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EXPERIMENTAL EVIDENCE AND PHYSICAL IMPLICATIONS OF TIffi TIME EVOLlITION 
. ALONG TIlE MASS ASYMMETRY M:lDE IN HEAVY ION REACTIONS* 

L. G. Mbretto+ and R. Schmitt 

Nuclear Science Division, Lawrence Berkeley Laboratory, 
and Department of Chemistry, University of California, 

Berkeley, California 9742'0 

ABSTRACT 

The complex experimental features associated with the mass or charge 

distributions, and with the angular distributions as a function of 

fragment mass or charge, are interpreted as evidence of an intetmediate 

structure, or intermediate complex, evolving in time along the mass 

asymmetry mode. Strong circumstantial evidence suggests that this 

time evolution is diffusive in. nature and can be described in terms 

of the Master Equation or the Fokker-Planck Equation. The experimental 

evidence of broad mass distributions for large ratios E/B, where E is 

the center of mass energy and B is the interaction barrier, and narrow 

mass distributions peaked at the projectile and target mass for small 

ratios E/B, is interpreted as due to an increasing lifetime of the 

complex with energy. For short lifetimes, the system has little 

time to evolve in mass asymmetry and gives rise to rather narrow 

distributions centered about the target and projectile mass. Forlong 
I 

lifetimes the system undergoes extensive relaxation in mass asymmetry 

an~ gives rise to very broad mass distributions. Similarly the angular 

distributions seem to evolve from side peaked to forward peaked with 

increasing E/B. This is interpreted as due to a transition from a 

short lifetime-slow angular velocity regime which does not allow for 
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orbiting beyond 0°, to a long lifetime-large angular velocity regime 

which produces orbiting past 0°. The evolution from side peaking to 

forward peaking in the same reaction as one moves away in Z from the 

projectlle is interpreted as due to the time lag introduced by diffusion 

in the population of fragments farther removed in Z from the projectile. 

The variation of charge and angular distribution with the fragment 

kinetic energy allows one to connect the energy relaxation to the mass 

asymmetry rel~tion. Theoretical calculations based on diffusion models 

allowJJne to fit mass and angular distribu~ions as well as to extract 

transition probabilities and Fokker-Planck coefficients. The reliability 

of various methods of analysis is discussed. 
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INTRODUcrION 

It appears that the accelerator development has occurred along 

a sound pedagogical line, well suited to our education in nuclear 

physics; Early machines provide~ us with simple proj ectiles which had 

the merit of mainly inducing two kinds of nuclear reaction: direct 

reactions on the one hand,and compound nuclear reactions on the other. 

Both kinds were diligently studied by our parents in science. 

The direct reactions, it was learned, portray a strong dynamical 

coupling between entrance and exit channels, their degree of inelasticity 

is minimal, and very few degrees of freedom of the target are excited. 

Then the great chapter of particle spectroscopy was written, and the 

single particle structure of nuclei (shell stTUcture),with the added 

refinement of residual interactions,was revealed. 

The compound nucleus reactions, on the contrary, told quite a 

different story. A complete decouplingbetween entrance and exit 

channels was observed, together with an extreme degree of inelasticity 

and the involvement of all of the nuclear degrees of freedom. The 

compound nucleus'was then postulated as a long-lived intermediate in 

which all the degrees of freedom attain statisticalequilibritnn. The 

chapter of the statistical nuclear properties was then written, 

with all the corollaries of statistical distributions, statistical. 

decay, evaporation, etc. 

It see~s natural that, after having received such primers in 

nuclear, physics, we should enter a new, more comprehensive field which 

bridges the simplicity of the states explored by direct reactions 

to the complexity of the compound states. Such a connection involves 
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the great absent in early nuclear physics, the time. Heavy ion reactions 

do in fact reveal a sequence of patterns whose connection is unmistakably 

the time. In this sequence the relatively simple entrance channel 

configurations appear to evolve into more and more complex confib~rations, 

approaching, with variable degree, the ultimate statistical distributions. 

Three collective degrees of freedom are particularly noticeable 

in heavy ion reactions for their various stages of relaxation: the 
, 

relative distance of the fragments, the neutron to proton ratio, and the 

mass asymmetry. In the first degree of freedom, all the initial kinetic 

energy appears to relax into the internal degrees of fr~edom through the 

action of viscous forces. Such a dissipative process is so immediately 

visible, and involves such a large fraction of the total cross section, 

that special names have been created for it, like deep inelastic, 
. 1-4 . 

strongly damped or relaxed, even though differences are frequently 

seen in, the degree of relaxation associated with the other degrees of 

freedom. The energy dissipation is a relatively fast process, and has 

relativ~ly little overlap with the slower relaxation processes 

associated with other degrees of freedom. 

The second degree of freedom, the neutron to proton ratio, also 

appears~ to equilibrate very fast, so that its relaxation seems to 

proceed essentially at constant mass asymmetry.S-7 

11i.e relaxation processes associated with the first two degrees 
.. 

of freedom have been treated at length in Galin's talk. So we shall 

concent-rate essentially on the features associated with the third 

degree :of freedom, the mass asymmetry. This degree of freedom is rather 
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slow in its time evolution, so that in many cases its relaxation occurs, 

while other degrees of freedom have already attained their equilibrium 

distributions: in other words, the kinetic energy has been mostly 

dissipated into the internal degrees of freedom, giving rise to a ''warm'' 

system; the neutron-to-proton ratio has been balanced; etc. 

Such a system, nearly equilibrated in many degrees of freedom, 

and slowly evolving along the mass asymmetry degree of freedom, we like 

to call "intermediate complex" in analogy with the intermediate complex 

f h . 1 . 8-11 o .c emlca reactl0ns. 

Various facts seem to support the existence of the intermediate 

complex. For instance, the great amount of cross section concentrated 

at low kinetic energies shows that in general there is enough time for 

the kinetic energy to relax. Furthermore, the spreading of the Z 

distribution seems to occur mostly while the kinetic energy is very low, 

if not completely thermalized. This means that the mass asymmetry mode 

relaxes slowly. 

This general picture suggests that the evolution along the mass 

asymmetry is "creepy", or dominated by the viscous forces. Apparently 

a continuous readjustment in the equilibrium conditions is possible 

as the system moves along the mass asymmetry coordinate. In this case 

memory effects are Unimportant, and the time evolution can well be 

d ·b d . f d·ff· h· 8,9,11-13 escrl e ln terms 0 a 1 uSlon mec anlsm. 

An important aspect of the intermediate complex is its decay time, 

which controls the extent of relaxation observed for the various degrees 

of freedom. In the lighter systems it is not clear whether the decay of 

the complex is statistically or dynamically controlled. In the heavier 

systems the evidence seems to indicate that the decay time is more a 



-4-

dynamical quantity than a statistical quantity. Therefore, it appears 

that the prevailing regime is that of nonequilibriumstatistical 

mechanics for some degrees of freedo~and almost purely dynamical 

for others. 

We shall divide what follows into four sections. In the first 

section we shall give a qualitative justification for the use of a 

diffusion model applied to the evolution in mass asymmetry. The 

Master Equation will be explicitly written down for this process, 

the corresponding Fokker-Planck Equation will be considered, and the 

drift and spread coefficients will be related to the transition 

probabilities. The possibility of a direct use of the Fokker-Planck 

Equation in order to analyze the mean displacement and the widths of 

the experimental distributions will be discussed. The alternate and 

more rigorous procedure of coupling the Master Equation or the Fokker

Planck Equation to the dynamics of other degrees of freedom will be 

presented. 

In the second section, the experimental data on the mass (or 

charge)_distribution will be presented. The dependence of these 

distributions on angle and energy windows will be shown and the physical 

implications will be discussed. 

Similarly in the third section, the angular distributions and 

their dependence upon Z and energy windows will be presented. The time 

factor controlling the features of the angular distributions will be 

discussed. 

In the brief fourth section, examples of theoretical calculations 

will be compared with experiment, and numerical values for the decay 

times and diffusion coefficients obtained from various sources will be 

discussed. 
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SE.CTION I. THEORETICAL CONSIDERATIONS 

to the Descri tion 

The fission process has been one of the first nuclear processes 

to be treated in a time-dependent fashion. In a couple of brilliant 

papers, Nix14 ,15 described the time evolution from saddle to scission point 

by introducing a Lagrangian in the collective vari abIes. '11K~ liquid 

drop model was used for the potential energy, and an irrotational 

flow was ass:LUl1ed for the inertia tensor. In principle the extension 

of these calculations to heavy ion reactions is trivial. It is not 

clear, however, if this approach is sufficiently general. 

The Lagrangian approach establishes a point-to-point correspondence 

between the initial and the final phase space and thus is completely 
I 

deterministic. More clearly, the trajectory, in a Lagrangian 

formulation, is a well defined entity, and for a given initial condition, 

or point in phase spac~, there is one and only one trajectory. The 

final distributions depend exclusively upon the distributions of initial 

conditions. 

While s.uch an approach,· generalized by the introduction of 

the Rayleigh dissipation function to handle viscous forces, may 

b 1 · bl d " 16-24. t 11 h . e app 1ca e un er certa1n c1rcumstances, 1t ac ua y as serIOUS 

deficiencies which may prevent its success in describing the overall 

evolution of the shape parameters in heavy ion reactions. The short-

comings of the Lagrangian approach to the description of a manybody 

system arise from the neglect of the internal degrees of freedom. ll 

If one considers an ensemble of systems, all having the same initial 
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conditions in collective phase space, their time evolution will be 

described by a diverging set of trajectories, rather than by a single 

trajectory, because of the unspecified initial conditions for the 

internal degrees of freedom. Therefore, an accurate description of the 

time evolution of the ensemble cannot be completely deterministic, but 

must also contain the statistical influence of ·the internal degrees 

of freedom in determining the distribution of the elements of the ensemble 

in collective phase space. 

One can look at this problem more concretely as follows. After 

the kinetic energy is dissipated, the intermediate complex has a 

temperature that may range, typically, between I and 4 MeV. 

While this system follows a Lagrangian trajectory in collective 

phase space with a few tens of MeV kinetic energy, it is 

subjected to random Brownian impulses which are comparable to the 

momentum of the system along the collective coordinate. As a con

sequence the Lagrangian trajectory is seriously perturbed, so that 

the actual trajectories of the various elements of the ensemble tend 

to diverge. 

Norenberg will show in greater detail under which conditions the 

use of the Master Equation can be justified. We shall assume that 

the Master Equation is indeed a suitable tool to describe the evolution 

in time of the mass distribution and we shall apply it directly to 

our problem. 
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the Master Equation to the Diffusion 
ymmetry Coor mate 

Let us label the asymmetry of the intermediate complex by means 

of the atomic number Z of one of the two fragments in contact. ,Further

more, let us assume that the complex evolves in time through configurations 

of different asYmmetries by means of a stochastic process, as required 

by the Master Equation. Then, the time evolution of the population 

~(Z,t) can be written as: 8 

~(Z,t) = L ('\Zl ~ (Z' ,t) - 1\z;z~(Z,t)) , 
z' 

(1) 

where $is the time-derivative of the population and 1\z,z" Az'z are 

the macroscopic transition probabilities coupling the configurations Z' 

and Z. The form of 1\ ,and 1\, and the range of Z' s over which one , zz z z 

must extend the sum, must be described. Without any loss of generality 

we can rewrite: 

(2) 

" 

· where ~\z' is the microscopic transition probability (which is symmetric 

because of microscopic reversibility); and Pz' Pz' are the statistical 

weights of the macroscopic configurations. The latter quantities can 

be identified with the level densities of the complex: 

p = peE - V ) z z (3) 
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where E is the total energy of the system; and V is its potential z 

energy (including rotational energy). 

level density as follows: 8 

For small V one can expand the z 

where 

T-I = alnpl 
ax x=E 

The quantity T can be identified with the thermodynamic temperature. 

The quantity Azz ' can be written as: 8 

where K is a velocity of the order of the Fermi velocity, and f is a 

form. factor which we take to be equal to the window open between the 

two fragments: 

~R2 
f = 21r R + R d 

I 2 
(d = 1.0 fm) 

(4) 

(5) 

(6) 

(7) 

Notice how the mean level density contained in the denominator of A , . zz 

allows the macroscopic transition probability Azz ' to remain of the order 

of kf. The sum can be restricted to values of Z = Z ± I in the spirit 

of the independent particle model. 

The master equation can now be written as: 

(8) 

z'=z±l 
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In this form, the equation has been used by us to calculate the Z 

distribution and the angular distribution of the fragments emitted in 

the reactions Ag,+ Ar and Au + Kr. 8,26 

The Fokker-Planck Approximation 

The implication of the Master Equation as written above, can be 

better appreciated if we consider it in its approximate Fokker-Planck 

form: 

The quantities ~l (Z) and ~2(Z) are given by: 

z+l 

~l =f (Z I - Z) A dZ Ie 
ZlZ 

z-l 

z+l 

~2 =f (Z I - Z)2 A dZ ' ZlZ 

z-l 

and can be calculated explicitly. 

The transition probability A I can be written as follows: zz 

The potential VZI can be expanded as: 

(9) 

(10) 

(11) 

(12) 
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and we have: 

(. V'h) A = Kf exp _ _z_ 
zz' . ZT 

Finally, we can calculate ].11 and ].1Z: 

(
8TZ . V; 4T V;) 

].11 (Z) = Kf ~ Slnh ZT - V' cosh ZT 
V' z z 

~Z (2) (
4T . V; 16TZ V; 3ZT3 . V;) 

= Kf V'Slnh ZT -~ cosh ZT + .~ Slnh ZT 
z V' V' z z .. 

V'· 
In the fairly common limit of small Z~ we obtain: 

I V' z = -Kf"3 T 

Z 
].1Z(Z) = "3 Kf 

(13) 

(14) 

(IS) 

From the definition of ].11 one sees that it corresponds to thc avcrage 

displacement in Z per unit time. In other words, it represents the 

average velocity along Z. Also one can notice that such a velocity 

depends only upon the coordinate Z and does not depend on any initial 

velocity. Therefore it can be identified with the limiting velocity 

(t ~ 00) v = K associated with the differential equation: 

mY = -Kv + c 

where m.is the mass, K is the viscosity coefficient, and c is the 

force. 'The viscosity coefficient is then: 

K - 3T -Kr 

(16) 

(17) 
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Notice that K is nearly independent of temperature for a highly 

degenerate Fenni gas: 

(18) 

where cp is the Fenni energy. It follows that the viscosity coefficient 

to Tl/2 for T» 
£F' is proportional to T for T « cF and proportional 

The coefficient ~2 can be rewritten as ~2 = 2~ . In the case T « cF' 

~2 does not depend on temperature. 

Let us now consider two simple cases of practical importance. 

The first case is that of a constant force, which corresponds a to 

constant slope in the driying potential, and constant temperature. For 

the initial condition <P(Zo,O) = o(Z - Zo)' the solution of the Fokker

Planck equation is: 

.1 <P(Z,t) = -'---
12'IT~2t 

This is.a Gaussian whose centroid moves ,with velocity ~l and whose 

second moment is: 

(19) 

t20) 

A conceivable experimental test of the applicability of the above 

equation is a plot of the first moment of the experimental distribution 

vs. the second moment. Since both are proportional to the time t, such 

plot should be linear. From such an analysis the ratio ~1/~2 can 

be obtained. 25 
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The explicit knowledge of the time t leads to the independent 

determination of ~l and ~2. It has been proposed that the time can be 

inferred from the knowledge of the angular position e of the cross 

t o' k ° WOl kO 1 12,13 sec lon pea ln a 1 czyns 1 pot: 
<rf 

t = (8 - e ) ~ (21) o I 

where :-:. is the moment of inertia; and I the angular momentlDll. Since 

both eo and ~.< depend on I, only a detailed knowledge of the deflection 

function can lead to an accurate determination of the time. 

Alternatively, one can rely upon the energy loss in order to 

obtain the time. For a viscous dissipation in the relative motion of 

target and projectile one obtains: 

- ! t 
v = v e m 

o or 
Eo 2K 

In-=-t E m (22) 

or, in order to account for Coulomb and rotational energies Ec and ER, 

Eo - Ec - ER 2K 
In E - Ec ER = 1m t (23) 

This expression can be of some use in relating the energy dissipation along 

the rclatiye motion coordinate to the diffusion along the mass <JsYITDlletry 

coordinate. However, the strong I dependence of this expression and 

the uncertainty about K and m make its use doubtful. 

The second case of interest is that of the diffusion driven by a 

parabolic potential: 

(24) 
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In many practical cases the potential energy along the mass asynnnetry 

coordinate is nearly harmonic close to the synnnetric value. Z. If the s 

initial condition is: 

¢(h ,0) = 6(h - h ) o 0 

the Fokker-Planck Equation gives: 

Notice that the solution is a Gaussian whose centroid moves following 

the equation: 

.. K· c 
h + - h+ - h = ° m m 

which, in the limit ! ~ ~ » 1 has the solution: m m 

_ c t 

h = h e K 
o 

(26) 

(27) 

A limitation of this fonnalism is associated with the constant temperature· 

T. Even when the potential is parabolic, the energy difference between 

the injection point and synnnetry may be so large that the temperature 

along the parabola changes substantially. 

A~lication of the Master Equation to the Evaluation 
o Cross Sections and Angular Distributions . ' 

Moretto and Sventek8,11,26 have performed diffusion calculations 

for some of the reactions studied experimentally. A most important 

quantity for this calculation is the potential energy of the intermediate 

complex-as a function of Z for each partial f/, wave. The potential 

I 
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energy has been calculated assuming the shape of two touching spheres 

for the complex. The energies are computed by means of the liquid 

drop model: 

(28) 

where the first two terms are the liquid drop masses of the two 

fragmen~s; VCoul is the Coulomb interaction of the two fragments; and 

ERot is the rotational energy of the complex. Examples of the potential 

energies and of the populations probabilities as a function of time 

are shown in Fig. 1. The drift of the distributions from the injection 

point towards low potential energies is well illustrated. Perhaps more 

impressive is the spread of the distribution which increases very 

dramatically with time. This illustrates how a Lagrangian approach 

might miss a most important feature,namely the spreading of the 

distribution which, for large times, dominates the picture. It is 

also important to notice how the angular momentum shifts the Businaro

Gallone mountain with respect to the injection point and how this 

affects the direction of the drift. This feature is particularly visible in 

the Ag ~ Ne case. 

At this point is is possible to calculate the Z distribution 

integrated over angle, provided one knows the distribution of lifetimes 

as a function of impact parameter b,n(t,b): 

00 00 

do/dZ = f dt f ,2nbP(b) ¢z (b, t) l1(t,b) db . 
o 0 

\.. 
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One can go one step farther and evaluate the cross section as a function 

of Z and e directly. The differential cross section can be written 

as follows: 8,26 

a
2
a _ foo I bP(b) I azan - dt E . de ¢z(b,t) IT(t,b) 

b Slne ao 
o 

where PCb) is the probability that a collision at impact parameter b 

leads to a deep inelastic collision. The sum is carried over all the 

impact parameters b which result in a particle Z being emitted at the 

angle e after a time t. The quantity IT(t,b) is the probability that 

the intermediate complex characterized by an impact parameter b will 

live a time t. This expression is very general and it implies a 

(29) 

complicated folding over unknown deflection functions. It is possible 

to obtain reasonable results if, as done by M:>rettb and Sventek8,1l 
\ 

and by Sventek and M:>retto,26 one assumes rigid rotation of the complex 

with a moment of inertia suitably averaged between the entrance channel 

and the exit channel asymmetry. In the former paper, where the cal-

culation was performed for lighter systems, a statistical time distribution 

was used: 

ITCb, t) 1 -tiT 
= - e . 

T 
(30) 

independent of b, where T is the average lifetime of the system. An 

example of this calc~atfon is shown in Figs. 32 and 33. In the latter 

paper, the calculation was performed for a heavier system where the 

experiment suggests a nruch narrower time distrihution which was assumed 

to'be of the form: 
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1 ( 1\2 2 IT (t ,b) = NLbT exp - t - T (b)/ '/0 (b) , (31) 

where N(b) is a normalization constant, 

T(b) = T(O)(l - bib ) max 
22· 

o (b). = 0 (0)(1 - bib ) max 

(32) 

These forms for the first and the second moment of the time distribution 

have a linear dependence on b suggested by trajectory calculations 

similar to those performed by Tsang~O The former and the latter 

expression for IT(b,t), quite different for a heavy system like Kr + Au, 

give nonetheless the same result when applied to the lighter system 

studied in Ref. 8 because of the relatively narrow window in impact 

parameters leading to deep inelastic collisions in that reaction. 

Examples of the calculation for Kr + Au are shown in Figs. 34 and 35. 

Further discussion on the agreement between experiment and theory will 

be given in Section IV. 
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SECTION II. '!HE MASS OR mARGE DIS1RIBm'IONS 

An Experimental Note 

A very powerful tool 'in studying heavy ion reactions is the .:1E, 

E telescope which allows one to measure the atomic number of the reaction 

products. This method, for its great simplicity and versatility has 

been widely used. In particular, in our group, we have developed a 

gas.:1E detector6l that enables us to resolve individual atomic numbers 

up to and above Z = 60 (Fig. 2). All of our data presented in ,this paper 

have been taken with such a device. As a result, we have obtained Z 

distributions , without any infonnation on the masses. Because of the 

rapid equilibration between target and projectile insofar as the N/Z 

ratio is concerned, we may loosely use the word mass asyrrmetry when 

we have actually measured the charge asymmetry, etc. 

The Two Regimes in the Mass Distributions 

The mass distributions observed in heavy ion induced reactions 

can be divided in two classes. The, first class includes very broad 

distributions, without a well defined peak in the vicinity of the projectile 

and of the target. The second class includes relatively narrow distributions 

peaked at the target and at the projectile masses. The latter class is 

associated with the so called "quasi- fission"-reactions, while the former 

is associated with the so called "deep inelastic" reactions. 

Early studies', seemed to suggest that very broad distributions are 

associated with reactions induced by light projectiles, while narrow 

distributions are associated with reaction induced by heavy projectiles on 

heavy targets. At present it appears that one can obserVe both kinds of 

distributions in the same target-projectile combination by simply varying 
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the bombarding energy, or the ratio of the center of mass energy to the 

interaction barrier E/B. For values of E/B not far from unity, the 

distributions are narrow and peaked in the vicinity of the target and 

projectile. For larger values of E/B, the distribution tends to become 

broader. In terms of the diffusion model, broad distributions are 

associated with long lifetimes, and sharply peaked distributions are 

ass6ciated with short lifetimes. With some uncertainty due to the still 

sketchy experimental situation, one can tentatively conclude that, for 

each reaction, the lifetime of the intermediate complex increases with 

increasing E/B. If this is the case, one I1R.lst conclude that the 

lifet~me is a dynamical rather than a statistical quantity, and 

can be presumably associated with the time of contact of the two 

nuclei moving in and out along a radial coordinate. This point will 

be taken up again in the discussion about the angular distributions. 

The Lon§ Lifetime Regime or the Regime of Broad 
Charge istributions 

Th d f " "d d b I" h " "I 1,2,5-7 27-39 e stu y 0 reactIons In uce y Ig t proJectl es ' 

(up toAr) on a variety of targets at fairly large energies above the 

interaction barrier showed the presence of two fairly well identifiable 

components: the quasi-elastic component, visible in a narrow angular 

range about the graz,ing angle and in a narrow Z range above the 

projectile Z ; and the relaxed component, present at all angles and 

essentially for all atomic numbers. In contrast to the narrow Z 

distribution of the quasi-elastic component, the Z distribution of the 

relaxed component is very broad, reminding one of fission. It was not 
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immediately clear whether these distributions were due to compound 

nucleus fission, possibly enhanced by the lowering of the barrier due 

to angular momentlUIl, or else a new non-compOlmd nucleus mechanism was 

involved. The first possibility was favored by the nearly thermalized 

kinetic energy distributions associated with the relaxed or deep 

inelastic component of the cross section. Furthermore the general 

shape of the distributions Y(Z} qualitatively respected the statistical 

d " " 27-31 pre IctlOn: 

Y(Z) = K(Z) exp-V IT z 

where Vz is the potential energy of the system at the ridge point 

with the required mass asynnnetry"; and T is the temperature. In other 

(33) 

words, the cross section appeared to be high where the potential energy 

is low, and vice versa. This can be seen in some of the Z distributions 

shown in Fig. 3 to Fig. 7. Furthermore, a general increase in width 

of the distributions, or a flattening of the slopes with increasing 

excitation energy, seemed to indicate a VIT effect, very much statistical 

" 27-31 In nature. 

However, a careful inspection showed unmistakable entrance channel 

effects in the Z distributions, especially when comparisons of reactions 

expected to lead to similar compound nuclei, but with substantially 

9 different entrance channel mass asynnnetries, were made. For instance, 

.in the reactions 107,109Ag + 20Ne (Ref. 30) and 107,109Ag + 40Ar (Ref. 29) 

shown in Figs. 3 and 4, the general patterns of the 'Z distributions appear 
107 109 40 " / to be reversed. In the ' Ag + Ar reactIon, one observes an increase 

of cross section with increasing Z; in the 107,109Ag + 20Ne reaction onc 
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observes a minimum in cross section at about Z = IS, a sharp increase of 

the cross section at lower Z'S and a weak increase of the cross section 

at higher Z's. These features seem to be definitely related to 

. 107 109 20 entrance channel effects. In fact ln the case of ' Ag + Ne the 

cross section is largest at low Z'S in the general vicinity of Z = 10, 

h ·l . th of 107,109Ag 40A h t·· 1 t w 1 e, ln e case + r, t e cross sec lon lS arges 

at high Z'S in the general vicinity of Z = 18. These substantial 

changes are not expected from a compound nucleus decay, since the ridge 

line, controlling the statistical emission of fragments of different 

masses or changes, should be very similar for the two reactions. 

A more plausible assumption, consistent with the observed entrance 

channel effects, is that the experimental Z distributions are generated 

by a diffusion process along the mass asymmetry coordinate. If this 

is the case, one should be able to observe the effects of the potential 

energy along the mass asymmetry coordinate (ridge line) upon the 

diffusion process. A comparison with the ridge line potential energies 

and with the diffusion calculations is actually very instructive 

(Fig. 1). In the case of Ag + Ne, for many of the £ waves, the injection 

point is slightly to the left of the Businaro-Gallone mountain, leading to 

a rapid drift towards smaller atomic numbers, as experimentally observed. 

I th f h 107,109A 40A . h·'· .. n e ,case 0 t e g + 'r reactlon, t e In]ectlon pOlnt lS 

slightly to the right of the Businaro-Gallone mountain, leading to a 

\.Irift in the Ji:-;lrihutil))\ towartl:-; largl~r atomi(" mnnhers. also as observed. 

F h . 58N" 4°Ar 5 h . F· 5 . t· ··1 t' or t e reactlon 1 '+ ,s own ln 19. ,a Sltua lon Slffil ar 0 

107 109 40 . that of " A1' + Ar art ses • leading to an increasing cross section 

with increasing atomic number. 
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I th f th . 197A 40 A h . I'· 6 h . n e case 0 e react10n' u + r. s own 1n'lg. t ere 1S a 

peaking-in the vicinity of the projectile at the most forward angles 

on a backgrOlUld rising with Z.3l This is consistent with the fact 

that the injection point is indeed to .the right of the Businaro-Gallone 

point. However, one should not forget that more or less ordinary 

fission should be present. 

For the reaction 107,109Ag+86Kr shown in Fig. 7,the injection point 

is so close to the bottom of the syrmnetry minimlIDl that the Z distrihution 

at sufficiently backward angles is completely syrmnetric. 40 In this 

case, only the forward peaked angular distributions suggest that one 

is not dealing with compound nucleus reactions. Similarly for all other 

reactions mentioned above, the angular distributions are the most 

decisive evidence against a compound nucleus mechanism. 

In conclusion, the Z distributions considered so far do not easily 

betray their non-compound nucleus origin. The degree of relaxation 

along the mass asyrmnetry coordinate is such that only relatively weak 

signs of the entrance channel asyrmnetry are visible. The distributions 

are so broad that, as predicted by the diffusion model, phenomena 

reflecting the ratio Vz/T becomes dominant. In this respect it becomes 

quite difficult to distinguish and resolve contributions coming from 

true fission from those coming from deep inelastic reactions. 
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The Short Lifetime Regime, or the Regime of Sharp 
Charge Distributions .. 

The first reactions studied with projectiles heavier than Ar on 

h 3,4,41-45" d" 1 h d d""b" d eavy targets lmme late y s owe a mass lstrl utlon centere 

about the target and the projectile. The group who discovered the 

3 phenomenon,labeled it quasifission, in view of the fact that the kinetic 

energies associated with the products were nearly thermalized or 

fission-like (Fig. 8). The observation of these features removes any 

doubt about the qualitatively different nature of these reactions from 

either compound nucleus or direct reactions. A more detailed study of 

these reactions has been performed by means of the Z determination of the 

,individual fragments. Let us consider the following reactions for sake 

of example: 197Au + 86Kr , 159Tb + 86Kr , both at 620 MeV and 197Au + 136xe , 

159Tb + l36Xe both at 980 MeV. The corresponding Z distributions are 

shown in Figs. 9-12. 

Let us consider first the reaction 197Au + 86Kr .ll,46 The Z 

distributions shown in Fig. 9 show a various degree of peaking at the 

Z of the projectile, depending upon the angle of measurement. Sharper 

Z distributions are observed at intermediate angles where the angular 

distributions are peaking. Broader distributions are seen at more 

forward angles, and even broader distributions are seen at more backward 

angles. In the latter case it is very difficult to say where the 

distributions are actually peaking, since they are not symmetric and 

their maxima are so broad that the cross section is about constant over 

more than ten Z units. 



o 0 7 :3 8 

-23-

Sharp distributions, in diffusion language, are young distributions 

that have not had time to spread. Therefore, moving from forward to 

backward angle, we have the sequence: middle age, young, old distributions. 

We have commented elsewherell ,46 that this is strongly suggestive of a 

lifetime decreasing with increasing angular momentum. 

For the same velocity v at the interaction radius, small impact o 

parameters have a large radial velocity (which may mean large radial 

interpenetration and long lifetime) and a slow angular velocity, while 

the largest impact parameters have a small radial velocity and thus a 

short lifetime, and a large angular velocity. Therefore, it seems 

possible to associate the backward angle distributions with large 

impact parameters, the intermediate angle distributions with small 

impact parameters and the forward angle distributions with intermediate 

impact parameters. 

This association is also justified in terms of angular velocity. 

Small impact parameter systems live long but rotate slowly and cannot 

reach very forward angles. Large impact parameter systems rotate much faster, 

but decay so soon that they cannot rotate too forward. The intermediate 

impact parameters have optimal angular velocity and lifetime to reach 

the most forward angles. 

In support of what has been said above, it can be observed that 

the young distributions are not very well relaxed in kinetic energy, 

while the middle age and the old distributions have progressively more 

relaxed kinetic energy distributions. Comments along the same line 

47 have been made also by Wolf and Roche. 
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I h l59Tb 86K 0 (PO 10) h n t e + r reactIon Ig. , t e same patterns can 

. d 48 be observe . The general picture, however, is that of a more extensive 

relaxation. In particular, the most backward distributions are not 

at all peaked in the neighborhood of the projectile, nor are the 

intermediate angle Z distributions if their higher energy component 

(quasi-elastic) is removeq. In both reactions one would like to see a 

drift of the mass distribution peak towards symmetry. However, while 

there is an excess cross section at larger Z'S, it is hard to see a 

well defined peak in the backward angle distributions. In many respects 

the Z distributions at backward angles, especially for l59Tb + 86Kr , begin 

to resemble those observed in the 107,109Ag + 86Kr reaction,40 illustrated 

above. 

In the reactions 197Au + l36Xe (Ref. 49) and l59Tb + l36Xe (Ref. SO) 

at 979 MeV (Pigs. 11 and 12), the short decay time features are even 

more enhanced. The peaking at the projectile seems to persist over a 

broader angular range than in the previous reactions. 

197 136 0 In the Au + Xe reactIon, a strong fission component is observed. 

It can be separated from the deep inelastic component because the kinetic 

energy spectrum shows two peaks. This component, arises from the fission 

of the quasi Au fragment. The fission of the quasi target is essentially 

absent in the reaction l59Th + 136Xe hecause of the much higher fission 

harriers involved. 

As a final example of mass distributions we consider those arising 

from light target-projectile combinations studied in the previous 

subsection, but at much smaller values of E/B. 
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The reaction 197Au + 4°Ar , which, already at 288 MeV bombarding 

energy shows a peak in the mass distribution in the vicinity of the 

projectile, and other quasi-fission features 31 (Figs. 6 and 23), shows 

at 220 MeV a more dramatic quast-fission pattern in the mass distribution. 51 

Similarly the reaction 63eu + 93Nb at 280 MeV shows a mass distribution 

52 centered about the projectile and the target. 

E th t " 107,109Ag + 40A h " ha d" "b" 53 ven e reac lon . r c anges ltS c rge lstrl utlon 

when the energy is lowered at 170 MeV, showing two peaks. A first 

sharp peak is centered at the projectile and a broader peak seems to 

be centered at syrrunetry (see Fig. 13). This represents the evidence 

indicating that the mass distributions should be classified in terms 

of the ratio E/B rather than in terms of the target-projectile combinations. 

Dependence of the Z Distribution Upon Energy Dissipation 

In many reactions, especially in those of the quasi-fission type, the 

relaxed and the quasi-elastic components are, at times,bridged by a 

partially relaxed component. It is then desirable to find out the 

dependence of the charge or mass distribution on the degree of damping. 

The mass distributions, when observed for bins of decreasing 

f k"" 11,54,55 d b ragment lnetlc energy start out very narrow an ecome 

progressively broader. Their shape is approximately Gaussian and the 

centroid at times seems to drift with decreasing kinetic energies, 

at other times it seems to remain fixed at the Z of the projectile. 

EXamples of such distributions are given in Fig. 14 and Fig. ]S. 

11 In certain cases these distributions are given for a fixed lab angle, in 

other cases, like in Figs. ] 4 and 15 ,the distributions are integrated over 

angle. The Z distributions shown in Figs. 14 and 15 have been ohtained by 
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defining the energy bins by means of EF t vs. Z lines parallel to the ragmen . 

experimental EFragment vs Z line corresponding to the relaxed kinetic 

energy centroids as determined frommeasurementsat backward angle. 

This fancy procedure has the advantage of defining the energy bins for 

constant energies above the completely relaxed energy line. 

The qualitative meaning of these distributions is clear. At 

small degrees of energy relaxation, one observes narrow Z distributions, 

while at greater degrees of energy dampin& the Z distribution become 

substantially larger. This shows that the diffusion in mass asymmetry 

occurs also before complete energy relaxation, which is not too 

unexpected. 

The quantitative use of these data is not as simple as it may appear~ 

One for instance could use the equations derived in Section I in order 

to relate the widthsof the mass distributions to their centroids, or 

to relate the widths of the mass distributions to the energy loss. 

Unfortunately, these data, either taken at fixed angle or integrated 

over angle contain contributions from different ~waves which may 

vary from bin to bin in a complicated way. Since the diffusion 

properties are different from each ~wave, it seems reasonable to conclude 

that the analysis of these data without unfolding the ~ distribution can 

yield only qualitative, or at best semiquantitative results. 

This point has been touched in Section I and will be discussed 

again in Section IV. 
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SECTION III. THE ANGULAR DISTRIBUTIONS 

Lifetime and Rotational Period, or the Two Angular 
Distribution Regimes 

As in the case of the charge distributions discussed in the previous 

section, two kinds of angular distributions are observed in deep 

inelastic reactions. Forward peaked angular distributions are observed, 

frequently, but not necessarily associated with broad Z distributions, 

and side-peaked angular distributions are observed usually associated 

with narrow Z distributions, peaked at the Z of the projectile. 

As will be seen later on in this section, there is a continuous 

evolution from one kind of angular distribution to the other. The physical 

quantity which determines the prevailing angular distribution regime is 

the ratio between the lifetime of the complex and its mean rotational 

period. If this ratio is small, the system does not have a chance to 

rotate enough to reach 0°, and consequently the products are emitted 

at side angles, on the same side of the impact. If this ratio is large 

and approaches one, the system rotates past 0° decaying in the meantime. 

This generates a forward-peaked angular distribution. If this ratio is 

very large, much larger than one, the system has a chance to rotate 

several times before it decays and, if the lifetime distribution is 

sufficiently broad, the angular distribution will become synnnetric 

about 90° and will tend, for large angular momenta to the l/sin8 limit. 

In order to evaluate such a ratio, one needs a rather detailed 

and sophisticated model. However, it has heen empirically ohserved 

that the ratio BIB is a good predictor of the angular distribution 

regimes. At EIB values below 1.6, one observes side peaking, while 

for values of BIB above 1.6, one observes a forward peaking. 
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The possible reason why E/B is a good empirical parameter can be seen as 

follows. Let us consider the quantity: 

E E - B - - 1 = B B 

Provided that the Coulomb barrier is close to the interaction barrier, the 

above quantity can be written as follows: 

E B l1v
2
R 1 [211V R2] [v ] 1 [ v R2] [V 1] ~ ~ 2Zl ~2 = 4" Zl ~2 ~ ="2 211 ;; Zl Z2 ~ R (34) 

where 11 is the reduced mass of the target-projectile at the interaction 

radius R; Vo is the center of mass velocity at the same radius; and 

Zl' Z2 are the target and projectile atomic numbers. 

Let us now consider an impact parameter such that the radial and 

tangential velocities are the same. At the interaction radius these 
v 

velocities 0 are - . Then the first square bracket in the last expression 
n 

represents the time it takes the system, subj ect to· a force equal to 

the Coulomb force at the interaction radius, to move radially in and out. 

Insofar as viscosity is neglected (which may be dangerous); insofar 

as the Coulomb force is representative of the forces at the interaction 

radius (which is not as bad as it sounds because the centrifugal force 

at sufficiently larger R, value may partly compensate the nuclear force); 

and for a moderate value of v , the first square bracket can be identified o 

with the lifetime: 

Tlifetime 

where y is the velocity; c is the force; ~max is the maximum ~ wave 

associated with the reaction. 

(35) 
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The second square bracket is just the angular velocity (assuming 

no sticking and no dissipation). 

The product of the two brackets is the angle of rotation of the 

complex, prior to decay: 

A rotation of 1 radian may.be a good criterion for discriminating 

between orbiting past 0° and side decay. We then obtain: 

1 = 2(j - 1) 

(36) 

(37) 

In conclusion 2(j - 1) represents the product of a lifetime of some 

sort and of an angular velocity. The rotation of a radian is obtained 

wi th E/B = 1. s. For those who do not like this a posteriori j ustifi -

cation, Table I shows that indeed for E/B aroWld 1.6 or lower, the 

side peaking in the angular distribution is well established while for 

values larger than 1.6 the angular distributions are completely 

forward peaked. 

The Regime of Long Relative Lifetimes (E/B > 1.6) 

As it was seen in the previous section, reactions induced by 

fairly light projectiles (up to Ar) at moderately high energies, 

are characterized by broad mass distributions. The nearly thermalized 

kinetic energy spectra associated with such products, together with 

the broad Z distributions are very reminiscent of compoWld nucleus 

fission. On the other hand, various features in the Z distribution 

suggested a non-compound nucleus mechanism. 
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Table I. 

Reaction ELab(MeV) ECM(MeV) B(MeV) E/B 

107,109Ag + 40Ar 340.0 248.0 101.0 2.46 

288.0 2l0.0 101.0 2.08 

170.0 124.0 101.0 *1.22 

197Au + 40Ar 340.0 283.0 154.0 1.84 

288.0 239.0 154.0 *?1.55 

220.0 182.0 154.0 *1.19 

83Nb + 63eu 280.0 167.0 138.0 *1.2l 

.197A 63C u + u 443.0 336.0 235.0 *1.43 

365.0 276.0 235.0 *1.17 

107,109A 86K g + r 620.0 339.0 184.0 1.84 

159Tb + 86Kr 620.0 402.0 240.0 1.67 

181Ta + 86Kr 620.0 420.0 264.0 *1.59 

197Au + 86Kr 620.0 431.0 282.0 *1.53 

159Tb + 136Xe 980.0 528.0 339.0 *1.56 

197Au + 136Xe 980.0 579.0 399.0 *1.45 

* The asterisk indicates the observation of a fairly extensive 
side peaking .. 
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However, remarkable features observed in the angular distributions, 
/ 

(R~fs. 1, 2, 5-7, 27-39) like forward peaking in excess of l/sinO and 

its dependence upon the Z difference between the actual fragment and 

the projectile are crucial in ~ling out compound nucleus reactions. 

It is worth repeating that this forward peaking is associated with 

the relaxed component of the cross section. While in many cases the 

forward 'peaking is associated with slightly higher kinetic energies, 

especially at angles smaller than the grazing angle, still such increases 

are minimal when compared with the bombarding energy (Fig. 23). The 

slight increase in kinetic energy with angle appears to be associated 

with an increase in impact parameter leading to a decreased degree of 

energy dissipation. 

An overall picture of the features associated with the angular 

distribution as a function of the Z of the fragment can be obtained 

from Fig. 16 to Fig. 21. In all of these reactions the most remarkable 

feature is the excess forward peaking in the center of mass angular 

distributions, especially in the vicinity of the projectile. 

The forward peaking implies the existence of an intermediate 

'complex with a lifetime shorter,than the mean rotational period. It 

also suggests that such an intermediate complex retains in its shape 

a memory of the initial target-projectile combination. This is an 

important observation: a completely randomized shape, even if associated 

with a very short lifetime, would not lead to a backward-forward asymmetry. 

A further observation is that the kinetic energy dissipation occurs on 

a time scale shorter than both the rotational period and the mean lifetime. 
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The extent of rotation prior to the decay of the intermediate 

complex can be established approximately by the following observations: 

the forward peaking implies orbiting past 0°, while the presence of 

fairly large cross sections, and occasionally even of a minor peaking in 

the backward direction suggests that; at least at times, orbiting extends 

to almost one complete rotation, as far back as 180°. 

By far the most important feature, observed in all these reactions, 

is the dependence of the angular distribution upon the difference in Z 

between the observed fragment and the projectile. MOre specifically, 

the forward peaking is more pronounced in the vicinity of the projectile, 

and fades away toward the 1/sin8 limit for fragments with Z' s far removed· 

from the projectile. 

. 8 9 11 This phenomenon finds its qualitative explanatIon " in an 

increasing time lag associated with the population of configurations 

farther removed in mass asymmetry from the injection asymmetry. 

Configurations with fragments close in Z to the projectile are quickly 

populated and can quickly decay, thus generating a substantial forward 

peaking. Fragments farther removed from the projectile are populated on 

a larger time scale and decay over a longer time period, thus generating 

angular distributions more symmetric about 90°. It was such a peculiar 

combination of kinetic energy therrnalization,associated with a time 

evolution along the mass asymmetry coordinat~ that led us to postulate 

the existence of an intermediate complex, nearly equilibrated in all 

the collective degrees of freedom and evolving along the mass asymmetry 

mode by means of a diffusion mechanism~,9,11 
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The apparent effect of the ridge-line potential upon the time 

evolution of the system also seems to suggest a diffusion process. For 

instance, the disappearence of the excess forward peaking as one moves 

away in Z from the projectile, appears to be asymmetric at times. In 

l4N + 107,109Ag reaction (Ref. '28), and also in 20Ne + 107,109Ag reaction 

(Ref. 30) shown in Fig. l6,the forward peaking is more pronounced and 

persistent for fragments lower in Z than the proj ectile, while, 'for higher 

Z fragments, the excess forward peaking rapidly disappears. A check of 

the potential energy vs. mass asymmetry shows that for both of these 

reactions, the injection point lies more or less to the left of the 

Businaro-Gallone mountain (Fig. 1). Consequently, the potential energy 

appears to drive the diffusion process rapidly to the left and slowly 

to the right of the injection point. Configurations associated with 

fragments lower in Z than the projectile are quickly populated and they 
\ 

can quickly decay with the resulting sharp forward peaking. Instead, the 

fragments higher in Z than the projectile are populated on a slower time 

scale and consequently the excess forward peaking rapidly disappears. An 

. 197 40 inversion of these phenomena can be observed in the reactlon Au + Ar 

at both 288 and 340 MeV bombarding energies 3l (Fig. 17). In this case, the, 

injection point is to the right of the Businaro-Gallone mountain and the 

potential drives the diffusion towards symmetry. The experimental data 

107 109 20 shows that, contrary to the 'Ag + Ne case, the excess forward 

peaking is retained from Z = 18 to about Z = 29 or 11 atomic numbers 

above the projectile. A distance of only 4 to 5 atomic numbers was 

sufficient to reduce the angular distributions to the 1/sin8 form jn the 

f th 20N . 107,109A, case 0 e e + . g. 
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An intermediate situation occurs for the reactions 107,109Ag + 40Ar 

(Fig. 18)29 and 58Ni + 40Ar (Fig. 19).5 In hath cases the injectlon point 

is slightly to the right of the Businaro-Gallone n~untairt. This 

hampers, to some extent, the diffusion to the left of the injection 

point. On the other hand, once over the hump, the systems can rapidly 

diffuse downhill toward the lowest Z's. This may explain why the 

forward peaking is not quite as pronounced as in the previous reactions 

but it extends over a remarkably great Z interval. 

Th 1 1 . . f 40C 40C (R f 34) 1 e . comp ete y synnnetrIc reactIon 0 a + a e. a so 

shows the progressive disappearance of the excess forward peaking 

in the angular distributions as one moves away from the injection 

point (Fig. 20). 

The magnitude of the forward peaking in a given reaction appears 

to be determined by the bombarding energy. A sharper forward peaking 

is observed at lower bombarding energies. See for instance Figs. 16 

and 17. This effect is certainly related to the obvious decrease of 

the parameter E/B and finds its qualitative explanation in the decrease 

of the rotational frequency and in the lifetime as well. A further 

decrease of E/B does in fact lead to a side peaking in the angular 

distributions. 

It is worth noticing that even the reaction 107,109Ag +86Kr , at 

620 MeV bombarding energy,40 falls in the category of. long relative 

lifetime (E/B = 1.84). The angular distributions (Fig. 21) clearly 

manifest this limit in their complete lack of side peaking and in a 

persistent forward peaking, visible for most of the fragments. 
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Let us consider the reactions l07,109Ag + 86Kr (E/B = 1.84)40 

and 197Au + 4°Ar (E/B = 1.55)31 in more detail because they illustrate 

the transition from a long lifetime relative to the rotational period, 

to a short relative lifetime. ~n Fig. 22 the Wilczynski plots for some 

of the fragments with Z close to the projectile are shown for 

l07,109Ag + 86Kr . The patterns are typical of an orbiting regime with 

a well developed relaxed component. Quite a different (and puzzling) 

picture is presented by the 197Au + 4°Ar reaction (Fig. 23). For 

Z > Z ,- the patterns correspond to an extensive orbiting regime. The pro] . 
kinetic energies rapidly become completely relaxed as Z increases and 

the angular distributions are forward peaked. Instead, for Z < Z -pro] 

the kinetic energies do not relax completely, the evidence of orbiting 

is reduced and sizable side peaking is observed in the angular distributions. 

These features tend to anticipate the features observed in the so c~lled 

quasi-fission process. It is not clear as yet why in the reaction 

197Au + 40Ar such dramatic difference should exist between the low Z's and 

the high Z's. 

The Regime of Short Relative Lifetimes 

The earlier measurements of angular distributions for quasi-fission 

reactions were gross angular distributions, which included all the 

d 3,4,41-45 Th I d- -b - -d k d pro ucts at once.· ese angu ar 1str1 ut10ns are S1 e pea e , 

the peak appearing in 'the neighborhood of the grazing angle. Incident:llJy, 

the association of the rainbow angle with the, grazing angle is a bit 

mystifying. Although ther.e is an undeniable' experimental correlation 

between the two, one should not take such a correlation to be evidence 

of a strict genetic relationship. In fact, the tangential velocity as 

-------'-----~-~---------
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well as the radial velocity at distances close to the interaction radii 

should be substantially reduced, as shown by the low exit channel 

kinetic energies. This implies.that the correlation between grazing 

angle and rainbow angle is more complicated than that observed for 

the quasi-elastic reactions. The simplest conclusion one can draw 

from the side peaking is that the lifetime of the complex is, on the 

average, so short as compared to the rotational period, that the rotation 

does not extend past 0°. 

The remarkable feature of the side peaked angular distributions, 

together with the mass distributions peaking at about the projectile 

mass, may lead to the speculation that quasi -fission is a process . 
J 

di.stinctfrom the deep inelastic processes which are instead characterized 

by broad mass distributions and by forward peaked angular distributions. 

However, we have shown experimentally that the two processes are in 

fact one and the same, the differences being simply related to the 

differences in lifetime and rotational period. 

Let us consider the mass (or Z) distribution. If the spread in 

mass (or Z) is due to a diffusion mechanism, the lifetime should 

increase with the difference between the Z of the observed fragment 

and that of the projectile. If the increase in lifetime is sufficiently 

large, one may expect the onset of orbiting beyond 0°, which causes the 

angular distribution to evolve from side peaked to forward peaked. 

Th o 0 I hOb dOh 0 f 197A 620 MeV IS IS exact y w at IS 0 serve In t e experIment 0 U + . 

86Kr where we studied the angular distributions as a function of atomic 

ntunber of the fragments. 46 Figure 24 shows a sharp side peak at Z = 36. 

As one moves towards either lower or higher Z's, one observes a movement 
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of the side peak towards 0°, a simultaneous increase of the cross 

section at 0° and the evolution of the side peak into a shoulder first, 

and into a forward peak later for ZI S sufficiently removed for that 

of the projectile. .. 
The evolution from side peaking to forward peaking can be better 

appreciated in the Wilczynski plots shown in Fig. 25. As expected, 

this evolution of the angular distribution is nearly syrranetric about 

the projectile and strongly supports the assumption of a diffusion 

mechanism along the mass asyrranetry degree of freedom. At the same 

time, a continuous connection is established between forward peaked 

angular distributions and side peaked angular distributions, showing 

the essential identity of quasi~fission and the other deep inelastic 

processes. Similar features have been observed in the angular 

distributions for various mass windows in the reaction 197Au + 365 MeV 

63 deed b ~ 42 Cu stu 1 y Peter et ale 

The overall evolution from side peaking to forward peaking can 

be controlled by simply altering the E/B ratio. Good examples of this 

feature are the reactions 197Au + 63Cu at 365 MeV (E/B = 1.17) and 

at 443 MeV (E/B = 1.43) studied by Tamain et a1. 56 (Fig. 26) where the 

broadening of the side peak and its sh~ft towards smaller angle suggests 

the onset of orbiting. Orbiting is also completely evident in the 

reaction 16SHo + 84Kr at 714 MeV (E/B = 1.89) studied by Birkelund et al. 57 

where even the gross kinetic energy spectra show the double peaking 

so typical of reactions induced by lighter projectiles. 

The angular distribution Sh0W11 in Fig. 27 for 159Tb + 86Kr at 

620 MeV (E/B = 1.67)48 portray a very small amount of side peaking in 
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the immediate vicinity of the projectile, mostly due to incompletely 

relaxed events. A predominance of the forward peaking (or orbiting) 

is observed for all the remaining Z's. An extreme orbiting regime 

can be seen again in the reaction 107,109Ag + 86Kr at 620 MeV40 

(E/B = 1.84), described above (Figs. 21 and 22). 

At the other extreme, the reaction 197Au + l36Xe at 979 MeV 

. 49 
(E/B = 1.45) can be considered. In Figs. 28 and 29 the angular 

distributions and the Wilczynski plots are' shown as a function of Z. 

The side peaking dominates the angular distributions even at Z's very 

far removed from the proj ectile, although for very low Z' s an incipient 

orbiting is visible in the rising forward angle component of the 

angular distribution. 

A more detailed comparison between the last reaction and the 

reaction 197Au + 86Kr at 620 MeV seems to show interesting effects, 

possibly due to an enhanced deformation of the touching fragments in 

the former system. The first indication is in the average kinetic 

energies as a function of Z, which, when compared to the Coulomb 

energies of two touching spheres, are lower for the 197Au + l36Xe 

reaction. This despite the fact that the total charge is larger in 

the 197Au + l36Xe case and that the mean rotational energies evaluated 

for the spherical target and projectile in contact are 63 MeV for 

197Au + l36Xe and 49 MeV for 197Au + 86Kr . Furthermore, the calculated mean 

rotational periods, for the same spherical configurations, are very 

20 -20 similar to each other: 0.94xlO- sec and O.90xlO sec respectively. 

And, since the Z distributions are quite similar in width, thus 

" indicating a comparable lifetime, one should expect a comparable side 
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peaking. . However, the side peaking is mch IOOre prOnOlnlced in the 

Xe than in the Kr induced reaction. This may indicate a decrease 

in the angular velocity brought about by an elongation of the 197Au + l36Xe 

system. 
. . 197 8 

Much IOOre comparable with Au + 6Kr is the reaction l59Tb + l36Xe 

where the extent of side peaking and its persistence with Z is very similar 

to that observed in 197Au + 86Kr (Fig. 30). 

Angular Distributions as a Function of Fragment Kinetic Energy 

In many cases, but especially in the cases in which one observes 

side peaked angular distributions, like in the Kr and Xe induced 

reactions, there is not a complete separation between the quasi-elastic 

and the relaxed component. Furthermore, the so called relaxed 

component is at times very broad in kinetic energy. This suggests a 

study of the angular distributions as a function of kinetic energy. 

The examples shown in Fig. 31 for the 197Au + 86Kr at 620 MeV46 indicate 

that a strong side peaking in the angular distributions is observed 

at the higher kinetic energies and for Z's close to the projectile. 

As the kinetic energy decreases, the side peaks become broader and 

eventually degenerates into a forward peaking (see also Ref. 58). This 

variation in the angular distributions within the "relaxed" peak is 

not well understood. A possible connection can be made with the rate 

of energy dissipation,which has been studied by Birkelund et al. 55 

As shown in Fig. 38,the initial stage of energy dissipation is fast, 

while the latter stage appears to beverr slow. It seems conceivable 

that the lowest kinetic energy products are associated with larger 

decay times and manifest their long life in the forward peaking of their 

angular distribution. 
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SECTION IV. DIFFUSION MJDEL RESULTS, .DIFFUSION CONSTANTS 
AND FOKKER-PLANCK EQUATION COEFFICIENTS 
. 8 

MOretto and Sventek tried to fit the experimental cross sections 
. 107 109 40 and angular distributions for the reactlon ' Ag + Ar at 288 MeV 

bombarding energy. The results, shown in Figs. 32 and 33, indicate 

that the angular distribution patterns as a function of the Z of the 

fragments are well reproduced. In particular, the disappearance 

of the excess forward peaking with increasing distance from the 

projectile is obtained. A direct comparison with the data shows that 
/ 

the calculation reproduces the experiment to within 30%. In the 

calculation,the assumption was made that all of the relaxed component 

of the cross section is associated with the decay of the intermediate 

complex and that compound nucleus fission is absent. The arguments 

justifying this hypothesis can be found in Ref. 8. The parameters 

obtained from the fitting are: 

diffusion constant K = 0.SXl02l charge units sec- l £rn- 2 

-21 mean decay time T = 2.SxlO sec 

In another paper Sventek and Mbrett026 tried to reproduce the angular 

distributions for 197Au + 86Kr at 620 MeV bombarding energy using 

the same fonnalism. The results of their work can be seen :i.n Fig. 34. 

The angular distribution patterns are qualitatively reproduced, in 

particular the disappearance 6f the side peaking in the angular 

distributions with increasing distance from the projectile. This 

indicates that the diffusion process can satisfactorily explain the 

increasing time delay associated with increasing distance from the 

projectile which is responsible for the transformation of the 
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side peaked angular distributions into a forward peaked angular 

distributions. The comparison between experimental and calculated Z 

d.istributions as a function of angle (Fig. 35) shows that the correct 

pattern of sharper distributions at intermediate angles, and broader 

distribution at more forward and backward angles, is also reproduced. 

However, on the whole, the calculated distributions are a bit too 

narrow and too much displaced towards large Z's than the data. This is 

certainly due to a ridge line which is too steep, and which tends to 

introduce an excessive drift. The parameters obtained are: 

K = 0.25xl02l charge units 

-21 T(O) = 3.SxlO sec. 

-1 -2 sec fm 

Here T(O) is the lifetime at Q, = 0 (see Eqs. (31) and (32)) and should 

. not be compared directly with the Q, independent T of the previous 

example (see Eq. (30)). The quantity T(O) is fixed quite accurately 

by the position of the slde peak. It follows that the value of K assumed 

in the calculation is in fact too small, for it gives too narrow widths. 

By adjusting the slope of the potential, it is possible to obtain the 

-21 correct drift and spread for a value of K = 0.5xlO charge units 

sec-1fm- 2. lh1fortunately,we have not determined with certainty 

as yet which shape of the intermediate complex would reproduce the 

necessary slope. The important thing, however, is that the ;quantity 

K in both experiments seems to be around K = 0.5xl02l charge units 

sec- l fm- 2. From it we can calculate the approximate drift and spread 

coefficients associated with the Fokker-Planck Equation. However, we 

nrust point out very strongly that,while K is essentially independent 

of both excitation energies and angular momentum, the Fokker-Planck 
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coefficients ~l and ~2 are dependent on both, as well as on the 

derivative of the potential energy with respect to Z. Therefore, 

in principle, for an actual reaction, one should compute ~l and ~2 

for each 2 wave and for each asymmetry. Since values of ~l and'~2 

obtained for an unknown distribution of 2 waves have been reported in 

literature, we shall calculate the same coefficients for some reasonah1e 

average 2 wave, for sake of comparison. 

The results ar~ the following: For Au + 620 MeV 86Kr (using 

21 -1 -2 
K = 0.5xlO charge units sec fm : 

~l = 3.0Xl02~ charge units sec-I 

~2 = 0.66xl022 (charge units)2 sec-I 

~zI~l = 2.23 

40 For Ag +, AT at 288 MeV: 

~l = 0.79xl02l charge units sec;l 

21 2 -1 
~2 = 5.lxlO (charge units) sec 

~zI~l = 6".5 

2 = 16011 

V' = 1.23 MeV/charge unit 

T = 1.47 MeV 

£ = 9~) II 

V' = 0.6 MeV/charge unit 

T = 1.94 MeV 

N·· b 12,13 hId h 232Th 40AT . 295 M V I oren erg '. as ana yze t e + reactIon at . e )y 

establishing a linear relationship between both the centroid and the 

second moment of the Z distribution with angle e (see Eqs. (19) and (20)) 

and by transforming the angle into time by means of the relation given 

by Eq. (21). The results are: 
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1.Oxl02l charge units sec-l 

2.0xl022 (charge units)2 sec- l 

Notice that here the ratio is: 

llzllll = 20 

Since this ratio, with great generality, is given by ~; this result 
z 

appears rather strange since V~ is approximately 1.0 MeV and T somewhere 

between 1 and 3 MeV. A similar analysis performed by Wolf et al. 47 ,59 

on l65Ho + 84 Kr at 714 MeV ~d on other reactions gives: 

22 . 2 -1 112 ~ 4.0~10 (charge un1tS) sec 

These coefficients are substantially larger than those obtained by us. 

Consequently, although the beautiful linear relationship between a; 
and e giv~n by the above authors47 ,59 in Fig. 36 is rather impressive, 

we feel that the observed widths may be broadened by the t distribution 

and may lead to excessively large 112 coefficients when used as such 

in the Fokker-Planck Equation. As an example we report a calculation 

of a; vs Z - Zo for various t waves and for the weighted average of 

the distributions for the reaction 197Au + 86Kr (Fig. 37). It is 

obvious that there is a great difference from one t value to another 

and it is not clear what meaning can be assigned to the quantities 

obtained from the weighted average of the distributions. 

The analysis by NgO et al. 25 of the data for the reaction 197Au + 63CU 

at 443 MeV and at 365 MeV is less ambitious but may suffer from the 
. 2 

same difficulties. They plot az vs Z - Z and from the resulting o . 
linear plot they obtain: 
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~2/~1 = 6.12 at 443 MeV 

~2/~1 = 3.06 at 365 MeV 

in almost exact agreement with the equation 

In this 
-1 . 

equation VI = 0.7 MeV (charge unit) as calculated for 

5/, = 0; and T is calculated using a = f5 and the excitation energy 

of the intermediate complex for 5/, = 0: The latter assumption we 

judge unsafe because it leads to an overestimate of the temperatures and 

thus of the widths, which experimentally are broadened by the average 

over the 5/, distribution. Another possible difficulty with this work 

regards the derivation of the means and the widths from data which 

deviate severely from a Gaussian shape required by the theory being 

applied. 

Of great interest is the attempt to use the proportionality 

between a; and time: 

by Birkelund et al. 55 ,60 in order to establish the rate of energy 

diSSipation (Fig. 38). It can be seen that the energy dissipation 

occurs in two stages, a fast stage which removes ahout 80% or the 

energy, and a slow stage which removes the remaining energy. During 

the first stage, very little diffusion occurs along the mass asynunctry 

mode, while substantial mass diffusion occurs during the second stage. 
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One must exercise some caution in drawing quantitative 

conclusions from the use of the experimental o~. From the previous 

discussion it appears that the use of 0
2 obtained from the experimental . z . 

distributions may in fact lead to an overestimate of the time, possibly 

by a factor of two to three. Such an uncertainty in time is very 

relevant if one remembers that, for instance, a side peaked angular 

distribution can be transformed into forward peaked angular distribution 

if the time scale is altered by 50% or less. The conclusions is that, 

at present, the diffusion constants are not known better than within 

a factor of two and that the direct use of the Fokker-Planck Equation 
~ . 

to the <analysis of the experimental distributions may be trusted only 

qualitatively. 

( 
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CONCLUSIONS 

The purpose of this paper has been the discussion of the time 

evolution along the mass asymmetry mode of the intermediate complex 

in heavy ion reactions. The experimental evidence of this time 

evolution, consisting of mass or charge distributions, angular dis

tributions and their dependence from fragment kinetic energy has been 

presented. It has been proposed that this time evolution is diffusive 

in nature and can be described in terms of the Master Equation or the 

Fokker-Planck Equation. The application of both equations to the 

experimental data has been discussed and the results have been critically 

evaluated. 
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FIGURE CAPTIONS 

Fig. 1. (a) Ridge line potentials for the four reactions: 108Ag + 20Ne , 

108Ag + 4 OAr , 108Ag + 86Kr , and 197Au + 86Kr . Each curve IS 

labeled 'with its own R, wave. For each curve the potent iali s 

measured relative to the injection point (Z of the projectile). 

(b) Contours of constant population in the plane defined by the 

mass asymmetry coordinate and the time for four R, waves and 

for the reaction 108Ag + 20Ne at 252 MeV bombarding energy. 

. 108 40 (c) Same as in (b) for the reactIon Ag + 'Ar at 288 MeV 

bombarding energy. (d) Same as in (b) for the reaction 

108 86 . Ag + Kr at 620 MeV bombardIng energy. (e) Same as in (b) 

for the reaction 197Au + 86Kr at 620 MeV bombarding energy. 

The sharpening of the population distributions at high Q, values, 

visible especially in (d) and (e) is due to a drastic reduction 

in temperature because of the energy tied up in rotational energy. 

Fig. 2. (a) Cut of the 6E - E map at a fixed E value for the reaction 

l59Tb + 86Kr at 620 MeV bombarding energy.46 Individual atomic 

numbers are visually resolved up .to Z = 45. (b) 'Convolution of a 

constant E cut and .6E - E map with three triangular peak:; as a 

function of the phase for the reaction 197Au + 136Xe at 980 MeV. 

Whenever the three peaks match the positions of three consecutive 

peaks in the cut, a maximum appears in the convolution. In this 

case atomic members are identified up to rind ;d)()v(' Z = ()O. 

Fig. 3. Laboratory cross sections as a function of Z for various laboratory 

angles for the reaction 107,109Ag + 20Ne at 175 and 252 MeV 

bombarding energies. 30 
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Fig. 4. Same as in Fig. 3 for the reaction 107,109Ag + 40Ar at 288 and 

340 MeV bombarding energies. 29 

Fig. s. Same as in Fig. 3 for the reaction 58Ni + 40Ar at 280 MeV 

bombarding energy.5 

Fig. 6. Same as in Fig. 3 for the reaction 197Au + 4°Ar at 288 and 

340 MeV bombarding energies. 3l 

Fig. 7. (b), (c), Cd). Same as in Fig. 3 for the reaction 107,109Ag + 86Kr 
, 40 

at 620 MeV bombarding energy. (a) Total cross section integrated 

over angle from 8Lab = 10° to 8Lab = 55° as a: function of Z. 

Fig. 8. Contour map for the cross section in the plane defined by the 

total fragment kinetic energy and by the fragment mass, for the 

reaction 209Bi + 84Kr at 500 MeV bombarding energy.3 

Fig. 9. · 197 86 Same as in Fig. 3 for the reactlon Au + Kr at 620 'MeV 

bombarding energy.46 

· 159 86 Fig. 10. Same as in Fig. 3 for the reactlon Tb + Kr at 620 MeV 

bombarding energy.48 

Fig. 11. (a) Same as in Fig. 3 for the reaction 197Au + 136Xe at 

980 MeV bombarding energy.49 (b) Z distributions for the 

secondary fission of the quasi Au fragment. 

Fig. 12. · 159 136 Same as in Fig. 3 for the reactlon Tb + Xe at 980 'MeV 
, 50 

bombarding energy. 

Fig. 13. Same as in Fig. 3, for the reaction 107,109Ag + 40Ar at 170 MeV 

bombard i ng energy. 29 

Fig. 14. Z distributions (integrated over angle from SLab = 10° to 

SLab = 55°) for various kinetic energy bins for the reaction 

107,109Ag + 86Kr at 620 MeV bombarding energy.40 The bins are 

20 MeV wide. The bin number multiplied by 20 gives the upper 
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energy of the· bin in MeV at Z = 36. See text for more detailed 

explanation. Notice the narrow quasi-elastic Z distribution 

at the higher kinetic energy bins and the broader Z distributions 

at lower energies. 

Fig. 15. (a) Total cross section, integrated over angle from eLab = 10° 

to eLab = 80° as a function of Z for the reaction 197Au + 86Kr at 

46 620 MeV bombarding energy. (b) Z distributions, integrated 

over angle for various kinetic energy bins. The bin number 

multiplied by 20 gives the upper energy for the bin in MeV 

at Z = 36. Notice the smooth increase in width with decreasing 

bin energy. 

Fig. 16. Center of mass angular distributions as a function of 

fragment atomic number for the reaction 107,109Ag + 20Ne at 

175 and 252 MeV bombarding energies. 30 

Fig. 17. Same as in Fig. 16 for the reaction 197Au + 40Ar at 288 and 

340 M~V bombarding energies. 3l · 

Fig. 18. Same as in Fig. 16 for the reaction 107,109Ag + 40Ar at 

288 and 340 MeV bombarding energies. 29 

Fig. 19. Same as in Fig. 16 for the reaction 58Ni + 4°Ar at 280 MeV 

bombarding energy.5 Notice that, contrary to the previous 

figures the quantity dcr/de is plotted rather than ~ 

Fig. 20. Same as ln Fig. 16 for the reaction 40Ca + 40Ca at 278 MeV 

bombarding energy. 

Fig. 21. Same as in Fig. 16 for the reaction 107,109Ag + 86Kr at 

620 MeV bombarding energy.40 The quantity ~ is plotted. 

Fig. 22. Contours of constant ~ in the plane defined by the fragment 

total kinetic energy (center of mass) and by the center of 

mass angle (Wilczynski plot) for a selected number of fragments 

• 
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for the reaction 107,109Ag + 86Krat 620 MeV bombarding energy .. 40 

Fig. 23. Same as in Fig. 22 for the reaction 197Au + 40Ar (Ref. 31) 

at 288 MeV bombarding energy. 

Fig. 24. Same as in Fig. 16 for the reaction 197Au + 86Kr at 620 MeV 
46 ! 

bombarding energy. 

. Fig. 25. " 197 86 Same as in Fig. 22 for the reactlon. Au + Kr at 620 MeV 

bombarding energy.46 

Fig. 26. Decomposition of the angular distribution da/de for the 

reaction 197Au + 63eu at 365 and 443 MeV bombarding energies 

h " h f b"" 56 s oWlng t e onset 0 or ltlng. . 

Fig. 27. Same as in Fig. 16 for the. reaction l59Tb + 86Kr at 620 MeV 

bombarding energy.48 

Fig. 28. Same as in Fig. 16 for the reaction 197Au + l36Xe at 980 MeV 

bombarding energy.49 

Fig. 29. Same as in Fig. 22 for the reaction 197Au + l36Xe at 980 MeV 

bombarding energy.49 

Fig. 30. Same as in Fig. 16 for the reaction l59Tb + l36Xe at 980 MeV 

bombarding 'energy. 50 

Fig. 31. Center o~ mass angular distributions (da/de) for various 

kinetic energy bins in the reaction 197Au + 86Kr at 620 MeV 

bombarding energy. 46 The bin definition is the same as in Fig. 15. 

Fig. 32. Calculated angular distributions for the reaction 107,109Ag + 40Ar 
. 8 

at 288 MeV bombarding energy. 

Fig. 33. Absolute comparison between calculated and experimental angular 
." 107 109 40 . distributions for the reactlon ' Ag + . Ar at 288 MeV 

bombarding energy.8 
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Fig. 34. Calculated angular distributions for the reaction 197Au + 86Kr 

at 620 MeV bombarding energy.26 

Fig. 35. Comparison between experimental and calculated Z distributions 

Fig. 36. 

Fig. 37. 

. 197 86 at various center of mass angles for the reactIon Au + Kr 
. 26 

at 620 MeV bombarding energy. 

Variance of the charge distribution a2 as a function of z 
center of mass angle for 

47 59 bombarding energy. ' 

h . l65H · 84K 714 M t e reactIon 0 + r at eV 

Calculated dependence of a2 vs Z - Z (Z = 36) for various zoo . 

£ waves in the reaction 197Au + 86Kr at 620 MeV bombarding 

energy. The a2 vs Z - Z curve for the distribution obtained z 0 . 

by integrating over £ with the 2£ + 1 weight is also shown. 

Fig. 38. Experimental kinetic energy loss as a function of the square 

of the measured Z distribution width (FWHM) for the reaction 

209Bi + l36Xe at 1130 MeV bombarding energy.55,60 
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