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Abstract. We apply a dynamical model which includes both dissipation and 

statistical fluctuations to the computation of triple differential cross sections 

for deep inelastic reactions. It is seen that for different Z values the overall 
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pattern of the cross section .. j E

q

d z (calculated, for the 280 MeV Ar + Ni 

system) as a function of E and « is fairly wtit reproduced - the mean angular 
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momentum transfer for the 365 MeV Cu + Au system is calculated and compared 

with Y-multiplicity measurements. In both applications, possible implications 

of the remaining discrepancies are discussed. 
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1-2) Recently we have reported on computations of the double differential 
2 

cross section ._ ._ where 6 is the scattering angle and E the total kinetic do CLL 
energy of the deep inelastic products. For these computations we have used the 

formulas derived within the approach of ref. 3) (see also ref. 4 - 5 ) . The 
cross sections are calculated from the solution of a Fokker Planck equation in 
the phase space of the relevant macroscopic degrees of freedom. In ref 1) these 

degrees were taken to be the polar coordinates r, 6 of the vector of relative 
motion, plus the rotationnal angles 8. for the fragments. In this paper the 

model is extended by adding a degree * for the mass asymmetry as defined by : 

Z 2 " Zl « - — (I).. 
Z 2 + Zl 

where Z. and Z, are the atomic numbers of the two deep inelastic products - this 

is done in the way proposed in ref. 4). 

The Fokker Planck equation of ref. 3) has the appealing feature that all 
its coefficients are known once the Newton equations for the mean values of the 
macroscopic coordinates are given. The reason for this is that the diffusion 
coefficients are determined by the friction coefficients, times the temperature 
of the intrinsic degrees. It was shown in ref. 5) that the use of this (so called 
Einstein) relation does not necessarily imply a description of the intrinsic 
(nucleonic) degrees by means of a canonical ensemble. The basic assumptions for 
the validity of the Fokker Planck equation are the following : 

a) the intrinsic excitations can be treated statistically ; 
b) the time scale for the intrinsic (nucleonic) degrees must be short compared 

to the time scale of the macroscopic degrees. 
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We are aware that both conditions are not or badly fulfilled for the 

approach phase (cf. réf. 6) and of course, for quasi elastic events. We expect, 

however, that both are not met or play a minor role for events with large final 

energy loss. 

The dynamical model which we use for the total set of macroscopic degrees 

(r, 8, 6., 6-, x) is defined as follows : 

a) the conservative and the friction forces for the relative motion (r, a, 6. 

and 6.) are choosen completely identical to those suggested by Wilczynska -

Wilczynski in ref. 7). In particular, deformation in the exit channel are para

metrised by changing the exit channel potential compared to the entrance one. 

For a discussion of the advantages as well as of the shortcomings of this clas

sical model, we refer to ref. 1) in which this model was used. 

b) the frictional (and inertial) tensor is assumed to have no cross terms 

between mass asymmetry x and the other degrees. 

c) the x-motion is assumed to be overdamped, i.e. that the changes of its 
dp 

momentum p per unit of time, -rjr- , can be neglected compared to the friction 
force - y (x,r) A. For a discussion of this point we refer to ref. 4) where 
we have proceeded similarly. The form factor Y is taken as a constant (equal to 
g 3 —23 10 MeV Fm 10 sl.times "a form factor fXsc) _taken in the classical model for relative 

motion as : 

fît) - / d r p, p 2 (2) 

where p. and p. are the densities of the incidents ions. 

d) In addition to b), we assume as in ref. 4) that the x-motion is statisti
cally uncorrelated from that of the remaining degrees, i.e. the density for the 
distribution in total phase space factorises .: 

d(t) - d* ) B.Ct) c^p.t ; <r) t, <ei> t , <x> t) (3) 
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As indicated in (3), d x (as well a i d * . ) is a functional of the clas-
x t,8^ 

sical trajectory for the mean values of the coordinates (as denoted by a bracket). 

These mean values are uniquely determined by the initial conditions (impact 

parameter b). There does exist a dynamical coupling of the x-degree to the 

others despite the simplifying assumptions discussed above. 

As explained in ref. 4 and I, the cross section can be easily obtained 
3 

from the density distribution (2) at t + " . For instance -, *f g is given by 

_ ^ £ _ - \fiL J 2,bdb / drdS^dp^dp^t * - ) 

de dE dx 

(3) 

d3c 
V is the reduced mass of the system. Asimilar relation can be deduced for ^ (J(A£) dx 

which gives the differential cross section for a given angular momentum ùl at a given 

angle v and for a given mass asymmetry x. This quantity allows to compute the mean 

angular momentum transfer which is related toy-mulptiplicity measurements. 

To illustrate our approach we have performed calculations for the 280 MeV 

Ar + Ni system for which the differential cross section .. „ -x has been 

carefully measured for several atomic numbers (x = Z) by Galin et al . These 

experimental results, taken from ref. 8), are shown in fig. 1 and 2. II should be no

ted that, due to the binary character of quasi elastic as well as of deep inelas

tic reactions, curves for an atoiric number Z > 23 (Z • 23 corresponds to half the 

sum of the projectile and target mass) can be deduced from the curve corresponding 

to an atomic number equal to (46 - Z) by changing 8 in TT-6. We have therefore 

only performed calculations for the light fragment (7, < 23), and they are presented 

in fig. 3 and 4. In comparing both the experimental and the calculated results, 

the following observations can be seen : 
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1) the quasi elastic events (which are around the grazing angle (** 20°) and 

correspond to a small energy loss) cannot be described by our model (see above). 

2) For events with a larger energy loss, the calculated pattern is very similar 

to the experimental one althought no fit of the data has been tried. Moreover, 
for Z > 18, the absolute values of the cross sections agree rather well with 
experiment. (He should note that the cross sections for the experimental results 

are in ub/MeV/rd whereas the calculated one are presented in mb/MeV/rd)• 

3) The magnitude of the mean total kinetic energy (for the experimental results, 

it corresponds to the scale which is on the left hand side of each contour plot) 

is also rather well reproduced. Nevertheless we have to note that the calculated 

value, at variance to experiment, seems not to reach a constant value as a function 

of the angle. 

4) Atomic numbers smaller than the one of the projectile (Z < 18), the absolute 
values of the cross sections are too small by about one order of magnitude for 

Z - 15 and Z - 16. For smaller Z values, the situation is even worse because no 
sizeable cross section is obtained. Transfer of mans in this direction are due 
to statistical fluctuations in the mass asymmetry degree of freedom. Such an 
effect would not have been obtained in a classical model describing only the mean 
values of the macroscopic variables. The reason is that the driving force for 
the "-motion which results from the potential energy is directed to a symmetric 
configuration (tranfer of mass from the target to the projectile - the much too 
small cross section obtained for these events seems to indicate that statistical 
fluctuations in the mass asymmetry coordinate are underestimated - this may have 
the following origine : 

Statistical fluctuations depend on the temperature of the intrinsic system. 
As a particular feature of the classical model of ref. 7), only a fraction of the 
energy loss is converted into heat. A large part is parametrized as transfer to 
collective degrees of the fragments (deformation energy). Our result may indicate 
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that this part is overestimated (for a discussion of this point see also ref. 1)). 

This may also be reflected in the fact that the cross section drops more rapidly 

than in the experimental case, when the angle increases because the statistical 

fluctuations in tne 8-degree are also underestimated. 

It could also will be that the choice of the form factor in the x-degree 

which was taken to be the same as the one for relative motion is inadequate. 

Indeed statistical fluctuations in the x-degree are directly related to it (see 

eq. 27 of ref. 4). 

It is an open question whether non diagonal inertial terms of the kind 

m* (r,*) could lead to "centrifugal" forces in the r,x space which drive the 

system to smaller Z. As discussed above, such forces are not taken into account 

in our model so the only reason why events with Z < 18 to be obtained are sta

tistical fluctuations in the x-degree. 

5) The experimental curves show events with very large energy loss at small 

angles. This feature is not reproduced and it is likely that they are due to a 

mechanism not attributed to dissipation in the statistical sense. 

Another type of differential cross section which can be calculated within 
3 

our approach is . *(&ii\ d x

 a s discussed above. Where bJi is the transfer of 

angular momentum from orbital motion to intrinsic spin of the fragments. From 

this cross section one can calculate the mean angular momentum transfer measured 

in experiment at a given angle and for a given mass asymmetry by the relation : 

r E dTa 

_ de tm dx ^ «W) 
<A£> - — ^ - - ^ — ( 4 ) 

d8 & ) dx A * « A « 

r * 
JO 

2 

d(U) dx d ( A £ ) d?Hïx" 
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the mean angular momentum is related to the ymultiplicity M measured at a given 

angle and for a given mass asymmetry of deep inelastic products by the relation : 

<bl> - A M + B (5) 

where A is the mean number of units of angular momentum carried away by y-tays 

and B the angular momentum carried away by particles which are emitted during the 
deexcitation 'process. Usually one has A * 2 (we refer the reader to ref. 9) 

where more details are given concerning the connection between ( A£> and M ) . 

To illustrate this kind of calculation we choose the 365 MeV Cu + Au system 

studied in ref. 10). There it has been found that M monotonically increases 

when the transfer of mass from the target to the projectile increases (evolution 
toward symmetric configurations of the two ions). Such a variation is opposite 

to the one where the two nuclei are assumed to stick together during the reaction 

and it seems likely that the time of contact is not large enough for the sticking 
limit to be reached. Therefore the transfer of angular momentum increases with 

contact time i.e. when mass transfer increases toward symmetric configurations. 

This is indeed observed with our model and the results are shown in fig. 5 for 
three different center of mass angles (we refer the reader to ref. 10 for the 
experimental curve). Nevertheless the absolute value is too small especially at 

backward angles if one considers that too large partial waves contribute to deep 
inelastic reactions for this particular system (see ref. 1) where this point is 

discussed in details). The disagreement for the absolute values may be due to 

another mechanism whichcreates additionnai spin for the fragments like the bending 
mode for instance (note that such an effect has also be observed in the fission 

case . See ref. 10) for more details) and cannot be accounted for by the model. 
3 

In fig. 6 is shown .. jy.j»i d x as a function of At for a particular angle and a 
particular mass. He see that the shape of the distribution is almost gaussian 

and that the FSHM is rather large ("v- 16). It should be noted that there are 
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experimental indications that the FWHM of tJL is rather large in deep inelastic 
12) reactions 

Multi-differential cross sections of high order like those considered 
here provide a severe test for models used to explain deep inelastic reactions. 
He have seen that although the qualitative pattern of the experimental results 
seems to be well reproduced by our approach, a quantitative agreement is only 
restricted to some points. A better agreement may certainly be obtained by loo
king carefully at the inputs of the approach which are contained in the classical 
model (choice of the macroscopic degrees, interaction potential, inertia and 
friction tensors). Nevertheless there are some features that we have discussed 
which very likely arise from another mechanism (very low energy products at small 
angles for Ar + Hi system and high values of the Y-multiplcity for the Cu + Au 
system). 

We are grateful to the authors of ref. 8) for providing us with their 
experimental results and to Dr F. Hanappe for his help in preparing some figures. 
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Figure captions. 

3 
Fig. I. Experimental contour plots of .„ .fl .„ (yb/MeV/rd/Z), in the center 

of mass system, for different atomic numbers Z as a function of the kinetic 
energy Ej of the fragment (left-hand side scale) or of the total kinetic 

energy E of both fragments (right-hand side scale) and the angle 6 
for the 280 MeV Ar + Ni system. From ref. 8). 

Fig. 2. Same as fig. 1 for other atomic numbers. From ref. 8). 

3 
Fig. 3. Calculated contour plots of ._ ._ .„ (mb/MeV/rd/Z) corresponding to 

fig. 1 as a function of the total kinetic energy E of both products 
and of the c. m. angle. 

Fig. 4. Same as fig. 3 for other atomic numbers corresponding to fig. 2. 

Fig. 5. Mean angular momentum transfer ( at) for different masses calculated for 

different c. m. angles. 

Fig. 6. Angular momentum distribution for a given mass and a given angle. 
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