
MASS TRANSPORT MECHANISM IN THE COLLISION OF 

SULPM7R ON MEDIUM-WEIGHT NUCLEI 

Départaient de Physique Théorique, Centre de 

Recherches Nucléaires, 67037 STRASBOURG-CEDEX 

France 

Abstract 

qj cq (.s 7£ 7Q oc on 

The reactions of S on Co, Cu, Ge, Br, Rb, Y are studied. An 

explanation for the specific shape of the double differential cross sections 

as a function of the scattering angle and the mass asymmetry is given in the 

framework of a transport model. Conclusions about the reaction mechanism 

are drawn. 
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]. Introduction 

During the last years, a wealth of experimental data has merged from the study 
of heavy ion collisions at energies well above the Coulomb barrier. The analysis 
of these data for different nuclei at different energies seems to indicate that 
the deep inelastic process as it was defined in the early times ̂  J is not the 
only observed mechanism. New processes like the fusion-fission and more re
cently the fast fission process^-' were proposed in order'to explain the expe
rimental results. However, it is often quite difficult to see a clean separation 
between these mechanisms and to find a general framework in order to describe them. 

Puzzling effects were discovered in a set of experiments which were performed 
some time ago at Strasbourg^--'. Six medium-weight targets, Co, Cu, Ge, 
79 85 89 32 

Br, Rb and Y, were bombarded with S at energies corresponding approxi
mately Co4:MeV/A. The double differential cross sections d oVdB dy (y « (A2-A])/A, 
the K3S8 asymmetry in the exit channel) show a clearly differentiated behaviour. 
In the case of Co and Cu they remain centered around y - yj, the entrance channel 
asymmetry, with a somewhat broader width in the case of Cu, while for the heavier 
ions, they are centered around y - 0, quite broad in the case of Ge and Br and 
narrower in the case of Rb and Y. In all cases, the calculated fissility para
meter lies between 0.40 and 0.50 and ^Bf«Bn < ^crit * *Bf"0' w' l e r e ^Bf«Bn corres
ponds to the t-value for which the neutron binding energy and the fission barrier 
become equal. This fact seems to point towards a fusion-fission process, except 
for the drastic qualitative difference between the behaviour of the two lighter 
and the four heavier systems. 

It is the aim of the present work to perform a quantitative analysis of these 
results. The analysis goes in two steps. First we try to give a simple-minded 
explanation for the aforementioned differences in shape of the cross sections, 
second we present an explicit dynamical calculation which supports this ex
planation and hopefully gives some supplementary informations about the reaction 
mechanims, i.e. the possible competition between the deep inelastic collision 
(DIC) and the fusion-fission processes. 
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2. The model 
We suppose that the concepts of transport theory and classical mechanic» can 
be used. The evolution in time of the mass distribution function P(y;!;t) where 
Jt is the relative angular momentum is given by the following Fokker-Flanck 
equation^-* : 

3 P f o * ; t ) - - — fvCys^t) P(y;A;t)1 + ̂  [D(y;*;t) P(y;*;t)1 (1) 
3t 3y L J îy L J 

where 

(T ^ 8 y 6 D J A , A 2 A | / 3 + A j / 3 J ' (2) 

0.021 Y /IL R - l I ",-}." ,,,| F(A,r) . (3) 

The parameters Y • A are defined in refs[s], T is the nuclear temperature 
and F(H,r) a form factor, the explicit form of which will be discussed below. 
The excitation energy Ej is given by 

Es,*(y) - Ecu - T r ei<y> - °*<y> <4> 

where E„, is tha cm. energy supplemented by the sum of the binding energies 
of the ions in the entrance channel, T r e ^ the relative kinetic energy and Ug 
the sum of the binding energies for a given fragmentation, the relative poten
tials (Coulomb, nuclear"1'', centrifugal) and the intrinsic rotation energies 
of the fragments. The physical units are MeV - fm - bsecOO »)• 

The numerical integration in time is performed by coupling the transport equa
tions through the dynamical coordinates y and I to the classical equations of 
motion given by the Wilczyuaka-Wilczynski model'--'. 

There is some conceptual incoherence in the practical calculations, due to the 
fact chat we use, for technical reasons, different nuclear potentials, one in 
the classical equations of motion which simulates exit channel deformation 
effects and another one in the transport equation which does not^^. In prac-
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tice however, the discrepancy between the diieipation energy E7 calculated 

through equation (*) and the dissipation energy coming out of the equations of 

•otion never exceed» 2-3 HeV at any stage of the integration procedure. Further-
rg"| 

•ore we do not include any fluctuations of the macroscopic variablesL . 

3. The driving potential 

The dynanical behaviour of the distribution function P(y;£;t) is essentially 

characterized by the position of its centroîd and its width. The displacement 

of the centroîd is the essential point in our investigation since its position 

determines the differentiated behaviour of the double differential cross sec

tions . 

Hence, as a first step and before any effective integration of the dynamical 

equations of notion, we performed a static study of the behaviour of the essen

tial term contributing to the drift coefficient v(y), i.e. 3Ug/3y as a function 

of y, r(relative distance), i, £j and 4 2 (intrinsic angular momenta of the 

fragments). 

He looked first at the ground state binding energies of the fragments. They 

were calculated either with the use of a liquid drop expression^J or taken 

from the experimental mass defect tables'- 4 In the first case, we used the 

assumption of charge equilibration (ZJ/AJ - Z-Mg " Z/A), In the second case 

the charges Z] and Z£ were chosen, for fixed A] and ki, so as to give the mini

mum total binding energy. It cooes out that the results of the two sets of 

calculations are close to one another (up to 2 - 5 HeV) and consistent with 

each other, showing the sane features as a function of y. The essential con

clusions which can be drawn are summarized as follows (see figs. 1-3). There 

is a clear-cut difference between the' cases S + Co and S + Cu and the other 

four systems. For these last systems, the binding energies decrease more or 

less steeply towards a symmetric fragmentation (y » 0), whereas for Cu the 

slope of the curve gets close to zero starting from Aj * 40 up to A. * 49 

(symmetry). Finally, in the case of Co, the slope vanishes around the entrance 

channel asymaetry yj (Aj * 32) and increases from thereon up to the point of 

symmetry (y » 0), the difference of energy betveen y - yj and y » 0 being about 

5 MeV. A detailed analysis of this effect with the mass formula shows 
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unambiguously that this behaviour is uniquely due to the presence of the she'l 
effect term. The pairing tern on the other hand produces saall oscillations in 
these curves which are not reproduced in figs. 1-3, they do not however contri
bute to the general trend of the curves. We did not take care of them in the 
dynamical calculations described below, since they should not play any major 
role in the dynamics at the excitation energies reached by the dinuclear sys
tem during the collision process. 

The results of this analysis remain unaltered if the relative potentials and 
rotation energies of the fragments are added and UJJ. is plotted as a function 
of r, I, Jt|, Z2, at least for values of the relative momentum I which are not 
too high (the upper limit depends of course on the system). Some difficulties 
are observed in the case of Rb and Y (see fig. 3). A plateau develops for 
asymmetries around y • yj and the static analysis of U& indicates that the 
potential possibly drives the systems towards symmetry for rather low I values 
(40-70 -ft). This phenomenon will in fact be confirmed below. 

At this stage it can be said that the behaviour of the driving potential which 
enters the definition of the drift coefficient can qualitatively explain why 
the system gets stuck at y « y; in the case of S + Co and to some extent in 
the case of S + Cu and why it does not in the other cases. The presence of 
shell effects are presented here as a possible explanation of this phenomenon. 
The question arises whether these ground state effects should survive the 
possibly high degree of excitation of the interacting ions (temperature effects). 
Some estimates concerning the plausibility of the argument were made in ref. £llj. 
It is perhaps worthwhile to recall here the importance of structure effects in 
the fission process, in view of the fact that the fissioning nucleus is a stron
gly deformed system and hence can be looked at as a rather highly excited system. 
In our case, shell effects are small in size but nevertheless sufficient to change 
the topology of the driving potential and hence the evolution of the drift coeffi
cient. Admittedly, we do not take care in these calculations of the possible in
fluence of the deformation effects. A coherent description would require the 
introduction of collective deformation variables which we did not attempt to do here. 

We ahall investigate in the next section whether a dynamical study can effectively 
support these conclusions. Furthermore, it has to be found out if the reaction ' 
mechanism can or cannot be the same for the six systems, i.e. if the lighter sys
tems could possibly undergo a deep inelastic mechanism (in which case time argu
ments for example, could prelude the necessity of the presence of shell effects) 
whereas the heavier ones would preferentially undergo fission. 
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4. Dynamical study of the six reactions 

4.1. Integration of the dynamical_eguations of motion 

We mentioned above in equation (3) the implementation of the diffusion coeffi-

cient with a form factor. This is a theoretically well justified procedure1- . It is 

the excitation energy Eg (y) which governs the evolution of the drift and the 

diffusion coefficient. In practice, the possible displacement of the centroïd 

of the distribution and its width sets in much too quickly in time at the 

beginning of the reaction when Eg (y) is small, inducing unphysical effects 

on the width of the distribution and the excitation energy in the following 

time steps. In order to avoid this problem, we introduced a form factor which 

guarantees the consistency of the calculations. We chose 

, ( r . « . „ > • * )" (, - i f v (5> 
*gr *inf r 

where H r is the grazing angular momentum, &£ nf - £or-,>» the angular momentum 

corresponding to the limit of orbiting, R c the sum of the radii of the nuclei. 

The constants C (=0.1), a (= 3) and 6 (= 2) were taken the same for all the 
reactions. They were fixed in such a way that the mass transport starts to pro

ceed when the two nuclei begin to interact through the nuclear potential. There 

might appear that P is overdetermined by the fact that it depends on the two 

variables £ and r. In fact, F could be expressed in terms of the variable r 

only. 

The starting distribution was chosen as a normalized gaussian : 

p ( y ; 4 i £ . t i ) . _ i _ e-*-y02<2°>2

 m 

2 2 2 

2 
The variance cf£ corresponds to a FWHM smaller than one particle, which împli-

citely infers that the diffusion process governs the mass transfer from the 
Ll3] very beginning of the reaction. Coherence effects and the possible break 

down of the classical assumption in the exit channel were not taken into account. 
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Since the exact resolution of the transport equation in its general form 

(equation (I)) leads to cumbersome and tedious calculations, we made the assump

tion that P(y;£;t) keeps gaussian during the process. This allows us to charac

terize the distribution by its first and second moments which are calculated 

at each step in time through : 

3 ^ ^ * /dy P(y;£;t) v(y;S,;t) 
3t 

2 ( 7 ) 

9 <7~al
ty' - 2/dy [v(y:*;t) y(t) + D(y;tf| P(y;£;t). 

with D and v given by equationsf2)and(3) This assumption could have a quantita

tive influence on the shape of the distributions (and hence their widths) but 

should noc affect strongly the displacement of the centroïd which is our main 

point of interest. In fact, the analysis performed in the case of S on Co shows 

that the driving force v(y) is nearly linear in y which supports our assumption. 

We shall nevertheless perform an exact resolution of the transport equation for 

the other systeas in order to clarify definitively this point. It is the distri

bution function obtained at the end of the process which is used in order to 

calculate the classical double differential cross sections. 

As for the classical equations of motion of the macroscopic variables (r,£,fcj,^2^, 

we used the standard paraaeters quoted in ref. •'with a core parameter A = 0.15. 

j.2. Results 

4.2.1. Evolution of the distribution function 

We first analyze the behaviour of the distribution function at the end of the 

reactions for different i-values. In table 1 we show the values of the charac

teristic angular momenta which should be compared with those given in ref. - J 

as well as the centroïds and widths of the distributions at £ » £ „ . . Pi?- 4 shows 
orb 

specific mass distributions which were obtained for the different systems. 

The following conclusions can be drawn. Whatever the H-value of the entrance 

channel, the mass distributions for the system S + Co keeps sitting at (or close 

to, with s mass shift of at most 3 units) the entrance channel asymmetry yj. This 
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result keeps true even for I < £ o r D . Generally the width of Che distribution 

increases regularly with decreasing 1-value reaching a FWHM of about 8 particles 

close to £ort,- The system S + Cu is rather stable too, but one sees clearly 

that the centroïd of the distribution moves slowly towards symmetry which is 

however only approximately reached for £ » 68 (one unit above & o r D ) with a 

fragmentation corresponding to A| * 47, A, * 50. This shift process is more pro

nounced in the case of S + Ge and S + Br, starting rather abruptly at i * 84 

with £ o rb • 76 in both cases. The widths of the distributions for a symmetric 

fragmentation correspond approximately to 12 particles. 

In the cases of S + Rb and S + Y, it comes out that it is not possible to reach 

a mass distribution centered around y » 0 for SL > £ o rb- As mentioned above 

(see fig. 3) this is due to the flatness of the driving potential in the region 

y = yj. One observes however an abrupt shift of the mass distribution towards 

y » 0 for I < £ o rb over an interval of one unit of £ when the time over which 

the equations are integrated is taken long enough. In the case of Z > £ o c b one 

could in fact argue that the diffusion process sets in af'ùer the excitation of 

coherent states through which a certain number of particles would be transferred 

bringing the system to a value of y located at the ridge of the plateau appea

ring in the driving potential. From thereon, the system would quickly run down 

the steep slope towards symmetry. Since we have no handle on this mechanism, 

ve prefer to leave this question open. 

4.2.2. Reaction mechanism 

In order to implement the aralysis, we attempt to get some indications about the 

reaction mechanisms. Because of the choice of our model, we are limited in prac

tice to the part which corresponds to a deep inelastic process, corresponding 

to an (.-window between £ o c], and £_ r. 

The first argument against such a process is given by the analysis of the dissi

pated energy. In our calculations, the energy dissipation in the £-window corres

ponding to a deep inelastic colli«ion is too weak, ranging from IS to 25 HeV, 

whereas the measured differential cross sections range from 40 to 60 MeV. The 

second argument (although experimentally less clearly established since only a 

restricted number of measurements were performed up to now •" ) comes from the 
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fact chat the angular distributions- are presumably rather isotropic. Even more 

convincing is the fact that some measurements were taken at angles which defini

tely lie far out of the range of angles the systems can reach within our trajec

tory calculations (for instance in the case of Br, Kb, Y). The expressions of the 

differential cross sections are taken as : 

do 2rr P . , di n 

d e " k 2 n d e 

•ZS I A„Hhr|P(y;* n ic-+»). (8) d6 dy k 2 i "n i d e 

where k is the wave number. 

These cross sections are far from isotropic, as expected. Figure 5 shows two 

examples of a calculation of double differential cross sections in the care of 

S + Co and S + Br. The maxima are always between 5 to 100 cimes bigger than the 

experimentally measured values, Che widths are Coo narrow by a factor of 2, 

although Che centroîds, for £ close enough to £or|,, may lie at the right position. 

These facts taken together show, Co our understanding, that one can preclude a 

deep inelastic mechanism in all cases- Ic seems reasonable to chink chat a more 

or less fully equilibrated fission process is at work L" J . 

5. Conclusions 

The results of the experiments shown in ref.M essentially asked for Che ques-

cion of che type of the reaction mechanisms which lead to the observed double 

differential cross sections. Starting with fissility and vanishing fission 

barrier arguments and in view of Che behaviour of che four heaviesc systems, 

a fission-like mechanism could be guessed. The essencial remaining difficulcy was 

due to the special aspect of the results concerning the two lighter systems 

Co and Cu. In the case where the same mechanism would have been able Co explain 

Che six reactions, only time arguments (much shorter in the case of Co and Cu) 

could have explained Cheir different behaviour. 

It comes out of this study that one can rule out the deep inelastic process. 

Hence another mechanism is at work in a definite 4-vindow. certainly 



- 9 -

located around I ^,which looks like a fission process. There is no need of 

any time argument in order to explain the differences in the cross sections 

between the lighter (Co and Cu) and the heavier systems, structure effects could 

explain this difference, leading either to asymmetric or symnetric fission

like processes. 

However, some^^uestions remain open or only partially answered._ Deformation effects 

which were not explicitely taken into account in the calculations could play 

an important role in the presumed fission mechanise They could veil explain 

some discrepancies between the experimental £_-;.. and the calculated &OIh (see 

the values for S + Ge and S + Br in table 1) and perhaps account for the diffe

rences in the shapes of the cross sections (3 + Ge and S + Br vs. S + Rb and 

S + Ï). The hope is that they would not destroy the topological form of the 

driving potentials. The inclusion of these effects requires an extension of 

the model which was used here. This point will be investigated in the future. 

Finally entrance channel coherence effects should be taken into account 

[13.141 
Several experimental points remain to be carefully investigated in order to give 

more weight to our arguments : a determination of the fusion-evaporation £-value 

which would fix more clearly the fission window and more detailed angular dis

tribution measurements, essentially at forward angles, in order to ascertain 

their isotropy. It would certainly be interesting to look at the evolution of 

the results with increasing energy in order to verify if the deep inelastic 

contribution will progressively appear. 

This analysis shows that structure effects could play a major role in the des

cription of heavy ion reactions, at least at not too high an energy and for 

light nuclei. Other systems should be "investigated. Some of them are already 

.th.ndL'5.'«f. 
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FIGURE CAPTIONS 

Figure 1 : Flot of the mass defects as a function of the mass asymmetry for the 
systems S + Co and S + Cu. 

Figure 2 : Same as fig. 1 for the systems S + Ge and S -f Br. 

Figure 3 : Same as fig. 1 for the systems S + Rb and S + Y. 

Figure 4 : Mass distributions P(A|i£) as a function of A] for the six systems 
and different Jl-values. For Co, Cu, Ge, Br the lowest £-value corres
ponds to £ o ri, + I. For Rb and Y the lowest Ji-value is equal to lOTi,. 
The arrow indicates the symmetry point corresponding to A/2. 

Figure 5 : Plot of d o/dA|dB as a function of A] for S + Co and S + Br. 

TABLE CAPTION 

Table 1 : Characteristic angular momenta, centroids and widths of the mass dis
tributions at & o ri, for the six systems. 



Target 
E.ab 
(McV) 

4 a> 
Bp - B N 

l a^ crit S. a> 
Bp - 0 

S. gr orb orb "orb 

5 9Co 160 54 60.5 76 78 63 31 8 

6 5 C U 160 59 62.5 82 83 67 51 19 

7 4Ge 170 53 68.1 91 92 76 53 H 

7 9Be 170 61.5 68.0 88 92 76 55.5 12 

8 5Rb 170 63.5 69.0 93 94 72 58.5 11 

89 y 153 62 61.9 97 94 72 57 

" 

T a b l e 1 a) From réf . 2 ) . 
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