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Abstract: The cross sections and the angular distributions of fragments 

emitted in heavy io:n reactions are calculated on the basis of a diffusion 

mechanism associated with the mass (charge) asymmetry of a short-lived 

intermediate complex.' The calculated quantities are compared with exper-

iniental results . 

. * 
Work done under the auspices of the U. S. Atomic Energy Commission. 

tSloan Fellow, 1974-1976. 
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Many heavy ion reactions recently studied in our group [1- 5] seem to 

indicate various stages of relaxation in the collective degrees of,freedom ex-

cited in the process. In particular, a large fraction of the total cross section 

is associated with the production of fragments which, i) have fully relaxed 

kinetic energy spectra; ii) portray a mass (charge) distribution not wholly con-

sistent with statistical equilibrium; ·iii) have an angular distribution which is 

forward peaked and whose forward peaking depends upon the difference in 

atomic number between the fragment and the projectile. 

These general features appear to be consistent with the following qualitative 

picture: i) promptly after the initial collision, friction brings the two nuclei 

into rigid contact with each other, while the initial kinetic energy is dissipated 

into the internal degrees of freedom; a rotating intermediate complex of well 

defined mass asymmetry is formed; ii) a diffusion process, comparable in 

rate to, or slower than, the rotation of the intermediate complex, leads to the 

exchange of particles between the two touching fragments, thus generating a 

time-dependent distribution in the asymmetry of the intermediate complex; 

iii) the complex decays with a time constant comparable to or shorter than 

the rotational period. 

We are presenting here an attempt to translate such a picture to a more 

quantitative basis by sketching the model in terms of the dominant experimental fea-

tures without accounting for details which are still very uncertain. The central fea-

ture of the model is the diffusion of the intermediate complex along the asym

metry degree of freedo~. We use the Master Equation approach to describe 

the time-dependent population <j>z(t) of systems whose asymmetry is characterized 

by the atomic number Z of one of the fragments: 

. 
<j>z = ~ (A .J... -A 

zz 1 '+'z 1 z 1 z zl 
(1) 

' where .J.. repre-sents the time derivative of .J.. and A 1 , A 1 are the '+'z '+'z zz z z 

~ .. 
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macroscopic transition probabilities between the systems whose asymmetries 

are described by Z and Z 1 • 

The macroscopic transition probabilities can be written in terms of the 

microscopic transition probabilities and of the level densities of the macro-

scopic states: 

A =A . 
zz1 z 1 z (2) 

The symmetry of the A1 s stems from microscopic reversibility. The quantities 

p z represent the level densities of the intermediate complexes. These level. 

densities can be written down in terms of the potential energy of the intermediate 

complex V measured with respect to the rotating ground state, z 

p = p(E- V ) z z (3) 

where E is the energy of the system also measured with respect to the rotating 

ground state and p (x) is the functional form for the level density. 

VF 
Since A 1 must be of the order of -D (where D is a typical linear size . zz 

of the system and VF is the Fermi velocity of the nucleons), the A 1 decrease zz 

as the level densiti.es increase. For lack of better knowledge, we asf"ume: 

A = zz1 

Ao 
1/2 . 

[p zP z 1 ] 

The level densities can be expanded as follows: 

"-V /T 
p(E- V ) = p (E) e z 

where 

z 

T- 1 = dln p (x) 
dx - v ·z 

and the master equation can be rewritten as: 

( v + v I ) /2T [ ' - v /T - v I /TJ . z z z . z 
<P =A~ e cp 1 e -<Pe 

Z 0 I Z Z z 

( 4) 

( 5) 

(6) 

(7) 

This equation is certainly correct in the long time limit when ~ = 0. A sufficient z 

condition which satisfies <P = 0 is that each term of the sum is zero. This gives: 
z 
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-V ,/T I-V /T z z 
= e e 

(8) 

which expresses the equilibrium condition. 

An important assumption in the present model is that the sum in (1) and 

( 7) is extended only to nearest Z' s. In other words, we assume that there is no 

correlation among transferred particles. A key quantity in the model, and a 

very uncertain one, is the potential energy of the intermediate complex V . z 

While one can imagine that the gross shape of the complex should be that of two 

touching fragments, its detailed shape is dependent in a complicated way upon 

the diffusion process itself. We assume that, at least for the rather light sys-

tems which we have considered, the shape of the intermediate complex actually 

corresponds to a configuration of two touching spheres. 

The angular momentum can in principle affect the shape of the interme-

diate complex and, consequently, the value of the potential energy. We write 

the potential energy as follows: 

where the xi is the set of coordinates chosen to describe the shape of the 

system; x~ are the corresponding values for the ground state; V LD is the 

liquid drop energy and ~ is the moment of inertia. 

(9) 

The diffusion constant x.
0 

should also depend on the shape of the inter

mediate complex. We have considered it to be proportional to the interaCtion 

area of the two touching spheres, which, in turn, is proportional to their 

reduced radius: 

x.o = ( 10) 

where R 1 and R
2 

are the radii of t~e two touching spheres. 
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The local temperature Tis calculated by means of the elCpression 

~ where a = A/8 MeV-1. and A is the mass number of the inter

mediate complex. An example of the potential energies of the system 

T = 

•• 1 Ag + Ar for various values of angular momentum is shown in fig. 1 (a). 

A calculation of the populations ¢ at various times after the beginning of 
z . 

diffusion is shown in fig. i(b). The calculation of the cross sections and angu-

lar distributions of the fragments requires that at least some essential part of 

the dynamics associated with the reaction be taken into account. We assume 

that, after collision, target and projectile slip one over the other by an angle (} 
s 

proportional to. the initial tangential velocity at the time of collision. As the slippage 

takes place, the kinetic energy is dissipated. After the slippage, the system rotates 

witha rigid moment of inertia. Furthermore, we assume that, after a given contact 

timet, the fragment is emitted at an angle (}with a new Z = Z .t. This infor
exl 

mation allows one to calculate the set of impact parameters b which satisfy the 

above conditions. The final cross section is given by: 

da . z 
err 

00 

=l 
dt -t/T{ b P(b) } 

e E<~>z(b,t)j·. dOl 
b stn (} db 

-'T 
( 11) 

~here 'T is the mean life of the intermediate complex and the sum contained in 

the integrand is carried over all the values of b which, after a tirne t, lead 

to the emission of a fragment of atomic number Z at a center-of-mass angle 

8. 

The quantity P(b) or P(.t) at a given bombarding energy is another quantity 

that cannot be determined on theoretical grounds as yet. It represents the probability 

0 :::; P:::; 1. that a given 1-wave will lead to a reaction of the kind described in 

this paper. It seems safe to assume that P(l) will be substantially different 

from zero for rather large l -waves, since the low 1 -waves are certainly 

associated with the formation of the compound nucleus and thus responsible 
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at least for the eros s section of the evaporation residue. On the other hand, 

the highest 1-waves are associated with direct or quasi-elastic cross sections 

and therefore are not expected to be involved inthe relaxed cross section 

studied here to any great extent. It is possible to construct a fairly satisfac-

tory expression for P{£) from experiment. 

In the present paper we have tried to reproduce the experimental data 

obtained for the reaction Ag + 288 MeV Ar. The function' P(£) which we have 

used has a lower bound i. . defined by the evaporation residue cross section m1n · 

of 670mb [6] and an upper bound defined by the sum of the evaporation residue 

cross section and the relaxed cross section, which is - 1700mb. Furthermore, 

the edges of such a rectangular function have been rounded off gently. At the 

same time we have made the rather bold assumption that no sizable amount of 

fission is actually present in the eros s section. We assume that it is not prese'nt 

for low i.-waves because of the high fission barrier. We also assume that it is not 

present for high i.-waves because, though angular momentum lowers the fission 

barrier [7], the compound nucleus is not formed. 

In fig. 2 the calculated angular distributions of the fragments are plotted 

for atomic numbers from Z = 6 to Z = 32. The fragments with Z < 18 have a 

forward peaked angular distribution, the forward peaking being more enhanced 

for atomic numbers close to the projectile. The fragments with Z > 18 show 

angular distributions which quickly become symmetric about 90° as the atomic 

number is farther removed from Z = 18. In fact, for atomic numbers close to 

symmetric division, the angular distribution becomes indistinguishable from 

1/sin f). This result suggests that, even when particles are emitted with a 

1/sinfJ distribution, one should not draw the immediate conclusion that a 

compound nucleus has been formed. 

A rather strange angular distribution peaking at - 75° is observed for 

Z = 18. This anomalous angular distribution is due to the fact that at t = 0 all 

L 

L. 
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the cj>z are equal to zero with the exception of <1>18 which is unity. While we have 

not investigated this feature in detail as yet, it may possibly contain an explanation 

for the angular distributions observed for the reactions induced by Kr[8, 9] and 

Cu[10] ions on heavy ta~gets. 

In fig. 3 the comparison between experiment and theory is shown. It is 

important to notice that no normalization has been performed. The shapes of 

the angular distributions are reproduced with remarkable accuracy, while the 

absolute values are reproduced within better than 50o/o .. Noticeable deviations 

are visible for Z ::: 6. On the other hand, no allowance for shell effects has been 

made in the evaluation of the ridge line potential, nor has the effect of secondary 

decay been accounted for. 

A more extensive analysis of the available experimental data is in progress. 

An attempt is also being made to treat the thermalization of the kinetic energy 

and the particle diffusion occurring prior to the thermalization by means of a 

generalized theory. While this work was in progress, we learned that a diffusion 

mechanism has also been postulated by W. Norenberg in order to interpret the 

quasi-elastic part of the heavy ion cross section . 
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FIGURE CAPTIONS 

Fig. 1. (a) Potential energy of the intermediate complex as a function of Z 

for three 1. -waves. (b) The probabilities <1> (t) as a function of Z at three z 

different times for the 1. = 40 collision. For short times the distribution 

resembles a Gaussian as expected ina random walk problem. For longer 

times, the drift is· more visible. 

Fig. 2. Calculated center-of-mass angular distribution for various exit 

channels using the model described in the text. The main feature is the 

non-negligible forward peaking which decreases as the Z of the exit 

particle is further 7emoved from the Z of projectile. The angular 

distributions approach 1/sin 0 for exit channels far removed from the 

projectile .. 

Fig. 3. Absolute comparison between the experimental and the theoretical 

angular distributions using the model described in the text. The values 

of the constants used are given in upper right hand corner of the figure. 

. 1 21 ~1 
The constant K has the dimensions fm- 10 . sec ~ 
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