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The ARIES-IFE study was an integrated study of in-armor instead of a monolithic first wall for dry-wall con-
ertial fusion energy (IFE) chambers and chamber inter-cepts; (c) for dry-wall concepts with direct-drive targets,
faces with the driver and target systems. Detailed analysithe most stringent constraint is imposed by target sur-
of various subsystems was performed parametrically towival during the injection process; (d) for relatively low
uncover key physics/technology uncertainties and to idenyield targets €250 MJ), an operational window with no
tify constraints imposed by each subsystem. In this papebuffer gas may exist; (e) for dry-wall concepts with
these constraints (e.g., target injection and tracking, therindirect-drive targets, a high buffer gas pressure would
mal response of the first wall, and driver propagation be necessary that may preclude propagation of the laser
and focusing) were combined to understand the tradedriver and require assisted pinch transport for the heavy-
offs, to develop operational windows for chamber con-ion driver; and (f) generation and transport of aerosols
cepts, and to identify high-leverage research andinthe chamber is the key feasibility issue for wetted-wall
development directions for IFE research. Some conclueoncepts.
sions drawn in this paper are (a) the detailed character-
ization of the target yield and spectrum has a major
impact on the chamber; (b) it is prudent to use a thinKEYWORDS: inertial fusion, fusion technology, IFE chambers
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I. INTRODUCTION rication, injection, and tracking can also be done
independently of other variations as they depend mainly
The results from the ARIES-IFE study, an integratedon the target design and not on the chamber or driver
investigation of inertial fusion energyiFE) chambers concept. A major difference between previous U.S. IFE
and chamber interfaces with the driver and target syspower plant studi€s’ and ARIES-IFE research is the
tems, are discussed in this paper. The ARIES-IFE refact that detailed characterization of the IFE target yield
search was a national U.S. effort involving universities,and spectrum is now available. We will see that this de-
national laboratories, and industry. As opposed to previtailed information of the target yield and spectrum plays
ous IFE power plant studie®.g., Refs. 1 and)2the  acrucial role in defining the operational windows for IFE
ARIES-IFE research did not focus on developing a sinsystems. We will also show that for dry-wall and thin-
gle design point. Rather, we performed detailed analysifquid-wall concepts, the blanket will experience a quasi-
of various subsystems parametrically to uncover key physsteady-state load comparable to that envisioned for
ics and technology uncertainties and to identify con-magnetic fusion energyMFE) power plants. As such,
straints imposed by each subsystem on the feasibility ahe first-wall protection system can be decoupled to a
IFE chamber concepts. The remaining papers in this spéarge degree from the blanket, and our research has fo-
cial issué-8describe the detailed analysis of the selectectused on the wall protection scheme instead of the com-
subsystem. The constraints from various subsystems wepgete thermal power conversion system.
then combined in order to understand the trade-offsamong The plan for the paper follows this approach. In Sec. Il,
subsystems, to develop operational windows for IFEwe review the reference targets used for the ARIES-IFE
chamber concepts, and to identify high-leverage researcétudy. In Secs. Ill and IV, we explore the response of
and developmer(iR&D) directions for IFE researdithe  dry-wall and thin-liquid-protectedhereafter referred to
focus of this paper as wetted-wa)l chambers and the key critical issues for
Many combinations of driverglasers, heavy ions, these chamber concepts. Much of the analysis on abla-
Z-pinch), targetgdirect and indirect drive and chamber tion and aerosol formation in thin-liquid-protected walls
concepts(dry wall, thin liquid protection, thick liquid can also be extended to thick-liquid-wall concepts. In
walls) can be envisioned for an IFE power plant. An IFE Sec. V, we explore target issues and derive the associated
power plant cycle starts with the explosion of the targettonstraints on the chamber environment. In Sec. VI, we
in the chamber. The X rays, ions, and neutrons generate@view the constraint imposed by driver propagation and
from the target explosion traverse the chamber, interadbcusing. Sections VII and VIII summarize the trade-
with the chamber constituents, and deposit their energgffs, operational windows, and key uncertainties for the
on the chamber wall. Clearly, the particle and energydry-wall and wetted-wall concepts. A summary and con-
loads on the wall will depend on the target yield andclusions of our work are given in Sec. IX.
energy spectra as well as on the chamber constituents.
The three classes of chamber concepts use different
schemes to ensure survival of the first wall: gas protectl. REFERENCE ARIES-IFE TARGETS
tion for dry walls or liquid protection for the other two. In
each case, the requirement for survival of the first wall ~ We have selected a heavy-ion indirect-drive target
leads to severe constraints on the chamber size and gdesign from Lawrence Livermore National Laboratory
ometry, material choices, and maintenance of the cham:-awrence Berkeley Laboratoty(LLNL /LBL) and a
ber protection schem@.g., replenishment of the liquid direct-drive target design from the Naval Research Lab-
protective layer. As a result of the interaction of the oratory!® (NRL) as our reference targets. These targets
target particle and energy flux with the first wall, mate- were chosen because their construction and their output
rial is evaporated or ejected into the chamber. These maparticle and energy spectra are vastly different. As a re-
terials evolve, cool, and are pumped out during the intervasult, their manufacturing, injection, and tracking as well
between driver shots. The chamber environment prior t@s the response of the chamber will be quite different and
the next shot will depend on the evolution of the chambemwill allow a more thorough examination of R&D issues.
constituents during the time between shots. A cryogenic  The cross section of the 154-MJ NRL direct-drive
target has to be injected and tracked in this chamber, anrget® as well as the driver power profile is shown in
the driver beams should be able to propagate and bieig. 1. This target achieves a gain of 120. In addition to
focused in this preshot chamber environment. In our studythis target, a higher-yield direct-drive target00 MJ)
we have followed the above approach: We started fronwas also considered in some of the ARIES-IFE analy-
the target, found the response of the chamber to the targees* to explore the impact of the yield on the power
explosion, evaluated the chamber condition prior to theplant operational windows. The energy spectrum and en-
next shot, and studied whether targets can be successrgy partitioning of this higher-yield target, however, are
fully injected and ignited by the driver. This approach tosimilar to the 154-MJ version.
a large extent has allowed us to decouple the driver de- The cross section of the 458-MJ heavy-ion indirect-
sign from the chamber performance. Study of target fabdrive target from LLNL/LBL (Ref. 9 is shown in Fig. 2.
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1 um CH +300 A Au tra and energy partitioning would be qualitatively similar
—— to those of a laser-driven indirect-drive target.

_...f"é]:, ;.,am+ [ﬁ:x& The breakdown of energy partitioning in different

1.95 mm channels for both targets is given in Table I. Data in
1.69 mm OT Fuel Table | show that-70% of the target yield is carried by
1.50 mm neutrons for both targets. These neutrons pass through

iR e the first wall and deposit most of their energy in the

blanket and, therefore, do not pose a major thermal threat
to the first wall. The remaining-30% of target energy,
however, appears as surface heat flux or near-surface
heating in the first wall. There is a major difference be-
Fig. 1. Cross section of the 154-MJ NRL direct-drive taifet. tween the two targets in this regard. In the indirect-drive
target, the ions slow down in the high-Z hohlraum
material, and their energy is converted into soft X rays
(<1 keV). As such,~25% of the target yield appears as
T X rays and only~6% as ion kinetic energy. In the direct-
~_Be (.5% Br) Ablator - drive target(no high-Z hohlrauny ions maintain their
DT Fuel energy, and only a small fraction of energy appears as
X rays (mainly from bremsstrahlung emitted by the fu-
sion plasma
The ions and X rays are generated in the explosion
target in a subnanosecond timescale. However, the en-
ergy flux at the chamber wall depends on the time it takes
@) (b) photons_ and ions to traverse the chamber. As all photpns
- travel with the same speed, the X-ray pulse on the first
Fig. 2. Cross section of 458-MJ LLNALBL distributed radi- ~ Wall has the same duration as that emitted from the target
ator indirect-drive target.The capsulga) is located  (SubnanosecondlsAs such, if a large portion of the tar-
inside a radiation hohlraurfb). get yield is released as X rayas in the indirect-drive
target abovg the heat flux on the wall can become too
high, and a “bare” solid wall cannot accommodate such
an X-ray threat. The burn produdif&st iong and debris
This target utilizes a radiation hohlraum enclosure andons, however, are emitted with a wide range of kinetic
has a gain of 140. The X rays resulting from the driverenergy(and speef These ions arrive at the first wall at
beam interaction with the hohlraum material are thervastly different timegsee Fig. 3. This difference in the
deposited on the deuterium-tritiu(®-T) capsule inside time-of-flight will spread the initial subnanosecond burst
the hohlraum and would ignite the capsule. The detaileaf ions into a longer microsecond-pulse arriving at the
spectra of the target emissions for both targets have beemall, leading to a much lower heat generation rate in
calculated-! While the reference indirect-drive target is the first wall. This time-of-flight spreading of ion energy
optimized for a heavy-ion driver, the target emission specflux was not included in previous IFE power plant studies

TABLE |
Energy Partitioning of the Target Designs Used in the ARIES-IFE Study
NRL Direct-Drive Target Heavy-lon Indirect-Drive Target
Fraction of Fraction of

Energy Total Yield Energy Total Yield

(MJ) (%) (MJ) (%)
Driver energy 1.3 3.3
Total yield 154 458
Neutrons 109 71 316 69
Burn product fast ions 19.5 13 8.43 1.8
Debris ion kinetic energy 221 14 18.1 4.0
X rays 2.1 1.4 115 25
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100 heat load to a level such that the ablation of the first wall
by the thermal loadi.e., evaporationwould not occur.
30 Detailed radiation transport analysis in the Sombtero
study had led to the conclusion thab torr of xenon is
needed for this purpose. However, this level of buffer gas
density will have a major impact on the propagation and
focusing of driver beams as well as on the survivability
of the targets during the injection process. These trade-
offs are discussed in Secs. V and AVhile the number
201 density of the buffer gas is the correct parameter, the

J pressure of the cover gas is quoted throughout this paper
0 . r . . . for convenience. The pressure is calculated assuming room
0 1 2 3 temperature conditions: 1 mtoer3.5X 10%° atomgm3.)

Time (us)

=)
S

Power (GW/mz)
-

Fig. 3. Temporal profile of ion power arrived at the wall of a 111.B. Use of Armor

e e one o yesn . e energy hreat 0 th fist wal i due t0 igh
initial subnanosecond pulse to several microsecondss €19y 10NS and X-ray photons. Photon anq lon energy
The three distinct power pulses are duéftom left to depo_S|t|ons fall by one tc_) two orders of magnl_tude within
right) fast D-T, fast helium, and debris iofgeuteriuny ~ the first 100um of the first wall. Our analysis, below,
tritium /helium). indicates that beyond this 100- to 2@®n region, the
first wall experiences a much more uniform, quasi-steady-
state heat flux with values similar to those in MFE de-
vices. As such, itis prudent to use a thin armor instead of
(e.g.,Refs. 1, 2, and 1At was demonstrated at the initial a monolithic first wall. The armor can then be optimized
phase of the ARIES-IFE study that the time-of-flight to handle the highly transient particle and heat fluxes
spreading of the ion energy flux together with the lowerwhile protecting the first wall. The first wall can then be
X-ray output of the modern direct-drive targets couldoptimized for structural function and efficient heat re-
allow “bare” solid walls to accommodate the heat flux moval at quasi-steady-state. IFE armor conditions are
from direct-drive target$® The impact of time-of-flight ~ similar to those for plasma-facing components in MFE
spreading of ion energy on the performance of wetteddevices as is shown in Table II. As such, the large body of
wall chambers was also investigated recently in an upresearch performed for MFE plasma-facing components
date of the Koyo studit can be utilized in developing IFE armors. Furthermore,
as most of the neutrons are deposited in the back where
the blanket and coolant temperatures will be at quasi
IIl. DRY-WALL CHAMBER CONCEPTS steady state because of the thermal capacity effect, most
first-wall and blanket concepts developed for MFE will
ILA. Buffer Gas be directly applicable to IFE applications.
~ Dry-wall chambers are desirable because of their rely ¢. Armor Material
ative simplicity. An IFE power plant will probably oper-
ate with a repetition rate of 5to 15 Hz3 X 10® shoty The armor material must have high-temperature ca-
yr). Thus, even a nanometer ablation of the first wallpability and excellent thermophysical properties to ac-
during a single IFE shot will lead to an unacceptably lowcommodate the high incident energy flux. There are several
wall lifetime. Previous IFE power plant studies'?had  possibilities for armor materia(a) tungsten and refrac-
assumed target emission and spectra similar to those ¢dries,(b) carbonand carbon-fiber composité€FC9],
the indirect-drive target of Table I; i.e., a large portion of and(c) more exotic engineered materiésich as a high-
target yield is emitted as soft X rays. As such, theseporosity fibrous carpef Each has its own set of poten-
studies had predicted a very large heat flux on the firstial advantages and critical issues that should be addressed
wall and concluded that a “bare” solid wall cannot sur-with rigorous R&D. Carbon and CFC composites are
vive IFE power plant conditions. The Solase sttidyad ~ widely used in plasma-facing components in present MFE
proposed the use of a high-Z protective or buffer gas foexperiments. However, carbon suffers from several other
dry-wall concepts. The high-Z gas would absorb the X-raymass loss processes such as chemical erosion and
energy from the target and reradiate the energy. Withiadiation-enhanced sublimation. Codeposition of sub-
sufficient gas density, the radiation transport in this buffedimated carbon with tritium is also a major safety concern
gas would increase the duration of the X-ray pulse fronfor fusion systems. Tungsten and other refractories alle-
subnanoseconds to several microseconds and reduce tiate these concerns. However, melting and stability of
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TABLE I

A Comparison of Estimated Thermal Threats on Typical IFE Arifirect-Drive NRL Target®) and
ITER Plasma-Facing Components by Edge-Localized Modes, Vertical Displacement Events, and Disruptions

ITER Type-I ITER Vertical Typical
Edge-Localized Mode Displacement Event ITER Disruption IFE Armor
Energy <1 MJ/m? ~50 MJYm? ~10 MYm? ~0.1 MYm?2
Time 100 to 100Qus ~0.3s ~1ms 1to 3us
Frequency Few hertz ~1/100 discharges ~1/10 discharges 5to 15 Hz
Base temperature 200 to 10@0 ~100C ~100C =500C

the melt layer as well as exfoliation of tungsten underarmor was assumed to be cooled by 8D®elium gas.
large helium ion fluxes requires extensive R&D. The The temporal profiles of the tungsten armor temperature
acceptable lifetime for the bond between the armor anét different depths from the surface are shown. It can be
the first wall under cyclic load conditions should also beseen that the maximum temperature of the tungsten armor
demonstrated. is ~2900C, which is well below the melting point of
tungsten3410C), and this armor can handle the energy
load.

The temporal variation of the armor surface temper-
ature clearly shows three peaks corresponding to the ar-
As the pressure of the buffer gas has a major impactival of X rays(an 1150C temperature spike overlaid on

on target injection and tracking as well as on propagationhe vertical axiy, fast ions(at ~0.8 us), and slow debris
and focusing of the driver beams, the thermal response @fns(at~2 us). It is important to note that the maximum
the armor was first calculated in the presenceabuffer  temperature of the armor occurs during the sidebris
gas. Results of this analysis are discussed in detail ifon energy pulse and is not due to the X-ray pulse. These
Ref. 3. Figure 4 shows the thermal response of a 3-mnthree peaks almost disappear At into the armor. At
tungsten armor to the threat spectra from the 154-Mghis depth, the armor is heated more or less uniformly in
NRL direct-drive target for a 6.5-m-radius chamber. The3 us and then cools slowlf~10 m9 back to its original
~500°C equilibrium temperature. At depths100 um,
the armor experiences a quasi-steady-state heat flux. Sim-
ilar analysis performed for carbon shows a peak surface

I11.D. Thermal Response of the Armor
with Direct-Drive Targets

3000 temperature of 190C and a negligible sublimation rate
Surface 3-mm Tungsten slab of <1 um/yr. Based on these results and on the assump-
2600 ety 1SS0 kel tion of an armor temperature limit based on the melting
oolant Temp.= 500°C . .. . .
h =10 kWim2-K point for tungsten and on minimal sublimation for car-
3200 154 MJ DD Target Spectra bon, it appears that no buffer gas is necessary to protect
o) \ the armor from the thermal energy of a 154-MJ NRL
T 1800 M direct-drive target for the assumed chamber size. Even
5 10pm \%ﬂ: higher yields(up to ~250 MJ) could be accommodated
2 1400 /h\\\? under these criteria. However, for much higher yields,
3 some form of gas protection will be necessary for similar
& 1000 chamber sizege.g.,~60 mtorr of xenon for a 400-MJ
targe), and/or chamber size should be increased. The
60044 100um | buffer gas, in this case, absorbs some ghebris ion
power through atomic collisions, thereby reducing the
200 maximum armor temperature to an acceptable level. The

0 1 2 3 4 5 6 7 8 9 10
Time (us)

exact value of the target yield at which the gas protection
becomes necessary depends on the evolution of the target
. i energy and the threat spectra as the yield is increased.
Fig. 4. Thermal response of a 3-mm tungsten armor to the Note that the above conclusions are based on the

NRL direct-drive target in a 6.5-m-radius chamber with tion that th i tureis limited b id
no protective gas. Temporal profiles of temperature a2SSUmption thatthe armor temperature IS imited by avolad-

different depths of the armor are shown. At depths@nce of melting for tungsten and by achieving minimal
>100 um, the armoffirst walls experience a quasi- Sublimation for carbon. It is possible that other mecha-

steady-state heat flux. nisms affecting the armor lifetime would be triggered at
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a lower armor temperatuke.g., cracks induced by ther- acceptable mass loss per shot depends on the yield of
mal stresg Separately, the above results are calculatedhe target as well as on the partitioning and spectra of the
for an ideally flat and monolithic armor and show that X rays and ions. This is also illustrated in Fig. 5 as the
most thermal transients occur within a depth of 10 todesign for the 154-MJ NRL direct-drive target as well as
20 um. The surface morphology of the IFE chambera “scaled” 400-MJ direct-drive target is plotted. Itis clear
armor will probably have features100um. Impurities  that the indirect-drive targets with a larger energy in the
in the armor can cause local hot spdtecause of dif- X-ray channel require a considerably higher density of
ferent penetration depths of photons and joAs such, the buffer gas.

the above conclusions should be confirmed with further

R&D and especially experimentation.

IV. WETTED-WALL CHAMBER CONCEPTS
lIL.LE. Thermal Response of the Armor

with Indirect-Drive Targets The wetted-wallor thin-liquid-protected wajlcom-

Because of the large energy content in the x_raybines_ the att_ractive feat_ures of a solid W(atbbu_st me-
channel, dry-wall chambers require a buffer gas to b chanical design and efficient energy recovemyth the

able to withstand the indirect-drive target explosion dvantages of a renewable armor to accommodate the
BUCKY, a one-dimensional Lagrangian radiative- X-ray and ion threats produced by IFE target explosions.

hvdrod ) 4&5 | d for the simulati fth Renewability of the liquid-film armor removes the near-
ydrodynamics cod€ Is used for the simulation of the ¢ aplation threshold of the solid wall. On the other
response of the buffer gas and armor to target X-ray an

ion threat tra. Calculati f d for dif and, part of the liquid-film armor evaporates under the
lon threat spectra. Laiculations were periormed for Ait5, siqant X-ray and ion energy fluxes and enters the cham-
ferent equilibrium xenon densities and wall tempera

tures. Figure 5 shows the results for a 6.5-m-radiuber in each shot. As such, the key feasibility issues for

hamb ith hit I Inthi th | Ihis concept arda) reestablishment of the liquid-film
chamber with a graphite wail. In this Case, the maximum, ., o hetween shotas part of the liquid has been evap-

wall temperature for which negligible ablation of carbon 4 o404 and (b) reestablishment of a quiescent chamber
armor occurs is plotted as a function of the required XenoR - iconment prior to the next shot as evaporated liquid

buffer gas densityl mtorr xenon at room temperature :
g armor material has entered the chamber and should be
~3.5 X 10'° atonym?). This figure represents the oper-

tion. The amount of xenon required to prevent an un'propagation of driver beams.

IV.A. Film Dynamics
3,500

As part of the ARIES-IFE study, experimental and

= 3000- numerical studies have been conducted to examine the
§ fluid dynamic aspects of liquid-film protection systems

£ $ 2,500 - with either radial injection through a porous first wall or

'E < forced flow of a thin liquid film tangential to a solid first

£ 3 20001 wall.#® For both the radial injection and forced film de-
gz signs, our efforts have been focused on examining the
S 1500 behavior of the liquid film on the downward-facing sur-
= faces(upper sectionof the IFE chamber, where virtually

E 1,000 no work has been done before. Among the critical ques-

500 4 tions needed to establish the viability of the wetted-wall
concept are the following:

0 T T T T . . . . .
o 0.1 0.2 03 0.4 0.5 1. Can a stable liquid film be maintained on the

upper section of the chambe(Phat is, how long does it
take before the liquid “drips” into the chambér?

Xe Density (Torr)

Fig. 5. Maximum wall temperature for which a negligible ab- i . i
lation of carbon armor occurs as a function of the re- 2. Can the film be reestab“shed OVerthe entire Cham'

quired xenon buffer gas density mtorr xenon atroom ber surface prior to the next target explosion?

temperature=3.5x 10'° atomgm?) for three different o ) , o
targets. The area below each curve represents the ther- 3. Can a minimum film thickness be maintained to

mal operational window of the IFE chambers to that prevent dry patch formation and provide adequate pro-
target. tection during the next target explosion?
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For the radial injection scheme, generalized nondiwall is ablated in each shot and enters the chamber. The
mensional charts for the droplet detachment time as anagnitude of the heating rate dictates the dominant boil-
function of the initial thickness, injection velocity, Reyn- ing process: surface evaporation, heterogeneous nucle-
olds number, and surface mass flux have been deveé&tion, andor homogeneous nucleation. In the case of
oped>16 These results suggest that liquid film stability ions from the IFE target, the heating rates are small enough
may impose a limit on the minimum repetition rate in such that the main boiling process is surface evaporation
order to avoid liquid “dripping” into the chamber be- and the ablated material enters the chamber as vapor. The
tween shots. Generalized charts have also been devdleating rate by X rays is, however, so large that neither
oped for the minimum film thickness during the evolution surface evaporation nor heterogeneous nucleation plays
of the free surface prior to droplet detachment and the major role; i.e., the heating rate is so high that the
equivalent diameter of the detached droplets as functionsurface evaporation process does not have sufficient time
of the initial film thickness, injection velocity, Reynolds to occur? Instead, for such extremely high heating rates,
number, and nondimensional mass flux at the interfacéhe boiling process is dominated by homogeneous nucle-
(due to condensation or evaporatiGrit® These results ation, which leads to “explosive boiling.” This involves
suggest that a minimum injection velocity will be re- rapid superheating to a metastable liquid state with large
quired to prevent the film thickness from decreasing belovexcess free energy, which decomposes explosively into
a designer-specified minimum value dictated by wall pro-iquid and vapor phases. As a result, the amount of ab-
tection requirements. A preliminary experimental inves-lated material would be much larger than would be esti-
tigation aimed at validating the model has been performednated through the energy balance between the incident
the data show good agreement with model predictions.energy and the phase change alone—a large fraction of

For the forced-flow scheme, an experimental stidy  protective liquid may enter the chamber as liquid drop-
has been performed to determine the effect of variousets? Figure 6 shows the region in which explosive boil-
design and operational parameters on the film detaching can occur in a chamber protected by a lead film
ment distance downstream of the introduction point forsubjected to the X-ray flux from the 458-MJ indirect-
downward-facing flat surfaces with various inclination drive target. Substantial experimental and theoretical re-
angles. Generalized nondimensional charts of the filnsearch is needed to accurately estimate the amount of
detachment distance normalized by the initial film thick- material that will enter the chamber through explosive
ness as a function of the Froude number for both wettindpoiling; Fig. 6, however, can be used to determine the
(glass and nonwettingRain-X coated glagsluids were  upper bound.
generated. The data suggest that the normalized detach- A lower bound for the amount of material that is
ment distance strongly depends on the Froude numbeblated and introduced into the chamber can be found by
and surface characteristi@se., wettability. These data ignoring explosive boiling and splashing. BUCKY sim-
allow the designers to establish the maximum allowablailations were performed for a 4.5-m-radius chamber, ini-
spacing between film injection and liquid return pointstially filled with 1 mtorr lead and protected by a 1-mm
along the chamber surface to avoid film detachment. Ex-
periments have also been performed to examine the be-
havior of liquid films flowing around cylindrical obstacles, .
typical of the protective dam shielding beam and targe '
injection ports>1’ These results indicate that the pres-
ence of such obstacles will pose a significant challenge t ~
the designers, inasmuch as the disrupted film may di £
rectly interfere with the intended function of the port
(e.g., beam propagation or target injection

In summary, the radial injection scheme appears tc”
be feasible and does notimpose major constraintsontt & 10°  ~o G oo s T ST
feasibility of wetted-wall concepts. The attractiveness ol = : B e '
this scheme, to a large degree, depends on the details 2108 - foit. |

]DIB-.

]UH -

1 L e ey '-;‘.','.‘E'E”_"‘I“L“_"'i' cvaporation energy) _

tion (J

051

the chamber and power plant design and the impact of th 5 o

required pumping power on the overall recirculating power 107 §,_ frarerated resion ctonebi sl

and economics of the power plant. For the forced-flow |
scheme, the behavior of the film near major obstacles i 10° 0 I 193 25 g ™ 5

a major concern and requires further R&D. . .
Penetration depth (micron)

IV.B. Thermal Response Fig. 6. Volumetric heat deposition in a lead film from 458-MJ

indirect-drive X-ray spectra illustrating two-phase re-

As a result of the energy delivered from the IFE gion and regions where explosive boiling is likely to
target explosion, a part of the liquid protection of the first occur.
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lead film. Simulations for the 458-MJ indirect-drive tar- feasibility issue for IFE, and R&D on cost-effective means
get showed that a total of 21.4 kg of lead will be evapo-for their mass production is ongoirt§°® Once pro-
rated in each shot. Of the 22 MJ of energy in target ionsgduced, these targets should be injected into an IFE cham-
only 5.3 MJ is deposited in the liquid as opposed to theber with sufficient velocity(50 to 400 ny's) and placed
vapor, with none penetrating farther tha®.65 mminto  within several millimeters of the chamber centehere

the liquid. Simulations for the 154-MJ direct-drive target the driver beams are focusedsas-gun target injectors
resulted in evaporation of 9.2 Kghot of lead. are under developmefit.

IV.C. Chamber Clearing V.A. Target Survival During Injection

The material ablated from the protective film should |nertial fusion targets should maintain their high de-

material induced in the chamber is only in the vapor formihe travel in the chamber by frictiofenergy exchange
(ignoring explosive-phase boiling and splashinghich  from the chamber constituentas well as by radiation
underestimates the source term. In addition, it was UStheating from the hot walls of a power-producing cham-
ally assumed that the vapor in the chamber will condensger, These cryogenic targets are produced through care-
on the wall surface, which ignores generation of aerosoj| jayering at 18 K in order to achieve the required degree
in the chamber. Following this assumption, one finds foraf spherical smoothness. To date, attempts to lower the
the BUCKY simulation of the 458-MJ indirect-drive tar- temperature of the target after fabrication to allow for a
get above that the initial lead density of 1 mtorr can b&arger margin for heating during the injection process
reestablished within 0.15 s of the IFE shot—a repetitiomaye failed. As such, we have assumed that the target is
rate of 5 Hz is possible for this configuration. 18K at the time of injection into the chamber. Although
Our analysis of aerosol generation and transport iRhe maximum temperature limit to prevent unacceptable
the IFE chambers indicates that aerosol and not the Vap@irget outer layer deformation is not well known, the
will dominate the chamber clearing procéssor exam- Tprevious assumption was to maintain the target D-T tem-
ple, for a 6.5-m-radius chamber protected by 1 mm Olyerature below its triple point, 19.8 KRef. 21).
flibe, exposure to the 458-MJ indirect-drive target will For indirect-drive targets, the fragile cryogenic cap-
lead to ablation of-5.5um of flibe (if explosive boiling  gyle is surrounded by a relatively massive hohlraum that
is ignored, and~5.7 kg of flibe enters the chamber. We jnsylates it from the heat load during the transit to the
find that after~1 ms, 3.5 kg of flibe will be in the form  center of the chamber. Therefore, the cryogenic capsule
of aerosol and remains so afterward. Only the aerosqjjjj effectively remain at 18 K during injection over a
sizes and distribution evolve afterward, and at 0.25 syige range of operating conditions.
there are still~10° to 10*° aerosol dropletsn® dis- Direct-drive targets do not have such insulation, and
persed throughout the chamber volume with sizes@5  thejr heating during injection is of particular concern
to 5um. There are many uncertainties in the analysis okjnce it could lead to unacceptable target deformation
aerosol generation and transport in the IFE chambergng/or density variations. The thermal response of the
such as the coagulation and reflection behavior of drop154-mJ direct-drive targdfFig. 1) was determined para-
wall (aerosol transpoytas well as ion-enhanced nucle- gjstribution over the target that is typical of energy trans-
ation (aerosol generationDroplets entering the cham- fer from impinging gas moleculéé.The ANSYS finite
ber through explosive boiling should also be consideredg|ement code was used for this transient thermal analy-
Overall, aerosol generation and transport is the criticakjs |t was assumed that the target is not tumblingy,
heat flux during the entire time of flight Temperature-
dependent D-T properties were used, and the latent heat
V. TARGETS of fusion was included to model the phase chatfge.
Figure 7 summarizes the results for a target injected
The direct-drive IFE targets include spherical layersat 400 nys in the chamber. It shows the maximum change
of frozen D-T(at ~18 K) encapsulated in layers of foam in the D-T temperature as a function of the maximum
or plastic. The target should have a high degree of spheheat flux at the target surface for three different chamber
ical symmetry and surface smoothness. The indirectradii (affecting the time of flight for a given injection
drive targets include a capsule@hich is very similar to  velocity). The temperature rise of the target increases in
the direct-drive targetthat is suspended in a hohlraum. alinear fashion up to the triple point of D-T, where a knee
Fabrication of these targets at a rate required for a powen the curve indicates that solid-to-liquid-phase change
plant (~50000Qday) and an acceptable cost remains ahas occurred. From Fig. 7, the heat flux to reach the triple
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Fig. 7. Increase in the temperature of the 154-MJ direct-driveFig. 8. Maximum condensation heat flux on the 154-MJ direct-

target during travel in the chamber as a function of the drive target as a function of the product {ef.Pxe(at
maximum incident heat flux4-mm target at 18 K in- 300 K)} for different values of xenon temperatures and
jected at 400 mfs) for three different chamber radii. injection velocities.

The heat flux on the target varies along the target sur-
face with the maximum heat flux occurring at the lead-

ing edge.
~20 mtorr(for o, = 1). This would place an important
constraint on the background gas density as well as on
the background gas temperature.
point is only~6000 Wm? for a 6-m-radius chamber and BUCKY simulations indicate that even 5Q( after
even lower for larger chambers. target explosion, the average temperature of buffer gas in

An estimate of the heat load on the target can bahe chamber is-2 eV. Previous studies had assumed that
made by considering the combination of radiation heathe buffer gas will cool down and achieve a temperature
flux from the wall and energy transfer from the chamberequilibrium with the chamber wail~1000 K) in the in-
gas through which the target must trat®lch as a buffer terval between shots. Initial simulation of the chamber
gas for dry-wall schemesFor example, a radiation heat environment on a long timescale with the 2-D SPARTAN
flux of 6000 Wm? on the target is calculated for a wall code?® shows, however, th&) because of reflection and
temperature of 1275 K, assuming a reflectivitye86%  convergence of initial shocks, the buffer gas in the cen-
thatis anticipated for the very thin coating of gg@i275 tral portion of the chamber can be heated to 40 eV and
to 0.375um) on the target! As the radiation heat flux (b) thermal conduction to the wall is not strong enough to
scales ag 4, the radiation heat flux on the target can becool the buffer gas in the interval between shotsnon
reduced substantially at a lower wall temperature: For @as temperature in the range of 5000 to 10000 K at 100 ms
wall temperature of 50, the radiation heat flux would after the target explosionMuch research is still needed
be seven times smaller. to quantify the chamber conditiotspecifically buffer

The transfer of energy from the impinging chambergas temperatujeorior to initiation of a shot.
gas(e.g., xenon or heliupwould include both enthalpy It should be noted that even if no buffer gas is intro-
exchange as the temperature of the impinging gas moHuced into the chamber, the chamber may contain signif-
ecules is reduced to the target surface temperature @&sant amounts of deuterium and tritiugftom the target
well as latent heat exchange in the case of gas condeand helium(from fusion burn. These ions will be im-
sation(i.e., if the background gas boiling and melting planted into the wall, diffuse back into the chamber, and
points are higher than the target temperature, as is theach a steady-state condition depending on the pumping
case with xenon Figure 8 shows the maximum conden- rate of the chamber. Most probably, the chamber envi-
sation heat flux as a function of the product of xenonronment will be enriched in helium as it is more difficult
pressurdat 300 K) Py, as well as the condensation co- to pump helium compared to D-T with cryopumps. A
efficient o, for different xenon temperatures and injec- similar analysis of target heating was performed with
tion velocities. It is clear that for a reasonable wallhelium as the background gas to provide an estimate of
temperature(~500°C), heating of the target is domi- acceptable helium pressure in the chamber. For condi-
nated by energy transfer from the chamber gas. As suchipns similar to those of Fig. 8, these simulations actually
lower injection velocities are preferable. From Fig. 8, foryielded slightly higher heat fluxes than for the case of
a target velocity of 100 ifs, a heat flux of 6000 Wn?>  xenon even though there is no helium phase change at the
corresponds to example combinations of xenon tempetarget surface temperature of 18 K. This can be explained
ature and pressure of 4000 K and 5 mtorr or 1000 K ands follows. First, the latent heats have only a small effect
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on the overall energy transfer that is mostly governed bywI. BEAM TRANSPORT AND FOCUSING
the change in the gas enthalpy. Second, the molecular

fluxes of helium on the moving target are higher thany; o Lasers

those of xenon for the same pressure and temperature.

However, the condensation coefficient of helium might :

be substantially lower than that of xenon, which allows aVI'A'l' Transport and Focusing

much higher pressure in the chambara lower heat flux Research in laser beam transport and focusing in IFE
for similar pressurg In addition, the equilibrium helium  chambers is very limited as most present laser fusion
temperature between shots may be much lower than thakperiments operate in vacuum. Many mechanisms may
of xenon because a lower amount of target energy woul@imit the density and type of chamber constituents. A
be absorbed in helium as opposed to xenon. Experimeiyell-known limit is laser breakdown of the background
tal data are needed in order to validate these models. gases(or laser-generated sparkAs the laser beam is
Clearly, increasing the target thermal robustness cafbcused, the electric field intensity may become large
substantially increase the maximum gas pressure aknough to induce a breakdown in the chamber gas. The
lowed in the chamber. Possible ways of increasing thigaser light is then absorbed in the generated plasma or
thermal robustness include target design modificationgeflected back instead of reaching the target. If the laser
and extension of the D-T thermal limit by accepting phaseyhoton energy matches transition energies in the back-
change past the triple point. Initial results suggest thaground gas atoms, laser breakdown may be initiated even
allowing ~1% change in the region density at the D-T at smaller gas densities. Existence of a background plasma
foam—plastic coating interface would increase the allowin the chamber may also lead to the initiation of laser
able heat flux to 40 000 Wh? and adding a 72sm-thick,  breakdown at a lower gas pressure. Another limit derives
25%-dense outer insulating foam layer on the target woulgrom nonlinear changes in the index of refraction of the
further increase the allowable heat flux to 90 00 media(chamber gasat high laser intensities that may
(Ref. 22. Another possibility would be to develop tech- distort the laser wave front at even lower gas densities. In
niques to lower the initial injection temperature of thethis case, the laser beam may not focus on the target,
target(below 18 K) while maintaining the required sur- and/or the variation of the laser intensity on the target
face smoothness. It is not yet clear to which extent thesghay become unacceptably large. Large density and tem-
particular measures are acceptable based on target physerature gradients in the chamber gas can also deflect

ics requirements. and/or defocus the laser light. At present, the only ex-
perimental data available for laser beam propagation and
V.B. Target Tracking focusing in an inertial fusion chamber are from experi-

ments in the NIKE facility?* In these experiments, dras-
Inertial fusion energy targets should be injected intotic changes in the response of the planar targets were
an IFE chamber with sufficient velocit0 to 400 m's)  observed when the xenon pressure was raised above 100
and placed within~2 to 5 mm of the chamber center mtorr (Ref. 24. Much more work is needed in this area
(where driver beams are focuseBor lasers, this require- to identify the proper limits for laser propagation and
ment(5-mm variation is due to the required symmetry focusing in IFE chambers.
of driver illumination of targetqtranslated into maxi-
mum variation in the arrival time of laser pulses fromy/ A 2. Beam Steering
different beam lines on the target in an6-m-radius
chambey). Within this 5-mm sphere, the laser steering The focal spot of the laser beam should be adjustable
system would focus the laser beams on the target withiwithin a few millimeters(less than+=2.5 mm based on
an accuracy of 2@um (Sec. VI.A). Similar requirements the requirement for uniform illumination of the target
have also been derived for heavy-ion-beam driversith an accuracy of-20 um to compensate for inaccu-
(Sec. VI.B. racy of the target positioning. This can be accomplished
In addition to shot-to-shot variation caused by theby steering of the final focusing optid®.g., grazing
operation of the injector itself, chamber gas eddiesand incident metal mirroGIMM )]. Assuming that the final
a sufficient number of collisions with aerosol particlesoptics is placed 20 m from the center of the chamber, the
can cause the target trajectory to be deflected during itBnal optics position(i.e., the angle with respect to the
travel through the chamber. Obviously, the chamber enincoming beam should be controlled with an accuracy
vironment should be returned to a sufficient quiescendf 1 urad and a range of 10@rads. One approach would
condition prior to the initiation of the subsequent shotbe to mount the final optics on piezoelectric actuators.
such that these random changes in target positioning arsssuming that the GIMM is made of 58-50-cm square
acceptably smal{<5 mm). In-chamber tracking of the segments, steering of the laser beam requires actuators
target is also necessary in order(8 provide position with an accuracy of 0..wm and a range of 5@m oper-
information for the laser steering system dbgprovide  ating at 1 kHz or less, which is well within the capability
long-term feedback for the target injector itself. of these actuators.
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VI.B. Heavy lons TABLE Il

. A Comparison of Heavy-lon Transport and
VI.B.1. Transport and Focusing Focusing Modes and Constraints Imposed by the

For a heavy-ion driver, the requirements posed on Presence of Gas ajir Aerosol in the Chamber*
the chamber gas depend on the mode of transport and

L os : - Transport Mode Constraints
focusing?> Various transport modes for heavy-ion beam
the neutralized ballistic transport mode. As part of the background pressure

ARIES-IFE study, extensive studies of pinch transport
modes were performédThese studies have not uncov- <1 mitort for —3-m radius
ered any feasibility issues for these modes of transport. 50 to 200 beants
the predictions for these transport modes are verified Aerosol constraintnr3 = 109
experimentally in power plant—class driver conditions,
they would lead to dramatic improvements in heavy-ion
fusion systems.

Several processes affect transport of heavy-ion beams

in the chamber. These incluéfer both gas and aerosols _
the following: Self-pinched 1 to 100 mtorr-2 to 100 beams

Aerosol constraintnr3 = 107

Neutralized ballistic| A preformed plasma is produced.

=3

Assisted pinch A preformed channel is produced
using laser an@-pinch discharges

1 to 10 torr, two beams

Aerosol constraintnr3 = 1076

1. energy loss through interaction of beam particles
with chamber constituenté.e., classical stop- *Constraints are given in terms of (aerosol integrated line
ping powey. A limit of 10% energy loss was used density andr (radius of aerosglfor 4-GeV lead beam. Con-
here. straints are given for cases of aerosol paraméterd no gas

. . . . and gas number densitgnd no aerosgl

2. scattering of beam through interaction with cham-athe increase in chamber radius for dry- and wetted-wall con-
ber constituents. Assuming emittance dominated cepts leads to even more stringent constraints on vacuum and
spots, a limit of 10% increase in the spot af®% beam emittance compared to thick-liquid wall.
increase in radiuswas used here.

3. stripping of beam ions that may prevent focusing.

For neutralized ballistic transport, stripping is the ~10 mg are lower than the correction coils for shot-to-
dominant limit. Stripping depends on the total amount ofshot correction in present experimefits? kG in 1 msin

matter in the path of the beafeither gas or aerosplFor  the Neutralized Transport Experiment
a chamber with flibe as the protective coolant, LSP sim-

ulation® lead to the flibe aerosol constraint of > <
109 (no gas or a 1-mtorr limit for the flibe base pres-
sure in a 3-m-radius chambéno aerosol These con-
straints can be easily extended to chambers with both gas
and aerosol. In the abovejs density of aerosol droplets,
andr is the radius of the aerosol. Scattering is the dom¥II.A. Direct-Drive Targets
inant mechanism for assisted pinch transport. This mode
of transport is more forgiving and has a higher limit of
nr3 = 10 ¢ for aerosol(no gas or ~1 Torr of gas(no
aeroso). For self-pinch transport, the self-pinching pro-
cess itself is the most stringent requirement and leads

VIl. OPERATIONAL WINDOWS FOR DRY-WALL
CHAMBER CONCEPTS

Operational windows for IFE chambers can be
evolved by superimposing the constraints imposed by
each system as described in Secs. Ill, V, and VI. For
tgry-wall chambers with direct-drive targets, the majority
of these constraints depends on the the buffer gas pres-

nr3 =107 for aerosolgno gas or ~100 mtorr of gas i
(no aerosol These constraints o ® or base vapor pres- sure and the chamber armor equmbrlum temperature al-
wing a compact representation. For example, Fig. 9

sure can be easily extrapolated to differentchambersizégn tonal window for chamb
(nr3 scales inversely with the chamber radiasd pro- ~ S"OWS an operational window 1or chamber gas pressure

PR : ; and wall temperaturéfor a 6.5-m-radius chamber with
tective liquid type(see correlations in Ref. 25 carbon armor and xenon as protective gas for the 154-MJ

direct-drive target The original armor thermal opera-

tional window is significantly reduced when the laser
The focal spot of the beam should be adjustable withirbreakdown constraint, limiting the xenon pressure i®0

a few millimeters(less thant2 mm) to compensate for mtorr, is taken into account. The operational window is

inaccuracy of the target within-10 ms. This can be further reduced even assuming an optimistic constraint

accomplished by dipole correctors in the final foéfis. of 20 mtorr/1000 K xenon based on target survivah-

The requirements for this correction dipaglel kG in  hashed region in Fig.)9The operational window for the

VI.B.2. Beam Steering
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Sas5sesets window for propagation and focusing of laser beams in

3,000 = 7 IFE chamber gas constituents.
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2,500 177] //////////////////// 5. The armor lifetime could be further limited by
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6. Development of a more thermally robust target to
increase the size of the operational window is needed.
This would allow for higher-yield targets and would help
accommodate other possibly more restraining armor life-
time criteria as well as the possibility of higher heat

i

-
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0 02 0.3 04 %% fluxes on the target as it traverses the chamber.
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Fig. 9. Operational windowunhashed regiorfor buffer gas We have not considered heavy-ion-beam transport

density and wall temperature of dry-wall chambers with an_d focusing constraint for Chamber C.Oncems W'th dlreg:t—
direct-drive target$6.5-m-radius chamber with carbon drive ta_lrgets becau.se of _the d'.ﬁ |CuIt|e_S aSSOC'.ated \.N'th
armoj. For a relatively low yield targgi<250 MJ),no ~ heavy-ion-beam drivers in a direct-drive configuration
buffer gas is necessary, and an operation window existélarge sections for bending the beam and many final focus
(see discussion in the text elements

VII.B. Indirect-Drive Targets

case of chambers with a tungsten armor is similar to  An overall operational window for dry-wall cham-

Fig. 9. bers with indirect-drive targets can be similarly devel-
Based on the constraint developed in Secs. lll, V, angped. Because the IFE capsule is protected by the relatively
VI, the following observations can be made about themassive hohlraum during the injection and passage
operational windows for dry-wall chambers with direct- through the chamber, there is virtually no target heating
drive targets: constraint. The operational window depends on the ther-
al response of the wall, lifetime of the armor, and driver
eam propagation and focusing.
For 458-MJ indirect-drive targets, the buffer gas
should have a density 0£200 mtorr(see Fig. 5. This

1. The most stringent constraintis imposed by targe
survival during the injection process. Operation with a
reasonable wall temperature 500°C) minimizes the ra-
diation heating of the target as well as allows for accepty,inin m value is a factor of 2 higher than the relatively
able thermal conversion efficiency. Low target velocity .o tain constraint 0£100 mtorr xenon density for
(100 nvs) is preferable. There are strict constraints ONager propagation, which implies that no window exists
the pressure and temperature of the buffer gas. EXperts KrF laser drivers. Further R&D on laser propagation
ments of target heating by high-temperature xenon and, j ¢, ;sing is needed to resolve this issue.
helium is necessary to validate these calculations. The

major unknowns are the condensation coefficients For the heavy-ion-beam driver, the existence of an
J ) operational window would depend on the mode of trans-

2 There are indications that the xenon buffer gas;oort. There is no o_peratlon_al lwmdow basfed.on require-
will not cool down sufficiently between shof@lnvesti- ~ ments from neutralized ballistic transp@stripping limit
gation of chamber evolution between shots is necessa§f integrated line gas density equivalent tdl mtorr

to develop a more accurate representation of the chamb¥grsus minimum buffer gas pressure of 200 mtokr
condition prior to each shot and to gain confidence in théPP€ars that no operation window exists for self-pinched
estimates for target heating during the injection procesdfansportintegrated line density equivalenttdl 00 mtorr

versus a minimum buffer gas pressure of 200 mtorr
3. For relatively low yield target$<250 MJ), an  Furtherresearch is necessary to refine the beam transport

operational window with no buffer gas may exipfased constraint in this mode before completely ruling out this
on the above lifetime criterion The chamber gas con- approach. A large operational window, however, exists
stituents would be mainly deuterium, tritium, and heliumfor channel transportscattering limit of integrated line
(from the target and their density must be kept low by density equivalent te-1 torr). Experimental verification
providing sufficient pumping. of channel transportis needed to confirm this conclusion.
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A generic issue for concepts with indirect-drive tar- drive target. Heating from ions that arrive later in time
gets is the large amount of hohlraum material that isvas not considered for this estimation. The aerosol mass
introduced into the chamber and should be removed corfer the 6.5-m-radius-chamber case increases 3 kg
tinuously. This is an especially major concern for dry-within a few milliseconds and stays roughly constant
wall chamber concepts. Further theoretical and experimenhereafter as no wall coagulatigpossible sink termis
research in IFE chamber clearing is needed. assumed. The vapor pressure decreases continuously be-

cause of condensation on the wall. The aerosol mass of
3.5 kg corresponds tar® = 5 X 1077 and should be
VIIl. OPERATIONAL WINDOWS FOR WETTED-WALL compared to values given in Table Ill. Clearly, the re-
CHAMBER CONCEPTS maining flibe mass in the chamber is much above the
stripping limit for neutralized ballistic transport and a

The issue of generation and transport of aerosols ifgctor of 5 above the self-pinched transport limit of 100
the chamber is key to arriving at an acceptable operatorr, which leaves only channel transport as a possible

tional window for the injection of targets and propaga-mode of ion beam transport.
tion of driver beams as is discussed below. The aerosol behavior is dependent on a number of

Aerosol droplets can condense on the direct_drivé)arameters such as the aerosol Sourqe term, the size of
targets during their transit through the chamber. In addithe chamber, and the wetted-wall fluid. For example,
tion to heating the target, the added material on the targégducing the size of the chamber for the given target yield
may change the ignition characteristics of the targetsiesults in a higher energy deposition intensity from the
Detailed target physics analysis is necessary to develophotons and in a higher ablation depth of the wetted wall.
limits on aerosol condensation on direct-drive targets. If-igure 11 shows the vapor and aerosol mass histories for
addition, data do not exist for propagation of laser beamé& 3-m-radius chamber with a flibe wetted wall exposed to
in aerosol-filled chambers. Therefore, we did not investhe photon threat spectrum of the 458-MJ indirect-drive
tigate the wetted-wall chamber with direct-drive targetstarget! The ablation source term in this case corresponds
in detail. to ~11.5um of flibe as opposed to 5,pm for the 6.5-

Results from the aerosol analysis described in Sec. I¥n-radius-chamber case. As shown in Fig. 11, the aerosol
and discussed in detail in Ref. 4 can be used to evolve aWass in the chamber reaches a vallie88 kg that is
operational window for a wetted-wall configuration with actually lower than for the 6-m-radius-chamber case; how-
indirect-drive targets and heavy-ion drivers. For exam-8Vver, the aerosol density in the chamber is much higher
ple, Fig. 10 shows the vapor and aerosol mass historiedr® = 8 X 107°) and would preclude any heavy-ion
for a 6.5-m-radius chamber with a flibe wetted wall ex- transport mode. Even the vapor pressure by itself00

posed to the photon threat spectrum of the 458-MJ indirecitorr after 0.2 swould preclude the neutralized ballistic
transport mode but would allow the self-pinched and

channel transport modes.
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Fig. 10. Vapor and aerosol mass histories for a 6.5-m-radius
chamber with a flibe wetted wall exposed to the pho-Fig. 11. Vapor and aerosol mass histories for a 3-m-radius cham-

ton threat spectrum of the indirect-drive tardas- ber with a flibe wetted wall exposed to the photon
suming an ablated thickness of GuBn). The aerosol threat spectrum of the indirect-drive targassuming
mass of 3.5 kg correspondsio® =5 X 10”7 and is an ablated thickness of 11.8n). While the total aero-
500 times larger than the limit for neutralized ballistic sol mass in the chambét.8 kg) is lower than for the
transport and 5 times larger than self-pinched trans- 6-m-radius-chamber casg€ig. 10, the aerosol den-
port (see Table I1). sity in the chamber is much highémr3 = 8 X 1076).
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There are many uncertainties in the analysis of aeroeonstraints on the pressure and temperature of the buffer
sol generation and transport in the IFE chambers such agas. For relatively low yield targets<250 MJ), an op-
the coagulation and reflection behavior of droplets oferational window with no buffer gas may existased on
different sizes and velocities impacting a liquid w@kro-  armor survival criteria of no ablation for carbon and no
sol transportas well as ion-enhanced nucleati@ero-  melting for tungsten The chamber gas constituents would
sol generation Droplets entering the chamber through be mainly deuterium, tritium, and heliutfrom the tar-
explosive boiling should also be considered. Aerosol genget), and their density must be kept low by providing
eration and transport is also a critical feasibility issue forsufficient pumping. However, the armor lifetime could
thick-liquid-wall chambers. These issues need to be furbe further limited by other mechanisms, such as the long-
ther addressed through a coordinated experimental aridrm response of the armor to the cycle heat load as well
modeling R&D effort. as armor damage due to high-energy idaspecially
exfoliation by high energy helium

For dry-wall concepts with indirect-drive targets, a
high buffer gas pressure would be necessary. This may
preclude propagation of the laser driver in the chamber
and may require assisted pinch transport for the heavy-

As part of the ARIES-IFE study, we have performedion driver. A generic issue for concepts with indirect-
detailed analysis of various subsystems parametrically tdrive targets is the large amount of hohlraum material
uncover key physics and technology uncertainties and tthat is introduced into the chamber and that should be
identify constraints imposed by each subsystem on theemoved continuously.
feasibility of IFE chamber concepts? In this paper, the The wetted- or thin-liquid-protected wall concept
constraints from various subsystems were combined icombines the attractive features of a solid watlbust
order to understand the trade-offs among subsystems, tnechanical design and efficient energy recoyemth
develop operational windows for IFE chamber conceptsthe advantages of a renewable armor to accommodate the
and to identify high-leverage R&D directions for IFE X-ray and ion threat produced by IFE target explosions.
research. Renewability of the liquid-film armor removes the near-

We selected a heavy-ion indirect-drive target desigreero ablation threshold of a solid wall armor. On the
from LLNL /LBL and a direct-drive target design from other hand, part of the liquid-film armor evaporates under
NRL as our reference targets. Detailed spectra from thesthe incident X-ray and ion energy fluxes and enters the
two targets have been calculated—their photon and/ionschamber in each shot. The key feasibility issues for the
debris spectra are vastly different. We have shown thatwetted-wall concept ar@) reestablishment of the liquid-
the detailed characterization of the target yield and spediim armor between shots an@h) reestablishment of a
trum has a major impact on the response of the chambesufficiently quiescent chamber environment prior to the

Dry-wall chambers are desirable because of their relnext shot. Reestablishment of the liquid protection film
ative simplicity. The energy threat to the first wall by by radial injection through a porous wall appears to be
high-energy ions and X rays falls by one to two orders offeasible and does not impose major constraints on the
magnitude within the first 210@m of the first wall. As  feasibility of wetted-wall concepts. The attractiveness of
such, it is prudent to use a thin armor instead of a monothis scheme, to a large degree, depends on the details of
lithic first wall. Armor can then be optimized to handle the chamber and power plant design and the impact of the
rapid particle and heat fluxes while the first wall is op- required pumping power on the overall recirculating power
timized for structural function and efficient heat removaland economics of the power plant. For the forced-flow
at quasi steady state. IFE armor conditions are similar tscheme, the behavior of the film near major obstacles is
those for plasma-facing components in MFE devices aa major concern and requires further R&D.
is shown in Table Il. As such, the large body of research ~ The generation and transport of aerosols in the cham-
performed for MFE plasma-facing components is di-ber is a key issue in arriving at an acceptable operational
rectly applicable to IFE armors. Furthermore, as most ofvindow for the injection of targets and propagation of
the neutrons are deposited in the back where the blankétiver beams. Our initial estimates indicate that a sub-
and coolant temperature will be at quasi steady state bestantial amount of liquid protection film will remain in
cause of the thermal capacity effect, most first-wall andhe chamber as aerosol. Survival of a direct-drive target
blanket concepts developed for MFE will be directly ap-during the injection process as well as propagation of
plicable to IFE applications. laser beams in such an environment are major concerns.

For dry-wall concepts with direct-drive targets, we For indirect-drive targets and heavy-ion drive, the as-
have found that the most stringent constraint is imposedisted pinch transport mode is necessary. There are many
by target survival during the injection process. Operatioruncertainties in the analysis of aerosol generation and
with a reasonable wall temperatyre500°C) minimizes  transport in the IFE chambers such as the coagulation
the radiation heating of the target as well as allows forand reflection behavior of droplets of different sizes and
acceptable thermal conversion efficiency. There are strictelocities impacting a liquid wallaerosol transpoytas

IX. SUMMARY AND CONCLUSIONS
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well as ion-enhanced nucleatigaerosol generation

OWS FOR DRY-WALL AND WETTED-WALL IFE CHAMBERS

10. S. E. BODNER, D. G. COLOMBANT, A. J. SCHMITT,

Droplets entering the chamber through explosive boilingind M. KLAPISCH, “High-Gain Direct-Drive Target Design
should also be considered. Aerosol generation and tran&er Laser Fusion,Phys. Plasmas?, 6, 2298(2000.

port are also a critical feasibility issue for thick-liquid-

wall chambers. These issues need to be further address##e
through a coordinated experimental and modeling R&D,

effort.
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