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ABSTRACT

Me have calculeted Lhe encrgy gain of don-driven fusion targets as e
function of input eneray, ion range, 2nd feca) spt radius

For heavy-ion drivers a given target galn, L -tawr with final-tens
propoeriies, determines 2 6-0 prase Space woiads o Th must eweed Lot
occupied by the ion hean. Secasse of Liouvilic's @ .orea and the
inevitebility of scwe phase ¢pece dilutions, the o =s's 6-D valume il
increase betwaen tna ion source and the tasget. Tr 150505 iTort ant
requircaeats on accelerators end on transport and 3 ting systems.

¥ork performec uncer Lhe auspices of (na 4.S. Dapariment of [nergy by
the Lewrence Livermore National leboratory under contract nuber
W-7405-IN6-48,

The feasibi]iiy of inertial fusion for commerciai power production is
strongly dzpendent on the energy gain attaingble from fusicn targets. The
gain of an ion-beam-driven taraet dzpends on beem peaer as e function of
time (or emergy for a specified pulse shzpe), kinetic energy spectrum,
and the focal properties of the ions. Under focal properties we include
the configuration of beams iVluminating the target, focal spat size, and
angule distribution, The gain of laser-driven targets is dependenl on
the same parameters if one replaces kinetic encrgy by wavelength.

Estimates of gain as a function of tnese parsmeters have varied
widely(1-5). furthermore, except for studics based on 1-D celculations
that largely ignore questions of stability znd symmetry, much of the design
work has produced only isolated examples of designs{l,3,4) without para-
metric relations allowing the optimization of the joint drivar-target
system. Therefore, it has also been difficuil to compare different
drivers.
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TARGET GAIN

At Livermore, we are beginning to develop gain functions using a
consistent set of assumptions for all Leam paramelers and drivers. Consider
two typical target designs shown in Figure 1. Assuming acceplable preheat
and implosion symnetry, the gain funclions can be factored into two
parts, one depending on the beam-independent physics occuring inside of
the preheat shield and one depending on beam coupling efficiency. We
define beam coupling efficiency as the fraction of beam energy transferred
to the portion of the target inside of the preheat shields,

Beam deposition Jayer
/ Preheat stield —-\.\
(low-Z shield sceded
with high ZmalcuV

Solid O-T /i
t High* Zlumper

AN
Single shell target Vc:d Double shelf {arget

Fig. 1. Single and double shell I.C.F. targets.

In the remzinder of Lhis paper we adopt a conservative set of
beam- independent zssumptions that has been used at Livermore for several
years (5,6). More optimistic 2ssumptions improve the gain by roughly an
order of magnitude.

Since we believe that ion range is calculable, it seems Yikely that the
major physics uncértainties in ion-beam targets are beam-independent (7).
Therefore, the relative gain for different ion-beam parameters can de
calculated quite accurately.

So far, we have considercd beams with sufficiently small values of
energy spread and angular width thal the target vain is independent of
these variables. Also, we have only performed calculations satisfying

0.1 < it <02,
where r is focal spot radius in ¢m and [ is the Lotal beam inpul energy
in M. The expression r/EI/3 arises from the fact that E is roughly
proportional to target mass, and therefore r3, for a given target
desibn. We are currently extending our calculations to a wider range of
parameters,
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Specific en -gy deposition is an important parameter. It is
prapartional to E/r2R wheve R s the ion range in units of mass/area.
Thus, one could hope that, in our restricted barameter range, gain might
depend on rZR rather than r and R independently, With this mot ivation
we attempted to describe the results of our numerical (LASNEX) gain
caleulations as a function of £ and rZR. This was not satisfactory. We
then attempted to fit them as a function of £ and r'R where € was allowed
to very. This is possible to an accuracy of a few percent with € = 2/2,
The results are given in Figs. 2 and 3 where target gain and peak power
requirement are pletted as a function of input energy. Although these
resuits are valid for ail ions, the renge of paramcters is primarily of
interest for heavy-ion fusion. The dependence of range on kinetic energy
for a variety of ions is given in Figure 4.
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Fig. 2. Gain as 2 function of input energy.

The curves are laheled by values of r3/2R
where r s in ¢moend R in g/om?. The gain

of short-wavelength laser Yargels 1s cxpected
to lie in the band defined by the dashed 1lines.



Fig.

1000 LRRRI A AN FA LI
800 E ~ =~ = Single shell 0.04 }/:
- Double shef! ]

£00 /
L Mk=0024 /0 ozq
r?{ 400 [~ A
g E o /Y / ]
2 foms \// /
& E Z//// / 4
200 - / ]
] e
oo ]
[ 0.01 1

S ]

2 4 6810 2
Input encrgy, MJ

3. Peak poser requirement es a funclion of input

energy for single and double shell ion targets.

Range {g/em?)

01

ST S N I

0.1 1.0 10.0 100.0
Encigy (GeV)

0.0t

Fig. 4. lon range in gftel as a function of
ion kinetic energy. These curves are based on
aluminum target material at @ temperature of
200 eV and density of 0.2 g/cme, corresponding
to typical target conditions.



-5

Lind? has performed corresponhing calculations for short-wavelength
{X1< 0.51) laser targels {5). For these targets the gain is expected to
Yie within the bands indicated by the dashed lines in Figs, 23 and 2b.

In earlier reports (8,9) we assumed that the gain of jon-beam targets
would 1ie near the lower edge of this band. Our current results aré more
optimistic, '

THE SIX-DIMERSIONAL PHASE SPACE CONSTRAINT

A 6-D phase space volume is defined by ranges in coordinates x, y, 2
and moment a Py py, P, For fusion targets all six of these
parameters have bounds, which if extended, wil) lower the gain. The
curves of Fig. 2 display this effect for spot size which limits x and y.
The beam length z is limited by the peak power requirement. 1f the
angular divergence (proportinnal to p, and py) or energy spread
(pz] is too large, an excessive fraction of the boap energy is
deposited near the surface of the target, increasing radiative losses and
reducing coupling efficiency (10). However, beam focusing and transport
systems may place more stringent 1imits on the phase space volume. As an
example, we consider heavy-ion r.f. Yinacs for which the constraints on
angular divergence and momentum spread are determined by the known
properties of final lenses.

Within a numerical factor the 4-D transverse phase space volume
available to a beam is given by u =¥r%2erepistm1mM
momentun and 8 i a snall transverse angle. The (nourelativistic)
longitudingl 2-0 volume is given by VZ = Te{dp/p) where T is the ion
kinetic energy, 7 is the pulse length, and §p/p is the fractional
moment um spread. The tolal 6-D phase space volume per ion is given by
VF = nV2V4T/E where n s the number of beams. For an r.f. linac the
6-D phase space volume per jon is given by VL = (Mcz“)zclqeffl where
M, ¢, € L1008, f, qnd 1 are respectively the ion mass, )ight speed,
transverse emittznce, Yongitudina) emittance per r.f, bucket, ion charge,
the frequency with which buckets emerge from the linac, and mean
electrical beam current.

According to Liouville's theorem Ve must be greater than Y-
Dilution is expected in acceleration, storage, transport, and focusing so
tMtD=WNLmﬂswﬂmHﬂwemﬂdmny

In most reasonably designed focusing systems the beam nearly fills




the magnetic lens apertures. This is cqu—ivﬂent to the condition that
p(l-cosel) ~ pef/z < X where p = p/{qeB) is the radius of curvature

in a Yens with pole-tip field B, B L is the angular change in the lens

and X is the aperture. Actual Jens systems involve focusing and defocusing
elements so that the angle ¢ appearing in the expression for Vq depends on
differences in OL for the various lens elements. Thus, we write GZ=GquB/p
where G is a dimensionless constant to be determined by detailed lens
design. For uncorrected lenses chromatic aberrations require that dp/p <
r/i2X). We allow the possibility of some chromatic correction using
sextupoles by setting sp/p = Fsr/(ZX) where Fo might be 2 - 5.

Combining the above expressions we obtain

? 3/2
G¢ TT 2'rr T) 1 nBFs
D- Wty |

alef

YFT]FLnBF vhere A is atomic number and m is proton mass. The
first quantity in brackets, FTI' depends on terget and ion parameters.
The second, FL, is a figure of merit depending on linac parameters.
The factor 27 in FTI is included for historical reasons(11,12). We
employ Lhe follewing units: 1(nsec), T(GeV), r{em), E(HJ}, I{amp),
c"(cm-mr), es{eV-sec), B{T) and f(MHz). The constant K is evaluated in
Ref. {11) and is given by K - 5x10°3.

Gain as a function of FII‘ E and T can be calcultated {12) using
Figs. 2-4. The results of such a calculation for A = 238 are shown in
Figure 5. The cependence on T is very weak as indicated by the horizontal
Fines. .

To apply this ané]ysis we must assume @ set of r.f.linac parameters
and also an expected phase space diluiion factor from linzc exit to target.
Available Tinac designs are neither detailed nor optimized, Furlhermore,
dilution estimates are based on educated guesses rather than experience.
The follawing choices can only be described as "representative” (1l1):
1=0.34, =0.2 cm-mr, €;=0.128 (eV-sec) (MHz), B=5T, F§=3, n=24. It is
reasonable to provide about four facters of 3 each for all kinds of
dilutions. With such numbers,

81 ~(5x10'3)rTl 60-24-5-3,
SO FTX = 0.75. From Fig. 5 one sees that this value implies Targe E,
double shell targets, and relatively low gain. On the other hand, larger
numbers of beams, better linac brightness (13), and/or assurance of
snaller dilutions could ease the constraint significantly. In any event,
the constraint must be met; at present it appears to be important, The
vork described above provides a parametric treatment of the influence of
targel design parameters on this constraint and displays the cost {in
reduced gain or increased £) of easing this constraint.
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