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Abstract

Progress in heavy ion target design over the past few years has focused on relaxing the target requirements for the driver
and for target fabrication. We have designed a pla&id) ablator capsule that is easier to fabricate and fill than the
beryllium ablator we previously used. In addition, two-dimensional Rayleigh—Taylor instability calculations indicate
that this capsule can tolerate ablator surface finishes up to 10 times rougher than the NIF specification. We have also
explored the trade-off between surface roughness and yield as a method for finding the optimum capsule. We have also
designed two new hohlraums: a “hybrid” target and a large-angle, distributed radiator target. The hybrid target allows a
beam spot radius of almost 5 mm while giving gain of 55 from 6.7 MJ of beam energy in integrated Lasnex calculations.
To achieve the required symmetry with the large beam spot, internal shields were used in the target to céhtanidhe
P,asymmetry. The large-angle, distributed radiator target is a variation on the distributed radiator target that allows large
beam entrance anglésp to 24). Integrated calculations have produced 340 MJ from 6.2 MJ of beam energy in a design
that is not quite optimal, In addition, we have done a simple scaling to understand the peak ion beam power required to
compress fuel for fast ignition using a short pulse laser.
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1. INTRODUCTION (Tabaket al, 1994. For this study, we assumed the ion
beams would compress the fuel, which would then be ig-

Designing a heavy ion fusion power plant will involve trad- nited by a short pulse laser. For a power plant, we will have

ing off requirements from targets, target fabrication, andto examine the trade-off between lower peak power for the

chambers, as well as the accelerator driver. Our researciccelerator with the cogtomplexity of adding a short pulse

program in target design is aimed at providing a range ofaser to the system.

options so that there is the flexibility to make these trade-

offs between the different components of the power plant.

To do this, we have been exploring a variety of capsule an@- PLASTIC CAPSULE DESIGN

hohlraum designs. In this article, we present a design for a capsule with a plasti¢€CH) ablator is better than one

new plasf[ic capsule_, whichiis easiert(_) fabricate andﬁ.”thanwith a beryllium ablator for a power plant because it is

our previous ber_ylllum capsule. U;lng two-dmengo_nal,easier to fabricate than a beryllium capsule and it can he

multimode Rayleigh—Taylor calculations on fourvarlatlonsﬁ“ed with DT faster than a beryllium capsul®.T. Goo-

of this capsule, we examine the trade-off between surfac in & A. Nobile, pers. comm). For a power plf;m.t which

roughngss andyield. We also present two hohlragm dESign?équire:;%SOO,O’OO tar'gets pe'r day, a reduced filling time

a hybnd target as well as a Iarge'-angle version of thecan significantly reduce the tritium inventory in the plant,

distributed radiator target. The hybrid target allows beammaking the plant safefLatkowski et al, 2007. In addi-

spots that are larger than previous designs, while the Iarg%-on, target fabrication techniques de:/elope(.j for the ICF

angle, distributed radiator target accepts large beam enp'rogram can already produce CH shells with adequate sur-
trance angles.

In addition to this work with conventional, hot spot igni- face finish(Takagi, 2001, although at smaller radius.

. o . For a given drive temperature and capsule radius, we
tion targets, we have taken a preliminary look at reducin L ) ; .

. ) ) S ant to optimize the capsule design to give the largest yield
the peak ion beam power requirement with fast ignition

taking into account Rayleigh—Taylor instability growth,

_ achievable surface finishes, and beam povier., drive
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Table 1. Parameters for the four plastic ablator capsules

Capsule Very fast Fast Moderate Slow
Ablator radius(mm) 2.30 2.28 2.30 2.34
Outer fuel radiugmm) 2.05 2.03 2.05 2.09
Inner fuel radiugmm) 1.82 1.74 1.70 1.68
Fuel masgmg) 2.7 3.2 3.9 4.6
Vimp—mw (X 107 cm/s) 3.1 2.8 2.5 2.3
Yield (MJ) 286 333 412 496
IFAR 50 45 38 26
Fuel EnergyEig, 1.8 1.6 1.3 1.1
slower and allows less margine., closer to the minimum

energy for one-dimensional ignitiprFaster, thinner shells

D.A. Callahan et al.

These designs all used the same drive temperature. In the
future, we will also explore the trade-off among drive tem-
perature, surface roughness, and yield. In the end, we will
give a maximum credible yield for a given surface finish
and drive temperature. This will allow us the maximum
flexibility for trading off capsule parameters.

3. HOHLRAUM DESIGN

Given an optimized capsule, the next step is to couple it to a
hohlraum design to produce gain curves. The hohlraum de-
sign must integrate the requirements from the accelerator
(e.g., beam power, beam distribution, spot size, entrance
angles, the chambefe.g., allowable materials, target injec-
tion accuracy, and target fabricatiorffabrication toler-
ances, materialsin addition to target physics. To provide as

have lower yield and more instability growth, but have moremany options as possible, we have worked on a variety of
margin. A detailed description of the trade-off among mar-targ_ets over the past several years including the distributed
gin, instability, growth and yield can be found in Herrmann radiator target(Tabaket al, 1998; Tabak & Callahan-

et al.(2001).

Miller, 1998; Callahan-Miller & Tabak, 1999 and the close-

To examine a specific example, we looked at four cap-coupled targetCallahan-Miller & Tabak, 1998, 2000. We
sules. Each capsule had an outer radius of approximatelyresent here two additional desigis variations on a de-
2.3 mm to compare with our previous beryllium ablator Sign): the hybrid target and the large-angle, distributed ra-
capsule and was driven at a peak temperature of 265 eV. Th#ator target.
amount of fuel was varied between the four capsules to
change the yield, implosion velocity, and shell thicknesssnl' Hybrid target design
Table 1 shows a summary of the capsule parameters.

The yield versus ablator roughness for these four capThe hybrid target is an option to allow a larger beam spot
sules from multimode, two-dimensional Lasn&@mmer-
man & Kruer, 1975 calculations is shown in Figure 1. distributed radiator targetTabaket al, 1998; Tabak &
The bar at the left of the figure shows the surface roughCallahan-Miller, 1998; Callahan-Miller & Tabak, 1989
ness of mandrels that have been fabricated for NIF. Fofnd the end radiator targéto et al,, 1998 (thus the name
ablator roughness up to about two times this vdlukich
may be reasonable given that our capsules are twice dwhlraum radius. This target is similar to the “foam” target
large as NIF capsulgsthe slow capsule gives the highest of Honrubiaet al. (1998. Figure 2 shows the geometry of

yield.
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than previous targets. This target is a hybrid between the

“hybrid”) and allows a beam spot radius comparable to the

the hybrid target. Note that the capsule used in the integrated
calculations is the beryllium ablator capsule. In the future,
we will integrate the results of the plastic ablator capsule
optimization with the hohlraum design.

Two-dimensional, integrated Lasnex calculations of the
hybrid target produce 370 MJ of yield from 6.7 MJ of beam
energy(one-dimensional yield for this pulse shape is 410
MJ). These calculations assume the beams have a Gaussian
distribution and are elliptical with semimajor and semi-
minor axes of 5.4 by 3.8 mitthis ellipse holds 9.5% of the
chargg. Although elliptical beams were used in these cal-
culations, it may be possible to use round beams with this
design, and future work will address this. As in our previous
designs, the ion kinetic energy is changed between the foot
of the pulse and the main pulse. In the calculation, the
foot beams were assumed to be 3 GeV Rims in a 6 cone.

The main pulse was assumed to be 4.5 GeV Rims in
a 12 cone.

The notable features of this target are the internal shields
used to control symmetry. Most of the beam energy is de-
posited behind a shine shigldegion J in Fig. 2and radia-
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8 Another issue for the hybrid target is the allowable beam
. angles. Because the shine shield has to be large enough to

_\4/\’:/’:/,///// protect the capsule, an increase in the beam angles will

mean that a larger shine shield is needed. Using a larger

E shine shield will mean that more beam energy is deposited
G 7 behind tile shield and make symmetry harder to achieve. A
0]

. larger shine shield will increase the risk of having the gap
- between the shine shield and the wall close up as the shield
expands during the pulse. In fact, the shine shield used in the
N integrated calculations was only big enough to protect the
6 8 10 12 14 capsule from the Bbeams at time zero, when the target is
z (mm) cold and the ion range is long. The design used the fact that

the ion range would be shorter and the shine shield would
Fig. 2. A diagram of one-quarter of the capsule and hohlraum for thehave expanded by the time the°T®ne of beams turned on
hybrid target. The complete target is a rotation about ztais and a in the main pulse.

reflection about the-axis. The materials and densities used were as fol- h .
lows: (A) AuGd at0.1 gcc,(B) 15 um microns layer of AuGd at 13.5/gc, The hybrid targ_et uses a shim la_‘yer fo CorreCt Ehe
(C) Au at 32 mgcc, (D) (CD,)ooUgos at 10 mgce, (E) AuGd at  asymmetry. Inthe integrated calculations, the shim was made
0.1 g/cc, (F) (CD2)o.97AUg 03 at 40 mgce, (G) AuGd at 0.1 gec (upper  Up of a 200um-thick layer of density 0.01 g iron foam
half) and 0.2 gcc (lower half), (H) CD; at 1 mg/ce, (1) Alat 55 mg/cc  placed on the surface of the capsule. Placing the shim layer
('%"grsh;ilz;‘d iﬁa’%@i%“ggzrtgaém;)cf’} f)thzag{Cocég)giTm on the capsule can cause a perturbation that seeds the
geo_gggsro_gosatpl?ms ch,(N)Al at0.145 g/ccy,(O)Aqu at0.1 gc’c,(P) Raylglgh—Taonr 'nSta.b'.“tY' Capsule only calculgtlons are
Fe at 10 mgcc. now in progress to minimize the effect of the shim on the
Rayleigh—Taylor instability.
The payoff for the target physics issues in the hybrid
target is the large ion beam spot. The hybrid target requires
14% more beam energy than the distributed radiator target
(6.7 MJ vs. 5.9 MJ, but the larger beam spot may mean that
tion flows around the shine shield. The end result is that théighter, lower kinetic energy ions can be used. Lower kinetic
capsule sees a bright source above the shine shield, whignergy means a shorter accelerator and may possibly be less
results in a significar®®, asymmetry. This is corrected using expensive.
a shim(region P in Fig. 2—a thin layer of iron placed on or
near the capsule surface to block the excess energy. I . .

Physics igsues in the hybrid target include accm?r)gte calg'z' Large-angle, distributed radiator design
culation of hydrodynamic motion of the converter material The beam geometry used in previous target designs assumed
and shine shield, accurate knowledge of the ion range, limita fairly small number of beamg-48 beamsand used a
on the allowable beam angles, and the effect of the shim omery simple model for the amount of neutron shielding needed
the Rayleigh—Taylor instability. inside the final focus magnets. Recent work on the acceler-

In the hybrid target, pressure balance of the converteator and chamber is pushing to larger numbers of beam, and
material had to be abandoned if we wanted to stop the iondetailed neutronics calculations of the final focus magnets
behind the shine shield without increasing the hohlraunsuggest that more shielding is needed than was previously
length. Increasing the hohlraum length would result in anassumed. Both of these changes make the final focusing
additional energy penalty that we wanted to avoid. The endnagnet array larger. Unless the size of the chamber is also
result is that both the converter and the shine shield expaniticreased, this means the beams will enter the target from
radially during the pulse. If the shine shield expands todarger angles than we have previously assumed.
much, it blocks the path for radiation flow and results in Because the distributed radiator targets have the beams
poor coupling. If the converter expands too much, it inter-aimed away from the capsule, it should be relatively straight-
cepts more and more of the ions that are aimed above thierward to allow larger beam angles in those targets. To do
shine shield and results in symmetry swings. this, the hohlraum wall needs to be expanded over the cap-

In the distributed radiator targets, the ion beam is aimedule waist to prevent the large angle beams from hitting the
toward that hohlraum wall and away from the capsule, whichwall. To accommodate beams at°24ather than the 12
made the target insensitive to small errors in ion range. lrused previously the wall area needs to be increased by
contrast, the hybrid target has the ion beam aimed directly about 20%. Given that the wall loss is about 2.9 MJ out of a
the capsule, and small errors in ion range can result in iontotal of 5.9 MJ, we can estimate an additional energy penalty
impacting the capsule. This must be avoided and so it i®f about 600 kJ for a total energy of about 6.5 MJ.
important to know the ion ranges a function of tempera- Figure 3 shows the resulting hohlraum. Integrated Lasnex
ture and densifywell for this target. calculations have produced 340 MJ of yield in this geometry
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10 geststhisisinthe right direction; the foot beams are likely to

I be larger than the main pulse beams because the main pulse
beams have extra neutralization in the chamber due to the
photoionized plasma around the target. Since the foot beams
heat the target to produce the photons, they do not benefit
—— from this extra source of electrons and are not as well
neutralized.

r (mm)

1 4. HEAVY ION COMPRESSION FOR
- FAST IGNITION

. In addition to work on conventional, hot spot targets, we

have taken a preliminary look at using heavy ions to com-

press fuel for laser fast igniting.

'10' '12 The capsules used for this study were based on one-
dimensional CH ablator designs. The first capsule was driven

z (mm) with a peak temperature of 150 eV for 17 ns. This capsule

Fig. 3. A diagram of one-quarter of the capsule and holdraum for thehad an outer radu_Js of 3.05 mm’ an outer DT fuel radius of

large-angle, distributed radiator target. The complete target is a rotatior-93 MM, and an inner fuel radius of 2.78 mm. The central

about thez-axis and a reflection about theaxis. The materials and densi- gas cavity had a little xenon gas adde&domic fraction

ties used were as followsA) AuGd at 0.1 gcc, (B) 15um layer of AuGd 1.3 107 %) to radiatively cool the center and assist in form-

at 13.5 gcc, (C) (CDa)o.sAUo.0zat 32 mgcc, (D) (CDz)osAUnozal 11 jng 3 uniform density as a function of radius. In one dimen-

mg/cc,(E)AuGd at0.11 gcc, (F) Fe at 70 mgcc,(G) AuGd at 0.26 gcc, .
(H) CDyat 1 mg/cc, (1) Al at 55 mg/cc, (J) AuGd sandwich with densities sion, the Capsule absorbed 430 kJ of energy, reached an

0.1g/ce, 1.0gce, and 0.5 gee, (K) DT at 0.3 mgee, (L) DT at0.25gcc, ~ average density of 175/gc, and gr of 3.3 g/cm? Using a
(M) Beg geBro.aosat 1.845 gcc, (N) (CD,)g.g7AUg 0z at 32 mg/cc. burn-up fraction of( pr)/(pr + 6), we expect a yield of

460 MJ. We expect this capsule to require 50 kJ of ignitor

energy deposited using Atzeni’s formulatzeni, 1999 for

the average density, which would mean a 150-kJ short pulse
using four cones of ion beams per side. The inner two conekser assuming 30% coupling efficiency.
are used as foot beams using 3.3 GeV Rins. The inner The second capsule was driven with a peak temperature
most cone has 8 bearfiger side at an entrance angle of.6  of 120 eV for 28 ns. It had an outer radius of 3.05 mm, an
The next cone has 16 beams at an entrance angl€ ofi@  outer DT fuel radius of 2.95 mm, and an inner fuel radius of
two outer cones provide the main pulse, which uses 4 Ge\2.8 mm. In one dimension, this capsule absorbed 260 kJ,
Pb* ions and has 24 beams at’hd 32 beams at 24The  reached an average density of 80cg, and apr of 2.25
integrated calculation used 6.2 MJ, but was driven at 245 e\/cm?. We expect a yield from thipr of 350 MJ. Atzeni’s
rather than the 250-eV drive used in the original distributedformula with the average fuel density says that we would
radiator design. The symmetry is not yet optimal, as reheed 200 kJ of ignitor energy deposited or a 600-kJ short
flected in the fact that the one-dimensional yield for thispulse laser assuming 30% coupling efficiency.
pulse shape was 404 MJ. To estimate the ion beam energy and power required to

Putting the foot beams at the inside of the array wasompress these capsules, we used a one-sided hohlraum
necessary for symmetry considerations. With the large beamwith converters at the zeros of the third Legendre poly-
angles, the converter over the capsule wéisgion C in  nomial (see Fig. 4. The capsule had a cone focus to mini-
Fig. 3) was quite large in radial extent. Using the large anglemize the plasma in the path of the shot pulse laser. Hatchett
beams in the foot meant that the converter was only directlyinds the best results for compressing cone-focus capsules
heated from the side closest to the hohlraum wall. Then, avhen the drive has about a 10P3, asymmetry; for the
large amount of converter material had to burn throughpurposes of this simple scaling, the hohlraum is designed to
before the capsule saw a source over the waist. This caus&& nearly symmetric.
a very large time swing in thB, asymmetry. This problem The hohlraum radius is set by the capsule s&enm)
was corrected by using the shallow angle be&mws inner  plus the beam diameter. For this study, we assumed a beam
cones for the foot. radius of 2 mm. The total beam energy required was then
One advantage to using the shallow angle beams for thestimated usingE = Eyai + Econv + Ecap + EcscWhere the

foot was that we were able to use a 30% larger beam spot icomponents are the wall loss energy, the converter energy,
the foot. The spots used in the integrated Lasnex calculahe capsule absorbed energy, and radiation escaped. The
tions were elliptical with semiminor axis of 2.3 mm and wall loss energy Wak,a; ~ Awan T 2726 whereA, o is the
semimajor axis of 4.2 mm in the foot and 1.8 min by 4.2 mmwall area,T, is the hohlraum temperature, anés the pulse
in the main pulse. Recent work on chamber transport sugduration. The converter energy Wag,,~ 7rZ RTwherer,,
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r=8.8mm the added complexitrost of adding a short pulse laser to
R the power plant.

5. CONCLUSIONS
Ignitor
Beam To design a heavy ion fusion power plant, we must be able to
examine the trade-offs between the different components of
the power plant. Our target design program is aimed at
providing a range of options so that these trade-offs can be
made. To this end, we have designed plastic ablator capsules
which are easier to fabricate and fill than beryllium cap-
sules. We have shown the trade-off between capsule surface
finish requirements and yield for a set of four capsules. In
Fig. 4. A sketch of the hohlraum used for compressing a fast ignitionthe future, we will also examine the trade-off with drive
capsule with heavy ions. The ion beams enter from the right and depostemperature, which determines the required beam power.
their_energy in_converters located at the zeros of the third Legendre poly- Given an optimized capsule, a hohlraum needs to be de-
nomial. An ignitor beam enters from the left. signed which takes into account beam requireméais.,

spot size and beam entrance angthamber requirements
(e.g., hohlraum material choigetarget fabrication(e.g.,

was the hohlraum radiuRwas the ion range, ariwas the fabrication tolerances and target physics¢e.g., case-to-

converter temperature. The capsule absorbed energy cari@Psule ratio, symmetry techniquésproduce a gain curve.

from the one-dimensional calculations. The escaped energP expand the hohlraum design choices, we have presented

was scaled UsinBese~ AenterT* 7 WhereAgne,was the en-  tWo new designs: a hybrid target and a large-angle, distrib-

trance window area. As the hohlraum temperature changet!ed radiator target. The hybrid target allows large beam

this formula is not quite correct. Het al.(1994 derived the ~ SPOtS, but limited beam cone angles. The hybrid target also

energy lost through the entrance window including diffu- introduced new target physics issues including radiation

sion through the end shield plus the beam energy directl)ﬂOW around a shine shield, and a shim to correct asymmetry.

deposited there. For this case, the escaped energy is smafie large-angle, distributed radiator target allows beam an-

(~5%), so we will use this simpler approximation. The 9l€s up to 23 but with smaller beam spots.

proportionality constants for these scalings was set based on In addition, we have taken a preliminary look at using ion

our integrated calculations of the conventional distributed?®@@ms to compress fuel for fast ignition by a short pulse

radiator target. laser. The required peak power from the accelerator was
The result of this scaling is a drop in the ion beam powerr€duced by a factor of 2-5 from the close-coupled target for

requirement. For the 150 eV capsule, compression woulée examples we examined. The advantage of lower peak

require 2.7 MJ and 160 TW of ion beam power. This wouldPower will have to be traded off against the added cost

result in a gain of 160 with a 2.7-MJ ion beam compresso€omplexity of adding a short pulse laser for the ignitor.

and a 150-kJ short pulse laser. For the 120-eV capsule, the

compression would require 1.9 MJ and 68 TW of ion beamack NOWLEDGMENTS

power. This would result in a gain of 140 with a 1.9-MJ ion

beam compressor arid a 600-kJ short pulse laser. This work was performed under the auspices of the U.S. Depart-
The results of this scaling are somewhat surprising. It isnent of Energy by the University of California Lawrence Liver-

generally assumed that fast ignition produces very highmore National Laboratory under contact No. W-7405-ENG-48.

gain at low driver energy. Yet, these results are not much

better than the close-coupled targeain 130 from 3.3 MJ
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