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I. INTRODUCTION 
Over the many years of heavy-ion reaction studies a large body of the 

experimental data has been collected [l] on various observables and the cor-
relations between them. Based on experimental systematica, various reaction 
scenarios have been proposed and theoretical models as well as the respective 
computer codes have been developed to account quantitavely for the observed 
systematics. 

Let us now try to understand the collision between two heavy ions in 
terms of the classical impact parameter. As shown in Fig. 1, if the classical 

•impact parameter is large enough so that r>>R,„i two heavy-ions do not 
touch.and they interact only,, through long range coulomb interaction we see 
the coulomb cxcitation of the target nucleus in which low lying collective 
states are predominantly excited. De-excitation of these states occur through 
gamma-ray emission. If the impact parameter r is equal to Hint wc get a 
touching configuration. In such a configuration the projcctile may or may not 
loose energy giving rise to inelastic or tlastic scattering. Sometimes projectilc 
and target exchange one or two nucleous in this touching configuration giving 
rise to excitation of particle or hole states. When r< i?»nt, contact is more 
intimate between the projectile and target i.e. nuclear matter of the two heavy 
ions overlap and a neck is formed. More number of nucleons are exchanged 
between the ions. During the exchange process frictional force is developed 
causing the damping of the kinetic energy of the relative motion of the two 
ions. Ultimately the rapture of neck takes placc and the projectile and target-
like fragments come out. In case of r<< Rint, the contact is more rigid and 
mononuclear formation is more likely in this situation. Breakup of the mono 
nuclear system leads to fast fission or quasi-fission. If the mono nuclear system 
does not break it may lead to the equilibration of all degrees of freedom leading 
to the formation of a compound nuclcus. The cross-sections for the above 
mentioned processes can be described in Fig.2. 

The usual scenario of deep inelastic collisions is observed at bombarding 
energy range upto a few MeV above the central collision barrier. At that 
energy regime a large portion of the r-.-action cross scction can be attributed 
to the deep inelastic collisions. Such z collision is binary in nature and leads 
to a continuous range of total kinetic energies (TKE) in the exit channcl. This 
occurs due to the damping of the relative kinetic energy of the colliding nuclei. 
The final energies range from the higl est to lowest possible, dictated by the 
incident kinematics and the coulomb forces in the exit channel. 
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Fig. 1. Chart showing the reaction flow in heavy-iou collisions. 

Change in HI reaction cross 3cction with 1-value. Regions for different 
process are shown: CN for for compound nuclear. FL for fusion-like, D 
for deep inelastic collision, QE for quasi-elastic scattering and EL for 
elastic scattering and CE for Coulomb excitation. 
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The signature of this type of collision is a set of characteristic correlations 
between the total kinetic energy loss (Fiota) and the various obscvables such 
as cetcr of mass angles and the parameters describing charge and mass distri-
butions. Various experimental studies r.nd the observed systematica [1] show 
that the gross features of the deep inelastic collisions can be summerized as 

i) Collision is binary in nature with projcctilc like fragment** (PLF) and 
target like fragments (TLF) in the exit channel. 

ii) Angular distributions of the fragments are dependent on charge prod-
uct ZpZr of the projectile and target. Angular distributions are correlated to 
the net mass and charge exchange and also to the kinetic energy loss. 

iii) Mass and charge distributions of the fragments are bimodal and cen-
tered around those of the projcctilc and target mass and charge. 

iv) Large amount of kinetic energy loss in a collision. Final total kinetic 
energies can be as low as those corresponding to the coulomb repulsion of 
highly deformed fission fragments. 

Some of the features mentioned above can be understood from the Figs. 
3 and 4 for a moderately asymmetric system of 200Bi-f 136Xe. It can be seen 
from Fig. 3 that the PLFs and the TLFs are centered around Bi and Xe. As 
the incident energy is increased cross-soction for deep inelastic collision is also 
increased. The variance of the Z-distrihutions are also increased with increase 
in energy. With enhanced incident energy the overlap is more between two 
ions and the diameter of the neck is more in this configuration. Under this 
situation more number of nucleons aie exchanged and the overall Z- or A-
distributions are more likely in the above configuration. 

The differential cross-section d<r/6EioaM for the sam system is demon-
strated in Fig. 4. The enhancement of the cross-scction for smaller Eiot„ is 
due to the events of quasi-elastic scattering. In the region of deep inlastic 
collisions cross-section is more for increase in incident energy. It is observed 
that for i?|OM:=i?CTn-Vc there exits a substantial part of the cross-section even 
when it ib expected to be small. This can be understood in terms of deforma-
tions of the binary fragments in the exit channel which reduce the coulomb 
repulsion between them. 

II. SEARCH FOR COLD-DONOR FRAGMENT 
Similar features have also been observed in more mass asym- metric sys-

tems. However, a controversy regarding the excitation energy division in deep 
inelastic collisions exists [2-6]. In some of the studies , conclusions were reached 
that are difficult to reconcile with stochastic nuclcon exchange picture of the 
interaction [7]. It has been reported [2-4] that at any fixed total kinetic en-
ergy loss, disproportionately large fractions of the total excitation energy arc 
found in the acceptor fragments. As a conscqucnce of these reports, alter-
native reaction models have been- proposed [8-10] for the explanation of the 
effect. 

Subsequent reexamination [11-Kt] or some of the experimental data ob-
tained in the kincmatical coincidence experiments [2-4] at a few MeV per 
nuclcon above the coulomb barrier has shown that the reported correlations 
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MeV) on the left of each turve for the reaction l " X e + J 0 9 B i at 1130 MeV 
bombarding energy. T h e dots arc the experimental poin ts and the solid 
lines arc calculated results with nucleon exchange model. 
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result to & large extent from deficiencies in the data analysis procedure em-
ployed. 

The production of the cold-donor fragments in the reactions of mass asym-
metric in the near barrier energies reported from the these radio-chemical 
studies [5,6] continue to present a challenge to the current understanding of 
the reaction dynamics. Although it seems quite possible that the reaction 
mechanism changes significantly at near-barrier energies, one realizes that the 
conclusions of the above studies rely crucially on unproven assumptions on the 
time scale of the charge density equilibration in deep inelastic collisions. The 
present experimental study of the reaction 5BNi + 208Pb at a c.ro. energy of 
about 80 MeV above the barrier was undertaken, in order to obtain indepen-
dent and more direct evidence on the magnitude of the correlations between 
mass transfer and enegy division at near barrier energies. 

The exclusive experiment measuring neutrons in coincidence with reac-
tion fragments was carried out at the SupcrHlLAC facility of the Lawrcnce 
Berkeley Laboratory. A l.5mg/cm2 thick 58Ni target was bombarded with a 
2 0 ,Pb beam of i?ja&/A=6.65 MeV. The reaction channels of interest, i.e., those 
corresponding to net pickup or net stripping by the projectile, were identified 
by measuring the nickel-like (TLF) rccoiling fragments with ait array of silicon 
detector telescopes. Some of these telescopes were operated in AE-E time-
of-flight mode and provided information on the fragment masses, in addition 
to an identification according to their atomic numbers Z. Data discussed here 
were obtained mainly with one of the telescopes, placed at an angle of -35° and 
at a distance of approximately 12 cm f::om the target, operated in the simpler 
Af-'-E mode. This angle is somewhat sriallcr than the laboratory grazing angle 
of the measured Ni-like (TLF) fragments of 0P=48°. The data obtained with 
the telescope were used to identify, in z.n iterative fashion, the binary reaction 
channel and to reconstruct the pre-evaporation kinematics, i.e., the fragment 
velocity vectors, kinetic-energy loss (f£|0f«), the center-of-mass angles etc. In 
additional .the AE detector of this telescope also provided the start signal for 
the time-of-flight (TOF) measurement of the associated neutrons. 

Neutrons were measured with nine detectors placed in plane with the 
telescope at angles (0(ab) between -65° and +100° at distances from.the target 
ranging from 80 to 120 cm. The detectors consisted of cylindrical NE213 
Hquid-scint'illator cells 12.7 cm in diameter and 2.5 -5.0 cm in length viewed 
AMPEREX XP2041 photomultipliers. 

III.s EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental results are shown in Figs. 5-8, together with the results 

of the corresponding simulation calculations. The coincidence data in these 
... figures were sorted into five bins in TLF atomic numbers two bins in enegy 

loss. In Figs. 5 and 6. neutron spectra >izm/(clEdi))/a& are exhibited for 
the two angles 0 = 12° and 0 = —45°, where m is the neutron multiplicity. 
These angles arc close to the reaction angles of PLF and TLF, respectively, 
as selected by the trigger telescopc at ? = —35°. The neutron energy spectra 
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in Figs. 5 and 6 correspond to net stripping and pickup of mass, respectively, 
by the projectile, and fully damped (2?io„=80-100 MeV) collisions. 

In these figures, the experimental data are compared with the model cal-
culations assuming sequential emission of neutrons from the fully accclcratcd 
primary PLF and TLF. In these calculations, as well as in the reconstruc-
tion of the event kinematics based on the PLF atomic number and energy, 
it was assumed that the primary masses of the PLF and TLF, Apt,p and 
Atlf: respectively, are pro portional to their atomic numbers, such that, e.g. 
Aplp= Zplf*Atot/%TOT' It was furthermore assumed that (neutron rich) 
fragments evaporate neutrons isotropically as long as their excitation energy 
exceeds the neutron binding energy, and that the neutron energy spectra are 
Maxellian, with a slope parameter of a=A/8.0. The effect of the uncertainty 
of such assumptions on the obtained results is negligible, as compared to the 
overall rather large uncertainty of the extracted value of E* p^y/ E*tot• ^ 
is worth pointing out that, unlike the methods that fully rely on the accu-
racy of the measurement of the fragment mass, such as e.g., the kinematical 
coincidence or radiochemical methods the present method of determinig the 
excitation energy division from the observed neutron emission patterns docs 
not require an accurate knowledge of the fragment masses. Uncertainties in 
the fragment masses affect the results of the latter method only in higher or-
der, e.g., through the reconstructed velocity vectors, kinetic energy loss and 
the neutron binding energy. Furthermore, the quality of the achieved fit to the 
observed pattern of emission provides fc-r an independent tc6t of all assumption 
made in the simulation calculations. Various divisions of the total excitation 
energy E'tot were considered, as indicated in the individual panels by the 
corresponding ratios E* p^p/ E'tot• Such a two source model is expected 
to be sufficient, because additional components of neutrons such as emitted 
in a preequilibrium cascade or during the acceleration phase arc cxpccted to 
be weak at the low bombarding energy studied here. The contributions of 
PLF and TLF to the total yield (solid curves) are illustrated by the dashed 
and dotted curves, respectively. Already from a cursory inspection of the data 
displayed in Figs. 5 and 6, one concludcs that the relative yields of PLF and 

.TLF neutrons do not depend strongly on the direction of mass flow between 
the reaction partners. Fig. 5 correspods to stripping of 10-14 protons off the 
projectile (pickup by the target), i.e., a loss of 20-28 nuclcons by the Pb-like 
fragment. Yet, as seen from the comparison between data and the solid the-
orctica] curves, the heavy Pb-likc donor nucleus acquires significantly more 
than 50 %. and perhaps as much as 80-90 %, of the total amount of excitation 
energy generated inthe collision. Con'terscly, the target acquires a relatively 
small fraction of the total cxcitation energy even though it has picked up the 
same number of nucleons. As illustrated in the spectra displayed in the lower 
half of Fig. 5, the opposite assumption, corresponding to a division of cxcita-
tion energy in favour of TLF ,leads to .in Mnderestination of the experimental 
spectrum at 0 = 12° by a significant '.actor, while the experimental spectra 
at 9 = —45° are overestimated. Simila.: amounts of cxcitation energy are de-
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posited in Pb-likc fragment, when it picks up mass from TLF, as shown in Fig. 
6. This energy division is close to that corresponding to thermal equilibrium, 
where fragments acquire excitation energies approximately in proportion to 
their masses. 

While Figs 5 and 6 refer only to two neutron detection angles, similar 
results regarding the excitation energy divisions between the PLF and TLF 
have also been obtained from data in other angles. The distributions dm/ftja6 
sampled with all detectors are displayed in Figs. 7 and 8 for different bins 
in kinetic energy loss and atomic number Z. The modest but adequate sensi 
tivity of the angular distribution of the multiplicity to the excitation energy 
division is illustrated in Fig. 7. Here the data points for j£/o„=80-100 MeV 
and substantial net mass transfer to the TLF are compared to theoretical 
angular distributions (curves) calculated for various assumed divisions of the 
total energy loss betwwen the fragments. As shown in Fig. 7 the best fit curvc 
(solid) is achieved with the assumption of 80 % of dissipated energy going to 
Pb-like fragments which arc donor in 'ihis ease. The same assumption about 
the excitation energy division provides i satisfactory description of the angular 
distributions as shown in Fig. 8, for the entire range of charge asymmetries 
and energy losses, measured with sufficient accuracy in the present work. 

V. CONCLUSIONS 
In conclusion, it can be said that the deep inelastic collisions along with 

the kincmatic coincidence studies proviic information regarding the excitation 
energy divisions among the reaction partners. In Mi + Pb system at the near 
barrier energy of Eia\,jA'=6.65 MeV that the sharing of the dissipated energy 
betwwen the reaction partners is not influenced appreciably by magnitude 
and direction of the net charge (and mass) transfer. These findings are at 
variance with observations reported [5,6] for similar systems at only slightly 
lower bombarding energies. 
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