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Abstract

The Target Fabrication FaciliyT FF) of an inertial fusion energflFE) power plant must supply about 500,000 targets

per day. The target is injected into the target chamber at a rate of 5-10 Hz and tracked precisely so the heavy ion driver
beams can be directed to the target. The feasibility of developing successful fabrication and injection methodologies at
the low cost required for energy productitabout $0.25target, approximately X0times less than current cojts a

critical issue for inertial fusion energy. Asignificant program is underway to develop the high-volume methods to supply
economical IFE targets. This article reviews the requirements for heavy ion driven IFE target fabrication and injection,
and presents the current status of and results from the development program. For the first time, an entire pathway from
beginning to end is outlined for fabrication of a high-gain, distributed radiator target. A significant development and
scale-up program will be necessary to implement this pathway for mass production of IFE targets.
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1. INTRODUCTION inertial confinement fusion targe@s.g., spherical shells, per-
meation filling). Possible material substitutions to the orig-
Inertial fusion energylFE) power plant conceptual designs inal target desigrifor manufacturing and cost reasorse
have been published over the past several decddeier, alsoindicatedin Figure(@D. Callahan-Miller, pers. comm.
1994; Moiret al, 1999. A variety of target designs have  General Atomic§GA) and Los Alamos National Lab-
been analyzed for heavy ion fusidhllF), including the oratory (LANL) are carrying out the development work
promising “distributed radiator” design illustrated in Fig- associated with the IFE target supply as a joint effort. The
ure 1(Tabaket al, 1998. This target requires illumination near-term programmatic goal for the development work is
by a number of beams from two sides, focused in an annuladefinition of a “credible pathway” for supplying targets in
ring on the ends of the target. The ion beams deposit theithe quantities needed and at acceptable costs. Details, in-
energy all along the nearly cylindrical hohlraum materials,cluding equipment sizing and process times for some of the
thus the terndistributed radiator The distribution of radi- processes, are starting to take shape. Spherical capsules can
ation is accomplished by tailoring the density of radiatorbe formed by direct microencapsulation of polystyrene. Cap-
materials in the target, which means that fabrication of asules can be filled by permeating deuterium—tritiQiir)
number of special higg-doped CH foams and high{meta)  through the walls, and then cooled +20 K to reduce the
foams are required. These hohlraum materials are the sulbapsule internal pressure and to allow removal of excess DT.
ject of development tasks unique to the HIF target. OthetLayering of the DT can be accomplished by placing the
manufacturing aspects of the HIF target are similar to laserfilled cryogenic capsule into a highly uniform temperature
driven direct-drive IFE targets and to current experimentaknvironment, either in a cryogenic fluidized b@zhare cap-
suleg or in a cryogenic layering tubgvithin a hohlraun.
Address correspondence to: D.T. Goodin, General Atomics, P.O. BoProduction of the hohlraum and its internal components can
85608, San Diego, CA 92186-5608, USA. E-mail: dan.goodin@gat.comphe gccomplished by processes such as casting, injection
Address reprint requests to: C. Isherwood, MS-15-121, Gene_rf';ll Atomlcsmolding doping of CH foams, and laser-assisted chemical
P.O. Box 85608, San Diego, CA 92186-5608, USA. E-mail: carolyn. , ’
isherwood@gat.com vapor deposition. Injection of the target into the chamber
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Part Material Density (g/cc)

A AuGd* (high-Z only) 0.1

B AuGd (high-Z only) 13.5

C  Fe(Au-doped CH foam) 0.016 E

D  (CH)ggr AuMg g 0.011 P Cross section
E  AuGd (high-Z only) 0.1 of hohlraum
F  Al(silica aerogel) 0.07 o

G AuGd (high-Z only) 0.26

H  CDy(Hegas) 0.001

I AI(CH or doped CH}) 0.055

J  AuGd sandwich (high-Z only) 0.11.00.5

K DT 0.003 10 mm

L DT 0.025

M Beg go5Brg.gos (or CH) 1.845

N {CDg)p.97Aug g3 0.032 20 mm

Fig. 1. Distributed radiator target design for heavy ion fusigossible material substitutions are shown in parentheses; Callahan-
Miller & Tabak, 2002.

can be done with a gas gun or an electromagnetic-baseasell understood and demonstrated, although work remains
accelerator. to scale the process to larger batches and to increase product
While the process details for the fabrication steps are noyields for IFE. An analysis and preliminary layout of a mass-
yet known(and a significant development program is still production facility to produce polystyrene capsules has been
required, we can now outline the entire pathway from ini- carried out(Fig. 2). Initial estimates of the production cost
tial manufacture of materials to filling, layering, and injec- for an “nth-of-a-kind” plant results in values of about 11
tion of a high-gain target suitable for energy productioncents per capsufdeaving significant value in the total cost
from heavy ion driven inertial fusion. This outline of the goal to manufacture and assemble the remaining target com-
process steps for HIF target supply is presented below. ponentdi.e., the hohlraum and its distributed radiajors

2. TARGET PRODUCTION PROCESS STEPS o ) )
2.3. Permeation filling with DT fusion fuel

2.1. Target supply requirements and issues Filling of polymer capsules with hydrogen isotopes by per-

The basic requirement for the TEF of an IFE power plant ismeation through the wall, removal of the excess DT after
to provide about 500,000 targets per day~6 Hz) with cooling to cryogenic temperaturét® reduce the capsule
precision geometry, and with precision cryogenic layerednternal pressure and prevent ruptyrand transport under
DT fuel. Target fabrication for inertial fusion is being inves- cryogenic conditions has been demonstrated in the labora-
tigated by a number of institutions throughout the world, tory (Meyerhofer & McCrory, 2001; Goodiet al, 1996.
including Russia(Koreshevaet al., 2001, Japan(Nori- Estimates of the DT fillingand layering time and models
matsuet al,, 1999, China(Lin et al., 2001, France, and the 10 predict its effect on tritium inventory in the TFF have
United StatesGoodinet al, 2001a). The feasibility of de-  been preparetSchwendet al, 2003. A critical parameter
veloping successful fabrication methodologies that can supdffecting tritium inventory is the choice whether to fill
ply targets at the low cost required for economical energyhe capsule prior to assembly into the hohlraum or to fill
production (about $0.25target, approximately ¥otimes the capsule within the hohlraum. The void space within the

less than estimated current cossan important issue for Nohlraum can result in up to 30more fritium inventory
heavy ion driven inertial fusion. required during the pressurization step; this factor essen-

tially requires filling prior to hohlraum assembly which, in
turn, means that a cryogenic assembly step for the hohlraum
is required. Using cryogenic assembly, the inventory mod-
Targets for HIF include a CH polymer spherical siekp- els indicate that operating with less thad kg tritium in the
sule to contain the DT fusion fuel and to fix the fuel geom- TFF may be feasibleFig. 3).

etry. Density matched microencapsulation has been used in

the Igboratory to produce S_Im'lar pap;ules fro_m poly_styrene Includes estimates of the cost to fill the capsule with DT and to layer the
(Norimatsuet al., 1994). This fabrication step is relatively DT (but does not include hohlraum and assembly dosts

2.2. Fabrication of spherical capsules
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Ethanol/Water Exchange
and Vacuum Drying

100

Polystyrene Shells via
Microencapsulation
Hohlraum
Production Area
Hohlraum Supply —”
(Cryogenic) {
La}tering DT Filli ng_
(Fluidized Bed)  (Permeation Cells)
To *
Injector Chamber
Fig. 2. Initial layout of a mass-production facility to produce 500,000 capsules peiod@ycomponent of the HIF distributed radiator
targe}.
2.4. Layering of the DT fusion fuel face temperature. Room temperature surrogates in place of

. . . hydrogen were used to provide a proof-of-principle demon-
Layering(Hoffer & Foreman, 1988; Martiat al, 1989, the stration of fluidized bed layering, and to gather initial oper-

process of redistributing the cryogenic DT fuel into a smooth__. . .
uniform layer inside the ablator, has a critical effect on theatlonal data. Figure 4a shows surrogateo-pentyl alcohol

performance(gair) of the target. Layering requires estab- samples that were layered in a fluidized bed with injection

lishing an extremely precise-250 xK), uniformly spher- of IR energy. Figure 4b shows an alternate concept of
. 9 1Y Prec K, ysp ayering with the capsule assembled within the hohlraum.
ical temperature distribution at the surface of the capsule.

cryogenic fluidized bed is being evaluated experimentally hermal analyses have shown that in-hohlraum layering is

for the capability to provide this temperature environment.rp;)jrilb(;?mg:;’;’gxser’;; V\rl1|Iriqreen(zlsjIrznc(?rrif;:e(;i%rlltrorloogz?ehsl- to
The basic conceptis for the fluidized bed to rapidly random-remain within the'ZS(iK tem 'erature uniforrr?it pat the
ize the targets yielding a very uniform time-averaged sur- ' temperatt y .

capsule surface. Layering in a fluidized bed would require

very rapid(a few seconds or lessemoval of the layered
capsule from the bed, assembly into the hohlraum, and in-
HIF Target jection. In-hohlraum layering has the distinct advantage of

+ 6 shots per second* ; ; ; ;
allowing slower cryogenic assem ., prior to layering.
Buckle Pressure 449 atm -Void fraction - 5% g yog tiye., p yering
S +Fill Temp - 27°C
Fill Time 2.8 hr . . .
+ Cool time - 1/2 hr 2.5. Fabrication of the hohlraum components
Tritium Inventory with ‘E‘:ac "Te" Z’h and final assembly
beta-layering 0.57 kg *p layertime =& hr ) ) o
*IR layer time - 2 hr The challenge of the HIF target that is unique for fabrication
Tritium Inventory with : ';g!,/ovt:g)re;sures are is its distributed radiators. Several of the low-density h#gh-
beta-layering + IR 027kg s 01 cie pressure materials specified can be provided by metal doping of CH-

Fig. 3. Estimates of theoretical minimum tritium inventories for filling based foams_. F'Q“re sSa S.hOWS electron mlcrographs of doped
and layering of HIF targets indicate that very low tritium inventories can bef0ams, confirming survival of the basic foam structure
obtained. through the doping process.
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(b)
W Hohlraum Staging tube
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Passive thermal control
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After

Fig. 4. Two layering methods for HIF targets appear to be feasila)a cryogenic fluidized beth proof-of-principle experiment has
been accomplished using a surrogate for hydroged (b) in-hohlraum layeringthermal analyses indicate temperature control is
feasible.

Several of the radiator components must be tighate-  materials. As illustrated in Figure 5b, a precursor molecule
rial only (no low Z). To fabricate these materials, a new containing the higlzelement of interest is laser-decomposed
process, high-pressure laser chemical vapor depo$iiBr  to form lattices of highZ, low-density material. Diffractive
LCVD), is being developed. This is a process that is rapicptics are used to generate an array of hot foci on an initial
and thus amenable to production scale-up. Experiments wiubstrate, and the fibers are grown normal to the substrate
develop methods for depositing pure highlow-density by thermal decomposition of the precursor mixture. As the

Fig. 5. Metallic foams for the components of the HIF
hohlraum can be formed bg) high-Z doping of low-
density CH foams otb) HP-LCVD (allowsin situ de-
position of low density highz materialg.




A target fabrication pathway for HIF 519

(a) (b)

AT Thin film

%x}f Q\\\_l Parts A~J “tent”
In-situ ':e:: \\\7 assembled
injection 'v'ff \ﬁ'
mold (typical) : Capsule
Flibe |
casting
Holder—

Fig. 6. Selected steps in the assembly process envisioned for the HIF distributed radiatof@argetofin-situinjection molding to
form radiators(b) completed half of hohlraum with Parts A through J in pla@ final assembly with layered cryogenic capsule
supported by thin films.

entire array is grown under computer control, the overall 9. The capsule is placed in a cryogenic fluidized bed to

shape of the material can be varied at will, gadial and provide the uniform temperature environment re-
radia) material gradients can be built into the lattice— quired for layering IR or microwave energy may be
simplifying the design and assembly of target hohlraums. injected into the bed to speed the layering process
Assembly of the hohlraum is envisioned as follows: and improve the ice surface finish
10. The assembled hohlraum halves are cooled to cryo-

1. Acasting of Flib& (in two halves is done to provide genic temperatures to receive the filled, layered
mechanical support for the target during handling capsule.
and injection. 11. The final assembly of the hohlraum halves with the

2. Sputter coating or “exploding wire” techniques are capsule take place, trapping the capsule in precise
used to coat the inside of the Flibe casting with the position between the thin films.
high-density Ay Gd mixture(Part B in Fig. 2. 12. Athinfilm is placed over each end of the assembled

3. LCVD s usedto produce the low-density metal foam hohlraum, trapping the He g&aRart H).

(Part A in situ in the hohlraum halvesthis part
requires highZ material only.

4. The casting is placed into a holder for further pro-3' TARGET INJECTION
cessing Fig. 63. N . GA has designed and is currently assembling a 6-Hz exper-

5. The remaining components requiring high-Z only imental target injector that can accelerate and track either
(Parts E, G, and)Jare produced bin situLCVD in  gjrect-drive targets or HIF indirect-drive targesig. 7).
the holder. The Flibe casting noted above provides structural integrity

6. Remaining radiator componettarts C, D, F, I, and  qyring injection(polymer inserts or rings may be used to
N) are assembled in place after separate fabricatiopequce barrel wear due to contact with the FlibEhe thin
(or possibly injection moldedh situ depending on  fjjm which was placed over the upstream end of the target
material strength and ability to isolate componentspohiraum provides a surface for the propellant gas to apply
and prevent diffusion during moldings illustrated  force. Tracking system requirements for HIF are to inject
n Flggre 6a, b. targets at high velocity=170 nys), with a positional re-

7. Thin films (e.g., Kaptoh are placed over the two peatability of less than-5 mm¢ and track the targets to
hohlraum halves to hold the cryogenic capsule ingjiow alignment of the driver beams with the target to less
place(note that all steps through this point can be atihan aboutt200 um. A gas gun provides the target accel-
room temperature where conventional adhesives cagration. The propellant gas removal system removes most of

o be utilized. the propellant gas to minimize the effect of the remaining

- The capsuléPart M) is filled at room temperature in - gas on the heating and trajectory of the targets. Target posi-

a high pressure cell via permeation of DRarts K tjon detectors will optically sense the target's location as it
and L) through the polymer wall, then cooled to cryo- passes. This target position data will then be used to predict
genic temperature$o reduce the DT vapor pressure the time and place that the targets will reach the chamber

SO excess external DT can be pumped away withoutenter. In addition to design of this experimental system,
bursting the capsule

¢ Desired positional values may be less thgimm to minimize the size

b Flibe is a mixture of LiF and BeRthat is the coolant in the chamber, of Flibe channels for beam steering, thus reducing the shielding needed
thus the choice for structural material. outside the chamber.
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Vacuum .
Expansion Position
Tanks S Verification

Detectors

Target
Catcher

Gun Box Chambers
Revolver
Chamber Barrel

Fig. 7. Schematic layout of experimental target injection and tracking system designed to show accuracy of placement and position
prediction for both direct drive and HIF targets.
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