C. GARCIA-ROSALES, J. ROTH, and J.
LASZLO, “Threshold Energy for Sputtering and Its Depen-
dence on Angle of IncidenceNucl. Instrum. Methods B33,
95(1993.

26. J. ROTH, W. ECKSTEIN, and M. GUSEVA, “Erosion of
Be as Plasma-Facing MateriaFusion Eng. Des, 37, 465
(1997.

27. W.ECKSTEIN, C. GARCIA-ROSALES, J. ROTH, and W.
OTTENBERGER, “Sputtering Data,” IPP/82, Max-Planck-
Institut fir Plasmaphysik1993.

28. W. ECKSTEIN, “Computer Simulation of lon-Solid Inter-
action,” Springer Series iNlaterial SciencgVol. 10, Springer,
Berlin (1991).

29. J. BOHDANSKY, H. LINDNER, A. P. MARTINELLI, and

J. ROTH, “Sputtering Yield of Cu and Ag at Temperatures
Close to the Melting Point,Nucl. Instrum. Methods B8, 509
(1987.

30. J. ROTH, E. VIETZKE, and A. A. HAASZ, “Erosion of
Graphite due to Particle Impacttomic and Plasma-Material
Interaction Data for FusionVol. 1, supplement tdNucl. Fu-
sion, 63(1991).

DRY-WALL SURVIVAL UNDER IFE CONDITIONS

34. A. HASSANEIN and I. KONKASHBAEYV, “Comprehen-
sive Physical Models and Simulation Package for Plgsma
Material Interactions During Plasma Instabilitifes. Nucl.
Mater., 273 326(1999.

35. H.WUERZ, S. PESTCHANYI, B. BAZYLEV, and F. KAP-
PLER, “A Consistent 2D Analysis of the ITER 2D Divertor,”
Proc. 20th Symp. Fusion TechnoMarseille, France, 1998,

Vol. 1, p. 271(1998.

36. A. GIBSON et al., “Deuterium-Tritium Plasmas in the
Joint European TorudET): Behavior and Implications Phys.
Plasmas5h, 5, 1839(1998.

37. R.J. HAWRYLUK, “Results from Deuterium-Tritium To-
kamak Confinement ExperimentsRev. Modern Phys.70,
537(1999.

38. C. H. SKINNER et al., “Studies of Tritiated Co-Deposited
Layers in TFTR,”J. Nucl. Mater, 290—293 486 (2001).

39. P. ANDREW et al., “Tritium Retention and Clean-Up in
JET,” Fusion Eng. Des 47, 233(1999.

40. W. R. WAMPLER et al., “Long-Term Retention of Deu-
terium and Tritium in Alcator C-Mod,Proc. 18th IEEEZNPSS
Symp. Fusion Engineering. 267, Institute of Electrical and
Electronics Engineey®uclear and Plasma Sciences Society
(1999.

41. W. WANG, J. ROTH, R. BEHRISCH, and G. STAUDEN-
MAIER, “Material Transport at the Vessel Walls of the Diver-
tor Tokamak ASDEX’ J. Nucl. Mater., 162-164 422(1989.

42. J. W. DAVIS and A. A. HAASZ, “Oxygen Removal of
Codeposited a-C:D Layers from Tokamak Tilek,Nucl. Mater,
266-269 478(1999.

43. L. EL-GUEBALY et al., “Target Activation and Radiolog-
ical Response of ARIES-IFE Dry Wall ChambeFsion Eng.
Des, 63—-64 653(2002.

44. D. CALLAHAN-MILLER and M. TABAK, “Progress in
Physics and Design for Heavy lon FusioRfiys. Plasma7, 5,
2083(May 2000.

31. J. ROTH, “Chemical Sputtering and Radiation Enhanced!5. A. R. RAFFRAY et al. and ARIES TEAM, “High Perfor-

Sublimation of Carbon,” in “Physics of Plasma-Wall Inter-
actions in Controlled Fusion,NATO ASI Series B: Physics

mance Blanket for ARIES-AT Power Plangusion Eng. Des.
58-59 549(2001).

p. 389, D. E. POST and R. BEHRISCH, Eds., Plenum Press,

New York (1986.
32. T. RENK, Personal Communicati¢®0032.

33. A.HASSANEIN, “Prediction of Material Erosion and Life-
time During Major Plasma Instabilities in Tokamak Devices,”
Fusion Eng. Des(2002 (accepted for publication

436

FUSION SCIENCE AND TECHNOLOGY

46. P. WILSON and D. HENDERSON, “ALARA: Analytic
and Laplacian Adaptive Radioactivity Analysis Code Techni-
cal Manual,” UWFDM-1070, University of Wisconsin Fusion
Technology InstitutéJan. 1998

47. “Safety of Magnetic Fusion Facilities: Guidance,” DOE-
STD-6003-96, U.S. Department of Energy996).

VOL. 46 NOV. 2004



Raffray et al. DRY-WALL SURVIVAL UNDER IFE CONDITIONS

48. L. J. WITTENBERG, “A Reinvestigation of the Tritium 50. S. REYES, J. F. LATKOWSKI, J. GOMEZ DEL RIO, and
Inventory in the Carbon Structure of SOMBRERO Direct- J. SANZ, “Accident Doses Analysis of the SOMBRERO Iner-
Drive ICF Conceptual Design Study,” UWFDM-1127, tial Fusion Energy Power Plant Desigrkusion Techno).39,
University of Wisconsin Fusion Technology Institut®ar. 941(2000.
2009.

51. G. KULCINSKI et al., “The Potential for Graphite Oxi-
49. M. H. O'BRIEN, B. J. MERRILL, and S. N. UGAKI, dationin Dry Wall ICF Chambers,” presented at 2nd Laser IFE
“Combustion Testing and Thermal Modeling of Proposed CITProgram Workshop, Washington, D.C., May 31-June 1, 2001,
Graphite Tile Material,” EGG-FSP-8255, Idaho National En- available on the Internet athttp://aries.ucsd.ed(LIB/
gineering LaboratorySep. 1988 MEETINGS/0105-NRL-LASER-DPKulcinski.pdf.

FUSION SCIENCE AND TECHNOLOGY VOL. 46 NOV. 2004 437



