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We discuss several problems of nuclear physics with heavy 
ions. Special attention is paid to close collisions, where 
impact parameters are considerably smaller than the 
corresponding grazing values. Such collisions can lead to a 
formation of a compound nucleus CfusiorO or to two body exit 
channels with a sizable loss of kinetic energy and large 
transfer of mass and charge between interacting nuclei 
Сdamped collisions^. A short survey of experimental works 
done with my participation and devoted to fusion reactions 
is presented. This is followed by presentation of new 
experimental results in the field of damped collisions. The 
data demonstrate that the N/Z equilibration and temperature 
equilibration are not rapid processes. A distinct 
correlation between the net nucleon transfer and the heating 
of the acceptor nucleus is observed. Experimental data are 
compared with the transport model. Disagreement between 
model and experiment is discussed. 

Przedyskutowano wiele problemów fizyki Jądrowej z ciężkimi 
jonami koncentrując się na klasie reakcji, dla których 
parametry zderzenia są znaczni* mniejsze niż dla zderzeń 
muskających. Takie procesy mogą prowadzić do uformowania 
jądra złożonego Creakcje fuzji) lub do dwuciałowych kanałów 
wyjściowych charakteryzujących się znaczną stratą energii 
kinetycznej oraz dużym transferem masy i ładunku pomiędzy 
oddziaływującymi jądrami С tłumione zderzeni a!>. Zaprezento¬ 
wany jest krótki przegląd prac eksperymentalnych wykonanych 
z udziałem autora poświeconych reakcjon. fuzji. W dalszej 
części pracy przedstawione są nowe rezultaty w dziedzinie 
zderzeń tłumionych. Dane te ukazują, że procesy wyrównywania 
stosunku N/Z oraz temperatur obu fragmentów nie są procesami 
gwałtownymi. Zaobserwowano także znaczną korelację pomiędzy 
transferem nukleonów netto, a podgrzewani.ев jądra będącego 
biorcą nukleonów. Wyniki eksperymentalne zostały porównane z 
modelem transportu. Rozbieżności pomiędzy modelem a 
eksperymentem są dyskutowane. 
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- I. Introduction 

During the last 20 years great progress in nuclear 

physics was made in the field of heavy ions. Such nuclei 

used as projectiles enable transfer of large amount of 

energy and of. linear and angular momentum to the composite 

system giving a unique possibility to study unusual and 

extreme states of nuclear matter. This progress-was strongly 

coupled to the development of accelerators, ion sources, 

detectors, nuclear electronics and computer technique. Due 

to them we have seen rapid progress in understanding of the 

complex mechanism of these reactions. Consequently new ideas 

and models were created and proposed . As it will be shown 

nuclear physics of heavy ions utilizes in an interesting way 

concepts and mathematical apparatus of quantum mechanics, 

classical physics and statistical physics. It is not the aim 

of this work to cover the whole subject of heavy ion nuclear 

physics. I shall discuss some problems only, which belong to 

the field of my scientific activity. In particular I shall 

not go above of about 30 MeV/A ( the Fermi energy). 

The outline of this paper can be summarized in the 

following words. First I am presenting the classification of 

heavy ion reactions (Chapter II). This is followed by a 

survey of experimental results of my colleagues and myself 

for reactions passing throughout the formation of compound 

nucleus (Chapter III). The general features of damped 

collisions, the reaction mode competing with the compound 

nucleus channel, are discussed in Chapter IV. In that 

chapter the current status of the theory in this field is 

also presented. It is shown that still the basic features of 

damped collisions are unsatisfactory described even by the 

most advanced models. At the end of that chapter two new 

experiments are presented, which were performed with my 

participation at the LBL SuperHILAC accelerator. As is shown 

in the following part of the paper they add some new 

important facts to our knowledge of such processes. 



Presentation of these new results begins in Chapter V with 
the details of the experimental technique for a coincidence 
experiment. Procedure for determination of the excitation 
energy and charge of the projectile like fragment is given 
in Chapter VI. This is followed by a presentation of the 
basic features of the nucłide fragment distribution in 
Chapter VII. In Chapter VIII the problem of temperature 
equilibration is discussed. Next chapter compares the 
results with the nucleon exchange transport model of Randrup 

Chapter X summarizes the basic conclusion of the 
paper. Finally in Chapter XI we consider .different possible 
mechanisms responsible for the disagreement between Randrup 
model and the data. The Appendix gives details of the Monte 
Carlo simulation which was used to investigate sensitivity 
of the experimental data on instrumental effects. 



- II. Classification of heavy ion reactions 

When two complex nuclei collide. there are many 

possibilities of interaction associated with important 

rearrangements of nuclear structures. Some aspects of 

collisions of heavy ions can be described using methods of 

classical physics. We can consider the nuclei moving along 

classical trajectories as long as identity of the projectile 

and the target is not completely lost during the reaction 

process. This is possible in the case when wavelength X of 

the relative motion is much smaller than the geometrical 

size R of the interacting nuclei: 

X. - h/p << R . (II.1) 

Here p is the relative momentum of the system. In the case 

of well localized process (e.q. elastic scattering) the 

wavelength X should be compared with the window of impact 

parameters related to the process under consideration. In 

frame of the classical picture one can distinguish three 

qualitatively different types of reactions. They may be 

classified according to the value of the impact parameter b 

or of the corresponding angular momentum L . The 

classification is presented in Fig. I I.I. 

For grazing collisions (b~b ) nuclear interaction 
9r 

between a projectile and a target is small by definition. 

Here we expect that only few degrees of freedom of the 

projectile and target are involved (the direct reactions). 

For impact parameters which are considerably larger than 

b , nuclear interaction is negligible. Trajectories of such 

distant collisions are completely determined by the Coulomb 

field. Only excitation induced by the mutual Coulomb 

interaction between the nuclei can occur . For impact 

parameters considerably smaller than b practically all 
9r 

nucleonic degrees of freedom are involved. Such a close 

collision can lead to a formation of a compound nucleus 



(complete fusion) or to the class of the two body exit 

channels with the transfer of mass, charge, spin and a 

sizable loss of kinetic energy (damped collisions). In both 

cases highly excited reaction products can decay either by 

emission of particles (n.p.a. mainly) or by fission. 

grazing collision 

close collisions 

distant collision 

elastic scattering 
direct reactions 

"v -compound-nucleus 
'. formation 

dissipohve collision 

elastic (Rutherford) scattering 
Coulomb excitation 

Fig.I I.I Schematic drawing of classical picture of 

heavy-ion collisions. 

The presented above picture is valid at relatively low 

incident energies, where the relative velocity of the 

colliding nuclei is small with respect to the Fermi motion 

of nucleons and hence individual nucleon-nucleon 

interactions are hindered by the Pauli exclusion principle. 

As the relative energy of the collision increases (E > 30 

MeV/A), the dinuclear mean field is significantly modified 

by the effects of individual nucleon-nucleon collisions. 

10 



III. Compound nucleus formation and decay 

Cross section for a complete fusion increases .with the 
incident energy, reaches its maximum, and finally decreases 
to a small fraction of the total reaction cross section. 
Such energy dependence is generally well reproduced by a 
class of one—dimensional models (see e.g. Glass Mosel 9> 

Bass *'. Wilczynski 7 > ) . All these, models relate the fusion 
cross section limitation to the radial dependence of the 
nucleus-nucleus interaction potential. For example the model 
of Glass and Mosel s> provides a simple explanation of the 
fusion process by assuming that the potential in the region 
of interest has a parabolic form with amplitude 
VB+ł**L(L+l)/2JB where L is the orbital angular momentum, Зщ 
is the nuclear moment of inertia and V represents the sum 
of nuclear and Coulomb interaction. This model have 
accounted for the variation with energy and with interacting 
nuclei of all the fusion cross sections available when Glass 
and Mosel completed their work. Since then, however, further 
results have become available that cannot be accounted for 
jjy their theory. Dynamical nature of the fusion process was 
beginning to emerge from experiments with heavy targets and 
heavy projectiles at bombarding energies near the barrier 
energy. Subbarrier fusion was found to be enhanced in a way 
that cannot be understood as tunneling through a static, 
one-dimensional, radial potential barrier. 

The failure of two nuclei to fuse into a compound 
nucleus can be partly understood in terms of the rotating 
liquid drop model, RLDM e >. According to RLDM the atomic 
nucleus is considered as a rotating, incompressible, 
uniformly charged fluid endowed with a surface tension. The 
effective potential energy of such object is given by: 

В - Ея + Ec + Ещ . (III.l) 

where E is the surface energy, E the electrostatic energy. 

11 



and EK is the rotational energy. The configuration of 
equilibrium is given by the condition <5E - 0 for all 
infinitesimal variations of the degrees of freedom 
specifying the system. In this static model it is possible 
to define the boundary of stability of nuclei in terms of 
two parameters: 

х-

С С 
y-2-Oł 

where E^o> , E^o> and E^o> represent the Coulomb, surface 
and centrifugal energy for a spherical configuration, and a 
rigid rotation. The above defined parameter x is the 
conventional "fissility parameter" of nuclear physics. The 
second parameter у is a measure of the angular momentum and 
thus of the size of disruptive centrifugal forces compared 
to the cohesive surface tension forces. For atomic nucleus 
with mass A, atomic number Z, neutron number N - A - Z, and 
angular momentum L both parameters are given by: 

1 Z* 
x i -- = — . {III.4) 

50.883(1-1.78261*) A 

y 1-9241 JL. ( i n 5 ) 
(1-1.78261. ) A " j 

where parameter I - (N-Z)/A. The limits of stability of a * 
compound nucleus corresponding to the fission barrier going 4 
to zero are shown in Fig. III.I. With increasing angular j 
momentum rotating system first deforms into a flat shape : 
(below y s), then into a triaxial shape (between уг and У П ) j 
and finally fission barrier vanishes along the curve у . 

12 . ! 



Fig.III.1 A classification of rotating systems according to 
the rotational parameter у and the fissility parameter x. 

The RLE** model predictions regarding angular momenta 
were translated into statements about cross sections. Fig. 
III.2 shows an example of the collision diagram, cross 
section (fib2) dependence versus center of mass energy. This 
plot shows a division into distant and close collisions, 
with a band of intermediate collisions in between. Lines 

6000) 

Fig.III.2 A collision diagram of the square of the i 
parameter b times ж versus the center of mass energy. 

ct 
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with labels show where the fission barrier of a compound 
nucleus would vanish or is equal 11 MeV (neutron separation 
energy). The curve ABC givers approximately the cross section 
for formation and survival of the compound nucleus. 

As tested by experiments statics contained in the above 
potential consideration is not sufficient to establish 
whether or not two colliding nuclei are going to fuse. 
Dynamics plays an important role in the fusion process. 

The interplay between statics and dynamics in fusion 
reactions was investigated by my colleagues and myself in a -v 
number of experiments performed for light systems with the 
total mass 44 - 56 a.m.u.. 

In the сазе of the 2oNe + 2*Mg reaction inclusive r 
spectra have been measured using the 45 up to 105 MeV 2oNe 
beam 9' . Deduced in such a way experimental mass spectra 
were compared with statistical model calculations. Total 
reaction and fusion cross sections were extracted. The 
models of Bass a> and Glas and Mosel 3> were applied to 
interpret the fusion excitation function. Both cf these 
models were unable to describe the high energy part of 
excitation function with.reasonable parameters. It was found 
that decrease of the fusion cross section at high energies 
can be understood as a limitation by the "statistical" yrast 
line of. the compound nucleus. 

The idea of such interpretation is based on the fusion 
limitation by the yrast line of the compound nucleus. In the 
sharp cut-off approximation one has: 

°t - Г Д Е " V 4 + 1 ) • (III-5) i 
CM \ 

where /u is the reduced mass. The yrast state is defined as Л 
the lowest limit of the excitation energy for a given 1 
angular momentum I: Щ 

Eyro.t " 23-* I ( I + 1> • Uli.6) 

14 
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where J is the moment of inertia of the compound system. 
Additionally using the relation 

E - Е м + Q . (III.7) 

and approximating I ~ L one gets: 

*t - ~ ( 1 + В" > • (111.8) 
\ CM 

The last formula was proposed by Harar 14> . Lee et al. lz> 

argued that the fusion reaction can populate compound 
nuclear states only up to the so-called "statistical" yrast 
line located AQ higher than the yrast line. The model 
predictions together with the experimental data for Z0Ne + 
z*Mg system and other similar systems t3-'*'15> a r e shown in 
Fig. 111.3 suggesting the value of 10.0+/-2.5 MeV for ДО. 

More complex measurements were done for the eLi + 40Ca 
system. The use of Li ions as projectiles was of particular 
interest. Because of its pronounced cluster structure many 
exit channels were expected to compete with the complete 
fusion process. Reaction products from the eLi induced 
reactions on * Ca at 156 MeV have been studied in four 
different experiments. Evaporation residues formed in the 
complete fusion reaction were identified using ДЕ-Е 
telescopes i e >. Incomplete fusion channels were investigated 
by means of light particle - gamma coincidence measurements 

. Additionally inclusive gamma spectrum * and spectra 
of protons, deuterons, tritons. He and alpha particles 
were measured. Analysis of these data shows that complete 
fusion exhausts only 4% (67 mb) of the total reaction cross 
section.. Cross section for incomplete fusion with emission 
of beam velocity a particles equals 140 mb. Cross section 
corresponding to the sum of the proton, deuteron. and triton 
cross section equals 346 mb. The cross section for complete 
fusion seems to be in agreement with the Morgenstern 
systematics of incomplete momentum transfer 

15 



500 TOO «00 2000 2S00 

Excitation energies vs spin for the compound 

Ti. 43Si and *eTi formed in fusion reactions. The 

Fig.Ill.3 

nuclei 

solid lines denote yrast lines of corresponding nuclei 

calculated in the liquid drop model and the rigid sphere 

approximation» respectively. Dashed lines show positions of 

"statistical" yrast lines. The dashed-dotted curves 

represent the saddle energy (S.E.) above which the compound 

nucleus undergoes fission. 
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- In experiments discussed above cross section of the 
fusion process was found to be limited by several 
mechanisms. Among them we can mention: 
(i) dynamics in the entrance channel. Limitations of such 
kind are related to the critical radius or to the critical 
angular momentum concepts. 
(ii) properties of the compound nucleus. e.g. the 
"statistical" yrast line. 
(iii) competition of the incomplete fusion channels. 

Mass spectra extracted from inclusive games ray 
measurements performed for the **Li + *°Ca reaction at 156 
MeV indicated nonzero cross section located in the mass 
region 18 to 22 amu. Statistical model calculations 
suggested that one could not get there by a sequential 
evaporation of light particles from compound nuclei *eV. 
44Ti, 4ZSc (complete or incomplete fusion respectively). 
Our suggestion was that 17 < A < 23 nuclei come from the 
symmetric fission—like mechanism. Such a mechanism in the 
region of light nuclei was at that time (the early 80-ies) 
rather unexpected. In order to investigate such possibility 
we have proposed and performed three experiments. They were 
carried out at: the LBL 88" cyclotron, cyclotron CYCLONE of 
the Catholic University of Louvain-la-Neuve, and the 
cyclotron of the Texas A&M University. The particle-particle 
coincidences for the eLi + 4OCa reaction and also for other 
light systems *Be + *°Ca. " c + *°Ca, 1<f0 + 4OCa. " s + a C . 
and 3 ZS + Z4Mg were measured 2O'21'22>. They were first 
results clearly demonstrating existence of a synmetric or 
nearly symmetric decay of light nuclei. 

Looking for a mechanism responsible for such symmetric 
splitting we performed calculations using the coalescence 
and reseparation dynamical model of Błocka. Feldmeier and 
Swiątecki 2 Э >. Here dynamical evolution of the system is 
treated using a set of three dimensionless coordinates p. X, 
and Д. which describe a family of axially symnetric nuclear 
shapes with fixed volume Z 4 > . The shapes consist of two 

17 



generally unequal spheres modified by a smoothly fitted 
portion of a third quadratic surface of revolution. The 
variables p, X, and A correspond to the distance between two 
spheres, size of the neck, and asymmetry of the system, 
respectively. The collective kinetic energy is assumed here 
to be given by the Werner Wheeler approximation of the 
irrotational flow 2 S > . For the potential energy the liquid 
drop idealization is used. As the dissipation mechanism the 
one body dissipation is applied in which the nucleus is 
regarded as a medium of completely independent particles 
moving in a conson mean field, i.e. a time dependent 
potential well za> . 

In Fig. III.4 typical model trajectories are presented 
for the 12C + *°Ca reaction at bombarding energy of 186 MeV 
2 7 >. Each trajectory represents a collision with a given 
angular momentum L. They can be divided in two groups. 
Trajectories corresponding to angular momenta 51. 52. and 53 
h cross the scission line with the mass asymmetry parameter 
values so different from zero that they can not be 
responsible for symmetric splitting. All the other 
trajectories, for L < 51 h stop at the points p. X, Д-0 
where the effective potential energy has a local minimum. 
Before reaching that minimum a system represented by a given 
trajectory comes to the sticking condition, and dissipates 
practically all the available kinetic energy of the 
collision (apart from the energy of essentially rigid 
rotation) . Such a system is highly excited and a large 
portion of its energy is stored in collective vibrations. 
There exists a finite probability that such a system will 
jump to the saddle point shape before losing the excitation 
energy by evaporation of light particles. In the case when 
the saddle point is reached the dynamical evolution pushes 
the system toward the scission line. As a result one 
observes symmetric splitting. For such a light system as 
ours the saddle point is very close to the scission line, 
and consequently the total kinetic energy is practically the 

18 
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10-

CS-

Fig. III.4 (a) Typical trajectories for the 186 MeV С + 
*°Ca reaction,- (b) For L - 42h and 53h the numbers written 
along the trajectories specify the asymmetry parameter Д. 
the collision time r, in units 10" s. the number of 
revolutions of the system n . and the maximum relative system n . 
difference between « » 
corner) 

u and <•> (see the upper-right 

sum of the Coulomb and centrifugal energies for the very 
elongated scission configuration. 

Measured total kinetic energies of the exit channel 
together with predictions of the rotating liquid drop model 
calculations have indicated that the window for symmetric 
decay is located at relatively high angular momenta ( L " 30 
h ). As predicted by the model the nuclei in question (A~50. 
L " 30 h) are strongly deformed * " . The same experimental 
data were analyzed also using the statistical code ALERT of 
the Hauser-Feshbach type, which includes the Bohr-Wheeler 
model for estimating angular momentum dependent fission 
excitation functions a e > . It was shown there that finite 

19 



range rotating liquid drop model is much more successful in 
describing experimental data than the standard rotating 
liquid drop model. 

Kinetic4 energies of symmetric splitting (fission) 
measured by us for the light nuclei together with a value 

2 о > 
obtained for an extremely heavy system by Токе et al. 
prompted Viola to modify his fission systematics formula 
ЭО) 

As one can see in Fig.III.4 three trajectories only 
cross the scission line for L - 51 -53 h. In the frame of 
the Blocki, Feldmeier and £wi<*tecki model such trajectories 
correspond to the class of damped collisions with changing 

degree of inelasticity. 

In the next chapter I will concentrate attention on 

such processes. The basic features of damped collisions are 

summarized, unresolved problems pointed out and new 

experiments presented. They were performed for the mass 

region 230 < A < 302 in cooperation with my colleagues from 

Indiana and Maryland Universities. 

20 



-IV. The damped collisions 

For heavier projectile and heavier target nucleus 
system the channel of complete fusion is substantially 
suppressed due to the Coulomb repulsion and the angular 
momentum. The room left is filled by inelastic reactions 
with two body exit channels. For first investigations see 
Э1,э2,ээ.э4.э5> д comprehensive review of this field was 
given by Schroder and Huizenga 

Several names have been introduced so far for 
characterizing such heavy-ion collisions. Most frequently 
used are: deep inelastic collisions, dissipative collisions 
or damped collisions. Throughout this paper the name damped 
collisions is used. 

IV.A. General characteristics 

At incident energies of a few MeV/A above the Coulomb 
barrier properties of damped collisions can be enumerated as 
follows: 
(i) the reaction is binary in a sense that only two massive 
fragments are observed in the exit channel. It follows decay 
of a dinuclear rotating system. 
(ii) angular distribution of the reaction cross section is 
sideways-peaked for heavy systems and forward-peaked for 
light ones. Both types of distribution are indicative of a 
fast. peripheral reaction. The time т. of nuclear 

—22 —2Q *" 
interaction (т " 10" - 10" s) is significantly smaller 
than the time needed for a complete rotation of the 
composite system (т > 10"2os) . Example of such angular 

X*OL 

distribution for 4l>eXe + *°**Bi interaction at 8.3 MeV/A is 
presented in Fig. IV.1 *7'. 
(iii) the fragment mass distributions are broad and centered 
around the masses of the projectile and of the target 
eventually with some drift. This feature is characteristic 
of a statistical process of nucłeon exchange. Although many 
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Fig.IV.1 Laboratory angular distribution of the total 
reaction cross section for 1B<$Xe + г<*РВ1 interaction at 8.3 

37'. A curve has been drawn through the data points to MeV/A 
guide the eye. 

nucleons may be exchanged in the course of reaction, 
identities of the projectile and the target are 
approximately preserved. The Z distributions for different 
kinetic energy bins are shown in Fig. IV.2. This is done 
for the system mentioned in the point (ii). 
(iv) the kinetic-energy distribution of the final fragments 
is very broad; it extends from quasi-elastic down to Coulomb 
energies of highly deformed fragments. At the same time 
angular momentum of the relative motion is transformed into 
intrinsic spins of the fragments. 

The contour plot of the double differential cross 
section d*c/dEdfl . which is called Wilczyrtski diagram, 
displayed in Fig. IV.Э illustrates the continuous evolution 
of the measured total kinetic energy, E. and scattering 
angle in the center-of-mass system, в<ял, for the reaction 
•eKr + 1Л*Ег at 8.18 MeV/A "'•"' . The upper energy limit 
is given by the incident energy. The lower one corresponds 
to the Coulomb repulsion energy of the outgoing fragments. 

Fig. IV.4 shows in a schematic way how the relation 
between kinetic energy and decay angle for a damped 

22 



30 38 46 54 62 70 7« U 

I (ATOMIC NUMBER) 

Fig.IV.2 Fragment Z distributions for " Xe + 

interaction at 8.3 MeV/A *7> plotted as a function of the 

kinetic energy indicated at the curves. The curves represent 

Gaussian fits. The distribution at the bottom corresponds to 

elastically scattered Xe ions and illustrates the 

experimental Z resolution. 

20° 40° 60° B0° 

Fig.IV.3 Contour plot for the Wilczynski diagram for the 

reaction **Kr + at B.18 MeV/A 
• • • • • » 
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Fig.IV.4 Wilczyński diagram: (a) sketches in an energy 

versus scattering angle plot, the contour lines of constant 

cross section. In a reaction plane defined by the beam axis 

and the detection angle two components are possible: (i) for 

impact parameters on the right hand size of the beam axis 

(solid lines) and (ii) on the left hand side (dashed lines). 

Part (b) of the figure illustrate the corresponding 

trajectories leading to the energy-angle correlation of part 

(a). The ingoing angular momentum is denoted by L. 

collision can be interpreted in the frame of an almost 

classical picture. In this picture of Wilczyrtski a monotonie 

dependence of the scattering angle on the impact parameter 

is postulated. For the decreasing value of impact parameter, 

close to the grazing value, the scattering angle does not 

increase any more like in a pure Coulomb interaction. The 

trajectories are bent towards smaller scattering angles 

because of the attractive nuclear forces. This produces a 

focusing of quasi elastic events at an angle close to the 

grazing angle. For smaller impact parameters the deflection 

angle decreases, crosses zero, and goes to negative values 

reaching finally orbiting configuration of the dinuclear 
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system. At the sane time more and more energy is dissipated. 
Below a certain value of angular mementu» (impact 
parameter) the two nuclei fuse and form a compound nucleus. 
Reaction products corresponding to positive and negative 
deflection angles should be characterized by different 
polarity. This suggestion was tested experimentally, by 
measuring circular polarization of r rays emitted 
perpendicularly to the reaction plane * o >. 

It was recognized by Wilczyrtski 7> and by Beck and 
Gross **' that the features showing up in Fig. IV.4 can be 
accounted for by introducing friction forces in the 
classical equation of motion. Improved models have been 
introduced by Tsang *я>. Bondorf et al. * m >. Gross ***, 
Siwek-Wilczyrtska et al. *s> and Beck et al. **'. 

Most of these models utilize frictional forces 
proportional to velocities. The transfer of charge and mass 
is usually included in such models assuming that: (i) 
equations of motion in the entrance channel are integrated 
until the point of closest approach: (ii) transfer processes 
take place only at R . .At this point the relative velocity 
is corrected for the mass transfer effect; (iii) in the exit 
channel equ&tions of motion are integrated with a potential 
of the outgoing system. Variety of models were used to 
describe specific features of the mass and charge transfer 
processes, e.g. the minimum nucleon transfer model . or 
the random walk model **•••*, Generally such models were 
able to reproduce the ridge of the Wilczynakx plot. 

The way to describe the heavy ion interaction in terms 
of quantum mechanics is to use the time-dependent 
Hartree-Fock (TDHF) model ***so>. xhia model relies on the 
fact that the complicated two—body interaction can be 
substituted by a time-dependent mean field in which the 
nucleons move as free particles. One of its serious 
limitations is inability to produce variances in the 
relevant variables in agreement with experiment. 

The other class of models* is based on the transport 
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equation. In this group we should mention models pioneered 
by Norenberg **'sz> and Wo1senin 9ЯУ. and those based upon 
the one-body theory promoted by Randrup ' ' ' * and 
Feldmeier 5 S > . It was shown by Norenberg that using a 
quantum statistical approach evolution of the system is 
approximately described by a transport equation of the 
Fokker-Planck type: 

-- P - ( - — v + £— D ) P(A.t) . (IV.1) 
*t OK «A 

The function P(A,t) in this equation represents the 

probability . that the projectile-like fragment has acquired 

the mass number A at the time t. The quantities У Д and D A A 
represent the drift and diffusion transport coefficients, 
respectively. 

Randrup in his model takes the Fokkei—Planck equation 
for granted and focuses his efforts on the calculation of 
the coefficients vA and D • He has derived general 
expressions for the transport coefficients by modeling the 
dinuclear system as two Fermi gases in contact. Here all 
dinuclear relaxation mechanisms are mediated by the exchange 
of independent nucleons between reaction partners . 

The statistical transport models have proven generally 
successful -in accounting for many major features of damped 
collisions between heavy nuclei at neaz—barrier bombarding 
energies * e« s e >_ p o r example, the energy dissipation, 
angular focusing and nuclide distribution properties are 
qualitatively reproduced within the context of these models. 

IV.B. Unresolved probl 

During the past few years, improved experimental 
techniques have made it possible to subject the models of 
dissipative collisions to more rigorous tests. Simultaneous 
measurements of fragment charge and mass distributions have 
permitted examination of the net number of proton and 
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neutron exchanges as a function of the dissipated energy 
during the existence of the dinuclear complex system 97-*m> 

Comparison of the model prediction with new generation of 
experimental data shows that models frequently fail to 
reproduce the dependence of the neutron and proton drifts on 
energy loss for asymmetric target—projectile systems *'-*** 

Strongly related to the evolution of the proton and 
neutron number centroids is the problem of the equilibration 
of the N/Z ratio. Earlier comparisons of discrete Z and A 
distributions obtained for the *°Ca + **Ni and ***Ar +• M H i 
systems < M > suggest that the N/Z ratio of the damped 
products adjusts to the N/Z value of the corresponding 
composite system already at very low energy losses. Studies 
for heavier systems »•••••*» leaded to opposite 
conclusions. They demonstrate that the N/Z equilibration is 
a monotonie, continuous process. 

Direct comparison of model calculations with 
experimental data for damped reactions between heavy nuclei 
is generally obscured by the subsequent decay of excited 
primary fragments following scission of the complex system. 
Thus, in order to reconcile the measured post-evaporative 
charge and mass yields with the primary distributions 
predicted by theory, significant corrections must be 
applied to account for modifications due to de-excitation. 
These corrections require both a knowledge of how the 
excitation energy is partitioned between the two primary 
fragments and the application of a reliable statistical 
decay model to relate the primary and observed data. 

On the other hand the process of dissipation of kinetic 
energy and its redistribution among the various degrees of 
freedom in a complex nuclear reaction is of high i 
significance for understanding of the damped reaction :j 
mechanism. During the past decade a number of experiments Ą 
and analyses have been performed which shed light on various j 
aspects of excitation-energy sharing in damped collisions. • 
Most of these studies have exmained either a relatively 
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narrow range of energy damping associated with quasi-elastic 
events, or nearly-synmetric target-projectile systems where 
the potential energy surfaces do not produce strong static 
driving forces for nucleon transfer. Several early 
experiments «•.«•**•-«•»••»•»> suggest that thermal 
equilibrium might be achieved very early in the damping 
process, perhaps as low as E.^-," 5 0 MeV. However. 
subsequent works ««'«О'70-7*-»*'»*-*•> n a v e indicated that 
excitation energy is shared nearly equally between the 
reaction partners in early stages of damping. In addition, 
some of these studies have also indicated that the partition 
of excitation energy is dependent on the net nucleon 
exchange --»••**-"-«». 

For very asymmetric systems involving relatively light 
projectiles of A - 10-20 the data corresponding to 
quasi-elastic collisions can be well reproduced by the model 
of Siemens 7<s> assuming the minimum nucleon transfer 

7 7 
necessary to produce the observed reaction products 
This demonstrates that for most events the net transfer of 
nucleons is not accompanied by an additional bi-directional 
exchange of nucleons between target and projectile. Similar 
results were recently reported by Wilczyrtski for *°Ar + 
**'7Au reaction at 450 MeV 7 S > in contrary to the suggestion 
of the transport models. 

To elucidate problems connected with evolution of the 
proton and neutron centroids. and of the equilibration of 
the N/Z ratio two experiments were performed. The first 
inclusive one was done for 8.5 MeV/A *°Ni and e*Ni nuclei 
bombarding the *""u target 7"'"o> . Here only the mass and 
charge of projectile-like fragments were measured. \ 

The second experiment had more ambitious goals. It was \ 
performed for the 7*Ge + *^Ho system at E/A-8.5 MeV/A and 1 
was of coincidence type •*•••*••••*». Experimental technique { 
used was similar to that of Benton et al. '*'. Mass and 
charge of the projectile-like fragment . PLF, was measured. 
The primary mass of PLF before light particle evaporation 
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was derived from the angular correlation between the PLF and 
the target-like fragment. Applying statistical model 
predictions in an iterative event-by-event procedure 
information on excitation energy of the PLF fragment was 
extracted from the measured evaporated mass. The papers of 
Benton et al. 7*-7*>r viola et al. e i >, Płaneta et al. 
" ' " ' . and Kwiatkowski et al. e 4 > . are the first reporting 
on exclusive measurements of that type. 

The detaiIs of the experimental technique and the most 
important results of these experiments are presented in 
foilowing chapters. 

I 
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V. Experimental procedure 

Both experiments were carried out at the LBL 
SuperHi lac. Mass A and Z number of the projectile-like 
fragment was identified using a combination of the ДЕ-Е. and 
time of flight techniques. In the exclusive measurement 
dii-ection of the recoiled target-like fragment was given toy 
a two dimensional. position sensitive. multiwire 
proportional counter. For a more thorough description of 
these techniques the reader is referred to e s > for details 
of the nuclide identification detector system and to 
во.»э.е<$> {}jscussjon Of experimental procedures. All 
details given below refer to the coincidence measurement for 
the 74Ge + 1<s5Ho system. 

V.A. Experimental set up 

The beam of 200-200 enA of 7*Ge ions bombarded a 200 
t-tg/cm ± Ho target supported by a 100 цд/ст carbon foil. 
The beam energy was E/A - 8.5 MeV/nucleon. During data 
acquisition the Ho side of the target was facing the 
heavy-recoi1 detector at an angle chosen to minimize the 
energy-loss and multiple scattering effects for the 
target-like recoil nuclei. The target ladder was 
electrically isolated from the scattering chamber and a 
voltage of +15 kV was applied to suppress secondary 
electrons emitted from the target. Both the projectile-like 
fragment (PLF). defined as the lighter one. and the 
target-like fragment (TLF). defined as the heavier one. were 
detected in coincidence . Figure V.I gives an overview of the 
expei"imental setup. 

The mass, charge, energy and angle of post-evaporative 
projectile-like fragments were detected at an angle of 26.5° 
with a time-of-flight ДЕ-ДЕ-Е telescope. 

Time-of-flight information was obtained with a pair of 
microchannel-pfate fast-timing detectors. The first timing 
element (CP1) was placed with its carbon foil 25.1 cm from 
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Fig.V.I Schematics of the experiment. 

the target and utilized a pair of 18 mm active-diameter 
channel plates connected in series. The second element 
(CP2), which employed two 40 mm diameter plates and a 40 
fjg/cm* polypropylene foil covered with an aluminum layer 60 
nm tick, was positioned 130 cm downstream from CP1 in a 
vacuum box connected to the sliding-seal port of the 
scattering chamber. Using commercially available fast-timing 
electronics, this system yielded a timing resolution of 
better than 120 psec. A series of antiscattering baffles and 
e1ectropo1 ished stainless steel apertures was placed along 
the time-of-flight path to reduce anomalous scattering 
effects. 

Fragment energy and charge identification were obtained 
with an x-y position-sensitive ДЕ-ДЕ-Е telescope which 
followed the CP2 timing device. Energy loss (ДЕ-ДЕ) 
measurements were performed via a segmented gridded 
gas-ionization chamber housed in a detector box. Reaction 
fragments were stopped in a 100 да silicon surface barrier 
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(E) detector of area 900 nnx . The gas-ionization chamber 
utilized CF« at 32 torr as a working gas. A stretched 
polypropylene foil was placed at the entrance of the 
ionization chamber securing a vacuum of 3*10~* torr at the 
extension port. The two AE segments were electrostatically 
separated by an aluminum shield with an aperture of 3.6 ев 
diameter along the fragment flight path. The pairs of anode 
plate and Frisch grid in the two segments were placed 
parallel to the fragment path, but were oriented at 90е with 
respect to one another. Using two time-to-amplitude 
converters operating between the start signal of the silicon 
E detector and the stop anode signal of the first and second 
ЛЕ segment, respectively, it was possible to use the 
electron drift time to get a position information in both x 
and у dimensions. The solid angle acceptance was 2.38 msr. 

Coincident target-like fragments were measured with an 
x-y position-sensitive multiwire proportional counter 
operated at 3.5 torr of isobutane. This detector had a 
collimator to provide an active area of 16.1 cm horizontally 
times 9.0 cm vertically and was located 27.5 cm from the 
target. The TLF detector was set consecutively at 
overlapping positions to span the entire angular range for 
heavy recoils, which extend from 28° to 80° on the side of 
the beam opposite from the PLF telescope. A total of 
1.3x10е coincident events were analyzed, 300000 of these in 
the energy-loss range from 30 to 200 HeV. 

V.B. Calibration of the detector system 

In order to achieve the nuclide resolution required by 
the goals of this experiment, a detailed calibration 
procedure was followed 99'7*-ла> Subsequently. Monte Carlo 
simulation was performed to evaluate potential sources of 
some experimental and analytical biases (see Appendix). 

The initial step in the calibration procedure for the 
PLF telescope involved normalization of the energy scale of 
the silicon E detector with alpha particle sources, and 



elastically-scattered beam particles. Corrections for 
pulse-height defect were included. 

Next, x- and y-position' coordinates were determined 
from analysis of elastically-scattered beam particles 
observed with a precision machined mask placed in front of 

• the ionization chamber during a calibration run. It was 
possible to achieve a position resolution of 0.3 mm in both 
x and у directions. 

Electronic non-linearities in the Si detector and two 
segments of the ionization chamber were corrected on the 
basis of a pulse-generator calibration. The absolute energy 
calibration of each segment. ДЕ and AE . were obtained 
from the energy. E , measurement of elastically scattered 
7*Ge ions in the silicon detector recorded at a series of 
different gas pressures. Pk . in the ionization chamber. 
Using this information, the function f(a.b) was minimized 
with respect to calibration coefficients a and b. where: 

f(a.b)- Z (E(P-O) - E(P ) - a AE (P ) - b AE (P ))*. (V.I) 

The gas-ionization energy loss signals, АЕж and ДЕ were 
found to be slightly position dependent due to incomplete 
charge collection in some regions of the detector. 
Phenomenological correction matrices were constructed and 
corresponding corrections were applied to all events in 
order to compensate this position-pulse-height dependence. 

Calibration of the channel-plate time-of-flight (TOF) 
system was performed with elasticelly scattered **Ge ions 
and a precision time calibrator. The flight path of 
projectile-like fragments was position dependent due to 
finite solid angle. The time of flight was also found to be 
slightly position dependent due to different collection 
times in channel plates. The flight paths distance matrix 
S(x.y) was calculated from the geometry of the system. The 
correction matrix . At(x.y). to the time of flight was found 
from the comparison of the kinematics predictions for 
elastic scattering and the measured values of tTOV>. Beside 
on the collection time in channel plates At(x.y) depend* 
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also on small uncertainties in geometrical evaluation of 
Sfx,y). Maximum values of At(x,y) were of the order of 60 
psec. 

Fragment mass numbers were then calculated using the 
expression: 

A - 2E ICtTOr - At<x,y) - To)/S(x.y)]* . (V.2) 

Here T is the time-of-flight offset due to cable length 
О 

difference and E is the energy of the ion after passing 
through the carbon foil of the first channel plate. For 
fragments with A - 74 , the experimental system yielded a 
resolution (FWHM) of <5A » 0.6 amu, SZ • 0.6 charge units, 
kinetic energy <5E - 6.5 MeV and 6в- 0.1°. 

Position calibration for the heavy-recoil detector was 
determined from the known wire spacing (2mm) and the edges 
of the machined frame mounted in front of the detector. In 
calibration runs with the coincidence requirements removed, 
both individual wires and frame edges were clearly 
identified. Angular resolution for TLF's in the heavy recoil 
detector was <5в- 0.4°. Absolute values of angles of the 
frame edges were determined via transit theodolite 
measurements to an accuracy of <0.1°. Later on during data 
acquisition the absolute angle calibration was monitored by 
position of the elastic recoil peak. 

In the upper part of Fig. V.2 cross-section contours 
are plotted which demonstrate the dependence of TLF recoil 
angle in the multiwire proportional counter as a function of 
PLF laboratory energy. One observes a strong peak at the 
kinematic angle expected for heavy recoils from the 
elastically scattered T4Ge ions. With decreasing PLF energy, 
the most probable recoil angle shifts systematically to 
lower angles, consistent - with expectation of a binary 
reaction mechanism. At very large energy losses one observes 
a nearly isotropic spreading of the TLF angular 
distribution, which we attribute to contributions from 
fission-like decay of the composite system or sequential 
fission of the target-like fragment. The solid line in Fig. 
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V.2 is the kinematic locus of ***Ho recoils from inelastic 
?*Ge'scattering with the corresponding laboratory energy. 

The dashed curve gives the locus for fission fragments, 

based on fission kinetic-energy release systematics 

260 340 420 500 

(MeV) 
580 

Fig.V.2 (top) Cross section contours for target-like 

fragment angle as a function of projectile-like fragment 

kinetic energy in the laboratory system. The dot-dashed line 

gives the kinematic locus expected for inelastically 

scattered * eHo recoil nuclei as a function of T*Ge kinetic 

energy. The dashed line gives the estimated behavior of 

fusion-fission reactions, assuming a total kinetic energy 

release given by systematic», (bottom) Cross section 

contours of PLF primary mass as a function of fragment 

kinetic energy in the laboratory system. 
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V.C. Primary mass and energy loss determination 

At larger dissipated energy fragments from the damped 
collisions are excited to an energy allowing evaporation of 
light particles. We denote in this work all quantities of 
the primary binary splitting products by primes, while 
secondary fragments (after evaporation) are described by 
unprimed symbols. 

In order to determine primary mass and charge 
distributions, the data were analyzed with the assumption of 
a two-body primary reaction mechanism followed by isotropic 
light-particle evaporation from fully equilibrated fragments 
74'a7> . As shown below measured angles for both 
post-evaporative fragments and velocity of PLF (obtained 
from time-of-flight) for each event , completely determine 
kinematics of the primary reaction, when averaged over a 
large number of similar events. 

Lets consider conservation of the momentum in the 
primary two body reaction: 

0 * 

Here p denotes momentum of a projectile before collision p 
traveling along the z axis, and p' and p' are momenta 
of the PLF and TLF, respectively. Corresponding reaction 
angles for the PLF and TLF in the laboratory system are 
given by &' and Ф' in polar coordinates. Substituting 
momenta by masses and velocities one gets for the primary 
PLF masa. A' : 

rLF 

(V.4) 
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where A is the projectile mass and V ' and V are the 
P P FŁF" 

projectile and primary PLF velocities, respectively. 
In our event by event analysis of the data we replace 

all unknown primed quantities in Eq. (V.4) by the measured 
post-evaporative (unprimed) values. We assume here that 
average primary velocities of PLF, and TLF remain unchanged 
after isotropic evaporation of light particles. 

The above procedure yields values of the primary mass 
with finite resolution. As we do not know how to measure 
such mass resolution experimentally, we have evaluated it 
from the Monte Carlo simulation. In our simulation we have 
taken into account as two main contributions to the finite 
mass resolution the angular resolution of both detectors, 
and recoil effects caused by light particle evaporation. 

In order to •estimate angular resolutions of both 
detectors we have constructed a spectrum of the difference 
©_._(measured) - в _(calculated from two body kinematics) 
TLF TŁ.F 
for events corresponding to the elastic (quasi—elastic) 
scattering. Such a class of events was selected by a logical 
AND of three conditions: secondary A e (73.5,74.5), Z 
m (31.5,32.5). and E p Ł r e (572 MeV, 582 MeV) . The last 
window was simply set on the "elastic" line in the energy 
spectrum of all PLF fragments. Spectrum generated in such 
way (see Fig. V.3) has a quasi Gaussian shape with long 
tails. It includes contributions not only from resolution of 
two detectors but also from effects of straggling in the 
target, channel plate foils, and foils in front of the ДЕ 
and TLF detectors. Due to such gating procedure the obtained 
resolution function contains some contributions from events 
corresponding to neighbor primary masses (73 and 75) and 
should be treated as an upper estimation of the real effect. 

Evaluation of light particle evaporation effects as 
well details of Monte Carlo simulation are given in 
Appendix. For the primary mass 74 the Monte Carlo simulation 
provides a mass distribution presented in Fig.V.4. 

As one can see the distribution is similar to, but is 
not exactly of the Gaussian shape what creates certain 
problems when the mass resolution, FWHM, is calculated. One 
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Fig.V.3 Angular resolution function constructed for events 
corresponding to the elastic scattering. 
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Fig.V.4 The mass spectrum generated by the Monte Carlo 
simulation for the assumed primary mass 74. 
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can fit the mass line with a Gaussian or apply the momentum 
analVsis. Results of both procedures are presented in 
columns 2 and 3 of Table V.I for different values of energy 
loss, EŁO_ • Column 4 gives values of AA' when recoil 
effects only wf.re taken into account. In the last case mass 
distribution has a Gaussian shape. Comparing columns 2 and 3 
one observes a considerable difference in the mass 
resolution for smaller values of ̂ 1МЖЯ- It is so because at 
smaller E.___ the mass line width is mainly determined by 

IASB the angular resolution. When Б increases, 
ЦОЯШ 

effects begin to dominate (see column 4). 
recoil 

Table V.I Primary mass resolution for A'Pbr " 74. 

' LOSS 

! (HeV) 

\ 0 
: so 
: 70 
: 120 
J 170 

<5A' (amu) 1 

1 recoil effects 
i & angular resolution 

Moment. anal. 

1.98 
2.45 
2.83 
3.87 
5.25 

! Gaus. fit 

1.06 
1.95 
2.56 
3.69 
5.11 

! recoil effects : 
only : 

0.0 
1.37 : 
1.90 : 
3.23 ! 
4.64 

In the lower part of Fig. V.I cross section contours 
are shown for the primary PLF mass deduced in the way 
described above versus ihe PLF laboratory energy, The most 
probable PLF mass values remain essentially the same as that 
of the projectile. For very large energy losses, a spreading 
of the mass distribution toward symmetric decay occurs 
supporting the fission-like picture. The dashed line gives 
the predicted kinematic behavior for the fusion-fission 
fragments, assuming the Viola systematics "o> for the 
fission fragment kinetic energy release. 
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Once mass of the primary PLF is known (on the average) 
and the mass of the PLF after evaporation have been measured 
, the amount of mass. ДА, evaporated from the PLF for each 
event is given as: 

' » Г <v"5> 

Kinetic energy for the primary PLF can be approximated 
by 

E1 - E * (V.6) 

where A1 and A refer to the reconstructed (primary) and 
PLF PLF 

measured (post-evaporative) masses, respectively. The total 
kinetic energy loss. E. ___. is then calculated using the 

La O B В 
reconstructed PLF primary mass and kinetic energy and the 
measured PLF angle: 

V - (V.7) 
B " 

where: 

(V.8) 

In Fig. V.5 yield contours of ДА versus the total 
kineti<- energy loss for the projectile-like fragments are 
plotted. It is observed that the ridge of the most probable 
AA contours increases systematically with increasing energy 
loss. For very large energy losses, a large mass loss and 
width are observed, as expected for fission-like events. At 
low energy-loss values, where ДА is small, the kinematic 
coincidence technique yields a fraction of negative AÂ  
values due to the finite mass resolution of both primary and 
secondary fragments. 
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Fig.V.5 Cross section contours of evaporated mass, ДА, 
7*, versus total kinetic energy loss for PLP's from the 

1<K>Ho reaction. 
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VI. Determination of the excitation energy and charge 
of primary fragments 

To establish correspondence between evaporated 
mass. ДА. and excitation energy of the PLF. £pL|P> iterative 
statistical model calculations have been performed with tus 
PACE-II code " \ 

• VI.A. Evaporation calculations 

Our model calculations were done in the input parameter 
space: mass. A' . charge. 2'_, _. excitation energy, E 

rLF PLF WŁF 
Spin was estimated semiclassićally using E as a 
parameter. Details of this procedure will be given later x>. 

Atomic numbers from Z' _ - 15 to 45 were included in 
the parameter space, each with twenty isotopes chosen in 
such a way that their centroid corresponded to the most 
abundant (in experiment) primary mass A" . . The initial * E for each nucleus in the input space ranged from zero to 
200 MeV; in the first 100 MeV energies were taken in 10 MeV 
steps and in the second 100 MeV the step size was 50 MeV. 

With such input parameters, the decay chain of each 
charge, mass, excitation energy» and corresponding spin was 
calculated.. A standard number of Monte Carlo cascades was 
1000. Results of calculations were tabulated as two 
functions: 

(VI.1) 

There are numerous options for the user running the 
PACE-II code (level density", possibility of discrete levels, 
type of yrast band, fission barrier, ground state masses). 
We have used in all cases the default values. This has been 
shown to give good agreement with experimental data in our 
region of interest 
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where the average mass and charge of the PLF after 
evaporation from an individual isotope A' ,Z' is <A > 
and <Zm, > , respectively. Discontinuities caused by the 
particle emission threshold effects were smoothed by 
interpolating linearly between the no evaporation limit at 
3*Łr- O and the value of the calculation at E*UF- 20 MeV. 

VI. B. Ev»nt-bjr-»v*nt iterat.lv» procedur* 

For all events with A' ._ - A„.„ > 0 an iterative 
PLF Pl*F 

analysis was then performed to extract information on the 
excitation energy, E*Łf>. and primary charge, Z'^^., using the measured values of 2 and 1 and the reconstructed 
primary mass. A' . The procedure was similar to that used 
by 7<> . The steps followed in each iteration were as 
follows. First, the primary (pre-evaporative) charge was 
assumed to be Z' _(i-0) - Z__ + 0.3. It was than assumed 

PLF . PŁF 
that for each event the difference A'_.'_- A can be 

PLF rLF 
approximated by A' - <A_. > from Eq. VI.1. The excitation 

PLF PLF 
energy for each iteration , i , was found by solving 
unambiguously for E_.. the equation: 

PLF 

where f ^ is a monotonie function of Е р ь г for given 
and Z'r . Once value of E ' ^ U ) was determined it was 
possible to calculate the amount of evaporated charge: 

fAZ(A"«.r ' Z ' - - ( i - l b E--<*>> • < V I 3 ) 

Convergence of the iteration was tested with a parameter * 
defined as: 

*(i) - A Z „ Ł r m - iz-rŁr(i-i) -z F Ł r) . cvi:4) 

For abs(«(i)) < Q.I charge units, the iteration was 
considered as completed; if not, a new value of Z' ,_{i) was 

Р1*Г ь 

calculated in the next iteration: 



(VI.5) 

The constant 0.9 was inserted to speed up the convergence. 
Most «vents converged in three steps or less. When iteration 
procedure was unsuccessful up to the 15-th step the event 
was rejected as a strange one, e.g. due to a slit 
scattering. Using the above event by event procedure Z" 
and E*Lr values were found. 

Additionally for each event the total amount of 
excitation energy in the system, E_ , was calculated: 

TOTAL* 
Етотль • C r + < ы - ^ o « + 9 „ < A ' p Ł r ' Z ' « . r > . < V I 6 > 

Here, the ground s ta te Q value, Q , was approximated by the 
l iquid drop model mass formula 

VX.C SmLcl«ssical •st.lM.tion of th* spin of ргхяии-у 

For the purpose of statistical model calculations spin 
of the PLF was estimated semiclassically. The total kinetic 
energy loss was used to parameterize the centrality of 
collision, and the corresponding range of <angular momenta 
extended from LMAX-307 h for \ояят О (the grazing limit) 
, to the fusion limit taken at EUQ^ - 240 MeV, where 
115 t> . The intermediate L values were given by a 
linear interpolation between these two limits: 

2 4° MeV) + 
The same energy loss limits were used to calculate the 
fraction of the total angular momentum transferred as spin 
to the PLF. We' have assumed zero transfer at the grazing 
limit and the value for classical sticking at the fusion 
limit. The ratio of L /L.^„A. was then approximated by a 

РЕ*Ж TOTAL» linear interpolation between zero (*Voe»"°* and L 
•Tieie/LroTAi. ( a t f u e i o n> ' 



- <L.TXcK
/Lro»Abł * < Еьо.. / 2 4 0 M e V> * 

(VI.8) 

Here 

TOTAL 

where IFLr. ITLf.. I M b are moments of inertia for the PLF, 
TLF, and the relative system, respectively. 

The above estimate agrees with experimental data for 
small to moderate energy losses s>t>*>2' ш •por the purpose of 
the evaporation calculations, and the iteration procedure 
one has to express ^lA№9 by E*^.. Such dependence is not a 
priori known. We have used here an approximation E. „ - 2 

LO»S 
E which is experimentally justified for not to large 
energy losses 7 4 >. The initial spin window given to PACE-I1 
was L - 1 < L < L _ + 1 , with L being the nearest 
integer to the value form Eq. VI.9. and the probability 
distribution P(L) - (2L + D/(6L„_+ 3). 

PLF 
It is worthwhile to mention that in our damped collision 

the fraction of angular momentum transferred to PLF is small. 
and for such small spins of PLF's results from the PACE-II 
code are insensitive to particular spin values. 



VII. Nuciide fragment distribution 

VILA. Gross features of the data 

In order to gain an overview of the nucleon exchange 
and the N/Z equilibration processes, itw is instructive to 
examine general evolution of the measured yield of PLF as a 
function of atomic number, mass number and energy loss. 

For the case of 7*Ge + 1<яНо reaction Fig. VII.I 

2000 
1000 -

60 85 70 85 70 75 7 0 7 5 8 0 

20 

Fig.VI I.I Isotopic distributions for several PLF atomic 
numbers, as indicated on the figure. Centroid of 
beta-stability is indicated by an arrow for each case. Data 
span the energy loss range 30-200 MeV. 

presents the measured (post-evaporative) isotopic 
distributions in the energy-loss range 30-200 MeV (i.e., 
quasielastic and fission-like events excluded). As one can 
see the bulk of the cross-section is concentrated in the Z -
30-33 yields. The position of each distribution relative to 
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the beta-stability N/Z ratio (indicated by an arrow) depends 
sensitively on whether nucleons are gained or lost during 
the interaction and subsequent decay. For atomic numbers 
lower than the projectile isotopic distributions become 
increasingly dominated by neutron-excess isotopes. Higher 
atomic numbers exhibit the opposite behavior, i.e., the 
yields ftvor neutron deficient isotopes. Since proton decay 
is relatively unimportant for our data, these results may 
suggest that the number of evaporated nucleons and 
consequently the excitation energies of PLF's with Z>32 are 
significantly laryer than these for Z<32. 

It should be noticed that Fig. VII Л has important 
implications for the synthesis of exotic and neutron rich 
isotopes by means of the low energy damped collisions. 

Fig. VI 1.2 presents the post-evaporative mass 
distributions as a function of energy loss for the 20 MeV 
energy loss bins. These extend from the quasielastic region 
to nearly fully damped events < E

b O S S up to 190 MeV). 
Systematic broadening of the mass distribution as a function 
of energy loss, characteristic of the damped process, is 
clearly illustrated in the data. As energy loss increases, 
the mass centroid of each distribution shifts to lower 
values, reflecting combined effects of the nucleon exchange 
between the projectile' and the target and the decay of 
excited primary fragments. The narrow, Gaussian-like 
behavior of the yield curves at low E values becomes 
increasingly skewed toward heavier masses at the largest 
energies due to the growth in importance of the long 
time-scale mechanisms such as fission. 

In order to demonstrate influence of the projectile N/Z 
ratio on nuclidic yields we examine the data of the 9*'<MNi 
+ ***U reactions. 

Development of the nuclide distribution in early stages 
of the reaction can be deduced from Fig. VI1.3. where the 
"Ni + * " U and e4Ni + " e U systems are compared. In each 
case the projectile N and Z values are indicated by a solid 
circle. The energy-loss bins for the detected (secondary) 
fragments are given by numbers. 



Fig.VII.2 Mass distributions as a function of energy loss, 

as indicated on the figure. Dashed line is for A - 74. 

For the "'Ni case one observes initially a strong 

tendency for the projectile to pick up a neutron from the 

target in order to form **Ni. "ńie neutron pickup is the only 

open channel for nucleon transfer or exchange at this energy 

(see Q values in Table VII.l). As soon as a sufficient 

energy becomes available to overcome the negative Q values, 

there appears to be a strong driving force toward transfer 

of a proton from the projectile to the target. Less likely 

is the exchange of two nucleons with the projectile losing 

a proton and gaining a neutron. In the 12-16 MeV EL__ bin. 
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Fig.VII.3 Cross section contours for nuclidic yields from 
the "•'**Ni + яяти reactions as a function of 
projectile-like fragment N and 2. Energy loss bins are shown 
for 2-4. 6-8. 12-16. and 20-24 MeV. Solid circles indicate N 
and Z of the projectile. 

which is below the threshold for a neutron decay (assuming 
equipartition of the excitation energy) the probability for 
a two-neutron pick-up to form "°Ni is markedly less than 
that for a proton loss to form етСо - despite a very strong 
Q-value preference for the two-neutron pickup channel. On 
the other hand, the global N/2 equilibration slightly favors 



a proton loss process, suggesting a strong influence of the 
isospin differences on the earliest stages of the reaction. 
This is emphasized further at slightly higher EL___ (20-24 

LOSS 
MeV bin), where the two-proton-loss channel has become 
comparable to the proton-neutron exchange formation of "*Co 
and significantly exceeds probabilities for the one- and 
two-neutron pickup. 
Table VII.I . Q-values for simple nucleon transfer and 
exchange processes in a*Ni- and e*Ni-induced reactions on 

Projectile nucleon 
change 

+ In 
+ 2n 
+ IP 
+ 2P 
+ lp - In 
+ In - lp 
- In 
- 2n 
- lp 
- 2P 
+ lp + In 

2.9 MeV 
9.1 

-4.2 
-4.7 

-12.5 
-0.5 
-7.4 
-11.7 
-2.9 
-2.4 
-0.1 

**Ni 

-0.1 MeV 
3.8 

-0.2 
3.1 

-5.6 
-7.5 
-4.9 
-5.8 
-7.3 
-11.0 
0.9 

In contrast with the lower N/Z projectile **Ni. the 
early stages of nucleon exchange for **Ni evolve 
differently. The tmost Q-value favored channels involve 
pickup of either a neutron to form ^Ni or a proton to form | 
л С и (see Table VII.I). However, only the neutron pickup - f 

1 
which favors global N/Z equilibration - occurs with any j| 
significant probability. As the internal excitation energy 1 
increases, the failure to populate the Q-value favored \ 
products of higher N and Z is apparent in the data. Most i 
striking is the fact that at Ej^^» 6-8 MeV. ""Ni (Q - -4.9 } 
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MeV) competes successfully with the formation of eeCu. esNi, 
eeNi, eeCu, and eeZn. all with Q-values 4-8 MeV more 
positive. At such an energy loss, the proton transfer to the 
target is energetically forbidden. Thus, the system forms 
**№, in disagreement with the N/Z equilibration forces. 
Such trend persists to higher energy losses, although the 
yield pattern is modified by the opening of the proton 
transfer channel to form Co isotopes and the transfer of 
sufficient excitation energy to permit neutron decay of 
""Ni, which tends to magnify the yield of ***Ni with respect 
to its neighbors. 

In Fig. VII.4 evolution of the nuclide distribution for 
7*6e + ieBHo with energy loss is shown. The energy loss bins 

36 
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32 

30 

28 

.26 
N36 

30 MeV TO MeV 

34 

32 

30-

28 

26 

110 MeV 150 MeV 

3 2 3 4 3 6 3 8 4 0 4 2 3 2 3 4 3 6 3 8 4 0 4 2 

Fig.VI1.4 Cross section contours for nuclidic yields from 
the 74Ge + 1<5SHo reaction in the N versus Z plane. Energy 
loss bins are indicated on the figure. Each bin width is 
+/-5 MeV about centroid. The dot-dashed line shows the line 
of maximum beta stability. 
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span the full range of damping. Each bin corresponds to a 
plus minus 5 MeV window around values of 30, 70, 110, and 
150 MeV. At Е ь о - Ж- 30 MeV. Where little energy is available 
for decay of primary fragments, it is apparent that the net 
transfer of one neutron and/or proton from projectile to 
target is much stronger than transfer in the opposite 
direction. With increasing energy loss the contours broaden 
due to combined effects of nucleon exchange and statistical 
decay of the • primary fragments. Most noticeable in the 
evolution of these distributions is a strong preference of 
proton transfer from projectile to target with increasing 
energy and a gradual alignment along the bottom of the 
beta-stability valley. Such behavior is similar . to that 
reported previously for several other systems в ш' 7*« ш о > 

VII. В. Ontrolds and variances 

A complete description of a continuous two-dimensional 
distribution P(N,Z) of Fig. VII.4 can be given by the moment 
analysis using consecutive moments of the distribution. The 
total number of events (sometime called the volume) is: 

У = S P(N.Z) dN dZ (VII.l) 

the centroids <N> and <Z> are 

<x> - 1/V / x P(N.Z) dN dZ (VII.2) 

where x - N or Z. The variances cr* and o-* are: 
N К 

* 
«£- 1/V * (x-<x»*P(N.Z) dN dZ . {VI 1.3) 

The соvariance о is given by: 
JCjr 

«^y- 1/V/ (x-<x»(y-<y» P(N.Z) dN dZ . (VII.3) 

It is convenient to introduce the quantity called the 
correlation coefficient p defined as: 
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p •• a / a a 
«У «У * У 

{VII.4) 

This coefficient cen vary between +1 and -1 and describes 
i 

the degree of correlation between random coordinates x and 
y. As an example Fig. VII.5 shows distributions of events 
with a positive correlation (Fig. VII.5a). no correlation 
(Fig. VI1.5b). and a negative correlation (Fig. VII.5c). The value of the correlation coefficient p xy is in such case 
positive, around zero or negative, respectively (see 

y,. 

a) Ы 

Fig.VII.5 Distributions of events with a positive 
correlation (a), no correlation (b), and a negative 
correlation (c). 

As shown by Breuer et al. "'* distributions of the PLF 
fragments are often distorted by contributions from 
processes different fro» damped collisions (e.g. 
fission-like). Moment analysis requires, in principle, a 
knowledge of the complete distribution, x.y « {-co .+ o o ) . 
Thus results of an analysis in which it was found necessary 
to exclude "tails" of the distribution become dependent on 
the limits of integration. The above difficulty can be 
surpassed by fitting a two-dimensional Gaussian to a P(N,Z) 
distribution in the region of interest. It has a form: 

Pe(N.Z) - H exp {- 0.5 [a(N-<N»*+ b(Z-<Z»* 

+ 2c(N-<H»(Z-<Z»n 
(VII.5) 
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In such a case the corresponding variances and 
correlation coefficients can be calculated analytically and 
are expressed by parameters a, b,c. Parameter H serves for 
absolute normalization. 

c* - г Ъ . (VI 1.6) 

&l - r a , (VII.7) 

0 N ! S - r e . (VI 1.8) 

PNJS - с (a b ) " 1 ^ , (VII.9) 

where у - (ab - с )" . 
The moment analysis of experimental (N,2) distributions 

measured in this work was done in the following way: 
(i) the data were replayed into two-dimensional spectra in N 
(or N1) and Z, so that each N and 2 value occupied five bins 
(i.e., 25 bins per nuclide). In constructing these spectra 
the gates were set on the energy loss. In the region of 
higher experimental statistics (E < 64 MeV) the widths 
of the energy gates were chosen to be 4 MeV. Above 64 MeV 
the gate width was increased up to 10 MeV. The number of 
points to be fitted was between 100 and 2000. Next the 
Gaussian distribution given by Eq. VII.5 was folded with the 
experimental mass and charge resolution. We have assumed 
here that the experimental mass and charge resolutions are 
represented by Gaussian functions with variances <HL and &* 
corresponding to the experimental resolution of the PLF mass 
and charge, respectively: 

f(Z.Z*) - exp (-.5 « (Z - Z*)*] . 

g(A.A*) - exp [-.5 ft (A - A*)2] , 

with I/a - <у*д and I/ft - о£д. Finally, the distribution 
PMQ(N.Z) to be compared with experimental data is given by: 
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PMO(N,Z) - / exp <-0.5 (aN* 2 + bZ* 2 + 

+ a(Z-Z*)2 + /?C(N + Z) - (N* + Z*))2 )i dN* dZ*. 
(VII.12) 

(ii) for the chi—squared fits, only points for which the 
relative value of the fitted distribution function was 
larger than 10 % of the maximum were taken. Additionally in 
order to minimize influence of the fission—like tails on 
damped collision distributions an upper mass cutoff was 
imposed on the data to be analyzed. Further details of the 
two dimensional Gaussian fits are described more fully in 
ao,i6) 

In Fig. VI 1.6 centroids of the Z. N and A distributions 
(the 7*Ge + 1<ssHo reaction) are plotted along with the 
<N>/<Z> ratio, as a function of the energy loss. C;rc.es 
represent centroicis for primary distributions reconstructed 
from the coincidence data; squares show the measured 
tpost-evaporative) results. For E „_ < 40 MeV where our 

LOSS 
iteration procedure is not effective (see Sec. VI.B) and 
where charge evaporation is negligible we have assumed Z'~ 
z. 

As seen in Fig. VI1.6 ( (a)-(c)) the net transfer of 
protons from PLF to the TLF is favored in this reaction.- in 
contrast the net neutron transfer is small. The result is a 
weak drift toward larger mass asymmetry. Such behavior is in 
general agreement with trends observed in several other 
inclusive measurements for mass asymmetric projectile 
target systems at similar energies of about 8.5 MeV/A 
S7.sł.7»,ło,94) N e t Q f f e c t o f t n e s e trends on the average -i 
neutron/proton ratio for the primary fragments (see Fig. 18 : 
(d)) is a gradual increase with increasing energy loss. It | 
evolves towards, but does not reach, the N/Z of the jj 
composite system Es. Due to increasing contribution of Ą 
the fission-like events the data with E Ł above 180 MeV j 
were excluded from the above analysis. j 

Variances of the Z, N, and A distributions are t 
presented in Fig. VI1.7 for both the primary and measured ; 
values. The variances are found to increase monotonicaily | 
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Fig.VII.6 Centroids of the Z. N. and A distributions and 
the <N>/<Z> ratio for PLF as a function of energy loss. 
Squares indicate measured post-evaporative values; circles 
give the primary values re-constructed from the kinematic 
coincidence technique, and the solid line is the prediction 
of the nucleon exchange transport model *'. 

for all distributions as ą function of increasing energy 
loss and are distinctly broader for primary distributione 
than for secondary ones. Such narrowing of distributions 
during a nucleon decay is imposed by the potential energy 
surface of the PLF's, which focuses decay products toward 



60 100 ISO 
ELOM (MeV) 

Fig.VII.7 Variances of the Z, N, and A distribution for 

PLF's as a function of energy loss. Symbols are the same as 

in Fig. VII.6. 

the valley of the beta stability. For highly damped events, 

variances increase more rapidly, consistently with 

expectations for a decay of a composite system which has 

nearly reached the limit of full thermalization. When 

compared with data for similar heavy targets at bombarding 

energies near E/A -8,5 MeV, variances for our Ge + Ho' 

reaction are systematically larger than these for lighter 

projectiles and smaller than these for heavier projectiles 
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Fig. VI1.8 (upper part) presents ratio of the neutron 
to proton variances as a function of the energy loss. For 
collisions which involve more than about 30 HeV of energy 
damping, this ratio is nearly constant for both primary and 
post-evaporative fragment yields. In the quasielastic region 
a marked increase in the в1?./** is observed. Similar behavior 
has been reported in reactions with lighter projectiles, and 
can be attributed to negative Q-values for transfer of 
protons from -projectile to target while the neutron transfer 
is not similarly inhibited in either direction. Hence in the 
region of the limited available excitation energy larger 
number of open channels for the neutron transfer leads to 
larger neutron variances. 

b 

ё 
Q. 

0.0 

ELOSS (MeV) 

Fig.VII.8 (top) Ratio of the neutron variance to proton 
variance as a function of energy ; and (bottom) 
neutron-proton correlation coefficient as a function of 
energy lose. Symbols are the same as in Fig. VII.6. 
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Fig. VI 1.8 (lower part) shows the neutron-proton 

correlation coefficient derived from the two-diaensional 

Gaussian fit to the data as a function of energy loss. The 

values of p N z increase monotonically from the uncorrelated 

behavior at low energy losses to values near the fully 

correlated limit for completely damped events. Thus, 

dependence of the correlation coefficient on energy loss is 

consistent with expectations for a system that evolves 

toward statistical equilibrium as a function of reaction 

time — a fundamental assumption of the nucleon exchange 

transport model. The p _ « 0 signify an uncorrelated nucleon 
N55 

exchange, which may be associated with fast charge-exchange 

mechanism in the early stages of the projectile-target 

interaction ' . Slightly negative values of p at very 

low energy losses are similar to those observed With lighter 

projectiles. However, at very low energy losses the small 

number of species which comprise the nuclide distribution 

complicate evaluation of P „ , and hence must be interpreted 

with caution *o>. 
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VIII. T*Mp«ratur* •qulllbrtiion and heat partition 

As mentioned in Sec. IV.В the problem of temperature 
equilibration and heat partition in damped collisions 
originates a number of controversies. After a collision two 
extreme situations may be expected: an equal heat partition or 
an equal temperature of both reaction products. The former 
case is related to statistical exchange of nucleons auring the 
collision process, the later one corresponds to a 
thermodynamic equilibrium inside of the common potential bag 
before scission. 

The next Section gives a short review of the present 
experimental status in the field of question. 

VIII. A. Previous «xp*riM»nts dealing with the excitation 
•n*rgy division 

A number of experiments have already been done to 
determine distribution of the excitation energy between the 
reaction fragments. Most of those completed before 1980 
claimed that a thermal equilibrium was reached and that the 
excitation energy was divided according to the mass of each 
fragment «.<».«*•»«*.<**<*?>*•> However, later more 
sophisticated experiments asserted that this is not the case 

It is rather surprising that the early works all gave 
the-same result of equal temperatures at all energy losses , 
while the more recent ones have shown that at small energy 
losses the projectile-like fragment has a higher temperature 
than the target-like one. 

In most complete experiments performed before 1980 
excitation energies of both post-collision fragments were 
evaluated from the neutron flux. The pre-evaporation masses 
were determined by the kinematic coincidence technique 
**'*"'. Eyal et al. **'. and Tamain et al. de> have observed 
that the neutron multiplicity is divided according to the 
mass of each respective fragment. The assumption that the 

60 



N/Z ratio is identical for both fragments at all energy 
losses has led them to a conjecture that the excitation 
energy is proportional to the mass. It was shown by Breuer 
e+. al. for asymmetric systems that the N/Z is not 
equilibrated until very large energy losses e " . As Eyal et 
al. and Tama in et al. did not measure the fragment charge 
they had no way of determining the value of the N/Z what 
resulted in a wrong conclusion у 

A number of papers published after 1980 "*•***' 
?o.7t,72,?».74.7s.i>»> h a v e concluded that the excitation 
energy is not divided according to mass, at least for small 
energy losses. Awes et al. **" have performed an experiment 
for the 15.3 MeV/A **Ni + t P 7Au reaction. The charge and 
energy of PLF's were measured and the post-evaporation mass 
was deduced from the ^-stability assumption. They looked for 
agreement between the data, and predictions of an ̂ evaporation 
code applied to the assumed pre-evaporation distribution. 
They found that centroids of charge distributions as a 
function of energy loss agree better with the calculated 
values if non—equal fragment temperatures are assumed. A 
reanalysis of some of the pre 1980 data d9> was also done by 
Awes et al. ee> . They showed that if the N/Z ratio is 
assumed not to be equilibrated (which is the case up to at 
least Б - 150 MeV) neutron multiplicities imply a more 

LOSS 
equal excitation energy division. 

For the -<*Kr + *oePb system at 10. 13. and 18.2 
MeV/nucleon a magnetic spectrometer was applied to measure 
the energy, mass, and charge of PLF's with a very high 
accuracy *P>. A Monte Carlo simulation of the decay process 
was used to obtain information on excitation energy sharing i 
for primary fragments. Strong evidence was found for the | 
channel-dependent sharing of the excitation energy among the J: 

Ą reaction partners. \ 
It is known that relative yields of symmetric and ] 

asymmetric fission fragments is a very sensitive function of <| 
the excitation energy of the fissile nucleus i O O >. In their I 
study of the s<*Fe + 2**U system at 8.5 MeV/nucleon ••! 
Vandenbosch et al. 7 2 > measured fission mass distributions , 
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for TLF in coincidence with the PLF. In this experiment the 
excitation energy was found in a fairly direct way which 
does not depend upon evaporation. It was shown that for 
energy losses between 30 and 80 MeV, the excitation energy 
is more equally divided than according to the fragment mass. 

Recently Wilczynski et al. have measured the 
charged survival fraction of primary projectile-like 
fragments from the 4OAr + 1ЭТАи reaction at 450 MeV energy. 
Here a large array of 32 phoswich detectors operating in 
coincidence with a detector of projectile-like fragments was 
used. Differential survival fraction of the primary pickup 
and stripping reaction products indicate a dependence of the 
average excitation energy generated in the primary .fragment 
on the direction of the mass transfer. 

VIII.B. General features of the present experiment in 
the aspect of the excitation energy division 

In the present experiment initial system was chosen to 
be sufficiently asymmetric in order to give the static 
driving forces a possibility to show UP. and the collision 
energy was chosen in to the region where the one body 
dissipation is expected. The experimental tools selected 
enable to follow the heat partition as a function of energy 
loss, N, and Z of the primary and secondary PL?. 

To establish correspondence between the evaporated 
mass, ЛА. and the excitation energy of the PLF, E , the 
iterative statistical model calculations have been performed 
on the event-by-event basis (see Section VI.В ). 

Fig. VII I.I shows that the average value of the 
evaporated mass, <AAf>Ł_> (upper part), and the average 
excitation energy, <Epb|P>, (lower part) evolve as nearly 
linear functions of the energy loss Three sets of points in 
Fig. VIII.I correspond to averaging over all masses 
(squares), or for selected mass bins equidistant below 
(A'_ _- 68-70. diamonds) and above (A' «• 78-80, circles) 
the projectile mass, A^br" 74. These results demonstrate 
that nucleon transfer from target to projectile leads to i 
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greater evaporative loss, and therefore higher than average 
excitation energies, or heating, of the PLF. In contrast, 
when the projectile transfers mass to the target, the result 
imply greater excitation energy transfer and heating of the 
TLF. 
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Fig.VIII.1 (top) Average evaporated mass as a function of 
energy loss. Square» represent the average over all masses,-
circles give results for primary masses. A' - 78-80, and 
diamonds are for primary masses A' - 68-70. (bottom) Average 
PLF excitation energy derived from the iterative statistical 
model fit to evaporated mass values presented above. Symbols 
refer to the same mass bins as above. 



Representative excitation energy spectra are shown in 
Fig.VIII.2. Here we plot distributions as a function of the 
percentage of the total available excitation energy, 
(E* /E* )*100 for several energy-loss bins from 50 to 
PLr TOTAL ' 

200 MeV, Solid lines represent an analytical fit to the data 
used to derive corresponding centroids and widths. A 
Gaussian fit was applied for ^1ЛЯЯ < 100 MeV; for higher 
values a sum of two Gaussian was applied in order to account 
for the skewed nature of distributions. Fig. VI11.2 shows a 
gradual decrease of value of centroids as a function of 
increasing energy loss. Fractional widths remain similar for 

b i n s-

ALL MASSES 

Fig.VIII.2 Excitation energy distributions for 
representative energy loss bins (+/-5 MeV about centroid) 
as indicated on figure. Data are plotted in terms of 
percentage of PLF excitation energy relative to total 
available excitation energy. 
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Distributions of Fig. VIII.2 exhibit a finite 
probability at values E* _/E* __. - 0* and above 100*. It is 

rltfjr TOTAL associated with a finite experimental mass resolution for 
primary fragments, which is of the same order of magnitude 
as the evaporated mass'. ДА„_. For example, inspection of 

rLr 
Fig. VII I.I (upper part) shows that for \ouam 40 MeV the 
mean value of ДА (all masses) ia of the order of one. Here 
the primary mass resolution is approximately 2.45 amu ( the 
Monte Carlo simulation estimation ). This leads to a 
fraction of events for which ДА is negative. The finite 
primary fragment mass resolution is caused mainly by the 
finite angular resolution, and by recoils due to evaporation 
from hot primary fragments. The above effects were simulated 
by a Monte Carlo method. The centroids of the excitation 
energy division were found to be nearly independent from the 
primary finite mass resolution. 

VZII.C. Excitation energy partition 

The average excitation energy partition is presented 
as a function of energy loss, ^ o e e » >n Figs. VIII.l and 
VIII.3. The expected increase in the internal excitation of 
the PLF as more energy is dissipated into system is observed 
(Fig. VIII.I). A more transparent representation of 
partition of the excitation energy . <E_ _/E_ _ >. is 

Pl*r TOTAL 
shown in the lower frame of Fig. VIII.3. Also indicated are 
the corresponding ratios for equipartition of the excitation 
energy, and for a thermal equilibrium in a simple Fermi gas 
model (with equal level density parameters- for both 
fragments). The experimental points exceed the equal-energy 
sharing ratio at very low excitation energies and then drop 
below the 50% horizontal line as the amount of dissipated 
energy grows. For highly damped' events. the average 
excitation energy division ratio saturates at a value of 
about 0.41-0.44. which is considerably higher than the Fermi 
gas equal temperature value of 0.31. However, as will be 
discussed below, this result relates to the etuorag* event, 
and does not preclude a possibility that for some subset of 
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events, the thermal equilibrium ratio can be achieved. Also 
noted in the lower part of Fig. VI1I.3 is a -light increase 
in <E* /E * > at the largest E values (full damping 

PLF TOTAL LOSS limit) . In this energy region the mass drift , reverses 
direction and evolves to symmetry ( see Fig. VII.6). As will 
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Fig.VIII.3 (top) Average of excitation energy divided by 
primary mass as a function of eneryy loss. Data are averaged 
over all masses. Solid line is the prediction of the 
nucleon-exchange transport model Jin both figures, (bottom) 
Average percentage of PLF excitation energy relative to 
total available excitation energy as a function of energy 
loss. Dot-dashed line indicates equipartition of excitation 
energy and dotted line is the equal temperature limit for 
simple Fermi gas model, TOTAL - 74/299. 
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be shown in the next section, the excitation energy of the 
light partner at fixed energy loss increases as a function 
of increasing fragment mass. Thus, as PLF's (which include 
damped and/or fission products) assume increasing relative 
weight in the mass distribution, the average ratio of 
Е Р Ы / Е Т О Т А Ь a l s o ^creases. 

Solid line in the lower part of Fig. VI11.3 gives 
excitation energy division ratios based upon the prediction 
of the nucleon-exchange transport model of Randrup *ł . The 
model assumes a priori that in the early stages of the 
collision, exchange of a pair of nucleons leads to equal 
excitation of the reacting partners. Thereafter, the 
subsequent thertna 1 i zat i on of the system is mediated by 
nuc'eon exchange (details of the formalism will be presented 
in Section IX.A ) . Although the model gives a qualitative 
description of the data, the agreement with the experiment 
is far from being satisfactory. Similar predictions are 
obtained with the nucleon exchange model of Feidmeier 5 S >. 
and the diabetic dissipative dynamics model of Norenberg 
5<S. 1 O 1 > 

A much better agreement between the the data and the 
nucleon exchange transport model is illustrated in the upper 
frame of Fig. VIII.3, where the centroid of the ratio of the 
PLF excitation-energy to primary mass. <E_. _/A'_. >. is 

FLr PLF 
Plotted versus E L O S S• This quantity, exhibits nearly the 
same behavior as the model (solid line) for energy losses 
below about 150 MeV. The reason why the model is more 
successful in the upper part of Fig. VIII.3 than in the lower 
part is the divergence between experimental and model 
predictions for the centroid of the mass distribution as 
a function of energy loss (see Fig. VII.6). 

In Fig. VIII.4 we compare various data sets for 
asymmetric in mass target-projectile systems. To facilitate 
comparison, we define the ratio R : 

R*a- ( < C r / E w r * L > " V < A , + V : ' 
i V I I I . l ) 

: 0.5 - Ap/'Ap -AT) ! 
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Fig.VI11.4 Parameter REo, defined by Eq. VII I.I. as a 
function of energy loss divided by available excitation 
energy above the Coulomb barrier. Data are from 74> (open 
diamonds), 7Z> (open squares) and the present data (shaded 
diamonds). Solid line is the prediction of the nucleon 
exchange transport model 4> and dashed line is based on the 
random neck-snapping model 

and dashed line is based on 
1OI) 

«here A and A are the mass numbers of the projectile and 
target, respectively. The value of R is one for equal 
excitation energy division, and vanishes for the equal 
temperature limit. We plot values of RKa for seFe + ***u 
"*. seFe + łeeHo 7 * \ and the present data **Ge + 4-sHo as 
a function of the ratio of energy loss to available energy 
above the Coulomb barrier. Within the limits of the 
experimental error, all these data sets appear to be 
self-consistent with one another. It should be noted that in 
analysis of the s*Fe + *eeHo data by Benton et al.. 7*ł 
asymmetric tails to the Rf.Q distributions were eliminated by 
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a Gaussian fitting technique. Thus the data at the high 
energy loss limit are not necessarily in conflict. Tne solid 
line gives as previously prediction of the nucleon exchange 
transport model. 

Also shown in Fig. VI11.4 (dashed line) is the 
predicted behavior for the R parameter based on the random 
neck rupture model of Brosa and Grossman 1Ог> . This model 
focuses on the final phase of separation, where a large 
fraction of the excitation energy may be stored as 
deformation energy in the neck between the fragments. During 
random rupture of the neck, the fragment which inherits the 
larger fraction of the neck obtains both excess mass and a 
disproportionately large fraction of excitation from the 
neck deformation energy. For the average quasi-elastic 
process, where there is little mass flow, this leads to 
equipartition of the energy. For fully damped events, which 
experience considerable nucleon flow from projectile to 
target, the TLF gains a larger share of the excitation 
energy. 

VIII.D. Excitation energy widths 

In addition to the average heat partition properties 
associated with net nucleon transfer and energy dissipation. 
the widths of the excitation distributions, r<E^ŁF) a n d 

Г(Е _/ET . ) . «re the equally important reaction 
parameters. Above we take the full width at half maximum, as 
derived from distributions such as those shown in Fig. 
VIII.2. Due to experimental resolution and uncertainties 
associated with broadening effects, as particle evaporation 
from the reaction partners, absolute value of Г is subject 
to a larger error than for centroids of the distributions. 
For this reason, resolution corrections were estimated via 
Monte Carlo calculations and these have been subtracted in 
quadrature from the experimentally derived width data 
presented in Fig. VIII.5. . The corrections include 
contributions from evaporation recoil effects, PLF and TLF 
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Fig.VIII.5 (top) Full-width-at-half maximum of excitation 
energy distribution as a function of energy loss. Data are 
averaged over all PLF primary masses. Diamonds present raw 
data; dashed line is the calculated resolution of the 
system, and circles are resolution corrected final data. 
Dotted line is the prediction for fragments in thermal 
equilibrium for both figures. (bottom) Percentage of PLF 
excitation energy to total excitation energy width as a 
function of energy loss. 

detection angular resolution, PLF detector mass and charge 
resolution and PLF kinetic energy resolution. The resolution 
calculations are indicated by a dashed line in Fig. VIII.5 ; 
diamonds refer to experimental data and circles are the 
reso1ut i on-corrected wi dths. 

In Fig. VI11.5 the dependence of the absolute width. 
Г(Е* ), on energy loss is shown in the upper frame. The 
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width of the excitation energy distribution relative to the 
total available excitation energy. Г(£* /E* ), is shown 

П.Т TOTAL m 
in the lower frame. The corrected widths Г(Е )increase 
monotonically as a function of increasing total excitation 
energy of the system (or E,___). One observes that the 

LOSS 
widths are relatively broad what has important implications 
for any attempts to relate inclusive yield distributions to 
primary values. The width of the ratio of PLF excitation 
energy to the total excitation energy Г(Е /Е ) is 
found to remain relatively constant as a function of 
increasing energy loss, except for events in the 
quasielastic region. Both the upper and lower picture 
demonstrate that thermal fluctuations are large in these 
reactions. At present no theoretical prediction from 
nucleon-exchange transport models *'SB> or the dissipative 
diabatic dynamics model se-iO1> exist to be compared with 
these results. The corrected widths are qualitatively 
similar to those reported previously for the s<sFe + lesHo 
system; however, our values at high E. __„ are about 25 

LOSS 
percent lower due inclusion of larger resolution corrections 
determined in this work. On the other hand, the dependence 
of the fractional widths on ELoe_ is nearly identical for 
both systems (Benton et al., and present data). 

The dotted lines in Fig. VIII.5 are derived from a 
formula for the excitation energy widths of a system with 
equal temperature at scission and the assumption of a 
Gaussian excitation energy distribution *o>>. Calculations 
assume a level density parameter a - A/8 MeV~*. This 
prediction reproduces the qualitative trend, but 
underestimates the absolute magnitude of the data by about a 
factor of two. Since calculations assume thermal . 
equilibrium, the observed disagreement is not surprising. 

VXXI.E. Mass d*p*nd*nc* 

Dependence of the excitation energy division on PLF 
primary mass and energy loss is demonstrated in Fig. VIII.6 
for six energy-loss bins ranging from partially damped I 



events (E - 40-60 MeV) up to the fully damped limit 
LOSS 

(E - 200-250 MeV). Here one nofes that for the smallest 
LOSS 

amount of damping, there is a very strong dependence of the 
excitation-energy partition on the PLF mass. With increasing 
damping this slope gradually flattens, until for a complete 
damping it is equal to the slope of the line representing 
the equal temperature limit (dotted line). 
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Pig.VIII.6 Average percentage of excitation energy divided 
by total available excitation energy as a function of 
primary PLF mass for several energy lose cuts. 

1О4) 9 4 , *«S3. As shown by Токе et al. *w* for the '"Fe + *~-*Ho 
system 74> such a dependence can be attributed to pure 
instrument»1 effects. In order to examine such effects in 
our data shown in Fig. VI11.6 detailed Monte Carlo 
calculations have been carried out simulating recoil effects 
and finite angular resolution of the detector system (see 
Appendix). Results of simulation are presented in Fig. 
VIII.7 for four representative energy loss bins. Two quite 
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different assumptions on the dependence of excitation energy 
partition on the PLF mass are compared with the data (solid 
diamonds x > ) . First one (open diamonds) assumes a 
mass-dependence of E /E__ . as the mean behavior of data 
(dotted line). Second one (squares) assumes that Е

р ь г/Е т в г д ь 
is constant and equal to the average value given by the data 
(dashed line), independent of the fragment mass. Also shown 
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Fig.VIII.7 Average percentage ratio of PLF excitation 
energy to total available excitation energy. Data are given 
by solid points. Open diamonds represent Monte Carlo 
simulations described in the Appendix assuming the average 
behavior of the experimental data (dotted line). Open 
squares are Monte Carlo simulations assuming the average 
value of excitation energy partition, independent of «ass 
(dashed line). 

ю It should be noticed that experimental data are presented 
as circles in Fig. VIII.6. and solid diamonds in Fig. 
VIII.7. 
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is the prediction (dot-dashed curve) of an analytical 
relation for the recoil effect derived by Токе 1О*>, based 
on the primary mass distribution, primary mass resolution 
and the mass-independent assumption. As one can see the 
simulations indicate that the instrumental effects may 
significantly modify results for low energy losses. 

In order to extract information on the excitation 
energy division in a way less dependent on experimental 
conditions our data were reanalyzed using an alternative 
method (called ALT method). The new approach 1ОВДО<В iS 
based on the fact that the mass resolution for secondary 
fragments'is much better than the resolution for the primary 
reconstructed mass. Additionally the secondary mass 
resolution does not dependent on the energy loss. 

In the ALT method we have applied an iterative 
calculation and used an approximated value A_._ instead of 
A' from Eq. V.4 in order to calculate E from Eq. V.7. 

Here A_. _ represents the measured secondary mass and 
<ЛА>. (А ) • is the average evaporated mass from a 
previous iteration. This procedure was applied for each 
selected E __ bin. In the first iteration we took 

t. (A ) • const. After two or three steps one could 
get in such a way a stable dependence <ЛА> versus A^ŁF (see 
Fig. VIII.8). 

In the second part of the ALT method procedure we were 
assuming different possible correlations between E

P Ł r/ E* O T A Ł 
and A' _ to be used in the Monte Carlo calculations. The 

PLF 

generated <AA> versus Ap dependence was than compared to 
the experimental one (see again Fig. VI11.в). The assumed 
dependence E* _/Е___ж. was linear: 

rLF TOTAL 

where *'PLr represents the "true" primary mass of PLF 
generated in the Monte Carlo procedure. Values of 
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coefficients a and b were treated in our procedure as free 
parameters. Final result are shown as diamonds in Fig. 
VIII.8 and a set of straight lines in Fig. VIII.9 
representing Eq. VI11.3. The equal excitation energy 
division limit is represented by a horizontal line. The 
dotted line indicates the equal temperature limit. 
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Fig.VI11.8 The average evaporated mass versus the secondary 
mass for energy loss indicated on the picture. Circles 
represent the experimental data, diamonds results of Monte 
Carlo simulation. The solid line for each energy loss bin 
represents the average <ДА> dependence on secondary mass 
established in the iterative procedure. 
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Fig.VI11.9 Excitation division ratio dependence upon 
primary mass described by Eq. VII1.3 for energy loss bins 
indicated on the figure. Additionally the equal excitation 
energy division limit is represented by a horizontal line. 
The dotted line indicates the equal temperature limit. 

To make a cross-check we also generated the <ЛА> 
predictions- grouped as a function of the reconstructed 
primary mass. Comparison with the data for this case is 
shown in Fig. VIII.10. Generally a good agreement between 
the Monte Carlo predictions and the data was achieved 
especially for low energy losses. For Е и я ( values greater 
than 100 MeV some overestimation is observed in the low mass 
region. One of possible explanations for such discrepancy is 
our mistreatment of the recoil effects for high excitation 
energies. In such a case a sizable probability of an ot 
particle emission is not properly treated by equations A.4 
and A.5 (see Appendix). 

The above differences can be removed when a stronger 
mass dependence of E^Łf./ExOTAŁ

 i a assumed- But in such a 
case the simulated <AA> is showing much stronger dependence 
on secondary PLF mass than the data. 
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Fig.VIII.10 The average evaporated mass versus the primary 
reconstructed mass for energy loss indicated on the picture. 
Circles represent the experimental data, diamonds results of 
Monte Carlo simulation. 

Sensitivity of the ALT method on the primary mass 
resolution is presented in both parts of Fig. VIII.11. The 
average evaporated mass is there depicted by circles as a 
function of the secondary mass (left part) and the 
reconstructed primary mass (right part). The data are 
compared with two different Monte Carlo predictions. 
Diamonds represent simulation for the case where the recoil 
and experimental angular resolution effects are neglected. 
The crosses correspond to the full simulation. Comparison 
between these two different Monte Carlo predictions show 
that <AA> as a function of the secondary mass is practically 
insensitive to the finite primary mass resolution. The same 
quantity presented as a function of A' shows a big 
discrepancy between both cases. 
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Fig.VIII.11 The dependence of the average evaporated mass 
upon the secondary mass (left part) and the reconstructed 
primary mass {right part). The data (circles) are compared 
with two different Monte Carlo predictions. Diamonds 
represent simulation for the case where the recoil and 
experimental angrular resolution effects are neglected. The 
crosses correspond to the full simulation. 

In a more transparent fashion the mass dependence of 
E* /E* is shown in Fig. VI11.12. Here dependence of the 
PCF TOTAL 

excitation energy division on the PLF primary mass is 
presented for two representative energy loss windows. 
Additionally to experimental results (circles) the Monte 
Carlo simulation ratios are given by diamonds. The dashed 
line gives the "true" dependence described by Eq. VI11.3. 
Comparison between dashed lines and diamonds gives for both 
cases the magnitude of instrumental effects. 

Looking on the dashed lines which represent 
experimental results with instrumental effects subtracted 
one can finally write following conclusion for the low to 
medium energy losses: (i) if the PLF gains nucleons, it 
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Fig.VIII.12 Dependence of the excitation energy on the PLF 
primary mass for two representative energy loss windows. The 
experimental results are given by circles, the Monte Carlo 
predictions by diamonds. The dashed lines correspond to the 
"true" dependence described by Eq. VIII.3. 

acquires more excitation energy than the average event; if 
the PLF loses nucleons, the TLF acquires excess excitation 
energy. Such result seems to be in agreement with 
conclusions in a number of papers вр'7О'7*'74-7в . (ii)even 
in the case of large values of energy loss the experimental 
values are significantly higher than predicted by the equal 
temperature limit. 
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IX. Comparison with the model calculations 

For comparison with our data the Randrup nucleon 
exchange transport model was selected Ła'4> . it takes into 
account statistical exchange of nucleons between collision 
participants as well as driving forces given by the 
potential energy surface. The model provides information on 
the energy loss, distribution of mass and charge of the 
ejectiles and their temperature. At present this is the only 
model on the market suitable for comparison with our data. 

IX.A. A one-body transport model of Randrup 

Because of large amount of kinetic energy that can 
disappear from the relative motion, many degrees of freedom 
can. in principle , be excited in damped nuclear reactions. 
However, as suggested by experimental observations, one can 
approximately understand these processes in terms of a few 
macroscopic or collective degrees of freedom q - {q > only 
coupled to an intrinsic system essentially in chaotic 
motion. Such coupling leads to transport phenomena reflected 
in characteristic temporal changes q - {q. > of the 
corresponding coordinates «-5ł'«> Assuming an intrinsic 
system at -a local thermodynamic equilibrium at all times, 
the time evolution of the interacting nuclei is describable 
in terms of a joint probability P(q.q.t) which can be 
calculated by solving a transport equation of the type: 

It + * \ - <V» *я ] P " " E Л 
(IX. 

Here, U is a conservative potential, and v and D are 
drift and diffusion coefficients. respectively. The 
left-hand side, (l.h.s.). of Bq. IX.1 describes the change 
of the probability distribution P due to the velocity q and 
the force -V U. For overdamped motion along a coordinate q , 

4 v 
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corresponding contributions to the second and third terms of 

the l.h.s. of Eq. IX. 1 are absent. One can define average 

values 5 . q and higher moments of the probability 

distribution with respect to a coordinate q and velocity q. 

Average values follow the Lagrange-Rayleigh equation of 

motion. 

_ J L . _ £_F (IX 2) 
d t ^ 9a -

*J qi 

where L - T - U is the Lagrangian, and F denotes the 

Rayleigh dissipation function and T the kinetic energy. 

Again, for overdamped motion along a coordinate q. 

corresponding kinetic terms are neglected, and: 

*- L - _ £_ F . F (IX.3) 

determines the equation of motion. 

Adopting a set of macroscopic coordinates and of 

transport coefficients provided by a macroscopic theory 

consistent with basic model assumptions, Eqs. IX.1 and IX.2 

constitute a dynamical reaction model that can be tested by 

experiment. The evolution of the colliding system of two 

complex nuclei is represented in the following by a family 

of shapes illustrated in Fig. IX.1. In the model proposed by 

Randrup 4>. the set of chosen macroscopic variables is:. 

{4j •{т.е. вг, 6x, p, Ap, Z9. тр, тт } . (IX.4) 

Some of these variables are defined in Fig. IX.1. Quantities 
A and Z denote the mass and atomic numbers of the 
projectile-like reaction partner, respectively. Intrinsic 
temperatures of the two fragments are denoted by тр and тт. 
In this model all mass is concentrated in spheres 
corresponding to PLF and TLF, and the neck is used for 
transport of nucleons, only. 
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Fig.IX.1 Dinuclear shape • coordinates assumed in the 
dynamical calculations. 

In the above defined coordinates, the kinetic energy of 
the dinucleus can be written as: 

T - -~{ fj I r2 + (re)2 ] + 

j- в) У 

- e) 
(IX.5) 

where ju is the reduced mass and J. are the moments of 
inertia. The potential energy is given by: 

и - v vK -v (IX.6) 

Here V is the Coulomb potential, for which several 
approximations have been proposed in the literature s e >. The 
quantities v"* denote the liquid-drop model binding energies 

corrected for shell effects. V is a renormalization 
constant chosen so that U - 0 for the configuration of a 
touching target-projectile combination with a center 
separation distance equal to the sum of their strong 
absorption radii. The nuclear interaction potential V is 
calculated from the surface energy of the dinuclear system 
and the proximity attraction of juxtaposed surface elements 
of spherical fragments outside the neck, as.-

S2 



(r.p) - - 2ny [ pz - p ( 1-1 ) ] 
g (IX.7) 

In Eq. IX.7, p is the radius and 1 - s + p*/2R is the 
length of the neck, depending on the distance s - r - С -
Ст between the nuclear surfaces defined by the half density 
radii Cpand CT. Parameter R is given by Cy CT /(Cp + С ). 
With a surface energy parameter f, the bracket term 
describes the difference between the surface energy of two 
separated spherical nuclei and that of the dinuclear shape. 
The quantity 1 is a proximity correction to account for 

9 
that geometrical part of the neck area already trivially 
included in the proximity interaction. The last term 
represents the proximity attraction, vanishing for large 
neck radii because of the increasing distance between the 
juxtaposed surface elements. The proximity form factor and 
the surface thickness parameter are denoted by * and b. 
respectively. 

The model dissipation function entering the 
Lagrange—Rayleigh equation contains three contributions. The 
most significant contribution to F comes from the window 
. . . . 2<J> 

friction 

F - 2ftn Rb Wp.s) lu2 + -|uf ) , (IX.8) 

where u and u are the radial and tangential components of 
Г1 t -

the relative velocity, and n - 0:263„ -22 MeV sec fm is 
the bulk Fermi motion nucleon flux in nuclear matter. The 
normal proximity flux function у has been replaced by: 

) - рг /2Rb + Wl/Ъ) exp(-p* /2Rb) . (IX.9) 
For a cylindrical neck of radius p, and in the framework of 
the wall frictioi 
simply given by: 
the wall friction model *e> the dissipation function is 

F - 4nn p 1 exp{-l/(p+b)J p . {IX.10) 
ПАСК О 
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The exponential term in Eq. IX.10 is introduced to reduce 
the wall friction for elongated necks. 

The usually smallest contribution to the dissipation 
function arises from the average changes in the potential 
energy of the dinuclear system induced by changes in neutron 
and proton numbers of the reaction partners. It can be 
written in terms of the driving forces F - (F^<F ) 
governing nuqleon exchange and the drift coeffiefents v -
(VN -4 > aS 

where N and Z correspond to neutron and proton numbers, 
respectively, of one of the fragments, e.g., of the 
projectile-like fragment. 

Application of Eq. IX.3 to overdamped motion along the 
N and Z degrees of freedom permits the derivation of 
dynamical driving forces F and F . e.g.. 

39 X 

F . 5; . 5 . L г v + V + V**B +• V1*1* 1 (IX 12) г OZ П. 0Z с M r T 

The first term of the r.h.s. of Eq. IX.12 introduces the 
dynamical character of the driving forces, which, for large 
values of the velocities, may overhelm the conventional 
static contributions collected in the bracket term. 

As stated previously, an average system trajectory is 
defined by the Lagrange-Rayleigh equations IX.2 or IX.3.- For 
calculating fluctuations in the various coordinates and 
their intercorrelationsV one would have to solve the full 
Fokker—Planck transport equation IX.1. In the present 
approximation, however, only fluctuations in the mass and 
charge coordinates are considered. For overdamped motion, 
the Fokker-P1anck equation reduces to: 

~ P(N.Z.t) - f - — vN - Jg vB + *— D ^ + -^ bm ) P . 

(IX.13) 
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where N and Z are taken to be neutron and proton numbers, 

respectively of the project ile-like fragment. Microscopic 

correlations between neutron and proton exchange are 

neglected and, hence, it is assumed that D _- 0. As an 

additional simplification of the model fluctuations are 

assumed to be synmetric around the average values N and Z. 

This is achieved by replacing the diffusion coefficients by 

their values along the average trajectory: 

(IX.14) 

The drift coefficients are expanded around the point (N,Z), 

e.g.. 

«v _ Ov _ 
v^CN.Z) - v^N.Z) + ~ (N - N) + ™ (Z - Z). (IX.15) 

Under these conditions, the asymptotic solutions of Eq. 

IX.13 are the two-dimensional Gaussian probability 

distributions 

P(N.Z.t) -

"* 

(N -S)*<7* + (Z - Z)V + 2(N-N) (Z-
e x p ( 5 "£"*—5 

Here, quantities a*, a*, and v are the elements of the 
N В NS 

covariance tensor. In the above approximation, differential 
equations of motion for the variances are linear. 

In the numerical calculations, for solving Eq. IX. 13 
the transport coefficients derived microscopically by 
Randrup *'** were adopted . Ae an example, the drift and 
diffusion coefficients for charge transport can be written 
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as: 

p. 
(IX.17) 

where the differential current C^ is given by the equation 

<•' - 4wR Ъ ~ XiP.s ) . (IX. 18) 

The quantities R. s , nz> and Tz are the radius of 
curvature of the charge distributions in the interacting 
nuclei, their surface distance, the bulk proton flux, and 
the proton Fermi kinetic energy, respectively. In analogy to 
Eq. IX.9 the function x is related to the normal flux 
function x, as v is related to y. in order to account for 
the existence of a fully open neck of radius p between the 
reaction partners. 

The transport coefficients fulfilling the generalized 
Einstein relations are: 

v - D. .F./т. . i - N.Z. (IX.19) 

In this model, the quantity r. assumes the role played by 
the ordinary temperature r in the therroodynamically 
equilibrated systems. 

IX.B. Predictions of the transport Model for the 
systems 

Results of numerical calculations performed using a 
computer code supplied by Randrup are shown as solid lines 
in Figs. VII.6. VII.7, VII,8, VIII.3 and VIII.4. Apparently 
the most significant divergence between experiment and model 
predictions is found for the centroids shown in Fig. VI1.6. 
The model calculations predict very little net proton 
transfer over nearly the full energy loss range accompanied 
by the net pickup of neutrons by the PLF, producing Ł mass 
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drift towards mass symmetry. In contrast, the data reveal 

that"proton transfer from projectile to target dominates the 

net exchange of nucleons, while little net neutron transfer 

occurs. This produces a mass drift towards aeymnetry. It is 

interesting to note that experimental and calculated 

centroid ratios. <N>/<Z>, in Fig. VI1.6 agree rather well, 

despite discrepancies between the measured and predicted 

centroids. 

The discrepancy between experiment and theory is 

illustrated more transparently in Fig. IX.2 where the 

evolution of the centroids of the nuclide distributions in 

the N versus Z plane is plotted for successive energy loss 

bins up to 180 MeV of energy loss. The evolution for the 

**Ge + 1<9eHo system is compared with similar plots for the 
e*Ni + 1 M U . **Ni + " V and aeFe + iesHo systems. The 

squares represent the post-evaporative measured data; open 

circles are the primary data. For the two reactions with 
1<5SHo, the primary data were derived from the kinematic 

coincidence technique; for the two Wi-induced reactions, 

primary data were obtained from evaporation corrections to 

the measured ones, assuming excitation energy division as 

given by the nucleon exchange transport model. The 

dash-dotted line shows the valley of beta-stability; the 

dotted lines are the N/Z ratio of the corresponding 

composite system. The solid lines .are the result of the 

nucleon exchange transport model for the systems under 

consideration. • 

For reference we have also included the vector 

indicating the gradient of the potential energy surface 

(PES) for each of these systems at the injection point. The 

length of each vector is indicative of the strength of the 

potential gradient. Calculations of the PES were performed 

according to the relation 

Vc + V£r + C r + \ - Vo • <IX'20> 

All components in the last equation are the same as in Eq. 

IX.6 with exception V. which represents the effective 
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Fig.IX.2 Evolution of net nucleon exchange as a function of 
energy loss for four systems, as defined on figure. Points 
reflect successive energy loss intervals, beginning with low 
energy losses at Z and К of Projectile and evolving toward Z 
and N of fully damped system. Measured distribution are 
indicated by squares, primary distributions( by circles and 
theoretical predictions by the solid line. The dotted line 
corresponds to the N/Z ratio of the composite system and the 
dash-dotted line is the line of beta stability. 

centrifugal potential and ie calculated under the sticking 
condition. Generated in this way gradient is equivalent to 
the driving force defined by equation IX.12 when (F ,F_ ) 
are calculated under the sticking condition. The gradients 
shown in Fig. IX.2 were calculated for angular momenta just 
bellow the grazing value for a projectile-target distance: 

r - Cr * CT + 0.2 fm (IX.21) 
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These gradients depend only slightly on the interaction 
radius; for example for changing r between the half-density 
radius (Cp + CT) and strong absorption radius, the magnitude 
of the gradient vector changes only by 10 * . Comparison of 
the four systems in Fig. 32 reveals that for the eeNi + **"u 
system, where the gradient is strongest, the evolution of 
the neutron and proton centroids as a function of energy 
loss follows the gradient in the potential rather closely. 
For the 746e + 1<łeHo system, proton exchange is considerably 
stronger than predicted by the gradients. 

In all cases the Randrup model indicates preferential 
neutron transfer from target to projectile and relatively 
little proton exchange. The difference between the direction 
of the gradient and that of the model is largely due to the 
dynamical component of the driving force (see Eq. 1X.12) in 
the nucleon exchange transport model. 

Correlation between the gradients of the PES and the 
proton and neutron centroids evolution was tested for 
several systems. Fig. IX.3 shows the centroids of AN, and AZ 
for *°Ca + " V *"Ca + *~U, M F e • M V s*Ni + " e U and 
e4Ni + *'"u systems at an energy loss value of 100 MeV as a 
function of projectile N/Z ratio. Here AM - <H.,,> - N.. AZ 
- < Z > - Zp. Np and Zf denote the number of neutrons and 
protons in the projectile. Also shown by crosses are the 
corresponding values of the gradient of the PES at the 
injection point for each system (right-hand scale). One 
observes that both the experimental charge and neutron 
drifts behave systematically as, a function of projectile N/Z 
ratio, illustrating the important influence which this 
degree of freedom exerts on the product yields. Similar 
behavior can be seen for the PES gradient components. Cne 
observes a strong correlation between the centroids and the 
corresponding gradient components. 

Attempts to account for the centroid drift toward 
asymmetry in terms of a transport model reveal the need for 
either a more realistic treatment of the isospin degree of 
freedom.of the dinuclear shapes, cv- for additional dynamical 
features in the theory. It shooId be remembered that 
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according to the model the net nucleon drift represents a 
small difference between two large opposite currents of 
nucleons. 
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Fig.X.3 Left scale: proton drift (upper plot) and neutron 
drift (lower plot) as a function of projectile N/Z value for 
E/A - 8.5 MeV *°'4ШСа. S*F«. se'*4Ni ions incident on 2"*U 
(squares). All values are taken at an energy loss 100 MeV. 
Right scale: values of the gradient of the potential energy 
surface at the injection point (+). 

Comparison of the second moments of the distributions 
(Fig. VII.7) reveals that the model calculations 
underpredict the variances by a significant amount, 
especially for the neutron case. This behavior is in 



contrast with data for lighter projectiles, for which the 
agreement is relatively good (e.g. see * o > ) . In Fig. IX.4 
the ratios of the experimental variances of the primary 
charge distributions at 100 MeV of energy loss to the model 
calculations at the same energy are plotted versus the 
target-projectile mass aeymeetry parameter (AT - Ap)/(A + 
Ar) for several projectiles incident on heavy targets 
(AT>160). The systems included here all were investigated at 
a bombarding energy of E/A - 8.5 MeV/u and were selected 
from studies where the primary fragment properties could be 
estimated without major uncertainties due to evaporative 
corrections, or from heavy systems in which the primary and 
post-evaporative charge variances should be nearly identical 
>7.97,9*до7>_ This analysis suggests that for relatively 
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Fig.IX.4 The ratio of the experimental primary variances 
for proton exchange. o£, to the variances calculated with 
the nucleon exchange transport model at I ^ * 100 NeV. Data 

are plotted as a function of the target-projectile 

mass-asymmetry parameter for reactions with heavy target 

nuclei. 



asymmetric systems, the calculated and measured variances 

agree rather well. For more symmetric reaction partners, the 

experimental widths grow more rapidly than the calculates 

values, thus leading to a ratio greater than unity. 



X. Summary 

In this paper several problems of nuclear physics with 
heavy ions are discussed. The semi classical classification 
of such processes is given in Chapter II. It is shown that 
for impact parameters considerably smaller than b 
collision can lead to the formation of a compound nucleus or 
a two body reactions with the transfer of mass, charge, spin 
and a sizable loss of kinetic energy. In the following 
chapters experimental results for both kinds of processes 
are presented. In Chapter III processes passing throughout 
the formation of a compound nucleus are discussed for 
several medium mass nuclear systems. Limitations of compound 
nucleus formation and decay modes were investigated. Special 
attention is pai4 to the symmetric splitting of such nuclei. 
The experimental data are compared with the predictions of 
the dynamical reaction model. 

In Chapter IV main characteristic features of the 
processes for heavier projectiles and heavier targets are 
presented. In this case formation of a compound nucleus is 
considerably suppressed and the room ieft is filled by deep 
inelastic reactions. Present status of understanding of such 
processes is given. It is shown that we are still far away 
from satisfactory understanding for such processes. New 
measurements of damped collision products from the " n i i + 
""U and 74Ge + **sHo systems are presented. Chapters V and 
VI summarize the experimental technique of these 
measurements and procedure of the analysis. 

Results presented in Chapters VII and VIII demonstrate 
that both N/Z equilibration and temperature equilibration 
are not rapid processes. They evolve rather uniformly on the J 
same time scale as the energy loss. These data impose a new I 
level of constraints on nucleon exchange models. For jj 
example, the direction of nucleon drift strongly favors the -
proton transfer from thg projectile to the target nucleus. ; 
whereas the net neutron drift is nearly zero. Тле net effect *; 
is a slight drift toward mass asymmetry. On the other hand. J 
the nucleon exchange transport model (Chapter IX) predicts j 



the transfer to be dominated by the neutron drift from the 
target to projectile, with little net proton drift. The 
predicted net mass flow thus leads toward symmetry. 
Discrepancies between data and calculations are observed 
also for the variances and the neutron-proton correlation 
coefficient. 

Comparison with other systems shows that the direction 
of net nucleon drift is roughly correlated with the gradient 
of the potential energy surface at the injection point. The 
stronger gradient, the stronger the correlation (see Fig. 
IX.2). Thus, it appears that nucleon exchange transport 
models require additional physical ingredients in order to 
provide a more quantitative description of the experimental 
data. 

Examination of the heat partition have reinforced and 
amplified the conclusions of previous investigations 
ee.ee.7o ,7i.72,7*> Average behavior of the PLF excitation 
energy relative to the total available excitation energy 
decreases from values close to the equipartition value (0.5) 
for small energy losses to values 0.4 for fully damped 
events. This last value is significantly higher than 
corresponding to the equal temperature limit. General 
agreement is found with the average values calculated by the 
nucleon exchange transport model. 

The data demonstrate a distinct correlation between the 
net nucleon transfer and the heating of the acceptor 
nucleus. That is. fragments which gain nucleons during the 
projectile-target interaction time acquire a disproportiona I 
share of the excitation energy. For small values of energy 
loss (short interaction time) such correlation is quite 
strong. With increasing energy damping, the dependence of 
heat partition on net nucleon transfer becomes gradually 
weaker. For high energy- loss values this dependence 
practically vanishes. These results suggest that mechanisms 
other than the statistical exchange o3- nucleons may play an 
important role in thermal ization of a dinuclear complex 
system, particularly in the early stages of the reaction 
В1(75.77.7.,*О1до.дош тав t h e r m a l feedback model which 
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emphasizes the role of nuci eon transfer in the heating of 
the system, provides a useful mechanism for examining the 
competition between the drive toward thermal equilibrium and 
the static and dynamical forces. It remains an important 
test of theoretical models of damped collisions to explain 
this behavior satisfactorily. 

The widths of the excitation energy distributions are 
found to be generally broad, even for relatively low energy 
losses »nd increase systematically with increasing total 
excitation energy (Fig. VIII.5). Comparison of the 
experimental widths with predictions based on a dinuclear 
system being in thermal equilibrium l o a >, demonstrates that 
experimental values are significantly larger than calculated 
ones. Result emphasizes the non-equilibrium nature of the 
exchange process. 

Implications of these results for the exotic nuclide 
synthesis via damped collisions should also be noted. The 
observed dependence of the excitation-energy on net nucleon 
transfer indicates that on the average fragments that have 
gained a large number of nucleons will be highly excited, 
and thus more susceptible to particle decay. Thus, 
neutron-excess isotopes of PLF's with Z > 2

гяолтсяал в™* 
TLF's with Z > Z will be affected most severely by 

ТЛЖОЕТ 
de-populat(ion due to particle decay. One compensating 
factor, however, is that the widths of the excitation energy 
distributions appear to be sufficiently broad that a finite 
probability exists for forming exotic species in a 
relatively cold state. 

In summary, the above results demonstrate that the heat 
partition properties associated with the damped collisions 
at near barrier energies provide a new dimension for 
theoretical investigation of these processes. Our results 
suggest the importance of nucleon transfer in the conversion 
of relative energy of motion into internal heating of the 
system and indicate the need for incorporation of this 
additional degree of freedom into the full transport model 
calculations. 



XI. Discussion 

Several factors may be responsible for observed 
differences between the data and the transport model 
calculations. Wiłczyński TS> has pointed out that for 
asymmetric systems, due to asymmetries in the neutron and 
proton binding energies. the most peripheral interactions 
are dominated by the proton transfer from projectile to 
target or the neutron transfer in the reverse direction. 
This creates unequal neutron and proton fluxes which makes 
the exchange of two such nucleons relatively unimportant for 
short interaction times. As a consequence, an immediate 
thermal mismatch between the reacting partners is. produced 
7e> which subsequently affects the statistical evolution of 
the system at smaller interaction distances and for longer 
times. In addition, possible contributions of other energy 
dissipation mechanisms such as excitation of giant 
resonances and Gamow-Teller charge exchange *».»?.**«.***> 
cannot be overlooked, although convincing evidence for such 
processes has not been demonstrated. 

Recently quantal aspects associated with the early 
stages of damped collisions have been explored by Norenberg 
et al. se-101> and Griffin et al. iOm> . They provide a 
basis for explaining correlation between the net nucleon 
flow and the excitation energy partition. N6renberg and 
co-workers have considered combined effects of a coherent 
coupling between' collective and intrinsic degrees of freedom 
and subsequent equilibration of the system by residual 
two-body collisions. Here a diabatic two-center shell model 
is used to account for the fragment excitation via 
particle-hole excitations. Griffin and Broniowski have 
employed the so called Schrodinger double shell model to 
show that a dynamical flow, driven by kinetic pressures, 
does not necessarily conform to nucleon exchange models, 
especially in the early stages of the interaction. At 
present qualitative intercomparison of these approaches is 
not possible, but their success in accounting for the 
dependence of heat partition on net nucleon exchange should 



provide an important test of their applicability. 

The feedback mechanism of Moretto and Lanza *"** and 

Schmidt 7 e > provides an attractive qualitative explanation 

of the correlation between excitation energy flow and net 

nucleon exchange. This model has a complementary advantage 

of providing a mechanism for explaining the deviation 

between the direction of nucleon flow as observed in the 

experimental data and that predicted by the nucleon exchange 

transport model. The basic premise of the model is that the 

particle exchange is the only means of the energy transfer. 

In absence of an external driving force the particle 

transfer process deposits the same energy in both fragments 

since the two one-way fluxes are the sane. If the system is 

asymmetric, the smaller fragment must then grow hotter due 

to its smaller heat capacity. This creates a thermal driving 

force, which competes with the static and dynamical forces 

(Eq. IX.12). The additional force leads to the subsequent 

transfer of nucleons in the opposite direction in order to 

raise the temperature of the cooler (TLF) fragment. In other 

words, the initially generated thermal imbalance redirects 

the energy deposition towards the larger fragment at th* 

expense of the light fragment mass. At the same time 

attainment of the N/Z equilibration favors the transfer of 

protons from PLF to TLF. This argument should be mostly 

relevant for short interaction times where the net number is 

a large fraction of the total number of nucleon exchanges. 

The ratio of total number of exchanges. N • «r* , to the 

the net nucleon transfer from projectile to target. N -

Ap - ApLF . is relatively small, whereas as the damping is 

increasing, this ratio gradually increases, as shown in Fig. 

XI.1. Thus. inclusion of the thermal feedback effect 

provides a useful mechanism for interpreting the observed 

correlations between net nucleon transfer and excitation 

energy partition between the fragments. 

The neck degree of freedom itself may need further 

refinement. For example, larger variances of mass and charge 

for the 7*Ge + "'Ho system relative to those for the **Fe + 
iesHo one may be due to a larger neck overlap region for the 
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Fig.XI.1 Ratio of the total number of exchanges, N, 
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function of energy loss. 
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as a 

former case. This is suggested by the relationship between 
the ratios of experimental and calculated variances shown in 
Fig IX. 4. Here one observes that for relatively light 
projectiles, the model fits the data well. With increasing 
projectile size- (i.e.. greater overlap), the experimental 
variances significantly exceed the calculated values. 
Related to the neck degree of freedom is the neutron skin 
effect. If a significant neutron skin exists for **вНо. then 
the neck region that develops during the early stages of 
contact may be highly neutron rich. Because the surface 
neutron density for the 7*Ge projectile is considerably 
smaller than for the łesHo target, there will be a stronger 
isospin driving force for protons from the projectile to 
flow into this region comparing to proton flow in the 
reverse direction. Such a mechanism, which is not contained 
in the model, may provide an alternative explanation of the 
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charge drift toward asymmetry commonly observed in 

asymmetric damped collisions. 

Finally, the problem strongly related to exchange of 

nucleons is the heat partition in the collision. 

Experimental data indicate that the excitation energy is 

divided equally between both fragments. Even for fully 

damped events the average value of the division ratio. 

<E* _/E* . >. is equal 0.4. From such results we can draw a 
PLF TOTAL 

conclusion that the thermal contact between interacting 

nuclei is weak. This implies that the composite system 

formed during the interaction time is loosely bound and the 

neck opening is small. 
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Appendix. The Monte Carlo simulation 

The coincidence data described in this paper involve a 
large number of quantities - all extracted with some finite 
accuracy. In order to investigate sensitivity of the results 
on the applied experimental technique and associated 
instrumental effects we have performed detailed Monte Carlo 
simulation . The input parameters were: 
(1) the laboratory kinetic energy, mass, and charge of the 

projectile; 
C2) the mass and charge of the1 target: 
(3) position and solid angle of the PLF detector; 
(4) angular resolution of the detector system given by the 

function в -9 (two body kinematics? (see Fig. 
V.3) ; 

(5) experimental mass and charge resolution of the PLF 
detector; 

(6) parameters a' . b' . к of the two-dimensional Gaussian 
parameterization of the primary fragment cross 
section distribution in the N-Z plane for the PLF 
fragments; 

(7) the total kinetic energy loss. Е.„. . and 
LOSS 

(8) a functional dependence of the excitation energy 
division ratio. RED. on the PLF primary mass. 

The PLF excitation energy, E_ , and the total excitation 
energy, E , were given by the formulas.-

TOTAL 

In our calculation Q (the ground state Q value) was 
approximated by the liquid drop model mass formula 

* Philosophy of this simulation is similar to that 
described in 2O>. 



The simulation initially generated the primary mass and 
charge of the PLF according to a two-dimensional Gaussian 
distribution. A random number generator gave the initial 
direction of the fragments according to an assumed CM 
angular distribution: (dc/dO ~ 1 / sin ^д^)• Other shapes of 
the angular distribution function were also examined; for 
our system the particular shape for dc/dQ was found to be 
rather unimportant because of the small angular acceptance 
of the PLF .detector. As the next step, we calculated 
velocities of the two primary reaction products in the CM 
system. The post-evaporative PLF mass and charge were 
generated according to the prediction of the statistical 
code Pace-2 for a given E and angular momentum window, as 
discussed in Sec. VI.A. The mass evaporated from the TLF was 
approximated as: 

' 1 2 M e V • ( A 3 ) 

The light particle evaporation recoil effect was 
simulated using a Maxwellian distribution given by ***•**•*. 

s* - AAt T. / (A1. - ДА.) 8 ; i- PLF.TLF. (A.5) 

Here A.' and ДА correspond to the primary mass and the 
evaporated mass for PLF and TLF. respectively. T was the 
corresponding temperature of the fragment. 

The final velocity of the fragment in the laboratory 
reference system was given by: 

v i - v o + v ; , « , + \* • < A- 6> 

Here ve was the velocity of the composite system and v^ 
denoted the initial eentei—of-mass velocity of each primary 
fragment. The viJt represented the recoil velocity. 

To take into account the finite mass and charge 
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Fig.A.I Centroids of the PLF proton (top), neutron (center) 
and mass (bottom) number distributions as a function of 
energy loss. Solid and dashed lines represent the measured 
post-evaporative and primary data, respectively. Squares and 
circles correspond to Monte Carlo simulations as described 
in the text. 

resolution of the detected PLF, we randomized these 
quantities to achieve the measured values. A similar 
randomization procedure was applied to the TLF final 
direction. In the last case the experimentally measured 
resolution distribution (see Fig. V.3) was used. 

Only those events were selected for which the PLF fails 
into the acceptance window of the corresponding detector. 
For each "good" event following quantities were generated: 
(1) for the measured PLF : Арир, Z p b r. E p Ł r . « р ь г. *„„.. arid 



(2) for the corresponding TLF : & ,_, Ф 
TLF TLF 

Such set of physical parameters was identical to that 
extracted from experimental data. We subsequently analyzed 
these simulated "data" in the same way as the measured ones. 
As a result, we obtained information on the primary mess, 
charge, kinetic energy, and the excitation energy of the 
PLF. In addition to mean values of these quantities, we 
obtained information on the widths corresponding to the 
particular experimental technique. 

50 100 150 200 
(MeV) 

Fig.A.2 Variances for proton (top), neutron (center) and 
mass (bottom) number distributions. Symbols are the same as 
in Fig. A.I. 

Generated in this way centroids and variances of the 
primary and secondary mass distribution were compared with 



these for experimental data. It was found that the 

simulation reproduces the measured centroids and variances 

of the Z. N and A distributions quite well as shown in Figs. 

A.I and A. 2. Here squares represent post-evaporative 

simulation results and circles are for the primary 

fragments. The solid and dashed lines correspond to the 

secondary and primary data, respectively. Also the centroids 

of the excitation energy division ratio were found to be 

well reproduced by our Monte Carlo code. 
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