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The chamber wall armor is subject to demanding
conditions in inertial fusion energy (IFE) chambers. IFE
operation is cyclic in nature, and key issues are (a) cham-
ber evacuation to ensure that after each shot the chamber
returns to a quiescent state in preparation for the target
injection and the firing of the driver for the subsequent
shot and (b) armor lifetime that requires that the armor
accommodate the cyclic energy deposition while provid-
ing the required lifetime. Armor erosion would impact
both of these requirements. Tungsten and carbon are con-
sidered as armor for IFE dry-wall chambers based on
their high-temperature and high-heat-flux accommoda-
tion capabilities. This paper assesses the requirements
on armor imposed by the operating conditions in IFE,
including energy deposition density, time of deposition,
and frequencies; describes their impact on the perfor-
mance of the candidate armor materials; and discusses
the major issues.

KEYWORDS: inertial fusion energy, dry chamber wall, pho-
ton and ion energy deposition

I. INTRODUCTION

Inertial fusion energy~IFE! operation is cyclic in
nature, and the power plant chamber wall must accom-

modate the cyclic and intense photon and ion energy
deposition while providing the required lifetime. This is
a particular demanding requirement for the dry chamber
wall configuration. Past studies, such as SOMBRERO,1

indicated the need for a protective gas at a significant
pressure~e.g., xenon at;0.1 to 0.5 torr! to prevent un-
acceptable wall erosion for a carbon chamber wall even
for direct-drive targets. This created a formidable chal-
lenge for such a design since the presence of a gas would
also have to accommodate target and driver require-
ments. Only a minimal target temperature increase~order
of 1 K! can be tolerated during injection to maintain the
required target uniformity for a symmetrical burn. High-
speed target injection~approximately hundreds of meters
per second! through a background gas could result in
higher target temperature deviation because of heat trans-
fer from the gas. The presence of a background gas could
also lead to laser breakdown depending on the gas den-
sity. Until recently, no reasonable design window seemed
to exist that satisfied the conflicting chamber gas con-
straints from wall protection on one hand and from target
and driver considerations on the other.

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
surface area and help accommodate the energy deposi-
tion. The goal was to better understand the operating
design windows based on armor lifetime and on target
and driver requirements and to characterize the key issues.

Both direct-drive- and indirect-drive-target cases
were considered as part of the ARIES-IFE studies. The*E-mail: raffray@fusion.ucsd.edu
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indirect-drive-target pellet is contained within a rela-
tively massive hohlraum enclosure that after the micro-
explosion would result in much more demanding
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 demand-
ing direct-drive target, the studies were focused mainly
on this latter case and so are the results reported here. A
direct-drive target is often coupled with a laser that is
also the main example driver considered here.

The results of the ARIES-IFE dry-wall studies are
described in this paper. First, the threat spectra of the
example targets considered are described, and the energy
deposition calculations are highlighted. Next, the mate-
rials considered are discussed. The wall thermal analysis
modeling is then described, and the results are high-
lighted and discussed. Key issues are discussed with the
aim of helping to guide research and development~R&D!
effort and to highlight possible synergies with R&D for
plasma-facing components~PFCs! in magnetic fusion
energy~MFE!. Larger issues linked with the choice of a
dry-wall armored chamber must also be considered when
developing such a configuration. As an illustration, two
such issues are also discussed: the activation issues linked
with disposal of target materials and an example safety
analysis for an air ingress scenario.

II. TARGET SPECTRA

Two different kinds of targets were considered:

1. a direct-drive target, illustrated in Fig. 1, whereby
the driver energy is deposited directly on the target

2. an indirect-drive target utilizing a radiation hohl-
raum enclosure. The X rays resulting from the
driver beam interaction with the hohlraum mate-
rial are then deposited on the deuterium-tritium
~D-T! target pellet inside the hohlraum. Such an
option has been considered in particular in con-
junction with a heavy-ion-beam driver.

The energy partitioning from the two example direct-
drive and indirect-drive targets@a 154-MJ Naval Re-
search Laboratory~NRL! laser direct-drive target2,3 and
a 458-MJ heavy-ion indirect-drive target4,5# are shown
in Table I based on LASNEX calculations.4 The photons
and ions are the major threats to the chamber wall. Neu-
trons penetrate much more deeply into the structure and
blanket and as such are much less of a threat to the cham-
ber wall. The corresponding photon spectra for both tar-
gets are shown in Fig. 2. The major difference between
the direct-drive and indirect-drive threat spectra is the
huge energy component carried by photons in the indirect-
drive case~25%! as opposed to the direct-drive case~1%!,
albeit with a softer spectrum. The photon energy depo-

sition time is very small~typically subnanoseconds!, which
results in large heat fluxes and makes it very challenging
for a wall to accommodate the indirect-drive-target pho-
ton threat. Consequently, although results presented in
this paper cover both the direct-drive- and indirect-drive-
target cases, there is more of a focus on the direct-drive-
target case. The burn products~fast ions! and debris ion
spectra for the 154-MJ direct-drive target are shown in
Figs. 3 and 4, respectively. A recently proposed higher-
yield direct-drive target~;401 MJ! with similar relative
energy partitioning and threat spectra as the 154-MJ case
was also considered. More detailed information on the
ion spectra for both direct-drive targets~154 and 401 MJ!
as well as for the 458-MJ indirect-drive target can be
found in Ref. 4.

III. CANDIDATE DRY-WALL ARMOR CONFIGURATIONS
AND MATERIALS

Candidate dry chamber armor materials must have
high-temperature capability and good thermal properties
to accommodate energy deposition and provide the re-
quired lifetime. Processes affecting armor lifetime in-
clude erosion and local armor failure. Ablated material
must also be considered in the chamber clearing process

Fig. 1. Example direct-drive target~NRL! to be coupled with
a laser driver.2,3
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to ensure that after each shot the chamber returns to a
quiescent state in preparation for the target injection and
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 in
past studies~e.g., Ref. 1!. However, several mass loss
processes have been identified in carbon including chem-
ical erosion and radiation-enhanced sublimation that lead
to key concerns of lifetime and tritium inventory through
codeposition in cold regions, as will be discussed in
Sec. VI.C. In this regard, refractory metals, such as tung-
sten, are attractive candidates since they also offer good
high-temperature capability but without the tritium co-
deposition and inventory concern. However, melting can
be an issue for severe energy deposition scenarios de-
pending on the stability of the melt layer and on the form
of the resolidified material. Both carbon and tungsten are
currently considered as armor material candidates for

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-
sition is being investigated. Typical carbon and tungsten
thermophysical properties are listed in Table II.

IV. ENERGY DEPOSITION IN DRY WALL
FROM TARGET SPECTRA

The energy deposition in the material was calculated
based on the photon and ion spectra for the correspond-
ing targets. A one-dimensional~1-D! slab geometry was
assumed, and the calculations were performed for carbon
and tungsten. An attenuation calculation was used for the
photon energy deposition based on data for the attenua-
tion coefficient in the material~including photoelectric
and Compton scattering effects! as a function of the pho-
ton energy.13The ion deposition calculation included both
the electronic and nuclear stopping powers that were ob-
tained as a function of ion energy from SRIM~Ref. 14!.

TABLE I

Energy Partitioning for 154-MJ NRL Direct-Drive Target and 458-MJ Heavy-Ion Indirect-Drive Target

NRL Direct-Drive Target
~MJ!

Heavy-Ion Indirect-Drive Target
~MJ!

X rays 2.10 ~1.4%! 115 ~25%!
Neutrons 109 ~71%! 316 ~69%!
Gammas 0.0089~0.006%! 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

Fig. 2. Photon spectra from NRL 154-MJ direct-drive target
and 458-MJ heavy-ion-beam indirect-drive target.4

Fig. 3. Fast ion spectra from NRL 154-MJ direct-drive target.4
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The calculations proceeded by following ions at discret-
ized energy levels from the spectra through the material
slab. Figure 6 shows the energy deposition as a function
of penetration depth for carbon and tungsten for the
154-MJ direct-drive target spectra assuming a chamber
radius of 6.5 m and no protective gas in the chamber. A
similar plot for the 401-MJ direct-drive target spectra is
shown in Fig. 7.

The calculation procedure included the time-of-
flight spreading of the photon and ion energy deposition.
The photons travel much faster than the ions and would
reach the chamber wall within;20 ns over a time spread
of subnanoseconds. The ions take longer to reach the
chamber wall and would reach the wall at different times
depending on their energy, thereby spreading the energy
deposition over time and lowering the heat flux seen by
the wall. As an example, a simple estimate of the ion time
of flight based on kinetic energy is shown in Fig. 8 for
the 154-MJ direct-drive target spectra for a case without
any protective gas in a chamber of radius 6.5 m. The fast
ions reach the wall within;0.2 to 1 ms whereas the
slow ions reach the wall within 1 to 2.5ms.

V. THERMAL ANALYSES

The thermal analysis was carried out using a 1-D
code based on RACLETTE~Ref. 9! including melting
and evaporation, and using BUCKY~Ref. 15!, an inte-
grated 1-D code that calculates the photon and ion energy
deposition and the wall thermal response for cases with
and without a protective gas. Temperature-dependent
properties were utilized for both carbon and tungsten;
the thermal conductivity of carbon tends to decrease
appreciably with neutron irradiation, and the thermal

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

Fig. 5. ESLI carbon fibrous carpet.6
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conductivity data for irradiated carbon~1 dpa! were used.
Typical properties are shown in Table II.

V.A. Armor Analysis for Cases Without a Chamber Gas

Calculations for the case with no protective chamber
gas were performed using the modified RACLETTE code.

Melting was modeled by changing the enthalpy of the
material over;1 K at the melting point to account for the
latent heat of fusion. Evaporation or sublimation was
modeled by calculating the evaporated flux as a function
of the wall temperature and then multiplying by the latent
heat of evaporation to calculate the effective heat flux, as
described below.

TABLE II

Summary of Main Armor Material Properties

Thermophysical Properties Tungsten Carbona

Density~kg0m3! ;19 350~Ref. 7! ;2000~Ref. 8!

Phase change temperature,Tpc ~K ! 3683~Ref. 7! ~melting! 3640~Ref. 9! ~sublimation!

Thermal conductivity,k ~W0m{K ! 148 ~500 K! ~Refs. 7 and 8!
90 ~3000 K! ~Ref. 8!

90 ~573 K!b ~Ref. 10!
213 ~.1500 K! ~Ref. 10!

Specific heat,Cp ~J0kg{K ! 138 ~500 K! ~Ref. 8!
225 ~3000 K! ~Ref. 8!

1350~500 K! ~Ref. 7!
2450~3000 K! ~Ref. 7!

Heat of fusion,hfg ~kJ0kg! 192 ~Ref. 7! —

Heat of vaporization,hv ~kJ0kg! 4009~Ref. 7! 59 400c ~Refs. 9 and 11!

Molecular weight 183.85~Ref. 8! 12

Parameters in vapor pressure Eq.~2! ~K !
Ai 12.74~Refs. 9 and 12! 15.75~Ref. 11!
Bi 44 485~Refs. 9 and 12! 40 750~Ref. 11!

Assumed condensation coefficient,s ;1 0.12~Ref. 11!

aA thin vapor deposition carbon armor is assumed over a carbon-fiber-composite structure.
bThermal conductivity of neutron-irradiated MKC-1PH carbon-fiber composite~1 dpa!.
cThis value is based on sublimation of monoatomic carbon C1 and is used in the example calculations presented in this paper.
However, this value will change depending on the molecular form and distribution of sublimated carbon~i.e., C2, C3 or even C4,5
molecular clusters!. This is an important issue that must be considered in more detailed calculations.11

Fig. 6. Energy deposition as a function of penetration depth
for carbon and tungsten for the 154-MJ direct-drive
target spectra assuming a chamber radius of 6.5 m and
no protective gas in the chamber.

Fig. 7. Energy deposition as a function of penetration depth
for carbon and tungsten for the 401-MJ direct-drive
target spectra assuming a chamber radius of 6.5 m and
no protective gas in the chamber.
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Under the assumption that at equilibrium the con-
densation heat flux based on the vapor pressure and tem-
perature would be equal to the evaporation flux based on
the wall temperature, the latter can be estimated as follows:

G 5 ! M

2pRT
sPvap , ~1!

where

G 5 evaporated mass flux~kg0m2{s!

M 5 molecular weight

R 5 gas constant~J0kmol{K !

s 5 condensation coefficient

Pvap 5 vapor pressure~Pa! corresponding to the armor
surface temperature typically given by

log Pvap 5 Ai 2
Bi

T
. ~2!

Multiplying G by the latent heat of vaporizationhv
~in joules per kilogram! yields the evaporation heat flux
as a function of the surface temperature. The values of
these different parameters used in the analysis for carbon
and tungsten can be found in Table II.

Example results for a 3-mm tungsten slab without a
protective chamber gas are shown in Fig. 9 for a chamber
radius of 6.5 m and a coolant temperature of 5008C. The
major observations emerging from the results include the
following:

1. The photon energy deposition is very fast and
creates an instantaneous temperature increase of;11508C.

2. The maximum tungsten temperature is,30008C.
It is not clear whether total melt avoidance would be
required as this would depend on the stability of the melt
layer and on the material form and integrity following

resolidification. However, even assuming a melting point
limit ~34108C!, the results indicate some margin for ad-
justment of parameters such as target yield, chamber size,
coolant temperature, and protective gas pressure.

3. All the action takes place in a very thin region
~,100mm! based on which a design with separate func-
tions is preferred: a thin armor providing the high-energy
accommodation function bonded to a structural substrate
providing the structural function and interfacing with the
blanket that effectively sees quasi-steady-state conditions.

Figure 10 shows the results for a carbon armor case.
Generally, the observations are the same as for the tung-
sten case except that the initial photon-induced peak is
much smaller since the photon energy deposition goes
more deeply inside the carbon and the maximum tem-
perature is,20008C with an associated annual sublima-
tion loss of,1 mm. From these results, a carbon wall can
survive the photon and ion energy deposition from this
target even without gas protection with some margin to
allow for design optimization on various parameters.

Calculations done for the 401-MJ direct-drive-target
case in the absence of any protective gas showed un-
acceptable melting and evaporation in the case of tung-
sten and unacceptable sublimation in the case of carbon,
indicating the need for a protective chamber gas for cham-
ber sizes of;6.5 m in radius. For example, for such a
chamber size with a coolant temperature of 5008C, the
calculations indicated a maximum tungsten temperature
of ;68008C with a corresponding melt layer of;7.3mm
and evaporation loss of;0.08mm per shot. For carbon,
the maximum temperature was calculated as;41008C
with a corresponding sublimation loss thickness of

Fig. 8. Ion power deposition as a function of time for 154-MJ
NRL direct-drive target.

Fig. 9. Temperature history at different locations in a 3-mm
tungsten slab without a protective gas exposed to the
154-MJ direct-drive-target threat spectra in a chamber
of radius 6.5 m and with a coolant temperature of 5008C.
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0.06 mm per shot~which, for a repetition rate of 10,
corresponds to;50 mm0day of armor loss!.

Calculations were also performed to help understand
the advantages provided by an engineered surface in ac-
commodating high incident heat fluxes as compared to a
flat surface. Recent results from experiments with the
RHEPP ion source indicated superior performance from
a high-porosity carbon fiber carpet~illustrated in Fig. 5!

as compared to a flat carbon surface.16 The ion sources
were carbon and hydrogen at;200 to 300 keV with
fluences at the armor surface of;5 J0cm2. It is recog-
nized that a key issue associated with this particular car-
bon fibrous carpet is the large carbon surface area that
could lead to carbon ablation of some sort~e.g., shallow
angle sputtering along the fiber length although the sput-
tered carbon atoms might redeposit on adjacent fibers!
and tritium codeposition in colder regions. This overall
issue must be studied in more detail for prototypical con-
ditions, and possible solutions such as coating the fiber
with a thin tungsten layer or manufacturing a similar
carpet from tungsten filaments should be investigated.
For the scope of this paper, thermal analyses were per-
formed to help understand the performance of such a
fibrous concept from a purely heat flux accommodation
basis with the understanding that such a concept will
have to be further improved for IFE armor application.

The high-porosity carpet is made of high-aspect-
ratio fibers~;2 to 3 mm long, 5 to 10mm in diameter,
with overall carpet porosity;96 to 99%!.Asimple model
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
separation distancey, estimated from the porosity. A sim-
ple probability function was assumed whereby the prob-
ability of an incident ion flux to hit a fiber in the first
incident plane of fibers is estimated as~d0y!. The prob-
ability of the incident ion flux to hit a fiber in the second
plane of fibers is$~12 d0y!~ @d0~ y 2 d!#% , and so on. In
this way, a simple estimate of the effective distance be-
tween fibersyeff could be obtained by adding the product

Fig. 10. Temperature history at different locations in a 3-mm
carbon slab without a protective gas exposed to the
154-MJ direct-drive-target threat spectra in a chamber
of radius 6.5 m and with a coolant temperature of
5008C.

Fig. 11. Schematic of fibrous carpet modeling.
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of distance and probability linked to each plane of fibers.
This was used in developing the final model geometry
shown in Fig. 11. The ion energy deposition in one ex-
ample fiber was calculated for a given incidence angleu
by taking into account the shadowing effect of fibers in
all previous incident planes. A two-dimensional ANSYS
model was then used to perform the transient thermal
analysis of this example fiber under the given ion energy
deposition including also time-of-flight effects associ-
ated with the ion energy spectra. The results are summa-
rized in Table III. For this example fibrous carpet case,
the incident angle to prevent shine-through of the ions to
the substrate is;1 deg based on the fiber separation
distancey and;5 deg based onyeff.

The sublimation loss per fiber is based on the tem-
perature distribution at the tip.At a 0-deg incidence angle,
this is equivalent to a flat carbon surface that is the nor-
malization factor used for the sublimation values shown
in Table III. The angle of incidence does help to some
extent in reducing the maximum fiber temperature and
the sublimation loss as compared to the flat case. How-
ever, the major effect is associated with the very low
fiber density~0.015! that correspondingly reduces the
overall fractional sublimation. These results are in agree-
ment with postexperimental examination of fibers fol-
lowing the RHEPP shot, which showed no visible ablation
or loss of material. These results confirm the advantages
associated with the engineered surface, offering the pos-
sibility of reducing the maximum temperature to some
extent and minimizing any ablation.

V.B. Armor Analysis for Cases with a Chamber Gas

Use of a background chamber gas has been widely
considered to protect the chamber armor from the cyclic

threat of high-energy photons and ions in order to achieve
the desired armor lifetime. However, the chamber gas
conditions must satisfy target and driver constraints prior
to each shot. The chamber gas provides a medium that
absorbs the target X rays and ions and reemits the energy
over a timescale sufficiently long that the permanent tar-
get chamber structures can cope with the insult. This
section details results from the simulation of dry-wall
chambers protected by a buffer gas based on the BUCKY
code.

A buffer gas in the target chamber absorbs some of
the target X rays and ions, reemitting the absorbed en-
ergy through one of two processes. Photons from the
relaxation of excited electrons through bremsstrahlung,
radiative recombination, or photodeexcitation are emit-
ted at rates determined by the emission opacity of the
gas. Some of the absorbed energy is thermalized, and
the gas conducts the heat to the wall through conduction.
The effect of these processes is to further stretch the
timescales associated with the insult to the wall in addi-
tion to the effect of the time-of-flight spreading. This
mitigation of the insult to the first wall affords an oppor-
tunity to reduce the chamber radius and0or to increase
the first-wall operating temperature. The effects of the
chamber gas on driver beam propagation, target injec-
tion, and target heating must be considered and will be
discussed in the following sections.

Xenon has been considered as a protective chamber
gas in previous studies based on its combination of chem-
ical inertness and opacity. For example, in the
SOMBRERO reactor design,1 xenon at 0.5 torr~conven-
tionally used to represent the gas density at a temperature
of 300 K! was proposed to protect the graphite first wall
from the 22 MJ of X rays and 84 MJ of ions emitted by
the ignited target. The opacity of the xenon gas depends

TABLE III

Parameters of Example Fibrous Carpet Analyzed and Summary of Results for Different Incidence Angles

Fiber Characteristics

Length,L 2.5 mm
Diameter,d 6.5 mm
Volume fraction 1.5%
Separation,y 47 mm
Effective separation,yeff 215mm

Incidence Angle
~deg!

Maximum Fiber
Temperature

~8C!

Average Fractional
Sublimation Loss at
Single Fiber Tipa

Overall Fractional
Sublimation Loss
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 to;0.032mm per shot.
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on the population of the energy levels of its various ion-
ization stages. For the low-density high-temperature con-
ditions in the blast wave, the ionization balance of xenon
is far from that of collisional equilibrium, and a collisional-
radiative equilibrium population kinetics code, ION-
MIX, is used to generate the xenon equation of state and
opacity. IONMIX takes as input the ionization potentials
of all of the ionization stages of the plasma constituents
and assumes screened hydrogenic atomic physics~exci-
tation energies, ionization potentials, and atomic rates!
for the excited states in the solution of the equations of
collisional-radiative equilibrium. Note that the local ther-
mal equilibrium approximation would significantly over-
estimate the ionization of the xenon, enhancing the rate
of reemission and, thus, is not appropriate for the calcu-
lation of chamber gas reaction for the gas densities con-
sidered for chamber protection.

BUCKY, a 1-D Lagrangian radiative-hydrodynamics
code,15 is used for the simulation of the response of the
buffer gas and armor to target X-ray and ion threat spec-
tra. Prompt X-ray deposition is modeled using cold opac-
ities from Biggs and Lighthill. Deposition of ion energy
is approximated by the theory of Melhorn,17 and the free
electron contribution interpolates between the low-
energy Lindhard-Scharff limit and the high-energy Bethe
limit. Radiation transport18 is calculated in the flux-
limited multigroup diffusion approximation. Energy that
reaches the wall is treated as a source term in a thermal
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-
netic theory of Labuntsov and Kryukov.19

The amount of xenon required to prevent unaccept-
able mass loss per shot depends on the yield of the target
as well as the partitioning and spectra of the nonneu-
tronic components of target output. This is illustrated in
Fig. 12 for three different target outputs in substantially
similar tungsten armored chambers. Two of the targets
~ID1, the 458-MJ indirectly driven heavy-ion-beam tar-
get, and DDHY, the 401-MJ high-yield directly driven
laser target! have similar yields but substantially differ-
ent threat partitioning and spectra, as discussed above.
The two direct-drive targets have similar threat partition-
ing and spectra but substantially different yields~400 MJ
for DDHY and 154 MJ for DDLY!. The indirectly driven
target requires by far the most xenon to prevent wall loss
because its threat is dominated by shallowly penetrating
soft X rays~;1 keV! that are not affected by time-of-
flight spreading. The direct-drive target with similar yield
requires only 1020th the amount of xenon to prevent wall
loss because its threat spectrum is dominated by debris
ions whose threat is substantially reduced by time-of-
flight spreading. For all three cases, the high-energy burn
product ions implant into the wall, and the effect of this
implantation on the long-term material properties of the
armor is an active area of research.

An operating window for armor thermal behavior
can be evolved by setting an allowable ablation thickness
per shot. For example, for the 154-MJ direct-drive target
spectra and a 6.5-m chamber with carbon armor, Fig. 13
shows the combinations of protective gas density and
wall temperature that would result in one monolayer
~;2 Å! per shot of sublimated wall material. These re-
sults are shown as an illustration as it is recognized that
loss of even one atomic monolayer~;2 Å! per shot would
result in unacceptably high annual armor erosion~ap-
proximately centimeters! and that a more severe con-
straint has to be set~e.g., assuming that so many atoms
are lost per shot corresponding to a uniform average loss
of a fraction of a monolayer!. From Fig. 13 the thermal
operating window is quite large. However, the overall
operating window is substantially reduced when includ-
ing constraints arising from target and driver consider-
ations, as discussed in Ref. 20.

The operating window for armor thermal behavior
would be shifted toward higher gas densities for an
indirect-drive-target case where the large fraction of en-
ergy emitted as soft X rays necessitates the presence of a
substantially denser gas for this chamber design. This is
illustrated in Fig. 13, which also shows the combina-
tions of protective gas density and wall temperature that
would result in one monolayer per shot of sublimated

Fig. 12. Thermal response of the surface of a tungsten-coated
xenon-buffered dry-wall IFE chamber to the threats
from three different IFE targets. The curve labeled
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-yield~154-MJ! and
high-yield ~401-MJ! directly driven laser targets, re-
spectively, in a 7.2-m-radius chamber. The xenon pres-
sures for the calculations are for ID1, 500 mtorr; DDLY,
10 mtorr; and DDHY, 28 mtorr, where the convention
is to quote densities in pressure equivalents at 330 K,
or 1 torr5 3.543 10160cm3!.
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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 density.20

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.

VI. MAJOR ARMOR ISSUES

Although the base operating conditions of IFE~cy-
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

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!.
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order of magnitude of those for IFE~Ref. 21!. Conse-
quently and interestingly, issues driving the choice of
armor material tend to be similar for MFE and IFE, which
provides the possibility of synergy when planning and
carrying out supporting R&D. On the IFE side, much of
the dry-wall R&D effort is being carried out as part of the
High-Average-Power-Laser Program involving several
research institutions and led by the NRL~Ref. 22!.

The dry-wall armor issues are broadly linked with
armor performance, lifetime, safety, and fabrication and
are discussed below.

VI.A. Microscopic Erosion

Erosion directly impacts armor lifetime.Ablated ma-
terial must also be considered in the chamber clearing
process to ensure that after each shot the chamber returns
to a quiescent state in preparation for the target injection
and the firing of the driver for the subsequent shot. Fur-
thermore, from MFE experience, carbon erosion can lead
to large tritium inventory through codeposition with tri-
tium in cold regions, as will be discussed in Sec. VI.C. In
addition to vaporization and sublimation included in the
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
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 and
radiation-enhanced sublimation~RES!. These have been
studied for many years in the context of MFE, and good
progress has been made in understanding the underlying
physical processes. A detailed and comprehensive re-
view of these erosion mechanisms and other issues for
MFE plasma material can be found in Ref. 23. In light of
such information, these mechanisms are assessed and
discussed below in the context of IFE. Note that implan-
tation and accumulation of ions~in particular of helium
ions in tungsten! leading to possible blistering or armor
failure represent an additional erosion mechanism, which
is discussed separately as part of the effects of irradiation
in Sec. VI.D.

A fairly complete theory of physical sputtering now
exists. Importantly, the predicted sputtering yields, as
well as the expected trends with species properties~e.g.,
atomic mass, surface binding energy!, have been exper-
imentally verified in both tokamaks and laboratory de-
vices.24,25 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 keV~Refs. 26 and 27!. The data are
extended to higher energies and to tritium by computer
simulation.27,28At grazing incidence the erosion yield is
enhanced relative to the yield at normal incidence, as
more energy is deposited within the near-surface layer.
Surface roughness tends to reduce the pronounced de-

pendence of the sputtering yield on the angle of inci-
dence. Physical sputtering of pure elements at relatively
low temperature is well understood and can be simulated
with computer codes.29 However, recent investigations
on metals such as lithium and gallium show an increase
of the erosion rates, and a dependence of the yield on the
incidence flux, for a broad range of temperatures near the
melting point. For beryllium, tungsten, and carbon, ex-
perimental data and the fit for the sputtering yield at
normal incidence are shown in Fig. 14 for deuterium ions
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 effects~hence
the poor fit!. It is interesting to see that the carbon phys-
ical sputtering yield peaks at a value of;0.03 for deu-
terium ion energies of approximately hundreds of electron-
volts. For tungsten, there is a threshold ion energy of
;1 keV beyond which the physical sputtering yield in-
creases sharply and then tends to peak at a value of
;0.006 for ion energies of;10 keV. As shown in Figs. 3
and 4, the deuterium and tritium ion energy from the
direct-drive target spectra are well above these values.

Fig. 14. Comparison of measured values for the sputtering yield
at normalized incidence for beryllium~closed squares!,
carbon~open squares!, and tungsten~closed triangles!
by deuterium ions with results from analytical mod-
eling of physical sputtering.
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However, depending on the density of the protective gas
used in the chamber, the ion energies could be attenuated
to these levels. A simple estimate of sputtering from a
chamber wall can be made from the following expression:

d 5
IYi Mi

103N0 ri 4pR2
, ~3!

where

d 5 armor loss per shot~m!

I 5 number of incident ions per shot

Yi 5 sputtering yield~atom0ion!

Mi 5 armor molecular weight

N0 5 Avogadro’s constant

ri 5 armor density~kg0m3!

R 5 chamber radius~m!.

For the direct-drive target spectra shown in Figs. 3
and 4,.90% of the incident ions are hydrogen species;
the rest consist mostly of helium species. These are light
ions, and it seems reasonable to use the sputtering results
for deuterium ions to provide a rough estimate of what to
expect in such an IFE situation. For a chamber of radius
R 5 6.5 m, with I 5 1021 ions0shot consistent with the
154-MJ direct-drive target spectra~see Figs. 3 and 4!, the
loss per shot for carbon and tungsten are 5.63 10213 m
and 1.9310213 m for the respective maximum physical
sputtering yield values of 0.03 and 0.006. For operation
at a repetition rate of;10, these values would translate
to an annual armor loss of 0.18 and 0.06 mm for carbon
and tungsten, respectively. These values are clearly ac-
ceptable, and this simple estimate suggests that sputter-
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 of
volatile hydrocarbon molecules or to loosely bound hy-
drocarbon precursors, which can be sputtered with much
lower threshold energy. Chemical erosion is a compli-
cated multistep process that depends on particle energy
and flux, surface temperature, and material properties
such as crystalline structure and may be influenced by
impurity atoms in the lattice. Modeling and experimental
results shown in Refs. 23 and 30 indicate that the chem-
ical sputtering yield peaks at temperatures of;600 to
700 K and at ion energy levels of;0.5 keV. Chemical
sputtering decreases dramatically at higher temperatures
and, thus, should not be of concern for IFE conditions.

Another erosion process observed in ion-beam ex-
periments and unique to carbon is RES, which results in
the release of carbon atoms with a thermal velocity dis-
tribution.23,24,30During ion irradiation, not only surface
atoms are displaced from their lattice sites but also atom
displacements occur throughout the ion range when en-
ergies larger than;25 eV are transferred in elastic col-

lisions. In graphite, carbon atoms are very mobile between
graphitic planes, and atoms that escape recombination
with vacancies can reach the surface and evaporate freely.
Although RES exists already at room temperature,23 its
yield is smaller than the physical sputtering yield until
;1500 K. At higher temperature, radiation-induced va-
cancies become mobile, and an increasing number of
displaced carbon atoms escape recombination and reach
the surface. The erosion yield increases monotonically
with surface temperature until above;2000 K when nor-
mal sublimation dominates the erosion. Attempts to re-
duce RES by doping the carbon material with impurities
showed a shift of RES to higher temperature, but in gen-
eral, no complete suppression has been achieved.23,24Fig-
ure 15 shows a collection of erosion data illustrating
the strong temperature dependence of RES~Ref. 31!.
The sputtering approaches unity as the temperature

Fig. 15. Temperature dependence of the sputtering yield of
pyrolytic graphite by H1, D1, He1, and Ar1 in the
temperature range of RES~reproduced with permis-
sion from Ref. 31!.
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approaches 2000 K in the case of helium ions and, by
extrapolation, at temperatures.2000 K for hydrogen and
deuterium ions. RES also peaks with ion energies of
;1 keV and decreases appreciably for energies on either
side of this.30

No data are available for the RES sputtering yield at
temperatures higher than;2000 K ~extrapolation from
Fig. 15 shows a continuous increase with temperature!
and for ion energies higher than;10 keV~extrapolation
from data in Ref. 30 shows a continuous decrease!. Thus,
it is difficult to make a precise estimate of RES for IFE
conditions. If one conservatively assumes a sputtering
yield of unity at temperatures.2000 K and ion energies
in the range 0.1 to 10 keV, one can make a very rough
estimate of RES for the example 154-MJ direct-drive
target spectra. The total number of ions of hydrogen and
helium species can be calculated as;4.731018 from the
debris ion spectra illustrated in Fig. 4 under the assump-
tion of no protective chamber gas. From Eq.~3!, the
corresponding annual carbon armor loss due to RES is
estimated as;0.03 mm. Thus, it appears that RES would
not play a major role in the IFE armor case. However,
there are uncertainties on the sputtering yield values over
the full ranges of ion energy and of temperature in the
IFE chamber. In addition, the presence of a protective
chamber gas would attenuate the ion energies and could
result in a larger population of ions at energies between
0.1 to 10 keV and higher RES loss. It seems prudent for
carbon armor designers to consider RES when develop-
ing the armor design and operating conditions.

VI.B. High-Temperature and Thermal Stress
Accommodation

The armor must be able to accommodate the high-
energy deposition and related thermal stress without fail-
ure over the required lifetime. Of concern are the properties
of the armor material at or near the melting or sublima-
tion point. For example, from tests at the RHEPP Ion
Source Facility, a certain amount of roughening has been
observed in tungsten under cyclic heat loads that seem to
occur as the surface deforms to relieve local stresses.32

One possibility is to design and operate the metallic~tung-
sten! armor to allow for microsurface melting in order to
possibly anneal any defects. In that case, it will be im-
portant to understand the dynamics of the melt layer and
the possibility of splashing or of flow within the very
short time before resolidification. The effect of solidifi-
cation itself on the tungsten microstructure is also of
concern. The tungsten armor could also be designed to
operate just below the melting point to avoid melting
while providing enough malleability to accommodate local
stresses. More data are needed on tungsten armor under
IFE-like heat loads to better understand its behavior and
help set the desired operating conditions and to find the
best microstructure configuration.

In carbon-based material, a phenomenon called
“brittle destruction” has been observed in various MFE
disruption simulation facilities.33 It is not clear what
are exactly the physical mechanisms that cause this
brittle destruction. One possibility could be cracking
caused by thermomechanical stresses that develop dur-
ing the intense deposition of energy. Further studies are
under way.

Both melt layer behavior and brittle destruction are
being studied as part of the MFE experimental and mod-
eling effort, for example, with models such as HEIGHTS
and FOREV-2~Refs. 34 and 35, respectively!. This is
another area where synergy between MFE and IFE R&D
issues and effort can be very beneficial.

VI.C. Tritium Inventory

Tritium inventory is a major safety issue, and armor-
related concerns include tritium implantation and trap-
ping in the bulk of the armor material and, more
importantly, in the case of carbon, codeposition with
eroded carbon redeposited in cold areas. This has been
studied extensively as part of the MFE R&D effort. Ref-
erence 23 provides a thorough review of the present un-
derstanding in this area, including detailed descriptions
of the underlying physical mechanisms for tritium inven-
tory and permeation that provide the basis for models of
hydrogen retention and recycling. Here, a brief discus-
sion is provided of some of the key findings in existing
tokamaks as they relate to IFE conditions.

Tritium fuel has been successfully used in the Toka-
mak Fusion Test Reactor~TFTR! and the Joint European
Torus ~JET!, which produce 10 and 16 MW of fusion
power, respectively.36,37 A large fraction of tritium was
retained during D-T plasma operations in TFTR and JET
by codeposition with eroded carbon and by isotope ex-
change with previously retained deuterium.38,39 When
the tritium in-vessel inventory approached the adminis-
trative safety limit, it was removed by extensive cam-
paigns involving several weeks of glow discharge cleaning
and deuterium operation. An unexpectedly large amount
of tritium was also transported to the JET subdivertor
region. This operation experience pointed clearly to the
problem associated with the formation of tritium-rich
carbon codeposited layers~$50mm! in cold areas during
operations. The retention experience of Alcator C-mod
~Ref. 40! is particularly interesting in this respect since it
is lined with molybdenum tiles and there are no carbon
PFCs. The analysis showed that most of the deuterium
inventory was implanted~not codeposited! on the main
chamber wall and that the fraction of deuterium retained
is drastically lower~;100 times! than in other tokamaks
with carbon PFCs.

Operation experience in today’s tokamaks points
clearly to the fact that MFE devices with carbon PFCs
will accumulate tritium by codeposition with the eroded
carbon in relatively cold areas, and this will strongly
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constrain plasma operations. For example, carbon is
currently chosen in ITER to clad the ITER divertor tar-
get, near the strike points, because of its greater resil-
ience to excessive heat loads during ELMs and plasma
disruptions. However, maintaining carbon in the design
has a strong impact on the control of the tritium inven-
tory, and efficient in situ techniques are required to re-
cover the tritium retained in the codeposited layers to
avoid frequent interruptions imposed by precautionary
operating safety limits or necessitated by fuel economy.
Although there are still large uncertainties in estimating
the number of plasma pulses that ITER will need to reach
the in-vessel mobilizable inventory limit~e.g.,,500 g of
codeposited tritium!, there are concerns that this could
severely limit plasma operation. Upon reaching that limit,
operation would need to be discontinued, and the sub-
sequent availability of the machine for plasma operations
would depend on efficient and fast tritium removal tech-
niques that have yet to be fully demonstrated in a toka-
mak. For comparison, in TFTR, several weeks were
needed for tritium removal after only 10 to 15 min of
cumulative D-T plasma operation.

Several techniques are being considered for the re-
moval of the tritium-rich codeposited layers. One such
technique involves exposure to oxygen~e.g., thermo-
oxidative erosion at temperatures.570 K, or oxygen
plasma discharges! and has been found to be most effec-
tive in laboratory experiments to remove tritium from a
carbon surface~by removing the tritium-containing
films!.41,42 Major drawbacks of such a technique using
oxygen, especially at elevated temperatures, include
collateral effects on other in-vessel components and re-
covery time for normal plasma operation. No practical
method of localizing the oxidation to the area required
~and avoiding oxygen exposure elsewhere! has been de-
veloped, although various ideas are being explored. Al-
ternatively, high-temperature baking~.1000 K! under
vacuum is sufficient to remove the trapped tritium but is
technically very difficult to achieve. However, the re-
quired removal rate from any technique has not been
demonstrated on a tokamak, and this remains a major
issue yet to be resolved for next-step devices with carbon
PFCs.

For IFE application, carbon redeposition in cold re-
gions ~less than;800 K! can lead to tritium codeposi-
tion in the ratio of up to 1:1. This would correspond to
;60 g of tritium for every micron of ablated carbon in
a chamber of radius 6.5 m. Although the chamber wall
will be at high temperature, there are many penetration
lines for the driver where the temperature will be low
enough for tritium codeposition to be of concern. As
part of R&D activities, techniques must be developed
for removal of codeposited tritium through processes
such as those outlined above. Based on the current under-
standing from the MFE situation, solving the carbon co-
deposition issue is a prerequisite to utilizing carbon as
armor material for IFE.

VI.D. Irradiation Effects

Irradiation effects include the effect of neutron ir-
radiation on material properties and mechanical behavior
such as the decrease in thermal conductivity10 and the
effect of swelling for carbon under high neutron fluence.
It also includes the effect of ion implantation~helium
ions in particular! and accumulation in the armor mate-
rial. For example, in tungsten~in which helium diffusion
is very poor!, the large fluxes of helium ions can result in
a 1 to 1 ratio of tungsten to helium within;100 days of
operation assuming a 1-mm implantation depth. This
would lead to failure of chunks of armor and must be
remedied by solutions such as operation at high enough
temperature for helium to be mobile in tungsten or by
using a very fine porous structure~with nanosize being
the goal! to provide a very short diffusion path for helium
to be transported to open porosity and back to the cham-
ber. The porous structure could also help in accommo-
dating local stresses arising from the high heat fluxes
associated with photon and ion energy deposition. These
are being investigated as part of the ongoing R&D effort
in this area. Other irradiation issues include material ac-
tivation and the associated disposal and safety concerns
that are discussed in Sec. VII.

VI.E. Fabrication

Effort in R&D is needed on the fabrication of the
armor material, on its bonding to a structural material,
and on the armor and bond integrity under operation. In
the case of IFE, particular concerns exist as to the appli-
cability of material~and bonding! properties and behav-
ior developed under equilibrium or moderate transients
to the highly cyclic conditions at the armor surface. Fab-
rication is also an important issue for the development of
engineered material such as the fibrous carpet discussed
in Sec. V.A and finely structured porous tungsten to en-
hance helium migration back to the chamber.

Even in the most optimistic case, it is very difficult to
guarantee that locally the armor will not erode to an
unacceptable level or fail. Thus, it is imperative that in
parallel with the R&D effort, methods for in situ repair of
the armor be developed to avoid long and costly shut-
down for replacement of major wall sections in the event
of local failure or erosion.

VII. ACTIVATION ANALYSIS FOR DIRECT-DRIVE
AND INDIRECT-DRIVE TARGETS FOR
DRY CHAMBER WALL APPLICATION

This section summarizes the key activation issues
for the candidate coating0hohlraum materials and exam-
ines the influence on the waste management of ARIES-
IFE chambers using the radiation conditions of the
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dry-wall concept; a more detailed discussion can be found
in Ref. 43. Gold and gold0gadolinium have long been
considered to be the coating and hohlraum wall materials
of choice for the direct-drive and indirect-drive targets,
respectively, offering high target performance and low
beam energy losses. More recently, a variety of other
materials has been considered including tungsten, lead,
platinum, palladium, and silver for the direct-drive-
target coating and gold, tungsten, lead, mercury, tanta-
lum, cesium, and hafnium for the hohlraum wall of the
indirect-drive target.

During burn, the coating0hohlraum debris interact
with the source neutrons and become radioactive, then
travel through the cavity, and reach the solid wall~as-
suming a low-density chamber buffer gas! where they are
deposited. During the subsequent shots, the condensed
materials get reirradiated for several years and then are
disposed of with the first wall and blanket at the end of
their service lifetime. The accumulation of the radio-
active target materials on the first wall has prompted an
interest in the issues regarding the waste management of
the chamber structure plated with radioactive target de-
bris. The motivation of this assessment is to develop a list
of recommended coating0hohlraum materials that would
offer outstanding safety features under the assumed op-
erating condition. This would be an important input for
target designers and would have to be considered along
with other key factors such as target fabrication, perfor-
mance, and safety issues when developing the target de-
sign and composition.

For the example analysis presented here, the radius
of the solid first wall was assumed to be 4 m. For the
direct-drive-target case, the 154-MJ target served as the
in-chamber irradiation source. Consideration of the higher-
yield ~401-MJ! direct-drive target should not alter the
main conclusions from this analysis. The direct-drive
spherical shell targets have a radius of 1.95 mm contain-
ing the frozen D-T fuel interior layer and are covered
with a 300-Å-thick coating. For the indirect-drive target,
a 15-mm-thick hohlraum wall, having a volume of
0.0085 cm3, surrounds the capsule.44 It is estimated that
for a repetition-rate of 6 Hz, approximately 190 million
targets per year will be needed. The more massive hohl-
raums produce much heavy metal debris in the cham-
ber: 20 tonnes0yr of gold0gadolinium as compared with
5 kg0yr for the gold laser coating.

In the spirit of separating the armor function from
the first-wall structural function and blanket function, as
discussed in Sec. V.A, a tungsten armor has been consid-
ered coupled with a first-wall0blanket configuration de-
veloped for the ARIES-AT MFE power plant~with SiCf 0
SiC as structural material and Pb-17Li as coolant and
breeder material!.45 The tungsten armor is assumed to be
2 mm thick and attached to a 10-mm-thick SiCf 0SiC first
wall. A graphite armor would offer less radioactivity than
tungsten. An assumed burnup limit of 3% for the SiCf 0
SiC structure translates into an end-of-life~EOL! fluence

of 21 MW{yr0m2, which means a neutron wall loading of
3.5 MW0m2 would correspond to a first-wall lifetime of
6 full-power years~FPY!. A 44-cm-thick blanket~20%
SiCf 0SiC and 80% Pb-17Li, by volume! is sufficient to
provide an overall tritium-breeding ratio of 1.1. Over the
6-FPY service lifetime of the first wall, the target mate-
rials keep accumulating, reaching a thickness of 8mm for
the laser target coatings and;5 cm for the more massive
indirect-drive hohlraum wall materials. It seems likely
that the incident X rays and ions will melt most of the
deposited hohlraum materials, and it is assumed that only
a deposited layer;1 mm thick will stick on the wall. The
molten materials would run down the first wall, accumu-
late at the bottom of the chamber, and eventually be
removed for disposal or recycling.

The irradiation history for the target coatings and
hohlraums was conservatively represented as a pulsed
history with a single pulse using the target neutron flux
and 109 pulses over the 6-FPY period using the lower and
softer first-wall flux. Note that the fluence-dependent
waste disposal rating~WDR! is insensitive to the first-
wall location as long as the material-dependent EOL flu-
ence remains fixed at 21 MW{yr0m2. This means a larger
chamber would call for a lower wall loading and a longer
first-wall lifetime and will have a comparable WDR to
the 4-m-radius base case. The activity and WDR were
computed using the ALARA pulsed activation code46

and the FENDL-2 175 neutron group transmutation cross-
section library. Highly pure materials were assumed for
the target materials and tungsten armor. The impurities
for the SiCf 0SiC structure are taken from ARIES-AT
study. A WDR# 1 at the end of a 100-yr institutional
control period means the component qualifies as low-
level waste for shallow land burial. The WDRs reported
herein are based on the Fetter waste disposal limits as
they are more restrictive than those of the U.S. Nuclear
Regulatory Commission~NRC! for all materials consid-
ered in this analysis.

The volume-averaged WDR results are summarized
in Tables V and VI for the direct-drive-target coating and
indirect-drive holhraum cases, respectively. Two addi-
tional cases are also included: coating or hohlraum com-
bined with tungsten armor on a separate first wall and
coating or hohlraum combined with tungsten0first wall
attached to the blanket. From the design standpoint, it
seems desirable to integrate the first wall with the blan-
ket, and in this case, the armor has a relatively small
impact on the already low WDR of the SiC first wall0
blanket ~0.02!. This means considerations other than
the radiological issues~e.g., evaporation rate by target
X rays! will determine the preferred armor material,
either tungsten or graphite. The main long-lived radio-
nuclides contributing to the WDR are included between
parentheses in Tables V and VI. The reported results are
for a fully compacted waste. The main long-lived radio-
nuclides contributing to the WDR of the tungsten armor
and SiCf 0SiC structure are186mRe and26Al, respectively.
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One notes immediately that the gold-plated first wall
qualifies as Class-C low-level waste. The silver and gad-
olinium generate high-level waste~WDR.. 1! even when
the WDR is averaged over the entire first wall0blanket.
Of interest is that even a very thin layer of silver or
gadolinium on the first wall~1 and 10mm, respectively!
cause waste disposal problems. Admittedly, it is feasible
to separate the small amount of108mAg and158Tb radio-
isotopes from the waste stream and dispose of them as
high-level waste. However, the high cost of the isotopic
separation process could be prohibitive. If palladium is
the preferred coating for laser targets, the palladium-
plated first wall and blanket should be disposed of as a
single unit to meet the Class-C waste management
requirements.

Based on the activation analysis, it is recommended
to exclude the silver and gadolinium from the list of

candidates and then select the best material~s! based on
considerations other than the WDR. Other design issues
such as target fabrication0instability0gain, tritium reten-
tion and fill time, and off-site doses during an accident
may further limit the coating0hohlraum materials choice.
The merits and additional cost associated with the exclu-
sion of some materials should be evaluated with the per-
spective that the incremental change in the cost of
electricity is only 5% or less~Ref. 43!.

VIII. EXAMPLE SAFETY ANALYSIS FOR
DRY CHAMBER WALL

To illustrate the impact of armor selection and per-
formance on the larger safety issue, a scenario leading to
a large 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.
Department of Energy~DOE! Fusion Safety Standard
~FSS! ~Ref. 47!, to avoid public sheltering and evacua-
tion, by keeping off-site doses below 1 rem~10 mSv! in
an accident because of the large inventory of tritium in
the blanket. This event is also important from an invest-
ment protection standpoint since air ingress can lead to
oxidation and destruction of the carbon components.

To illustrate the safety analysis, a previously pro-
posed design, the 1000-MW~electric! SOMBRERO de-
sign was used for the evaluation. It was assumed that the
first-wall and blanket regions of SOMBRERO are con-
structed of a low-activation carbon0carbon composite
material with an assumed 1-kg inventory of trapped tri-
tium.48 For the present evaluation, in keeping with guid-
ance in the DOE FSS, a severe event was postulated. This
scenario consists of a loss-of-flow accident~LOFA! com-
bined with a loss-of-vacuum accident~LOVA ! resulting

TABLE V

WDR for Target Coating Materials Deposited on the
SiCf 0SiC Structure of a Dry-Wall Chamber for

a Direct-Drive-Target Case

Coating Material

Coating0
Tungsten0
First Wall

Coating0
Tungsten0
First Wall0

Boron

— 0.24 0.04
Gold 0.87~194Hg! 0.24 0.04
Tungsten 1.03~186mRe! 0.24 0.04
Lead 3.6 ~208Bi! 0.24 0.04
Platinum 169 ~192nIr! 0.35 0.05
Palladium 4.63 103 ~108mAg! 3.3 0.4
Silver 1.73 105 ~108mAg! 114 12.4

TABLE VI

WDR for Hohlraum Materials Deposited on the SiCf 0SiC Structure of a Dry-Wall Chamber
for an Indirect-Drive-Target Case

Hohlraum Materials
Hohlraum0

Tungsten0First Wall
Hohlraum0Tungsten0

First Wall0Blanket

— 0.24 0.04
Gold0gadolinium~50:50!a 1.23 104 ~158Tb! 924 107
Gold 0.87~194Hg! 0.28 0.043
Lead 3.6 ~208Bi! 0.5 0.068
Mercury 0.4 ~194Hg! 0.25 0.04
Tantalum 0.06~182Hf ! 0.22 0.04
Tungsten 1.03~186mRe! 0.3 0.045
Lead0tantalum0cesium~45:20:35! 1.5 ~208Bi! 0.34 0.05
Mercury0tungsten0cesium~45:20:35! 0.26~194Hg, 186mRe! 0.24 0.04
Lead0hafnium~70:30! 2.9 ~208Bi! 0.44 0.06

aIn atom percent.
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from a 1-m2 break in the confinement building. The break
in the confinement allows outside air to flow into the
chamber, resulting in the oxidation~exothermic reaction!
of any exposed high-temperature carbon surfaces. The
oxidation rate49 at the carbon surface is a function of
both the temperature of the carbon and the partial pres-
sure of the oxygen in the chamber~see also Ref. 50!.

This accident was analyzed recently by two groups
of researchers, and the results are reported in Refs. 50
and 51. As an example, the results from Ref. 50 show that
the first-wall temperature initially at 10008C reaches a
maximum temperature of'11758C in 2.5 days due to
oxidation of the first wall and blanket and then slowly
decreases to 8008C by 25 days. Over that period all the
tritium in the first wall in the form of HTO~0.78 rem! is
assumed released to the environment. This release along
with the dose from the xenon gas exceeds the limit off-
site dose of 10 mSv~Ref. 48!. Our results confirmed that
the first-wall temperature initially at 7308C will increase
to '11008C, 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 walls~both front and
back!. The peak temperature is low because of oxygen
starvation; i.e., the flow of air through the break is unable
to supply enough oxygen to sustain the oxidation rate at
a high enough level to generate higher first-wall temper-
atures; however, both results show that the first wall of
the chamber will be completely oxidized. Both results
indicate that a better confinement is needed in dry-wall

systems to reduce the probability of air ingress into the
plasma chamber, thus eliminating the destruction of the
first wall and the release of HTO from the carbon walls.

We also looked at a carbon fiber or carbon whisker
configuration for the armor, as representative of the fi-
brous carpet described in Sec. V.A. Our results showed
that the heatup and peak first-wall temperature~see Fig. 16!
was the same as for the flat carbon wall because the
oxidation reaction was limited by oxygen availability
~see Fig. 17! even though the surface area for oxidation
is increased by a factor of 100. Therefore, there are no
obvious detrimental thermal-hydraulic consequences as-
sociated with using carbon fibrous carpet armor in place
of flat carbon. From a safety perspective, future efforts in
dry-wall carbon chambers should focus on improving
confinement and0or determine if there is a grade of car-
bon composite that shows very low reactivity with air
and can meet all of the other requirements for use as a
chamber first-wall material.

IX. CONCLUSIONS

The IFE chamber wall requirements of integrity, life-
time, and compatibility with reactor operation are quite
demanding in view of the challenging cyclic operating
conditions both in terms of incident heat fluxes and par-
ticle fluxes.

Fig. 16. Surface temperature of carbon armor with different surface areas during LOFA1 LOVA accident scenario.
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The main dry-wall candidate materials are carbon
and refractory metals because of their high temperature
capability and their ability to accommodate high heat
fluxes. Their use as armor material has been evaluated in
the case of direct-drive and indirect-drive targets. In the
case of the indirect-drive target, a large fraction of the
fusion reaction energy is in the form of X rays, and a high
density of protective gas is required for these X rays
~.200 mtorr in the case of xenon!, making it very chal-
lenging to accommodate the driver requirements on max-
imum gas density. A heavy-ion-beam driver with channel
transport might be a possibility based on an assumed
scattering limit of an integrated line density equivalent to
;1 torr. However, the feasibility and attractiveness of
such a combination needs to be further evaluated in the
context of a power plant.

For the direct-drive target, a thermal design window
exists requiring very low gas density. Calculations show
that the threat spectra from the 154-MJ target could be
accommodated with some margin by either a carbon or
tungsten armor in a 6.5-m~-radius! chamber with a 5008C
coolant even in the absence of a protective chamber gas.
The presence of a protective gas attenuating the threat to
the wall would provide additional flexibility for setting
and optimizing the operating conditions, such as the tar-
get yield, chamber radius, and coolant temperature pa-
rameters for power plant applications. Constraints from
target injection and survival as well as from driver re-
quirements would also have to be considered when set-
ting the chamber protective gas density~see Ref. 20!.

However, there are some key issues that need to be
addressed for both carbon and tungsten armor. For car-
bon, a major concern for the design, operation, and safety
of the system is the erosion of the carbon armor over
many pulses, and codeposition of eroded material in com-
bination with tritium, that could result in unacceptably
high tritium inventories. For refractory metals, such as
tungsten, cyclic operation at high temperature might lead
to surface roughening to relieve local stresses. It is spec-
ulated that operation near or at the melting point could
provide some annealing, but this needs to be verified.
Also, with the possibility of melting, concerns about the
stability of the melt layer and integrity of the resolidified
material over the IFE-relevant timescales must be ad-
dressed. The effect of helium ion implantation on the
armor integrity is also a key issue in particular for tung-
sten in which helium diffusion is very slow. The possi-
bility of developing engineered material is being pursued,
such as utilizing a finely structured porous tungsten armor
to enhance the migration of implanted helium back to the
chamber while at the same time providing local stress
relief to avoid roughening. High-porosity fibrous mate-
rials have also been proposed, such as a fibrous carbon
carpet that showed superior ability to accommodate high
heat fluxes. However, the carbon erosion and tritium co-
deposition concerns remain and need to be addressed, for
example, by utilizing tungsten or tungsten-coated fibers
instead of carbon fibers.

One interesting observation is that although IFE op-
eration is cyclic in nature while MFE operation targets

Fig. 17. Mass of oxygen in chamber during LOFA1 LOVA accident scenario for carbon armor with different surface areas.
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steady state, there are dynamic MFE operation scenarios
~e.g., ELM scenarios! in particular for the next-step de-
vice whose loading conditions on the armor show some
commonality with IFE. Thus, there is substantial overlap
in the configurations and materials considered for MFE
and IFE chamber walls and in the related issues. This
provides the possibility of synergy between MFE and
IFE armor R&D.

With respect to the activation and safety of the cham-
ber, it is recommended to exclude silver and gadolinium
from the list of candidate coating0hohlraum materials to
avoid deep geological burial of the chamber structure
and to design a high-performance confinement system to
reduce the probability of air ingress in particular with a
carbon-based chamber.

In conclusion, although some major issues still need
to be resolved, the analyses show encouraging results for
the possibility of utilizing a dry-wall chamber in combi-
nation with a laser-driven direct-drive target. A more de-
tailed effort in a power plant context would be required
to better determine the attractiveness of such a configu-
ration for power plant application.
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