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Evolutions wthin the Angular Distributions of DIC 

A dynamic model including the deformation degree of 
freedom is developed to describe the an~ular distribution of the 
DIC products. The dependence of the shape of the angular 
distribution on the mass number and the bombarding energy 
of the ions as well as on the kinetic energy of the reaction 
products is discussed. The model allows one to systematize the 
angular characteristics of DIC within the evolution diagram. 

The investigation has been performed at the Laboratory 

of Theoretical Physics, JINR. 
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1. INTRODUCTION 

In recent years in heavy ion physics much attention 
has been paid to reactions with a large amount of energy, 
mass and charge transfer. It has been observed that the 
reaction characteristics seem to be strongly affected by 
the delicate balance between the Coulomb force and 
friction force, resulting in a great variety of properties 
of the reaction products. This variety has generated some 
semantic difficulties in naming rather close phenomena. 

For the theoretical description of the so-called deep 
inelastic collisions between heavy ions, the classical 
mechanics (Newton equations) is commonly used for a few 
collective degrees of freedom. The energy loss is ac
counted for by introducing friction forces. Statistical 
fluctuations have been treated by means of Fokker-Planck 
or master equations. A dynamical coupling of the collec
tive and inner (statistical) degrees of freedom has been 
investigated by Hofmann and Siemens 111. 

Following ref. /1/, we propose a dynamical model 
of deep inelastic collisions based on the Fokker- Planck 
equation and accounting for the fragment deformation in 
the exit channel. The dependence of the shape of the angular 
distributions of the reaction products on the bombarding 
energy, the target- projectile combination and the energy 
transfer is compared with the available experimental 
data and analysed in terms of evolutions within angular 
distributions between different classes of deep inelastic 
collisions. 
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2. CLASS/FICA TION, DEFINITIONS 

First we will shortly summarize the experimental 
results of the new reaction mechanism between heavy 
ions discovered at Dubna and Orsay 12--5/ 

- A large amount of the total relative kinetic energy 
is dissipated into heat. Events with a final kinetic energy 
of the fragments well below the Coulomb barrier (estima
ted for spherical nuclei) are possible. 

- A considerable amount of orbital angular momentum 
is transferred into the intrinsic spins of the final 
products /61, 

- Mass and charge transfer occurs depending on the 
bombarding energy and the mass and charge combina
tions of the c-olliding nuclei. 

.:. The interaction time is not sufficient to allow a comp
lete statistical equilibrium but is large· enough for the 
formation of a "double nuclear system" /7/ (DNS) or 
"intermediate complex" lsi or "composite system" 191 
to b~ considered. In the following we use the term "deep 
inelastic collisions" (DIC) as the common one to charac
terize reaction phenomena mentioned above (In the calcu
lations DIC products are assumed to be those which have 
an energy loss of the relative motion greater than 
oe50 MeV, as suggested by Gross and Kalinowsky /111). 

The · strong dependence of the observed angular dis
tributions on the mass number and initial energy of the 
colliding ions allows one to distinguish between two 
well separated groups within DIC: 

Deep inelastic transfer reactions (DITR) I 41 are 
characterized by forward peaked angular distributions. 
Moreover, scattering to negative angles (orbiting) oc
curs and a broad mass distribution of the products is 
observed (hence and because of the large energy loss 
the term "DITR"). Such a kind of angular distributions 
was first found for relative light projectiles (with mass 
numbers up to 40) and later. on for heavier projectiles 
too 11°/ 

Qua.~ifission (QF) reactions 151 which show an angular 
distribution strongly peaked near the grazing angle (fo-
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cussing effect). A great part of the final products has 
a kinetic energy well below the Coulomb barrier (calcu
lated for spherical nuclei) (hence the term "QF"). QF 
products exhibit a narrow mass distribution peaked at 
the projectile and target masses. QF like reactions are 
observed only for heavy systems. 

The theoretical decomposition of the total reaction 
cross section according to certain impact parameters 
or orbital angular momentum can be very useful for a de
tailed discussion of possible reaction mechanisms which 
take place in a HI reaction. From the measured kinetic 
energy distributions two rather well separated compo
nents can be extracted: fully damped and partially damped 
collisions. Only in the former case the reaction leads to 
the transistory existence of a DNS which results in a full 
damping of the kinetic energy. The measured cross 
sections allow one to determine the corresponding windows 
in the orbital angular momentum space. 

3. THE MODEL 

On the one hand, the quasi-classical and two-body 
character /6/ of the process allows for the theoretical 
description the employment of classical Newton type 
equations including dissipative friction terms. Such calcu
lations have been performed by many authors I 11-161 in 
order to estimate such quantities as fusion and deep in
elastic cross sections or the energy and orbital angular 
momentum losses of the relative motion. On the other 
hand, the experiments have emphasized the statistical 
aspect of the DIC associated with the large mass, charge 
and energy transfer. The fluctuations of these macro
scopic quantities have been treated by means of Fokker
Planck (FP) or master equations I 17-20/. Hofmann and 
Siemens investigated the DIC by means of a dynamical 
coupling of the classical trajectory of the relative motion 
to the intrinsic degrees of freedom which may be excited 
during the course of the reaction/1/. The transfer of the 
kinetic energy of the relative motion to the intrinsic 
excitations of the fragments is treated in a statistical 
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manner. An internal relaxation time small compared 
to the characteristic time for the collective motion and 
a temperature of the inner system larger than the col
lective frequency are assumed. Thus, in the classical 
limi{ the equation of motion for the density distribution 
F(Q . P e, t) in the phase space of collective degrees 
turns out to be a FP equation. Its Gaussian type solution 
allows one to calculate the time evolution of the mean 
values (first moments) of the collective coordinates Qr 
and the conjugate momenta P e as well as their fluctua
tions (second moments) (u. , x ik , 1jJ k 

Ik 

Qi~ fdl'QiF(d ,Pp,t), 

- ' p 
P. = { dl P. F(Q ,P n , t), 

I . I l 

- p 
uJ = V2Jdl'(P - P )(P -P ) F(Q ,P 0 , t), 

ik i i k k r 

xJk= Vz{dl'(Q i -Q i)(Qk- Qk)F(Qp ,Pp. t). 

1/J~= Vzfdl'(P -P. XQk-~)F(QP ,P0 ,t), 
1 I I l 

(1) 

where ctr is the volume element in the phase space of 
the collective degrees of freedom. 

Transforming the F P equation for the distribution 
function F given in ref. I 11 in cartesian coordinates to 
a polar coordinate system we derive a coupled set of 
first order differential equations for the first and second 
moments. The equations of motion for the first moments 

d - i ik-
-Q =Ill p 
dt k 

ct - a jk - - av ct - k 
-P. = -1h_El--P.P --- -y. --Q 

1 - J k - Jk 
ctt aQ i aQi ctt 

(2) 
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are Newton-type equations for the polar coordinates 
li. k I =I R. e I which describe the relative motion of the 
two ions. The R-dependent quantities V, mik, Yik 

represent the interaction potential, the inertial and fric
tional tensor, respectively. These equations (2) together 
with those of the second moments are solved simulta
neously with the following choice of basic assumptions: 

(i) For the nucleus-nucleus interaction potential ap
pearing in the equations of motion for the first moments 
we have inserted the proximity potential VI I 211 for the 
entrance channel. 

(ii) For the form factor f(R) of the elements of the 
frictional tensor diagonal in polar coordinates (yRR= aR f(R); 
Yee = a 0 f(R)R 2) the expression given by Gross and 
Kalinowskilul has been taken, f(R)-~Cavi;aR)2. In order 
to fix the radial and tangential frictfonal constants a R , 
a 0 we proceeded as in ref. I 111: the experimental 
fusion cross section was fitted over a broad range of 
target-projectile combinations and energies leading to 
a H = 5 jmjc-MeV; a 0 = 0.01 fmjc.MeV. Although, such 
a model fits the fusion data it is impossible to describe 
the experimental energy loss. Thus, for the description 
of DIC the deformation degree of freedom has to be 
taken into account. 

(iii) In order to simulate the large deformation mainly 
produced in the exit channel, we correct the ion-ion in
teraction, and write the exit nucleus-nucleus interaction 
potential V E 

E I 
V = V + Ed (1 - g(R)). (3) 

As proposed by Wilczynsky the deformation energy E f 16
/ 

v\R ) 
E =a b ('A 2/3 +A 2/3) I--~- I 

d surf 1 2 I v . 
(4) 

min 

is proportional to the surface energy of the initial 
unperturbed system (with the surface energy parameter 
b surf = 17 MeV) and also to the value of the entrance-

7 



channel potential V 1 (R ret ) at the distance of closest 
approach R ret . V 1min is the minimum value of the pro
ximity potential. The form factor of the correction 
term in (3) contains a Gaussian potential 

R-R re_t_ --) 2 J 
g(R) = exp f- ( ~---:::-;-- + L\ 

R 12 ret 

(5) 

which automatically obeys the boundary conditions v\Rret )~ 
~ vE(R t), av 1 

1
1iJR = avE 1 JR . The parameter 

re ret · ret 
L\ is chosen in such a way tnat the fusion cross sec-

tion calculated in a broad range of target -projectile 
combinations does not change significantly ( !\ ::: 8 fm). 
(The final results do not depend sensitively on the va
riations of !\ in the range of a few fm). The deforma
tion parameter a is fixed by the condition that the 
measured energy loss in the 40 Ar + 232 Th (388 MeV) 
reaction I 41 is reproduced (a = 0.25). 

(iv) The temperature T appearing in the equations 
of motion for the second moments has been taken ac------
cording to the Fermi-gas model 'I'(t) = v' E * (t)la with 
the level density parameter a =(A 1 +A 2 ) /10 Mev-1 

and the internal excitation energy E *(t) produced by 
friction and increasing with time. In order to obtain 
the differential cross section ctal dD we integrate 
now the Gaussian solution of F over the variables P 0 , 
P R , Q R (which can easily be performed) and the impact 
parameters (according to the definition of da I dD ), 
and take this at time t-> "" 

edJ' 
~=X2 __ 1_f ___ e 

d~D sin () V 4rr X ()()(C) 

(e-o<n12 

4xeJn 
' 

(6) 

where e (f) is the classical deflection function depending 
on the initial angular momentum e and x ee (e) is the 
corresponding dispersion. The integration is extended 
to all values of r belonging to the same scattering 
angle e. 
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4. ANGULAR DISTRIBUTIONS IN DIC 

The model formulated above allows one to compute 
the mass integrated angular distributions. The thermal 
fluctuations smooth out the classical rainbow-infinity/22,: 
Consequently, in contrast to a pure classical calcula
tion/11/ it is possible to compare the calculated and ex
perimental angular distributions in widths and shapes. 

Recently, the effect of the mass exchange on the re
lative motion has been investigated by introducing the 
mass asymmetry parameter /23/. But still the widths of 
the calculated mass-integrated angular distributions 
come out to be too small compared with experiment. 

As is shown in ref. / 24/ the influence of the deforma
tion degree of freedom improves the agreement with 
the experimental data and should be taken into account 
within such considerations of the DIC. 

As that follows we will compare our model calcula
tions with the avaluable experimental data. Particular 
interest is given to the influence of various factors such 
as the final kinetic energy of the products, the incident 
energy and the target-projectile combination on the 
shape of the angular distribution of the DIC. Some kinds 
of evolution within the angular distributions of DIC will 
be discussed and summarized in the evolution diagrams. 

A. The influence of the kinetic energy loss on the 
shape of da/dD is illustrated for the 40Ar + 23 2r"h reac
tion at two energies in fig. 1. It is seen that the shape 
of angular distributions depends considerably on the 
extent of the kinetic energy dissipation. With increasing 
energy loss the maximum in dn/dO vanishes and a ty
pically forward peaked angular distribution appears for 
those reaction products for which the energy loss cor
responds to "true" DIC (in the frame of our model as
sumption !\E > 50 MeV). The calculations show that 
with decreasing bombarding energy this effect becomes 
stronger. It should be stressed that such a kind of 
change within the angular distributions is not connected 
with an evolution from a QF to DITR but represents 
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Fig. 1. The shape-dependence of the theoretical angular 
distributions on the final kinetic energy of the Products. 
The different curves correspond to angular distribu
tions for all those reaction products which have a kine
tic energy loss L\E greater than that denoted by the 
numbers on the curves. The largest kinetic energy loss 
considered is L\E > E - V B • 
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a continuous evolution between quasi elastic phenomena 
and completely damped ones. , 

1 
In the experimental work 1 ~ 51 it was shown that for 

projectiles like Ar DIC exhibit only DITR type angular 
distributions up to the lowest incident energies if one 
takes into account an adequate loss of initial kinetic 
energy and (or) an appropriate charge transfer (a large 
charge transfer is associated with a large energy dissi
pation). Thus, we conclude: to analyze the shape of the 
angular distributions of the DIC products one should 
take into consideration the extent of the dissipation of 
the initial kinetic energy. 

()1dn. 
[ b/sr] 

1.2 

0.8 

0.4 

0.4 

0.2 

86Kr + 139La 

I 710MeV l 

a 

b 

:;::: I I =-:-r: 1 ! 1 

0 I I • I 80 BcM 20 50 
Fig. 2. Experimental (thick lines) and theoretical (thin 
lines) differential cross sections for the partially damped 
(a) and the fully damped (b) reaction components. 
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How strong different reaction components (which cor
respond to different kinetic energy dissipations) can 
influence the measured do-/dil is demonstrated by the 
following example. In fig. 2 the differential cross section 
of the 86Kr + 139La (710 MeV) reaction /26/ is analysed 
in terms of fully damped (fig. 2b) and partially damped 
(fig. 2a) collisions, defined earlier. While the partially 
damped events show an angular distribution peaked near 
the grazing angle, the fully damped products exhibit 
a strongly forward-peaked one, suggestive of nuclear 
orbiting or a typical DITR. picture. From the experimen
tal data the authors ; 2o/ extracted the following partial 
wave par.titions bet~een the reaction components: 0-130t, 
130IJ-24fl1l and 245fi-315h for the fusion-fission, fully 
damped and partially damped reactions, respectively. 
Assuming the same decompositions of partial waves the 
model calculations reproduce the experimental angular 
distribution for the partially damped collisions comple
tely. While the cross section for the fully damped col
lisions is somewhat underestimated the model describes 
the change in the angular distributions very nicely. The 
underestimated fully damped cross section results from 
a somewhat larger value of the theoretical critical an
gular momentum for fusion f c p= 175tJ as compared to 
the experimental one ( P c F= 130 t) . 

For very heavy ions the situation is different. In 
fig. 3 the experimental and theoretical differential cr~s 
sections for the 136xe + 208 Pb (1120 MeV) reaction 271 

are compared. Here a distinction is made between very 
inelastic ( L\F..: '> 150 MeV) and all inelastic events. In 
both cases da/dil exhibits a QF picture which is also 
reproduced by the model. Indeed there is a shift of 
the theoretical maximum to smaller angles in the case 
of ~E :, 150 MeV which indicates too small frictional 
parameters. 

B. The dependence of do /dil on the initial kinetic 
energy is illustrated in fig. 4 for the reaction 84Kr+OO!lpl/28~ 
The calculations reproduce the observed shift of the 
peak in the angular distributions to smaller angles with 
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(1120MeV) 
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Fig. 3. Experimental (thick lines) and theoretical (thin 
lines) differential cross sections for all inelastic pro
ducts ( l\E > 50 MeV) and products which have a kinetic 
energy loss greater than 150 MeV. 

increasing bombarding energy as well as the evolution 
from a typically QF distribution at 510 MeV (focussing) 
to a DITR one at 718 MeV (orbiting). Especially, this 
evolution can be clearly seen in fig. 4b where the theo
retical curves of do/ dil are plotted only for DIC 
products having final kinetic energies less than the 
entrance reaction barrier VB. Fig. 4a also demonstrates 
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the deformation effect on the calculated angular distribu
tion: first it improves the agreement with the experi
mental data by further smoothing out the rainbow infinity 
and second it gives rise to a correct magnitude of the 
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Fig. 4. Bombarding energy dependence of the measured 
(thick lines) and theoretical (thin lines) differential cross 
sections (fig. 4a). The dashed lines represent calcula
tions disregarding the deformation energy. Figure 4b 
exhibits theoretical angular distributions for products 
with i\E > E - V B • 
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cross section in forward direction (represents orbiting 
in the case of bombarding energy 718 MeV). Both ef
fects originate from the increasing of the total reaction 
time due to the deformation which keeps the system 
together for a longer period /24/. 

It should be mentioned that such an evolution from 
QF to DITR for the reaction 8 4Kr + 208 Pb and also the 
vanishing fusion cross section at 510 MeV where the re
action cross section is almost identical with that for the 
QF was fredicted in the framework of a static fusion 
model /29;. 

Summarizing this section we note: for heavier pro
jectiles a continuous evolution from QF to DITR occurs 
with increasing bombarding energy. In addition, the pre
dicted prototype evolution picture calculated for very 
inelastic products (;\E ·. E- v 8 ) seeks for further expe
rimental analysis in order to check this. 

C. The discussion of the dependence of dCJ/df! on the 
combination of the charge (or mass) numbers of the col
liding nuclei seems to be only meaningful if the angular 
distributions for equal E/V 8 values (e.g., energy per en
trance Coulomb barrier) are considered. This can be 
done approximately for the reactions 40 Ar + 2a2 Th 
(297 M~V, E/V s= 1.46 ), 84Kr + 20 9 Bi (600 MeV, E/V 8=1.39) 
and 131:iXe+2°8Pb (ll20 MeV, E/V & = 1.56 ) and at higher 
energies for the combinations 4 Ar t 

232 Th (388 MeV, 
E/V 8 ~ 1.91) and 86 Kr + 139La (710 MeV, E/V 8 = 1.99 ). As 
one can see from comparison of the angular distributions 
for all inelastic reaction products (i\E > 50 MeV) there 
is a strong evolution from DITR type to QF type distribu
tions with increasing entrance Coulomb barrier in both 
cases. But, it should be pointed out that such a conclusion 
would be more relevant for comparing experimental an
gular distributions of the same type of reaction compo
nents. Probably it may be done in terms of fully damped 
and partially damped collisions. As it was shown in an 
earlier consideration the partially damped events which 
increase with increasing bombarding energy can change 
the picture considerably. Therefore, in order to verify 
the above conclusion some additional measurements of the 
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angular distributions of different reaction components at 
fixed E/V B values and over a broad range of target-projec
tile combinations are needed. 

In this sense, it is of special interest to extend this 
consideration up to more light nuclear systems. The ex
perimental results for the 40 Ar + 58 Ni (280 MeV) and 
40ca -t 54Ni (182 MeV) 161 reactions indicate an isotropic 
angular distribution do I d..Q for nearly all measured 
elements if one supposes a corresponding energy loss of 
the relative motion ( ~E > 40.:.50 MeV). This can be under
stood as a consequence of the small moment of inertia of 
the DNS for these mass numbers which results in a large 
angular velocity and hence the disruption of the DNS may 
occur after the system has rotated several periods. In 
this sense for the fully damped reaction components an 
evolution within the angular distributions is possible from 
a nearly isotropic distribution through a forward peaked 
one up to a typical side peaked distribution with incre
asing charge numbers. 

v, 
1 MeV! • '"Arl"Th 

200 

SD \ 111 .a 

10 f!.ITJ 'I 
~ M a4 J(J R!l. 

1,.. a.a 1100 

l:l2IJ'"\\ :~ W ;;-- ~ M ~~ I L~;-: M ·w IIJtl 10 CIA 10 
10 

411 

I 61l ISIIO . -~ t lcrA 11J1J 

: ~ sco ' 
i4G'I[KJ< 1}\l ---M M ,_, -~ "t 

zo .. ID Ill/ flO 

300 

~ 

400 

·~b 

to 12 1.4 16 t8 20 E/v, 
Fig. 5. Solid lines are angular distributions for reaction 
products with ~E > 50 MeV and the dashed lines for 
those with ~E > E- VB. The do/df! are given in mb. 
(Evolution diagram). 
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D. The evolution diagram (fig. 5) represents calculated 
angular distributions of DIC depending on the target-pro-

. jectile combination (that means VB) and on various bom
barding energies (that means fixed E/V B values for all 
reactions). This diagram is useful to illustrate all the 
discussed lines of evolution within the angular distribu
tions of the DIC. We calculated the differential cross sec
tions for three target-projectile combinations at three 
bombarding energies in each case (corresponding to fixed 
E/V B values of 1.2, 1.5 and 2.0) and for the two kinds 
of reaction products: all ·deep inelastic events 
(~E > 50 MeV) and those events which have a final ki
netic energy less than the entrance Coulomb barrier 
VB (AE > E - V B ) . The results can be summarized as 
follows: 
(i) 4UAr + 232Th 

For this system DIC occur only at sufficiently high 
energies where a DITR angular distribution is typi
cal. The maximum near the grazing angle in do I dH 
at E/V B = 1.2 corresponds to quasi-elastic reaction 
products though the final kinetic energy is less than 
the ·barrier VB· At this energy the cross section 
of events with . L1E > 50 MeV is smaller than that 
wfth L1E > E- VB . and very small compared with the 
theoretical reaction cross section estimated by 

VB . 
a =rrR 2 (1---) (R is the radius of VB) that 

R B E B 

gives 830 mb. 
(ii) 84Kr + 208 Pb 

Here DIC exist up to the lowest energies and give 
the dominating contribution to the total reaction 
cross section for all energies. The evolution from 
QF to DITR angular distributions with increasing 
E can be clearly seen in both types of calculations. 

(iii) 136 Xe + 208 Pb 
This reaction shows the same evolution-characte
ristic as reported in the case of 84Kr + 208 Pb. In 
addition, the model predicts some transition 
from the right to left asymmetry of the angular 
distribution when the energy increases. 
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(iv) At a fixed value E/V8 (e.g., E/V 8 = 1.5) there is 
a continuous evolution in the differential cross sec
tion from DITR to QF with increasing charge num
bers of the projectileoo~target combinations (or en
trance reaction barrier V 8 ). 

(v) Tbe relative cross section of events with hE>E- V8 
decreases with increasing energy for all combina
tions. Since the shape of the corresponding <h /dO 
of these products can differ considerably from that 
of distributions including all inelastic events, at 
low energies and for heavy systems these shapes 
are the same. 

5. CONCLUSION 

Our model calculations within a statistical theory 
reproduce QF and DITR mass integrated experimental 
angular distributions in shapes and in their absolute 
values. The character of the angular distributions of the 
DIC depends on the target-projectile combination as well 
as on the incident energy and can be very different for 
various reaction components. The model predicts two 
principal lines of evolutions within the angular distribu
tions of DIC depending on the bombarding energy and on 
the mass number of the colliding nuclei. 

The suggested evolution diagram should be experimen
tally examined and expanded to higher energies, to hea
vier systems as well as to lighter systems to check the 
theoretical predictions. 

The authors wish to thank V.V.Volkov and A.G.Ar
tukh for interesting discussions and helpful comments. 
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