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I. INTRODUCTION 

In this series of lectures I will discuss selected 
aspects of very heavy ion reactions. In particular, I will 
limit my remarks mainly to projectiles of mass equal to or 

40 larger than Ar and, in addition, to relatively heavy 
targets. 

Of particular interest with these heavy projectile-
heavy target systems is a new reaction mechanism which 
has been termed "deep inelastic direct process" , "quasi-

2) 3) 3) 
fission" , "fission-like events" , "relaxation phenomena" , 

4) "deep inelastic scattering" and "strongly damped collisions" 
This new reaction mechanism is characterized by 1) nucleon 
transfer resulting in two fragments with masses in the 
general vicinity of the target and projectile masses 
(although if the target mass is large enough the excited 
heavy fragment will sequentially fission); 2) strong damping 
of the energy degrees of freedom resulting in fragment 
kinetic energies which correspond to Coulomb energies for 
charge centers of highly deformed fragments (analogous to 
that for fission fragments) and 3) angular distributions 
which are strongly peaked similar to a direct process 
occurring on a very fast time scale. The experimental 
angular distributions for this new process are very 
different from those for compound nuclear reactions where 
one has symmetry around 90°. 

Although the name of this new process is not of 
particular importance, some comments about the nature of 
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this new process in relation to the above suggested 
names may be helpful. "Deep inelastic" and "relaxed" 
scattering imply a process where the projectile is initially 
preserved and no mass transfer occurs. Insofar that mass 
transfer is an important aspect of this new process these 
names are somewhat misleading. "Quasifission" is an 
appropriate name in terms of the strong damping in the 
energy degrees of freedom but is misleading in terms of 
the reaction mechanism. In general only a small amount of 
mass transfer occurs relative to fission and the angular 
distribution is sharply peaked in contrast to fission. The 
general phrase "deep inelastic" has the connotation of 
exciting deep-lying particle-hole states which is probably 
not the case for this new process. The entrance and exit 
channels of the new reaction process, characterized by 
strong damping of energy degrees of freedom, are to be 
viewed as being very different with respect to nuclear 
deformation. In the entrance channel the two-fragment 
potential energy valley is applicable for the approaching 
nuclei, whereas in the exit channel the system crosses over 
into the fission valley potential energy surface . Hence, 
a sizeable amount of energy is converted into excitation 
energy in the exit channel. This is an important feature 
of the new reaction process involving the strong damping 
of the energy degrees of freedom. 

Total reaction cross sections for very heavy projectiles 
on heavy targets are estimated from elastic scattering data 
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7 8) by utilization of the one-quarter point technique ' . A 
very approximate correlation is observed between the radius 
parameter determined from elastic scattering and the Coulomb 
parameter n. Hence, for a number of heavy ion reactions, 
where no information on elastic scattering is available, we 
have obtained the radius parameter from an interpolation of 
such a plot and, in turn, used it in the calculation of a 
particular total reaction cross section. 

The various types of reaction components making up the 
total reaction cross section are discussed at some length. 
The underlying factors which are controlling the division 
of the total reaction cross section into these various 
compound nucleus and direct components are of particular 
interest for heavy ion reactions. Both entrance and exit 
channel limitations on the stability of the compound nucleus 
are described. The angular momentum at which the fission 
barrier vanishes has been calculated on the basis of a 

9) rotating liquid drop model , and it is of particular interest 
to investigate heavy ion reaction mechanisms for systems with 
these and larger values of angular momentum. Whether or not 
a compound nucleus is formed for a particular entrance 
channel of specified angular momentum depends directly upon 
the heavy ion nuclear potential. If the nuclear force is 
insufficient to counterbalance the Coulomb and centrifugal 
potentials, no compound nucleus can form and the reaction 
will proceed by a direct process. 
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Various nuclear potentials used in frictional model 
calculations are reviewed. The nuclear potential calculated 
by the folding procedure is shown to give values of the 
nuclear force which are much larger than the limiting value 
from the liquid drop model. This result is not surprising. 
Although the folding procedure is valid for large nuclear 
separations, it fails at short distances due to the neglect 
of exchange terms. A Saxon-Woods nuclear potential for 
heavy ion reactions with parameters estimated by equating 
its maximum nuclear force with the liquid-drop model force 
is discussed in some detail. Even though the nuclear 
potentials from the folding procedure and the Saxon-Woods 
calculation are very nearly the same at larger radial 
distances, the two potentials can be very different at 
smaller radii and lead to extremely different fusion cross 
sections for models (with or without friction) which require 
a potential well as a necessary condition for fusion. The 
purpose of the discussion on nuclear potentials is not to 
defend the choice of parameters used in the Saxon-Woods 
potential but instead to point out the important consequences 
of slight"changes in the nuclear potential for very heavy 
ion reactions. 
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II. TOTAL REACTION CROSS SECTIONS 

A. Elastic Scattering and Theoretical Total Reaction 
Cross Sections 

Although some data are available on elastic scattering 
of very heavy projectiles on heavy targets, very little 
experimental information is available on total reaction 
cross sections. In view of this fact we estimate total 
reaction cross sections from elastic scattering data by 

7 8) 
using the onequarter point technique ' . For many heavy 

8 ) 
ion reactions Frahn has shown that the experimental elastic 
cross section falls off from its Rutherford value according 
to the semiclassical expression, 

°el
(9)/a

Ruth
(e) = | U |  S(y)]

2
 + [| C(y)]

2
} (1) 

where S(y) and C(y) are the Fresnel sine and cosine integrals 
and 

y = (2n/TT)
1/2 cosec (^ sin (j) . (2) 

The quantity n is the Coulomb parameter 

n = Z1Z2e
2
/Rv (3) 

where Z.e and Z_e are the charges of the two nuclei and v is 

their relative velocity for large separations. For 6 = 9 , 

the ratio a i (
9
) /

a
R th ̂  = 1//4 a n d t h e a n

9
l e e

c
 i s r e l a t e d 

to £ by 
max ■* 9 

A av = n cot («£) . (4) 
max 2. 
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The following conditions are necessary for this semiclassical 
model to be valid, namely that 

i >> 1 and I sin 9 > 1. (5) 
max max c 40 84 The elastic scattering for Ar and Kr projectiles on 

heavy targets have been analyzed with the above theory 
1/3 1/3 The nuclear radius, R = r (A,7 + A- ), obtained from each o 1 2 ' 

analysis with the relation, 
9 

sin (^) = n/(kR - n) (6) 

gives a value of r . The value of r derived for statically 3 o o J 

deformed targets by this technique is usually slightly 
smaller than that for spherical targets. However, correcting 
9 for the deformation effects ' gives an effective 
value of r which is very similar to that for a corresponding 
spherical nucleus. The value of r determined from eq. 6 
depends upon the energy and masses of the reacting system 
and in general decreases as the projectile mass increases. 

The extent to which elastic scattering cross sections 
have a Fresnel shape has been given in terms of a parameter A 

12) which is defined by , 
,9 -9 . 

s i n r i_E_£l] 
*- <S> V 2 e2 

s i n ( ^ ) 

The value of 9 i s given by 
P 

sin ( c
2 P) = (3TT/4TI)1 / 2 s in ( ^ ) (7a) 

9-9 9-9 
where sin ( ° 2

 p) ~ ° 2
 p for the angles of interest (where 
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9 -9 
( — 2 ^ "*"s e x P r e s s e d in radians) . 

The total reaction cross section is given by, 

2 £=«> 
a R = TT^T I (2£+l)Tff (8) 
K £=o * 

For the heavy ion reactions under consideration, many £ waves 
are involved and we will make the following approximation for 
the transmission coefficients T?, namely, 

1 £ < £ 
T = " m a x (9) 

0 £ > £ 
max 

Substitution of the results of eq.(9) into eq.(8) gives 
(£ +1) terms having an average value of (£ +1), hence, the max -a ^ \ m a x i t 

reaction cross section in the approximation of eq.(9) reduces 
to, 

o_ = TT*2(£ +1) 2 (10) 
R max 

We have used eqs. (4) and (10) to calculate reaction cross 
sections when elastic scattering cross section measurements 
were available. 

The elastic scattering measurements can also be analyzed 
to give the reaction radius by eq. (6). Elastic scattering 
^ J. ^j. • J -J.V, 16^ 32„ 40, , 84T, . . ., 
data obtained with 0, S, Ar, and Kr projectiles are 
shown in fig. 1 in terms of the radius parameter r . The 

3 c o 
value of r extracted from the data depends on the target 
charge, projectile charge and also on the energy. There is 
some tendency for r to decrease with increasing projectile 
charge. As mentioned earlier, the static and dynamic 
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1/3 1/3 Radius parameter r =R/(A' +A2 ) determined by 
the one-quarter point technique for reactions in
duced with 1 60(»), 3 2S(V), 4°Ar(A) and 84Kr(«). 
The value of R is calculated with eq.(6). The 
specific reactions and references are: 
54Fe+160(Elab=46,48 and 52 MeV), P. Bonche, et 
al. , Phys. Rev. C6(1972)577. 
58Ni+16O(Elab=50 and 60 MeV), P.R. Christensen, 
et al., Nucl. Phys. A207(1973)443. 
88Sr+ 0(Elab=52 and 60 MeV), P.R. Christensen, 
et al., Nucl. Phys. A207(1973)443. 
90Zr+16O(E1 ,=58 MeV), A.W. Obst, D.L. McShan 
and R.H. Davis, Phys. Rev. C6(1972)1814. 
116Sn+160(E, ,=66 MeV), B.C. Robertson, et al., 
Phys. Rev. C4(1971)2176. 
208Pb+16O(E1 b=104 MeV), F.D. Becchetti, et al., 
Phys. Rev. £6(1972)2215. 
24Mg+32S (E =90 and 110 MeV), H.H. Gutbrod, 
M. Blann and W.G. Winn, Nucl. Phys. A213(1973)285. 
27Al+32S(Elab=85 and H O MeV), H.H. Gutbrod, M. 
Blann and W.G. Winn, Nucl. Phys. A213(1973)285. 
40Ca+32S(Elab=85 and 90 MeV), H.H. Gutbrod, M. 
Blann and W.G. Winn, Nucl. Phys. A213(1973)285. 
77Se+40Ar(E1 b=145 MeV), J. Galin, et al., Orsay 
preprint IPNO-RC-73-03. 
209 B i +40 A r ( E =288 MeV) and 238U+40Ar(En ,=288 lab ±ao 
MeV), J.Birkelund, J.R. Huizenga, H. Freiesleben, 
K.L. Wolf, J.P. Unik and V.E. Viola, unpublished 
results. 
208pb+84Kr(E_^k=500 MeV) and 232Th+84Kr(Elab=500 
MeV), P. Colombani, et al., Phys. Lett. 42B(1972) 
197. 
181Ta+84Kr(Elab=457 MeV) and 197Au+84Kr(Elab=457 
MeV), P. Colombani, U of Paris, Orsay,Thesis(1974). 
209Bi+84Kr(E, b=600 MeV), H. Freiesleben, J.R. 
Huizenga, J. Birkelund, K.L. Wolf, J.P. Unik and 
V.E. Viola, unpublished data. 
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Fig. 2: The values of r from the elastic scattering 
data of fig. 1 are plotted as a function of 
the Coulomb parameter n defined by eq.(3). 
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deformations of the target and projectile also influence 
the radius determined by eq.(6). For example, including 
the effect of deformation increases the value of r 

o 
2 32 84 

determined for the Th + Kr reaction from 1.284 to 
1.323 fm. In fig. 2 the value of r is plotted as a 
function of the Coulomb parameter r) which is defined by 
eq.(3). As can be seen from this figure there is a tendency 
for the values of r to lie on the same curve for all the 

o 
projectiles. Hence, for reactions where no information is 
available on elastic scattering we calculate the reaction 
cross section as follows, (a) with a value of r inter
polated from the data of fig. 2, 9c/2 is calculated by 
eq. (6), (b) I is then calculated by eq. (4) and finally 
(c) a is calculated by eq.(10). 

Values of n, r , 9 , I and a„ determined from the 
' o c max R 

procedures outlined earlier are listed in table I for 
several heavy ion reactions. In a number of cases 9 and 
r are determined from elastic scattering measurements by 7) the one-quarter point technique . In the remainder of the 
cases r is given in a parenthesis and estimated from 
fig. 2. 
B. Components of the Total Reaction Cross Section 

The total reaction cross section is often expressed in 
terms of two major components, the so-called compound nucleus 
formation or fusion cross section and the direct cross section. 
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Table I. Values of n, r , 9C, 5max and 0R are listed for 
several heavy ion reactions. In some cases values 
of 9C and rQ are determined from elastic scattering 
measurements, by the onequarter point technique7). 
Values of r0 in parentheses are estimated from fig. 

** 
Reaction Energy n 

MeV (lab).. 
r
o 
fm 

e
c 

(degrees, 
cm.) 

max a
R 

(mb) 

109„ 40,, 
Ag+ Ar 

165„ 40^ 
Ho+ Ar 

197 40^ 
. Au+ Ar 

209^.40,, 
Bi+ Ar 

232 , 40 
Th+ Ar 

238^40,, 
U+ Ar 

186T7^63„ W+ Cu 
165„ , 84T, Ho+ Kr 

181m , 84T, Ta+ Kr 
186^84^ 

W+ Kr 
197A ̂ 84v Au+ Kr 

20 8̂ , J84T, Pb+ Kr . 

196' 
226 
288 
226 
288 
300 
288 
300 
250 
288 
300 
288 
300 
388 
250 
260 
270 
288 
300 
416 
395 
460 
605 
714 
457 
550 
502 
457 
605 
714 
500 

60.1 
56.0 
49.6 
79.8 
70.7 
69.3 
83.4

81.7 
94.0 
87.6 
85.8 
95.0 
93.1 
81.9 

104.2 
102.2 
100.3 
97.1 
95.2 
80.8 

134.9 
163.4 
141.4 
130.2 
177.3 
161.6 
171.6 
191.9 
166.8 
153.5 
190.4 

••(1.45) 
(1.45) 
(1.45) 
(1.43) 
(1.43) 
(1.43) 

• (1,42) ■ 
(1.42) 
(1.41) 
1.41 
(1.41) 
(1.41) 
(1.41) 
(1.42) 
(1.40) 
(1.40) 
(1.41) 
1.41 
(1.41) 
(1.42) 
(1.37) 
(1.34) 
(1.36) 
(1.37) 
1.33 
(1.34) 
(1.34) 
1.32 
(1.34) 
(1.35) 
1.33 

■67.5 
 53.4 

'•".;.
 3 4


9 

73.6 
49.2 
46.3 
57.8 
54.2 
78.9 
61.0 
57.2 
65.8 
61.4 
41.0 
89.7 
82.6 
75.7 
67.3 
62.7 
37.9 
81.2 

100.1 
56.9 
43.8 

113 
73.5 
88.1 

131 
66.2 
50.1 

101 

90 
111 
158 
107 
154 
162 
151 
160 
114 
149 
157 
147 
157 
219 
105 
116 
129 
146 
156 
235 
157 
137 
261 
324 
117 
217 
177 
87 

256 
328 
157 

1295 
1718 
2421 
1300 
2125 
2245 
1967 
2409 
1240 
1810 
1951 
171'5 
1876 
2814 

* 1003 
1185 
1406 
1681 
1847 
3013 
1184 
736 

2020 
2638 
514 

1442 
1043 
272 

1737 
2427 
769 

(Continued) 
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Table I (Cont'd.) 

Reaction Energy 
MeV(lab) 

* 
n ro fm 

** 
9c (degrees, 
cm.) 

max (m§) 

209n. 84Tjr Bi+ Kr 

133^, ,136v Cs+ Xe 

460 
500 
525 
540 
605 
714 
840 

200.9 
192.7 
188.1 
185.4 
175.2 
161.3 
188.1 

(1.32) 
(1.32) 
(1.32) 
(1.32) 
1.35 
(1.35) 
(1.32) 

136.9 
105.6 
93.7 
88.3 
67.4 
51.6 
75.8 

79 
14,6 
176 
191 
263 
334 
242 

214 
664 
921 
978 

1767 
2411 
1385 

* n is defined by eq.(3). 
** 9~ is the angle at which a ,/a„ ., = 1/4, c ^ el' Ruth ' 
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Hence, the reaction cross section is given by 

0- = a- + a,. (11) 
R fus dir x ' 

where af is associated with compound nucleus or equilibrium 
events with relatively long lifetimes and a ,. is associated 
with the direct reactions which are characterized by short 
lifetimes and classed as non-equilibrium processes. Such 
a sharp contrast between reaction types is in practice not 
possible because one knows for light-ion-induced reactions 
that pre-equilibrium particle emission is important. 

In order to have a useful or workable definition of 
the total reaction cross section for heavy ion reactions one 
must decompose the two major reaction classes of eq.(11) 
into subclasses. The fusion cross section a_ is conveniently 
divided into a non-fission and a fission part. We designate 
the cross section a„ as that cross section leading to 

fus-evap r 

a final nucleus whose mass and charge are close to the sum 
of the masses of the target and projectile. This part of 
the fusion cross section is associated with the compound , 
nucleus deexciting by light particle emission. We designate 
the cross section a,. ... as that part of the compound 

fus-fiss ^ ^ 
nucleus or fusion cross section which leads to fission. The 
enhancement of the fission probability with angular momentum 14) has been discussed some time ago for heavy targets and is 
of particular significance for heavy-ion-induced reactions 
where intermediate nuclei are formed with large angular 
momenta. In fact for sufficiently large angular momenta, 
even lighter nuclei have a significant probability to decay 
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by fission . In summary the fusion cross section is 
given chiefly by these two components, 

O j - = 0 - + Oj- _. (12) 
fus fus-evap fus-fiss 

and these reactions are expected to give well defined angular 
distributions which are symmetric around 90° in the center-
of-mass system. The intermediate compound nuclei are formed 
with their angular momenta polarized perpendicular to the 
beam direction and the degree of anisotropy of the reaction 
products depends on the magnitude of the angular momenta. 

The direct reaction cross section is not so easily 
divided into simple subclasses without considerable overlap 
between the subclasses. In order to describe a direct heavy 
ion reaction, it is usually necessary to measure several 
properties of the final states of the fragments. Some of 
these properties are i) the number of fragments, ii) the 
masses and charges of each of the different fragments, 
iii) the angular direction of each fragment, iv) the kinetic 
energy of each fragment, v) the excitation energy of each 
fragment, and vi) the angular momentum of each fragment. 
Experimental techniques used to study heavy ion reactions 
are rapidly improving and in the future it should be possible 
to measure a large number of these parameters. At present, 
however, most experiments give information on only a limited 
number of the above quantities. For the purpose of these 
lecture notes I am going to rather arbitrarily divide the 
direct reaction cross section for heavy ion reactions into 
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two parts which are called the transfer reaction cross 
section, a ,. _, , and the strongly damped collision cross 
section, ad.r_SDC. Hence, 

adir = adir-tran + adir-SDC ( 1 3 ) 

where both of these processes involve nucleon transfer to 
various degrees and on this basis alone may not be 
distinguishable. Although one would like information on all 
the variables mentioned earlier to distinguish the different 
types of direct reactions, such detailed data are simply not 
available. The operational methods used, at present, to 
distinguish these two reaction subclasses are mainly by 
angular distribution and kinetic energy measurements. Even 
so, the separation is not unique in many reactions. 

The total reaction cross section for a heavy-ion-induced 
reaction is now given by the sum of four terms, 

^T, = cf£ + Oj. j . . + a,. . + a,. -,_,_, (14) R fus-evap fus-fiss dir-tran dir-SDC 
Although the sum of the individual terms of eq.(14) is 
expected to give a reasonably good approximation of the total 
reaction cross section for any reaction between a heavy 
projectile and targets with a wide range of masses, it is 
easy to raise objections to eq.(14). As examples of objections 
we cite only two cases. First, where do the preequilibrium 
reactions appear? On the basis of their non-equilibrium 
character they should appear in a,. . However, if simple 
configurations (e.g. 2 particle - 1 hole states) are initially 
formed in heavy ion capture and sequentially decay by pre-
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equilibrium emission of light particles, one will operationally 
observe these events in a, . One assumes that for 

fus-evap 
very heavy ion reactions such events will be rare. Secondly, 
the fission barriers for a system with large values of the 
angular momentum may vanish. Even so the nuclear interaction 
may be sufficiently strong to lead to a sizeable mass transfer 
giving fragments which have masses very similar to those pro
duced in compound nucleus fission. Hence, the observation 
of fusion-fission like fragments does not necessarily imply 
an intermediate compound nucleus where all the internal degrees 
of freedom are equilibrated. If one has information only on 
mass, the cross section for such events would appear from an 
operational point of view in a, ... , whereas such events r ^ fus-fiss 
are part of the direct cross section and they should be part 
of a,. or>„. Information on other variables listed previously, dir-SDC ^ J 

such as angular distributions, would help to correctly assign 
such events. 

A number of reaction cross sections have been measured 
for light ion projectiles by a transmission method and 
by summing the various open reaction channels. The latter 
method is sometimes simplified when one-type of exit channel 
dominates the reaction cross section, e.g. fission in the 

17) case of very heavy targets . Unfortunately, very little 
experimental data is available on the total reaction cross 

40 section with projectiles of Ar and heavier masses. For 
these heavy projectiles, one obtains the reaction cross 
section by summing the terms in eq.(14). However, this author 
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40 
knows of no reaction with Ar or heavier projectiles where 
experimental information is available for all terms of 
eq. (14) . 

Before proceeding to the very heavy projectiles we 
18) 

wish to compare experimental values of c- for c ■ fus-evap 
32 24 27 40 
S induced reactions on Mg, Al and Ca with our 

18) 
theoretical estimate of o from elastic scattering data 
by the one-quarter point technique. This information is 
compiled in table II. It can be seen from this table that 
the oj. is nearly equal to the theoretical reaction 

fus-evap
 J ^ 

cross section. For these reactions it is expected that the 
other terms of eq.(14) make only a small contribution. 
Based on the simple formula of eq.(10) for the reaction 
cross section, the agreement is surprisingly good for 
systems with so few £ waves. In addition, of course, a 
small amount of unmeasured direct reaction cross section 
would even improve the agreement further. 

III. NUCLEAR INTERACTION POTENTIALS 

As already mentioned in the introduction various types 
of nuclear potentials have been used in the calculation 

4 19 20) 
of fusion cross sections. Most of these models ' ' 
include friction and have as a necessary condition for fusion 
of a particular £ wave that it have a potential maximum and, 
hence a potential well or pocket. A potential well in the 
frictional model is, however, not a sufficient condition 
for fusion in that if there is not loss of radial kinetic 
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32 Table II. Reaction cross sections for S induced reactions 

determined from elastic scattering measurements18) 
by the one-quarter point technique. These reaction 
cross sections are compared to experimental values18) 
o f afus-evap (see text). 

Reaction 

2 4Mg +
3 2S 

2 7A1 +
3 2S 

4 0Ca +
3 2S 

lab 
(MeV) 

75 
90 

110 
73 
85 

110 
82.5 
85 
90 

n 

19.7 
18.0 
16.3 
21.7 
20.1 
17.7 
31.4 
30.9 
30.0 

6c (degrees, 
cm.) 

110 
80 
54.8 
115 
84.2 
55 
135 
120 
102 

max 

13.8 
21.5 
31.4 
13.8 
22.2 
33.9 
13.0 
17.8 
24.3 

aR 
(mb) 

284 
628 

1070 
294 
622 

1089 
158 
278 
474 

* 
fus-evap 
(mb) 

269 
669 
945 
248 
561 
914 
139 
196 
354 

** 
A 
(%) 

5 
-7 
12 
16 
10 
16 
12 
29 
25 

*** 

(%) 

13 
9 
6 

13 
8 
6 

14 
10 
8 

** 

Or; _ is for these reactions the major part of the reaction 
cross section and represents that part of the fusion cross 
section which deexcites by particle and y-ray emission. 
A = 100 (aR -

*** 
fus-evap ' R 

A0= percentage error introduced if unit. I I is overestimated by one 
max J 
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energy in the well the projectile will decay back over the 
barrier. The number of I waves with potential wells and 
the magnitude of the barrier for each I wave enter directly 
into the calculation of the fusion cross section for models 
with friction. For the same fusion cross section, a model 
with a smaller barrier requires larger friction and vice 
versa. In the limit of no friction*, the barrier must be 
correspondingly higher 

The total potential is given by a sum of the Coulomb,. 
centrifugal and nuclear potentials, 

VU,r) = Vc(r) + V£(r) + VNucl(r) (15) 

The heavy ion reaction barrier for I = 0 is fixed by the 
condition that**, 

h [ VC ( r ) +VNucl(r)]r=RB(il=0) = ° (16> 

A realistic estimate of the radial dependence of V ,(r) to 
rather small distances is extremely important for understanding 
heavy ion reaction processes which occur with impact parameters 
smaller than the grazing impact parameter. For this reason 

4 19-22) we review various forms of the nuclear potential in use ' 
and the consequences of the various nuclear potentials. 

* The Bass model assumes zero friction until' the system 
reaches the barrier and at this point infinite friction 
is assumed. 

** 
For very large values of the product Z^Z2, the potential 
for 1=0 may not have a maximum and for these cases eq.(16) 
is not valid. 
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A. The Nucleus-Nucleus Potential as Calculated by the 
Folding Procedure 

The nucleus-nucleus interaction potential between a 
heavy ion projectile and target nucleus is estimated in 
this section by folding the nuclear density distribution 
of one nucleus with the real part of the single-nucleon 

20 21 23) 
optical potential of the other nucleus ' ' . The inter
action between the two nuclei contains both direct and 

21) exchange terms and is given by , 

V, 2(r) = / p, (r.) V2(r.-r)d r, + exchange terms (17) 

where p,(r,) is the density of nucleus 1 and V?(r,-r) is the 
real part of the single-nucleon optical potential for nucleus 
2. The direct term involves the elastic scattering channel 
and yields a real local potential whereas the exchange terms 
involve virtual transitions out of and back into the elastic 
channel and yield a non-local energy dependent potential 
which contains the imaginary part of the optical potential. 

If the exchange effects are neglected (the validity of 
this assumption is good at large separations of the two 
nuclei), the long-range part of the nucleus-nucleus interaction 
potential is given by, 

V12(r) = / P1(r1) V2(?1-?)d3?1 (18) 

If p, and V„ both have spherical symmetry, the integral of 
eq.(18) can be transformed into a two dimensional integral 
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21) over r, and r- by introducing a change in variables , 
giving, 

V 1 2 ( r ) = T- I d rl pl ( rl ) rl / d r2 V 2 ( r 2 ) r2 (19) 

The limits of integration for the second integral depend on 
r and r, and both integrals are fixed by the conditions, 

r, + r2 > r and |r, - r_| < r 

If one changes variables such that s = r,+rp and t = r,-r», 
then eq.(19) reduces to, 

V12(r) = 4J /" ds/fr dt P l ( ^ ) v 2 ( ^ ) (s2-t2) (20) 

The integral over t in eq. (20) can be evaluated anal-ytically 
when the functions p. and V~ have Saxon-Woods forms with 
the same surface thickness parameter T but different radius 
parameters R, and R„. Hence, we let 

P1(r) = p0{l+exp(-5r-i) } - 1 and V2 (r) = VQ{l+exp (-^) } _ 1 

(21) 
where p = 0.212(1+2.66A~2/3)_1 fm~3, VQ = -50 MeV, 
T = 2T1T2/(T1+T2), R. = r.A^' and R2 = ^2

A2 Introducing 
eq.(21) into eq.(20) gives, 

V12(r) = —5-0 /~ l(s) ds (22) 

where 
o o s+t-2R. _, s-t-2R„ _, 

I(s) = /Zoo dt(s -t: ){l+exp( ¥—i)} "Ml+exp =—± - } X (23) 
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and the limits of the t-integration in eq.(20) are replaced 
by plus and minus infinity. This is a reasonable assumption 
when the radii R, and R2 are much larger than T and r>R,+R„ 
The value of th( 
replaced by r), 

21) The value of the integral in eq.(23) is (where s has been 

[r- (R +R ) ] [2r2- (8TT2T2/3) ] ~[r-2R1 ) 3- (r-2R,) 3] 
I(r) = (24) 

r-(R1+R2) 
exp [ ^ ] - 1 

The nucleus-nucleus interaction potential and its derivative 
are now given by 

V12(r) = — ± f f(r) (25) 

and 
^ 0 rf(r) V 1 2 ( r ) = 2 ^ - t ^ - + K r ) ] (26) 

where f(r) = / I(r) dr. 
Values of the nuclear potential based on this folding 

procedure have been evaluated by a computer calculation for 
a number of heavy ion reactions. The values of T, r.. and r„ 

20) have been varied slightly. Gross and Kalinowski use 
values of T ^ T2, R and R2 of 0.54, 0.65, 1.12A^'3 - 0.86A~ ' 

1/3 21) 
and 1.25A-' fm, respectively. Brink and Rowley use the 
same values of T, and T», R, = 1.04A,/ and R2 = r 2 A2 where 
r 2 was taken to be a free parameter. 
Brink-Rowley fitting procedure for r 2 

In order to test the usefulness of the folding potential, 
Brink and Rowley let r , be an open parameter and derived this 
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parameter by fitting the quarter-points (£ ) of some 
experimental heavy ion elastic scattering cross sections. 
In these calculations it is assumed that nucleus 1 is the 
projectile and nucleus 2 is the target. 

The adjustment procedure has one open parameter which 
is determined by fitting to one piece of experimental data, 
namely the calculated value of I is made to fit the 

J max 
value of i determined from the experimental elastic 

max c 

7 8) scattering data by the 1/4 point technique ' . The radial 
parameter r 2 used in the computation of the nucleus-nucleus 
interaction potential is varied in small steps until the 
calculated value of % agrees with the experimental value 

max ^ c 

of I 
max 21) In the Brink-Rowley procedure for calculating £ , 

it is assumed that the potential for I has a maximum at 
c max 

the barrier distance, R_, (£=£ ), designated as the distance 
B max ^ 

D, namely 

^ fVc(r) + Vl (r) + V N u c l(r)] r = D= 0 (27) 
max 

In addition, the maximum in the potential for I is equal 
' ^ max ^ 

to the bombarding energy in the center-of-mass, 

E C M = VC(D) + V£ (D) + VNucl(D) (28) 
max 

By combining eqs.(27) and (28) it is possible to solve for D, 

D = [2ECM - VC(D) - 2VNucl(D)]/V^cl(D) (29) 
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and from eq.(28), 

I = (2-T)1/2 D[E_ M-V_(D) -V. T ,(D)] 1 / 2 (30) 
max „2 l CM C Nucl v ' 

V„ ,(r) so that the value of I calculated by eq.(30) 
Nucl max 2 ^ 

The radius parameter r _ is adjusted in the calculation of 
V„ ,(r) so that the value of I calc 
Nucl max 
agrees with the experimental value of I 
r c max 

Possibly an easier way to visualize the adjustment in 
r 2 is slightly different from the above procedure described 

21) by Brink and Rowley . With the experimental value of I J J c max 
the quantity d(Vr+V? )/dr is calculated as a function of 

c ""max 
r. Then with a particular value of r ,, the value of 
dV.T , /dr is calculated as a function of r. The value of r Nucl' 
for which these two derivatives are equal is D. This value of 
D is now used to check the equality of eq.(28). If the right 
hand side of eq.(28) is different from E , a new value of 
r „ is used in the computation of the nuclear potential and 
dV ,/dr(r). With this new value of D, eq.(28) is again Nucl ^ ^ 
checked. This procedure is repeated until eq.(28) is satisfied. 

21) With the above method, Brink and Rowley obtained 
2 0 8 84 values of r - of 1.19 and 1.10 fm for the reactions Pb + Kr o2 

232 84 and Th + Kr, respectively. However, for very heavy ion 
reactions such as these, the Brink-Rowley procedure may be 
incorrect in its starting assumption. That is, there may 
be no value of r for which V'(D)+V'(D)+V' (D)=0 and eq.(27) 

max 
is not valid. If the total potential for I does not have 

max 
a maximum at any radial distance, then the procedure of Brink 
and Rowley forces the derivative of the nuclear potential to 
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be large enough to give a maximum in V(£ ,r) at some radial r r ^ max 
distance. Hence, this procedure is not only incorrect but 
gives credence to a nucleus-nucleus interaction potential 
which has too large a derivative at radial distances slightly 
larger then the nuclear matter radius. 

Numerical values of the nuclear potential calculated by the 
folding procedure 

V. 

Nucleus-nucleus interaction potentials V,?(r), or 
,(r), calculated by the folding procedure are shown in 

2 09 84 fig. 3 for the Bi + Kr reaction for two sets of constants. 
In table III we list several heavy ion reaction barriers 
(£=0 and £=£ ), radial positions of each of the barriers max ' * 
and the contributions of VN , at each of the respective 
barrier distances as calculated by folding the nuclear density 
distribution of one nucleus with the' real part of the single-
nucleon optical potential of the other nucleus. 

19) B. Nuclear Potential of Bass 

Bass assumes the nuclear potential to have the following 
radial form, 

V Nucl ( r ) " - a s AY3 A 2 / 3 d R12 e x ? ( " r~lTl) ( 3 1 ) 

where a is the surface energy constant in the liquid drop 
mass formula, R, _ = r (A/ + A.' ) and d is a diffuseness 

12. o 1 2 
parameter. Values of a , r and d have been chosen as 17 MeV, 
1.07 fm and 1.35 fm, respectively. This potential for the 
209 84 

Bi + Kr reaction is shown as curve (a) in fig. 3. 
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Fig. 3: Radial dependence of four nuclear potentials 
209 84 

for the reaction, Bi + Kr. The differ
ent curves are identified in the figure. 
Curves (b) and (c) are calculated with the 
folding procedure discussed in the text. 
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Table III. Heavy ion reaction barriers, radial positions of each of the barriers, and the contributions of V]\juci at 
each of the respective barrier distances calculated by folding the nucleonnucleon potential with the nuclear 
matter distribution3). The radial parameter r0i = 1.04 fma) for all entries except the 5th. For the 5th 
entry r0n = 1.075 fmb). Also included are values of Lmax for a specific energy and the corresponding values 
of the radial position of L m a x and the nuclear contribution at the barrier distance for Lmax

Reaction E
lab 
(MeV) 

605 
500 
605 
605 
605 
605 
605 

288 
288 

r
2 

(fm) 

1.19 
1.19 
1.19 
" 1.19 
1.25 
1.19 

. 1.10 

1.19 
1.19 

V
R
2 

(fm) 

11.079 
11.345 
11.477 
11.615 
12.125 
11.928 
11.370 

10.617 
10.931 

RBU=0) 
(fm) 

12.662 
12.884 
12.975 
13.100 
13.716 
13.362 
12.681 

12.438 
12.711 

V
NUC1

[ R
B
U = °)] E

B
U = 0) 

(MeV) (MeV) 
*"max 

(in units of •K) 
V * = W V

Nucl
[R
B
U
=*max

)] 

(fm) (MeV) 

Ho + Kr 
W + . Kr 

197. ^ 84v Au + Kr 
209n _,_ 84„ Bi + Kr 
209

Bi +
 84

Kr 
2 3 8

U +
 84

Kr 
2 3 8

U +
 84

Kr 
209o. 40, 

Bi + Ar 
238r, ̂  40A U + Ar 

•17.69 
18.94 
20.04 
20.50 
18.63 
22.14 
24.96 

11.18 
11.91 

2 5 6 . 5 

2 7 8 . 7 

2 9 5 . 4 

3 0 7 . 8 

2 9 4 . 9 

3 3 4 . 6 

3 5 1 . 0 

1 6 1 . 7 

1 7 5 . 6 

2 3 8 . 9 

1 7 0 . 4 

2 3 9 . 5 

2 3 9 . 6 

2 6 3 . 4 

2 3 8 . 5 

2 0 9 . 5 

136.0 
132.9 

11.843 
12.484 
12.298 
12.454 
13.027 
12.809 
12.200 

11.725 
12.102 

45.96 
30.50 
44.08 
43.52 
41.98 
42.18 
43.43 

26.23 
■24.71 

o 

a)
D.M. Brink and N. Rowley, Nucl. Phys. A219, 79(1974). 

b)
D.H.E. Gross and H. Kalinowski,' Phys. Letts. 48B, 302(1974) 
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C. Saxon-Woods Nuclear Potential 

The Saxon-Woods form of the nuclear potential has been 

frequently used in the analysis of heavy ion nuclear reactions 

and is given by, 

V 
VNucl(r) = 1 + exp[(r-R)/d] ( 3 2 ) 

The difficulty encountered in the application of such a 

potential to heavy ion reactions is in the evaluation of the 
4) parameters. Bondorf, Sobel and Sperber evaluated V from 

the difference in the surface energies of liquid drops, 

Vo = as [(A1 + A 2 ) 2 / 3 " 4 / 3 ~ A 2 / 3 ] (33) 

where a is a surface tension constant with a value of 17 MeV. s 
209 8 4 ' 

For the Bi + Kr reaction, V in this approximation is 
-175 MeV. With R = 1.25 ( A ^ + A ^ 3 ) fm and d = 0.9 fm, the 

4) Saxon-Woods nuclear potential of Bondorf, Sobel and Sperber 

is given by curve (d) of fig. 3. As can be seen in fig. 3, 

the nuclear potentials of the various authors for the 
2 09 8 4 

Bi + Kr reaction are very different. The corresponding 

barriers for I = 0 for each of the nuclear potentials 

displayed in fig. 3 are shown in fig. 4. One sees an enormous 

variation of 65 MeV in the two extreme barriers. 

Modification of the Saxon-Woods parameters by equating the 

maximum nuclear force with the liquid-drop model force 

In the calculations of the fusion cross sections by the 

various models it is important to have a reasonably accurate 

knowledge of the radial dependence of the nuclear potential 
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Fig. 4: Barriers (£=0) for four different nuclear 
a. J. • -i * J.U *.- 209„. , 84T, 

potentials for the reaction, Bi + Kr. 
The different curves are identified in the 
figure. The dashed line is the Coulomb 
potential, V (r). 
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in order to calculate V(£,r). 
In the evaluation of the number of £ waves with 

potential pockets, the radial dependence of the nuclear 
potential is of great importance. In particular, the 
derivative of the nuclear potential is the controlling factor 
which determines how many £ waves will have pockets. The 
folding potentials discussed earlier have large enough values 

209 84 of V' , to cause all the £ waves for the Bi + Kr Nucl 
reaction at a bombarding energy of 605 MeV to have maxima 
and associated potential wells (as mentioned earlier the 
Brink-Rowley procedure arbitrarily forces £ to have a 
maximum). The values of the nuclear force, V' , , determined 

' Nucl 
by the folding procedure violate the simple liquid drop 
estimate by over a factor of 2 for the reaction under 
consideration and, hence, lead one to seriously question the 
folding procedure at values of r where the nuclear densities 
are overlapping. 

It is possible to estimate dV ,/dr at r = R (where 
R = R,+R„) for two touching spherical nuclei from the liquid 
drop model 

d V N u c l 2 T T ( Y 1 + Y 2 ) R 1 R 2 
S (r=R) = ± - — (34) 
^ Rl + R2 

25) where y-i an^ y? are the surface tension coefficients of 
2 nuclei 1 and 2, respectively, in units of MeV/fm , 

Y = 0.9517-11 - 1.7826(~£)2] . ' (35) 
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209 84 With a value of r =1.17 fm*, one has for the Bi + Kr 
reaction a limiting value of V' n of 33.3 MeV fm~ . 

3 Nucl 
If one assumes a nuclear potential of the Saxon-Woods 

form as given by eq.(32), the derivative of such a potential 
with respect to r is 

Nucl^j = _ __o exp[ (r-R)/d] (3g. 
d r d {1 + exp[(r-R)/d]}2 

The rate of change of a Saxon-Woods nuclear potential with 
radial distance has a maximum at r = R, where this maximum 

v, 26) is given by , 
dV„ , V 
(—3^) = " TS • (37) 

dr max 4d 
If one equates the maximum value of the derivative of the 
nuclear potential in the Saxon-Woods model given by eq.(37) 
with the force of the touching nuclei in the liquid drop 209 84 model of eq. (34), one obtains for the Bi + Kr reaction, 

V 
-°- = - 4 x 33.3 = - 133.2 MeV fm (38) 
a 

One sees immediately that this absolute value of v /d is much 
o' 4) smaller than the value used previously where V /d = - 175/0.9 

- 194.4 MeV fm (a value in substantial violation of the 
liquid drop force for touching nuclei). However, this is 
to be expected since the value of V = - 175 MeV is a limiting 

238 4 0 value. For the U+ Ar reaction one obtains a limiting 
* 
In order to be consistent with the values of Y determined 
from the Lysekil constants") a radius parameter of 1.2249 
fm should be used in eq.(34). This increases V' 1 by 5%. 
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value of V* x of 29.15 MeV/fm and v /d of  116.6 MeV/fm. ' 
The radial dependences of the nuclear potentials for 

4v,
 2

09D. _,_ 84v , 238TT ^ 4 0 , ... ., _ 
the Bi + Kr and U + Ar reactions for the Saxon
Woods potential described above are displayed in fig. 5. 
In each case the diffuseness parameter d was set equal to 
0.75 fm. The values of the nuclear potential calculated 
from the BrinkRowley folding prescription are included in 
fig. 5 also. It can be seen that the SaxonWoods nuclear 
potentials of fig. 5 are in very close agreement with the 
BrinkRowley potentials for the larger radial distances 
where the densities of the two interacting nuclei are not 
strongly overlapping. 

The radial dependence of the quantity V + V , is 
i 4.4. J • *■ c * 4u 209x, , 84 238.„ , 40, plotted in fig. 6 for the Bi + Kr and U + Ar 

209 84 
reactions. The barrier height, E_(£=0), for the Bi + Kr 
reaction is essentially unchanged from that calculated with 
the BrinkRowley folding potential. However, a very 
important difference in the two potentials for the 
2 09 84 

Bi + Kr reaction is illustrated in fig. 7. Whereas 
the BrinkRowley folding potential has maxima for all £ waves 

209 84 
for the Bi + Kr reaction at a bombarding energy of 
605 MeV (£=240 is equal to £ and for this £ wave, 

H max 
dVNucl/dr = d(V +V.)/dr at a radial distance of 12.454 fm) , 
the SaxonWoods potential has maxima only for approximately 
100 £ waves. This results from the fact that dV.T ,/dr for 

Nucl 
the SaxonWoods potential has a maximum value of dV ,/dr 
of 33.3 MeV/fm (V /4d). 
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Radial dependence of the nuclear potential 
for two different models. The solid lines 
are calculated with a Saxon-Woods potential 
with the parameters (see text); r = 1.17 fm, 
d = 0.75 and V = -99.9 MeV (209Bi + 84Kr) and 
-87.45 MeV (238U + 40Ar). The solid dots are 
the Brink-Rowley potential calculated by 
folding the nuclear density distribution of 
one nucleus with the real part of the single-
nucleon optical potential of the other (para
meters are given in the text). 
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Fig. 6: The barriers, E (£=0), for two heavy ion 
B 

reactions calculated with the Saxon-Woods 
potential and the parameters listed in 
fig. 5. 
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Radial dependence of the quantity d(Vr+V.)/dr 
for the £=0 and £=240 waves for the 209Bi + 
84 . 209 84 
Kr reaction. Also shown for the Bi + Kr 

reaction are the radial dependences of dV -,/dr 
for two nuclear potentials. The solid line 
results for the Brink-Rowley folding potential 
and the dotted line for the Saxon-Woods 
potential with the parameters of fig. 5. Cross
ings of dV ,/dr with the curves of d(V +V_)/dr 
for particular £ waves correspond to a maximum 
or minimum in the total potential energy curve. 
The solid line, representing the nuclear force 
(dV -,/dr) for the Brink-Rowley folding potential, 
crosses the curves for d (V_,+V.)/dr for all £ 
waves at a radial distance outside the nuclear 
matter radius. This means that all £ waves have 
potential maxima and potential pockets. The 
dotted line crosses the £=0 curve at r = 12.8 fm 
(maximum) and 11.7 fm (minimum). See fig. 6. 
The Saxon-Woods nuclear potential gives potential 
maxima for only a limited number of £ waves. 
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The important conclusion to be drawn from fig. 7 is 
that the two very similar nuclear potentials of fig. 5 give 
very different results for the number of £ waves with 
potential maxima. The Brink-Rowley procedure, described 
earlier of equating the center-of-mass energy to the peak 
in the total potential for £ is not valid for the Saxon-

c max 209 84 Woods potential of fig. 5 for the Bi + Kr reaction 
since £ has no peak. It should be remarked, however, max ^ ' ' 
that the Brink-Rowley procedure starts with the assumption 
that £ has a potential maximum and then makes adjustments max ^ J 

in r 2 and the nuclear potential in order to make the 
experimental and calculated values of £ agree. If it 
is the case that a particular reaction has no potential 
maximum for £ , then the Brink-Rowley procedure forces 

max J * 

dV ,/dr to be too large in order to produce a maximum in 
the total potential energy for £ . Hence, this procedure 
leads to a nuclear potential with too great a slope. (The 
Brink-Rowley procedure of locating the radial distance of 
£ by eqs. (27-30) is also not valid for models with 
max J ^ 
friction). 

In fig. 8 the radial dependences of the nuclear force (dV„ -,/dr) are shown (dashed lines) for the Saxon-Woods Nucl' 
potentials for four heavy ion reactions. In each case the 
limiting value of the nuclear force is equated to the force 
for spherical nuclei by eq.(34) in order to deduce V /d. 
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Fig. 8 (a) , (b) , (c) and (d) : 

Radial dependence of the nuclear force, dV -./dr, 
(dashed line curves) for the Saxon-Woods potential, 
(a) 2 3 8 U + 4 0Ar, r Q = 1.17 fm, d = 0.75 fm, 

and V = -87.45 MeV o 
(b) 1 0 9Ag + 4°Ar, r = 1.17 fm, d = 0.75 fm and 

V = -81.5 MeV o 
(c) 1 8 1Ta + 8 4Kr, r = 1.17 fm, d = 0.75 fm and 

V = -98.3 MeV o 
(d) 1 3 3Gs + 1 3 6 X e , r = 1.17 fm, d = 0.75 fm and 

V = -100.6 MeV o 

On each figure the radial dependences of the 
quantity d(V +V.) are given for a series of £ 
waves (solid line curves). 

On fig. 8(b) the long dash-short dash curve gives 
the radial dependence of the nuclear force' 
calculated with the nucleus-nucleus potential as 
calculated with the folding procedure of section 

1/3 III A. The parameters used are R = 1.25A ' fm, 
Rp = l.^Ap^3 - 0.86AJ / 3 fm, VQ = -50 MeV, pQ = 
0.212 (1+2.66A~2/3)-1 fm"3, Tp = 0.54 fm and T T = 
0.65 fm. 
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Reaction barriers for Saxon-Woods nuclear potential 

Heavy ion reaction barriers, radial positions of each 
of the barriers and contributions of V„ , at each of the 

Nucl 
respective barrier distances calculated with a Saxon-Woods 
nuclear potential are listed in table IV for five selected 
reactions. In each case it is assumed that r = 1.17 fm and 

o 
d = 0.75 fm. The maximum value of the nuclear force at the 1/3 1/3 radial distance R = 1.17 (A' +A~' ) is calculated for each 
system with eq.(34). Comparison of the barriers for the 
209 84 

Bi + Kr reaction calculated by the Brink-Rowley folding 
potential and the present Saxon-Woods nuclear potential shows 
the two values agree to within one MeV. The reason that the 
values of these barriers ER(&=0) for the two different 
nuclear potentials are nearly the same is due to the fact that 
they occur at different values of r where the differences 
in the nuclear and Coulomb potentials cancel each other to 
the first order. 

As illustrated in the example above, the reaction 
barrier height is in some cases not an extremely sensitive 
function of the assumed nuclear potential. However, this is 
not a general rule as shown by the barriers for the 
209 84 

Bi + Kr reaction plotted in fig. 4 and calculated with 
different nuclear potentials. 
Variation of V and d in the Saxon-Woods potential with a 

o _ 
fixed value of V /d 

The effect of variation of V and d for a fixed value 
o 

of the ratio V /d is illustrated in fig. 9 for the nuclear 
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Table IV. Heavy ion reaction barriers, radial positions of each of 
the barriers and contributions of V^uc^ at each of the 
respective barrier distances calculated with a Saxon-
Woods nuclear potential (r0=1.17 fm and d=0.75 fm). For 
each reaction the maximum value of the nuclear force is 
calculated by the liquid drop theory. 

Reaction R (dVM ,/dr),, V R_,U=0) v.. ,[RnU=0)] Ec(£= 
f Nucl _. R o a Nucl B B 

MeV fm MeV fm MeV MeV 

109^ 40„ " _ _Qrt 
Ag+ Ar 9.5 90 

238„ 40. nn -__ 
U+ Ar 11.252 

181Ta+84Kr 11.742 
209D. 84v ,„ n,_ 

Bi+ Kr 12.067 
133Cs+136Xe 11.989 

27.17 -81.51 11.255 

29.15 -87.45 12.530 

32.76 -98.28 12.615 

33.30 -99.90 12.818 

33.54 -100.6 12.748 

-7.99 100.2 

-13.46 176.8 

-23.39 276.5 

-26.85 308.7 

-26.90 308.4 
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potential, the interaction barrier (£=0) and the nuclear 
2 09 8 4 force (dV ,/dr), respectively, for the Bi + Kr 

reaction. As can be seen in fig. 9 the interaction barrier 
increases about 30 MeV when d is decreased by a factor of 2 
(and V is one-half as deep). The radial position of the 
barrier also moves to a smaller radial distance. Since 
V /d is fixed, the maximum value of the nuclear force is the o 
same for these three nuclear potentials, although the radial 
dependences of the three nuclear forces are somewhat different, 
The interesting result, however, is that for these very 
different values of V and d, the resulting number of I 

waves with potential pockets is not markedly changed when 
V /d is fixed. 

Variation in R R„/(R +R ) 

If the parameter R.. R„/(R..+R„) in eq. (34) is changed to 
27) (R,-d) (R?-d) / (R-.+R-) in order to make a correction for 

the nuclear diffuseness d, the value of dV ,/dr at r = R 
209 84 is decreased by 24% for the Bi + Kr reaction when d = 

0.75 fm. This gives a value of -101.2 MeV fm for V /d, and 
a value of V = -75.9 MeV for d = 0.75 fm. A Saxon-Woods o 
nuclear potential with these parameters does not give a 
maximum in the potential energy curves for any I waves 
including 1=0. Once again this emphasizes the statement 
in the introduction that slight changes in the nuclear 
potential for heavy ion reactions lead to important 
consequences. 
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209 84 
(a) Nuclear potential for the Bi + Kr 

reaction as a function of the radial distance 

for a Saxon-Woods form of the nuclear potential 

with V /d fixed at -133.2 MeV fm - 1. 
(b) Interaction barriers (Z=0) for the 
209D. ^ 84T, .. .. _ 

Bi + Kr reaction for the three nuclear 

potentials of (a). For a fixed value of V /d, 

the barrier height increases by about 30 MeV 

as d decreases by a factor of 2 (and V is 

one-half as deep). At the same time the 

radial position of the barrier moves to smaller 

distances. 
(c) Radial dependence of dV -,/dr for the 
209 n. L 8 4 T , o _ - . c 4 _ i . 4 - u -i 

Bi + Kr reaction for the three nuclear 

potentials of (a) where V /d is fixed at 

-133.2 MeV fm . Also shown for the 
209.,. , 84T, . . ., ,. , , , 

Bi + Kr reaction are the radial depend

ences of the quantity d(V +V )/dr for the 1=0 

and £=100 waves. 

http://o_-.c4_i.4-u
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D. Proximity Potential 
28) 

Randrup, Swiatecki and Tsang have recently approxi
mated the nucleus-nucleus proximity potential as follows 

R R ffa+f-,e-<8/5><s/so> s > o 
E p ( s ) = - 2 „ ( V Y _ > 1 J L . J ° (39) 

V. 3 s 0 2 so 
where y is given by eq.(35), s is the separation distance of 
the two curved surfaces and s is taken as a constant of 1 fm. 

o 
In fig. 10 we compare the proximity potentials with the 

209 84 238 40 Saxon-Woods potentials for the Bi + Kr and U + Ar 
reactions. The agreement between the two potentials is 
excellent to rather small radial distances. However, as 
the radial distance is further decreased the proximity 
potential becomes repulsive as the two nuclei penetrate each 
other. This repulsion is a consequence of keeping the large 

22) number of interaction degrees of freedom frozen. Tsang 
has used the nucleus-nucleus proximity potential in the 
calculation of nuclear collisions including a frictional 
force. This potential gives results which are very similar 
to the Saxon-Woods potential with which it is compared in 
fig. 10. For example, the interaction barrier for SL=Q is 
307.6 MeV compared to 308.7 MeV for the Saxon-Woods potential 
and the number of £ waves with pockets are quite similar for 
the two potentials. The approximate nature of eq.(39) 
causes the nuclear force to peak at a finite value of s 
rather than at s=0. 
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Fig. 10: Comparison of the nucleus-nucleus proximity 
27) potential with a Saxon-Woods potential 

for the 209Bi + 84Kr (r = 1.17 fm, d = 0.75 
o 

fm and V = -99.9 MeV) and 238U + 40Ar 
(r = 1.17 fm, d = 0.75 fm and V = -87.45 o o 
MeV) reactions. The Saxon-Woods potential 
as well as the proximity potential have 
been fixed by the same maximum nuclear force 
of the touching liquid drops. 
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E. Estimate of Nucleus-Nucleus Interaction Energy by 
Energy Density Formalism 

The application of a nucleus-nucleus interaction energy 
based on a sudden approximation hypothesis to heavy ion 

2 9 30 reactions has been discussed recently. ' This method is 
based on work of Brueckner et al. and Lombard et al. ' 

In the sudden approximation limit the structure of each 
nucleus is conserved during the contact and the nuclear 
densities overlap in a reversible process without any re
arrangements. Such a nuclear potential has a repulsive core 
similar to the proximity potential. Both of these potentials 
differ in this respect from the Saxon-Woods potential which 

saturates to a value of V at small distances. However, the 
40 results of these three potentials are rather similar for Ar 

induced reactions on targets with Z up to at least 50. The 
interaction barriers (for 1=0) are similar and about the 
same number of I waves have potential maxima and potential 

84 pockets. The results for Kr induced reactions are slightly 
different for the three potentials. The Saxon-Woods and 
proximity potentials predict a few I waves with shallow 
pockets whereas the energy density formalism gives no I waves 
with pockets. 

F. Some Comments on the Various Potentials 

For the low-energy heavy ion reactions under discussion, 
the relative average velocity of the nuclei in the vicinity 
of the barrier is only of the order of 1 MeV per nucleon. 
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At these small velocities one expects surface waves to be 
excited in the interacting nuclei and to have some exchange 
of energy between the projectile and target. Hence, one 
doesn't expect the extreme sudden approximation hypothesis 
to be valid. On the other hand the other extreme, the 
adiabatic approximation, is probably not correct either for 
the heavy ion energies under consideration. Reality is 
likely to give a result between these two extremes. 

From a study of very heavy ion reactions one may be able 
to obtain information on the nuclear potential at rather 
small distances. It has been the purpose of this section 
on nuclear potentials to emphasize the importance of having 
accurate knowledge of the radial dependence of the nuclear 
potential to radial distances inside the £=0 barrier for 
predicting fusion cross sections and angular distributions 
of the strongly damped collision processes for very heavy 
ion reactions. 

As shown in fig. 5, two nuclear potentials may be very 
similar for large values of r, but lead to extremely differ
ent fusion cross sections for models (with and without 
friction) which require a potential well as a necessary 
condition for fusion. In fig. 11(a) and 11(b) we compare 
the total potential energy curves for &=0, 60, 120, 160 and 

209 84 22 0 waves for the Bi + Kr reaction for the folding 
potential and the Saxon-Woods nuclear potential with 
V = -99.9 MeV and d = 0.75 fm. For the case of the folding 
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Fig. 11 (a) Radial dependence of the total potential 
energy for a nuclear potential calculated 
by the folding procedure with the Brink-
Rowley constants. 

(b) Radial dependence of the total potential 
energy for a nuclear potential calculated 
with a Saxon-Woods form with V = -99.9 MeV 

o 
d = 0.75 fm and r =1.17 fm. Although 
the radial dependences of V at small 
distances for the various I waves are not 
shown, in all cases the curves turn upward 
giving a repulsive core. This is shown 
for 1=0 in fig. 6. 
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potential all I waves have maxima and corresponding potential 
pockets, whereas for the Saxon-Woods potential only a 
limited number of I waves have pockets. The reason for1 

this difference is that the folding potential gives values 
of <*V ,/dr which are much larger than those for the 
Saxon-Woods nuclear potential at radial distances near the 
barrier. Hence, very small differences in the nuclear 
potential (see fig. 5) give very marked differences in the 
radial dependence of the total potential energy for differ-

84 ent A values [see fig. 11(a) and (b)]. The fact that Kr 
induced reactions in heavy targets gives the strongly 
damped collision process with such a high probability 
indicates that few I waves have potential pockets for this 
system. 

IV. EXPERIMENTAL RESULTS 
84 A. Kr Projectiles 

84 Reactions between Kr projectiles and very heavy targets 
are unique in the sense that only a very small percentage 
of the reaction cross section goes into ac . Most of the 

3 fus 
cross section goes into a,. and, in particular, the major 
fraction of the direct cross section goes into a new process 
which we call strongly damped collisions. This latter cross 
section is given by a,. -,-,,-. As we mentioned in the ^ J dir-SDC 
introduction, this new reaction mechanism is characterized 
by (1) nucleon transfer resulting in two fragments with 
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masses in the general vicinity of the target and projectile 
masses (although if the target mass is large enough the 
excited heavy fragment will sequentially fission), (2) strong 
damping of the energy degrees of freedom resulting in 
fragment kinetic energies which correspond to Coulomb 
energies for charge centers of highly deformed fragments 
(analogous to that of fission fragments), and (3) angular 
distributions which are strongly peaked similar to a direct 
process occurring on a very fast time scale. 

84 For Kr induced reactions the strongly damped collision 
process was first characterized through studies of the 

84 209 2) 

reaction of 525-MeV Kr projectiles on Bi (these authors 
called the process "quasifission"). The angular distribu
tion of the lighter mass fragment is shown in fig. 12. One 
sees that the maximum in the angular distribution is peaked 
near 6 (see Table I), or slightly outside the grazing angle. 33) The integrated cross section a,. _,__, is 600 mbs. Making ^ dir-SDC ^ 
use of the estimate of a given in Table I, the ratio 
a,. ,_,DC/a is about 0.65 for a bombarding energy of 525 MeV. 

In order to characterize the strongly damped collision 
process it is necessary to observe both fragments in 
coincidence. The general technique of correlated fragments 
which has been extensively used in fission experiments 5) is employed. Our experimental arrangement differed from 
most previous studies in that one of our detectors was a 
large position-sensitive detector which subtended an angle 



Fig. 12. Differential cross sections ' of the light-mass 
fragment from the strongly damped collisions as 

209 84 a function of angle for the reaction Bi + Kr 
(525 MeV). The solid and dashed curves are for 
the lab and c m . systems, respectively. 



I 
p-
VD 

I 

f 200 

c: 
b 
X3 

»00 -

20 

1 

. .J. 

' I l l 

lob / 

. . . 1 L. 1 . . . - _ _ - . 

• ' 

1 T 1 l 1 1 1 1 -

^ B i ♦•
 8 4

Kr 
- ^ 525 MeV 

/ 

* 

'
 %

* 

/ \ CM 
• \ 

L 1 

• - • 

,7* :-+—■ i , i i 
40 60 80 100 

6( Degrees) 
120 

CN4 

d) 
M 

fa 



-68-

of 26° in the reaction plane. The use of this detector, 
in conjunction with an angle defining detector with a 2° 
acceptance angle, permitted the measurement of both angles 
and both energies of fragments in a binary event with a 
large geometry factor. This technique allows rejection of 
unwanted events from a ternary process and from incomplete 
momentum transfer of the projectile. Four parameters of 
data were recorded for each coincidence event, including 
(a) the energy of the defining detector; (b) the energy of 
the position-sensitive detector (PSD); (c) a signal 
proportional to the position in the PSD, and (d) a signal 
related to the difference in flight times of the two 
fragments. 

Next I will discuss recent results obtained from a 
84 209 

600-MeV Kr bombardment of Bi. Both singles and 
correlated-fragment spectra were measured. A characteristic 
feature of the singles spectra is the presence of an energy 
peak well-removed and reduced in energy from the elastic 
84 
Kr peak. This peak is clearly resolved at all angles 

measured except very near the grazing angle where higher 
energy events from multi-nucleon transfer reactions fill in 
the valley between the strongly damped collisions and elastic 
scattering. Examples of the single counter energy spectra 
taken at 29° and 59°, in the laboratory system, are shown in 
fig. 13. These two measurements represent angles well inside 
and well outside the grazing angle. At 59° (lab) the lower 
energy peak (a) is the elastic Bi recoil peak» and peak (b) 
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Singles spectra at laboratory angles of 59° 
and 29°. The energy scale is not corrected 
for target and foil absorption, pulse height 
defect and particle emission; (a) elastic 
209 

Bi recoils, (b) light-mass fragment from 
the strongly damped collisions, and (c) elastic 
84T, 
Kr events. 
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Fig. 14. Differential cross section of the light-mass 
fragment from the strongly damped collisions 

209 as a function of angle for the reaction Bi + 
84 
Kr (600 MeV). The circles and triangles are 

for the lab and c m . systems, respectively. 
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is the lighter mass fragment from the strongly damped 
84 collision process. At this angle the elastic Kr cross 

section is so small that no such events are observed. The 
energies indicated in fig. 13 are "apparent" energies 
without the iterative energy calibration kinematics calcu
lation used for coincidence measurements. At 29° (lab), 
peak (b) is again the lighter mass fragment from the strongly 
damped collisions, and peak (c) is the elastic 84Kr peak. 
The width (FWHM) of 18 MeV for the elastic 84Kr peak is 
entirely accounted for in terms of the experimental resolution. 

At five angles, where coincidence measurements were 
performed, the low-energy peak in each singles spectrum was 
shown to be due to the lighter mass fragment of the strongly 
damped collision process. This interpretation was assumed 
at other angles. The counts in this peak at each angle 
were converted to a differential cross section under the 
assumption that the cross section ratio, o -i/crR .*, is unity 
at 34° (lab). The resulting angular distribution for the 
lighter mass fragment from the strongly damped collision 
process is shown in fig. 14. The circles and triangles are 
for the laboratory and center-of-mass systems, respectively. 
An important feature of this angular distribution is the 
sharp peaking at an angle of 58° (cm.). This angle is 
considerably smaller than 0 (see Table I) and slightly 
smaller than the grazing angle. Hence, as the bombarding 
energy is increased from 525 to 600 MeV, the peak in the 
angular distribution for the strongly damped collision process 
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moves from 95° (cm.) to 5'8° (cm). The fact that the' 
angular distribution'is falling so fast at small angles 

35) for both energies argues against a nuclear orbiting picture 
where the colliding nuclei survive more than a fraction of 

84 a revolution. The present Kr data indicate that only a 
very small fraction of the intermediate systems live long 
enough to reach angles near 0°. 

Integration of the angular distribution shown in fig. 14 
gives a value of a,. _qnr, of approximately 1.5 b. There is 
an uncertainty associated with this value due to possible 
background introduced by (a) fission of the heavy fragment 
formed in the strongly damped collisions; (b) complete 
fusion-fission, and (c) multinucleon transfer reactions near 
the grazing angle. In spite of this uncertainty, it can be 
concluded that the strongly damped collisions represent a ' 
major fraction of aR of 1.77 barns (determined from the 
elastic scattering data using the 1/4 point technique, see 
Table I). The ratio of the strongly damped collision process 
to the total reaction cross section, a,. -.^-/a^, at 600 MeV 

' dir-SDC R 
is 0.8±0.1, which is larger than the ratio at 525 MeV2'33), 
indicating an increasing importance of this new process as 
the bombarding energy is increased. 

It is possible to calculate the masses and center-of-
mass kinetic energies of the two reaction products using the 
measured laboratory energies and angles' of the coincident 
fragments. However, it is necessary to make some assumption 
about particle emission from the two excited fragments. For 
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this purpose we assumed that neutrons were emitted from the 
fragments in the ratio of their respective masses with the 
total number calculated from energy balance considerations. 
In fig. 15(a) is shown a contour plot of the preneutron 
emission total kinetic energy (cm.) of the fragments versus 
mass. An energy window was set around the light fragment 
peak of the strongly damped collision process at an angle 
of 59° (lab) (see fig. 13). The curves in fig. 15 are 
based on the full iterative energy calibration kinematics 
calculation which was used for the coincidence measurements. 
One of the characteristic features of the strongly damped 
collisions seen in fig. 15(a) is the small average total 
kinetic energy of about 275 MeV. This is to be compared to 
the kinetic energy for elastic scattering of 430 MeV. The 
total kinetic energy is nearly constant with respect to 
angle, gradually increasing as the light fragment is 
detected at more forward angles, with an average TKE of 
290 MeV at 34° (lab). Kinetic energies of 275-290 MeV 
correspond to Coulomb energies for charge centers separated 
by 15-17 fm (depending on the amount of charge transfer). 
Such a separation distance corresponds to a stretched con
figuration similar to that encountered in fission. A separa-

209 84 tion distance of 12 fm is calculated for the Bi + Kr 
system assuming touching spheres with a radius parameter of 
r =1.17 fm. An even larger distance between charge centers 
is obtained for the exit channel if part of the measured 
kinetic energy is assumed to be collective energy from 
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Contour plot of the total kinetic energy 
(cm.) versus fragment mass for the defining 
detector at 59° (lab) with an energy window 
around the light-fragment strongly damped 
peak. 

Mass distributions for the strongly damped 
collisions when the light fragment is 
detected at 59° (lab) [solid curve] and 34° 
(lab) [dashed curve]. 
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rotation of the composite system. The entrance and exit 
channels of the strongly damped collision process must be 
viewed as being very different with respect to nuclear 
deformation, with the exit channel consisting of a very 
elongated system prior to separation (or scission). 

The preneutron emission mass distributions are shown 
in fig. 15(b) for two different detection angles of the 
light fragment associated with the strongly damped collision 
process. When the light fragment is emitted at 59° (lab), 
the most backward angle in the angular distribution (see 
fig. 13), the mass transfer is very large. However, as the 
light fragment is emitted further forward, the mass transfer 
is substantially reduced. From the curves of fig. 15(b), 
one sees that on the average, mass is transferred from the 
heavy fragment to the light fragment. . On the basis of simple 
energetics, this is the expected direction of the mass flow. 
If one considers two nuclei (Z.,A,) and (Z_,A_) at an 
interaction distance R,_, the total energy of this configura
tion with respect to the intermediate system is given by 

ZiZoe2 
E = E(Zn ,An )+E(Z„,A_)-E(intermediate £^stem)+-±-^— (40) 

± x Z Z 19 

In the application of this simple formula, we calculate the 
energy difference AE as a function of mass transfer, namely 

AE = E(Z1,A1)+E(.Z2,A2)+5L|2e_ - E ^ ^ ) 
ZTZne2 (41) 

- E(Z ,A ) i-P— 
P P RT P 
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where R,_ = r (AJ^+A*'3) and T and p represent the target 
209 84 and projectile, respectively. For the case of Bi + Kr, 

we assumed r in eq. (41) to be 1.34 fm. In fig. 16(a) and 
(b) are shown contours of AE as a function of AZ and AA for 
the light fragment. It can be seen from fig. 16 that mass 
transfer from the heavy fragment to the light fragment is 
energetically favored over mass transfer from the light 
fragment to the heavy fragment. A small ridge exists in 
the AE surface for AZ * 7 and AA * 20. 

One angular distribution is known for the strongly 
6 3 damped collision process with Cu projectiles. This is for 

the 1 8 6W + 63Cu (395 MeV) reaction33), where the angular 
distribution is shown in fig. 17. For this case a_ . _,__, = 

^ Dir-SDC 
250 mbs and the angular distribution peaks at 80° (cm.) 
near the value of 8 (see Table I) and outside the grazing 
angle. 36) Recently a radiochemical determination of the mass 

84 yield distribution was made for a 605-MeV Kr bombardment 
238 

of thick targets of U. This technique provides yields 
of radioactive products uniquely characterized with respect 
to Z and A. These observed products result from the deexcita-
tion of the initial fragments by particle emission and/or 
fission. Yields of 156 nuclides were measured radiochemi-
cally in this comprehensive work. The independent and 
cumulative yields are shown as a function of mass number in 
fig. 18(a). The apparent scatter in the data occurs because 
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Mass transfer energy contours AE (defined by 
eq. 41) as a function of AZ and AA for the 
light fragment calculated for the reaction 
209Bi + 84Kr. 
For fixed values of AA, AE (in MeV) is plotted 
against AZ. 
Contour plots of AE as a function of AA and AZ. 
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Fig. 17. Differential cross section of the light-
mass fragment from the strongly damped 
collisions as a function of angle for the 
reaction 186W + 63Cu (395 MeV). The solid 
and dashed curves are for the lab and cm. 
systems, respectively. 
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Radiochemical determination ' of the mass 
84 yield distribution for a 605-MeV Kr bombardment 

2 38 
of thick targets of U. 

) Independent and cumulative yields of individual 
isotopes, calculated with the assumption of an 
interaction barrier of 450>MeV (lab) correspond
ing to an effective target thickness of 11.6 mg/cm 
of 2 3 8U. 

) Contour lines for equal independent yields in mb. 
) Total integrated mass yields (upper and lower 

limits are indicated at those mass numbers for 
which experimental data were obtained) and their 
decomposition into individual components. The 
individual components are discussed in the text. 
Caption and figure are from Kratz, Norris and 

36) Seaborg , Phys. Rev. Letts, in press. 
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independent yields, and even many of the cumulative yields, 
represent only a fraction of the total mass yields. The 
cross sections are calculated with the assumption of an 
effective barrier of 4 50 MeV (lab) which corresponds to an 

2 238 effective target thickness of 11.6 mg/cm of U. The 
final mass yields were calculated at each mass number by 
integrating over a Gaussian charge dispersion. These final 

36) mass yields are shown in fig. 18(c). The above authors 
have decomposed'the mass distribution into several components 
as shown in fig. 18(c). In terms of the cross section 
notation presented earlier, ac ^. = A/2 = 55±15 mb, ^ fus-fiss ' ' 

o,. _ _ = E = 700±120 mb (or alternatively F + B/2), and 
ad'r-SDC = C = 470±70 mb (or alternatively D/2). In addition, 
an unexplained neutron-deficient group of nuclei near A * 195 
give a cross section of ~40 mb (G). 

Radiochemical measurements complement the information 
which is obtained from coincidence type measurements described 
earlier. It must be pointed out, however, that the separation 
of the direct cross section into the transfer and strongly 
damped collision processes is difficult on the basis of the 
mass distribution alone. The counter experiments have the 
advantage of a kinetic energy determination and it is this 
property which is very important in distinguishing the transfer 
reactions from the strongly damped collisions. The radio-

36) chemical measurements are in agreement with the counter 
measurements ' on the result that, for Kr bombardments 
of heavy targets, the major part of the reaction cross section 
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goes into direct reactions. However, the two techniques 
give different reported divisions of the direct cross 
section into the transfer and strongly damped collision 

2 5) processes. The counter experiments ' indicate that 
a^-i~ cnr. is larger than a ,. , whereas the radiochemical dir-SDC ^ dir-tran 
mass yield distribution has been interpreted in the opposite 
way. One complicating factor in the comparison of these two 
results is that the radiochemical measurements were made with 
a thick target. 

The explanation of the observed radiochemical yields 
around A ~ 195 (component G) is probably associated with the 
strongly damped collision process. As reported for the 
209 84 

Bi + Kr reaction (see fig. 15), very large mass transfers 
occur for the more backward angles of the light mass fragment. 

2 38 "34 
In the case of the ' U + Kr reaction, the transfer of a 
large number of particles giving fragments near lead and tin 
is energetically favorable. The resulting heavy fragment 
will then deexcite mainly by neutron emission and have a 
high probability to survive fission. 84 A number of Kr induced reactions on heavy targets have 
been reported to have fusion-fission cross sections in 

238 addition to that for a U target mentioned earlier. These 
84 results are summarized in Table V. Reactions of Kr on 

Ho, Ta and W with projectile energies in the neighbor
hood of 500 MeV (lab) are reported to have oc *•„„ which 

r fus-fiss 
represent very approximately 0.2 of the reaction cross 
section. 



TABLE V. Experimental values of individual parts of the total reaction cross section for several heavy 
ion reactions. Theoretical total reaction cross sections are listed in Table I. 

Reaction 

109. .40. Ag+ Ar 
121_. ,40. Sb+ Ar 

Ho+ Ar 

209n..40. Bi+ Ar 
232^, 40 A Th+ Ar 

U+ Ar 

186W+
63Cu 

165Ho+84Kr 
18lm ̂ 84v Ta+ Kr 
186 84 Wf Kr 
209Bi+

8AKr 

238U+
84Kr 

133Cs+
136Xe 

ELab 
(MeV) 

288 

300 

226 
300 

250 

297 
388 

250 
270 
300 
416 

395 

460 

550 

502 

500 
525 
600 

500 
<605 

840 

fus-evap 
(mb) 

650a) 

~iooob) 

-

fus-fiss 
(mb) 

600a) 

625C) 

830CJ 
1410c; 

1110±200d) 

766±150d) 
950f) . 

1220±120a,c; 
-1400S) 

~200l) 

350f) 

-ISO1* 

<30c) 

<100j) 

55±15k; 

70f) 

fus 
(mb) 

~1250 

-1625 

°dir-tran 
(mb) 

200j) 

700±120k) 

adir-SDC 
(mb) 

-

250h) 

6 00.h> 
1500j; 

470±70k) 

°dir 
(mb) 

>340a) 

nooe^ 
2400e; 

o, la fus 

0.52 

-0.67 

0.64 
0.63 

0.90 

0.76 
0.68 
0.65 
0.46 

-0.27 

0.24 

0.14 

<0.05 

<0.06 

<0.02 
-0.05 

0.05 
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40 B. Ar Projectiles 
40 The fusion cross sections measured for Ar induced 

reactions on heavy targets are much larger than those 
84 observed for Kr induced reactions. Cross sections on 

109 2 38 targets ranging from Ag to U are listed in Table V. 
109 121 The fusion cross section for targets of Ag and Sb 

divides approximately equally between af _ and 
a,. c . . The value of a_ is measured for the fus-fiss fus-evap 
109,, _,_ 40^ . . ... . . 37)' . 

Ag + Ar reaction with a counter telescope , whereas 
for the Sb + Ar reaction, af _ is approximated 
by summing partial cross sections for the reactions 
( Ar,xn) and ( Ar,pxn). A helium-jet technique was used 
and the experimental data require a number of corrections 

38) before an absolute cross section is obtained 40 The values of o, ,. have been measured with Ar 
fus-fiss 4--1 i * 4- 4- * 165„ 209D. , 238TT projectiles also for targets of Ho, Bi and U, 

sometimes at more than one energy. The values of o, _. 
^x fus-fiss 

are measured by the correlated fragment technique except for 
238 

the measurement at 270 MeV on U. Although this technique 
is rather definitive in assigning the reaction mechanism, 
there are difficulties with a highly fissionable target 2 38 like U. For this target, for example, a strongly damped 
collision process may be sequentially followed by fission 
of the heavy fragment. In this case the binary reaction 
process is not applicable. Hence, the values of the 2 38 a_ j . . for U should be considered upper limits until fus-fiss cc 
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these values are checked with more refined techniques. 
The strongly damped collision process has been observed 
40 232 1) 109 3) 

for Ar bombardments of both Th and Ag , although 
the integrated cross sections have not been reported. 
Element spectra in the vicinity of the projectile have been 
shown to be complex for both targets. Such spectra are 

40 109 
shown in fig. 19 for a 2 88 MeV Ar bombardment of Ag. 
The spectra for sulfur and chlorine at 30° (cm.) show the 
presence of the strongly damped collision process while 
at 40°(cm.) this process dominates. The lower energy 
peak in each of the spectra are interpreted as the strongly 
damped collision process because these average kinetic 
energies are approximately equal to the predicted Coulomb 
energies of the fragments. 

From table I it can be seen that 9 for the 
c 

109 40 
Ag + Ar reaction (288 MeV) is 35°. Hence, the grazing 

angle is a few degrees smaller than this value. At angles 
near the grazing angle the spectra for elements very near 
the projectile are mainly composed of the higher energy 
peak corresponding to ordinary nucleon transfer. 
C. Comparison of Heavy Projectile Induced Reactions for 

Composite Systems of About the Same Charge and Mass 
Measurements of the fission cross section have been 

made with a number of heavy targets with different projectiles 
so that the composite systems have nearly the same charge 39) ' and mass. A comparison of the results for the 



-93-

Energy spectra for P, S and CI detected in 
40 the Ar (288 MeV) induced reaction on a 

natural silver target. One sees that for 
elements sulfur and chlorine the strongly 
damped collision process appears at 30° (cm 
and at 40° (cm.) this process dominates. 
This figure is from S.G. Thompson, et al., 
Lawrence Berkeley Report, LBL-2970(1974). 
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2 3 8U + 40Ar (300 MeV) and 1 8 6W + 84Kr (502 MeV) systems, 
studied with the correlated fragment technique, are 
shown in fig. 20. The bombarding energies were chosen 
so that the excitation energies and angular momentum 
distributions are qualitatively the same for the two 
reactions. One sees from the results of fig. 20 that a 

v.n , c 4-u 238 T T 4 0 , ..• . J_, 

sizeable peak appears for the U + Ar reaction with 
mass centered near that for binary symmetric fission fragments. 
In contrast to this result the W + Kr system gives 
two peaks with masses in the general vicinity of the 
projectile and target masses and with total kinetic energies 
reduced considerably from the elastic scattering energy. 
These latter two peaks result from the strongly damped 
collision process. Some events occur also at masses corres
ponding to binary symmetric fission fragments. The measured values of o, c. for the two above reactions are compared fus-fiss ^ 
on a more quantitative basis in Table VI. If one assumes 
the values of a_ for these reactions are negligible, fus-evap ^ ^ 
then the calculated values of the ratios a_ /a„ for the 

f u s ' R 
238TT , 4 0 , , 186T7 , 84Tr . . _ c_ , . . . 

U + Ar and W + Kr r e a c t i o n s a r e 0 .65 and 0 . 1 4 , 
respectively. 

209o. , 40, . 165„ L 84 ' , The reactions Bi + Ar and Ho + Kr, which 
give composite systems of the same A and two units different 
in Z, have been studied also by the correlated fragment 
technique. Again, as can be seen from the results listed 

84 in Table VI, the Kr projectiles give a much smaller 
40 value of of /aR than do the Ar projectiles. 
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Total kinetic energy vs fragment mass contours 
for the reactions -.W + ^fiKr (502 MeV) and 
92U + "I 8 A r (300 MeV). Both reactions give 

a composite nucleus with Z = 110 (but slightly 
different values of A). The arrows on each 
abscissa give the masses of projectile, 
target and binary symmetric fission fragment, 

18 6 84 (a) the W + Kr reaction and (b) the 
238rT , 40, . . m, . _. _ U + Ar reaction. This figure is from 
M. Lefort, J. Phys. A: Math., Nucl. Gen., 
Vol. 7, 107 (1974). 

^1 
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Table VI. -ss' Comparison of fusion-fission cross sections, a f .e for heavy projectile induced reactions where 
the targets are chosen such that the composite systems 
have about the same' charge and mass. References to the 
experimental values of Cf u s_fi s s are given in Table V and the values of a are listed in Table I. 

Reaction Composite 
Nucleus lab cm 

(MeV) (MeV) 
EBU=0) 
(MeV) 

I a_ -. a,-
max fus-fiss fus 
("ft) ' mb 

209D. ^ 40, Bi + Ar 
165„ ^ 84v Ho + Kr 

238rT ^ 40, U + Ar 
186 84 W + Kr 

238T1 ^ 40, U + Ar 
181 84 Ta + Kr 
133^ 136 Cs + Xe 

249M, 
101Md 

249T 
103Lr \ 

278no 
270no 

278no . 
265109 
269109 

250 

460 

300 
502 

270 

550 

840 • 

210 

305 

257 
346 

231 

376 

415 

177 
280 

177 

277 

308 

114 

137 

156 
177 

. 129 

.217 

242 

1110 

200 

1220 
150 

950 

350 

70 

0.90 

0.27 

0.65 
0.14 

0.68 

0.24 

0.05 
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The cross sections, for. the production of fission 
fragments and their mass distributions have been studied • 

*■ u n 40)  .. . . 238TT , 40, radiochemically for the reactions U + Ar, 
181 L 84„ , 133^ 136v m. , . , . 

Ta + Kr and Cs + Xe. The bombarding energies 
were chosen to give qualitatively the same excitation 
energy. The centerofmass excitation energy for each 
reaction is considerably in excess of the £=0 barrier 
calculated with the SaxonWoods nuclear potential discussed 
earlier (see Table IV). The results for all three reactions 
are summarized in Table VI. Again the values af /a are 
calculated on the basis that o- is negligible. The 

fusevap ^ ^ 
same trend which is discussed above is repeated. For the 

• 40, 84Tr , 136v ., , 
sequence of projectiles Ar, Kr and Xe, the values 
of the ratio of /o are 0.68, 0.24 and 0.05, respectively. 

V. DISCUSSION 

A. Limiting Angular Momentum for a Rotating Charged 
Liquid Mass 

Considerable evidence has been presented in the last 
section which shows the important role of the entrance 
channel in nuclear reactions. Several composite systems, 
formed by quite different projectiles, have been shown to 
have very different values of af /

a
r>' This effect is 

presumably associated with the different characteristics of 
the entrance channel. However, before pursuing this subject 
further it is worthwhile to discuss limiting angular momenta 

41) 
based on the rotating charged liquid drop model . Calculations 
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performed with this model predict that no nucleus can support 
more then a limiting angular momentum of about 100 units of 
"ft". The limiting angular momentum as a function of A (for 
nuclei along the valley of beta stability) is shown in 
fig. 21. The curve £ is the angular momentum at which the 
fission barrier is predicted to vanish. Below the dashed 
curve the fission barriers for the rotating beta-stable 
nuclei are higher than 8 MeV. This curve gives a qualitative 
indication of the maximum amount of angular momentum that 
a compound nucleus could support and still survive the risk 
of fission in the deexcitation process. 

The nuclei able to support the highest angular momenta 
occur near A ~ 130 in fig. 21. In order to make a qualitative 
comparison of the data presented in the last section with 
these limiting values of the angular momentum, we calculate 
a quantity £ . defined by, 

ac = 7T*2 (A .. + D 2 (42) 
fus v crit 

We use the fusion data listed in Table V to evaluate £ ... 
, crit 

For the purpose of calculating £ . w e assume for all the 
reactions except the first two entries in Table V that 
Or. = 0 . The resulting values of £ .. are tabulated 
fus-evap ^ crit 

2 2 
in Table VII. Also compiled are the values of ir* and Z /A. 
A number of values of £ .. listed in Table VII are in 

crit 
apparent conflict with the rotating charged liquid drop 
model. 

The two lightest systems, Ag + Ar and Sb + Ar, 
show evaporation-fission competition in qualitative agreement 
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Limiting angular momentum of a nucleus based 
on the rotating charged liquid drop model. The 
curve £ T is the angular momentum at which the 
fission barrier of a beta-stable nucleus with 
mass number A is predicted to vanish. In the 
range of angular momenta between £ and £ 
the ground state is predicted to be a triaxial 
Beringer-Knox shape. Below the dashed curve 
the fission barriers for the rotating beta-
stable nuclei are higher than 8 MeV. Caption 
and figure from S. Cohen, F. Plasil and W.J. 
Swiatecki, Annals of Physics, 82(1974)557. 
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with that expected. More quantitative predictions, including 
multichance fission, depend on a number of factors, some of 

109 40 which are not well established. For the Ag + Ar and 
the Sb + Ar systems, the measured cross sections sur
viving fission af correspond to angular momenta 
extending up to 81fi and 101n, respectively. The latter value 
as well as the value of £ . , = 129 for the 121Sb + 40Ar 

crit 
system are in substantial disagreement with the limiting 
predictions of fig. 21. In view, however, of possible large 
errors associated with the measurement of a,. for the 

fus-evap 
121 40 

Sb + Ar reaction, the violation of the rotating drop 
model for this case must be considered to be still of a 
tentative character. 

For composite systems with A ^ 205, the values of £ 
are calculated on the basis that a,. = 0 , Although 

fus-evap ^ 
this is a good approximation for most excited systems listed 
in Table VII, it may not be valid for the Ho + Ar 
reaction. One sees from a comparison of the results of 
Table VII with the curves of fig. 21 that violations occur 40 in the values of £ .. for the Ar induced reactions on 

crit 
165 209 238 

targets of Ho, Bi and U. A difficulty in the inter
pretation of the fusion-fission cross section, a, c . , 
c fus-riss 
has already been pointed out in section II. In this cross 
section are placed those events with masses which correspond 
to fission fragments with a broad A distribution centered at 
symmetric fission. For those experiments performed with the 
correlated fragment technique, one also requires a binary 
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2 2 
Table VII. Values of IT* , Z /A and £crit for several heavy ion 

reactions. The quantity £crit is calculated from the 
values of a±us of Table V (see eq. 42). For all the 
reactions except the first two entries we assume afus-eyap = 0. This assumption may not be valid for ^ - T f ¥ | g ; Xo Ar reaction. 

R e a c t i o n C o m p o s i t e 
N u c l e u s 

2 
E ( l a b ) 
(MeV) ( u n i t s o f mbs) 

£ c r i t 
( u n i t s o f "ft") 

1 0 9 , ^ 4 0 , A g + Ar 

121 , , , _,_ 4 0 , Sb + Ar 

1 6 5 „ _,_ 4 0 , Ho + Ar 

2 0 9 „ . L 4 0 , B i + Ar 

238TT ^ 4 0 , U + Ar 

1 6 5 „ _,_ 8 4 ^ Ho + Kr 

181_, _,_ 84v Ta + Kr 

186T7 . 8 4 v W + Kr 

2 0 9 B i +
 8 4 K r 

2 3 8 U +
 8 4 K r 

1 3 3 C S +
 1 3 6 X e 

^ 

i^ 
2 0 5 A t 8 5 A r 

2 4 9 M , 
1 0 1 M d 

2 7 8no 

249_ 
1 0 3 L r 

2 6 5 1 0 9 

2 7 0no 
2 9 3 1 1 9 

3 2 2 1 2 8 

2 6 9 1 0 9 

2 8 . 3 5 6 

2 9 . 5 7 1 

3 5 . 2 4 4 

4 0 . 9 6 8 

4 3 . 5 2 5 

4 2 . 6 0 6 

4 4 . 8 3 4 

4 4 . 8 1 5 

4 8 . 3 3 1 

5 0 . 8 8 2 

4 4 . 1 6 7 

288 

300 

226 
300 

250 

250 
270 
300 
416 

460 

550 

502 

500 
605 

500 
< 605 

840 

0 . 0 9 5 8 6 

0 . 0 9 6 8 5 

0 . 1 1 2 2 0 
0 . 0 8 4 5 3 

0 . 0 9 3 2 8 

0 . 0 8 9 6 5 
0 . 0 8 2 9 8 
0 . 0 7 4 7 0 
0 . 0 5 3 8 8 

0 . 0 3 8 7 3 

0 . 0 3 0 4 8 

0 . 0 3 2 8 1 

0 . 0 3 0 7 5 
0 . 0 2 5 3 5 

0 . 0 2 8 6 4 
0 . 0 2 3 6 7 

0 . 0 2 3 5 2 

113 

129 

85 
128 

108 

9 1 
106 
127 
160 

71 

106 

67 

< 30 
< 62 

< 18 
47 

54 



-105-

event where full linear momentum is transferred. In addition, 
for the Ho + Ar reaction at 300 MeV, the angular dis
tribution of the fission fragments is symmetric around 90° 

42) (cm.) and has the well known l/sin8 form , characteristic 
of systems with high angular momenta. Hence, the fission 
events for this reaction have all the characteristics of 
systems which fission from angular momentum states with 
finite fission barriers. The following question can still 
be raised, do angular momentum states where the fission 
barrier has vanished decay by a process which is sometimes 
indistinguishable from the process defined as fusion-fission? 
If these two types of fission are distinguishable then the 

Ho + Ar (300 MeV) reaction data are in substantial 
contradiction of the liquid drop prediction. 

238 40 The values of £ .. calculated for the U + Ar crit 
reaction at bombarding energies of 300 and 416 MeV must at 
this time be considered upper limits. It is still possible 
that for these reactions an additional correction for fission 
following the strongly damped collision process must be 
applied. Hence, the apparent violations for these cases 
must be confirmed by additional experiments. 

84 The two most serious violations for the Kr induced 
reactions are for the 181Ta + 84Kr (550 MeV) and 2 3 8U + 84Kr 
(<605 MeV) reactions. Both measurements were performed radio-
chemically and lack the supporting evidence discussed above 
for the Ho + Ar reaction. The observation of fusion-
fission like fragments does not necessarily imply an 
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intermediate compound nucleus where all the internal degrees 
of freedom are equilibrated. As already pointed out, the 

84 strongly-damped reaction process for Kr induced reactions 
can lead to sufficient mass transfer to give, with small 
probability, fission like fragments. 

It is also interesting to observe that the U + Ar 
181 8 4 (270 MeV) and Ta + Kr (550 MeV) reactions give the same 

value of £ . , , even though these reactions give a_ /a„ crit ^ ^ fus' R 
values of 0.68 and 0.24, respectively. Hence, the observation 
of different values of af ,aR does not necessarily imply 
different values of £ ... 

crit 
In summary, most of the apparent violations of £ . , 

with the rotating charged liquid drop model require additional 
confirmation. One of the more convincing cases for which a 
violation does occur is the Ho + Ar (300 MeV) reaction. 

84 For Kr induced reactions it is possible to get some fission-
like fragments from the strongly damped collision process and 
the values of o, _. for these reactions must be considered fus-fiss 
upper limits. 

In the above discussion of the effect of angular momentum 
on the fission barrier (and the calculation of £ . . ) it has 

crit 
been assumed that the saddle point configuration is rotating 
about the axis perpendicular to the nuclear symmetry axis. 
Although this type of rotation is energetically favored, one 
knows from fission fragment angular distributions that other 

2 2 2 types of rotation occur also. In general, J = 1 + K , 
where the quantities I and K are the components of the total 
angular momentum J lying perpendicular "and parallel to the 
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symmetry axis, respectively. If one identifies I with £ .., 
the question arises about the contribution of the intrinsic 
angular momentum K coming from the excited single particles 
for systems at finite temperatures. On the basis of statistical 

43) considerations the mean square value of K is 

<K2> = T9„ £ L /tT2(§l-S||) (43) 
where o \ and ^ n are the moments of inertia about an axis 
perpendicular and parallel to the nuclear symmetry axis, 
respectively. 

For the Ho + Ar (300 MeV) reaction, the excitation 
209 energy of the composite system .-At is 155 MeV and the average 

2 
temperature is approximately 4 MeV. Evaluation of <K > by 
eq.(43) indicates that the average single particle contribution 
to the total angular momentum J is small for large I. However, 

2 
if one assumes that the K distribution is Gaussian, there 
will be angular momenta values J with low densities which are 
several percent larger than I (when I is approximately 100). 

Nuclear shell structure, which is known to be deformation 
dependent, may also cause the limiting values of the angular 
momentum for some nuclei to exceed their liquid drop values. 
B. Entrance Channel Considerations 

The value of £ .̂  discussed in the previous section was crit 
a function only of the charge, mass and excitation energy of 
the composite system.^ Experiments have shown evidence, 
however, that the entrance channel may also play a role 
through the target-projectile combination and the bombarding 
energy. Hence, the division of the total reaction cross 
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section into af and a,. may depend on the dynamics of 
the reaction. It is now well known that a new type of 

40 84 direct reaction is important for Ar and Kr induced 
reactions which is characterized by strong damping in the 
energy degrees of freedom. In fact this process is the 

84 dominant one for Kr bombardments of heavy targets and the 
corresponding fusion cross sections for these reactions are 
very small. 

24) Wilczynski advanced a dynamical model to estimate 
the critical angular momentum in the entrance channel for 
reactions between complex nuclei. This model is an extension 

44) of an earlier postulate that fusion occurs in heavy ion 
collisions only when the attractive nuclear force is larger 
than the sum of the repulsive Coulomb and centrifugal forces. 
For the idealized case of two spheriqal liquid drops of 
uniform density and well defined surfaces, the critical 
angular momentum of a colliding system is calculated from 
the condition of force equilibrium, 

2,(Yl+y2)R1R2 _ Z lZ2e 2
 t ^ r i t U c r i t + D * 2

 (44) 

Rx + R2 (R1+R2) y(R1+R2) 

where R, and R„ are the radii for which the nuclear force has 
its maximum value. The surface tension coefficients are 
defined by eq. (35) . 

The sharp cutoff model of Wilczynski contains two 
important assumptions, (1) that the energy in relative radial 
motion is dissipated inside the potential barrier. Hence, 
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coupling of the energy in relative radial motion to the other 
degrees of freedom of the nucleus is assumed inside the 
potential barrier so that the projectile has no probability 
to return back over the barrier. On the other hand, it is 
assumed that no energy in the relative radial motion is 
lost prior to the time that the projectile has reached the 
barrier. (2) The angular momentum remains in relative motion 
until the barrier is crossed. The important criterion in 
this simple model is that all £ waves with values less than 
£ . have potential pockets and lead to fusion. One 
characteristic of the Wilczynski model is that £ ..is 

2 crit 
independent of bombarding energy (this is true for bombarding 
energies above some saturation energy which corresponds to 
the barrier for £ • . ) . 

crit 
A model similar to that described above has been 19) developed by Bass , except that assumption (2) has been 

relaxed. The total effective potential between fragments in 
this model is given by eq.(15) where the nuclear potential 
has the radial form of eq.(31). In this model it is 
assumed that the angular momentum decreases by the factor of 
5/7 at the point of contact. If rolling friction or complete 
sticking of the two-fragments is assumed such that the final 
system has all three angular velocities equal (corresponding 
to rigid rotation of the two-fragment system as a whole) then 
the ratio of the final to the initial orbital angular momentum is 

£. y(R,+R9)2 

Z 7 - ' ,„ ,„ ,2 , ' ' 2 , # 0 / e l M „ 2 <45> 'i y(R1+R2) + (2/5)M1R1 + (2/5)M2R2' 
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where y = M,M2/(M,+M2). For a system M, = M_, £f/£. is 
equal to 5/7. If M1 = M 2/2, £f/£i =0.67. If M = M2/4, 
£,-/£. =0.55. In all calculations, Bass assumes for f I ' 
simplicity that £f/£. = 5/7. This approximation is equivalent 

4 22) * to what has been called sliding friction ' where the final 
orbital angular momentum is 5/7 of the initial orbital angular 
momentum independent of the relative sizes of the target and 
projectile. The critical angular momentum in the Bass model 
is given by 

x + (50/49)y £ ..(£ .. + 1) = 1 (46) ' 2 crit crit 
where 

Z l Z 2 e 2 ^ 2 
X ~ ,1/3,1/3 ' Y " ~ 2 ,1/3,1/3 ' 

R12asAl A2 2^R12asAl A2 

R12 = 1.07(A^//3+A2/3) and ag = 17.0 MeV. At the point of 
contact the centrifugal force is reduced, and this model, 
therefore, leads to larger values of £ . , than the Wilczynski 

' crit 2 

model. Above the saturation energy the Bass model also 
predicts an energy independent value of £ ... However, the 
radial dependence of the nuclear potential is specified in 
this model and it is possible to calculate the saturation 
energy and energy dependence of £ .. below the saturation 
energy. The energy dependent experimental fusion cross 
sections for several reactions are qualitatively in agreement 
with this model. The interaction barriers (see fig. 4) in 
this model are much larger than those used in the present 
models with friction ' '. The larger barriers in the Bass * 
This condition corresponds to pure rolling of the fragments, 
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model qualitatively play the role of reducing the fusion 

cross sections in much the same way as the friction does in 

the models with lower barriers. 
In the application of the Bass model, one must recognize 

that eq.(46) gives the maximum possible value of £ .. which 
is reached for a particular center-of-mass energy which is 
called the saturation energy E (cm.), 

Above this energy £ ..is constant which implies that o^ 
^2 crit ^ fus 2 decreases above the saturation energy since IT* decreases. 

The values of E . (cm.) and £ .. for the Ho + Ar sat crit 
reaction calculated by eqs.(47) and (46) are 271 MeV and 
137ft, respectively. The above energy corresponds to a 
laboratory bombarding energy of 337 MeV. If the energy is 
less than the saturation energy, then £ . for any energy 
E(cm.) between the barrier energy and E (cm.) can be 
calculated by solving the expression, 

Z Z e 
E(c.m.) = -X^ {1 + ̂  £ .. (£ .,.+1) - - r^-} (48) 

R,2 x crit crit x R, ' 

Again for the Ho + , Ar reaction for laboratory energies 
of 226 and 300 MeV (see Table VII), the values of £ 

' crit 
calculated from eq.(48) are 79ft and 121ft, respectively. 
These values are qualitatively in agreement with the corres
ponding values listed in Table VII. The simple model out-

84 lined above does not reproduce the fusion results for Kr 2 09 84 induced reactions. For the Bi + Kr reaction, for 
example, E . (lab) is 542 MeV and the maximum value of 
£ ..is 133ti. One sees from Table VII that this result is crit 
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in substantial disagreement with the upper limit of £ 
at a bombarding energy of 605 MeV. Bass has attempted to 
restore the agreement between experiment and theory by 
introducing dynamic deformation. 

In both the Wilczynski and Bass models it was assumed 
that no radial kinetic energy was lost before the projectile 
reached the barrier. On the other hand it was implicitly 
assumed in these models that the kinetic energy of relative 
radial motion was converted to excitation energy inside the 
barrier. If this were not true, the projectile would be 
reemitted over the barrier. Hence, some couplings of the 
radial relative motion to the nuclei's other degrees of 
freedom are necessary for compound nucleus formation or 
fusion. A more general theory of heavy ion reactions must 
include the couplings of the systems' angular momentum and 

45) radial kinetic energy to other possible degrees of freedom 
In order to treat the effects of the statistical degrees 
of freedom on the relative motion and other strongly-coupled 
modes of motion, classical dynamical models have been 

4 20 22) developed ' ' . The important new feature of these 
models is the friction tensor which allows one to 
parameterize the scattering dynamics without referring to 
the particular degrees of freedom involved. These models 

46) are being discussed here in another series of lectures 

C. Role of the Nuclear Potential in Heavy Ion Reactions 

In section III we reviewed a number of different types 
of nuclear potentials used for heavy ion reactions. In order 
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to investigate the fusion cross section one must know some
thing about the nuclear potential to rather small radial 
distances where the nuclear force is large. Or, to state 
the problem more realistically, studies of the fusion cross 
section as a function of bombarding energy and the angular 
distributions of the strongly damped process will give 
information about V ,(r). Already it appears that for 
40 84 
Ar and Kr induced reactions, the fractional number of 

£ waves with potential pockets is greatly different. This 
result can be seen qualitatively from the data summarized in 
Table VIII. Although a number of the £ . values in this 
table must be considered upper limits (e.g. the two higher 238TT , 40, . . . ^ . J_, ,. energies for U + Ar are not consistent with direct 1) ^ £ 232m, , 40, , reaction cross sections measured for Th + Ar), some 
overall pattern is present showing smaller £ . values for 
84 
Kr reactions. The nuclear potential appears also to be 

playing a dominant role in the angular distributions of the 
strongly damped collision process. 

The very large cross section measured for the strongly 
84 209 

damped collision process for Kr bombardments of Bi is 
thought to be associated with the delicate balance between 
the absolute magnitudes of dV c n / d r an<3 d (V + V„)/dr. 
Similar type arguments based on the potential can be invoked 
also to explain the fact that the experimental angular 
distributions for the light mass fragment associated with 
the strongly damped collisions is so sharply peaked at a 
forward angle. The fact that most of the total reaction 
cross section is focused into a relatively small angular 
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Values of the ratio £crit/^max f° r several 40 A r an(j 
84xr induced reactions. For purposes of this survey 
the values of £Crit anc^ ^max listed in Tables VII and 
I, respectively, are assumed to be correct (limitations 
on the reliability of £crit a r e discussed in the text). 

Reaction 

109, ^ 40, Ag + Ar 
121, 40, Sb + Ar 
165„ ^ 40, Ho + Ar 

209n. _,_ 40, Bi + Ar 
238r7 _,_ 40, U + Ar 

165„ . 84v Ho + Kr 
181_ ^ 84v Ta + Kr 
186„ _,_ 84v W + Kr 
209D. ^ 84v Bi + Kr 

238 84 U + Kr 

E(lab) 
(MeV) 

288 
300 
226 
300 
250 
250 
270 
300 
416 
460 
550 
502 
500 
605 
500 

< 605 

£crit 
(units of ft) 

113 
129 
85 

128 
108 
91 

106 
127 
160 
71 
106 
67 

< 30 
< 62 
< 18 

47 

^max 
(units of "ft) 

158 
157 
107 
162 
114 
105 
129 
156 
235 
137 
217 
177 
146 
263 
129 
261 

£cri 

< 
< 

< 

t/£max 

0.72 
0.82 
0.79 
0.79 
0.95 
0.87 
0.82 
0.81 
0.68 
0.52 
0.49 
0.38 
0.21 
0.24 
0.14 
0.18 

133^ . 136v Cs + Xe 840 54 242 0.22 
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range suggests that the intermediate systems with small 
impact parameters have longer lifetimes. This follows 
because the rotational velocity w. in radians/sec, given by, 

CJ£ = ft£/yR2 (49) 

is slower for the smaller angular momenta and in order to 
contribute to the measured narrow angular distribution their 
angle of rotation must be larger. The differences in life
times of the intermediate systems formed with different 
impact parameters are probably related to the radial depend
ence of the force,dV/dr. The SaxonWoods potential discussed 
in section III (see fig. 5) leads to different values of the 
force, dV/dr, for different impact parameters. The radial 
dependence of the force for four £ waves is illustrated in 
fig. 22.■ One sees that the smaller impact parameters have 
small values of dV/dr at the smaller radial distances, whereas 
the larger impact parameters have much larger values of the 
force at these distances. These very different driving forces 
may contribute to the sharpness of the angular distribution. 
In contrast the nuclear potential calculated with the folding 
procedure described in section III gives negative values of 
dV/dr at the smaller values of r even for very large £ waves 
(see fig. 2,2) . 

The variation of the mass distribution with angle for 
the strongly damped collision process can also be qualitatively 
explained in terms of the above force. Small values of 
dV/dr at small r for systems of small impact parameter allow 
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Radial dependence of the force,-dV/dr. The 
solid curves are calculated for the Saxon-
Woods potential with parameters of fig. 5. 
The dashed curve is the force calculated 
for the Brink-Rowley potential of fig. 5. 
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deeper penetration and longer lifetimes for mass transfer. 
As seen in fig. 15(b), the average masses of the reaction 
products measured at 59°(lab) differ considerably from the 
masses of the target and projectile indicating more nucleon 
exchange for this angle of measurement than 34°(lab). 

D. Reaction Times for Strongly Damped Collisions 

The strongly damped collision process has been inter-
232 40 preted for the Th + Ar reaction (388 MeV) in terms of 
35) nuclear orbiting where the system rotates past 0°. On 

209 84 the other hand, this process for the Bi + Kr reaction 
2) 5) at bombarding energies of 525 and 600 MeV peaks at 95° 

(cm.) and 58° (cm.), respectively. The fact that these 
angular distributions decrease so fast at smaller angles 
argues against such a nuclear orbiting picture for this 

84 system. The Kr data indicate that, at most, only a very 
small fraction of the intermediate systems live long enough 
to reach angles near 0°. 

An average angle of rotation <A9> has been calculated 
for the strongly damped collision processes for the 
2 09 84 

Bi + Kr (600 MeV) reaction. In order to make this 
estimate we have used all £ waves from 40tf to 250*f. The -
angle of rotation for each £ value is assumed to be given by 
the angle of rotation from the Rutherford'angle (see fig. 23) 
to the peak of the strongly damped collision angular 
distribution at 58°(cm.). The average angle of rotation is *Considerable kinetic energy is lost in the strongly damped 
collision process such that the Coulomb scattering angle in the 
exit channel will differ from the entrance channel. Hence, the 
approximation used here is subject to some error. 
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Fig. 23: Deflection function for Rutherford scatter
ing with no nuclear potential added. 
Calculation due to M. Sobel. 

i 
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250 
I (24+1) A6. 

4=40 <A9> = j ^ = 0.64 radians (50) 
I (21+1) 
4=40 

and the average value of the angular momentum <4> is 175. 
Assuming a value of R equal to 15 fm, one calculates with 

20 -1 
eq.(49) a value of <w> = 8.2x10 radians sec . With these 
two above values an average sticking time can be calculated, 

<t> = <A6>/<u)> » 7.8xl0~22 sec (51) 

As a function of the impact parameter the range of sticking 
times are estimated to vary by more than a factor of 10, 
. . . -21 

giving times of the order of 3x10 sec for the smaller 
-22 

impact parameters and 2.5x10 sec for the larger impact 
parameters. These estimates of the sticking times are, of course, 
dependent on the assumptions outlined above and may increase 
or decrease with different assumptions. If one assumes the 
orbital angular momenta decrease by a factor of 5/7, then the 
sticking times increase by 7/5. On the other hand if R is 
decreased to 12 fm, the sticking times decrease by a factor of 
25/16. Small changes in these times result also if,the finite 
width of the angular distribution is taken into account. 

209 84 2) 
A similar analysis of Bi + Kr (525 MeV) reaction 

has been made to determine the average sticking time. At 
this energy, % waves from 40 to 160 were used, and the peak of 
the strongly damped collision process was taken at 95°(cm.). 
The average angle of rotation is 0.43 radians and the average 
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value of the angular momentum is 112. Insertion of these 
-22 

numbers into eq.(51), gives a value ,of <t> ~ 8.2x10 sec. 
It is somewhat surprising that the average sticking times for 
the two energies are the same when the higher bombarding energy 
has sizeable contributions from much larger 4 waves. If the 
600 MeV data are analyzed for 4 waves between 40 and 160, a 

-22 
value of <t> ~ 19x10 sec is obtained. This difference in 
sticking times can possibly be understood in terms of deeper 
penetration for comparable £ waves at the higher bombarding 
energy. For 4 = 0 the maximum kinetic energies at the barrier 
(assuming no decrease due to friction up to this point) for 
the two bombarding energiesare 66 and 120 MeV, respectively. 
At the larger bombarding energy, the deeper penetration leads 
to smaller driving forces for separation (see fig. 22). 
Hence, if this simple analysis of the sticking times for the 
209„. 84T, ,_. j . J.-U ^ • 

Bi + Kr reactions at the two energies is correct, one 
concludes that the penetration depends on incident energy. 
Another predicted consequence of the deeper penetration is 
larger average mass transfer. At present, .data are not 
available to check this prediction. 

The reaction time for the strongly damped collision 232 40 1) process obtained for the Th + Ar data is consistent 84 with the values calculated above for the Kr induced reactions. 40 For the lower energy Ar bombardment (2 88 MeV to the middle 
plane of the target), there is no direct evidence of orbiting 
past 0° to negative angles. However, the energy spectra show more 
of the strongly damped collision process as the angle is decreased 
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from the grazing angle (~62°) to 20°, the most forward angle of 
observation. Hence, the strongly damped collision process for 

232 40 the Th + Ar (2 88 MeV) reaction may peak near 0° or at 
40 slightly negative angles. For the Ar induced reactions the 

angular velocity for a fixed 4 and R is almost doubled that of 
84 
Kr induced reactions due to the smaller reduced mass of these 

systems. In addition, a number of the smaller 4 waves probably 
40 lead to fusion for Ar reactions. For the higher energy 

232 40 
Th + Ar reaction (379 MeV to the middle plane of the target), 

there is evidence that the strongly damped collision process 
extends beyond 0° to negative angles. For the latter energy, 
the grazing angle has decreased by more than 20°. The larger 
energy leads to deeper penetration and the average angular 
velocity is expected to be larger. Hence, some probability for 
the strongly damped collision process to occur at negative 
angles is consistent with expectations at this energy. 

The angular distribution for the strongly damped collision 
84 40 

process with Kr projectiles is much more peaked than with Ar 
projectiles. This is probably associated with differences in 
penetration, separation forces and angular velocities. 

If one assumes that the strongly damped collision peaks 
209 84 for the Bi + Kr reaction have actually rotated through 0° 

to negative angles, then the values of <t> for bombarding 
-21 -21 

energies of 600 and 525 MeV are 3.2x10 and 7.1x10 sec, 
respectively. For the 600 MeV bombardment and 4 waves between 

-21 40-160, <t> = 5.8x10 sec. In addition to it being very 
unlikely that the angular distribution would be so sharply 
peaked if the process occurred for such large angles of rotation, 



-124-

the sticking times calculated for this assumption are much too 
long and in contradiction with the sticking times estimated 

232 40 
for the Th + Ar reaction. 

It is interesting to compare the sticking times for the 
strongly damped collision process with times estimated for the 

47) nuclear fission process. Nix has estimated a saddle (for a 
nucleus with a neck at the saddle) to scission time of about 

-21 10 sec on the basis of a nonviscous liquid drop model 
calculation. These calculations are made for initial conditions 
corresponding to starting from the saddle point with 1 MeV of 
kinetic energy in the fission mode and 1 MeV in the mass 
asymmetry mode. The sticking times for the strongly damped 
collision process are qualitatively comparable to this estimate 
of the saddle to scission time. 

E. Angular Momentum Transfer in Strongly Damped Collisions 

This feature of the strongly damped collisions has not 
been experimentally measured at this time. Observation of 
very high spin isomers formed in strongly damped collision 
processes would give some information on the angular momentum 
transfer. In fact this process may be a very useful way to 
produce such isomers. The observation of very high yields of 
110_ ,_+x , . .,. . 110T ,„ + , c .. 109, ^ 40, In(7 ) compared to that of In(2 ) for the Ag + Ar 

48) reaction may already be indication in this direction. 
Measurement of the fission fragment angular distribution of 
the heavy fragment following the strongly damped collision is 
another method to infer something about its angular momentum. 
This latter method is limited, however, to very heavy targets. 
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fluxing thin pmf ynnr/hur research program 
included 1) direct reaction studies on heavy targets, 
2) very heavy-ion induced reactions, 3) muonic atom 
lifetime measurements in actinide elements, 4) the study 
of the effect, of pressure on electron capture decay rates 
and 5) angular momentum dependent level density calculations. 
The direct reaction studies have characterized single-
neutron and proton Nilsson states and collective states in 
actinide nuclei as well two-neutron transfer reactions 
in osmium isotopes. The study of Kr induced reactions 
has shown that the major fraction of the total reaction 
cross section is accounted for by strongly damped collision 
processes. These collisions are characterized by 
(1) nucleon transfer yielding fragments with masses in 
the vicinity of the target and projectile masses (although 
if the target mass is large enough the excited heavy 
fragment will sequentially fission), (2) strong damping 
of the energy of relative motion of the fragments resulting 
in final fragment kinetic energies which correspond to 
Coulomb energies for charge centers of highly deformed 
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,y/ fragments, and (3) angular distributions which have 
features characteristic of a direct reaction. Elastic 

40 84 scattering of Ar and Kr on heavy targets have been 
measured in order to deduce total reaction cross sections, 
Preliminary measurements of the y-mesic atom lifetimes 

2 32 2 38 of Th and U were made by use of the technique of 
detecting muon-decay electrons. Experiments to detect 
the effect of pressure on the electron capture decay 

22 . . . 
lifetime of Na were initiated. 


