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Abstract 

A possible source of preheat for heavy ion driven 
inertial fusion targets is the production of fast precursors 
by nuclear interactions between the incident heavy ions and 
the outer parts of the target. A model has been developed 
which roughly describes these interactions for all beam-target 
comfiinations for all incident energies. This interaction 
model has been applied to a specific capsule design. The 
resultant preheat is an order of magnitude below the level 
which could impair target performance. 

*This work was performed under the auspices of the U.S. Department of 
Energy by Lawrence Livennore Laboratory under contract No T7405-Eng-48. 
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NUCLEAR INTERACTIONS DF HEAVY IONS 

Heavy ion beams have been proposed as drivers for inertial 
confinement fusion. The major energy loss mechanism, ionization, of 
ions in matter is well understood and leads to localized energy 
deposition, Alonso^ has suggested, however, that secondary 
particles produced in nuclear interactions may deposit significant 
amounts of energy far beyond the range of the primary heavy ions. 
Recencly, experiments at GSI, Darmstadt and at Lawrence Berkeley 
Laboratory have oroviaeo data for a large number of projectile/target 
combinations over a wioe range of beam energies. This note shall 
summarize some of these data ano mocels descriDing them with an eye 
towaro applications in heavy ion fusion experiments, furthermore, we 
have applied this model to a particular target design and input power 
profile. The calculated preheat in that instance was below acceptable 
levels. 

In oroer to estimate the amount of fuel preheat, we shall need tc. 
know the single particle inclusive distributions of all interaction 
products. Depending on incident energy and impact parameter, a 
dinuclear system can suffer a variety of fates in a collision of heavy 
ions. At low energies, fusion followed Dy various forms of 
ce-excitation of the compound system ano deep-inelastic transfer 
reactions are the major reaction mooes. At high energies, the 
mecnanisms are abrasion-ablation, sequential fission ano total 
explosion. The products of these collisions include nucleons, alpha 
particles, nuclear fragments, ano photons. Furthermore, we can have 
elastic scattering mediated by either electromagnetic or strong forces. 



-2-

The effects if elastic Coulomb scattering can he calculated by using 
well-known results from classical mechanics . We shall assume that 
the ions are unshielded. This shall be justified a posteriori. If m. 
ana m, are the masses of tne projectile and target ions, respectively, 
ana E. is the incoming energy, then the maximun; energy transfer in an 
elastic collision is: 

L'2 max " m„ in 
4m„ 

(m, + m„) 
(i) 

The Rutherford cross section is 

°1 dE. 
dla 

2 HLV E„ 
(2) 

where E- is the energy transferred, v o is the initial projectile 
2 velocity ana a = Z,Z„e wir > z, and Z 2 tne projectile and 

target atomic numbers. The ionization energy loss of ions is 
proportional to 

OE Z 2 

— a — r -ax ^ (3) 

Hence, the fractional energy loss is proportional to 
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This is inversely proportional to the range. Therefore, the condition 
that the struck particles have a greater range than the primary is, 

2 2 ^min sin Z, \J m. 4 bin 
^ • (5) 

rte must also satisfy the condition tnat the classical distance of 
closest approach be larger than the sum of the target and projectile 
raoii. Otnerwise, tie interaction will be strong ana not 
electromagnetic. The minimum separation is obtained from: 

U ( W + - T - = E ' ( 6 ) 

"%in 

where L, the orDital angular momentum, is 

L = mv o (7) 

and m is the reduced mass and p is the impact parameter, This gives 

J 2 2 „ D p , 2 n o + » - 1 mv = 0 . /ox -— — B — j ' (8) min 2mr „. m m 

fl relation between p and E„ is obtained by noting that 

- V cot 4 , (9) 
mv 



• 4 -

where x is the CM scattering angle and, 

2 tfnax 2 (10) 

Therefore, 

2 4 m v 
~2max (11) 

Substituting into Equation (8) and solving, we obtain 

rmin = a 
~2roax 
E, '•H (12) 

For collisions in which the seconaary has range equal to the primary's 

min 

E l n » 2 ) 

1 2 in\m,/ 2, 
(13) 

mv 

For M„/M1 = 1/3, Z 1 = 90 and U = 30 this gives r m i n as 

(10 A-GeV)/E. . This implies that our neglect of shielding was 

justified, because a hydrogen-like atom with Z=30 has its most tightly 

bound electron at radius 2 x 10 A. This is much larger than the 

scale of interest. That is, our neglect of shielding was justified. 

If we require r , to be greater than 7 fm, say, (12) gives a 

cutoff for the largest allowed energy transfer 
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/ 2\ 2 M l 
( Zl Z2 e) T2 

Ecutcff ' r f n E . n ' W 

in in 

< 3.0 x 10 S MeV 2/E i n 

with the parameters given jbove, The average energy deposition into 
particles of greater range than the primary is: 

I *E2cut0ff . ir"2M, E W n f f ,r . . • „ r i- 00 1 ZCUtOff . . . . . <E,(j> = / aE,E, -r~ = in — (15) 
% m : n

2 2 C t 2 M_E. ^min ^min 2 in 

we get n. contribution when E2C Utoff - E2min o r 

( z i z 2 e ] M: z, r s : 
, „2 _ i n Z, , M, 
2 imin E i n ] \| * 

For the parameters given above, we get no long range secondaries if 
E- = 1.6 Gev. For an energy regime in which the logarithm is of 
order 1, the energy loss into fast secondaries is given by 

d E l °2 

where p„ is the mass density of the target. This is approximately 
lCTMeV/cm/E. , where E. is measured in GeV. For a target region 
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of lO'^cm thickness, this gives energy deposition of 1 MeV/E. . If 
E. is 1.0 GeV, then 10" of the incoming energy is converted into 

o 
long-range secondaries. For 10 J/gm incoming energy, this gives 
10 J/gm of possible preheaters. If the initial energy were 10 GeV, 
we would have 10 J/gm of preheaters. Varying the ZiZ ? product 
could decrease this further by several orders of magnitude. We can 
conclude that preheat due to elastic Coulomb scattering can be avoided, 
but there are disastrous projectile/target/bean energy combinations 
which give much worse results. 

The preheat effects of elastic nuclear scattering are negligible 
compared to those of inelastic reactions. This scattering is very 
forward peaked ana, therefore, transfers very little energy. Consider 
the example of a Ca scattering at E C M of 1.2 GeV and at 120 
M e V ( 3 0 ) . fit 1.2 GeV 

do < _ ...4 ~60Y L., gjj' 7 x 10 e * mb/sr , (18) 

while a t 120 MeV 

J < 103 e4 1*mb/sr. (19) 

For small angles (10) gives 

E - — F L 2 m 2
 bin [(M 1 +N' 2r 

The energy loss to fast secondaries is then 
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d£- r- f da 
• __in - <P 2 ! ,E 2 > = o / ox J J J X 2 I X K X E 2 

ax /v . 
• / ,nun 

= °2̂> A I (̂  
(20) 

in, • m_ *3E-* in 

Integrating and evaluating E. = 1.2 GeV, we get dE/dX £ 2 x 10 •18 
i-6 E. /cm; at 120 Mev we get dE/dX < 3 x 10 E. /cm. More massive 

in w in 

systems should have even smaller fractions of their cross-sections in 

elastic scattering, Therefore, we shall disregard these reactions and 

consider now inelastic processes. 
The reaction cross-section may be parametrizec with the formula (3). 

0 f i = »(R+ J ) 2 
Z l Z 2 e 

L ( , W , E C M 

(1 - T) , (21) 

wnere R is the effective nuclear radius, K is the navenumber and T is 
the transparency. 

K = 
P.m 

(22) 

_(fi£) 
ccm ' 2M (23) 

we shall overestimate oft by taking T i 0, R is approximately 1.2 
(A, • /L ) f At high energies this approaches the 

geometrical cross-section. 



Ten MeV/nucleon approximately marks the boundary between high and 
law energy phenomena. The physics at 20 MeV/A and at 2100 MeV/A are 
quite similar for 0 1 6Pb 2 0 C fragmentation ( 4 )' ( 8 )' ( 9 ). This is 
because the scale of the cross-sections is set by geometry and only a 
few nucieons participate in the interaction. The production of 
projectile fragments is adequately described b/ the abrasion/ablation 
mooel . The cross-section for the production of any particular 
fragment is proportional to 

°frag « e* p 

<-a„>2 ( t r t 3 0 ) 2 

2 2 
2 o a 2ff t 3 

(24) 

wnere a = N +Z, t, = (N-Z)/2, o, * 0.24 A 1 / ? , a = 4.9 0, , J t 3 a t 3 

and fj is the neutron number, a is the average number of nucieons 

remaining in the projectile after the interaction. This is taken as the 

number outside of the projectile/target overlap region. The average 

number of protons and hence t,n can be obtained from this approximate 

relation for the valley of beta stability: 

Z 0 = .46 a Q - 5.4 (25) 

The momentum dirtribution of these fragments is of the 
f o r ( n(10),(ll),a2UD) 
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3 - 2 2 2 
Hi aexp-((P„-P o)^2 0p r r - P ^ a p J ( 2 6 ) 

dp 
2 2 

Although Up, is larger than o„ oue to the perturbing 
effect on the projectile's trajectory causeo by the Coulomb ano nuclear 

(23) potentials , we can, for our purposes, take them as equal to each 
other ana 

2 f T(m - m f) 
0 P ' m ' (27) 

P 
wnere m, and m are the fragment ana projectile masses, 
respectively, ano T is an effective nuclear temperature cf 8.5 Kev. 
P is given by' 1 0' 

m f "P pn = 12nn E„ J - - - Z - + 30 MeV . (28) 
o Ĵ p p m p 2 ^u' 

The abraaeo nucleons are adequately described by the fireball model 
(5) of westfall, et al. . In this mooel, the target ano projectile are 

spheres of raaii 1.2 A fro. As a function of impact 
parameter, the number of nucleons swept out from both projectile ana 
target can be calculated. These nucleons form a fireball whose 
center-or-mass velocity is given by 
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where N, and N_ are the number of nucleons coming from the 
projectile ano the target, respectively, and a, is the projectile 
velocity. In this center of mass the nucleons have Maxwellian momentum 
oistrioution with a temperature of 2/3 E, where E is the center of mass 
kinetic energy/nucleon less 8 MeV binding energy. The inclusive 
cross-section for the procuctian of light ions can be obtained from the 
single nucleon inclusive cross-section^ ' by: 

a2°(X,Y) /d 2a(prot)\ K(X,Y) , , 
aEan - \ c£an j /,c,c , _ .,l/2(X + Y - 1)\ • U U J (m[E(E + 2m)] 1 

where 
/ ,, X+Y-l 
A T T P „ \ , / N + N.\ 

ano E is the lacoratory kinetic energy/nucleon, X and Y are the number 
of protons ana neutrons in the proaucea lioht ion; N and Z„ are 

Pit P,C 

the numberJ of neutrons and protons in the projectile and target, 
respectively, a is the total nucleus-nucleus cross-section; an is 
the nucieon mass; and P„ is a parameter whose value is approximately 
130 MeV/c. 

As the incominj ions near the eno of their ranges, their energies 
will arop below 10 MtV/nucleon. In this region, near the 
projectile/target Coulomb barriers, the reaction mechanisms are 
Different from those at higher energies. Quasi-elascic scattering does 
not change the projectile or target nucleus characteristics 
appreciably. Therefore it, like elastic scattering, will not cause 
preheat and can henceforth be neglected. Other modes are fusion 
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followed by symmetrical fission, fusion followed hy evaporation of 
neutrons, alpha particles and photons, and deep inelastic scattering. 

If either the beam or target particle is very heavy (Z > 85) we 
can also have fissicn. From beam energies of 7.5 Ms-V/nucleon to 2,1 
Gev/nucieon , this accounts for half of these reaction 
cross-sections. The cnarge distribution is given by 

ri U - 4 5 ) 2 

~ f , e " ,00 " . (32) 

The fusion cross-section is given by 

°Fus = ? U„ + D* - (») cr 

whe.:e i h is the maximum angular momemtum which allows fusion. The 
parametrization 

"cr = ° E i ECoulomb ,,,, 
1/3 1/3 '•> ( 3 4 ) 

adequately represents a number of data sets . The compound nucleus 
wiu then sheo energy and angular momentum until it reaches its ground 
state. If Z for the total system is less than 60, this is done by 
neutron and alpha emission until t, the angular momentum divided by "h, 
is less than (4/JJZ - 1 5 ( 1 / \ If Z > 60, there will be fission of 
the compouna system for i > 185-2Z. The remaining energy is removed 
by photon: (see below). 
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Deep inelastic transfer reactions come from the range of angular 

» n t a ( l 8 ) < h V > h ( lcr 
gives a cross-section of 

m o m e n t a ^ {hi ,h (t + 4 0 ) . a => (0.1-0.2)1 . This 

aDIT - 2fl " [lcr * l) • <*) 
K 

The Z Distribution of the products is centered at the incoming charges 
and is of the form 

OJ 

d l a e x p tz - hf m\ (36) 

where 2<s"7 ranges from z (Ref. 19) to 16 (Ref. 20). The total 

kinetic energy of the products in the center-of-mass frame is, as for 

fission products, approximately equal to the Coulomb energy of two 

touching chargafl spheres. The difference between this energy ana the 

incoming energy goes mainly into neutrons. Chargea particles are not 
19 evaporated . The number of neutrons evaporatea can be calculates 

from the A-Z correlation 

A = 2.6 Z - 9 . (37) 
18 The angular distributions can be typified by the parameter 

Z Z . e 2 

n' = — r 
kv 
K- , (38) 
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where v' is the velocity of relative motion at the moment of contact 

between the nuclei, if n' <200, da/da(cm) peaks near 0°. 

Otherwise, oo/dfl(cm) peaks near the grazing angle. The widtns of 

the angular aistributions are from 30° to 50°. 

we can place upper limits on the amount of fuel preheat caused by 

gamma rays emitted uuring nuclear relaxation. They are emittea most 

frequently from nuclei witn high angular momentum. A model ccrrectly 
21 cescricir.g the photon spectrum of such a nucleus is : Let i h 

(=tCh for neavy nuclei) ce the largest angular momentum sustainaole by 
a nucleus. Then tnere »ill be a cascade of i ,/2 rotational 

~|(|X 

transitions, reducing the angular momentum of tjr.i nucleus 2 h eacn. The 

jnergy of eacn gamma ray is the difference between successive rotational 

levels 
• = (k2/2:)('ii-2) , (39) 
r 

»ner= J A ^ = 1.36 x 10" 2 A 5 / 3/MeV. This gives a uniform 
spectrum 

^ P 1 = 6.8 x 10 3 A 5 / 3
 Y• s/f-iev , (40) 

from EY = 0 to £i = 150 i /A 5 MeV. In addition, max max 
tnere is a statistical spectrum composed of h photons with 

d \ 1/2 
^ o E .-xp[-ET ,'T] (41) 

T 
ana T * 1 MeV, 
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This mooel has been applied to a specific cspsule design (fig. 1) 

oriven by a particular shapeo pulse (fig, 2). This capsule is driven by 

1.28 MJ of 10 GeV \ r ions. The first shock through the fuel will 

heat the fuel to KT = 1 eV. For a deuterium-tritium mixture this is 

equivalent to 8 iC joules/gm of locai heating. Tnis sets the scale 

for tne amount of preheat acceptable. Furthermore, the preheat 

generateo after this first shock arrives i: ineffective in destroying 

the implosion. For the design and pulse shape shown in Figure 2 cnly 

1/30 of the ore^eat is oeneratec before the first shock arrives. 

Therefore, oniy «C KJ of ariver energy is availsole to generate oreneat. 
238 The nuclear cress section cf u with most materials is 

approximately 6 Darns. The numcer oensity of the ?b ar.o the Ta :OH is 

approximately 3.5 x 1 0 Z i atoms/cm , The number of interactions/Seam 

particle is then 10"'. Tne total energy going into gamma rays curing 

a nuclear interaction is approximately 20 Mev, The fractional 

absorption cross section of pnotons in hydrogen is less than 
-2 2 7 

6 x 10 cm ,'g. For beam energy 4 x 10 J/g of fuel ana a fuel 

oix of I x 10* gm/cm , this gives gamma carriea oreneat of 

10" J/gin. The neutron induced preheat is similarly negligible. Each 

interaction produces about 20 neutrons and each neutron carries about 20 

Kev. The nuclear interaction range of a neutron in OT is greater than 1 
2 gm/cm . This gives neutron preheat of less than 30 J/gm. 

Most of the preheat cones from the charged seccnoaries produced in 

the heavy ion interactions. A Monte Carlo code incorporating our heavy 
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ion interaction model was written. The program used the Bethe theory 

with plasma corrections for ionization energy deposition ( ' '. The 

results were that the preheat in cold material was 1.3 x 10* of the 

incoming energy; in material heatea to 100 eV, 9.2 x 10" , This gives 

approximately 3 rlO + J/g, an order of magnitude safe. This preheat 

came mainiy frcrr. fast secondaries produced before the incident particles 

lost mucn energy. This is fortunate because the heavy ion interactions 

i* this nign energy regime depend less on cetailed nuclear models and 

mere on geometry and nyorooynamics. 

The nuclear interaction history of a heavy ion has been traced from 

its initial contact with the target material at high energy until it 

aoprcaches the eno of its range. This has been done for a wide range of 

cre/icciie-tarcet combinations. Certain sources of fuel-preheat such as 

pnotens 0nc neutrons have been removed from consideration. A Monte 

Carlo program has been written which simulates the effect charged 

seconcary particles for specific ICF target designs. When this program 

was applied to a directly driven single shell capsule the preheat 

obtained proveo acceptable. 
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SECTION OF A SPHERICAL 
ION BEAM FUSION T A R G E T . IS 

Tamper 
p 11.3 
(72.1 mg) 

Pusher 
p = 1.26 
(16.8 mg) 

Fuel 
p = 0.21 
(1.00 mg) 

Energy input = 1.28 MJ 
Energy output = 113 MJ 
Gain = 88 
95 -01 -1078 -38*2 

y C ^ > - 0 . 2 3 3 3 3 cm 

0.22360 cm 

0.20000 cm 

19004 cm 

Reference: R. Bangerter 



ONLY SMALL FRACTION OF PULSE CAN PREHEAT 
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