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ABSTRACT 

We have- calculated the energy gjin of inn-driven fusion targets as a 
function of ir.p.it etievay, ion range, and feral sP'". radius. 

For heavy-ion drivers a given target gain. t. - tnir with final-lens 
properties, deterair.es a 6-0 phase space voi.a-- <• :h itrnst n ivod t iu t 
occupied by the ion bc-aa. Because of Liouvi l ie 's : • ore-n and the 
inevitabi l i ty of scse phase space- di lut ions, the ' -is's 6-D vsb-'e w i l l 
increase between the ion source and the target. T1 imposes important 
requirements on accelerators and on transport and i .isirig systems. 

*i?ork performed uncer the auspices oMne U.S. Department of Energy by 
the Lawrence Liver.-iore tiational laboratory undrr contract n'jaaer 
H-7405-EK&-48. 

The feasib i l i ty of inert ial fusion for amerc ia i power production is 

Strongly dc-pendent on the energy gain attainable fro™ fusion targets. The 

gain of an ion-beam-driven target depends on beam pe.ver as a function of 

time (or energy for a specified pulse shape), kinetic energy spectrum, 

and the focal properties of the ions. Under focal properties we include 

the configuration of beams illuminating the target, focal spot s i ;e, and 

angular distribution. The gain of laser-driven targets is dependent on 

the saw parameters i f one replaces kinetic energy by wavelength. 

Estimates of gain as a function of tnese parameters have varied 

tridely(-l-5). furthermore, except for studies b3sed en 1-D calculations 

that largely ignore questions of s tab i l i ty and symmetry, much of the design 

work has produced only isolated examples of designs!!,3,4] without para­

metric relations allowing the optimization of the joint driver-target 

systca. Therefore, i t has also been d i f f i cu l t to compare different 

drivers. 

http://deterair.es
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TARGET GAIN 

At Livermore, we are beginning to develop gain functions using a 

consistent set of assumptions for a l l beam parameters and drivers. Consider 

two typical target designs shown in Figure 1. Assuming acceptable preheat 

and implosion symmetry, the gain functions can be factored into two 

parts, one depending on the beau-independent physics occuring inside of 

the preheat shield and one depending on beam coupling efficiency. He 

define beam coupling efficiency as the fraction of beam energy transferred 

to the portion of the target inside of the preheat shields. 

Single shell target Double shell (arget 

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

In the remainder of this paper we adopt a conservative set of 

beam-independent assumptions that has been used at Livennore for several 

years (5,6). More optimistic assumptions improve the gain by roughly an 

order of magnitude. 

Since we believe that ion range is calculable, i t seems l ike ly that the 

major physics uncertainties in ion-beam targets are beam-independent (7). 

Therefore, the relative gain for different ion-beam parameters can be 

calculated quite accurately. 

So far , we have considered beams with suff iciently small values of 

energy spread and angular width that the target ;iain is independent of 

these variables. Also, we have Dnly performed calculations satisfying 

0.1 < r / E 1 / 3 <0.2, 

where r is focal spot radius in cm and E is the total beam input energy 
1/3 in HJ. The expression r/E arises from the fact that E is roughly 

proportional to target mass, and therefore r , for a given targpt 

design. We are currently extending our calculations to a wider range of 

parameters. 
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Specific en -gy deposition is an important parameter. I t is 

proportional to E/r R where R is the .ion range in units of mass/area. 

Thus, one could hope that, in our restricted parameter range, gain might 
2 

depend on r R rather than r and R independently. With this motivation 

we attempted to describe the results of our numerical (tASNEX) gain 
2 

calculations as a function of E and r R . This was not satisfactory. We 

then attempted to f i t them as a function of E and rrR where c was allowed 

tD vary. This is possible to an accuracy of a few percent with c = 2/2. 

The results are given in Figs. I and 3 where target gain and peak power 

requirement are plotted as a function of input energy. Although these 

results are valid for a l l ions, the range of parameters is primarily of 

interest for heavy-ion fusion. The dependence of range on kinetic energy 

for a variety of ions is given in Figure 1. 

Fig. 2. Gain as a function of input energy. 
The curves are labeled by values of r^'-R 
where r is in cm and R in g/cm-. The gain 
of short-wavelength laser targets is expected 
to l ie in the band defined by the dashed lines. 
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Fig. 3. Peak po.ver requirement as a function of input 
energy for single and double shell ion targets. 
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Fig. 1. Ion range in g / W as a function of 
ion kinetic energy. These curves are based on 
aluminum target material at a temperature of 
200 eV and density of 0.? g/cm?, corresponding 
to typical target conditions. 
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Lindl has performed corresponding calculations for short-wavelength 

(A<0.5p) laser targets (5). For these targets the gain is expected to 

l i e within the bands indicated by the dashed lines in Figs. 2a and 2b. 

In earlier reports (8,9) we assumed that the gain of ion-beam targets 

would l i e near the lower edge of this band. Our current results are more 

optimistic. 

THE SlX-DMENSIffiML PHASE SPACE CONSTRAINT 

f, 6-D phase space volume is defined by ranges in coordinates x, y, i . 

and momenta p , p , p . For fusion targets all six of these x y z 
parameters have bounds, which i f extended, wi l l lower the gain. The 

curves of Fig. 2 display this effect for spot size which limits x and y. 

The learn length z is limited by the peak power requirement. If the 

angular divergence {proportional to p and p ) or energy spread 
x y 

(p ) is too large, an excessive fraction of the beam 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 limits on the phase space volume. As an 

example, we consider heavy-ion r. f . linacs for which the constraints on 

angular divergence and momentum spread dre determined by the known 

properties of f inal lenses. 

Within a numerical factor the 4-0 transverse phase space volume 
2 7? available to a beam is gi-.en by V, = p r 6 where p is the beam 

momentum and 6 is a small transverse angle. The (ncmrelativistic) 

longitudinal 2-D volume is given by V„ = Tx(6p/p) where T is the ion 

kinetic energy, 7 is the pulse length, and <5p/p is the fractional 

momentum spread. The tota l 6-D phase space volume per ion is given by 

Vr = nV-XT/E where n is the number of beams. For an r . f . linac the 

6-D phase space volume per ion is given by V, = (Hcc,,) e^qef/1 where 

" . c, en, t j , l e , f , and I are respectively the ion mass, light speed, 

transverse emittance, longitudinal emittance per r. f . bucket, ion charge, 

the frequency with which buckets emerge from the linac, and mean 

electrical beam current. 

According to Liouvi l le's theorem V- must be greater than V,. 

Dilution is expected in acceleration, storage, transport, and focusing so 

that D r Vp/V, must substantially exceed unity. 

In most reasonably designed focusing systems the beam nearly f i l l s 
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the magnetic lens apertures. This is equivalent to the cond i t ion tha t 
pt l-cosD^) ~ p 8 L / 2 < X where p = p/(qeB) is the radius of curvature 
1n a lens w i th p o l e - t i p f i e l d B, 8 , is the angular change in the lens 
ant) X is the aperture. Actual lens systems involve focusing and defocusing 
elements so that the angle 0 appearing i n the expression f o r V. depends on 
di f ferences in 0, for the various lens elements. Thus, we w r i t e 0 -GXqeB/p 
where G is a dimensionless constant to be determined by de ta i l ed lens 
design. For uncorrected lenses chromatic aberrat ions requi re that Sp/p i 
r / ( 2X) . We al low the p o s s i b i l i t y of sone chromatic cor rec t ion using 
sextupoles bv se t t i ng 6p/p = F & r / (2X) where F 5 might be 2 - 5. 
C&tibining the above expressions we obtain 

Gc f:T/2w 2T 
3/2, , 

UL j t I I £.11 I nBF, 
T~ s 

C|| C x f 

= KF-.F.nBF where A is atomic numher and m is proton mass. The 
f i r s t quant i ty i n brackets, F , , , depends on target and ion parameters. 
The second, F., is a f i gu re of merit depending on l inac parameters. 
The factor 2n in F j , is included for h i s t o r i c a l r easons ( l l , 12 ) . We 
employ the fo l l ow ing u n i t s : i (nsec) , T(GeV), r (cm), E[HJ), I(amp), 
E||(cm-mr), c i (eV-sec), B(T) and f(KHz). The constant K is evaluated in 
Ref. (11) and is given by K - 5 x l 0 " 3 . 

Gain as a func t ion of F..,, E and T can be ca lcu lated (12) using 
Figs. 2-4. The resu l ts of such a ca lcu la t ion fo r A = 233 are shown i n 
Figure 5. The dependence on T is very weak as ind icated by the hor i zon ta l 
l i nes. 

To apply t h i s analysis we must assume a set o f r . f . l i n a c p a r a m e t e r s 
and also an expected phase space d i l u t i o n f ac to r from l inac e x i t to t a r g e t . 
Avai lab le l inac designs are nei ther deta i led nor opt imized. Furthermore, 
d i l u t i o n estimates are based on educated guesses rather than exper ience. 
The fo l l ow ing choices can only be described as " representa t i ve" (11 ) ; 
r=0.3A, : f 0 . 2 cm-mr, c ^ O . 1 2 8 (eV-sec) (MHz), B=5T, F = 3 , n=24. I t i s 
reasonable to provide about four fac to rs of 3 each fo r a l l k inds of 
d i l u t i o n s . With such numbers, 

B l " ( 5 x l O " 3 ) F T 1 60-24-5-3, 
so F.., - 0.75. From F i g . 5 one sees that t h i s value impl ies large E, 
double she l l t a rge t s , and r e l a t i v e l y low gain. On the other hand, la rger 
numbers of beams, be t te r l inac brightness (13) , and/or assurance of 
smaller d i l u t i o n s could ease the constra int s i g n i f i c a n t l y . In any event, 
the constra int must be met; at present i t appears to be important . The 
work described above provides a parametric treatment of the in f luence of 
target design parameters on t h i s constra int and displays the cost ( i n 
reduced gain or increased E) of easing t h i s cons t ra in t . 
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double shell targets. These are evaluated for A-238. 
A small dependence on ion kinetic energy is indicated 
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