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I. ABSTRACT 
The bombarding energy dependence of the Bi + Xe 

reaction has been studied. Comparison of the experimental 
results at bombarding energies of 940 and 1130 MeV has con­
firmed our earlier finding that the energy-loss parameter is 
the most suitable quantity to describe the time evolution of 
the reaction. The bombarding energy dependence of the rela­
tionship between energy loss and the width of the charge 
distribution suggests that the Pauli blocking of occupied 
single particle levels is an important effect, leading to a 
smaller dispersion of the fragment Z distribution for a given 
energy loss than expected from classical theory. In order to 
study in more detail the effect of Pauli blocking on nucleon 
exchange and dissipation mechanisms operating in heavy-ion 
reactions, all such available data for damped nuclear reac­
tions has been systematically analyzed. The observed corre­
lations between the energy loss and the variances of the 
fragment A and Z distributions are understood on the basis 
of a nucleon-exchange-induced dissipation mechanism, if 
account is taken of the Pauli exclusion principle. This 
interpretation of the data suggests that nucleon exchange is 
the dominant mechanism for the dissipation of kinetic energy. 

2 In order to study isobaric charge distributions a~ (A) 
2 and isotopic mass distributions a. (Z) as a function of 

various parameters, the fragment yields for specific Z and A 
have been measured for projectile-like fragments produced in 
the reaction of 8.3 MeV/u Fe ions with targets of Fe, 
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Ho, Bi and U. Analyses of the variances reveal 
that a saturation value of a- (A) ss 0.8 is reached within 
the first 30-50 MeV of energy loss and a saturation value 

2 of a. (Z) s 3.0-4.0 is reached after about 60-80 MeV of 
energy loss. These data are compared with various N/Z equi­
libration models. These studies have led also to the dis­
covery of a number of new neutron-rich isotopes of Sc, Ti, 
V, Cr, Mn and Fe. 

Time distributions of fragments from delayed fission 
235 2 38 after muon capture have been measured for muonic U, U, 

Np^ Pu and Pu. Comparison of these data with pre­
viously measured lifetimes using muon decay electrons, neutrons 
and y-rays emitted after muon decay indicates that the observed 
systematic discrepancies are due to atomic muon capture by 
fission fragments after prompt fission induced by radiationless 
muonic transitions. 
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II. INTRODUCTION 
The research activity of the group supported under 

United States Department of Energy Contract EY-76-S-02-3496.A005 
is focussed on two outside-user programs. The principal program 
is a study of heavy-ion reaction mechanisms at the SuperHILAC 
accelerator of the Lawrence Berkeley Laboratory. The other 
program is concerned with a study of muon-induced reactions on 
heavy targets at the Los Alamos Meson Physics Facility - LAMPF. 

In Section III, preprints of five articles and manuscripts 
of four recent conference papers are included. These articles 
describe some of the current experimental and theoretical results 
of our research group. A more complete listing of the Publica­
tions and Activities of the group is given in Section IV. 
Scientific Personnel are listed in Section V. 

The principal investigator has devoted 40% of his time 
during the academic year and 100% of his time during the summer 
to this contract and expects to continue at these rates during 
the remainder of the current term. Research Associates, J.R. 
Birkelund, W.U. Schroder and W.W. Wilcke have devoted 100% of 
their time to this contract and will continue at this level 
for the remainder of the term. Research Associate H.J. 
Wollersheim joined the group on Nov. 1, 1979 and has devoted 
all of his time to this contract and will continue to do so. 
Graduate students, A.D. Hoover and L.E. Tubbs have devoted 
100% of their time to this contract and will continue at this 
level for the remainder of the contract period. Graduate 
student, R.A. Atcher received his Ph.D. degree during this 
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period and is now a postdoctoral fellow in nuclear medicine 
at Harvard. Graduate student J.P. Kosky joined our research 
group in June. 

To.the best.of our knowledge we have complied with the 
contract requirements. It is a pleasure to acknowledge the 
direct support of our research programs by the United States 
Department of Energy. In addition, we are grateful to the 
National Science Foundation for providing indirect support 
through the use of the facilities at the Nuclear Structure 
Research Laboratory. 



III. RESEARCH PROGRAM 
A. Actinide Muonic Atom Lifetimes Deduced from 

Muon-Induced Fission 

i 
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ABSTRACT : 
Time distributions of fragments from delayed fission 

235 238 after muon capture have been, measured for muonic U, U, 
O ? 7 O 7 O *} A *} 

Np,. Pu and Pu. Comparison of these data with pre­
viously measured lifetimes using muon decay electrons , neutrons 
and y-rays emitted after muon capture indicates that the 
observed systematic discrepancies are. due to atomic muon.capture 
by fission fragments after prompt fission induced by radiation­
less muonic transition. The deduced capture rates are compared 
with theoretical, models, and very good agreement is found with 
a giant-resonance excitation model. 

RADIOACTIVITY Muonic atoms 2 3 5U, 2 3 8U, 237Np, 239Pu 
and Pu. Measured fission fragment time, distri­
butions, deduced total muon-capture rates and isotopic 
effect, present data compared to lifetimes based on 
all other decay channels. 
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I. INTRODUCTION 
The interaction of negative muons with actinide nuclei 

1-12 has been studied by numerous experiments in recent years. 
These, heavy muonic atoms are of particular interest because 
theories on muon capture rates, which have been applied success­
fully for lighter nuclei, can be tested more stringently with 
very neutron-rich,heavy nuclei. 

Experiments designed to determine the capture rate usually 
measure the.time difference between the arrival of a muon in 
the target and the appearance of any reaction product associated 
with the capture of the. muon by the nucleus. Since muon-capture 
excites a heavy nucleus on the average to approximately 15 MeV, 
various reaction products including neutrons, fission fragments 
and y-rays can be observed. In addition, it•is possible to infer 
the muon-capture rate from the time distribution of electrons 
emitted in the leptonic decay of muons in the Is state of a muonic 
atom. It was generally assumed that all these methods yield the 
same lifetimes for a particular muonic atom, but it soon became 
obvious that lifetimes measured by detecting fission fragments 
emitted after muon capture were consistently slightly shorter 
than lifetimes determined with any other method. Hadermann 
pointed out the likely cause of this discrepancy: It is well 
known that 'prompt fission' may occur during the atomic cascade 
of a muon.to its ground state due to a radiationless transfer 
of the muonic transition energy to the nucleus. In the course 
of such a prompt fission process, the muon may become bound in 



an atomic orbital of one of the fission fragments and may later 
be captured by the fragment or undergo leptonic decay. In a 
singles experiment as described above, electrons, neutrons and 
Y-rays.resulting from muonic.fission fragments cannot be dis­
tinguished from those stemming from muon-capture by the actinide 
nuclei. Hence, the time distributions of electrons, neutrons 
and Y-rays consist.of a superposition of two exponential compo­
nents. The characteristic lifetimes are 70-80 nsec for muonic 

14 15 
actinides and about 130 nsec ' for heavy muonic fission frag­
ments. The capture of muons by the light fission fragment does 

14 15 occur only with low probability ' .. However, the statistics 
of most experiments is not sufficient to allow a distinction 
of the various components of the measured, time distributions 
such that least-square fits assuming a simple exponential decay 
law for these distributions will yield lifetimes that are too 
long. 

In contrast, because muon capture by a fission fragment 
cannot induce fission of this fragment, time distributions of 
delayed fission fragments produced by muon-capture are: not dis­
turbed by prompt fission events. There are, however, two second­
ary: effects that lead to insignificant contamination of these 
time distributions: The radiationless atomic transition of a 
muon can cause the emission of one neutron from the target nucleus 
before subsequent fission of the daughter nucleus occurs after 
muon capture. This process has a probability similar to prompt 
fission, but since .the lifetime difference between two neighboring 
isotopes is only about 1.5 nsec for actinide nuclei (as estimated 
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from a study11 of 2 3 5> 2 3 8u and 2 3 9 ' 2 4 2 P u ) , the effect of this 
admixture on the lifetimes deduced is more than one order of 
magnitude smaller than the effect of prompt fission on measure­
ments of electrons,neutrons and Y-rays described above, and is 
well within the statistical uncertainties of all experiments 
performed so far. The second mechanism that may affect the time 
distribution of fission fragments is the possible excitation of 
shape-isomeric nuclear states during the muonic cascade, as 
suggested by Bloom . A quantitative discussion shows, how­
ever, that the influence of this effect on the measured life­
time is very small. 

Muon capture by fission fragments as proposed by Hadermann 
and delayed fission after prompt neutron emission, however, have 
been observed directly in coincidence experiments , where the 
emission of fission fragments in coicidence with decay electrons 
and neutrons was measured. In addition, a measurement with 
very good statistics confirmed the presence of a long-lifetime 
component in the singles time spectrum of neutrons emitted from 

239 muonic Pu. Therefore, it is concluded that measurements 
employing the experimentally rather unambiguous fission 
technique are required to provide meaningful data on muon cap­
ture rates for actinides that can be compared to theoretical 
models of muon capture. Coincidence experiments would be even 
better, but their statistical accuracy is inherently lower than 
that of singles measurements. Since the effects of prompt neu­
tron emission and isomeric-state excitation on fission time 
distributions are negligible,the present study of singles fission 
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measurements was initiated with the aim of obtaining data of 
high statistical accuracy. 

I.I. EXPERIMENTAL PROCEDURE 
The experiments were performed using the stopped-muon 

channel of the Los Alamos. Meson Physics Facility (LAMPF). Muons 
from the channel passed through a three-element plastic scin­
tillator telescope and were stopped in a fission chamber con-

2 35 23 8 taining nine Ti foils, on which the actinide targets ( ' U, 
237 239242 o 

Np and ' Pu) were deposited as 0.5 mg/cmz thick oxide 1-12 layers. Since inspection of previous experiments indicated 
that systematical errors are frequently more important than 
statistical ones, care was- taken to minimize the latter by 
measuring three isotopes simultaneously. As shown in.Fig. 1, 
three foils carrying one particular isotope formed an ioniza­
tion chamber, and three such chambers constituted the whole fis­
sion chamber. All timing signals were processed in the same 
time-to-pulse-height converter and the same ADC, using routing 
signals to distinguish the ionization chamber that had fired. 
Time calibrations were performed frequently with several inde­
pendent methods. In addition, only two isotopes were replaced 
at a time, so that the third isotope remaining in the chamber 
served as an additional cross check for the consistency of the 
results for different runs. A typical time spectrum is shown 
in Fig. 2. The data were analyzed with a least-squares code 
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and a fitting function representing an exponential distribution 
on a constant background. A trial fit assuming two exponentials 
failed to find a second lifetime component in the spectra, as 
was to be expected. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental results are compiled in Table I along 

with all previously published data on muonic actinide lifetimes 
T^ . The indices e, n, Y an<i f refer to electron­, neutron­, 
Y­ray­ and fission fragment measurements, respectively. The 

17 22 
weighted averages x ± a have been calculated ' by weighting 
the data x. according to the published error x. ± o. using the 
following equations: 

. S C V ^
2
) 

CI) 

*A ■ c,_ : ^ „ , , J c
2
) 

Z^t- T ) V a i \ l / 2 
(n­DUl/a^) 

aB = (.Z(l/a^))'1/2 (3) 

a = max 0A,tfB) C4) 
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Eq. (2) for the error a. of the weighted mean can yield unphysi-
cal values for very small samples. Therefore,ag was introduced 
which sets a lower limit for a based on the published errors. 
Inspection of Table I shows that for all isotopes the averaged 
lifetime T, is shorter than either T , T or T . 

x n' Y e 
Although there is no question about the occurrence of muon 

capture by fission fragments, it has not been shown that this 
mechanism is. the only one responsible for the differences between 
measured lifetimes. A systematical study of all muonic actinides 
may be helpful to shed light on this question, since a monotonic 
increase of the (positive) difference T - f, is expected with 
increasing probability for prompt fission, if muon capture by 
fission fragments were the dominant contribution to these differ­
ences. It is possible to define a characteristic.parameter 
allowing a systematic classification of muonic actinides. Such 
a suitable parameter is represented by the product of the proba­
bility of a radiationless muonic transition and the fissility 
of the target nucleus. As has been shown by Zaretski and 18 Novikov , the ratio of radiationless to radiative transition 
probabilities is given approximately by 

— $ Za (5) 

where a = e2/tic is the fine-structure constant. The probability 
of fission after a radiationless transition depends in a compli­
cated way on the detailed shape of the double-humped fission 
barrier, which is augmented in the presence of the muon. It is 
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assumed, however, that the general trend of the fissility be 
still given by the liquid-drop expression for the fissility 
X ^ Z2/A. Combining x with Eq. 5, one obtains a suitable scale 
p(Z,A) for discussing the lifetimes: 

„ _ . rrJL _ a Z 3 , , , 
P = X = C6) r +rr 50.13 A(l+ Za) 

In the upper part of Fig. 3 the difference x - ff of lifetimes 
is plotted versus p.' Except for Th , the difference xn - x£ is 
seen to increase with increasing values of p as expected, if 
muon capture by fission.fragments were the dominant cause of 

0 
the lifetime differences. It is known , however, that the prompt 
fission probability of muonic Pu is very large, even larger 

239 242 
than that for Pu. Hence, the high value of x - xf for Pu 232 is understandable, but the result for Th is.puzzling. It is 
known that Th has a very low probability (5 • 10" ) for 
prompt fission, which is consistent with its low p-value. There­
fore, muon capture after prompt fission cannot explain the large 
difference of the lifetimes. It should be pointed out, however, 

2 32 that the weighted average of xf for Th is dominated by one 
12 measurement . More data are needed to firmly establish the 

232 abnormal behavior for Th shown in Fig. 3a. 
As has been discussed in the introduction, both electron 

and neutron measurements are influenced by the occurrence of 
prompt - fission, whence the difference of lifetimes x - x should 
be small. This difference may be non-zero, however, since the 
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two methods are of different sensitivity to the admixture of 
events resulting from muon-capture by a fission fragment: The 
multiplicity M of neutrons emitted after muon capture in a 
8-stable nucleus of mass A is approximately given by 

Mn % 0.3 A 1 / 3 (7) 

In addition, the muon capture rate decreases rapidly with 
decreasing atomic mass, whereas the muon decay rate remains 
essentially constant. Thus the ratio of electron-to-neutron 
multiplicity is about twice as high for heavy muonic fission 
fragments as compared to muonic actinides. Therefore, the 
difference x -x should increase slightly with p, consistent 
with experimental results shown in the lower part of Fig. 3. 

232 With the possible exception of Th, the systematic comparison 
of the data indicates that muon capture by fission fragments is 
the dominant contribution to the differences in lifetime. There­
fore, f£ represents the best approximation to the true lifetime 
of a muonic actinide. 

The experimental results may be compared to existing theori 
for muon capture rates X, that are related to the measured life­
times f£ by 

— = Xexp+ RX (8) 
x£ 

Here X is the free-muon decay rate, and R (̂  0.85) accounts for 
the reduction of the decay rate due to effects of atomic binding 
Two theoretical approaches have been applied to the study of 
muon capture rates in the actinide region. The well-known 
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21 Goulard-Primakoff formalism has been proven useful in pre-
22 dieting muon capture rates over a wide range of isotopes and 

provides a closed-form equation for the total muon capture 
GP. rate X 

r-o <=• m e X =k • Z * ( l --H-)2(l --Si-r-i) eff v m J v m 
w N (9) 

x [1 - 0 . 0 3 — .+ 0.25 A " 2Z - 3.24 (A-̂ -Z- + I* ' 2Z1)] 2Z 2Z 2A 8Z - A 

The notation is that of Ref. 11. A comparison of the Goulard-
Primakof f predictions to the experimentally observed capture 
rates is given in Table II. The predicted rates are systematic­
ally smaller than the measured ones.. The Goulard-Primakoff 
capture rates are proportional to the value of Z r^* , which 
has to be calculated independently, but a comparison of several 
isotopes of the same element, which nearly eliminates the depen­
dence on Zg££, indicates that this theory consistently overrates 
the sensitivity of the capture rate to the neutron excess. In 

23 the alternate model of Koziowski and Zgliriski the capture mech 
anism proceeds solely via the excitation of giant-resonance 
states. The transition amplitude Mv is given by the overlap 

24 integral.of Pustovalov's muon wave function and the neutrino 
wave function within the nuclear volume with an isovector transi 
tion operator and nuclear wave functions taken from the hydrody-

25 namical model . Multipolarities L from monopole to octupole 
KZ are t.aken into account, and the total muon capture rate X is 

the sum of the rates for each jnultipolarity: 
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xKZ = IT" Gu2 L2= o I ( M A I 2 do, 

7 ft 
This model has been applied to the nuclei under investigation 
(Table II), and the agreement between theory and experiment is 

2 7 16 

excellent. It has been shown that for light nuclei (e.g. 0) 
the giant resonances are very effective doorway states for muon 
capture. In heavy nuclei, however, numerous non-collective 
states at 15-20 MeV excitation energy are expected to exist, 
which also fulfill the spin and.isospin selection rules of the 
operators describing muon capture. Therefore, it is rather 
surprising that a model which incorporates only giant-resonance 
states describes the capture rates so well. It appears important 
to check other consequences of the proposed capture mechanisms 
by experiment. Measurements of the neutron multiplicity and 
energy spectra after muon capture in actinides currently under 
way will yield information on the excitation energy spectrum 
and can be compared to this model. 

This work was supported by the U.S. Department of Energy. 
We would like to thank the technical staff of the Los Alamos 
Meson Physics Facility and especially L.E. Agnew and B.R. Rector 
for their hospitality and assistance, and J.G. Povelites for 
preparing the targets. 
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TABLE I. Experimental lifetimes in nsec of muonic actinides 
deduced from measurements of decay electrons (x ), neutrons 
(x ) , capture y-rays (x ) and fission fragments (xf). As 
discussed in the text, the electron, neutron and Y-ray life­
time measurements yield values systematically too high, 
because these three measurements are sensitive to contributions 
from muon capture by fission fragments after prompt fission. 
The lifetimes x£ deduced from a detection of delayed fission 
fragments, however, are not affected by this effect. The 
weighted average xf of the fission lifetimes is therefore 
believed to represent the best values for the true muonic 
actinide lifetimes. 



TABLE I . 

I s o t o p e 

2 3 2 T h 

n 

8 0 . 4 ± 2 . 0 2 

7 9 . 2 ± 2 . 0 3 7 9 . 8 ± 1.4 8 0 . 1 ± 0 . 6 1 1 

7 4 . 2 ± 5 . 6 5 

8 7 . 0 ± 4 . 0 6 

7 7 . 3 ± 0 . 3 1 2 
7 7 . 4 ± 0 . 5 

233 U 6 1 . 7 ± 3.81* 6 1 . 7 ± 3 .8 

235 U 

238, 

78 ± 4 2 

7 5 . 4 ± 1 . 9 3 7 5 . 9 ± 1 . 7 7 5 . 0 ± 0 . 7 1 1 

6 5 . 3 ± 2.8 J* 

6 6 . 5 ± 4 . 2 5 

7 5 . 6 ± 2 . 3 6 

72 . 9± 0 . 9 a 

88 ± 4 l 

8 1 . 5 ± 2 . 0 2 

7 3 . 5± 2 . 0 3 

78.7 ± 3 . 5 7 8 . 3 ± 1 . 0 1 1 

7 8 . 6 ± 1 . 5 * 7 4 . 1 ± 2.81* 
7 9 . 1 ± 0 . 5 1 0 7 5 . 6 ± 2 . 9 5 

7 6 . 0 ± 1 .0 6 

T : 7 7 . 1 ± 0 . 2 1 2 

Y 
7 9 . 0 ± 0 . 5 7 7 . 9 ± 0 . 5 a 

7 2 . 6 ± 1 . 5 

7 7 . 2 ± 0 . 2 

t o 

237 Np 7 3 . 5 ± 1 . 4 1 1 72 ± 2 8 

7 1 . 3 ± 0 . 9 ! 
7 1 . 4 ± 0 . 8 

239 Pu 
77 . 5± 2 . 0 2 

7 3 . 4 ± 2 . 8 3 7 6 . 1 ± 1.9 7 4 . 5± 0 . 5 1 1 

74 ± 1 4 7 

70 ± 3 8 

7 0 . 1 ± 0 . 7 ; 

7 0 . 1 ± 0 .7 

242 Pu 8 1 . 1 ± 0 . 7 1 1 
79 ± 5 8 

7 5 . 4 ± 0.9* 
7 5 . 5 ± 0 . 9 

a Present study 
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TABLE II. Comparison of experimentally determined muon 
capture rates X " with the predictions of the Goulard-

GP K7 

Primakoff (X ) and Koz-fowski-Zgliiiski (X ) theories. 
Units are 10 sec" . 

T,-„4.~ ,exp ' , GP ,KZ 
Isotope X * X X 

232Th 125 ± 1 110 124 
233U . 158 ± 9 131 
235U 134± 1 122 134 
238U 125 ± 1 108 122 
237Np 137± 1 123 138 
239Pu 139 ±2 129 139 
242Pu 129 ± 2 116 .128 
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FIGURE AND TABLE CAPTIONS 
Fig. 1. Schematic drawing of the fission ionization chamber. 
The insert.shows the arrangement of the.target foils used to 
avoid cross-talk between different sets of foils: The foil on 
the left is part of the adjacent electrically decoupled chamber 
which uses the.same gas.volume. 

Fig. 2. The experimental fission-fragment time distribution 
?39 for muonic "* Pu. The peak in the region near t = 0 corresponds 

to prompt fission events caused by radiationless muonic transi­
tions. The horizontal dashed line represents a fit to the 
background to negative and large positive times. The curve drawn 
through the data points represents the sum of the exponential 
and the background distributions. 

Fig. 3. The upper part shows the difference x - xVof the life­
times measured by detecting neutrons and fission fragments, 
respectively, after muon capture, plotted versus the product p 
of liquid-drop fissility and probability for radiationless 
transitions. Large values of this quantity, which is an approx­
imate measure for the prompt fission probability, are correlated 
with large lifetime differences. 

The lower part shows the lifetime difference x„ - x„ 
c e n 

between results of experiments detecting electrons and neutrons, 
respectively. Since x is more sensitive to contributions from 

e 
muonic fission fragments than x , this difference is also weakly 
correlated with p. 
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B. Manifestation of the Quantum-Statistical Nature of 
Exchange and Dissipation Mechanisms Operating in 
Damped Nuclear Reactions 
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ABSTRACT 

Systematic properties of dissipation and nucleon exchange mechanisms associated fwith damped nuclear reactions are obtained from available data. It is shown that cor-1 
relations between energy loss and variances of the fragment A and Z distributions, 
which are not understood in a classical approach, find a natural explanation in terms 
of a nucleon exchange mechanism in which the Pauli exclusion principle plays a crucial 
role. A good overall description of experimental data is achieved with dynamical cal­
culations taking account of the formation of a neck between the reaction partners. 

1- Introduction 

Despite the considerable progress made during recent years in understanding the 
damped-nuclear reaction mechanism, several of its most characteristic features have 
so far escaped a consistent theoretical description1. Of particular interest are the 
correlations between energy dissipation and nucleon exchange observed for many systems . 
This experimental evidence is in accord with the assumption of successive exchange of 
nucleons proceeding simultaneously with dissipation of relative kinetic energy in many 
small steps. 

Experimental studies of light particles3 emitted in damped nuclear reactions indi­
cate that thermalization of the fragments occurs during the reaction time, for the re­
latively low bombarding energies under consideration. Nuclear temperatures reached in 
these reactions, of the order T=2-3 MeV, are small compared to the Fermi energy 
(£p«37 MeV) . In this regime, characterized by a nucleon mean free path comparable to 
the dimensions of the system, one expects that approaches involving the nuclear mean 
'field may lead to adequate'models of the nuclei and nuclear interactions. In the 
following, classical1'2'1* and quantal5 models of energy dissipation mediated by nucleon 
exchange are discussed that are based on such one-body assumptions. 

2. Classical model of energy dissipation and nucleon exchange 

In a phenomenological approach described recently* use was sade of the microscopic 
time scale provided by the exchange mechanism to derive a dissipation rate 

- dE/dN « (m/u)a E (1) 

Work supported by the U.S. Department of Energy 
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with respect to the number N e x of nucleons exchanged. Here, E=Ecm"v'Coul"'ELoss is c h e 

available relative kinetic energy above the Coulomb barrier VCouj_, m is the nucleon 
mass and u is the reduced mass of the dinuclear system. The coefficient o conveys 
information on the character of the dissipation mechanism. It would be unity if all 
dissipation were due to the recoil induced by the exchange of classical particles which 
are initially either at rest or move with their Fermi velocity. The presence of addi­
tional dissipation mechanisms would yield increased values of a. 

Under the assumption that a remains approximately constant during a given collision 
trajectory, Eq. (1) may be integrated yielding 

ELoss K ^cm-7Coul)^-e^(-(in/v)aNex):i (2) 

Whereas the energy ^IQSS dissipated in the reaction may be approximately related to the 
measured reaction Q-value, there is no unambiguous way to infer N e x from experimental 
observables, although various relations between N e x and the variances crA and az of 
the fragment A and Z distributions have been suggested1'5. Without restricting the 
generality of the conclusions to be drawn below, in the following it is assumed that 
N ex !°A If only az

2 is known, aA
2 is estimated from the relation aA =(A/Z) °Z > 

where A and Z apply to the dinuclear system. 

Fig. 1 shows the resulting fits of Eq. (2) to the experimental1*» correlations 
a22(ELoag) for the reaction 20*Bi+138Xe at 1130 and 940 MeV. As can be seen, an ade­
quate representation of the data is provided by Eq. (2), with a constant value of a 
up to energy losses close to the initially available energies E0=Ecm-VCou^ indicated by 
arrows. However, it is observed that a decreases from3.2 to 1.4 as the bombarding energy 
is increased from 940 to 1130 MeV. A similar behavior is borne out by all other reac­
tions studied1'1*'7'12, as demonstrated in Fig. 2 exhibiting the dependence of a on the 
approach energy per nucleon (m/2)U2ss(m/y)E0. The solid curve drawn through the data 
points emphasizes the average trend which is already rather well defined by the three 

^(Ecm-VcouL) (MeV/u) 

Fig. 1 Fi«. 
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Ju_tats
a for the reaction 1'*'*Sm+81*Xr. Significant deviations from the average are 

owerved for the relatively asymmetric systems9 associated with the 3SFe projectile, 
s well as for the 233u+233

U reaction10. Neither a dependence of a on the bombarding 
aergy nor on the system is expected from the above classical model which is based on 

kinematic considerations. Attributing this feature to the existence of additional 
J
issipation mechanisms2'1* or nuclear structure effects13 resulted in a mere parameter­
zation of data, lacking a profound theoretical basis. 

,
. Quantum­statistical approach 

Although the insufficiency of the classical model presents a challenge to the 
validity of the basic dissipation mechanism, its failure to account for the data may 
esult from the unjustified assumption of classicality of the processes involved. A 
.uantum­statistical model3'1(* proposed recently describing energy dissipation associated 
with the exchange of nucleons between two almost degenerate Fermi­Dirac gases in slow 
elative motion offers a more meaningful test of the underlying reaction mechanism. 

In this model, the mass drift coefficient VA and the dissipation rate ­E are 
iven by 

v A => dA/dt » FAN'(eF) 

­E dE L 0 M/dt = «D2
>^'(€r) (3) 

ere, £p and FA are the mean and the difference of the two Fermi levels, respectively. 
.he form factor N^ represents £he differential current of nucleons between the two 
gases. The quantity <JJ = FA ­ U*p is the amount of intrinsic excitation produced by 
.he exchange of a nucleon with the intrinsic momentum p, and the brackets denote an 
. iverage over the orbitals in the Fermi surface, the only ones participating. Whereas 
effects of the Pauli exclusion principle cancel in the calculation of the one­body 
[uantities in Eq. (3), the mass dispersion a^2 depends explicitly on such Pauli corre­
.ations. In the model, its rate of change is determined by 

DA = ̂  d02/dt = T*N*(e_) (4) 

Here, T* a <(l/2)ui coth(o)/2T)>p is measure of the energy interval around the Fermi 
Level contributing to exchange processes, and T is the ordinary nuclear temperature. 
This effective temperature T* depends on both the available and already dissipated 
relative kinetic energy and, hence, introduces a bombarding­energy dependence of the 
exchange processes, due to the action of the Pauli principle. Fig. 3 shows values of 
r* for the reaction 209Bi+136

Xe at two bombarding energies calculated as a function of 
energy loss with the dynamical model described below. As seen from Fig. 3, T* can 
initially be rather large "but approaches the nuclear temperature T for high energy 
losses with a rate depending on the bombarding energy. One interesting consequence 
of this behavior is the relatively small drift predicted by the Einstein relation 
■. = D. FA/ 1

*'
 a s compared to the classical relation vA = D^ 5^/T. ,v 

' Of in teres t to the c lass ica l model referred to ear l ie r is the quantity 
s - (u/m) d(£.n E) / da . 2 , related to the slope of the experimental correlations 

EL (°\Z) exhibiting the previously unexplained bombarding-energy dependence. 
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For systems with F ^ O . i­e. a negligible driving force, and peripheral collisions, 
Eqs. (3) and (4) predict a dependence 

J 
a « T„/(2T*) 

c 
(5) 

where T­ i s the Fermi k i n e t i c energy. 

s 
209 Bi + l3S

Xe 
— S ^ II30 MeV 
— E^SOOMeV 
T* . r AT OISTANCS or 

CLOSEST APPROACH 

­ ­ ­ ­ ■ ­ — T 

0 50 100 ISO 200 

This relation predicts an approximate universal 
bombarding­energy dependence of a for systems 
with F^ssO. Values of a increasing strongly 
with decreasing bombarding energy are expected, 
a behavior observed experimentally (see Fig. 2). 
Different systems at similar bombarding energies 
per nucleon above the barrier exhibit different 
values of a to the extent that the corresponding 
values of F^ differ. 

The bombarding­energy dependence of the relation 
between nucleon exchange and energy dissipation 
as reflected by Eq. (5) is entirely due to the 
Fermion nature of the exchanged nucleons. The 
classical expressions derived earlier are re­
gained in the limit where the Pauli principle 
is relaxed, yielding a = 1. 

. Fig. 3 

4. Dynamical calculations 

Since the rough estimate represented by Eq. (5) relies on a number of idealizations, 
a more refined approach is taken in this work by performing dynamical calculations of 
collision trajectories in a coordinate space including the fragment­mass and ­charge 
asymmetries. The dinuclear complex is parameterized by two spherical nuclei joined by 
a cylindrical neck. Conservative forces are calculated from droplet­model masses, the 
Coulomb repulsion and the surface and proximity energies of the neck region. Energy 
dissipation is provided by the nucleon exchange mechanism (cf. Eq. (3)), together with 
the damping due to the aeck motion approximated by a wall­type dissipation formula. 
Inertial forces are calculated for two sharp rigid spheres. Energy loss and the accumu­
lated variances a^ and <3^ are obtained'from integrating along the. traj ectory the dissi­
pation­function and the diffusion coefficients, respectively, as given by the model. The 
corresponding form factors employed­were those calculated by Randrup but modified to 
allow for the formation of a neck. ­ Consistent with the droplet model, account was taken 
of a neutron skin of the. nuclear matter'distribution. This results in theoretical ratios 
akZ/°Z that may exceed the values (A/Z)2 for low bombarding energies or small energy 
losses. The various aspects of the model are discussed in detail elsewhere3' »*'. 

Typical results of the­ calculations (full curves) are compared to experiment in 
Figs. 4 and 5 for the­reactions 2a93i+13S

Xe [Ref. 7], 209Bi+38
Fe [Ref. 9] and 13

'
3
Ho+

3S
Fe 

[Ref. 12], that are associated with a­values far in excess of the classical limit. A 
good reproduction of the_data is achieved for 209Bi+135

Xe at 940 MeV. 
as

 209
Bi+

S5
Fe and 1S5Ho+55

?e depicted in Figs. 4 and 5, where the sta 
For systems suci 

static driving force 
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As is illustrated by the dashed curves in 
Fig. 4. representing the dynamical calculations 
in the classical limit, the Pauli principle is 
essential to the good agreement between data 
and the quantal model. For relatively high 
energy losses (Ej^gs > 100­150 MeV), predic­

ations of the quantal model deviate somewhat 
from the data, as is expected from the 
simplifications made in the model. Only for 

^ the reaction 2 38U+233TJ, for which dominating 
sequential fission of both reaction partners prevents direct measurement o 
Z or A distributions10, the model results in a poor description of the dat 

Fig. 5 

f primary 
a. 

s Conclusions 

In summary, it has been shown that the previously unexplained bombarding—energy 
dependence of the correlations between measured energy loss and fragment mass disper­
sion can be understood in terms of a nucleon exchange mechanism in which the Pauli 
exclusion principle plays a crucial role. The agreement between data and predictions 
of a dynamical model based on this approach further emphasizes the dominance of the 
pne­body transport mechanisms operating in damped nuclear reactions, without the 
necessity to assume further processes of energy dissipation. 
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I. Introduction 

Although considerable progress has been achieved in the understanding of 
strongly damped reactions at energies several MeV/u above the Coulomb barrier, 
some important experimental results are not yet.clearly understood. 

Among these is the degree of correlation between the nucleon exchange and 
the large energy losses observed. In a model1 proposed by Swiatecki nucleons-
upon crossing a window between the colliding nuclei-deposit their relative momentum 
within the recipient nucleus and thus convert kinetic energy, of relative motion 
into intrinsic excitation energy. Although such a mechanism is consistent with 
experimental data, it has not yet been proven that energy loss induced by nucleon 
exchange is so dominant a mode of dissipation as to exclude other mechanisms 
such as the excitation of isoscalar giant resonances. Investigation of the 
bombarding-energy dependence of reaction phenomena is expected to yield essential 
information bearing on this question. In the following, experimental evidence is 
discussed, suggesting nucleon exchange as described by a one-body model to be the 
major component of the dissipation mechanism. 

II. Experimental results 

In an experiment2 similar to the one described by Schro'der et al.3 the system 
209Bi + 13SXe has been studied by measuring the triple-differential cross section 
d3o/d£2dZdE at a bombarding energy of Ejj=940 MeV. An overview of the data is shown 
in Fig. 1. The qualitative results are similar to the study3 of this system at 
E^ = 1130 MeV, yielding Gaussian Z-distributions with variances az

2 strongly in­
creasing with energy loss. In Fig. 2, the variances a z

2 are plotted as a function 
of the energy loss for both bombarding energies.. In the framework of one-body 
nucleon exchange models there is a. simple relation between the variance a A

2 of the 
mass distribution and the energy loss, since both are produced by the same nucleon 
flux. In the classical limit and for peripheral collisions this relation can be 
written as 

In (TQ/T) = ̂  a ^ ( 1 ) 

where TQ = E ^ - Vc and T = T0 - E L o s s are the kinetic energies in the entrance 
and exit channels, respectively, y denotes the reduced mass and m the nucleon 
mass. If a unique proportionality between o A

2 and az
2 exists throughout a reaction, 

a classical model of nucleon. exchange predicts a linear relationship also between 

Work supported by the U.S. Department of Energy. 
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the quantities az
2 and ln(TQ/T), with a slope given by - (-̂J > if the relation 

aA
2 = (A/Z)2az

2 is assumed to hold. In Fig. 3 is shown that the data indeed 
follow straight lines, but quite in contrast to the prediction of Eq. 1, the 
slopes are strongly dependent on the bombarding energy. 

It has been pointed out by Randrup4 - -
that it is important to incorporate the 
effect of the Pauli principle into 
models of nucleon exchange. Since the 
exclusion principle decreases the 
nucleon flux, the associated variances 
are reduced too. On the other hand, it 
can be shown, that the energy loss rate 
is not affected, since only nucleons 
with high relative momentum can parti­
cipate in the nucleon exchange, which 
just compensates for the reduced flux. 
Therefore, the value ln(T0/T) for a 
given aA

2 has to be increased by a 
factor a « jclass/J _ _ > 1 with q.m. — 
respect to the one given by Eq. 1, i n 

E L° 1130 M«V 

-—£(!)« 

i I 

25 

Figure 3 

order to account for the Pauli princi­
ple. Three quantities determine the 
magnitude of a: the thermodynamic 
temperature of the colliding nuclei, 
the relative position of the Fermi-
surfaces for non-identical nuclei and - most importantly - the relative momentun 
of the nuclei, which displaces the Fermi spheres with respect to each other. A 
straightforward geometrical calculation of the overlap volume of two inter­
secting Fermi spheres of equal radius Tv yields a universal energy dependence 
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for a: 

a « | ( u Tp/m(E cm - vc) 
approximately valid for peripheral 
collisions of cold nuclei. Consistent 
with experiment, o increases strongly 
with decreasing bombarding energy. 
These results are not restricted to 
the Xe + Bi system. In Fig. 4 experi­
mental a-values for numerous systems 
are shown, where the broken line is 
calculated using Eq. 2. Although 
this simple model reproduces the 
qualitative trend of the data, there 
are still strong systematic deviations 
of the data from a universal curve. 
They are mainly associated with 
reactions induced by 56Fe 
projectiles. 
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The discussion so far has been restricted to peripheral reactions. For 
more penetrating collisions it is not possible to treat a as a constant during 
the interaction time. More detailed trajectory calculations have to be performed 
to allow a meaningful comparison with the data over a wide range of impact para­
meters. In Fig. 5 results of a partial-wave decomposition of experimental data 
are compared to a trajectory calculation using a model5 with four degrees of 
freedom: the position vector (r,8) connecting the centers of spherical nuclei 
and their respective angles of rotation. It should be pointed out, that theore­
tical values of none of the quantities 
depicted in Fig. 5 are affected by in­
clusion of the Pauli principle. Thus 
the effect of various potentials or a 
different set of degrees of freedom 
can he studied decoupled from the 
effect of the exclusion principle. 

As can be inferred from Fig. 5, 
the calculation is unable to reproduce 
the large energy losses observed. 
This is not unexpected, since no de­
formation degrees of freedom are in­
cluded, which puts an upper limit on 
the kinetic energy that can be dissi­
pated. Therefore, an extended model, ' 
where the two spherical nuclei are 
joined by a cylindrical neck has been 
adopted. Its radius and the mass and 
charge numbers of the projectile-like 
fragment are treated as three addi­
tional degrees of freedom. The proxi­
mity formalism and the liquid-drop 
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p o t e n t i a l energy surface has been used to define the conservat ive and d i s s i -
pa t ive fo rces . In Fig . 6 the r e s u l t s of a c a l c u l a t i o n (without any adjusted 
parameters) a re shown. Consistent with experiment, the ca lcu la t ed energy loss 
has s t rongly increased . The charge var iances o z

2 ca lcu la ted by i n t eg ra t i ng 
the time-dependent proton flux for each t r a j e c t o r y a re shown in F ig . 7 as a 
function of energy l o s s . I t can be seen, t ha t the inc lus ion of the Paul i 
p r i n c i p l e ( so l id l i n e ) leads to good agreement with the da t a , whereas a c l a s s i c a l 
treatment f a i l s . 

In conclusion, i t appears , tha t the previously unexplained bombarding energy 
dependence between energy los s and fragment charge d i spers ion can be understood 
on the bas i s of a nucleon exchange model, provided the P a u l i exclusion p r i n c i p l e 
i s taken in to account. No necess i ty i s seen to invoke fur ther energy d i s s i p a t i o n 
mechanisms to explain the present da ta , although such processes cannot be ruled 
out on bas i s of t h i s comparison. 
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LIGHT-PARTICLE.EMISSION AS A PROBE OF DISSIPATION AND 
DEEXCITATION MECHANISMS IN HEAVY-ION REACTIONS1" 

W. U. SCHRODER 
Departments of Chemistry and Physics and 
Nuclear Structure Research Laboratory 
University of Rochester, Rochester, New York 14627 

The relevance of studies of light-particle emission 
associated with damped nuclear reactions for investi­
gating properties of the reaction mechanism, in partic­
ular of the energy dissipation mechanism, is discussed. 
Processes of instantaneous particle emission are reviewed, 
relating to heavy-ion reactions. Methods are outlined 
concerning information on the conditions of the inter­
mediate nuclear system at scission revealed in the pro­
cesses of statistical particle evaporation from the rer-
action fragments. They are employed in studies of 
neutron emission in the damped reactions .5Ho+56Fe and 
• %o-H-3°Xe yielding evidence for a rapid thermalization 
and a relaxation of the mass-to-charge asymmetry of the 
system. Progress is reported for attempts to achieve 
a unified description of energy dissipation, nucleon 
exchange and particle emission in damped nuclear 
reactions. 

I. INTRODUCTION 

Extensive experimental and theoretical investigations 
of damped nuclear reactions at bombarding energies a few 
MeV/u above the interaction barrier have, lead to a much 

Work reported was done in collaboration with J.R. Birkelund, 
D. Hilscher (HMI, Berlin)., A.D. Hoover, J.R. Huizenga, and 
W.W. Wilcke (Univ.; of Rochester); K.L. Wolf (Argonne Nat'l 
Lab); H.F. Breuer, A.C. Mignerey and V.E. Viola, Jr. 
(Univ. of Maryland); J. Randrup (LBL, Berkeley). 
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improved knowledge of the phenomenology of these reactions, 
which, exhibit characteristics of both, fast . 
(Tjjj.j.«10-22-io-21Sec) peripheral collisions arid statistical 
processes^. The average values of various macroscopic 
variables can be adequately described in terms of classical 
dynamics involving conservative and dissipative forces or of 
classical transport phenomena. However, there are indica-
tions2~4 that these forces may be dynamical quantities 
themselves, originating from the response of intrinsic 
degrees of freedom to changing collective coordinates. 
Furthermore, certain statistical reaction features may be 
inconsistent5»6 with theoretical descriptions not retaining 
essential quantal properties of the mechanisms involved. 

In principle, rather complex investigations are re­
quired to assess the microscopic origin of the reaction 
mechanism, covering many aspects of a damped,reaction. Con­
sideration of isolated reaction channels may not only provide 
limited information but may lead to inadequate conclusions. 
It is hoped, however, that studies of the most frequent 
processes induced by damped reactions such as emission of 
light particles are sensitive to important components of 
the reaction mechanism. In particular, probabilities, 
energy and angular distributions of various associated 
particle species and the mechanisms that lead to their 
emission are expected to depend on the properties of the 
dissipation processes playing a crucial role in determining 
the condition of the interacting nuclei and the nature of 
their interaction. Depending on the way collective energy 
of relative motion is transferred to microscopic nucleonic 
degrees of freedom, the subsequent deexcitation of the 
system is expected also to follow different patterns. 

In the following, several particle-emission mechanisms 
are discussed that are of potential relevance to damped 
reactions. Methods outlined are applied in experimental 
studies of neutron emission in 165Ho+56pe and 165ao+136xe 
reactions representing typical examples of damped nuclear 
interactions. Conclusions to be drawn from such experiments 
are in support of a damped-reaction mechanism relating 
intimately energy dissipation and nucleon exchange. Recent 
progress in understanding damped nuclear collisions is 
discussed in terms of a quantum-statistical model based 
on this mechanism. 

II. INSTANTANEOUS PARTICLE EMISSION IN DAMPED REACTIONS 

The most primary information on the damped-reaction 
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mechanism may, obviously, be gained from particles emitted 
while the nuclear interaction is still in progress. Such 
instantaneous particle emission can, conceivably, occur at 
any stage of the reaction, before or after local equilibrium 
is achieved with respect to various degrees of freedom. 
Different mechanisms may be distinguished with respect to 
species, angular and energy distributions of the emitted 
particles, as well as according to their dependence on the 
projectile-target system, the bombarding energy and the 
initial angular momentum. 

A. Fermi Jets 

During the approach phase of the reaction, characterized 
by a high relative velocity, a small window may have already 
opened between projectile and target nuclei allowing nucleons 
with, intrinsic momentum p and kinetic energy £ to be ex­
changed (Fig. 1). In the rest frame of the acceptor nucleus, 

. 

A ^ 
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FIGURE 1 , 
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«. PROJECTILE 
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j e t s 

the momentum- of the nucleon will be augmented to. q =» p + mu, 
where u is the relative nuclear velocity and m the nucleon 
mass. Depending on the relative directions of p and u, the 
nucleon energy 

(1) £ + p«U - V 

may be sufficiently high to overcome the potential barrier 
V = V +V comprised of nuclear and Coulomb parts. With a 
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certain probability, such particles may be directly ejected 
from the nucleus. They have been termed "promptly emitted 
particles" by Bondorf et al7 and "Fermi jets" by Swiatecki^ 
and RobelB. Emission mechanisms similar in spirit have also 
been proposed by Gross and Wilczynski^. 

Kinematical conditions on the bombarding energy Ej^^ 
and angular momentum I allowing Fermi-jet emission may be 
summarized by8 

* i * {zu[Ecm - V ^ C E ) - „<v<V - /F>2] } h 

where A_ and A_ are projectile and target mass numbers, 
respectively, u the reduced mass and V^ouj_ the Coulomb 
interaction potential evaluated at a typical separation R. 
For the reaction 165T£0+56Fe to be discussed below, Fermi-
jet emission is energetically possible for E^b = 470 MeV 
and I < 116. 

Neutrons are expected to be the most important Fermi-
jet particles, charged-particle emission being drastically 
reduced due to the Coulomb barrier. Complex particles 
(e.g. d, a,..) are not considered.in this single-particle 
model. Their emission probability, however, may be esti­
mated, e.g. by using a coalescence model10. Due to the 
term p**u" in Eq. 1 which, determines the s.p. energy, the 
intensity, mean energy and width of the particle energy 
spectrum increase with relative velocity 
u0 = {2(Ec#nu - Vcoui)/u}^, the width reflecting the nucleon 
momentum distribution. Fermi-jet particles may be highly 
energetic, in the cm. system with the highest energies cor­
responding to forward directions. The angular distributions 
depend on the details of the dynamical trajectory. In 
general, a maximum intensity may be expected at angles between 
the directions of the beam (highest relative velocity) and 
of the momentum transfer (largest window area), and in the 
opposite direction. 

Complications arise due to two-body interactions beyond 
the.approximations of the single-particle model, increasing 
in importance with increasing particle energy and nuclear 
temperature. These processes inhibit primary Fermi-jet 
emission but induce emission of secondary particles. They 
can be treated within current pre-equilibrium cascade models 
(cf. Fig. 2a), e.g. those of Griffin and Blann^1. Alternately, 
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as suggested earlier^ for similar emission processes induced 
by muons, the trajectory S of (Fig. 2b) of a nucleon inside 

FIGURE 2a, Preequilibrium cascade (above left) 
FIGURE 2b, Nuclear refraction (above right) 

the nucleus may be considered, along which the nucleon is . 
absorbed due to the optical potential with a rate corre­
sponding to the mean free path X(E). With this rate, sec­
ondary particles may be excited in two-body collisions 
obeying the Pauli principle. At the nuclear surface, 
nucleons are deflected as given by the real refractive index 
n(E). With a dynamcial calculation implementing an optical 
model approach such as described above, Bondorf et al' rê -
produced qualitative features of high-energy neutron spectra 
observed1^ in the 158Gd+12C reaction at Ey^ = 152 MeV. 

B. Breakup Particle Emission 

When rapid deceleration of the relative- motion occurs 
during the approach phase of the reaction, the strongly time-
dependent forces may induce breakup of the projectile, a 
process well studied for light-ion reactions^.. A light 
breakup particle with mass m^ and charge Z a may initially 
proceed approximately along the original trajectory charac­
terized by the projectile velocity at breakup, somewhat re­
duced according to the separation energy Sa. The projectile 
remainder may or may not react further with the target 
nucleus. Early experiments by Britt and Quinton^ involving 
10.5 MeV/u-l^C, 14fl and 16o projectiles and heavy targets 
yielded large cross sections (a «0.3a_) mainly of high-
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energy a particles focussed in forward directions. These 

TARGET 

BREAKUP PARTICLE 

PROJECTILE 

FIGURE 3, Projectile breakup 

processes, also termed "massive transfer" or "incomplete 
fusion", have attracted renewed attention as demonstrated 
by recent experimentsl6~19 and theoretical attempts^ to 
describe breakup of lighter heavy ions in a DWBA approach. 

Generally, the energy spectra of light breakup particles 
are bell-shaped (Fig. 4, Ref. 15) with mean energies <E£ a b

> 

SO 40 
Ecm(MeV) 

FIGURE 4, Breakup-a p a r t i c l e spectrum 
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decreasing with increasing emission angle from a maximum 
given by 

m 
P 

R 

1 + 
/ A \2 

\ ab 

m a Z„(Z +Z -Z ) — - z z 
a p I a; U p T 

- s a 
where R is the breakup radius. The width reflects the mo­
mentum distribution of the particle inside the nucleus. 
Particle angular distributions are observed to be strongly 
peaked at angles- between the projectile-like fragment reac­
tion angle and the beam direction, which may, however, depend 
on the particular reaction. Recent observations21 are con­
sistent with local emission of breakup particles from the 
side of the projectile facing the target nucleus. 

Breakup processes are usually observed to reflect 
strongly the individuality of the projectile, in particular, 
its cluster structure. Hence, allowance has to be made for 
structure effects in drawing conclusions on the gross pro­
perties of the reaction mechanism. 

C. Preequilibrium Emission from Hot Zones 

If the energy dissipation mechanisms were sufficiently 
fast, a transient storage of a high amount of excitation 
energy in a complicated nuclear state may occur that may 
classically be described in terms of a localized "hot spot"22, 
Such a state would then be expected to decay into many-
particle-many-hole configurations via normal pre-equilibrium 
cascades allowing emission of-fast particles at any stage of 
equilibration. The classical heat transport equation 

(4) !^ T(r,t) = ^ v".(K$T(r,t)) 

for the temperature field T(r,t), where p is the nuclear 
density, cp the nuclear specific heat and < the thermal 
conductivity, has been considered by Weiner et a_l23 ^ d 
applied to particle emission in damped reactions by 
Gottschalk et al2^. High-energy a particles emitted in the 
reaction SBjJJ+Too at 6 MeV/û -S have been claimed as evidence 
for such an emission mechanism. 

Experimental information or theoretical predictions on 
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-FIGURE 5, Decay of a "Hot Spot" 

particle branching ratios.and dependence on the bombarding 
energy are not available for this mechanism. Particle 
spectra are expected to be characterized by high-energy 
tails for. particles emitted early in the equilibration 
process. Angular distributions should be peaked forward 
and backward of the light-fragment reaction angle, with 
the forward peak corresponding to the highest lab energies. 

D. Particle Emission in Neck Rupture 

-At the final stages of the reaction, particles may be 
emitted during the rupture of the neck that has presumably 
been formed in the reaction. Such a process is known from 
fission studies2 , where long-range a particles are observed 
to accompany fission with a relatively low (<10~2) probability. 

Emission probabilities are expected to depend on the 
fragments' kinetic energies at the instant of scission and 
their deformations. Particle branching ratios are not well 
known from fission studies, but a-particle emission is 
expected to be a relatively significant channel. Particles 
are presumably produced with relatively low initial kinetic 
energies by such a mechanism and are emitted in directions 
approximately perpendicular to the system's symmetry axis 
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(Fig. 6). The final kinetic energies of charged particles 
depend on the balance between the initial particle and 
fragment kinetic energies determining the effective Coulomb 
field and the duration of acceleration. 

FIGURE 6, Par tide, emission in scission 

Among the mechanisms of instantaneous particle emission 
discussed above, so far only breakup-induced processes 
appear, to be experimentally well established^"^>21 and 
are treated2^ in conventional quantal reaction theory. 
Other mechanisms still lack a profound theoretical basis 
or experimentally unambiguous verification. 

While instantaneous emission may contribute to the 
total light-particle cross section associated with damped 
reactions, a majority of light particles is expected to be 
emitted from the highly excited final fragments at times 
sufficiently long to ensure.their complete separation, 
full acceleration by.the- Coulomb field and complete equili­
bration of the excitation energy. Relevant time scales 
are plotted in Fig. 7 vs. the equilibrium nuclear tempera­
ture. Damped-interact ion times. TJ^T™ as derived2? for the 
reaction io^Ho+^Fe at ELao=476 MeV using a classical model 
are seen to range between ,V.10~22 and several 10""21Sec for 
equilibrium temperatures up to 2.5 MeV attained in the 
reaction. They are compared to the much longer times 
Tp«5.10~23 exp(13 MeV/T)sec necessary28, on the average, for 
particle evaporation from a compound nucleus. Of great im­
portance for the evolution of a damped reaction and several 
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instantaneous emission processes is the thermal relaxation 
time TR, a time characteristic for the damping of a thermal 
distortion of nuclear matter at a specified temperature. 

2 4 6 a 10 12 
TEMPERATURE T(MeV) 

FIGURE 7, Characteristic time scales for the 
reaction 165Ho + 56pe 

This time has been calculated29 in a single-particle model 
to be given by the product of the nucleon transit time R/vp, 

> where R is.the nuclear radius and vp the Fermi velocity, 
and the number R/X of nucleon-nucleon collisions: 

(5) tR(T) a R2/(vpA(T)) 

Here, the mean free path X is temperature-dependent, because 
the exciton transition rates^ are. 

Obviously, for equilibrium temperatures accessible to 
damped reactions, thermal relaxation times are extremely 
short such that immediate response of the nuclear system is 
expected for relatively weak thermal distortions as may be 
imposed, for example, by the exchange of a nucleon. Only 
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for temperatures beyond 7-8 MeV are these relaxation, times 
T R comparable to compound-nucleus evaporation times Tp, and 
a significant, probability for light-particle emission 
(pre-equilibrium emission in the normal notion) is expected 
at the early stages of the intranuclear cascade leading 
eventually to full equilibration of the thermal excitation 
energy remaining in the nuclei. However, whether or not 
the relation TR << Tjjrr K< tp between the various time scales 
is established in a damped reaction as depicted in Fig. 7 
depends on crucial details of the energy dissipation 
mechanism, e.g. the presence or absence of localized zones 
of high temperature. 

Studies concerned with the nature of dissipation and 
deexcitation mechanisms should then include the establishment 
of conditions, associated with instantaneous or preequilibrium 
emission of light particles as revealed by the identity of 
these particles, their energy and angular distributions and 
their relation to the kinematic properties of the nuclear 
system. In addition, information on the damped reaction may 
be obtained from studying particle evaporation from the 
final fragments as exemplified in the following. 

III.. PARTICLE EVAPORATION FOLLOWING DAMPED NUCLEAR REACTIONS 

As discussed above, particle evaporation occurs, on the 
average, long after the damped nuclear interaction has ceased 
but reveals various conditions of the. intermediate system at 
scission time, such as fragment excitation, deformation and 
spin alignment. The statistical decay of the fully equili­
brated system provides a powerful investigative tool because 
the dependence of this process on the nuclear properties 
is well known^O. 

Particle branching ratios are determined by available 
phase.space or (spin-dependent) level densities p according 
to 

(6).rv(E*,I)-(2sv+l)J]^ -(2J+1) 
\-0J-|l-4j 

VVBv 

where the particle widths T depend on excitation energy 



- 5 1 -

W. U. SCHRdDER 

* 
E and spin I of the i n i t i a l nuc leus , the p roper t i e s of the 
l i g h t p a r t i c l e given by spin s v , angular momentum l^t k i n e t i c 
energy, £ v , binding energy Bv and t ransmission coef f ic ien t Tv . 
P roper t i e s of the f i na l nucleus enter mainly v ia i t s y r a s t 
l i n e E j , the minimum exc i t a t i on energy of leve ls at a given 
spin J . The energy spectrum dN/d£ of p a r t i c l e s in an evapo­
ra t i on chain i s approximately given by^l 

(7) dN/d£«2<M>(TrtA
3j"1/2 £ 5 / U exp(-e/T*) 

where <M> i s the mean m u l t i p l i c i t y and TA=(11/12)T an e f fec ­
t i v e mean temperature, only s l i g h t l y smaller than the tem­
pera ture T «(E*/ a) V of the i n i t i a l nucleus . The l eve l densi ty 
parameter a i s approximately propor t ional to the nuclear mass: 
a « A / 8 . 

The angular d i s t r i b u t i o n s of evaporation p a r t i c l e s in 
the r e s t frame of a nucleus with spin I al igned perpendicular 
to i t s d i r ec t i on of motion (9^=0) i s p r e d i c t e d ^ to be sym­
metric around 6 =ir/2: 

c m . 

2 2 2 
(8a) WC9,. m )~l-+^mJL2l1i ^ > P-(cos8 " ) for — ^ « T cm. i 25 T cm. 13 

2 
(8b) W(9 . . ) ~ I/sinS for $-^L » T cm. c.m. <ij 
where m is the particle mass, R the radius of the nucleus, 
<I2> its mean-square spin and 3 its moment of inertia. In 
the limit of strong coupling between nuclear spin I and 
angular momentum I of the emitted particle, the classical 
relation Eq. 8b for isotropic emission results. If the 
direction of the nuclear spin produced in a reaction is 
restricted, for example, to be perpendicular to the reaction 
plane selected by an experiment, the angular distribution 
of the emitted particles will be isotropic within this plane 
but vary with the out-o"f-plane angle <b approximately 

,. __ cm. 
according to 
(9) W(* ) - l - + i (_£_)2<i2xji2>Cos2<j> 

c m . z Z J I c.m. 
2 The mean squared angular momentum <SL > car r ied away by a 

p a r t i c l e of k ine t i c energy £ 

(10) <£2>~m R
2 ( £ - vc)/ft2 
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is largest for fast, heavy particles, the measurement of 
which is then most sensitive to the size and alignment of 
the nuclear spin. For this reason, angular distributions 
of evaporated neutrons are only weakly dependent on spin 
'alignment. 

Laboratory intensity patterns of particles evaporated 
from fully accelerated fragments are quite conspicuous as 
demonstrated in Fig. 8 for neutron evaporation from final 
fragments from the reaction 165Ho+136Xe at ELab-1130 MeV. 

180 90 0 -90 -180 
On Lab 

FIGURE 8, Cross section of neutrons from light 
(full curves), and heavy (dashed curves) 
fragments, plotted vs. lab angle and energy 

In the calculation of the double-differential cross section 
d2o7dEndfl plotted at the bottom of Fig. 8 vs. neutron lab 
energy EnT_a|5 and emission angle S^at,, complete conversion 
of kinetic energy loss into intrinsic heat, establishment 
of. thermal equilibrium before scission, and isotropic emission 
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in the rest frames of the fully accelerated fragments were 
assumed. Neutrons from the light fragment (full curves) 
are higher in energy and confined to a narrower angular 
range around the light-fragment emission angle (solid arrow) 
than those from the slow-moving heavy fragment. Obviously, 
there are kinematical regions allowing an unambiguous identi­
fication of the emitting fragment. 

Because of the good separation, several kinds of inform­
ation may be gathered for both reaction fragments separately: 
Experimental particle-fragment angular correlations may be 
used to determine the fragment's spin alignment (Eqs. 8, 9). 
the final fragment temperatures can be inferred from the 
particle energy spectra according to Eq. 7. Furthermore, 
the particle multiplicity distributions give a measure of 
the excitation distribution of the fragments. 

If thermal equilibrium is reached during the reaction, 
the temperatures of light (L) and heavy (H) reaction partners 
are expected to be approximately equal: T H«T L. In contrast, 
if "hot spots" survive the reaction, TL>TH may result. How­
ever, dynamical deformations developing during the reaction 
may lead to T^T^, even if the system was thermalized a£ all 
times. In general, the total excitation energy E =EL+E„ 
will be smaller than the measured kinetic energy loss, 
because of the rotational energies acquired until scission 
occurs, that do not convert into intrinsic heat and are, 
subsequently, only partially removed by particle evaporation. 

How strongly the moments of the particle multiplicity 
distributions are correlated with those of the excitation 
function may be demonstrated using a simplified evaporation 
model^2 neglecting spin effects. It is based on the assump­
tions that the energy E*-S^. available for evaporation, where 
Si is the cumulative separation energy of i particles, is 
distributed among the particles with probabilities according 
to the particle energy spectra as given by a Maxwellian 
characterized by a mean temperature T. The probability W^ 
for emitting,, at least, i particles from a nucleus at excita­
tion energy Ex is easily calculated: 

do w1(«*, -1 - {2g a ( ^ ) " } - « P [- ^ ] 
for i>2. Trivially, W (E*)=l, and W1(E*)=e(E*-S±). If f(E*) 
is the excitation energy distribution, one obtains for the 
particle multiplicity distribution 
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CD 

(11) M(i) = / dE* f(E*)[W±(E*) - W. + 1 (E* ) ] 

Fig. 9a shows the calculated dependence of the mean neutron 
multiplicity <M> on the excitation energy E* of each of the 
nuclei ^"Ho and ^Fe. Binding energies were taken from the 
liquid-drop model corrected for shell effects. <M> is ob­
served to.be almost independent of the width of f (E*) . 

(9a) (9b) 
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50 

FIGURE 9, Correlation between mean values 
(a) standard deviations (b) of neutron multi­
plicity and excitation energy distributions 

A similarly strong correspondence is observed between the 
standard deviations o^ and Oj* of multiplicity and excitation 
distributions, respectively; This is illustrated in Fig. 9b 
for.165yio and 56pe nuclei at the indicated mean excitation 
energies. 

These correlations are strongly dependent on. the identity 
(A,Z) of the emitting nucleus, a dependence.that can be ampli­
fied by considering relations between appropriate quantities 
corresponding to the two fragments of a damped reaction, 
where the total A and;.Z. • is. f ixed. For example, in Fig. 10 
the ratio of the mean neutron multiplicities of Ho.and Fe 

http://to.be
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fragments is plotted vs. the energy loss for the reaction 
^°^Ho­(­56pe. The curves are labelled according to the A/Z 
ratio of the Fe fragment and its share of the total energy 
loss. The initial sharp drop at small energy losses is due 
to a threshold effect and depends on the binding, energies 
and the width of the excitation function. For larger energy 
losses, a relatively constant value of the multiplicity ratio 
results that approaches the value of the mass ratio at very 
high temperatures: <MH>/<MT> ­*■ A^/A^. In general, however, 
these two. quantities are quite different. 

<MHo> 
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E<.oss(WeV) 

l\ 

■ V 

i i 

Ho + Fe 

' AF . . . 
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■ 2.31 
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! 1 : 
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FIGURE 10, Ratio of mean neutron multiplicities from 
the reaction 165Ho+56pe for different A/Z 
ratios and fractions 
fragment 

E*/E­ of the light 
HLoss ° 

TV. NEUTRON EMISSION IN THE DAMPED REACTIONS 1 6 5
Ho+

5 6
Fe,

1 3 6
Xe 

The methods described' in the preceding section were 
applied in a study33 0f neutron emission following the 
reaction ^­^Ho+^Fe­addressing t n e questions: 

(a) Is there direct or indirect evidence for instan­
taneous particle emission? 

(b) Is thermal equilibrium achieved during the damped 
reaction? 
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(c) I s equ i l ib ra t ion of the mass-to-charge asymmetry 
achieved? 

A schematics of the experimental setup used in the 
fragment-neutron coincidence measurements i s shown in Fig. 11. 

5Ho + 36Fe 

FIGURE 11, . Schematic setup of fragment-neutron 
coincidence measurement 

Six neutron detectors surrounded a thin-walled scattering 
chamber containing target and a solid-state telescope used 
to measure light reaction fragments and to provide a start 
signal for the neutron time-of-flight measurement. One of the 
neutron detectors was placed out of plane (9n=0°, <|)=850) to 
give an estimate of the. out-of-plane anisotropy. The flight 
distance was *v 70 cm, and time resolutions of 1-1.5 nsec 
were achieved. Detection efficiencies were calculated-^, 
but verified by comparison with experiments^. 

Fig. 12 shows the resulting coincident laboratory 
neutron angular and energy distributions, for a fragment 
detection angle of 8-,a23°. The curves represent evaporation 
calculations with the code MBII^° based on the assumptions 
that the kinetic energy loss was completely converted into 
excitation energy, that the system reached thermal equili­
brium, and that isotropic evaporation occurred only after 
full acceleration of the fragments. Obviously, the experi­
mental data are consistent with these assumptions: neutrons 
from the light fragment are emitted in a narrow cone around 
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its reaction angle and characterized by relatively high 
mean lab energies, while those associated with the heavy 
fragment are less focussed and less energetic. No posi­
tive evidence for any significant number of high-energy, 
forward-peaked neutrons was found that could have been 
attributed to instantaneous particle emission. 
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FIGURE 12, Laboratory angular distribution of neutron 
cross section (top) and mean energy (bottom). 
Curves are results of evaporation caculations 
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These assumptions were then used in an iterative, 
event-by-event analysis of the data as a suitable starting 
point for the transformation into the rest frames of. the 
light and heavy fragments. Measurements at angles close to 
the reaction angles of the light and heavy fragments lead 
to predictions of neutron energy spectra at other angles, 
using the above assumptions, that can be compared to the 
data. In Fig. 13, neutron energy spectra in the rest frames 
of the light and heavy fragment, respectively, are plotted 
for a light-fragment detection angle 8-j=20°, averaged over 
fragment-Z values between 20 and 30 and energy losses greater 
than 36 MeV. As can be seen, the curves representing evapo­
ration spectra, based on the.assumptions discussed, reproduce 
the data very well both, with respect to spectral shape and 
absolute magnitude. There is again no positive evidence for 
high-energy neutron emission in addition to the evaporation 
process. Upper limits for such neutrons have to be placed 
around 5%. 

o* 
l6SHo*J6Fe 
Eu»'476MeV 

9T '20° 

10 15 
Eon.(MeV) 

20 

FIGURE. 13, Center-of-mass neutron energy spect ra from 
l i g h t . ( c i r c l e s ) and heavy (squares) f rag­
ments. Curves represent evaporation c a l ­
cu la t ions 
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The assumption of isotropic neutron emission resulting 
in the calculations shown in Fig. 13 is consistent with 
measurements at all neutron angles within the reaction plane. 
However, results of the out­of­plane detector suggest a 
<j)c#m#=0°/90° anisotropy of 0.2±0.1. Although not very accu­
rate, this measurement is consistent with fully aligned frag­
ment spins (cf. Eq. 9) based on those transferred in a rolling 
or sticking situation, where anisotropics of 4% to 12% are 
expected. 

.In Fig. 14, the dependence of nuclear temperatures of 
the light (circles) and heavy (squares) fragments on the total 
kinetic energy loss is shown as obtained from the neutron 
spectra. As can be seen from Fig. 14, temperatures of light 
and heavy fragments are equal for each energy loss, indicating 
thermal equilibration within the interaction time TJXT' 
Despite relatively large error bars, equal division of the 
excitation energy between the fragments corresponding to tem­
peratures given by the dashed (L) and dashed­dotted (H) curves, 

007­4326 
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/ 
/ - T = V8EL0SS/AS 
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FIGURE 14, Final temperatures of l i gh t ( c i r c l e s ) and 
heavy (squares) fragments. Dashed curves 
correspond to equal shares of the t o t a l correspond 
exc i t a t i on energy 
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can be ruled out. Estimates for i n t e r ac t i on times y ie ld 
then upper l im i t s for thermal re laxa t ion times given in 
Table 1. Furthermore, from the agreement of data with the 
Fermi-gas equation of s t a t e ( f u l l curve in Fig. 14), i t may 
be concluded tha t most of the k i n e t i c energy d i ss ipa ted in 
the react ion goes in to i n t r i n s i c heat of the n u c l e i , with 
the exception of r o t a t i o n a l energy estimated to be l e s s than 
15-18 MeV at a l l energy l o s se s . This finding corroborates 
the lack of s ign i f i can t i n t e n s i t i e s of high-energy, non-
evaporative neutrons . 

TABLE 1 Relaxation times T 

ELoss (MeV) TR (1° s e c ) 

60 < 2 
100 < 5 
200 < 20 

Fig. 15 shows at the bottom the dependence of the mea­
sured neutron multiplicity Mn on the experimental Z of the 
fragment. Triangles connected by a dashed curve represent 
evaporation calculations using the code MBII- , assuming 
thermal equilibrium, the composite system's ratio A/Z=2.38 
for all fragments and. angular-momentum dissipation according 
to the sticking limit. Good agreement between calculations 
and data is observed, except for Z values close to that of 
the. projectile, where agreement is achieved upon relaxing 
the unrealistic sticking requirement. A discontinuity of 
the data at symmetry (Z«46) is understood in terms of 
charged-particle evaporation from the light fragments. 

Somewhat more instructive is the dependence of multi­
plicities and their ratio on the kinetic energy loss depicted 
in Fig. 16'. As expected from calculations shown in Fig. 10, 
experimental values of the ratio Mg/M^ of the mean multipli­
cities exhibit an initial sharp decrease with increasing 
energy loss before reaching a relatively flat region. The 
latter is well described by evaporation calculations using 
MBII with a fragment A/Z ratio of 2.38 and fragment spins 
characterized.by. a linear approach to the rolling condition 
up- to an energy loss of ̂  130 MeV, whereafter rolling is 
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MH/ML 

Mn 

1^1 
20 40 60 80 

FIGURE 15, Neutron m u l t i p l i c i t y (bottom) and mu l t i ­
p l i c i t y r a t i o vs . fragment Z. Triangles 
and dashed curve represent evaporation 
ca l cu l a t i on . Crosses give predicted 
charged-par t i c le m u l t i p l i c i t y 

always assumed. The bump occurr ing in the experimental 
% / M L r a t i o around E L O S S ^ 1 8 0 MeV associa ted with a depression 
of the l i g h t fragment s m u l t i p l i c i t y ( c i r c l e s in the bottom 
par t of Fig. 16), may be due to d i s s i p a t i o n of increasing 
f rac t ions of the angular momentum. The s e n s i t i v i t y of the 
m u l t i p l i c i t y r a t i o M-J/ML to the A/Z r a t i o of the fragments 
i s i l l u s t r a t e d in the top par t of Fig. 16 by open t r iangles . 
corresponding to A/Z values given by the va l ley of 8-
s t a b i l i t y . Detailed ca lcu la t ions for an energy loss of 
100 MeV ind ica te a range 2.26<A/Z_<2.38 compatible with da ta . 

The range of pre-evaporat ion A/Z values of the fragments 
yie lding agreement between ca l cu la t ions and data i s cons is tent 
with values where minima in the potent ia l -energy surface 
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occur calculated from the droplet model including shell cor­
rections. Fragment A/Z ratios are fairly well removed from 
those of projectile and target, and one might term this 
feature "equilibration" of the mass-to-charge asymmetry, 
which occurs at least at times as short as (4-8)•10~22sec 
However, it should be realized that the fragment A/Z value 
is a dynamical quantity governed by the action of dynamically 
changing driving forces. .Due to. the lack.of knowledge about 
these forces,, an equilibrium A/Z value cannot be determined 
except via adoption of a model. 

M H / M L 

10-

M, 'L.H 

V 

b) 

,65Ho*56Fe 
Etatt«476M*/ 

200 100 0 
EL0SS(Mev) 

FIGURE 16, (a) Multiplicities of neutrons from light 
(circles) and heavy (squares) fragments 
vs. energy loss, (b) Multiplicity ratio. 
Open and full triangles represent evapora­
tion calculations with different fragment 
A/Z ratios. 
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The most important findings of the study of neutron 
emission in the reaction ^^Ho+^Fe described above are, 
as far as a preliminary analysis indicates, corroborated by 
a similar experiment on the reaction ^°%o+^-^^Xe at 
ELab=3.130 MeV. They can be summarized as follows: 

(1) Kinetic energy dissipated in a damped reaction re­
mains in the double-nucleus system and is converted mainly 
into intrinsic heat. 

(2) Thermal equilibrium is reached within the interaction 
time. Relaxation times may be as short as 2.10~22Sec for 
relatively low energy losses but may be a factor of 10 longer 
than this for very large energy losses. 

(3) No positive evidence is found for non-statistical 
high-energy neutrons. However, because of the large number 
of neutrons in the evaporation cascade, only a relatively 
high upper limit can be placed for such events, although a 
significant competition of these processes with other dissi­
pation and deexcitation mechanisms can be ruled out. 

(4) Based on a model-dependent definition, it is con­
cluded that the mass-to-charge asymmetry also equilibrates 
during the interaction time. However, the corresponding 
relaxation times may, in reality, be much smaller than 
estimated values of (4-8)•10~22sec, since it takes the ex­
change of only a few nucleons to achieve A/Z equilibrium. 

V. ENERGY DISSIPATION AND NUCLEON EXCHANGE 

From the results presented in the preceding sections, 
one concludes that for nuclear reactions a few MeV/u above 
the barrier, the dissipation mechanism leads to a gradual 
heating of the nuclei involved to temperatures of the order 
2-3 MeV. These temperatures are small compared to the Fermi 
energy £p«37 MeV, such that nuclear systems are expected to 
be well describable in terms of single-particle models. The 
s.p. occupation numbers f(£) almost correspond to those of 
a degenerate Fermi gas of nucleons moving freely in the 
average potential. A relatively long nucleon mean free 
path X, of the order of the nuclear radius R, leads one to 
expect the nucleus to respond as a whole to small perturba­
tions such as imposed by the exchange of a nucleon between 
the interacting nuclei: 

Experimental fragment mass distributions and their 
evolution with the energy loss suggest that many nucleons 
may be exchanged in a damped reaction on a similar time scale 
as applicable to energy dissipation. From light-ion reactions 
it is known that nucleon transfer induces kinetic energy loss 

> 
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due to the difference in ground-state Q values and recoil 
effects. It is then natural to ask what fraction of the 
energy dissipated in damped reactions is due to the exchange 
process itself. 

A classical model1 developed earlier, was indeed able 
to explain most of the dissipated energy as being due to 
the recoil induced by nucleon exchange, at least for rela­
tively high bombarding energies of > 3-4 MeV/u above the 
barrier. However, the observed systematic dependence of 
experimental correlations between energy loss and mass dis­
persion on the bombarding energy was not predicted by the 
model and induced suggestions of additional dissipation 
mechanisms, resulting in a mere parameterization of the data. 

In.this unsatisfactory situation, a relatively simple 
quantal transport model for energy dissipation and nucleon 
exchange introduced by Randrup"'^7 offered the chance for a 
more meaningful test of the basic mechanism. This model 
treats the interacting.system as two almost degenerate Fermi-
Dirac gases in communicating spherical containers. The 
current of nucleons transferred from nucleus A to nucleus B 
is given by 
(12) N ^ -' /d£ N'(£) fA[l - f 8], 

an integral over the bulk current N'(£) of nucleons from 
single-particle orbits at energy £, accounting for the 
occupancy of these orbits in accordance with the Pauli 
principle. The occupation probabilities 
(13) A e , J) - |l + exp C(£-£F-i/2(FBA - u-p))/t] 

depend on the direction of the nucleon momentum p with respect 
to the relative velocity u of the two nuclei. £p is the mean 
and FBA the difference of the two Fermi energies, T is the nuclear temperature. UJJA = FgA- .u*,p' = - w^g is the energy lost or gained in a transfer, depending on its direction. 
Averaging over the possible directions of the nucleon momenta 
in the Fermi surface yields an energy dissipation rate 

P2 

(14) "E*<NBAA + N ^ ^ N ' ^ F ^ + -£ (2u2 + u 2)} 

where m^ and ut are the velocity components normal and tan­gential, respectively, to the interface area of the two nuclei. 
Similarly, one obtains for the mass drift and diffusion coef­
ficients 

r 
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(15), v A = <NBA ­ N A B > F » N'(£F) FBA 

^ . V ^ B A + V F * ^ T* 

r e spec t ive ly . Here T* = T<(W A B / 2T)co th (u A B / 2 t )>p denotes 
the energy region around t h e F e r m i surface cont r ibut ing to 
the t r a n s f e r , t h i s "e f fec t ive temperature" T* depends on 
both, the diss ipa ted and the k i n e t i c energy s t i l l a v a i l a b l e , 
as i s demonstrated in Fig. 17 showing the r e s u l t s of a 
dynamical c a l c u l a t i o n 3 7 for the reac t ion 1 0 9Bi+136x e at two 
bombarding energies . For high energy l o s s e s , T* approaches 
the nuclear temperature T with a r a t e depending on the 
bombarding energy. 
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FIGURE 17, Effect ive temperature x* and nuclear 
temperature T vs . energy l o s s , calcula ted 
for dis tance of c loses t approach. 

Of i n t e r e s t to the c l a s s i c a l model i s the quant i ty 
a■­ ­ (y/m) d(Zn E)/doA2, r e l a t ed to the slope of the 
experimental cor re la t ions £ ^ ^ ( 0 ^ 2 ) exhib i t ing the previously 
unexplained bombarding­energy dependence. For systems with 
F3A~°> *■•«• a neg l ig ib l e driving force , and per iphera l 
c o l l i s i o n s , Eqs. 14 and 15 predic t a dependence 
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(16) 
T
F 

ct ~ — — 
2x* 

where Tp is the Fermi kinetic energy. This relation pred­
icts an approximate universal bombarding­energy dependence 
of a for systems with Fg^RjO.. . Values of a increasing strongly 
with decreasing bombarding energy are predicted, a behavior 
observed experimentally. Different systems at similar bom­
barding energies per nucleon above the barrier exhibit dif­
ferent values of a to the extent that the corresponding 
values of F^A. differ. 

The bombarding­energy dependence of the relation between 
nucleon exchange and energy dissipation as reflected by Eq. 16 
is entirely due to the Fermion nature of the exchanged nucleon. 
The classical expressions derived recently are regained in the 
limit where the Pauli Principle is relaxed. Because the 
currents involved.in the models are form factors, dynamical 
calculations were performed for a dinuclear system described 
by two spheres connected by a cylindrical neck. Conservative 
and dissipative forces as well as nucleon transport coef­
ficients as given by this extension of the one­body transport 
model were used to describe an average dynamical path of the 
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system. Typical predictions of the model are, compared in 
Figs. 18 and 19 to data on the reactions 209si+13°Xe (940 M e V ) $ 
209Bi+56Fe (405 MeV) and 163Ho+56pe (462 MeV), respectively. 
Similar calculations have been done for a variety of systems 
and bombarding energies yielding a satisfactory description 
of the data emphasizing the potential of the model and the 
necessity to consider quantal effects in damped nuclear 
reactions. 
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FIGURE 19, Comparison of dynamical calculations to 
data on correlations between energy loss 
and variance Q^- (top) and mean Z of light 
fragment (bottom) 

By realizing that the quantity x* governing nucleon 
exchange is essentially a directional average of the current 
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of nucleons traversing the interface between the two inter­
acting nuclei, it is, conceptually, relatively simple to 
extend the model to a consistent description of instanta­
neous nucleon emission. However, in order to account for 
absorption and refraction of the primary particles and 
ejection of secondary particles, the nuclear model has to 
be extended beyond the simple one-body limit to include 
the next higher approximation: two-body collisions. 

. VI. CONCLUSIONS 

Studies of light-particle emission in damped nuclear 
reactions have proven to be a powerful tool in obtaining 
information about the reaction mechanism that is essential 
for its understanding and the development of reaction models. 
In particular, they offer the only experimental means known 
to date to investigate thermalization processes in nuclear 
matter and have provided the basis for the applicability of 
mean-field theories to damped reactions. Although the 
dissipation of relative kinetic energy occurs on a rela­
tively fast time scale, nuclear modes have always suffix 
cient time to adjust to the changing macroscopic conditions. 
Despite large amounts of dissipated energy, resulting nuclear 
- temperatures are still small enough to prevent significant 
departure of the nuclear system from the one-body limit. 
There are indications, however, some of which will be dis­
cussed in other contributions to this symposium, for devia­
tions of the nuclear interaction from this simplest model 
picture at bombarding energies higher than 6-10 MeV/u above 
the barrier. It can be expected that in this regime, mea­
surements of the associated light particles will provide 
important evidence for a gradual breakdown of reaction 
mechanisms that successfully describe nuclear interactions 
at lower bombarding energies. 
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I. INTRODUCTION 

Tom Sugihara impressed each of us in his introductory 
comments about the size, wealth and glorious virtues of 
Texas. Hence, it seems appropriate, speaking here in 
San Antonio, to illustrate in my first slide (Fig. 1) 
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FIGURE 1, Collisions between water drops 
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a reaction between two Texas-size nuclei, two water drops. 
At the top of (Fig. 1), the results of Brazier-Smith et al. 
illustrate the similarity of collisions between water drops 
and heavy nuclei ranging from fusion, quasi-elastic to 
deep-inelastic or strongly-damped collisions. Inspection 
of the bottom part of (Fig. 1), where the time interval 
between the sequence of droplet pairs is constant, shows 
that approximately 60% of the translational energy is damped 
in this particular water-drop collision. 

I find it impossible to summarize the many fine lectures 
of this symposium in 30 minutes. Hence, I've chosen to 
make a few remarks about topics covered in the invited and 
contributed papers under the following four categories: 
(1) properties of damped or deep-inelastic collisions at 
energies less than 5 MeV per nucleon above the Coulomb 
barrier; (2) emission of statistical light-particles in 
damped collisions; (3) emission of fast (non-statistical) 
particles in heavy-ion collisions; and, (4) heavy-ion fusion. 

II. PROPERTIES OF DAMPED OR DEEP-INELASTIC COLLISIONS 

As discussed in the talks of Gobbi^, Schroder3, Ngo^, 
Rehm^ and Specht^, the well-known characteristic properties 
of these reactions are: (a) its binary nature; (b) the 
damping of a considerable amount of the initial kinetic 
energy and orbital angular momentum into internal energy 
and spin of each of the colliding nuclei - for some part 
of the cross section the final kinetic energy is even below 
the Coulomb energy of touching spheres, indicating that 
the-nuclei are strongly deformed at the instant of separa­
tion; (c) angular distributions that are similar to those 
of a direct or relatively fast reaction; (d) the average 
charge and mass of the reaction products are close to 
those of the target and projectile, although during the 
interaction time there is an exchange of many nucleons 
between the colliding nuclei, the magnitude of which is 
correlated with the kinetic energy loss. 

Each of these reaction features will be illustrated by 
a slide. (Fig. 2) demonstrates the binary nature of heavy-
ion damped collisions. The distribution of the vector 
difference Iv^-v^l of the fission-fragment laboratory 
velocities, integrated over all other observables, is 
shown for the reactions of 208p^ ^ d 238u projectiles on 
a '°Zr target"'7. Hence, this figure clearly demonstrates 
the existence of an intermediate fissioning system as a 
"resonance". The quantity li-»- -*- i2 times u, the 

2 | v r v 2 ' 
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reduced mass of the two fragments, determines the total 
fission­fragment kinetic energy in the rest frame of the 
intermediate nucleus. Kinematically complete experiments 
such as these have been performed on the three­body exit 
channels for a number of reactions at laboratory projectile 
?elH? °

f 7
*
5 MeV/u and show that the bulk of the ev

ents 
(> 99%) can be interpreted as sequential fission following 
a binary damped collision. 

M 

= a 
z 
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FIGURE 2, Distribution of the vector difference of 
fission­fragment laboratory velocities6'7. 

The.large amount of energy damped in these heavy­ion 
collisions is illustrated in (Fig. 3) for the 209Bi+136xe 
reaction at low bombarding energies8. The arrows represent 
the initial relative kinetic energies above the Coulomb 
barrier for the two cases, i.e. Ecm­VCoul. One sees that 
the energy­loss may exceed the initial kinetic energy by 
up to. 150 MeV for the smaller bombarding energy, clearly 
demonstrating the importance of fragment deformations in 
damped collisions. . The energy loss is the most important 
parameter for.determination of the nature of a heavy­ion 
collision. As a function of energy loss, it is possible 
to obtain simple correlations with the first and second 
moments of various distributions. Some of these will be 
mentioned later. 

The damping of angular momentum into intrinsic spin 
is illustrated in (Fig. 4) for the 238^.86^ reaction^. 
The spin of. the uranium­like fragment is plotted as a 



-75 -

EXPERIMENTAL SUMMARY OF. 

! zas • un. 

I 0 t f WO-* 
1 . . t\* MSOtMV 

W iA *̂— '̂ 

' 

\ 
IOO 100 X O 400 

FIGURE 3, Energy loss spectra for damped collisions8 

function of energy loss as inferred from sequential fission 
fragment, angular correlation measurements with the Kr-like 
fragments. From.this figure one sees that the spin of the 
uranium-like fragments increases sharply with energy loss 
reaching values of 45 -ft. This spin is known to be strongly 
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FIGURE 4 , Spin of uranium-like fragments following 
damped collisions9 
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aligned, especially at the smaller energy losses. For 
some heavy-ion systems, it has been shown*0 that negative-
angle scattering is associated with orbiting trajectories 
rather^than a deflection function with a second rainbow 
near 0 . The spin of the deflection angle has been deduced 
from the circular polarization of the decay y rays mea­
sured in coincidence with the ejectilelO.H. 

The angular distribution of Xe-like. reaction products 
measured for the 209Bi+136Xe reactiotl12 a t a i a b o r a t o r y 
energy of 1130 MeV is shown in (Fig. 5). This is a classic 
example of a sharply-focussed damped heavy-ion reaction 
for a system where the entire reaction cross section goes 
into this new process. In contrast to a reaction with 
orbiting trajectories and negative-angle scattering mentioned 
earlier, one sees for the reaction displayed in (Fig. 5) that 
Xe-like fragments are emitted on the average at 8C_«50°, 
for all values of the energy loss. This focussing is due 
to a balance of the attractive nuclear forces and repulsive 
Coulomb forces giving a deflection function where the re­
action angle is essentially independent of impact parameter. 
Raising or lowering the bombarding energy is expected to 
alter this balance of forces and change the deflection 
function as has been show for the 209Bi+136Xe r e a c t i o n a t 
940 MeV8. it is also possible to change the deflection 
function from an orbiting type.to a Coulomb-like type by 

^ 

1 
i.5 

1.0 

0.5 

- ^i .,3% 
T-

E ^ : 1130 MeV 
X 0 < TKE < 650 MeV 

0 10 20 30 40 50 60 70 80 
®c«(deg) 

FIGURE 5, Angular d i s t r i b u t i o n for xenon-like 
fragments following damped collisions12 
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keeping the ratio of the center-of-mass energy to the 
Coulomb energy, Ecm/VCoul, fixed and to vary the product 
of the reaction charges, ZpZ-j, thus changing substantially 
the absolute Coulomb force. This is illustrated in (Fig. 6) 
by the Wilczynski diagrams of two of the reactions shown 
in this series. The reactions 166Er+86Rr and 208Pb+208pb 
were both performed at energies where Ecm/VCoui« 1.3. 
Hence, when ZpZ? for these systems changes from 2448 to 
6724 the deflection function changes from an orbiting to 
a Coulomb-like type. 

The double-differential cross sections, d2a/dEdZ and 
d2o7dEdM, are plotted in (Fig. 7) vs. the charge Z and 
mass M of the light fragment for the ll0pa+208pb reaction5. 
at ELat,=1180 MeV. The results are shown for 30-MeV wide 
total-kinetic-energy bins. One sees that the fragment 
charge and mass distributions corresponding to a given 
energy bin are Gaussian in shape to a good approximation 
even though the bombarding energy is very low, 

Kr-Er 599M* / A M J 

TKE-J ' ' ' ' u 

50* 70* So. 
Xs-Au 7SM»V^AMj 

TKE 

300-

200-

100-

Xa-Sn 

^ " J P 

«M«V / A M U 

Hv 

*T 
. 

b) 
30* 50* 70°Sa, 90* 

90*80, 

FIGURE 6, Wilczynski diagrams of four different 
reactions2 
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(m/u)(Ecm-V£)=eo=0.47 MeV/u, and energy losses extend to 
some 150 MeV beyond the available kinetic energy for touching 
spherical nuclei. Hence, even at near barrier energies 
the mass and charge ..distributions remain nearly Gaussian 
as was first discovered for the 209Bi+136xe reaction at 
higher energies^.12,8. 

FIGURE 7, Fragment charge and mass distributions 
following damped collisions5'1^ 

The experimental relationship between the second 
moments of the mass arid charge distributions a^2 and a^2, 
is a subject under active investigation15J1^. 13 ^ d 
reported in several papers5'1''"1^ at this conference. 
The available data are summarized in (Fig. 8) as a function 
of E L O S S for the lighter reaction fragments. In this 
figure, the variance ratios O^/a-^ for different systems. 
and bombarding energies are normalized to the value (A/Z)2 

of the total system. One sees immediately that the rela­
tionship aA=(A/Z) az

2 (the dashed line in Fig. 8) is not 
valid in general. The systems in (Fig. 8) where the target 
and projectile have very different (A/Z) ratios have ratios 
R=(a^/a2)2/(A/Z)2 much smaller than one for low energy 
losses and approach one only for large energy losses. 
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Another interesting feature can be seen for the Bi+ Fe 
data at very small energy losses where (o^/a^)^ increases 
as the energy loss decreases. These peripheral collisions 
enhance neutron exchange relative to proton exchange and 
may be indicative of the presence of a neutron skin. Dyna­

mical calculations reproduce this trend20. When the bom­
barding energy is reduced to approximately 0.5 MeV per 
nucleon above the Coulomb barrier, ensuring that all colli­
sions are distant or peripheral, the ratio R becomes con­
siderably larger than unity, again indicating the relative 
enhancement, of neutron exchange and the possible importance 
of a neutron skin. Although for a system like ^GEr+S^Kr, 
where the A/Z values of the target and projectile are 
similar and the measured, ratios R are unity1?, no data is 
available for the interesting region where the energy 
losses are less than 100 MeV. 
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FIGURE 8, Ratios of the mass to charge variances 
divided by (A/Z)2 as a function of E L O S S 
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The energy loss is the most important parameter for 
determining the nature of the heavy­ion collision. The 
well established correlation21 between the energy loss and 
the second moment of the charge or mass distribution is 
illustrated in (Fig. 9) for the 209Bi+1

36Xe reaction8 at 
two bombarding energies. In a phenomenological approach 
use has been made of the microscopic time scale provided by 
the nucleon exchange mechanism to give the dissipated energy 
as a function of the number N e x of exchanged nucleons12 

(1) 
=L IOSS (E 

cm ­ V ) 
Coul

; |l ­ exp [­ a(m/y) N ^ ] i 

In Eq. (1), the coefficient a conveys information on the 
character of the exchange process, m is the nucleon mass 
and u the reduced mass of the dinuclear system. It is not 
in general possible to derive a simple and unique relation 
between N e x and experimental observables such as the 
variances aA

2 and az
2 of fragment­A and­Z distributions. 

For simplicity, it is assumed that Nex=aA
2 or, if only o z

2 

is available by Nex=(A/Z)2az2 where A and Z apply to the 
total system. Experimental information on the relationship 
between aA

2 and o 2
2 as a function of energy loss, shown in 

(Fig. 8), has already been discussed. As illustrated in 
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FIGURE 9, Correlat ion between the energy loss and 
variance of the fragment­Z d i s t r i b u t i o n 8 
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(Fig. 9), the classical model leads to a bombarding energy 
dependence for a, where a increases as the bombarding 
energy decreases. 

The failure of the classical one-body dissipation 
model (see Eq. 1) to account for the variations of a with 
bombarding energy and reaction system has been attributed 
to shell structure2 of the colliding nuclei but is expected, 
due to the neglect of the Fermion nature of the exchanged 
nucleons3. The simple quantal transport model for energy 
dissipation and nucleon exchange introduced by Randrup22 
treats the interacting system as two almost degenerate 
Fermi-Dirac gases. The current of nucleons in this quantal 
model depends on the occupancy of the single-particle orbits 
in accordance with the Pauli principle. Explicit account 
of these quantal restrictions of nucleon exchange gives a 
good reproduction of the various experimental data3 and at 
the same time gives a natural microscopic explanation of 
the empirical correlation based on the extension of the 
classical one-body recoil formula to include shell structure. 

Recent studies of the charge equilibration mode in 
deep-inelastic reactions have led to contradictory results*. 
Whereas initial results for symmetric systems appeared to 
exhibit.quantal features2 , results from asymmetric systems 
have been interpreted in terms- of a statistical behavior2*. 
The different interpretations are based on the dependence 
of the variance of. the charge distribution for fixed final 
mass asymmetry on Ey^gg. The above data23,24 along with 
more recent data25 are compared in (Fig. 10). In order to 
keep the figure from becoming congested, only one or two 
representative A values are chosen for each reaction studied 
by the counter technique employing unit A and Z resolu­
tion^ .25. The radiochemical data2* for six different 
mass numbers were averaged to give the plotted points. In 
addition, the dependence of the variance of the charge 
distribution, 0"Z2(A) , on. excitation energy for fission26 
is illustrated in (Fig. 10). All of the counter data are 
similar, with 0^2(A) essentially independent of Eĵ ogg for 
values of ET_OSS >_" 30 MeV. If one interprets these results 
in terms of a relaxation time for the A/Z degree of free­
dom, this equilibration time is less"than the interaction 
time associated with collisions where 30 MeV of kinetic 
energy is dissipated. Based on a classical model27, this 
interaction time for the systems under consideration is 
approximately (l-2)xl0~22Sec. At present, there is no 
ready explanation for the very different results obtained 
for the 197Au+132xe reaction data based on radiochemical 
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measurements in conjunction with unfolding procedures. 
One observes that the deduced variances for this system 
are much narrower than those observed for fission. 

7 A«S7 
o A • sa 
o A'."} ■»*•"» e '430M,V 
A A.195-200 '*'lM*

a
*Xt E t ' 890M«V 

O A . 133 " * t j ♦ n FISSION 

50 100 150 
. Ecoss(MeV) 

FIGURE 10, Dependence of the fragment­Z distribution 
for fixed A on the energy loss*'23­26 

If one assumes the energy ■ftaj of a phonon corresponding 
to a collective charge­asymmetry oscillation is large 
compared to the thermodynamic temperature, as first postu­
lated for the fission results26 and more recently adopted 
for heavy­ion collisions23, the variance of the charge 
distribution for fixed mass asymmetry is given by 
0"Z

2
(A)

s
»<aW2C. The quantities in this equation are defined 

Ref. 4. The calculated variances, based on the quantal 
model are given in Table I. All of the calculated results 
except for the 197Au+132xe reaction, are in qualitative 
agreement with the experimental results shown in (Fig. 10). 
The implication is that the quantum mechanical zero­point 
contribution dominates over the statistical fluctuations. 

As already mentioned, one obtains a satisfactory 
description of the experimental correlations between E L O S S 
and the variance in the mass (or charge) distributions 

in 
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2 TABLE I Variances o_ (A) based on quantal model 

Reaction 56Fe+56Fe 92Mc+86Xr 1 6 W 6 F e 197Au+132Xe 

*o (MeV) 10.19 8.73 8.38 7.15 
C (MeV) 7.08 4.56 4.82 2.66 

az
2(A) 0.72 0.96 0.87 1.34 

when explicit account is taken of the quantal nature of 
nucleon exchange3. Hence, when Pauli blocking is included 
in these correlations, one concludes that nucleon exchange 
contributes the major part of the energy dissipation in 
heavy-ion collisions when the energy per nucleon above the 
Coulomb, barrier is less than 5 MeV/u. It is of interest 
to determine the quantitative contribution of other energy 
loss processes including collective surface modes to the 
total energy dissipation. Is it possible to obtain experi­
mental information on the excitation of these modes by the 
study of inclusive or exclusive.spectra from heavy-ion 
reactions? It is well known that inclusive spectra from 
heavy-ion reactions contain structure. An example is the 
spectrum of 5^Co produced by the 5^Fe+56Fe reaction28 at 
ELab=*65 MeV shown in (Fig. 11). Before one interprets 
this observed structure as due to high-energy giant reso­
nances, one must eliminate the expected structure due to 
statistical. processes29 associated with the de-excitation 
phase of the damped reaction process (e.g. 5'Co fragments 
can arise from the decay of excited primary fragments of 
58Co, 58Ni, 5^Cu, etc.). This structure produced by the 
various decay channels is illustrated in (Fig. 12) by the 
calculated spectrum of ^Ca produced in the *0ca+40ca 
(ELab=*00 M e V) reaction. The arrows correspond to the 
energies of the structure in the experimental spectrum30 
of *lCa. Recently, the experimental structure in the 
inelastic excitation of ^ 0 on 208pb at 20 MeV/nucleon 
has been interpreted in terms of direct excitation of giant 
resonances. Some of these assignments at energies where 
particle channels are open may well be incorrect as the 
structure may be due to statistical processes as discussed 
above. 

\ 
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III. EMISSION OF.STATISTICAL LIGHT PARTICLES 

Particle evaporation occurs on a slightly, longer time 
scale than the damped reaction interaction times. From 
these statistical particles it is possible to infer informa­
tion about the di-nucleus at the time of breakup such as the 
fragment excitation, deformation and spin alignment. In 
Table II examples of reactions are listed where only statisr-
tical particles of the types indicated are measured. 

TABLE II Examples of reactions where only statistical 
particles are observed 

Target Proj. E_,(MeV) Part- £Q(MeV/u) Com. Ref. 
icle 

150Nd 
b8Ni 

165Ho 
165Ho 
ibbEr 
nat„ Se 
1 9 7 A Au 
1 9 7 A 

Au 

20XT Ne 
40Ar 
56Fe 

136Xe 
b6Kr 
* 0 A 
Ar 40Ar 

63Cu 

175 
280 
465 
1130 

675,600,495 
201 
240 

400,365 

n 
a,p 
n 
n 
n 
a,p 
n 
n 

4.7 
4.3 
3.8 
3.6 
3.2, 
2.1 
1.4 
1.3, 

2, 

0. 

.3,1.1 

.8 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(s) 
(h) 

32 
33,4 
34,3 
3 
35,17 
36 
37,39 
38,4,39 

(a) Neutrons were measured in coincidence with y rays charac­
teristic of specific evaporation residues. These neutrons 
show a temperature of about 2 MeV and there is no. evidence 
for non-statistical n emission in the (20Ne,Xn) reactions. 

(b) The angular distributions and energy spectra of p and a 
particles are measured in coincidence with heavy fragments. 
All light particles are interpreted to be statistically 
evaporated by the fully accelerated fragments. 

(c) Temperatures of projectile-like and target-like fragments 
are the same within experimental error. Pre-equilibrium 
neutron emission contributes less than 5%. A small out-
of-plane neutron anisotropy is observed. The A/Z ratios 
of primary fragments are very different from projectile 
and target ratios. 

(d) Results preliminary. Data analysis in progress. 
(e) The excitation energy is shared between the fragments in 

proportion to their mass. Find no evidence for 
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preequilibrium neutrons within an experimental 
uncertainty of 10%. 

(f) Measured inclusive spectra and angular distributions. 
Data interpreted in terms of statistical theory. 

(g) Neutron multiplicity data interpreted as evidence for 
fragment deformation at separation. ' 

(h) Excitation energy shared uniformly between all the 
nucleons of composite system. No evidence for 
preequilibrium neutrons. 

The angular distributions of evaporated particles in 
the rest frame of an equilibrated nucleus is predicted3 to 
be symmetric around 8cm=90°. This is illustrated for the 
Qat

Se+*°Ar reaction36 in (Fig. 13) where the angular distri­
butions of the emitted a particles of different energy bins 
are shown to be symmetric around 8cm=90°. Another criterion 
for equilibrium or statistical particle emission is shown in 
(Fig. 14) where the a particle spectra in coincidence with 

(Fig. 13) (Fig. 14) 

■ ■■■ * ■ ■ ' ' ' ■ J 

30 60 » «0 130 

Tipca « K M K I « i f m'ta A om tnt t 
at tftt rnntvq w y m « (Zi 11 JO J ) 

FIGURE 13, Alpha p a r t i c l e angular d i s t r i b u t i o n s 

FIGURE 14, Alpha p a r t i c l e energy spectra ' 

36 
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different fragments ' are shown to be consistent with a 
single temperature of 2.7 MeV. The fragments observed in 
coincidence with the a particles originate from fusion­
fission (Z=23) and deep inelastic events (Z=36). 

In contrast to the above illustrations, the neutron 
channels is the most important for the de­excitation of 
very heavy systems. In a strongly damped collision the 
energy loss is given by 

«> *Loss = * T ♦ « ? " ­ E <«i„ + »«>"!„ 
i=n,p,a,Y 

where Mwv, E i v and BiV are the multiplicity, kinetic energy 
and binding energy or particle i from fragment v. At the 
time of fragment separation or scission, 

(3, ,»» ­ ,~ ♦ ,» + .» (Tjf 
<«> * r ­ «r+4+ 4 (4)2 

where E^0 , E^, a^ and T^ are the energy tied up in rotation, 
the energy in deformation, the level density parameter and 
temperature, respectively, at scission. After fragment 
separation (neglecting the change in E£°t), the excitation 
energies of the light and heavy fragments are 

(5, 4 * 4 + 4(4)* = ^ 

where a^ and T^ are the level density parameter and tempera­
ture, respectively, of the observed fragments. In general, 
T
i
>T
i
S
>
 T
L^H

 an<
^
 E
H*

/
'
E
L* ̂  AH/^L­ *f

 o n e assumes the temper­
atures of the two fragments at scission are equal, TL^=Tg2t 
and a^^Ai/constant, it follows that if, 

<
7
> =S / E? ■ ̂ H ' *L ' then T

H
 = T

L * Ti 
<
8
> 4 ' 4 > *H ' *L • then T

H * TL > TL 
(9) 4 ' EL < h ' V thm T

L > TH > Ti 
As discussed by several speakers 3

J4,17,39 at this 
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conference, studies of the neutron multiplicities arid spectra 
from fragments produced in strongly damped collisions are the 
most important probes to answer the question whether thermal 
equilibrium is achieved during a heavy-ion damped collision. 
However,, the experiments measure T L and TH and do not give a 
direct, measurement, of TLS and THS, the temperatures of the 
fragments at the time of separation or scission. The tem­
perature T t of the light Fe-like (open circles) and heavy 
u ill Cs<Aid S(luares) fragments are shown in (Fig. 15) for 
the iOJHo+56pe reaction* as a function of energy loss. 
Within the experimental errors, the temperatures Ti of the 
two fragments are equal for all energy losses greater than 
60 MeV. In order to deduce information on the temperatures 
T ± from the measured temperatures Ti, a model calculation is 
required. ^It turns out that if TL

S=TH
S, substantial deviation 

of the. ratio EHD/ELD fTOm AH/A L (see Eq. 7) is required in 
order to observe a statistically meaningful difference in Tw 
and TL. For example, at ELoss«145 MeV, a difference in 
TH-TL of 0.2 MeV requires E^>=20 MeV (when E ^ O ) .. Hence 

i 6 5 H o + 5 6 F e 

Eub*475MeV 
20sZs30 

100 
EL0Ss(MeV) 

200 

FIGURE' 15, Nuclear temperatures of the Fe- l ike 

f ra e gmentpi e S ) "* H ° " l l k * ( f i l l e d S q u a r e s ) 
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the temperature difference is quite insensitive to deforma­
tion energy when E L O S S is large. However, at small values 
of E-LOSS information on the deformation energy at scission 
for damped reactions may be obtained if EJJ^/EL^ is very 
different from Ag/Ay^37*39. 

For the heavy-ion damped reactions listed in Table II, 
the various authors have concluded that the temperatures of 
the two reaction fragments are equal for each energy loss, 
indicating thermal equilibration on a time scale less than 
the interaction time. Estimates of the interaction time27 

based on a classical model give then upper limits for the 
thermal relaxation time of the intrinsic energy degree of 
freedom. For an Ej^gg of 60 MeV (see Fig. 15). the relaxa­
tion is estimated to occur in less than 2><10~22sec. For 
larger energy losses, the interaction times are longer and, 
hence, the upper limits on the experimental relaxation times 
are longer also. 

The neutron multiplicity ratio (neglecting the energy 
carried away by y rays in addition to Eirot) for damped re­
actions is given approximately by 

(10) 3 u S <zn + \>L Ccyiy + (r„/rn) + i]L 

" t ~ 4 <E
n
 + Ba>H [ c y y + (ra/rB> * i ] H 

where, in general, Mg/M^ # Ag/Aŷ . The neutron multiplicity 
ratios MH/M^ for two reactions discussed in this conference 
are plotted in (Fig. 16) as a function of E^oss* The experi­
mental values of Mg/M^ for the 165Ho+56Fe reaction show a 
pronounced decrease with increasing E L O S S , as expected from 
an evaporation calculation, before reaching a relatively 
flat region where %/M^ < AJJ/AL. The multiplicity ratio is 
sensitive to the A/Z ratio of the reaction fragments as 
discussed previously3, and indicates that the pre-evaporation 
A/Z values are well removed from those of the projectile 
and target. These data are consistent with calculations2^ 
based on a model where the A/Z value is a dynamical variable 
governed by the driving forces associated with the potential 
energy surface. If one associates the onset of the constant 
value of MJJ/ML with an "equilibration" of the energy degree 
of freedom and calculates from a classical model the inter­
action time associated with an Ej^ggSsSO MeV, the relaxation 
of this mode is estimated to occur in less than (l-2)x10~22sec 
(for an ELoss=30 MeV). 

For the reactions and particles listed in Table II, no 
positive evidence has been found for emission of 
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non­statistical particles for either fusion or damped reac­
tions. Hence, even for rather high heavy­ion bombarding 
energies, energy equilibrium is attained. A parameter that 
appears to determine the onset of non­statistical particle 
emission is the bombarding energy per nucleon above the 
Coulomb barrier, e0. On the basis of the data in Table II 
bombarding energies for heavy ions below about 5 MeV/u give 
only statistical particle emission. This conclusion is 
thought to be valid for reactions where projectile breakup 
or fragmentation doesn't contribute to the yield of the 
particles being studied. This qualification is necessary 
because light particles from projectile fragmentation can 
be emitted from some systems at bombarding energies much 
less than 5 MeV/u (e.g. projectiles like Li,d,C,N,0 etc. 
see Table III). 

E^lMeV) (̂Ecm-VcouJ(MeV/u) 
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FIGURE 16, Neutron m u l t i p l i c i t y r a t i o s of heavy to 
l i g h t fragments as a function of 
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IV. EMISSION OF FAST (NON­STATISTICAL) PARTICLES 

Nearly two decades ago in their classic paper on 
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particle emission, Britt and Quinton4U reported a sizeable 
contribution of non-statistical protons (10% 0"R) and alpha 
(30% aR) particles for ^ C , 14N and 160 induced reactions 
on targets of 197Au and 209si at laboratory projectile 
energies of 10.5 MeV per nucleon. Since this time non-
statistical particle emission has been reported for a large 
number of different reactions spanning a wide range of bom­
barding energies. Examples of heavy-ion reactions where 
some contribution of direct or non-statistical particles are 
observed are listed in Table III. Selected examples of light-
ion induced reactions are included also in Table III for com­
parison. For example, for the 58Ni+ct reaction at an energy 
of e0=7.8 MeV/u, six percent of the emitted protons are 
direct or non-statistical. This is an interesting case be­
cause almost the entire reaction cross section goes into 
proton emission. Hence, for this light-ion reaction non-
statistical particle emission begins to occur for an energy 
somewhat above 5 MeV/u in excess of the Coulomb barrier 
discussed in section III (it is assumed that projectile 
fragmentation at this energy is still negligible for a 
particles). 

TABLE III Fast (non-statistical) particles 

Target Projectile E. ,(MeV) Par- £ (MeV/u) Com. Ref. 

209Bi 
197Au 
58Ni 

103Rh 
209Bi 
27A1 
58Ni 

U 9 T b 
209Bi 
1 9 7 A 

Au, 2 3 2TS 
120Sn' 
58Ni 

208Pb 

90Zr 

1 2c, 
1 2c, 
a 

14N 
6Li 

16o 
16o 
14N 
14N 
16o 
a 

16o 
14N,160 

,7Li 

126,168 
126,147, 
42 
121 
25-34 
66 
92,96 
95 
85,95 
315,140 
140 

p,a 
168 a 

P 
P.a 
t,a 
a 
a 
a 
a 
a 
P.d, 
t,3He 

5.3 
5.5 
7.8 
5.2 
~0 
2.4 
3.1, 
2.5 
0.9, 
14.7 
28.2 

3.4 

1.6 
,3.7 
-31.8 

(a) 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
(J) 

40 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49, 
50 
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T a r g e t P r o j e c t i l e ELab(MeV) P a r ­ e (MeV/u) Com. Ref. 
t i d e 

1 5 8 G4 
1 9 7 Au 

Rare E a r t h 

1 6 0 Gd 
1 9 7 A 

Au 
1 9 7 Au 
238 u 

93Nh 
Q a t _ . 

Ti 
1 9 7 A u , 1 6 4 D y 
1 5 4 S m , 1 1 6 S n 
4 0 , 4 4 , 4 8 ^ 

9 1 Z r , 5 6 F e , 
1 2 c 
93Nb 
4 0 Ca 
4 0 Ca 
5 8 N i , 2 7 A l , 
1 2 C 
5 8 N i 
2 7 A1 
2 7 A1 

1 1 9 > 1 2 4 S n 
2 3 2 T h , 1 8 1 T a 

9 3 N b , 6 2 N i , 

1 2 c . 
3 2 S 
1 0 B , U C , 1 4 H 
1 9 F , 2 0 N e 

^ C 
2 0 Ne 
1 6 0 
1 6o 

4 0 Ar 
1 6o 
4 ° A , Ar 

1 6o 
1 6o 

1 6o 
2 0Ne 
1 6 0 
14N 

1 6o 
1 4N 
1 6o 

a 

, d 

152 

373 

75­

90­

200­

315 

315 

400 

320 

340 

100, 

208 

208 

259 

135­

148 

96 

70, 
88 

109 

15, 

•166 

■200 

■400 

,142 

•304 

,100 

,25 .5 

n 

a 

P . d , 

t , a 

a 

LI 

P 
P»d, 

t , a , 

L i ­ 0 

a 

a 

p,ct 

n , a 

P . d , 

t , a 

n 

a , 1 6 0 
1 2 C 

p , a 

p , a 

p , a 

a 

n 

P 

8.4 

5.5 

3 ­ 7 . 6 

3 . 8 ­ 1 4 . 6 

6 . 2 ­ 1 8 . 7 

14.7 

14.0 

6.6 

17.6 

3 . 8 ­ 4 . 9 

4 . 3 ­ 6 . 9 
9 . 8 ­ 1 1 . 8 

9.7 

10.8 

6 . 4 ­ 1 7 . 0 

8 . 0 ­ 9 . 5 

3.4 

3 . 3 ­ 5 . 5 

3.8 

23 

1­11.5 

(k) 

(1) 

(m) 

(n) 

(o) 

(P) 

(q) 

( r ) 

( s ) 

( t ) 

(u) 

(v) 

(w) 

(x) 

(y) 
( 2 ) 

(aa) 

(bb) 

(cc) 

(dd) 

(ee) 

32 

51 

52 ,53 

54 

55 

56 

57 

58 

59 

59,60 

6 1 , 
62 

63 
64, 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74, 

75 
27 

Al 
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Target 

5
 62

Ni 
1
 120

Sn 
Light 
Targets 

Projectile 

3
He 

3
He 
6
Li 

ELab(MeV) 

24.3,40.1 
23.4 
34 

Par- £ (MeV/u) Com. 
tide 

p,d 5.0,10.2 (ff) 
p,d 2.3 
d,t, 4.2-4.9 (gg) 
3
He,a 

Ref. 

74, 
76 
77 

(a) The cross sections for the emission of direct protons and 
direct alpha particles are reported to be approximately 
10 and 30%, respectively, of the reaction cross sections. 

(b) 6% of the protons emitted are direct and proton emission 
makes up essentially the entire reaction cross section. 

(c) Sizeable yields of direct protons and alphas are reported. 
(d) Projectile breakup makes up about 60% of the reaction 

cross section. 
(e) Propose the reaction mechanism 

. 27AI + 160 -► [31p ]* + 12c + 27A1.+ a + 12c 
(f) a particles measured in coincidence with projectile­like 

reaction products. Pronounced forward peak of direct 
a particles. 

(g) Gamma rays from the 159Tb(14
N,a,Xn)

169
"
x
Yh reaction 

products were measured in coincidence with direct a 
fart ides emitted in the forward direction. vn,

 4
N(a,Xn) and 14N(2a,Xn) reactions make up about 5% of 

the reaction cross section. 
(1) Angular correlation measurements between fast a particles 

and projectile­like fragments 3.2,13,14c and 14N. 
(j) The large­energy loss breakup processes account for about 

40% of the total reaction cross section. 
(k) Preequilibrium neutrons observed in coincidence with 

gamma rays from the 1 5 Gd(12c,Xn)170­X"Yb reaction pro­
ducts (X=8 to 10) and the 158Gd(l2

C,a Xn)166
"
x
Er 

reaction products (X=6 to 9). 
(1) In­plane angular correlations between a particles and 

projectile­like residual nuclei (Za5­22). Conclude that 
a emission originates from the region of the projectile 
which is facing the target nucleus during the collision. 

(m) Charged particles are measured in coincidence with se­
lected gamma rays used to identify the residual nuclei. 
The fast forward peaked charged particles result from 
projectile breakup and the remaining projectile mass 
fuses with the target. This process occurs for these 
heavy­ion projectiles with large cross sections. 
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(n) The energy dependence of the Gd( C,ct) and 
Gd(12C,2a) reactions are studied by means of a - y 

coincidences. Also postulated the existence of the 
. (12c,3a) reaction. Cross sections for these reactions 
are large (up to 50% 0"Reac). 

(o) Excitation functions measured for various light ions 
formed in breakup of 20fle projectiles. Evidence for 
nucleon exchange following projectile breakup. 

(p) Inclusive p spectra extend up to very high energy and 
. correspond to an effective temperature of about 12 MeV. 
Data are fit with a pre-equilibrium model with an initial 

" exciton number of 25. 
(q) Fast light particles are measured in coincidence with two 

fission fragments. Central and peripheral collisions are 
distinguished by the momentum transferred to the target 
residue as deduced from the angle between coincident 
fission fragments. The high energy light-ion spectra 
from both types of collisions have an effective tempera­
ture of 13 MeV. 

(r) Fast a-particle component has a multiplicity of 0.3±0.1. 
(s) Sizeable yield of fast (non-equilibrium) a particles. 

The multiplicity of beam velocity a particles in coin­
cidence with fission-like residues is 0.4±0.1. Large 
component of beam velocity a particles in coincidence 
with projectile-like fragments also. In addition, a 
second component has two maxima in emission probability 
separated by a. minimum in the direction of the pro-

. jectile-like fragment. 
(t) Direct p and a particle yields in terms of the percent* 

age of. the reaction cross section are, respectively, 
5 and 11 (l97Au) 14 and 25 (i-^Dy) , 19 and 36 (^Sm) , 
and 11 and 32 (ll6Sn). 

(u) Reported substantial component of pre-equilibrium a 
emission as well as n emission. 

(v) Light-ion spectra extend far beyond the. E/A of the 
incident projectile at forward angles. The cross 
sections for the fast particles are large and depend 
only weakly on the target mass. At 8° the cross sections 
of protons with energies above 13 MeV are 335, 440 and 
460 mb/sr, respectively for targets of l 2C, 5^Fe and 91Zr. 

(w) Preliminary evidence for a component of fast neutrons. 
(x) Measured the coincident spectra of a and 1 0 particles 

as a function of particle detection angles. Consider­
able yield concentrated along the Q=0 line which corre­
sponds to the transition without exciting the target 
°Ca, thus implying the direct breakup of 20^e# 
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(y) Investigation of the interplay between transfer and 
projectile breakup processes. The breakup process 
becomes more important as the bombarding energy is 
increased. 

(z) Made coincident measurements between light ions and alpha 
particles. A proposed possible interpretation of the 
data is that of fast direct ct-emission followed by a deep-
inelastic reaction between the remnants of the projectile 
and the target. Large cross section for direct a-
emission (~ 50% aR) . 

(aa) Report three kinds of processes including deep-inelastic 
breakup of the projectile-like fragments and target-like 
fragments. 

(bb) Coincident measurements between alpha particles (and 
proton) and projectlie-like fragments (and evaporation 
residues). Report "direct" a particles with cross 
section of 50% OR. 

(cc) Angular corrdations between a particles and projectile­
like fragments. The most important reaction mechanism 
is the sequential a decay from excited states of ^ o . e 
This result differs from that reported by Harris et al. 
who emphasize the sequential a-decay from excited 3 1P. 

(dd) In the Sn (ct,a'n) reaction, the <x" and n particles were 
measured in coincidence. States in the continuum region 
of 10-40 MeV were popdated leading to forward emission 
of fast pre-equilibrium neutrons and isotropic emission 
of slow evaporation neutrons. The giant quadrupole 
resonance decays by emitting both types of neutrons. 

(ee) Total deuteron break-up yidd is as large as 50% of the 
reaction cross section. The break-up cross section 
varies with target mass as A1/3. The ratio of the 
break up cross section to the reaction cross section 
is rather constant with energy. 

(ff) Measured 3He breakup into p + d. 
(gg) Light particle spectra were measured for the collisions 

of 6Li with 12,l3,14C) 160> 27A1 and 28Si target nuclei. 

During this conference a large amount of data have been 
presented on fast (non-statisticd) particle emission from 
heavy-ion reactions (see e.g. Fig. 17). A number of reaction 
mechanisms have been proposed to account for these particles3. 
A sampling of the papers will reveal their origin to be due 
to projectile breakup, fragmentation, Fermi jets (or PEPS), 
hot spots, incomplete fusion, massive transfer, pre­
equilibrium emission, neck rupture, etc. Hence it is too 
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early to systematize the different types of reaction mech­
anisms producing these fast particles. At some risk of over 
simplification, however, I do wish to group in a qualitative 
way some of the experimental results into categories of dif­
ferent reaction mechanisms. It is important to remember, of 
course, that the light particles from a particular reaction 
may be associated with several reaction mechanisms. 

■— 10 20 50 40 50 60 To 80 10 20 30 40 50 60 ' 0 SO 
tm»H> »„l»«l 

FIGURE 17, Energy spectra of Z = 1 and 2 particles 

A. Projectile Breakup or Fragmentation 

Considerable evidence for a projectile breakup type of 
reaction mechanism has been presented for a large range of 
projectile types and energies. The spectra of these breakup 
particles are discussed in Ref. 3. The energy spectra are 
usually bell­shaped with mean energies decreasing with 
increasing emission angle from a maximum associated with a 
velocity near the beam velocity. The width reflects the 
momentum distribution of the particle inside the nucleus. 
The differential cross section, increases sharply as the 
angle decreases and there is some evidence for a maximum5 
in the angular distribution for 8 > 0° (see Fig. 18). This 
process may be divided into elastic and inelastic breakup. 

1. Elastic Breakup ­ both components of the projectile 
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emerge in their ground states and leave the target in its 
ground state dso. Examples of this process are 

(11) 40Ca + 20Ne(ELab=259 MeV) [ 6 7 ] = 40Ca(gs) + 160(gs) + a 

(12) 27A1 + 160(ELab=88 MeV) [ 7 2 ] = 27Al(gs) + 12C(gs) + a 

FIGURE 18, Angdar distribution of 25-40 MeV a 
particles coincident with ^^Yb y rays 
following the 159Tb(14N,a5n)164Yb reaction 
at 115 MeV54. 

The reaction given in Eq. 11 is illustrated in (Fig. 19) 
where the events under discussion lie along the line in the 
figure. This general category of projectile breakup is 
relatively unimportant. 

2. Inelastic Breakup - (a) Both projectile fragments 
emerge - in this process both components of the projectile 
emerge after collision dthough one or both of the initial 
fragments and target are excited. The initial projectile 
fragments may be dtered by secondary breakup or nuclear 
exchange processes. Examples of this type of reaction with 
projectiles and energies above the Coulomb barrier are: 
a(30 MeV/u)49>50 1*N(8-10 MeV/u)^9, 32S(5.5 MeV/u)5l, 
160(14.7 MeV/u)48 and ^0(18 MeV/u)59,60. Coincidence 



-98-

JOHN R. HUIZENGA 

measurements of the projectile-like fragment and the light 
particles are reported in these studies. For example, in 
the experiments reported by Sanderson69, light (Z=l and 2) 
and heavy (Z=3-8) ejectiles are measured. These results may 
be interpreted in terms of l4N breakup where the lighter 
(Z=l or 2) ejectile emerges directly whereas the heavier 
ejectile interacts first with the target via a deep-inelastic 
process. An unusual projectile breakup process reported2 at 
this conference is that of 86Kr in the 1°6Er+86Rr reaction 
where the 86Kr laboratory energy was 1040 MeV. 

ao no ao no n eo a ao M 
E - 0 (M*/) 

FIGURE 19, Two-dimensional spec t ra in laboratory 
system. Solid l i n e ind ica tes Q=»0 locus 6 7 

(b) Only par t of p r o j e c t i l e emerges - some component 
or subset of the p r o j e c t i l e nucleons i n t e r a c t s s trongly with 
the t a rge t and fuses while the remaining p r o j e c t i l e component 
emerges (however, t h i s l a t t e r component may be a l t e r ed by 
nucleon exchange or secondary breakup). This category i n ­
cludes the "massive t ransfe r" and "incomplete fusion" pro­
cesses . Examples of t h i s type of reac t ion are numerous 
where the energy i s defined by £ : 6>7Li(<0.5 MeV/u)43, 
1 4 N ( ~ 1 MeV/u)47 10B t 0 19F(3-8°MeV/u)46,52,53, 
U C(4-15 MeV/u)55, 1 60(14 MeV/u)58 and a(30 MeV/u)49>50 . 

An unusud aspect of the breakup process i s the wide 
range of energies a t which i t occurs . P r o j e c t i l e s l i k e d 
and Li breakup very eas i ly while a - p a r t i c l e breakup i s 
important only at r e l a t i v e l y high energ ies . Hence, 
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non-statistical particles can arise for some projectiles at 
very low bombarding energies. For example, in the case of 
°>'Li induced reactions on 209ui at energies near the Coulomb 
barrier, projectile breakup accounts for 60% of the reaction 
cross section43. Hence, this source of non-statistical 
particles is not considered in the criterion for fast 
particle emission established in section III (see Table II). 

A recent technique46*52"55 whereby particular reaction 
channels are identified via particle-a coincidence measure­
ments are especially important for channels such as 
RE (HI, yXn) where y is a charged particle with Z=l or 2 and 
RE is a rare-earth target. Such coincidence studies of 
high-energy, light charged particles with near beam velocities 
and Y rays representative of specific exit channels have 
provided a clear demonstration for the remaining part of the 
projectile fusing with the target, in many cases with large 
cross sections. For example, the reaction channels (^CaXn) 
and ( C,2aXn) on a 16^Gd target make up a substantial 
fraction of the reaction cross section, where the emerging 
a particles have, on the average, the velocity of the beam55. 
At laboratory ^ C bombarding energies above 15 MeV/u the 
(^C.Sa) reaction becomes important. Therefore, energetic 
heavy-ion projectiles like 12C have a very high probability 
for breakup producing a multipartide beam and making reac­
tion mechanism studies very difficdt to interpret. 

Another interesting technique78, first developed for 
light-ion reactions, that gives information on the momentum 
transfer by measuring the correlation angle between fission 
fragments is useful for the study of heavy-ion reactions. 
Recently, energetic light particles have been measured in 
coincidence with two outgoing fission fragments which resdt 
from the 2 3 8 U + 1 6 Q (E^afcr315 MeV) reaction58. Central and 
peripheral collisions were defined by two different corre­
lation angle bins, the larger correlation angles correspond­
ing to the peripheral collisions. Light particle spectra 
measured at 14° in coincidence with events in these two 
correlation-angle bins are shown in (Fig. 20). The tempera­
tures of the two groups of light-particle spectra are the 
same, corresponding to a spectral shape proportional to 
exp(-E/T) with T=13 MeV. This result would not be too sur­
prising if the light particles arise from projectile break­
up in both correlation-angle bins, with the magnitude of 
this angle simply reflecting a different fraction of the 
projectile mass fusing with the target. 

The a particle breakup reaction has been thoroughly 
studied for 140-MeV a particles on a series of 
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targets49' ' ' and accounts for 40% of the total reac­
tion cross section. The dominant breakup process (> 90%) 

l ' ' i ' | ' ' i i 
l*—m "0.aiU-X.rasicn. 

».<ii, 315 MeV 

\ 

* ' H ^ % > » 

.. w '9J8.I60* 

X 
Rwticla energy (MeV) 

FIGURE 20, Light-particle spectra measured at a 
laboratory angle of 14° in coincidence 
with fission fragments for two correla­
tion angle bins58. 

at these bombarding energies resdts in a fusion of a subset 
of the projectile nucleons resdting in either evaporation 
or non-statistical (including pre-equilibrium particle 
emission, secondary fragmentation, etc.) emission of particles 
from the residual nucleus, but leaves the remaining subset 
of projectile nucleons to continue with essentially their 
initial momentum prior to interaction. The experimental 
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a-particle breakup cross sections49 into the 3He-n channel 
at 91^0=13° for five target nuclei, divided by A1'3, are 
shown in (Fig. 21) . Information on the breakup or frag­
mentation of heavy-ion projectiles is usually far less 
complete than that presented above for a particles of 
140 MeV, and points up the desirability of more detailed 
experimental studies on heavy-ion breakup. 

£ 

blc* 

4 8 12 16 20 24 28 
LAR ANGLE (DEC) 

FIGURE 21 , Experimentd a - p a r t i c l e breakup cross 
s e c t i o n s 4 9 in to the 3He-n channel at 
8^0=13°, divided by A17 '3. The a p a r t i c l e 
bombarding energy i s 140 MeV. 

B. Preequil ibrium P a r t i c l e s (Hot Spots, Fermi J e t s . 

The composite system i s excited by the addi t ion of 
par t or d l of the p r o j e c t i l e . However, the energy and 
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momentum of the.absorbed nucleons are distributed over a 
few particle-hole states in the composite system. The 
58Ni+a reaction41 (e0=7.8 MeV/u) is a. typical light-ion 
reaction in this category. Approximately 6% of the protons 
are preequilibrium or non-statistical in origin (and 
essentially the entire reaction cross section goes into 
proton emission). 

Preequilibrium neutrons have been observed for the 
L58Gd-rJ.2c. (£^=152 MeV) reaction32 (see Fig. 22) at an 
energy of 8.4 MeV/u above the Coulomb barrier, an energy 
comparable to the above light-ion reaction. The technique 
employed in this experiment utilizes n-y coincidence mea­
surements to identify selected exit channels as described 
earlier. The reaction mechanism responsible for these fast 
neutrons is unclear. Bondorf et al.81 ascribe these 

i0sjoiIMY».an ( v - r i , 

(4'-2*). 

i0-r X........'. j 
ao* :' 

20 JO 

32 FIGURE 22, Spectra of neutrons in coincidence with 
indicated gamma transition for 152-MeV 
12C on. 158Gd 
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neutrons to Fermi jets. These neutrons may be preequili­
brium in origin also or they may arise from projectile 
breakup. Much more work is required to settle this question. 

The inclusive proton spectra from the 197Au(160,p)X 
reaction57 at a projectile laboratory energy of 315 MeV, 
corresponding to an energy of 14.7 MeV/u above the Coulomb 
barrier, have been interpreted in several ways. Preequili­
brium emission analysis leads.to an initial exciton number 
of 25. The data are also consistent with emission from a 
source moving with a velocity of about 0.1c in the laboratory. 
These inclusive spectra have nearly the same temperatures as 
the light, particle spectra from the previously discussed 
238U+1&0 reaction at the same energy where the light particles 
are measured in coincidence with fission fragments gated into 
two- correlation angle bins. This may be a clue that in both 
reactions the light particles result mainly from projectile 
breakup processes and are not giving information on the 
heavy-ion nuclear reaction mechanism. 

As shown in Table III, non-statistical particles have 
been reported for a large number of heavy-ion reactions. 
Evidence for light-particle emission arising from heavy-ion 
breakup processes is sub s,t ant i d (see section IV. A), however, 
the relative importance of other reaction mechanisms, such 
as those discussed in this section, for producing non-
statistical light particles is still not well established 
and a subject needing much more study. 

C. Particle Emission from Neck Rupture 

Although such particles are well known to be associated 
with fission26, no definite evidence exists for this source 
of particle's from deep-inelastic reactions. 

V. HEAVY-ION FUSION 

In papers82»83 presented to this conference, it is 
reported that the statistical properties of the compound 
nucleus are important for determining the fusion cross 
sections of light heavy-ion reactions. The concept of a 
"statistical yrast line" is introduced that runs nearly 
parallel to the yrast line with an additional energy AQ. 
The model then assumes that fusion occurs only for those 
values of the angdar momentum where the energy exceeds 
that of the "statisticd yrast line". The quantity AQ 
is an open parameter. Values of maximum fusion cross 
sections calcdated with this model for AQ=?10 MeV are 
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plotted as triangles in (Fig. 23) (this theory does not 
predict the energy at which the cross section is a maximum, 
therefore, the present calculations have been made at the 
energy where the experimental fusion cross section is a 
maximum). The maximum experimentd cross sections for the 
same reactions are shown as solid circles. 
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FIGURE 23, Comparison of calculated and experimental 
maximum fusion cross sections. The 
histograms are calculated with a one­body 
dissipation model

84
'
85 and the triangles 

are calculated with a model82.83 t ^ t 
includes the "statistical yrast line" 

The histograms represent­, the results of the calculation 
for fusion cross section maxima by a very different model 
that depends on entrance channel criteria. This latter 
model

84
>
85 is based.on the classical motion of the nuclei 

in.a potential field, including the nuclear proximity 
potentid

86
, and dissipative forces based on the one­body 

friction of Randrup87. The comparison of the fusion cross 
sections for target­projectile systems involving lp­shell 
and 2s­ld shell nuclei with this classicd model is 
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discussed elsewhere ' 
The classical model based on entrance channd criteria 

gives better overall agreement with experiment than does the 
very different model based on compound nucleus properties. 
Hence, the conclusion82 that the fusion cross section at 
high energies is essentially determined by the "statistical 
yrast line" of the compound nucleus is not established by 
the present comparison with experimental data. Neither 
model reproduces some of the data such as the cross section 
for the 10B+160 reaction. 

It is well known that fusion cross sections for heavy 
projectile-target systems are considerably larger than 
those predicted from the liquid drop model85. These observa­
tions need not indicate that the liquid drop limits are too 
low, but rather that interaction times for these higher 
angdar momenta, which have potential pockets, are so long 
that there is considerable relaxation of the mass asymmetry 
degree of freedom85»88,89. in addition, the lifetimes of 
these trajectories are long enough to produce a nearly 
l/sin8 angdar distribution of the "fission fragments". 
The lifetimes of these dinuclear systems (a type of molecular 
resonance) in the window of I values between the liquid drop 
critical I value and the last I value with a potentid pocket 
(larger £ values lead to deep-inelastic processes) may well 
be long enough for light-particle, emission to occur before 
"fission". This may be a source of the evaporation-like 
charged particles with a temperature of about 2.5 MeV observed 
for the 197Au+40Ar (ELab=340 MeV) reaction90,61. A rotation 
time for this system with a typical angular momentum in the 
above window is 8*10-21 s e c. The time required for the 
evaporation of a particle with a temperature of 2.5 MeV 
[T«0.5x10-22. exp(13/T)] is approximately 9xl0-21 sec. 
Hence, times of the order of the particle evaporation time 
are required to explain the experimental "fission fragment" 
angular distributions and suggests that particle emission 
may well occur from the dinuclear system with its reduced 
Coulomb potential due to deformation. 

VI. CONCLUSIONS 

1. Dissipative heavy ion Collisions cover a whole range 
of angular momentum vdues between direct peripheral events 
and "fusion" events. For very heavy systems these collisions 
make up almost the entire reaction cross section. Lighter 
systems sometime allow the study of narrow I bins. 

2. Damped or deep-inelastic collisions are a binary 



-106-

JOHN R. HUIZENGA 

process. Three-body events are due to sequential fission. 
3. The identity of projectile and target is essentially 

preserved in a damped heavy-ion collision. Drift in charge 
and-mass is small for heavy systems. 

4. Large amounts of kinetic energy and orbital angular 
momentum may be dissipated,the magnitudes of these quantities 
depend on the relative motion and the intrinsic motion and 
quantal nature of the exchanged nucleons. 

5. A strong dignment and polarization of the intrinsic 
angular momentum is observed (except for the fully relaxed 
events of heavy systems). 

6. The energy loss is the most important experimental 
parameter for determining the nature of the collision. As 
a function of the energy loss, one obtains simple correlations 
with the first and second moments of various distributions. 

7. The relationship between the variance in the charge 
and mass distributions depends on the dynamical driving force 
and aA2/aZ may be smaller or larger than (A/Z)2 depending 
on the dinuclear system and the energy loss. There is some 
evidence that peripheral collisions show a neutron skin 
effect. 

8.. Padi blocking plays an important role in the corre­
lation between the energy loss and the variance of the charge 
or mass distribution, and strongly influences the average 
energy loss per nucleon exchanged. Nucleon exchange is the 
dominant mode of energy loss. 

9. The variance in the charge distribution for fixed 
mass asymmetry, 0"Z2(A), is constant for energy losses above 
approximately 30 MeV for all systems, except the 197Au+132Xe 
reaction, indicating the possible importance of quantal 
effects. 

10. Measurements of light-particle.spectra (mostly 
neutrons) indicate that the reaction partners from a damped 
collision have the same temperatures over a range of energy 
losses. Hence, one infers equilibration of the energy 
between the two reaction partners. 

11. Intrinsic degrees of freedom including energy dissi­
pation and A/Z equilibration are relaxed on a time scale 
less than 2*10"22 sec (this is determined from a classicd 
model for an energy loss of about 30 MeV, for larger energy 
losses the upper time limit is increased). 

12. For bombarding energies less than 5 MeV per nucleon 
above the Coulomb barrier,particle emission is predominately 
evaporation (neglecting reactions where breakup occurs at 
low energy). The parameter ^ ^ ^ ^ ^ c m ^ C o u l ^ p u t s c n e 

light and heavy ion reactions on the same footing even 



­107­

EXPERIMENTAL SUMMARY OF.. 

though very large amounts of energy may be dissipated in 
some heavy­ion collisions. 

13. Identifiaction of giant resonances in heavy ion 
reactions by spectral structure is severely hampered when 
particle emission channels are open. 

14. As the bombarding energy increases beyond 5 MeV per 
nucleon above the Codomb barrier, ■ tnonstatistical particle 
emission sets in and total thermalization of the energy is 
no longer vdid. 

15. Projectile breakup is a well established source of 
fast nonstatistical light particles and becomes a dominant 
reaction mechanism dready at bombarding energies of 15 MeV 
per nucleon. Hence, the projectile breakup process compli­
cates severely heavy­ion reaction mechanism studies at 
energies in excess of 15 MeV per nucleon. 

16. Evidence of fast nonstatisticd particles from 
mechanisms other than projectile breakup, such as fireball 
emission, hot spots, Fermi jets etc. is not well established. 
Much additional work is required in order to characterize 
these mechanisms. 

17. Fusion cross section can be reasonably well repro** 
duced by very different models based on entrance channel 
limitations to compound nucleus imitations. 
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ABSTRACT : 
A previous study of the strongly damped reaction 

Bi + Xe at 1130 MeV has been extended to the lower bom­
barding energy of 940 MeV. With the same experimental tech­
nique, angular, energy and atomic charge distributions and 
their correlations have been measured. The angular distribu­
tion of the reaction products is sideways peaked, but less 
strongly focussed than at the higher bombarding energy. The 
energy spectrum extends far below the Coulomb energy calculated 
for touching spherical ions, indicating large deformations of 
the final fragments. The charge distributions are Gaussians 
approximately centered around the initial fragmentation. Exam­
ination of the correlations between experimental observables 
confirms that the energy loss parameter is the most suitable 
quantity to describe the time evolution of the reaction. The 
relationship between energy loss and the width of the charge 
distribution is studied to gain information on the contribution 
of the nucleon exchange process to the total dissipated energy. 
The bombarding energy dependence of this relationship 
suggests that the Pauli blocking of occupied single particle 
levels is an important effect, leading to a smaller dispersion 
of the fragment Z-distribution for a given energy loss than 
expected from a classical theory. A quantitative analysis 
establishes the nucleon exchange as the dominant mechanism for 
the dissipation of kinetic energy. With the aid of a phenomeno-
logical model a decomposition of the reaction cross section in 
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partial waves is performed. Classical trajectory calculations 
assuming spherical ions are compared to an empirically determined 
deflection function, energy loss and interaction times. 
These calculations do not provide a consistent description of 
the experimental results, since the energy loss is systematically 
underestimated. From the interaction times and widths of the 
charge distributions an angular momentum dependent proton number 
diffusion coefficient Dz(i) is derived, which shows a pronounced 
saturation behavior for angular momenta less than 2/3 of the 
grazing angular momentum. The total probability for sequential 
fission of the target-like fragment is determined to be 301 for 
all inelastic events. A simple model is presented which allows 
calculation of this probability on the basis of known fission 
properties of heavy elements. 

NUCLEAR REACTIONS 209Bi + 136Xe, E L a b = 940 MeV; 
measured o(6, E, Z); strongly damped reaction; de­
duced correlations, interaction times, transport-
coefficients; comparison to trajectory calculations; 
yield of sequential fission. 
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I. INTRODUCTION 
The reaction Bi + Xe has been studied previously . 

at a bombarding energy of E. , = 1130 MeV as a typical example 
of a strongly damped reaction. The use of such a heavy system 
has several advantages: Strongly damped collisions are by far 
the dominant reaction mechanism and allow, therefore, the study 
of the reaction over a wide range of impact parameters: from 
grazing collisions to nearly central impacts. Thus the correla­
tions between observable quantities such as dissipated kinetic 
energy, reaction angle and the charge distribution of the final 
reaction fragments can be studied much more readily than for 
light systems, where only a comparatively narrow window of 

2 impact parameters leads to strongly damped events. 
It has been shown in the previous study, that the degree 

of kinetic energy dissipation is the most useful parameter to 
characterize the time development of strongly damped reactions. 
Therefore, it is a natural extension of this investigation to 
change the bombarding energy and thus the amount of kinetic energy 
available for dissipation. This, paper reports on a. detailed study 
of the system 209Bi + 136Xe at a bombarding energy of E L a b

= 9 4° MeV, 
an energy of 1.4 times the Coulomb energy of touching spheres. 

In the following section, the experimental procedures are 
described briefly. Results on elastic scattering, angular, 
charge and energy distributions for the Xe and Bi-like reaction 
products are discussed in Section III. In Section IV the implica­
tions of the experimental results, for the understanding of the 
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reacti.on mechanism are discussed. ..Special attention is given 
to the importance of nucleon. exchange as a mechanism of energy 
dissipation and to the" importance of the Pauli principle for * 
an understanding of the correlation between the widths of the 
element distributions and the degree of energy damping. In 
Section.V a model is presented to calculate the observed 
yield of sequential fission of the Bi-like fragments. A sum­
mary can be found in Section VI. 



-117-

II. EXPERIMENTAL PROCEDURE AND DATA REDUCTION 
The experiments were performed at the LBL SuperHILAC 

2 09 accelerator. Targets of 235 yg/cm2 Bi on carbon backings 
were bombarded with 940-MeV Xe ions. The beam energy was 
determined with four independent detector systems calibrated 

252 with o and Cf fission sources. The result was 940 MeV, 
with a statistical uncertainty of 12 MeV, allowing for a pulse 
height defect of 51 MeV according to the procedure of J.B. 

3 4 5 Moulton et al. ' ' . The reaction products were detected in 
two AE - E silicon surface barrier detector telescopes and one 
silicon detector. The thicknesses of the two AE detectors 
were 14.3 and 9.6 ym, respectively. The telescopes subtended 
angles of 0.5° and 1.0° in the reaction plane. Two monitor 
counters, placed out of plane at fixed forward angles monitored 
the beam intensity and allowed for dead-time corrections. The 
beam was defined by two pairs of slits outside the chamber and 
one pair of cleanup slits at its entrance. Permanent magnets 
and 160 yg/cm2 thick Ni foils protected the detectors from 
delta electrons generated by the beam. 

The electronic setup was very similar to^the one described 
in Ref. 1, and included pileup circuitry and a system allowing 
a determination of the system dead-time, taking into account th 
pulsed character of the HILAC beam. All data were recorded on 
magnetic tape in an event-by-event mode. 

In Figure 1 are shown examples of the laboratory energy 
spectra taken with the singles detector. The spectrum at 9, = 
24° shows an intense elastic peak at 838 MeV, a broad bump of 
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strongly damped events centered at 600 MeV and a second 
small bump at 450 MeV which is due to sequential fission of the 
heavy, Bi-like fragments, which are also scattered to forward 
angles, for large negative reaction Q-values. In the two-
dimensional AE - E spectra the two groups of fragments are well 
separated. 

At 9.-38° the elastic peak is still dominant and has a 
low-energy tail smoothly joining the strongly damped, Xe-like 
fragments centered around 550 MeV. The Bi-like fragments show 
up at this angle as a bump located around 420 MeV, whereas the 
sequential fission events are not distinguishable from other 
events in the one-dimensional spectrum. At 9. = 43°, very close 
to the quarter-point angle, the spectrum shows the same compo­
nents as-at 9. = 38°. For larger angles the spectra are dominated 
by the recoil nuclei. 

Since elastic scattering events were not.resolved from 
those with small energy losses, a standard peak was defined at 
forward scattering angles and subtracted from the spectra taken 
at angles in the vicinity of the quarter point. This procedure 
has. been used extensively in 'the analysis of heavy ion elastic 

6 scattering. 
: The experimental AE' - E 'distributions were converted into 

Z -E distributions using the tables of Northcliffe and 
Schilling , renormalized to the experimental stopping power 
of Xe-ions in Si. A constant mass-to-charge ratio of 
A/Z = 2.52 was assumed to convert the measured fragment 
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charge into fragment mass, necessary to perform kinematical 
calculations. Since Xe and Bi both have this mass-to-
charge ratio, no change in the A/Z ratio is expected to occur 
during the interaction. The Z-E distributions were transformed 
into the center-of-mass system for 26-MeV wide bins of the asymtoti-
cally measured center-of-mass total kinetic energy, E, using the 

experimentally established fact that strongly damped reactions 
2 at low bombarding energies are essentially of a binary nature , 

except for light-particle evaporation from the highly excited 
fragments. The reduction in kinetic energy of the fragments 
in the laboratory system due to the evaporation of neutrons was 
corrected for. Details of this calculation can be found in 
Ref. 1. Further corrections were applied for the energy loss 
in the target and Ni foils and for the pulse-height defect in 
the detectors. 

For angles up to the quarter point, the heavy, Bi-like 
fragments could easily be distinguished from the light fragments, 
because they occupy a well defined region in the Z-E plane. For 
larger angles, Xe-like fragments with very large Z-transfer, 
merge with the Bi-like fragments, and the separation between 
the fragments is not quite as unambiguous. However, the uncer­
tainty in the reaction cross section introduced by this overlap is 
not large. Since a sizeable fraction of the heavy fragments is 
expected to undergo sequential fission, the yield of Bi-like 
reaction products is of interest. Because there is no simple 
way to discriminate the elastic recoil events from heavy reaction 
products, due to insufficient Z and E resolution, the elastic 
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recoils were accounted for by determining the cross section of 
elastically scattered Bi from the-measured Xe angular distribu­
tion and. subtracting it from the total yield of heavy fragments. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Elastic scattering and the reaction cross section 
The elastic scattering was investigated in order to obtain 

information on the bombarding energy dependence of the total 
reaction cross section aR, the strong absorption radius RSA and 
an optical model potential suitable to describe the scattering. 

Figure 2 shows the ratio of elastic-to-Rutherford cross 
section in the center-of-mass-system. Compared to the experiment 
at 1130 MeV bombarding energy, the quarter point angle is shifted 
backwards to 8 = 70.2°, and the slope of the angular distribution 

cm r ° 
at the quarter point is smaller. 

The data were analyzed using two models: the semi-quantal 
8 model of Fresnel scattering and a one-channel optical model. 

The reaction parameters deduced are^compiled in Table I. In a 
simple version of the-Fresnel model the transmission coefficients 
are approximated by a step function: T» = 1 for £ i& and 
T, = 0 for I. > I , where I represents the grazing angular 
momentum. Since this sharp-cutoff model is known to produce 

large oscillations of the ratio ^rfi/^RUTH ^ o r w a r^ °^ t h e cluar" 
9 

ter point angle, it was refined by introducing a finite transi­
tion region in 2,-space of width A£. The broken curve in Fig. 2 

\ 
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indicates the prediction of this model for Ail = 16. Although 
the overall agreement with the data is reasonable, the rela­
tively gradual fall­off of the data cannot be reproduced by the 
Fresnel model, regardless of the width Al chosen. It is not too 
surprising that the Fresnel model does not fit the present experi 
mental data at 940 MeV as well as the data taken at 1130 MeV, 

o 

because it is known that diffractive models lose their validity 
for bombarding energies close to the Coulomb barrier. 

Nevertheless, the present experiment still allows extraction 
of a meaningful value for the grazing angular momentum l , where 
the transmission coefficient assumes the value 3/4, via the 
relation 

e
l/4

 = 2 ' a r c t a n C T 1
/Og

+ 1 / 2
)

] C3.1) 
and of the total reaction cross section 

■ R ­ ­ £ ­ t V i / 2 3 * 1 1 + 2 r ­ rT77*x<i^T7r> 2 > (3­2) 

Here, n is the Coulomb parameter and k the asymptotic wave 
number. The values obtained are l = 383 and oR= 2.2b, very 
similar to the results derived from the simple version of the 
Fresnel model (2. = 383, oD =2.1b). From these values an inter­

g K 
ac t ion rad ius of R T x r r =15.5 fm i s deduced. This rad ius i s 

INT 
slightly larger than that deduced for the same system at 1130 
MeV bombarding energy (15.1 fm). An optical model calculation 
was performed to check the dependence of the deduced interaction 
radius on the type of analysis made. A standard Woods­Saxon 
nuclear potential was used to generate the elastic angular dis­
tributions with the optical model code GENOA. 
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A set of parameters which fit the 1130 MeV data very well 
produced results which missed the experimental quarter point by 
several degrees. A two­parameter search on the radii determined 
values which are considerably larger than the starting values. 
The strong absorption radius Rs» defined by 

■ kRSA = n + In2 + ig(Ag + 1)] 1 / 2 (3.3) 

was found to be 15.5 fm, which is consistent with an increase 
of the interaction radius at the lower bombarding energy. There 
is some confirmation of this tendency from other analyses of 
heavy ion elastic scattering ' 

These findings illuminate the well known difficulty 
in defining a unique and energy independent optical potential 
for very heavy ion reactions. Therefore, no further attempt' 
was make to search for a set of more suitable optical­model 
parameters. For the further analysis the grazing angular momen­
tum as extracted with the modified Fresnel model was employed 

in order to be consistent with Ref. 1. 

B• Angular, charge and energy distributions.of the 
Xe­like reaction fragments. 

The angular distribution of the light' reaction products 
in the laboratory system is shown in Fig. 3. Similar to the 
1130 MeV experiment, the cross section is focussed around an 
angle slightly forward of the quarter point angle. The inte­
gration of the.data yields an experimental total reaction cross 
section of aR = (2.1 ± 0.1) barns, in good agreement with the 
analysis of the elastic scattering data. Towards forward and 
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backward angles the cross section drops quickly, and the data 
are consistent with vanishing cross section at 9= 0 , indicat­
ing that no negative-angle scattering (orbiting) occurs. This 
is not surprising since orbiting should become less pronounced 

2 with decreasing bombarding energy and increasing product Zp*Z_ ' 
In Fig. 4 the angular distribution is shown in the center-

of-mass system for all events with a total kinetic energy E 
between 260 and 546 MeV. Since elastic scattering corresponds 
to an energy of 569 MeV, most of the quasielastic events have 
been excluded. Compared to the 1130 MeV experiment, the angular 
distribution is skewed and extends further backwards, indicating 
that the nearly perfect angular focussing at 1130 MeV is not an 
intrinsic feature of the reaction Bi+ Xe, but has to be 
viewed as the coincidental result of a delicate balance between 
nuclear, Coulomb and centrifugal forces, which is destroyed at 
other bombarding energies. 

The Z-distribution of the Xe-like fragments is shown in 
Fig. 5, integrated over the same range of total kinetic energies 
The weak asymmetry is due to a slight shift of the centroid of 
the Z-distribution towards higher Z for decreasing energies. 
The bump around Z = 41 is caused by a weak contamination with 
sequential-fission products of Bi-like fragments, which could 
not be separated completely from the highly damped events. The 
correlation of the Z-distribution with the energy loss parameter 
will be discussed later. 

In Fig. 6 the energy loss spectrum is shown for the two 
bombarding energies under study. The arrows indicate the 
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initially available kinetic energies above the Coulomb barrier 
as calculated assuming spherical ions separated by the strong 
interaction radius. The data show clearly that a large fraction 
of the reaction cross section cannot be explained without assum­
ing strong deformations of the fragments at the time of breakup. 
This is especially important at the low bombarding energy where 
800 mb, (or 40%) of the total reaction cross section, corres­
pond to final kinetic energies below the Coulomb barrier, as 
compared to 500 mb (or 20$) for the 1130 MeV experiment. 

It should be pointed out that the cross section for very 
low energy losses (below 20 MeV) is not very well known due to 
insufficient experimental energy resolution. It was not. possibl 
to determine whether the cross section is rising monotonically 
in the quasielastic region, or reaches a maximum around 10 MeV 
energy loss. In the present paper, a montonic increase of 
do/dE. with decreasing energy loss has been assumed in the 
quasielastic region. 

C. . Angular distribution of the Bi-like fragments 
In contrast to the experiment at 1130 MeV, it was possible 

in the present experiment to observe the heavy Bi-like fragments 
simultaneously with.the light fragments over a wide angular 
range. The heavy fragments appear as a well separated island 
in the AE versus E distributions for all but.the largest angles, 
where the fringes of the light and heavy fragment Z distribution 
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start to overlap. It was not possible to make a reliable Z-
identification for the slow Bi-like fragments and, therefore, 
no conversion into the center-of-mass system was performed.' 
However, the angular distribution of the inelastically scattered 
heavy fragments was obtained indirectly. This was done by sub­
tracting the number of elastically scattered Bi ions, as deter­
mined from the measured angular distribution of the Xe ions, 
from the total number of Bi-like fragments for a given angle. 

The resulting angular distribution of the Bi-like reaction 
products in the laboratory system is shown in Fig. 7. The pro­
nounced asymmetry is due to a kinematic effect: the light 
reaction fragments are strongly focussed into a narrow angular 
region, but with rising energy loss the corresponding heavy 
fragments are scattered to smaller angles. The long tail towards 
forward angles is, therefore, due to very strongly damped events. 

The integrated cross section of the Bi-like fragments is 
only (1.5 ± 0.4)b, which is 301 smaller than the reaction cross 
section deduced from the light fragments. This difference can 
be explained by subsequent fission of the Bi-like reaction frag­
ments in 30% of all non-elastic events. A discussion of this 
number with respect to known fission properties of elements 
near Bi is deferred to section V. 
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D. Qualitative correlations of observables with 
fragment charge and kinetic energy loss 

In Ref. 1 the importance of the energy loss parameter -
E. ,„ =E -E is discussed in detail for the description of the 
Loss cm r 

strongly damped reaction between Xe and Bi at 1130 MeV. 
A.knowledge, of the energy loss determines the. associated 
angular - and Z-distributions, whereas a selection of either 
Z or the scattering angle does not determine uniquely the 
other observables. This significance of the energy loss as 
a parameter characterizing the reaction is confirmed in the 
present experiment. In Fig. 8 the double-differential cross 
section d2a/dZdE is plotted on a logarithmic scale vs. the 
total kinetic energy of the fragments. The events are sorted 
into 3-Z unit wide bins, the centroids of which are indicated 
at the spectra. The arrows indicate Coulomb energies calculated 
for spherical reaction products, assuming spheres touching, at the 
strong absorption radius. It is obvious from Fig. 8 that 
multiple proton pickup and. stripping reactions lead to rather 
similar energy loss spectra, confirming that the charge of the 
light fragment is certainly not a suitable quantity.to charac­
terize a given strongly damped event. (The small difference in 
the shape of the spectra for the 2 = 42 and the Z = 63 bins is at 1 
partly due to the contamination of the former bin with sequential 
fission events). A variation from the results of the experiment 
at 1130 MeV, however, is represented by the relative positions 
of the'maxima in the spectra relative to the calculated Coulomb 
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barriers. Whereas the maximum of the yield is always located 
at energies above the Coulomb barrier for 42 ^ Z S 63 at 1130 
MeV bombarding energy, this is a feature not corroborrated "for 
most Z-bins in the present experiment. This emphasizes even 
more strongly the importance of considering deformations or 
neck degrees of freedom in understanding the low energy data. 

Similar to the energy-loss distributions, the angular dis­
tributions depend strongly on the atomic number of the fragment, 
but the correlation is not unique. This is shown in Fig. 9, 
where the double-differential cross section d2a/.dn, dZ is 

cm 
plotted for the same Z-bins as in Fig. 8. The angular distri­
butions of fragments near the projectile Z are strongly peaked, 
but the spectra for either very low or very high Z values of 
the light fragments look similar. In contrast to the findings 
obtained in the.1130 MeV experiment, the maxima of the angular 
distributions do not remain centered around 0, =64°, where the 

cm 
quasielastic cross section has a maximum, but are shifted stead­
ily to larger angles with increasing magnitude of the charge 
transfer. A discussion of these results will be given in section 
IV. 

Since a large net charge transfer is related to a large 
energy loss, it is expected that the maxima in the double-
differential cross section d2a/dn ' dE move to larger angles 
with increasing energy loss. This can indeed be seen in the 
Wilczynski plot (Fig. 10), showing contour lines of the cross 
section in the E vs 9 plane. The ridge of damped events, 

Cm r o r 
o 

starting out at 9cm =64 , moves backwards with decreasing E, 
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whereas it was found to be parallel to the E-axis in the 1130 
MeV experiment. Qualitatively, this result is due to the lower 
angular momentum for a given impact parameter in the 940 MeV 
experiment. The Coulomb deflection towards backward angles is 
more pronounced, and the rotation towards forward angles during 
the nuclear interaction time is less for smaller angular 
momenta. 

The angular distributions integrated over all Z for a 
given E bin, i.e. cuts of the Wilczynski plot parallel to the 
9 axis, are shown in Fig. 11. The reaction cross section is 
sideways peaked for all E values, and no indication of orbiting, 
such as enhancement of the cross section at forward angles, is 
visible. The dominant feature of the angular distribution is 
the increase of its width with increasing energy loss, suggest­
ing that longer reaction times are associated with higher energy 
losses. 

The charge distributions d2o/dEdZ of the Xe-like fragments 
as a function of the final total kinetic energy are shown in 
Fig. 12. It is obvious that the data can be described rather 
well by Gaussian distributions as indicated by the solid curves. 
The width of the Z distribution is seen to increase strongly 
with increasing energy loss, suggestive of a diffusion mechan­
ism where the time available for the diffusion process increases 
monotonically with increasing energy loss. The width of the 
558-MeV bin is mostly due to the experimental Z resolution 
of about 3 Z-units. The following analysis accounts 
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for this intrinsic width by assuming an additive law of the 
variances o-2. " 

In agreement with the 1130 MeV experiment, the centroi-ds 
of the charge distributions stay close to the charge of. Xe and 
drift only very slowly towards mass, symmetry. Experimental re­
sults for the cross section, the variance o-2 and the centroid 
<Z> of the fragment charge distributions are collected, in Table 
III for 26-MeV wide E bins. 

The relationship between the variance a~2 and the energy 
loss is plotted in Fig. 13 for the two bombarding energies. For 
energy losses up to 100 MeV the two curves are indistinguishable 
within the experimental errors, but then the energy loss rises 
less fast for a given increase in a?2 at the lower bombarding 
energy. This is to be.expected, since there is much less kine­
tic energy E - V,, available at the lower bombarding energy. 

cm . L 
However, it is surprising that this energy limit, calculated 
assuming spherical nuclei and indicated by the horizontal arrows, 
does not show up more distinctly in the experimental data. This 
fact can again be interpreted as an indication of a strong 
dynamical deformation of the system, evolving continuously with 
increasing interaction time. 

The dominant role of the energy loss parameter is made ob­
vious by Fig. 14, where the FWHM of the charge distributions 
is plotted as a function of energy loss and scattering angle. 
The horizontal lines represent the fits to the angle-integrated 
data as shown in Fig. 12. It is obvious that there is no cor­
relation between the scattering angle and the width of the charge 
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distribution for any given energy loss. 
Fig. 15 shows the contour lines of d3a/dZdndE in a series 

of Wilczynski plots for 3-Z-unit wide bins. Since the statis­
tical accuracy of triple-differential cross sections is not 
very high, one has to assign large uncertainties to the contour 
lines, especially for the Z bins far away from Xe. As can be 
seen from. Fig. 15, positive, and negative, charge transfers lead 
to approximately the same shape of the Wilczynski plot. How­
ever, a slight influence of the:Coulomb barrier calculated for 
spherical systems may be seen in the fact that the center of 
the distributions for large positive charge transfers (AZ>6) is 
systematically at higher TKE values than for the corresponding 
negative charge transfers. In- addition, the total cross sections 
for the positive charge'transfer is systematically somewhat 
higher because the Z distribution is slightly skewed to large 
Z values (Tig- 5) due to the weak drift towards charge equili­
brium. 
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IV. IMPLICATIONS OF THE BOMBARDING­ENERGY DEPENDENCE' FOR THE 
REACTION MECHANISM OF STRONGLY DAMPED COLLISIONS 
A. Correlations between total kinetic energy loss and 

mass diffusion 

The understanding of the mechanism of strongly damped 
collisions, of a few MeV/u has progressed to a stage where the 
gross features of the reaction are well established. Strong­

ly damped collisions are basically binary processes, where the 
orbital angular momentum l^ in the entrance channel is the gov­
■erning parameter for the evolution of a particular collision. 

The mean values of the kinematic observables for a given 
A. (such as scattering angle, energy loss, angular momentum) 
follow the laws of classical mechanics assuming conservative 
potentials and phenomenological friction forces. ' ' The 
second moments of the observables can be described in terms of 
quantal ' and statistical fluctuations , the latter ones 
arising from the exchange of nucleons between the two colliding 
nuclei. This microscopic flux of nucleons, responsible for 
the observed charge and mass transfer, can also account for a 
considerable fraction of the observed energy loss, because of 

18 
the momentum transfer by the nucleons crossing the boundary 
between the moving heavy ions. 

The dissipation of kinetic energy by this mechanism may be 
described by a friction force F*, which in a classical model 
can be written as. 

F = J(2urer + utet) (4.1) 
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where u and u are the. radial and tangential components of 
the relative velocity u of the two colliding nuclei, and j is the 
one­sided mass flux of exchanged nucleons. For a completely open 
window of area A permitting an unrestricted flux of particles, 
j is given by j =n A, where n = Pv/4 is the static one­sided 
bulk flux, v is the average velocity of nucleons and P is the 
mass density of nuclear matter. Here and in the following 
paragraphs, it is assumed that the magnitude of \1 is small com­ • 
pared with v. 

The exchange of nucleons gives rise to a finite width of 
the mass and charge distribution due to the statistical nature 
of this exchange. The random­walk theory relates the variance 
a? of the mass distribution to the total number N of exchanged 
nucleons by 

o\ = N (4.2) 

where N is given by the time integral of the total particle flux 
(left and right) 2j/m integrated over the interaction time x 
associated with the collision. In the same way the total energy 
loss is given by a time integral of the kinetic energy loss rate 
­ dT . 
dt 

with "|I ­ f(t)­u(t) » j(t)'(2«/*ut
!
), 

­*■ 2 

where T =1/2 yu is the instantaneous kinetic energy of the 
relative motion of the nuclei in the center­of­mass system 
and F(t) is the friction forces defined in Eq. 4.1. 
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For peripheral reactions the radial component of the velocity 
u is much smaller than the tangential component. Thus one may 
neglect u and write 

~ - - j(t)-ut2 = - j(t)'i T(t) (4.4) 

Differentiating Eq. (4.2) with respect to t gives 

dN . tlL. = Hill (4.5) 
dt dt m 

Thus one can express dt in terms of da.2, as has been suggested 
by Schroder et al • 

Inserting Eq.. (4.5) into Eq. (4.4) results in the differen­
tial equation 

*Ull . . m 2 = . m (A}x 2 
T(t) v A v I l 

where the mass and charge variances have been related by 

c A
2 = ( f ) X a z

2 (4.7) 
Here, x = 1 and x = 2 represent the extreme assumptions of 
totally uncorrelated and totally correlated proton and neutron ex 

19 change , respectively. These terms refer to the distribution 
of reaction products in the N-Z plane. The contour lines of 
constant cross section are circles in the former and straight 
lines in the latter case. 

The solution of the differential equation (4.6) is given by 

ln(T/T) = £ A X az
2 (4.8) 

O u l L 
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where T =E_ - V and T= E_ - V - E, are the kinetic ener-o cm c cm c Loss 
gies in the entrance and exit channels. Thus this model predicts 
a linear relationship between In (TQ/T) and az

2, with a slope 
given by — (—)" . In Fig. 16 the experimental data are shown for y Z 
the reaction at 940 and 1130 MeV. It is seen that the data indeed 
follow straight lines for both bombarding energies and not too 
high energy losses. This experimental observation may be regarded 
as an indication for energy dissipation and the proton exchange 
to be of statistical nature and to occur on the same time scale. 
The above simple classical model, however, fails to explain the 
observed bombarding-energy dependence of the slope, and the value 
for the slope as given by Eq.(4.8)is too small compared to the experi­
mental results, as can be seen from Table IV. It has been suggested 
by Randrup18'20 and Schroder et al.21 that the effect of the Pauli 
principle plays an important role in the calculation of nucleon 
exchange. Only those nucleons close to the Fermi surface can 
participate in the exchange, and thus the flux of nucleons through 
the window is reduced by a factor 1/a as compared to the clas­
sical value. Accordingly, the variance oA of the mass distribu­
tion, which is given by Eq. 4.2, is reduced by the Pauli principle. 

21 It can be proven however, that the total energy loss rate is 
not affected by the reduction of the flux, since each transferred 
nucleon carries on the average a larger amount of momentum than 
in the classical case, since only fast nucleons close to the 

18 ^B 
Fermi surface can be exchanged. It has been shown, that ^ 
drift coefficients including both the rate of energy loss and 
the net mass transfer are not affected by the inclusion of the 
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Pauli principle in a theory which is based on one-body transition 
operators. 

Since the quantum-mechanical treatment leads to a variance 
a.z that is smaller than the value expected classically but does 
not affect the energy loss rate, the classical expression for the 
slope has to be multiplied with the factor a to account for the 
quantum-mechanical reduction of the nucleon flux. Moreover, the 
importance of the Pauli blocking is expected to depend strongly 
on the relative velocity of the two ions, since the relative mo­
mentum. displaces the Fermi momentum spheres of the two nuclei in 
k-space and opens up otherwise inaccessible parts of the phase 
space, thus reducing the impact of the Pauli principle on the mass 
dispersion for higher bombarding energies. Therefore, the slope 
for a bombarding energy of 1130 MeV is predicted to be smaller 
than for 940 MeV, in accordance with experiment. A more quantita­
tive comparison of the quantal theory with experimental data has 
to await a complete dynamical calculation taking into account the 
velocity-dependent blocking and has, in addition, to account for 
the correlation between neutron and proton exchange. 

An estimation of the reduction of the flux, however, can be 
made by considering the displacement of two Fermi spheres of equal 
radius kp by the momentum k, corresponding to the relative motion 
of the two nuclei. If one assumes kp >> k, a simple geometrical 
calculation of the ratio a of the total volume occupied by nucleons 
in k-spaceto that where the two' spheres do not overlap yields 
the relation, 
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2 • u • T- 1/2 
£ C — ) (4.9) 
3 m(E - V ) v cm cJ 

Here Tp = 37 MeV is the Fermi kinetic energy in nuclear matter 
and y/m is the reduced mass number of the dinuclear system. Since 
nucleon exchange, is restricted to those parts of phase space 
where the two Fermi spheres do not overlap, Eq. (4.9) gives ap­
proximately the reduction of the flux from its classical value and, 
therefore, also the increase of the slope as compared to Eq. (4.8). 
Inserting the parameters from Table I for the 940 MeV and .1130 MeV 
experiments.into Eq. (4.9) one obtains theoretical values of a = 3.0 
and 2.3, respectively. In.Table IV, the experimental values for the 
slopes a are compared to the predicted ones, assuming either totally 
correlated or uncorrelated nucleon exchange. It can be seen from 
this comparison that the assumption of correlated nucleon exchange 
(i.e. o. = (A/Z)2 a,2) and introduction of Pauli blocking leads 
to a reasonable agreement with the experimental data. This 
simple calculation of the blocking, however, leads to a bombard­
ing energy dependence of a that is too weak compared to the data. 
For a more realistic calculation; such effects as the variation 
of the wave number along a trajectory, the influence of a non-zero 
nuclear temperature and of the driving forces in the A-Z plane 
have to be included. It was the aim of this discussion, however, 

to demonstrate that the experimental data indicate the importance 
22 of Pauli blocking in nucleon exchange processes. In addition, 

it should be pointed out that further simultaneous measurements 
of the mass and charge distributions would be very helpful to 

3 k 
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disentangle the effects of the proton-neutron correlations from 
those due to the Pauli-blocking on the function a72(Er ). Only 
then, will it be possible to decide whether the nucleon exchange 
process alone can account for the large energy losses observed 
or if additional energy dissipation mechanisms such as shape 
degrees of freedom have to be included.. A recent experimental 
study of the reaction Pb + Xe at a very low bombarding 
energy (E - V % 40 MeV) indicates that for this system the cor­
relation • between a.2 and a-2 is given by the correlated limit 
(x=2).. If this result holds also for the system Bi+ Xe 
at the higher bombarding energies studied here, then.most of 
the observed energy loss up.to 150 MeV can be accounted for by 
the nucleon exchange mechanism. This point will be further dis­
cussed in Section IV C. 

B. Angular momentum decomposition 

A procedure described in Ref. 1 was used to extract an 
angular-momentum scale from the data. For this purpose, a mono­
tonic relationship between the angular momentum in the entrance 
channel and the total kinetic energy loss was assumed, neglecting 

24 fluctuations predicted to be of particular importance for 
central collisions. Using the relation 

^ - = I T > T 2 ( 2 J I + 1) T a • ( 4 . 1 0 ) 
dl l 

between cross section and ̂ angular momentum, a one-to-one,rela­
tionship between the experimental energy loss spectrum do/dE. 

2 5 and da/di can be established. The transmission coefficients 
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T may be taken either from the sharp-cutoff model or the 
optical model fit to the elastic scattering data. In the follow­
ing analysis the latter were taken. The results of this analysis 
are shown in Fig. 17 and the first 3 columns in Table V. As can 
be seen, there is a. nearly linear relationship between I and 
E. for both bombarding energies. 

The above l scale is used in conjunction with the angle 
9 , giving the location of the cross-section maximum (cf. 
Table III), to construct an experimental deflection function 0(2.) . 
The results for the two bombarding energies are shown in Fig. 18. 
As was already obvious from the Wilczynski plot, the ridge of 
maximum cross section for the 940-MeV data moves to larger scat­
tering angles with decreasing impact parameter, qualitatively 
similar to a Coulomb deflection function. However, there is 
still a considerable angle A9, by which the double-nucleus sys-

14 tern rotates to forward angles before it breaks apart, as can 
be seen from a comparison with the sum 9 of the Coulomb deflec­
tion angles in entrance and exit channels. Details of the cal­
culation can be found in Refs. 1 and 25. The labels NS and S 
indicate the extreme cases of a non-sticking and sticking contact 
of the nuclear surfaces during the interaction time. In the 
latter case 23% of the angular momentum £•• in- the entrance 
channel is converted into intrinsic spin of the colliding nuclei. 
In the non-sticking case, the final orbital angular momentum u 
is the same as in the entrance channel. The interaction time 
is calculated as 

T ^ ) = 4 9 ^ ) • J (£±)/ft if (4.11) 
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and J represents the appropriate moment of inertia for the non-
sticking and sticking case, for which the following values were 
taken: 

;NS * " ^INT J N S - u ' R TMT (4-12) 

JS = ^RINT + I (MpRp2 + MTRT
2) (4.13) 

The interaction times thus deduced as a function of l . are 
given in columns 5 and 9 of Table V. The results for the non-
sticking model are shown in Fig. 19. At both bombarding energies 
the interaction times increase approximately exponentially with 
decreasing orbital momentum. Thus the lifetimes can be para­
meterized as: 

-20 1.53 • 10 " u e x p ( - J l i / 8 0 ) s e c EL = 940 MeV 

e x p ( - i i / 8 4 . 8 ) s e c EL = 1130 MeV CV = { -20 " X ' U C4-14) 
1 l2.18 • 10 ^U 

As can be seen, the slopes are comparable for both bombarding 
energies, but for a given l- the interaction time is about twice 
as long for the higher bombarding energy. For a given impact 
parameter, the interaction times are nearly the same for both 

energies 

C. Classical trajectory calculations 
The phenomenological analysis presented in the previous 

section allowed the extraction of the scattering angle 9 , the 
total kinetic energy loss ET ,. and the interaction time x as 

0/ Loss 
functions of the angular momentum £.. The same quantities can 
be obtained as the result of classical dynamical calculations. 

7 ft 
In the following, a model with four degrees of freedom is 
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discussed. The time-dependent distance r of the centers of the 
spherical nuclei, the angle 9 between the line connecting them 
and the beam axis, and the angles of rotation 9T and 9p of the 
two spheres were determined by the following equations of 
motion: 

-3V„ 3 V 
yf = 

c _J1 + y r e 2 - fr(r) f 
3r 3r 

yr20 = 4 = 4. - JT - Jp 

JT = - CT( r f fQ(r)[CT(9T-9) + Cp(9p- 9)3 (4.15) 
Cj + Cp 

J*P = -cpCr I'r )2 £ 9 C r ) tCT(9T- 9) + Cp(9p- 9)] T p 

Here 4., JT and Jp are the orbital angular momenta in the 
entrance channel and the spins of the target and projectile, 
respectively. The quantities y, C_ and Cp are the reduced mass 
of the system and the radii of projectile and target, as taken 

27 from Myers' systematics. In order to solve the above equation, 
the Coulomb potential V^, the nuclear potential V , the radial 
friction form factor f (r) and the tangential friction form 
factor ffl(r) have to be specified. The -Coulomb potential pro-

14 posed by Bondorf, Sobel and Sperber for heavy ions was taken 
for all calculations. For the nuclear potential the proximity 

2 8 2 0 
potential, a modified version of the proximity potential and 12 the Krappe-Nix potential were chosen. In the modified version 
of the proximity potential derived from the consideration that 
the maximum nuclear density is limited to the nuclear bulk value, 
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the repulsive hard core of the normal proximity potential is 
absent. The proximity potentials were used in conjunction with 

18 
the proximity friction force given by Randrup, which is essen­
tially due to the mechanism described in section 4.1. The 

12 
Gross friction force with radial and tangential strength para­
meters of k = 2.5 • 10"26 and k = 10"28 sec fm2 MeV"3 was used 
in connection with the Krappe-Nix potential. 

Fig. 20 shows the results of the classical calculations 
solving Eqs. (4.15) in comparison with the data (full symbols) 
obtained from the partial-wave analysis. The lowest part of 
Fig. 20 depicts the deflection function. The general trend of 
a Coulomb-dominated behavior is reproduced about correctly, but 
the theoretical calculations show too much structure due to 
the Coulomb and nuclear rainbows, and the modified proximity 
potential leads to fusion for 4. < 150, which appears to be 
unphysical. 

The uppermost part of Fig. 20 shows the interaction times 
as a function of 4.. Here the interaction time in the calcula­
tion is defined as that period of time, where the distance 
between the centers of the two is smaller than the interaction 
radius. The calculations using the soft proximity and the 
Krappe-Nix potentials qualitatively reproduce the results of 
the phenomenological analysis, whereas the hard core of the stan­
dard proximity potentials yields much shorter interaction times 
for 4. < 250. 

The middle part of Fig. 20 shows ET as a function of 4.. r * Loss l 
It is obvious that all three calculations fail to reproduce the 
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large energy losses observed. To a large extent this is due 
to the fact that no shape-degrees of freedom were incorporated 
into the calculations, so that the available energy above the 
Coulomb barrier is an upper limit for the energy which can be 
dissipated. . The importance of deformations is demonstrated by 
the fact that events with a total kinetic energy as low as 
270 MeV have been observed. This energy corresponds to the 
Coulomb repulsion of two spherical Bi and Xe ions 23.6 fm apart 
and is close to the lowest E-value (280 MeV) observed at 1130 MeV 

29 bombarding energy and comparable to the predicted mean kinetic 
energy (300 MeV) released by fission of a fictitious compound 
system { Xe + Bi}. This may indicate that the highest energy 
losses occurring, in a strongly damped collision are.not determined 
by the details of the reaction mechanism, but by the same proper­
ties of nuclear matter which govern the snapping of the neck in 
fission. 

The importance of surface degrees of freedom (vibration 
21 or forming of a neck ) is less obvious for more peripheral 

collisions. Fig. 20 shows that calculations for spherical ions 
understimate the energy loss as compared with phenomenological 
analyses for-all £-values. Inclusion of a neck degree of freedom 
strongly enhances the energy loss even for large impact para­
meters., but it appears premature to conclude from this comparison 
that deformations are important for peripheral collisions. 
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D. Transport coefficients derived from the phenomenological 
model 

In the framework of a diffusion model, the time evolution 
of an observable x such as the charge transfer AZ = Z - Z in the 
reaction is governed by the Fokker-Planck equation 

_L_p(x,t) - ̂ - [v(x,t) • P(x,t)]+-ii [D (x,t) • P(x,t)] (4.15) 
at 3x x 3*2 x 

where v and D are the drift and diffusion coefficient, respec­
tively. For constant transport coefficients the solution of 
Eq. (4.15) is a Gaussian 

P(x,t) = (47rDx-t)"1/2.exp[- (x - v xt) 2/ (4Dxt) ] (4.16) 

where the variance and the centroid of the distribution are given 
2 by a = 2D «t and x = v t, respectively. As discussed in section 

IV. A, however, there is no reason to expect the transport 
coefficients to be time-independent, since the exchange of nucleons 
certainly depends strongly on the relative distance between the two 
nuclei. Time-dependent transport coefficients still lead to Gaussian 
solutions, however, if they do not depend explicitly on the variable 
x. The experimental Gaussian shape of the Z distributions shown 
in Fig. 12 indicates therefore only that the charge drift coefficient 
v and the diffusion coefficient D~ are very weakly dependent on the 
fragment charge Z. The experimentally measured variance can then be 
written as 

2 T _ 
°Z 2 / D Z ( t ) ' d t = 2 Dz • T (4.17) 
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where a time-averaged diffusion coefficient D» has been defined 
by introducing the interaction time x. Since the latter has been 
extracted from the data using the phenomenological procedure 
described in section 4.2, it is possible to determine the experi­
mental value of the time-averaged diffusion coefficient D,. Since 

2 
the interaction time T as well as the width a- are strongly de­
pendent on the impact parameter, it is expected that these dif­
fusion coefficients are functions of the angular momentum in the 
entrance channel: TL = EL(4.). . Assuming the non-sticking model 
for the derivation of the interaction times, the two curves shown 
in Fig. 21 are obtained using Eq. (4.17). For both bombarding 
energies, the diffusion coefficient rises, quickly with decreasing 
I for angular momenta close to the grazing 4, but reaches a plateau 
for intermediate arid low 4 values. As has been pointed out in 
Ref. 1, this behavior might be attributed to the presence of the 
conservative and radial friction forces, which limit.the inter-
penetration depth of the two colliding ions over a wide range of 
4 values. Thus the size of the window between the ions which 
largely determines the flux of nucleons and hence the diffusion 
coefficient remains rather constant for 4 < 0.7 • 4 . 

The saturation values of the diffusion coefficients D_ are 
2 2 -1 22 -1 

1.1 • 10 sec and 0.6 • 10 sec for the high and low bom­
barding energy, respectively. It is not surprising that for the 
lower energy D_ is smaller, since the Pauli blocking of nucleon 
exchange is more effective and, in addition, the trajectories for 
a given impact parameter penetrate less deeply, thus reducing 
the size of the window for nucleon exchange. 
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An inspection of Fig. 12 shows that the centroids of the 
charge distributions drift slightly towards symmetry with in­
creasing energy loss. Drift and diffusion coefficients are-related 
by the Einstein relation to the driving force 3U/3Z and the nuclear 
temperature T: 

V 2DZ • T 2T 3Z 

The model-independent experimental ratio AZ/a_ is approximately 
constant and equal to 0.21 ± 0.1 for energy losses up to 120 MeV 
and decreases steadily beyond 120 MeV. If the temperature T is 
given by the intrinsic temperature of the nucleus , which is 
related, in a Fermi gas model, to the total excitation energy E 
by 

aT2 = E* jv EIrtCC (4.19) 
\, Loss 

where a is the level density parameter of the combined system, 
then the magnitude of the right hand side of Eq. (4.18) is large 
for grazing collisions, which are characterized by a small loss 
of kinetic energy provided the driving force is not too small. 
Therefore, a very fast, non-diffusive energy-loss mechanism has 

32 
been postulated , which would heat the system to a high tempera­
ture before the diffusion starts and thus explain the experi­
mentally observed small drift. 

The inclusion of the Pauli principle in the description of 
the nucleon exchange processes, however, gives a better account 

2 
of the experimental ratios AZ/a, without the necessity to intro­
duce additional dissipation mechanisms. The quantum mechanical 
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70 

treatment" reveals that the quantity T entering in Eq. (4.18) is 
merely a measure of the phase space available for nucleon exchange 
and equal to the nuclear temperature only in a certain limit. As 
has been discussed in Section IV. A, the relative motion of the 
colliding nuclei opens otherwise inaccessible parts of the phase 
space and has therefore similar effects as a non zero tempera" 
ture. To estimate which intrinsic temperature T is equivalent 
to a given relative momentum k, one may assume that a spherical ­

* 2 2 
shell of thickness 2T and mean radius kp with Tp = h kp /2m 
contributes to nucleon exchange between two hot nuclei at rest. 
This shell has a thickness Ak = k, ­ k2 in k­space given by: 

27 = fe (ki "
 k
? ) = ­ ^

 A k 
Zm

 v 1 Z m (4.20) 

The ratio of the volume of this shell to the total volume is 
equated to 1/a where a is determined by Eq. (4.9), giving 

4TT k ' Ak 
F 

4TT kp3/3 
3 k_ 
2 k, (4.21) 

and yielding Ak = (l/2)k. Inserting Ak into Eq. (4.20) defines 
an "effective temperature" T for intrinsically cold nuclei 
colliding with a relative momentum k per nucleon: 

­,1/2 
(4.22) 

2 

4"m ■'.ti k = — K
F 2 

r­(Ecm ­ vc) 

Inserting the parameters of Table I yields an effective tempera­
ture of 4.1 MeV for the present experiment (940 MeV) in the limit 
grazing collisions. A more refined calculation by Schroder et al. 
leads to a value of 3.5 MeV. 
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In order to compare this result with the experiment, it is 
necessary to obtain an estimate of the static driving force 3U/3Z. 
It can be calculated for spherical nuclei approximately from the 
liquid-drop masses of the two fragments and the Coulomb, centri­
fugal and nuclear potentials. Evaluating the total potential at 
the strong-absorption radius for grazing collisions yields a 
driving force of about -1 MeV/Z-unit, depending somewhat on the 
details of the calculation. Inserting this value and the effective 
temperature into Eq. (4.18), one obtains a theoretical value of 

2 0.14 for AZ/a- . This value is in qualitative agreement 
with the experiment, therefore, the inclusion of the Pauli 
principle readily explains the low value of the drift measured 
in these experiments without the necessity of introducing an.addi­
tional energy loss mechanism. 

It should be noted that nucleon exchange is a fast mechanism 
in the sense that most of the energy loss associated with nucleon 
exchange happens during the approach phase of the reaction, where 
the relative momentum k is high and therefore the energy loss rate 
is large. Thus there is less of a qualitative discrepancy between 
models with.high initial energy loss such as the one proposed by 
Gross et al. and the.diffusion model than is frequently assumed. 
V. YIELD OF SUBSEQUENT FISSION 

As has been discussed in Section III.. V, there is evidence for 
sequential fission of the excited Bi-like fragments in approximately 
30% (f=0.30) of all non-elastic events. In the following section, a 
simple formalism will be discussed, which allows this fraction to be 
calculated using known fission properties of heavy elements. The 
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basis of the formalism is a study of the energy dependence of the 
ratio of neutron to fission width, r /Fr. Assuming the evaporation 

model description for r and the Bohr-Wheeler formula for Tr , r n ± 
and adopting a Fermi gas expression for the level densities 
entering these models, one-obtains the following expression for 
the excitation energy dependence of ?-./?£' 

2/3 * 
r^ _ 4A*/3 af(E • Bn) 
Ff kQ an(2af

1/2(E*- E f ) 1 / 2 - 1) 

x exp (2an1/2(E*- B ^ 2 - Z a ^ C E * - Ef)1/2)(5.1) 

2 2 where k = # /2mr - 9.8 MeV, B is the neutron binding energy, 
Et is the effective fission barrier, a the level density para- . 
meter at equilibrium, and a^ is the level density parameter at 
the saddle point. Using a compilation of values for B , Er and 
a /a, as measured for low excitation energies E for 15 nuclei 
between Lu and U, it is possible to extrapolate r /Tr to the high 
excitation energies observed in strongly damped collisions. 

Since Tr/r shows a very steep, exponential dependence on 
the excitation energy, it is possible to associate with the con-

* 

dition r =Tr a critical excitation energy E , constituting a 
rather sharp boundary between the regimes of deexcitation by 
neutron emission and by fission. In Fig. 22 calculated values 
of E_ are plotted as open circles vs. the atomic number Z. An 

cr r r 

approximately linear relationship between E and Z results, 
given by: 

* / 808 - 8.9 * Z MeV Z < 91 
ECTit(Z) = { (5.2) 
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The filled rhomboids indicate measured values for E c r^ t ' b' , 
It can be seen that there is good agreement between the existing 
meacurements and the extrapolations. In deducing Eq. (5.2)' the 
dependence of E on A has been removed by averaging over the 
broad isotopic distribution of a given element produced in a 
strongly damped collision. 

The effect of angular momentum on the fission probability 
can be taken into account by renormalizing the values of Ecr(Z) 
for the angular-momentum-dependent fission barrier and neutron 
binding energy . Hence, the inclusion of a nuclear angular mo­
mentum J leads to a modification of Eq. (5.2), where the critical 
energy E now depends on both Z and J. 

* /E* (Z) ' (l-J2/6400) J < 80H 
E__(Z,J) = \ c r " (5.3) c r * 0 J > 80K . 

Alternatively, Eq. (5.3) can be interpreted as a definition 
of a critical atomic number Z (E ,J) for each given excitation 
energy and spin, such that all elements with Z > Z decay by 
fission. 

From the- measured charge distribution of the Xe-like frag­
ments the distribution of the heavy fragments can easily be 
deduced assuming that charged-particle evaporation is not an 
important process. Thus the centroid of the heavy fragment-Z 
distribution is given by 

<Z>H = ZT + Zp * <Z>L (5'4) 

2 and the variances a_ corresponding to heavy and light fragments 
are equal. 
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In addition, assuming a model for the relation between ET 
& ^ Loss 

and the amount of angular momentum transferred into intrinsic 
spin - such as the non-sticking or sticking models - the two-

* 
dimensional surface Z (E ,J) can be reduced to a one-dimensional 

cr J 

* * 
function Zcr(E )• The excitation energy E can be obtained 
from E. , since the division of the available excitation energy 
occurs approximately proportional to the masses of the fragments 31,37 

For a Gaussian charge distribution, the cross section °"sp(E ) for 
sequential fission can then be calculated by integrating the 
charge distribution from Z_ fE ) upwards: 

cr 

AoSF(E ) = 
AaD(E ) 
a2(E )/!? Z^ ( E * (E ) 

x exp 
-(Z - <Z>H(E*))2 

TZ2 dZ (5.5) 

In Eq. (5.5) AaR(E ) is the reaction cross section for a 
particular E-bin. • The total probability f for sequential 
fission is obtained by summing AoSp for all excitation energies. 
The results are compiled in Table VI for the non-sticking model 
and for a more realistic J-distribution where J(4.) was para­
meterized by 

4.-4 -1 
J(^) - J0(*i)(l + exp 1

 A °) (5.6) 
and 

J»,r 
(5.7) j0cii) = V 1 • jf)VJT + v1 

Here, J is the spin transfer to the heavy fragment in the 1 
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sticking limit, and values of 4 = 283 and A = 45 were estimated 
o 

from Ref. 30. 
The effect of charged-particle evaporation was studied 

by reducing <Z>H arbitrarily by one Z-unit before integrating 
Eq.(5.5). It was seen that the results are not sensitive to the 
assumptions entering the calculation, and the theoretical values 
compare favorably with the experimental result. For the 1130-MeV 
data sequential fission of the heavy fragments is predicted to 
occur with about 50% probability. In Fig. 23 the cross section 
dacr/dE. „,. is shown for sequential fission as a function of E, „,. or Loss ^ Loss 
for the 940 MeV data as calculated from Eq. (5.S). 
VI. CONCLUSIONS 

The study of the reaction Bi + Xe at a bombarding 
energy of E. , = 940 MeV allowed, in connection with a previous 
experiment performed at E, , - 1130 MeV, a detailed investigation 
of the bombarding energy dependence of strongly damped reactions 
and, in addition, confirmed conclusions drawn from the previous 
experiment. The angular distribution of the reaction products 
is characteristic for a fast peripheral process and is strongly 
dominated by the repulsive Coulomb force, although a considerable 
rotation of the dinuclear system is observable. 

The element distributions of the reaction products for different 
energy losses are Gaussian and consistent with a diffusion model 
employing diffusion coefficients that are independent of the atomic 
number Z. These diffusion coefficients are dependent on the impact 
parameter for grazing collisions and constant for more central 
collisions. 

The study of the relation between the dissipation of kinetic 
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energy and the width of the charge distribution as a function of 
the bombarding energy indicates that a classical description of 
nucleon exchange is not valid. Instead, consideration of the 
blocking of the.nuclear orbitals available for nucleon transfer 
due to the Pauli principle is essential for an understanding of 
this relationship as well as of the. ratio between charge drift 
and diffusion. In a simple model,.the degree of blocking is in­
versely proportional to the momentum per nucleon of the relative 
motion and thus most effective for collisions at low bombarding 
energies. Further, more refined dynamical, calculations including 
this blocking effect will be necessary to understand quantitatively 
the experimental results and to decide whether or not energy dissi­
pation due to statistical nucleon exchange can account com­
pletely for the large amounts of dissipated energy observed or 
if additional energy loss mechanisms have to be included. Further 
simultaneous measurements of mass and Z distributions at different 
bombarding energies of selected systems will be helpful,, because 
of a strong and characteristic velocity dependence of these 
processes. 
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TABLE I. A comparison of the reaction parameter for the system 
Bi + Xe at two bombarding energies. 

Quantity 94 0 MeV 1130 MeV Units 

c
Lab 

E
cm 
91/4(lab) 
e1/4(c.m.) 
u (reduced mass) 
k^ (wave number) 
n (Coulomb­parameter) 
RINT (Fresnel) 
4 (Fresnel exp.6. ,.) 
oR ( ) 
aR (exp) 
Rs, (optical model) 
Y
C
 (R

INT^ 
T = E r m ­. V r(RT V T0 o c .m. C I N T 

' E c . m . " V C ( R I N T 5 ' / » 

peak in daR/dft(lab) 
peak in (c.m.) 

940 
569 

o 
43.5 
70.1° 
82.4 
47.37 
268.4 
15.5 
3 83 
2.06 
2.09 
15.5 

416 
152 
1.86 
39.5° 
64.5° 

1130 
684 

o 
33 

e 

. 54 
82.4 
51.94 

244.8 
15.1 ■ 

480 
2.70 
2.80 
15.2 

4 28 
256 
3.11 
o 

30 
o 

50 

MeV 
MeV 
deg 
deg 
u 
fm ­1 

fm 

b 
b 
fm 
MeV 
MeV 
MeV/u 
deg 
deg 
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TABLE II. The angular distribution of the Xe-like fragments 
in the C-M system, integrated over all Z and all E values 
between 260 and 545 MeV. This accounts for 80% of the reaction 
cross section. The unit of the table entries is mb/sr. 

+0° +1° +2° +3° +4° +5° +6° +7° +8° +9° 

40° 
50° 
60° 
70° 
80° 
90° 

-
39 
317 
760 
256 
121 

-
52 

408 
655 
240 
112 

-
65 
505 
617 
231 
93 

-
74 
865 
556 
203 
73 

10 
94 

1046 
489 
172 
61 

15 
126 
1033 
438 
164 
50 

22 
159 
994 
386 
159 
42 

25 
178 
921 
348 
158 
37 

28 
182 
859 
309 
149 
30 

33 
200 
783 
276 
130 
25 

The charge distribution of the Xe-like fragments, integrated over 
angle, 40° < 6 < 100°, and E values between 260 and 545 MeV. The ° — cm — 
units of the table entries are mb/Z-unit. The (*) indicates 
contamination with sequential fission events. 

Z +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 

40 6* 6* 6* 8* 9* 9* 11 14 18 29 
50 44 64 121 194 224 229 190 148 108 80 
60 62 45 36 26 17 12 6 4 2 1 



-161-

TABLE III. 209
Bi + 136Xe at ET =940 MeV (E = 569 MeV) 

L
 v cm 

The first E window is 23 MeV wide, all others 26 MeV. The 
variance o-2 is corrected for the experimental Z resolution'. 
The total cross section accounted for amounts to 1.96 
barns, e is the angle, where da/dn has its maximum in 

max ° cm 
the C-M system for each . E bin. 
in 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

<E> 
MeV 

558 
533 
507 
481 
455. 
429 
403 
377 
351 
325 
299 
273 

<E, > 
loss 
MeV 

12 
35 
61 
87 
113 
139 
165 
191 
217 
243. 
269 
295 

'z
2 

0.4 ± 0.2 
1.2± 0.3. 
2.3 ± 0.4 
3.6 ± 0.4 
5.7 ±0.8 
9.7 ±1.5 

13.0 ±2.5 
19.9 ±3.3 
29 ± 7 
'39 ± 1 5 

<z> 

54 ± 0.1 
54.3± 0.3 
.54.5 ±0.5 
55.1 ±0.5 
55.6 ± 0.7 
55.9 ±0.7 
56.0 ±1.0 
56.3 ±1.0 
56.8 ±1.0 
■57.0 ±1.5 

da/dE 
mb/MeV 

14.2 -
10.4 
7.1 . 
6.1 . 
6.3 
7.2 
7.8 
7.1 
5.2 
3.1 
1.7 
0.9 

e 
max 
deg 

64 
64 
66 
67 
68 
69 
70 

. 72 
72 
76 
76 
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TABLE IV. Comparison of experimental and theoretical slopes, • l 
m /A\x x 2 

from the linear relation of 4n(T/T_) vs. a- for the 
Bi + Xe reaction at bombarding energies of 940 and 1130 MeV. 

This slope is a measure of the fraction of energy loss associated 
with nucleon exchange. The quantity y/m is the reduced mass 
number of the dinuclear system, T =E, -Vr and T = E_ -Vr-ET „ffff . 

' o cm C cm L. Loss 
The values of x = 1 and x. = 2 represent extreme assumptions of 
uncorrelated and correlated proton and neutron exchange, respec­
tively. For the.classical model a = 1 (see Eq. 4.8). For the 
quantal model (see text).a is calculated approximately by Eq. 4.9 
and always has. a numerical value larger than one. 

E, u: (MeV) Experimental Slope Classical Slope Quantal Slope 
(see Fig. 16) x=l x=2 x=l x=2 

940 
1130 

0 . 2 5 

0 . 1 1 

0 . 0 3 

0 . 0 3 

0 .08 

0 .08 

0 .09 

0 .07 

0 . 2 3 

0 .17 



TABLE V. The results of the angular momentum decomposition. 
Non-sticking model Sticking model 

Bin tf 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

<E, > Loss 

MeV 

12 
35 
61 
87 
113 
139 
165 
191 
217 
243 
269 
295 

<SL j> 

tf 

376 
340 
314 
294 
273 
249 
219 
184 
150 
122 
102 
90 

A0 

deg 

7.5 
13.6 
16.8 
20.3 
24.4 
29.4 
36.5 
46.9 
60.6 
66.4 
73.3 

T 

10"22sec 

1.2 
2.4 
3.1 
4.0 
5.2 
6.9 
9.8 
14.9 
23.7 
31.9 
42.1 

DZ 

1022sec_1 

0.17 
0.26 
0.37 
0.44 
0.S4 
0.70 
0.67 
0.67 
0.61 
0.61 

<l -> 

-n 

288 
261 
241 
225 
209 
191 
168 
141 
115 
94 
78 
69 

AO 

deg 

14.9 
21.2 
24.4 
27.9 
31.8 
36.6 
43.1 
52.9 
65.7 
70.6 
76.8 

T 

m-22 10 sec 

3.8 
6.0 
7.5 
9.1 
11.2 
14.2 
19.0 
27.7 
42.2 
55.8 
72.6 

Dz 
1022sec"] 

0.05 
0.10 
0.15 
0.20 
0.25 
0.34 
0.34 
0.36 
0.34 
0.35 
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TABLE VI. Probability f = aec/aR for sequential fission of 
the heavy (Bi-like) fragments. 

Bombarding energy (MeV) 940 1130 

Experiment 0.30+0.15 
NS Model 0.32 . 0.49 
Realistic J-distribution 0.37 
NS Model and charged particle evap. .0.27 
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FIGURE CAPTIONS 

Fig. 1. Laboratory energy spectra of the reaction products. 
taken at the angles indicated. 

Fig. 2.. The experimental ratio da£. /^°DTJTH °^ t*le e^ast^c" 
to Rutherford cross section as a function of the center 
of mass scattering angle is compared to calculations 
using the generalized Fresnel model (dashed curve) and 
an optical model (solid curve). 

Fig. 3. Laboratory angular distribution of the light, Xe-like 
reaction products. The curve is to guide the eye. 

Fig. 4. Center-of-mass angular distribution of the reaction 
cross section for events with total kinetic energies in 
the indicated range. This distribution accounts for 
80% of the total reaction cross section. 

Fig. 5. The Z distribution of projectile-like fragments inte­
grated over the indicated angle and TKE range. The 
low-Z wing of-the distribution is slightly affected 
by incompletely removed events from sequential fission 
of the heavy fragment. 

Fig. 6. The energy-loss spectrum of the Bi+ J Xe reaction 
for 940 MeV and 1130 MeV bombarding energy. The energy-
loss ET„„„ is defined as the difference between the 

Loss 
center-of-mass asymptotic kinetic energies in the 
entrance and exit channels. The arrows indicate the 
available kinetic energy in the entrance channel 
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7. Laboratory angular distribution of the heavy, target-
like reaction products. The curve is intended to.. 
guide the eye. 

8. Center-of-mass energy spectra for 3-Z units wide bins. The 
centroid of each bin is indicated for each curve. The arrows 
represent Coulomb energies for spherical fragments. The 
curves are arbitrarily displaced along the ordinate. 

9. Angular distribution of the damped reaction cross sec­
tion as a. function of the fragment Z. 

10. Double-differential cross section d2o/(dEdn) plotted 
as a contour diagram (Wilczynski plot) in the TKE-
versus-scattering-angle plane. 

11. . Angular distribution for 26-MeV-wide TKE bins, inte­
grated over the Z-range indicated. The centroid energy 
for each bin is given at each curve. 

12. Fragment Z distributions plotted as a function of the 
total kinetic energy indicated at the curves. The 
TKE bins are 26 MeV wide. The curves represent Gaussian 
fits. The distribution at the bottom corresponds to 
elastically, scattered Xe-ions and illustrates the experi­
mental Z resolution. The arrow labeled FF indicates 
contamination with sequential fission of target-like 
fragments. 

13. Experimental correlation between E. ,.„ and the variance 
r loss 

a_2- of the fragment charge distribution for two bombard­
ing energies. The insert shows the same data on a 
larger scale. 
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« . 
Fig. 14. The width (FWHM) of the fragment Z distribution is 

plotted versus the reaction angle for various bins-of 
the total kinetic energy. The horizontal lines repre­
sent fits to the angle-integrated Z-distributions as 
shown in Table III. 

Fig. 15. Triple-differential cross sections d3a/(dZdn) plotted as 
contour diagrams with the atomic number of the fragment 
as parameter. AZ = Z - 54 is the difference between the 
centroid of each Z bin and the atomic number of Zenon. 

Fig. 16. The variance o2
2 of the charge distribution is plotted 

versus the logarithm of the ratio T /T of the available 
kinetic energy in the entrance and exit channel. The 
slope of the resulting linear dependence is a measure 
for the contribution of the momentum transfer by nucleon 
exchange to the total observed kinetic energy loss. 

Fig. 17. Correlation between the angular momentum in the entrance 
channel and the loss of total kinetic energy. The de­
composition of the cross section into partial waves 
assumed a monotonic relation between angular momentum 
and kinetic energy loss. 

Fig. 18. The average experimental deflection functions for 940 
and 1130 MeV is compared to the sum of the Coulomb 
deflections in the entrance and exit channels for the non-
sticking and sticking models at 940 MeV bombarding energy. 

Fig. 19. The angular momentum dependent interaction times for 
940 and 1130 MeV bombarding energy. 
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Fig. 20. The experimentally deduced deflection function, total 
kinetic energy loss and interaction time as a function 
of the. angular momentum are compared to classical 'tra­
jectory calculations, using potential and friction form 
factors as indicated. No deformations are taken into 
account. 

Fig. 21. Average proton number diffusion coefficients 

^2 (ai) a s a function of the angular momentum for two 
bombarding energies. The curves are. to guide the eye. 

Fig. 22. A systematic relationship between the atomic number Z and 
excitation energy E , where fission width r, and neutron 
width r are equal. The straight line is a fit to the n . 

* data, and separates the Z - E plane into the domains of 
deexcitation by neutron emission and by fission, 
respectively. 

Fig. 23. The cross, section doSp/dE for sequential fission of 
the heavy, Bi-like fragment as a function of the total 
kinetic.energy loss at 940 MeV bombarding energy. The 
broken curve.indicates the total reaction cross section. 
da„/dE,. as deduced from the Xe-like fragments. 

• P 
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ABSTRACT 

Results of recent nuclear reaction studies on the 2 0 9Bi + 56pe system are 

analyzed in order to investigate the cross sections for production of 

spontaneously f issioning species with 90 < Z <.100. This reaction is nearly 

ident ical to those used as the basis for ident i f i ca t ion of new elements with Z 

= 104 -107, reported to be spontaneous.fission emitters. Evidence is 

presented which indicates that actinide elements are formed with primary 

y ie lds of the order of mi l l ibarns in strongly-damped col l is ions of 464 MeV 

5^Fe with 2°9Bi. Although strongly depleted by f ission competition, f ina l 

y ie lds of possible spontaneous f iss ion ac t i v i t i es 240f-244fAm, 234-238r,f and 

242-246pm a r e . calculated to be of the order of nanobarns. These results 

suggest that the spontaneous f iss ion ac t i v i t i es observed in similar reactions 

may be due at least in part to f ission decay of actinide elements rather than 

elements with Z = 104 -107. 

NUCLEAR REACTIONS 2 0 9Bi( 5 6Fe,X) , E = 464 MeV; measured a for discrete Z and A 

for Fe- l ike fragments; deduced primary and f ina l y ields for Z = 90 - 100 

partners with SF ha l f - l i ves in ms-to-s range. 
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In studies of reactions induced by T i , Y, Cr, Mn and Fe ions on T I , Pb 

and Bi targets, Oganessian and co-workers*"4 have reported evidence for the 

discovery of several isotopes of the elements with Z = 104 -107. Al l of these 

species have been ident i f ied as spontaneous f ission (SF) emitters with 

character ist ic ha l f - l i ves ei ther in the range of 1-10 milliseconds or a few 

seconds. Atomic number ident i f i ca t ion has rel ied upon the assumption that the 

observed parent nuclide is produced by complete fusion of target and 

p ro jec t i l e , followed by equi l ibrat ion via neutron emission to the ground 

state. Cross sections of the order of 0.1-1 nanobarn or less are associated 

with these products. A summary of the targets and project i les used in the 

experiments of Ref. 1-4 and the reported ha l f - l i ves of the Z = 104-107 

products is presented in Table I . 

A par t icu lar ly s t r i k ing aspect of these studies1"4 has been the 

spontaneous f iss ion h a l f - l i f e systematics for element 104. The reported 

ha l f - l i ves exhibi t a very weak dependence on even neutron number for N = 150 

-156, whereas for l ighter even-Z elements the ha l f - l i ves decrease by 2-3 

orders of magnitude for each additional pair of neutrons from N = 152-156. 

Recently, our group^ has performed counter experiments in order to 

investigate the nuclear reaction mechanisms which characterize a similar 

reaction., 209Bi +• 5*>Fe. I t is the purpose of th is paper to discuss the 

implications of these results.on the work of Refs. 1-4. The measurements 

involved determination of cross sections as a function of energy loss for 

Fe-l ike fragments using a AE-E t ime-o f - f l i gh t system that provided discrete 

mass and atomic number ident i f i ca t ion^ . Self-supporting targets of -500 

ng/cm2 metal l ic bismuth were bombarded with 464-MeV 56pe i o n s f r om ^ne 

Lawrence Berkeley Laboratory SuperHILAC accelerator. From the binary nature of 

the damped co l l i s ion process^ i t is thus possible to infer the yields of the 

primary heavy recoi l nuclei . In addition the fusion-f ission cross section has 
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been measured, which permits evaluation of the contribution of fusion 

processes in these reactions. 

Of part icular relevance to the question of the source of the spontaneous 

f iss ion ac t i v i t i es reported in Refs. 1-4 are the following results from 

our studies: 

(1) The nucleon dif fusion process in damped col l is ions induced by 56pe 

ions favors a Z -d r i f t in which protons are preferent ia l ly transferred from the 

p ro jec t i le to the target, reu l t ing in a net mass d r i f t in the same di rect ion. 

This serves to enhance the yields of actinide products. I t is expected that 

other project i les in the Ti-Fe region w i l l exhibi t this same behavior. 

(2) For damped reactions the y ie ld of heavy reaction products is 

determined primari ly by the choice of target nucleus, since the target 

represents the in ject ion point for the nucleon dif fusion process. The major 

addit ional factor which influences the product yields is the neutron-excess 

(N-Z) of both target and p ro jec t i l e . 

(3) The fusion-f ission cross section is found to be about 500 mb for the 

209si + 56pe reaction at bombarding energies of 385 and 480 MeV. Despite the 

reduced reaction cross sections expected at lower energies and the high 

f i s s i l i t y of such composite nuclei , th is resul t leaves open the poss ib i l i ty of 

forming evaporation residues for reactions of th is type although with very . 

small cross sections. In Refs. 1-4 i t is assumed that the observed SF 

ac t i v i t i es are the products of complete fusion reactions in which a compound 

nucleus is formed, followed by de-excitation via neutron and gamma emission. 

No account is taken of the large (>70%) fract ion of damp!ed col l is ions in 

reactions of this type or of the constraints imposed by the maximum l iqu id 

drop angular momentum U|_Q«60 -if) for nuclei in the Z-104 region?. Based oh 

th is l a t t e r point, i t is expected that the maximum in the excitat ion function 

for true compound nucleus fromation in reactions of th is type should be about 
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150 mb. 

In view of the f i r s t two points l i s ted above, i t is of interest to 

examine the poss ib i l i t y of forming known spontaneous f iss ion emitters with 

Z<104 with ha l f - l i ves in the millisecond and second range by means of damped 

co l l i s ions in the 2^9Bi + ^Fe reaction, where detailed nuclear reaction data 

are now available. Known candidates for such products are the spontaneous 

f iss ion isomers of americium (Z = 95) and ground state SF ac t i v i t i es of 

fermium (Z = 100). In addition the unknown isotopes 234-238r,f a r e estimated to 
98 

have ha l f - l i ves in the 1 ms -1 sec range with possible s igni f icant SF 

branching ra t ios . Other poss ib i l i t i es may also exist since the strongly 

damped products populate a large number of unknown neutron-deficient nuclei 

with Z > 90. In Table I I the measured properties of the Am and Fm isotopes 

and the estimated properties of the Cf isotopes of interest here are l i s t ed . 

In estimating the SF ha l f - l i ves , tsF, for Cf isotopes, a systematic dependence 

of log tsF on neutron number that is intermediate between curium and fermium 

SF behavior has been assumed. I f Fm-like SF systematics are assumed for Cf, 

ha l f - l i ves 102 -10^ times shorter resul t ; Cm-like SF systematics lead to 

ha l f - l i ves much longer than those in Table I I . 

In Fig. 1 the experimental charge d is t r ibut ion for p ro jec t i l e - l i ke 

fragments formed in the bombardment of 2 ^ B i with 464-MeV 56pe i o n s - js . shown. 

The charge resolution in these experiments was FWHM <0.8 Z uni ts , whereas the 

mass resolution was FWHM <0.7 mass uni ts . The primary charge d is t r ibut ion is 

assumed to be identical to the experimental charge d is t r ibut ion since 

charged-particle emission has been determined to be negligible in th is 

react ion.^ I t is apparent that s igni f icant yields of Z = 9-19 products 

(corresponding to Z = 100-90 primary heavy partners) can be produced in damped 

co l l i s ions . The mass- , angle- and energy-integrated cross sections for Z = 

90-100 primary yields are tabulated in Table I I I , assuming the reaction is 
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binary in nature. Table III constitutes the basis for the absolute yields 
quoted below. Another possible source of fragments with comparable Z values 

in these reactions is projectile breakup,.which has been reported for 
heavy-ion collisions at higher bombarding energies.8 On the basis of the 
continuous transition from Z = 26 to much lower Z values in the Z yields shown 

in Fig. 1, it is concluded that projectile breakup is not a dominant source of 
such fragments. In addition it should be. pointed out that light element 
target contaminants such as oxygen cannot contribute to the observed yields in 

these experiments since the angle of measurement was substantially larger than 
the grazing angle for possible competing reactions; e.g., 16o(f>6Fe,52Cr)2C'Ne. 

Figure 2 shows a plot of the most-probable value of the fragment atomic 

number, 7 , versus the most probable mass number, A", for the primary fragments. 

(The A results are corrected for neutron evaporation as described in Refs. 5 

and 10). The N/Z ra t io of the most probable l i gh t fragments is found to 

approach unity (H/T = 1.1) for the lowest Z values, indicating the influence 

of the ground state mass surface on the nucleon di f fusion process. For 

example, for Z = 14 a value of A" = 29.5 is found, corresponding to a 

most-probable complementary product for Am with A" = 235.5. A similar analysis 

leads to A" = 242 for Cf and X = 245 for Fm. Gaussian distr ibut ions were 

assumed to describe the mass and energy distr ibut ions of the products. 

Analysis of the fragment mass d is t r ibut ion data for f ixed Z in the range 9 < Z 

c 19 yields an average value for the variance of the mass d is t r ibut ion of a2 

(Z) =. 3.0, based on rather poor s ta t i s t i cs . This value is somewhat smaller 

than that for the more probable Z values near Fe, where one finds a nearly 

constant value of a2 (Z) = 4.0 for energy losses greater than 30-40 MeV. For 
A 

the purpose of these, calculations we have used a 2 (Z) = 3.0 as a lower limit 
A 

on the variance and a2 (Z) = 4.0 as an upper limit. 
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Primary mass yields for 240"244Am, 234-238Cf a n d 242-246pm isotopes are 

listed in Table IV. The energy loss (E-|oss) distribution for Z = 14 is found 

to have a most probable E-|0SS value of 240 MeV and a FWHM of about 40 MeV. 

This energy distribution and the ground state masses of Li ran and Zeldes9 were 

used to determine the excitation energies of the primary fragments. With 

respect to the ground state Q-values, Qgg, i t is important to stress that 

these values are highly negative for the reactions of interest here (e.g. , for 

production of 240Am, Qgg = -137 MeV). As a consequence, even for rather large 

values of projectile energy loss, diffusion processes which transfer a large 

net number of nucleons yield products which are formed in relatively low 

states of excitation. If i t were not for this fact, the final yields 

discussed below would be much smaller. 

Although the primary yields of Am, Cf and Fm isotopes are found to be 

quite substantial compared to the cross sections of 1 nb or less reported for 

the Z = 104-107 spontaneous fission emitters1"4, fission competition during 

de-excitation of the primary fragments strongly depletes these yields. In 

order to estimate the final cross sections, we have calculated the 

probabilities for de-excitation as a function of E-|0SS, assuming neutron 

emission and fission are the major decay channels. The excitation energy of 

the primary fragments was assumed to be determined by the energy loss (divided 

according to the mass ratio of the fragments10) and the calculated Qgg-values. 

The neutron-to-fission decay widths, rn/rf, tabulated by Vandenbosch and 

Huizenga11, were used to estimate fission probabilities at all stages of the 

de-excitation process, which was followed using standard statistical methods12 

to determine the final fragment yields. No attempt was made to include an 

angular momentum dependence in the estimation of r n / r f for the following 

reasons: (1) because of the very low fission barriers for the actinide 

elements, the effect of angular momentum on rn / rf is much less pronounced than 
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in lighter systems where barriers are much larger, and (2) most of the yield 
of heavy fragments which survive fission de-excitation comes from the smallest 

E-] 0 S S values in the fragment kinetic energy distribution, where the 

transferred angular momentum is smallest. 
The yields were then integrated over all E-|0Ss values and are tabulated 

in Table IV. For Am isotopes the choice of a2 (Z) influences the final 
A 

product yields strongly since the isotopes of interest are on the high A tail 
of the mass yield curve. For Cf and Fm products the results are only weakly 
dependent on o 2 (Z) since the peaks of the primary product distributions A 
nearly coincide with the isotopes of interest. Hence, an average is quoted. 

It is observed in Table IV that interesting amounts of the 240"4Am 
isotopes are formed in damped collisions. However, the possibility that the 
Am fission isomers may constitute at least part of the observed SF activities 
depends strongly on the branching ratio for population of the isomeric states 
relative to the ground state. If a value of 5 x 10"4 is assumed for this 
ratio, which is consistent with formation of the isomeric states in 
light-ion-induced reactions, then the final yields will be depleted to rather 
low levels as shown in Table IV. On the other hand, the highly stretched 
configuration that characterizes the scission point in strongly damped 
processes may serve to enhance the relative population of the fission isomeric 
states if they are formed in low states of excitation. In this case, the 
higher mass variance a2 (Z) = 4.0 may be adequate to yield measurable cross 

A 
sections for the Am fission isomers in reactions of the type 209Bi + 5 6Fe. If 

the lower limit for <j2 (Z) of 3.0 is valid, it would appear less favorable for 
A 

producing the Am SF isomers, unless the population of the fission isomer 

states is quite large. 

As far as the isotopes of Cf and Fm are concerned, the yields of the 

primary fragments are depleted strongly due to fission competition during 
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de-excitation. The calculated final yields are quite sensitive to assumptions 

concerning the fission barriers, which determine the behavior of r n / r f for 

these very neutron-deficient nuclei. If direct extrapolation of the r n / r f 

systematics for Cf and Fm of Ref. 11 is employed in these calculations, then 

the cross sections for 234-238Qf an(j 242-244pm a r e estimated to be of the 

order of tens of picobarns or less. If, on the other hand, the fission 

barriers in this region are influenced by the N = 126 closed shell, as is 

predicted by shell-corrected fission barrier calculations1^, then larger 

values of rn/Tf are predicted. In our estimates we have assumed r n / r f values 

intermediate between these two extremes. In this case significant amounts of 

234-238cf a n d 242-246Fm isotopes result (Table IV). 

Although the calculated final cross sections are subject to considerable 

uncertainties, depending on the input assumptions, we have attempted to use 

parameters which represent a compromise between possible extremes. For 

example, the calculated final product cross sections can be enhanced from 

one-to-three orders of magnitude by means of the following modifications: 

(1) Instead of using a Gaussian function to describe the energy loss, a 

distribution that is skewed toward low values of E-|oss would be more 

consistent with the experimental data for higher Z values, where better 

statistical definition of these distributions exists, 

(2) Excitation energy division between the two fragments has been assumed to 

be a unique value defined by E*/E* = A1/A2; a more realistic assumption 

would be to use a statistical distribution of excitation energies about 

this mean10, and 

(3) An alternative method for dividing the excitation energy between the light 

and heavy fragments would be to calculate this division on the basis of 

shell-dependent level density parameters rather than using a uniform value 

of A/8 MeV-1. 
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Al l of these modifications would increse the relat ive yields of low 

excitation-energy heavy fragments, which have a greatly enhanced survival 

probabi l i t ies due to fewer stages of neutron-fission competition in their 

de-excitat ion. In th is regard i t should be rei terated that a l l of the f ina l 

y ie lds for each nucleus l i s ted in Table IV come from the low E-|oss t a i l of the 

energy-loss d is t r ibu t ion , well below the most probable E]0 S S value. 

One major additional factor must be considered in this evaluation. That 

i s , the bombarding energies in the experiments of Oganessian e_t a K 1 " 4 , were 

approximately 2r3 MeV/nucleon lower than that for which the 2 0 9Bi + 56pe dat;a 

used in th is analysis were obtained. Although data with simultaneous Z and A 

iden t i f i ca t ion are not available as a function of bombarding energy for the 

209Bi + 56pe system, studies of very heavy ion reactions near the Coulomb 

barr ier by Rehm et a l 1 4 demonstrate that substantial nucleon exchange occurs 

in near-barrier reactions, although with somewhat lower primary cross 

sections. Nonetheless, due to the much lower excitat ion energies associated 

with near-barrier reactions, the depletion of the primary yields due to 

f iss ion competition during fragment de-excitation should be greatly reduced. 

Since f iss ion competition is responsible for the large depletion factors. 

between the primary and f ina l yields in these calculat ions, i t is not 

unreasonable to expect that equivalent or enhanced.final product yields may 

accompany lower-energy bombardments. 

In conclusion, evaluation of results from studies of the 209Bi + 56Fe 

reaction indicate that neutron-deficient isotopes of the actinide elements are 

produced with primary cross sections of the order of mi H i barns via mult iple 

nucleon transfer processes in damped co l l i s ions . Peak primary yields 

correspond approximately to the l ightest known isotopes for each element, as 

shown in Fig. 1. Based on estimates of neutron-fission competition in the 

de-excitation of the primary products, i t is concluded that 234-238r,f 
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242-246pm a n d perhaps 24°f~244fAm spontaneous f iss ion emitters may be produced 

with f ina l yields of the same order of magnitude as those reported for 

elements Z = 104-107 by Oganessian et a l_ 1 - 4 . These measurements further 

indicate that at least 70% of the total reaction cross section goes into 

damped reactions. The remaining cross section can be accounted for by 

fusion-f iss ion processes, which for the most part involve angular momenta in 

excess of the c r i t i c a l value for a rotat ing l i qu id drop of *LD a 60fi for 

th is system?. Hence, the probabi l i ty for formation of completely 

energy-equilibrated compound nuclei in th is reaction is expected to be small, 

even before f iss ion competition is considered in the de^exdtation of such 

species. For these reasons i t is suggested that before the results of 

Oganessian £ t a l . . 1 " 4 can be accepted as evidence for new elements with Z = 

104-107 and for a major anomaly in SF h a l f - l i f e systematics, a more unique 

atomic number ident i f i ca t ion of the products of these reactions must be 

performed. 

The authors wish to acknowledge conversations with Dr. M. Nitschke 

concerning these resul ts. We also wish to thank Dr. M. S. Zisman and the 

s ta f f of the LBL SuperHILAC for the i r assistance in the performance of these 

experiments. This work was supported by the U. S. Department of Energy. 
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TABLE I 

Summary of target and pro ject i le types used in assignment of spontaneous 

f iss ion ac t i v i t i es of Refs. 1-4. Bombarding energies were in the range 240-300 

MeV. Also l i s ted are the reported products (ha l f - l i ves in parenthesis). 

Pro ject i les: 4 8 » 5 0 T i , 51v, 52>54Cr, 55Mn, 58Fe 

Targets: 203,205T1> 206-208Pb> 209B1 

Products: 

253104(2s) 254104(0.5ms) 255i04(4s) 256l04(5ms) 258104(llms) 260104(<25ms) 
257i05(4s) 
259l06(7ms) 
261107(2ms) 
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TABLE II 

Measured and predicted (in brackets) decay properties of Am, Cf and Fm 

ac t iv i t i e s with half-l ives in the range of 1 ms or Is (t$F = partial half- l i fe 

for spontaneous fission; t a = partial half- l i fe for alpha decay). Alpha decay 

half- l ives were derived according to Ref. 15. 

24°fAm 242^Am 244^Am. 
tSF 

0.9ms 14ms 1.0ms 

242Fm 244Fm ^ F m 
tSF 

0.8ms 3ms 1.2 s 

' 234Cf . 236cf 238Cf 240Cf 

tSF 
(lus-200ms) . (lms-lOOs) (2s-2h) (2h-20d) 

ta (200us) (5ms) (300ms) 1ms 
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TABLE. I l l 

Cross sections for actinide element primary yields derived from 

p ro jec t i l e - l i ke fragment yields in the reaction 2°98i + 464-MeV 56pe> a 

described in text . 

z 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 

g(mb) 
62 
40 
24 
18 
13 
10 
10 
6 
4 
4 
4 
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TABLE IV 

Primary and calculated final product cross sections (in nanobarns) for 

possible millisecond and second spontaneous fission ac t iv i t i es of Am, Cf and 

Fm isotopes produced in the reaction of 464-MeV 56pe w-jtn 209B■}. Parameters 

of the calculation are described in the text . The Am fission isomer yields 

assume a fission isomer branching rat ios of 5 x 10"4, consistent with that 

measured in fission isomer synthesis with l ight ions. 

Primary Yield Final Yield 
(nanobarns) (nanobarns) 

a2 (Z) = 3.0 a2 (Z) = 4.0 <j2 (Z) = 3.0 a
2 (Z) = 4 . 0 

A A A A 

24
°fAm 8xl0

4 2xl0
5 0.7 30 

24
°fAm - 0.02 

242
Am 2x103 2xl0

4 0.5 20 
242

^Am - 0.01 
244

Am 20 500 0.1 5 
244

^Am - 0.003 
234

Cf 300 0.02 
2
36cf lxlO

4 0.1 
238

Cf lxlO
5 0.3 

242
Fm ' 2xl0

5 0.05 
244

Fm 6x105 0.10 
246

Fm 6xl0
5 0.05 
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FIGURE CAPTIONS 

Figure 1 - Plot of elemental (Z) yields of damped reaction products 

for 464-MeV 56pe + 209B-J , Upper curve is for al l Z; lower curve 

shows the data for 6 < Z < 20 on an expanded scale. 

Figure 2 - Plot of most probable pro jec t i l e - l i ke fragment mass, Ap, as a 

function of most probable element charge, T p , for primary fragments 

as derived from the data of Ref. 5. Right-hand and upper scales 

refer to complementary heavy partner with mass
 ,r

A\" and charge 

"Y^", assuming a binary reaction mechanism. 

■ 
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H. The Dependence of Isobaric Charge Distributions on 
Energy Loss and Mass Asymmetry in Damped Collisions 
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Abstract 
Fragment, yields for specific Z and A have been measured 

for projectile^like fragments produced in the reaction of 
8.3 MeV/u 56Fe ions with targets of 56Fe, 165Ho and 2 3 8U. 
Analyses of.the variances of the isobaric charge distributions 

2 2 
aj (A) reveal that a saturation value of a„ (A) « 0.8 is reached 
within the first 30-50 MeV of energy loss. For the variances of 
the isotopic mass distributions we find a saturation value of 
2 aA (Z) « 3.0-4.0, which is reached after about 60-80 MeV of 

energy loss. The data are compared with N/Z equilibration model 
which invoke quantal and satistical fluctuations, based on the 
symmetry term in the liquid drop.mass formula. 
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In order to gain a more microscopic understanding of the 
processes whereby energy is dissipated in damped collisions, 
yields of individual projectile-like fragments have been mea­
sured as a function of energy loss for Fe-induced reactions. 

c c. 9 "Z Q 

A series of target nuclei ranging from Fe to U has been 
studied, thus providing information on the effects of mass 
asymmetry and target-projectile N/Z ratios in the entrance 
channel. Such data (d o/dAdZdE) provide a much more detailed 
view of the evolution of the nucleon exchange process than 
previously possible. Of particular current interest is the 
explanation of the fragment isobaric charge distributions, which 
define the charge equilibration (N/Z) degree of freedom. This 
process is believed to be one of the fastest relaxation modes 
in damped collisions. Hence, from studies of this type one 
hopes to derive a clearer picture of the very early stages of 
the target-projectile interaction mechanisms which subsequently 
evolve toward statistical equilibrium. 

Recently the subject of isobaric charge distributions has 2 3 received considerable attention, both experimentally ' and 
4-11 theoretically. Due to uncertainties in correcting the 

experimental distributions for particle emission from the 
primary fragments, the principal focus of these investigations 
has been on the variances of the distributions, which are only 
slightly sensitive to these effects. Two sets of experimental 
data for systems in which damped collisions dominate the total 
reaction cross section have been reported prior to the present 
work. In counter studies of a nearly mass-symmetric system, 
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'430 MeV 86Kr + 92'98Mo, Berlanger et_ al_,2 found that the vari-
2 ances in the isobaric charge distributions, a- (A), increased 

rapidly with increasing energy loss up to ET » 30 MeV and 
2 then remained constant at a value of a_ (A) » 0.8 thereafter. 

In these measurements a mass resolution of only 1.5 u was at­
tained, leaving some uncertainties in the derivation of the 
experimental variances for individual mass numbers. In contrast 
a radiochemical study by Poitou e_t al_, involving the mass-

132 197 asymmetric 890-MeV Xe + Au system produced quite different 
results. The variances were reported to increase monotonically 
up to an excitation energy of 150 MeV and in addition the data 

2 were characterized by smaller values of a- (A) (« 0.2-0.8). 
Despite the definite Z and A identification in these experiments, 
their interpretation is complicated by the problems of energy 
resolution and the assumptions employed in the complex data 
reduction procedures required to unfold the d a/dAdZdE data. 

In this letter we present isobaric charge distribution data 
obtained with counter techniques which provided discrete Z and 
A identification of all projectile-like fragments. The measure­
ments were performed at the Lawrence Berkeley Laboratory 
SuperHILAC accelerator with 8.3 MeV/u Fe ions incident on 

Cf. 1 i r n 7 o 

targets of Fe, Ho and U. Hence, we have studied target-
projectile systems ranging from symmetric to very asymmetric 
combinations under identical experimental conditions. In each 
case the energy in excess of the Coulomb barrier, E -V , is 
the same within 10 percent. Fragment mass and charge distribu­
tions were measured at angles near the grazing angle with a 
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AE-E time-of-flight counter telescope; data on the gross fea­
tures of the 56Fe, 165Ho and 209Bi reactions with 56Fe have 

12 been reported previously. In the most recent measurements a 
Z resolution (FWHM) of ^0.8 units and an A resolution of <0.7 
units were obtained for the fragments over a 200 MeV range in 
ET . In Fig. 1 we show a representative mass distribtuion Loss ° r 

for Z = 24 fragments measured for the Fe + U reaction. 
In Fig. 2 the isobaric charge variances are shown for two 

systems at 8.3 MeV/u bombarding energy: (1) Fe + Fe for 
all masses from A = 52 to 58 and (2) Fe + Ho for all masses 

238 
from A = 52 to 57. Similar results are found for the U tar­
get. The data shown in Fig. 2 are the fragments observed in 
the detectors without corrections for particle emission or de­
tector resolution. If corrections are made for particle evapo­
ration from the primary fragments, assuming division of the 

2 excitation energy according to A-,/A2, the values of a_ (A) 
remain essentially unchanged. However, no information is 
available on the spread in excitation energy about this, average 
excitation energy. If this spread is large, somewhat smaller 

2 values of a- (A) may result for the primary fragments. It 
should be pointed out that for the projectile-like fragments 
observed with Ho and U targets, the observed most probable mass 
for each element lies on the neutron-rich side of beta-stability, 
Hence, for the primary fragments only neutron emission is 
important. For the Fe + Fe system charged particle emission 
is also possible; we estimate this effect on the data will 

2 decrease the a- (A) values by less than 10%. 
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The significant result of this study is that all the 
isobaric charge distributions are very similar and nearly 
independent of target-projectile mass asymmetry (A-,/A2) or 
total mass (A, + A 2)• The variances are observed to saturate 
within the first 30-50 MeV of energy loss and thereafter remain 

2 constant at a- (A) a 0.9 up to energy losses in excess of 
150 MeV. As an example of the similarity in the variances, if 

2 one averages all experimental a- (A) values for each isobar 
over an energy range from 50-150 MeV for the data of Fig. 2 and 
corrects for the experimental resolution, an average value of 
az

2(A) = 0.75+0.08 is found for the 56Fe target, a 2 (A) = 0.85±0.10 
for the 165Ho target, and <?Z2(A) = 0.72±0.10 for the 238U target. 

2 The average slope a- (A) versus E is found to be consistent 
with zero for energy losses greater than 50 MeV. In this 

2 respect our data are similar to those of Berlanger e_t a_l, but 
show an energy-loss dependence different from that reported by 
Poitou e_t al_. 

Examination of the first 50 MeV of energy loss in Fig. 3 
suggests that the approach to saturation in the variances de­
pends on the system studied. Although this feature of the data 
is less well-defined, it indicates that the amount of energy 

2 dissipation required to reach the saturation value for a- (A) 
increases with increasing Z and A of the composite system. 
Such an effect may provide a self-consistent explanation for 
the differences between the data reported here and in Ref. 2 
and those of Ref. 3; however, more extensive data as a function 
of bombarding (excitation) energy are needed before a rigorous 
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comparison of all these systems can be made. 
2 Analysis of the.isotopic mass variances, a. (Z), produces 

similar results. For charges near that of the projectile, all 
2 systems yield a nearly uniform saturation value of a. (Z)«3.0-4.0, 

which is reached, however, only after an energy loss of about 
60-80 MeV. Thus it appears' that approximately twice as much 
energy must be dissipated in order to saturate the variances for 
the mass degree of freedom as for the charge degree. 

In an attempt to explain these results a simple model has 
been proposed that is based on treatment of the neutron-excess 
(N-Z) degree of freedom in terms of an harmonic oscillator 
analogy. ' ' This oscillator (assumed to have a constant 
collective frequency u) is coupled to the intrinsic degrees of 
freedom of the system which are assumed to constitute a heat 

2 bath of•temperature T. Two extreme predictions for a_ (A) 
arise from this model, depending on the relative magnitude of 
the oscillator phonon energy flu compared to T: 

2 
(1) If naj>>T, then a- (A) is predicted to be a constant 

related to the stiffness coefficient, C, of the mode by 
2 a- (A) = naj/2C. In this case the charge fluctuations are of 

the quantal type and w represents the frequency of the under­
lying collective mode. 

2 
(2) If nu)<<T, then a- (A) varies directly with the nuclear 2 temperature a- (A) = T/C. In this case one is dealing with 

statistical fluctuations. 
86 9 2 98 2 

The Kr + ' M o results have been interpreted in terms 
of a. quantal picture with ftoi « 8 . 5 MeV. On this basis the 
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authors of Ref. 2 have suggested that the out-of-phase vibration 
of the neutron and proton distributions, i.e., the giant isovec­
tor dipole resonance, is an important factor in determining N/Z 
equilibration and energy damping in the early phase of damped 

132 197 collisions. On the other hand the Xe + Au support a model 
based on statistical fluctuations which then readily couple to 
the slower degrees of freedom, well known to be described by 

13 statistical transport models. By modifying the quantal 
4 6 fluctuation model to include dynamical considerations, ' a 

slightly better fit to both of above sets of the data can be 
obtained; however, this cannot be achieved with self-consistent 
values of fioi for the two pairs of target projectile combinations. 
The variance data of Refs. 2 and 3 are difficult to reconcile 
in another sense; because the symmetry term in the liquid drop 
mass surface plays an important role in defining the widths of 

132 197 the Z distributions, one expects the Xe + Au system to 
7 Q A no go 

exhibit intrinsically larger values of o» (A) than Kr + ' Mo 
Just the reverse is observed. Another suggested interpretation 
of these data is that mass-symmetric systems exhibit quantal 
fluctuations and asymmetric systems behave statistically. Our 
data show no evidence for such behavior. 

In order to compare these data with the predictions for 
quantal and statistical fluctuations, in Fig. 3 we have plotted 
the average of the isobaric charge variances for the data of 
Fig. 2 at each energy loss as a function of E T O S S - The 
theoretical curves have been calculated assuming -fiuj = 
78/C(A1

1/3 + A 2
1 / 3) MeV and C = 7.1 MeV, 4.8 MeV and 4.2 MeV 
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for the 56Fe + 56Fe, 165Ho + 56Fe and 238U + 56Fe systems, 
respectively. The agreement of the saturation values with the 
quantal fluctuation extreme is good for both the Ho + Fe 

r (L re 

and Fe + Fe systems. However, before attributing this 
correspondence to the isovector giant dipole resonance, it 
should be cautioned that the underlying feature of this theory 
is the liquid drop mass equation, for which the parabolic 
dependence on Z for a given set of isobars is well known. Hence, 
these experimental results may simply be a consequence of liquid 
drop energetics. In addition, it should be noted that the 
initial increase of the variances with energy loss is incon­
sistent with instantaneous increase predicted by the simple 
quantal model discussed above. More realistic quantal.calcu­

9 
lations qualitatively reproduce the observed energy dependence 

2 
of a­ (A) for the earlier data of Refs. 2 and 3. Recently, 
Brosa has shown that the data of Refs. 2 and 3 can be 
described with a single­particle model, while Samaddar and 
Sobel have explained the rapid equilibration of the N/Z ratio 
in damped collisions in terms of both a diffusion and a 
collective model. Thus, although the data presented here are 
consistent with the quantal calculations, this agreement does 
not necessarily confirm the existence of quantal fluctuations. 
■It would be interesting to have a quantitative prediction of 
these widths based on a microscopic transport theory. 

In conclusion, these measurements with discrete Z and A 
identification demonstrate that the isobaric charge variances 
in damped collisions saturate very rapidly (ET < 50 MeV). 
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In addition, it is shown that target-projectile mass asymmetry 
has little effect on the limiting value of the observed 

2 variances. On the other hand, the dependence of a- (A) on 
energy loss below 50 MeV suggests that saturation may be 
achieved more slowly as the Z and A of the composite system 
increases. Our results are in general agreement with the 
predictions of the quantal fluctuation model and imply values 
of -fio) 5 7-10 MeV for the associated oscillator mode. Equiv-
alently, one can attribute the results to constraints imposed 
by the parabolic nature of the isobaric mass surface. Other 
explanations may also exist. ' ' Under any circumstances 
the data demonstrate the very rapid equilibration of the 
isobaric charge degree of freedom and suggest that studies of 
this type are important to the understanding of the earliest 
stages of damped collision processes. 

This research was supported by the U.S. Department of 
Energy. The authors wish to thank Dr. M.S. Zisman and the 
staff at the Lawrence Berkeley Laboratory SuperHILAC for 
their cooperation in performing these measurements. 
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Figure Captions 
Figure 11 Plot of mass distribution for Z = 24 fragments 

obtained for 56Fe + 238U reaction at 8.3 MeV/u. 
Fragments cover an energy range of 20 < ^Loss^ 
200 MeV. 

Figure 2. Plot of isobaric charge variances for 
(a) 56Fe + 56Fe for A =-52-58 and 
(b) 56Fe + 165Ho for A = 52-57 as. a function 

Loss 2 Figure 3.. Comparison of average a- (A) values for data in 
238 Fig. 2 and U, corrected, for experimental 

resolution, as a function of E. with predictions 
of theory, for quantal. fluctuations (solid line) and 
statistical fluctuations (dashed line) as described 
in text. 
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I. Production of Neutron-Excess Nuclei in Fe-Induced 
Reactions 
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Abstract 
52-53 The observation of new neutron-rich isotopes of - Sc, • 

S 4" 5 5Ti, 56V, and 58"59Cr produced in damped collisions of 
8.3 MeV/u 56Fe ions with 238U and 209Bi is reported. Tentative 
identification for 56Ti, 57"58v, 60Cr, 61Mn and 63Fe is . also 
presented. 
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Studies of product mass and charge distributions have demon­
strated. that the nucleon-exchange process in damped heavy-ion 
collisions is strongly influenced by the N/Z ratio of the 
composite system. " Consequently, in reactions between pro­
jectiles and targets which differ sifnificantly in their N/Z 
ratios, the lighter products tend to be neutron-rich, while 
the heavy partners are neutron-deficient. This feature of 
damped collisions can thus serve as a useful means of synthe­
sizing nuclides far from stability " with yields comparable 
to or greater than those obtained with relativistic heavy 
ions.7'8 

In this letter we report identification of seven previously 
unobserved nuclides: 52"53Sc, 54"55Ti, 56V and 58"59Cr. In 
addition, tentative identification of six additional nuclides 
(56Ti, 57-58v, 60Cr, 61Mn and 63Fe) is reported. 

The experiments were performed at the Lawrence Berkeley 
Laboratory SuperHILAC accelerator. Self-supporting targets of 
209 2 38 2 

Bi and U of thicknesses approximately 500 yg/cm were 
bombarded with 8.3 MeV/u Fe ions. Projectile-like reaction 
products were identified with a AE-E time-of- flight semiconductor 
detector telescope consisting of a 17 ym AE detector and a 100 
ym E detector. The AE detector'was placed 18 cm and the E 
detector 118 cm from the target. Data were taken at two angles 
separated by 5° near the grazing angle for each target. Fast-
timing signals were obtained from a timing system of the 

q Sherman-Roddick design which yielded, a resolution of 80-100 psec 
under experimental conditions for elastically-scattered Fe ions-
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J ? O C f. 

The data reported in this letter are for the U + Fe 
system, for which greater statistics were obtained, although 
similar results are observed for the Bi + Fe system. ' 
For the data reported here a Z-resolution of AZ = 0.84 Z units 
(FWHM) was obtained and the A-resolution was AA = 0.65 u (FWHM) 
for fragments in the 50 < A •£ 60 region. 

In Fig. 1 the relative mass yeilds for fragments with 
21 ̂  Z ̂  26 are shown for the 238U + 56Fe system at 40 degrees 
in the laboratory system. Arrows indicate the expected cen-
troids of each A value in the spectrum which has not been 
previously identified. The problem of possible contamination 
of the mass spectrum for a given element due to high-yield 
nuclides of neighboring Z and A was given particular attention 
in the data analysis procedures. First, since most of the 
yields for the new nuclides reported here were from strongly 
damped events, energy gates were chosen to eliminate quasi-
elastic products. These gates corresponded to 90<ET <180 MeV 
for Z = 21; 60<E. <150 MeV for Z = 22-24, and 50<ETn <140 MeV ' Loss Loss 
for Z>24. Then, in order to minimize possible leak-through of 
events of the same A from the next higher Z in the charge 
distribution, a Z-window of ±0.3 Z units about the charge cen­
troid was established as a second criterion for acceptable 
events. Based on calculations which assume that the experimental 
peak shape is a gaussian function, this procedure establishes 
a limit of less than three percent for contamination due to the 
tails of the peak for the next higher Z. 

In Table I the new nuclides identified in this study are 



-236-

listed along with the net number of observed counts. In 
determining the net counts for each nuclide, only events which 
occurred within ±0.3 A units of the mass centroid were accepted, 
These values were further corrected by subtracting the calcu­
lated contribution due to possible leak-through of events from 
higher Z isobars. The quoted errors include contributions from 
both counting statistics and the background subtraction. Each 
net count represents 4.4yb/sr of differential cross section, as 
determined from comparison with elastic scattering. Total pro­
duction cross sections for each nuclide listed in Table I were 
estimated from measurements of the cross section, da/dE, as a 
function of energy loss for the Bi + Fe reaction at 
8.3 MeV/u, where complete angular distribution measurements 
have been made. For these data a nearly constant value of 
da/dE sr 6 mb/MeV is found over a broad range of energy loss. 

j r a c ft 

It is assumed that the U + • Fe system exhibits similar 
behavior at this bombarding energy. The quoted cross sections 
derived from this procedure are believed to be accurate to 
within, a factor of two. 

The validity of the Z and A assignments for each new 
nuclide.reported here was determined on the basis of the 
statistical and spectral criteria established in Ref. 10. 
Nuclides for which N-AN>10 have been given an A classification 
and appear to be clearly identified. Seven such nuclides are 
identified in our spectra. Nuclides for which N>10 but N-AN<10 
have been given a B classification and require further statis­
tical or spectral definition. However/ based on their 
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production cross sections, these should be readily observable. 
In summary, the identification of seven new isotopes is 

reported: 5 2* 5 3Sc, 5 4' 5 5Ti, 5 6V and 5 8" 5 9Cr. In addition, 
tentative evidence is found for 5 6Ti, 5 7" 5 8v, 6 0Cr, 61Mn and 

Fe. The cross sections for production of these nuclides 
are of the order of 0.1-to-l millibarn, indicating that the 
production of neutron-excess isotopes in damped collisions is 
a viable means of synthesizing nuclei far from stability in 
significant yields. 

This research was supported by the U.S. Department of 
Energy. We wish to acknowledge Claude Ellsworth of LBL for 

2 3 8 fabricating the U targets and M.S. Zisman of LBL for his 
assistance with these experiments. 
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Table I 

Nuclide Counts a(mb) Classification* 

A 
A 

52
Sc 

53
Sc 

54
Ti 

5 5 T i 

5 6 T i 

56v 

57
V 

58y 

5 8
Cr 

5 9
Cr 

6 0
Cr 

6 1
Mn 

6 3
Fe 

30±8 . 

19 + 6 

74±11 

24±7 

13±5 

107±12 

2 7±7 

12±4 

74±10 

28±6 

10±4 

14±4 

13±4 

0.5 
0.3 

1.0 
0.3 
0.2 

1.3 
0.3 
0.1 

0.9 
0.3 
0.1 

0.2 

0.2 

A 
A 
B 

A 
B
f 

B 

A 
A 
B 

B 

* A = (N­AN)>10 
■B = N>10; (N­AN)<10 

spectrum poorly defined 

« 
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Figure Captions 
Figure 1. Mass specjy^.fpr Z = 21-26 fragments observed in 

bombardment of 238U with 8.3 MeV/u 56Fe ions. 
Arrows indicate expected mass centro.ids for pre­
viously unknown nuclides. The anomalously strong 
peak for Fe is due to elastic scattering effects. 
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