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Abstract

An exclusive study has been performed of the reactions '!?Sn + *4Ca at E/A =
35MeV. Probabilities and emission patterns of associated light particles (neutrons and
protons). as well as the charge distributions of projectile-like fragments (PLF'), are
used to probe nuclear transport phenomena in the Fermi-energy domain. Correlations
between PLF deflection angle and dissipated energy, the reaction yields, and PLF Z
distributions are interpreted in terms of the reaction dynamics. The emission of non-
equilibrium particles is compared to the theoretical models, and their role in limiting
the energy dissipation is explored.

The PLF deflection functions demonstrate dissipative orbiting for both reactions.
Calculations with the nucleon exchange model (NEM) qualitatively reproduce exper-
imental PLF angular distributions and average correlations between atomic number
and kinetic energy. The neutrons and protons emitted in both reactions stem domi-
nantly from the statistical decay of primaryv reaction fragments. Their yields illustrate
the relaxation of excitation energy and mass-to-charge density, although no degree of
freedom is completely equilibrated. Distinct components of non-equilibrium particles
with a rather hard energy spectra are observed. Up to 25% of the dissipated entrance-
channel energy can be carried away by such particles, limiting thermal excitation of
the system.

Yields and emission patterns of the non-equilibrium neutrons and protons re-
veal approximate symmetry and random emission in the nucleon-nucleon rest frame.
However, the flow of these non-equilibrium particles is more neutron rich than either
target or projectiles, indicating the importance of the nuclear surface. With increasing
energy loss, the neutron-to-proton multiplicity ratio also shows a gradual evolution
towards equalization, however, a full equilibration (mixing) is never achieved. The
observed deviation from overall chemical equilibrium is very significant for the !2Sn +
48Ca reaction. The overall yields, energy spectra, and angular distributions predicted
by Fermi-jet model calculations are not realistic. Predicted backward-angle jets are
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not observed in the experiment, while experimental multiplicities of non-equilibrium

neutrons are significantly underestimated by the Fermi Jet model.
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by the symbols. The solid curves represent a three-source fit, combining the con-
tributions of neutrons from projectile-like (dotted curves), target-like (dot-dashed
curves), and a hypothetical third source (dashed curves) moving with 55% of the
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5.16 Shown in above figure is the comparison of neutron (circles) and proton (squares)
energy spectra measured at an angle 20° w.r.t. the PLF. The left panels are for “°Ca
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Chapter 1

Introduction

Beginning from the discovery of radioactivity (1896) and Rutherford’s model of the
atom (1911), until the recent discovery of the TOP quark (1994), we have acquired an
in-depth understanding of the microscopic world of atoms and nuclei. The knowledge
gained over a period of a century not only enabled us to explore the microscopic
world but also helped us to understand the phenomena occurring on the cosmic scale,
eg., evolution of universe and stars. Furthermore, the tools and techniques of nuclear
science have found important applications in all fields of life including medicine, space
research, power production, materials science, geology, and many more.

With the development of accelerators in the 1940’s, it became possible to explore
the fundamental properties of the nuclear forces and the structure of nuclei by bom-
barding a range of target nuclei with beams of light particles (electrons, neutrons, pro-
tons. deutrons, tritons, and alpha particles). The study of Coulomb excitation, elastic
and in-elastic scattering, transfer reactions, and fission of heavy-nuclei provided infor-
mation about the properties of the nucleus and its interactions. The phenomenology
of heavy-ion collisions at low bombarding energies, i.e., from the interaction barrier
to a few MeV per nucleon above the barrier, has been well studied in the past. It
can be divided into four main categories (discussed below), depending on the range
of impact parameters.

1. ELASTIC SCATTERING : For very large impact parameters and bombarding

energies below the interaction barrier, only the long-range repulsive Coulomb force
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Figure 1.1: Pictorial representation of a dissipative collision scenario.

affects the trajectory of the incoming projectile and the scattering is purely elastic in
nature, i.e., there is no exchange of particles or energy between the projectile and the
target. The cross sections for elastic scattering can be described by the Rutherford
scattering formula [RUTHE].

2. IN-ELASTIC SCATTERING / TRANSFER REACTIONS : For the range of
impact parameters where the overlap of matter distribution of two nuclei is negligible
and the short-range attractive nuclear forces are least effective, collisions result in the
transfer of very few nucleons from the projectile to the target or vice-versa. Such
reactions lead to product nuclei which are very similar to the reactants and have a
very small or negligible excitation energy. Nuclear structure effects normally play a
very important role in such collisions.

3. DISSIPATIVE COLLISIONS : Dissipative collisions occur in the range of im-
pact parameters, where the two nuclei approach each other closely enough to overcome
the repulsive Coulomb and centrifugal forces and where the attractive nuclear forces
become effective. During the course of the collision, due to an overlap of target and
projectile nuclear matter, a neck forms between the two reaction partners. Nucleons
are exchanged between them, while the two reaction partners rotate about their com-
mon center of gravity for a fraction of a revolution. Due to the relative velocity of
motion (v, ), there is a mismatch between the momentum of a transferred nucleon
and the average momenta of nucleons in the recipient nucleus. This mismatch is
equilibrated by nucleonic collisions and eventually compensated by a change in total
momentum of the recipient nucleus, thus resulting in a dissipation of kinetic energy.

Subsequently, the repulsive forces drive apart the thermally excited reaction partners
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(a.k.a. primary projectile- and target-like fragments), which can decay via different
modes (sequential particle evaporation, fission, fragmentation, y-ray emission, etc.)
while proceeding along their Coulomb trajectories. These reactions can involve a
significant amount of energy dissipation and a large number of transferred nucleons,
however, the primary fragments remain largely similar to the reactants. A pictorial
representation of a dissipative collision scenario is shown in Fig. 1.1

4. FUSION REACTIONS : For very small impact parameters, where nuclear
forces completely overcome the repulsive Coulomb and centrifugal forces, fusion of
the two interacting nuclei may lead to the formation of a compound nucleus. The
compound nucleus, which is highly excited because of complete energy damping and
complete transfer of nucleons can decay while moving along its trajectory.

The development of heavy-ion accelerators (late 70’s) providing beams of particles
with bombarding energies of several tens of MeV per nucleon, and the capability of
accelerating almost any atomic nucleus, has opened a completely new regime for
studying nuclear matter under extreme conditions of shape, spin, thermal excitation,
and density. Nuclear systems formed in these conditions are predicted to show new
phenomena such as multi-fragmentation (disassembly of the entire system into smaller
clusters) or vaporization.

Over the past decade, considerable efforts have been made to explore the transi-
tional features of heavy-ion collision dynamics developing from the well-known dis-
sipative reaction mechanism at low bombarding energies [SCH84| (a few MeV per
nucleon) to Fermi-bombarding energies (a few tens to 100 MeV per nucleon), where
the relative velocity of the reaction partners are comparable to the nucleonic Fermi
velocity (the average velocity of nucleons inside a nucleus, V»=8.5 cm/nsec). It has
been demonstrated [BAL95a, BAL95b, LOT92, QUE93, SCH92|] that binary dissi-
pative dynamics dominate the collision process in the bombarding energy range of
up to several tens of MeV /nucleon. However, several new phenomena have also been
discovered, such as neck fragmentation [LOT92, MON94, TOK95a], dynamical emis-
sion of multiple intermediate-mass fragments [TOK95b, TOK96] (IMF), incomplete
energy damping or saturation of dissipated energy [DJE96, LOT92, QUE93, XIA89],
and the disassembly of a large fraction of the original projectile and target into small
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clusters and nucleons [PIA91].

In heavy-ion collisions, the distributions of various observables associated with
massive reaction products, such as projectile-like and target-like fragments (PLF and
TLF) are characteristic of the underlying reaction mechanism. For example, the cor-
relations between emission angle of the projectile-like fragments (PLF) and dissipated
energy, as well as the primary and secondary Z distributions of projectile-like frag-
ments studied [BAL95a, BAL95b| for the reaction *®Bi + 3¢Xe at E/A=28MeV,
have revealed the dominance of a dissipative reaction mechanism, similar to the one
observed at lower bombarding energies [SCH84|. These correlations can also provide
information about the strength of the attractive and repulsive components of the
one-body mean field, the effectiveness of the frictional (dissipation) processes, and
effect of the two-body nucleon-nucleon interactions on collision dynamics.

For a very heavy system, such as Bi + Xe, where the probability of forming a
composite system (fusion) is very small, it has been shown [BAL95b] that most of the
reaction cross section is exhausted by the dissipative reaction mode. For a medium-
mass system, such as Sn + Ca, low-energy systematics [SCH86, WIL80], predict a
significant cross section for fusion processes (1.2 b for fusion and 3.1 b for dissipative
reaction). Due to a lack of experimental measurements for either reaction or fusion
cross sections in the Fermi-energy domain, it is highly desirable to test the validity
of predictions from low-energy systematics. Direct measurement of the projectile-like
fragment (PLF) yield, over the entire angular range, allow us to extract the reaction
cross section for dissipative collisions. In this work, the reaction cross section for
112Gy + 48Ca system is extracted in this manner.

In addition, the energy, mass, and charge distributions of massive PLF and TLF
fragments is used to explore the transport phenomena. For example, the effect of
the potential energy surface (driving-forces) in driving the system towards a chemical
equilibrium, i.e., the equilibration of charge-to-mass asymmetry (mixing of nucleons)
between target and projectile is considered in detail. There are several questions and
answers which are still debatable and need, therefore, to be addressed by experimen-
tal measurements. For example, how does the equilibration of the charge-to-mass

asymmetry depend on impact parameter or interaction time ? Is there a complete
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chemical equilibrium achieved in collisions at Fermi energies? Is the rate of equilibra-
tion is governed by the nucleon exchange process? Study of the relaxation of systems
with large mass-to-charge asymmetry between target and projectile, as functions of
impact parameter or interaction times, seems to provide the best tools to answer some
of these questions.

The emission patterns of nucleons statistically evaporated from excited primary
fragments carry important information about the reaction scenario, e.g., about the
number of massive primary fragments, the total excitation energy and its division
among the fragments. The angular distributions and yields of the statistically evap-
orated nucleons can be used for reconstruction of its emitter velocity and excitation
energy. Once the excitation energy of each fragment is known, one can answer how
this energy was shared among the fragments, whether the excitation energy was
shared equally among the fragments or in proportion to their masses. In other words,
one can conclude whether or not thermal equilibrium was achieved during the course
of the collision (E! o A;72).

On the other hand, the yields of the particles sequentially evaporated from the
excited target- and projectile-like fragments, when studied as functions of impact
parameter, can provide information about the equilibration of the mass-to-charge
density of the primary projectile and target, i.e., the degree of mixing of nucleons.
In other words, one can study the evolution towards a chemical equilibrium of the
target-projectile system during the course of the collision, an interesting transport
phenomenon. As one can only measure directly the masses and charges of the post-
evaporative projectile-like or target-like fragments during an experiment, some of
the information about the primary-fragment mass-to-charge ratio is lost during the
evaporation (decay) process. However, the yields of sequentially evaporated nucleons
(neutrons and protons) are strongly correlated with the A/Z ratio of the primary
fragments, providing a tool to probe the evolution of the A /Z (chemical) equilibration
process.

For bombarding energies of a few MeV per nucleon and below, the particles emit-
ted in damped nuclear reaction stem entirely from the decay of two fully equilibrated
and accelerated projectile-like and target-like fragments. However, for bombarding
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energies of 5 MeV per nucleon and above, an additional particle emission mode has
been observed. The particles emitted via this mode have relatively higher energies
than the particles emitted sequentially from fully accelerated PLF and TLF. Such
mode of particle emission, expected to set in during the early stages of the col-
lision (during approach or interaction phase), has been known as pre-equilibrium,
non-equilibrium, or prompt particle emission. Non-equilibrium particle emission pro-
cesses have been studied experimentally [DEM70, HIL87, HOL63, HOL83, HOLS6,
SCH84, VER69, WOO065) to some extent for heavy-ion induced fusion and fusion-like
reactions. The existence of such processes has also been established [PET89, WIL89b]
for **Ar- and ¥Ni-induced damped reactions at bombarding energies between 10 and
16 MeV/u. However, information on non-equilibrium particle emission in dissipa-
tive reactions is still very scant (HIL88, PET89, REM88, WIL87, WIL89a, WIL89b,
WIL89c] and limited to relatively low bombarding energies.

In light of the discovery of incomplete energy damping [DJE96, LOT92, QUE93]
at Fermi-bombarding energies, i.e., only a fraction (50-60%) of the relative kinetic
energy of motion is dissipated into thermal excitation of projectile- and target-like
fragments, it becomes important to understand the role of non-equilibrium particles
in the balance of dissipated energy, ie., the amount of energy and momentum carried
away by the non-equilibrium particles. An increase in multiplicity of non-equilibrium
particles is expected with increasing bombarding energy [WIL89b], thus reducing the
amount of energy available for excitation of the interacting nuclei. From the measured
emission probabilities and energy spectra of energetic non-equilibrium particles, one
can quantitatively estimate the amount of energy carried away by non-equilibrium
particles. Also, the effect of non-equilibrium particle emission is of importance for
the prospects of forming nuclear systems at critically high temperatures.

In addition, the mechanism responsible for the emission of non-equilibrium ener-
getic particles during the heavy-ion collision process is not well understood. Several
non-equilibrium models [BLA85, BON79, BON80, RAN87, REMS88] have been de-
veloped and applied with varying success [BLA85, HIL88, MAC85, REM88, WIL87,
WIL89a, WIL89b] to describe non-equilibrium emission processes for either light-ion

induced collisions or heavy-ion reactions at relatively low bombarding energies. In

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



these models, a nucleon transferred between reaction partners in the fast approach
phase initiates a non-equilibrium cascade in the receptor nucleus, where emission is
possible from any stage of the equilibration process. A particular and very inter-
esting mode of fast-particle emission is predicted within the currently most popu-
lar reaction models, which are based on a dominance of mean-field effects, such as
in NEM [SCH86], BUU [UEH33] and other one-body approaches. In these coher-
ent “Fermi-jet” modes [AIC85, AIC86, BON79, BON80, CAS87, DAV84, LERSS,
MOHS85, RAN87, RAN93, REM84, ROB79], the addition of the Fermi velocity of a
transferred nucleon and the relative nucleus-nucleus velocity may lead to an energy
of the nucleon that leaves it unbound in the receptor nucleus. Such nucleons can then
be emitted in a forward or backward jet, depending on whether they originate in
the projectile or the target, respectively. With the moderate success of the Nucleon
Exchange Model [SCH86] in qualitatively describing the collision dynamics at Fermi
bombarding energies, it becomes interesting and crucial to test the predictions of the
Fermi-jet model [BON79, BON80, RAN87, RAN93|, which is a consequence of the
one-body nucleon exchange process.

In the present work. a systematic study has been performed for !'?Sn + ¥4Ca
reactions at E/A = 35MeV. The emission probabilities and patterns of light parti-
cles (neutrons and protons), detected in coincidence with projectile-like fragments,
have been used as tools to probe transport phenomena in the Fermi-energy domain.
Furthermore, the correlations between deflection angle of the projectile-like frag-
ments (PLF) and its dissipated energy, reaction yields, and the post-evaporation
Z-distributions, which are also prime indicators of transport phenomena, have been
studied to understand the overall dynamics of the collisions at Fermi energies. In ad-
dition, the mechanism responsible for emission of non-equilibrium particles and their
role in limiting energy dissipation is explored.

In order to optimize the sensitivity of the experiment, in which both neutrons
and charged particles are measured, the medium-weight systems ''?Sn + *-40Ca were
chosen as a compromise. 4°Ca and “8Ca projectiles were chosen for comparison, since
they provide for the largest difference in N/Z value available for stable medium-weight

projectile isotopes. The PLF distributions from these two reactions are of consider-
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able interest also, because they are affected to a different extent by the underlying
potential energy surface and the subsequent evaporation processes. Of particular in-
terest are the evolution of N/Z of the primary projectile-like fragments with increasing
energy dissipation, and the extent to which vields of the non-equilibrium particles are
affected by the N/Z of the beam. For the **Ca and *®Ca projectiles, these ratios
are N/Z=1.0 and 1.4, respectively, while N/Z=1.24 for the target, !'2Sn. The N/Z
ratios for the composite systems for two cases are N/Z=1.17 and 1.28, respectively.
Parameters pertinent to the reactions are collected in Table 1.1 for a bombarding
energy of E/A=35MeV.

Chapter 2 discusses the theoretical models employed for the interpretation of ex-
perimental results. The underlying physical assumptions, sensitivities, and predictive
power of the Nucleon Exchange based Classical Trajectory Model (CLAT), the Statis-
tical Decay Model (GEMINI), the “Moving-Source” Model, and the Fermi-jet Model
(FJET) for promptly emitted particles (also called Fermi-jets), are discussed in detail.
A subsection of Chapter 2 has been devoted to the results of simulation calculations
perforned with the “Moving Source Model” prior to the experiments. These sim-
ulation calculations have aided the design and planning phase of the experiment.
A similar model was also used for extracting various physical quantities during the
analysis of the experimental data.

In Chapter 3, details of the experimental setup are presented. It includes the
mechanical setup, the types of detector systems used for measurement of the reaction
products, and the electronic setup used for processing the analog signals from each
detector system. The conditions which triggered the acquisition of data and the
structure in which data were stored for off-line analysis are also discussed in this
chapter.

The first section of Chapter 4 describes the on-line performance of different de-
tector systems. One- and two-dimensional graphic representations are employed for
presentation of raw data, followed by a section on the methods used for the calibra-
tion of each detector system. The last section of Chapter 4 describes the analysis
procedures adopted for extracting various physical observables.

Final results are discussed in Chapter 5. Conclusion are deduced on the basis of
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characteristic correlations between various experimental observables and their com-
parison with suitable model and simulation calculations. A summary of the key
findings is presented in Chapter 6.

A Bibliography of the referred work is collected at the end of this document, fol-
lowed by three appendices. Appendix A discusses the energy and angular distribution
of neutrons measured from spontaneous fission of 22Cf, a process used to assess the
performance of the multi-detector neutron spectrometer. Simulation calculations also
provided a consistency check for the detector efficiency corrections predicted by Cecil
et al. [CEC79|. Appendix B discusses the details of an electronic pulse-shape discrim-
inator module (Dynode pulse handler, DPH8), which was designed and developed for
seperation of neutrons from v-rays, based on their characteristic pulse shape detected
by liquid-scintillator detectors. Abbreviations and terms used in this document are

explained in Appendix C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Table 1.1: Reaction Parameters for the systems !'?Sn + 10%8Ca at E/A=35MeV, as

suggested by [WIL80] systematics.

125n + “Ca

1250 + *8Ca

(N/Z),
(N/Z)q
(N/Z)psr
Rint

Vc(Rint)
TKEm.in

LRIDM
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35.0
1032
31.97
433
4.1
0.2
5.2
7.1
29.47
1.00
1.24
1.17
12.06
119.2
121
70

35.0
1178
31.52
507
4.3
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4.2
7.4
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1.40
1.24
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116.9
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78

MeV

MeV
MeV/nucleon
h

b

b

deg

MeV
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fm
MeV
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Chapter 2

Theory and Simulations

2.1 Introduction

This chapter presents a theoretical description of the models and simulation calcu-
lations, which were employed for interpretation of the experimental data. Section 2.2
presents a conceptual description of the Nucleon Exchange Model [RAN78, RANT9,
RANS82], the assumptions used by the model, and its success in quantitatively de-
scribing experimental observables at bombarding energy of a few MeV per nucleon.
Some of the model predictions for the '*2Sn + 840Ca systems at E/A=35MeV are
also discussed. Section 2.3 discusses the concepts of Statistical Decay of excited nu-
clei. In Subsection 2.3.1, the predictions of the computer code GEMINI [CHA88a,
CHAS88b], which is a Monte Carlo implementation of the Statistical Decay model, are
discussed for correlations which are directly affected by the transport phenomena.
For example, the ratios of evaporated neutron-to-proton multiplicities as functions
of dissipated energies. Subsection 2.3.2 presents a discussion of a schematic moving-
source model, which is based on the statistical emission of particles from an excited
nuclei. In the last section (2.4), phenomena of the prompt or non-equilibrium particle
emission are discussed, in particular the Fermi-jet model [BON79, BON80, RAN87,
RAN93]| predictions for emission of fast-particles (jets), which are of relevance to the
study of critically hot nuclear systems [see Chapter 1]. The predictions of all the
models and simulation calculations discussed in this chapter are compared with the
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experimental results in Chapter 5.

2.2 Nucleon Exchange Model

The Nucleon Exchange Model (NEM) has been quite successful in quantitative
reproduction of experimental results for heavy-ion collisions at low bombarding ener-
gies (few MeV/A). At Fermi energies, it has also been successful in describing overall
qualitative features of the reaction mechanism. However, the quantitative reproduc-
tion of data is not very good. Other processes, not considered in this model, such
as, intermediate-mass fragment emission, non-equilibrium particle emission, and the
complete disassembly of the projectile-target system, start to play an important role
in the dynamics of the collision.

In the NEM model, which was developed by Randrup and collaborators [DOS85,
RANT78| during the collision process. the projectile and target nuclei approach one
another and form a dinuclear system which rotates about the center of mass. The
balance of Coulomb, centrifugal, and nuclear forces determines the extent of pene-
tration of two nuclei into each other’s matter distribution. A “window” or “neck”
forms in the overlap region of the matter distributions, through which nucleons can
freely transfer from projectile to target or vice-versa. Due to the relative velocity of
motion (v,.;), the mismatch between the momentum of a transferred nucleon and the
average momenta of nucleons in the recipient nucleus is compensated by a change in
total momentum of the recipient nucleus, resulting in a dissipation of kinetic energy.
The exchange process is assumed to be fast on the time scale of the collision, and
that the excess energy of the transferred nucleon is immediately thermalized after the
transfer (adiabaticity). The system rotates by a fraction of a revolution, while ki-
netic energy and angular momentum are dissipated. Eventually, the dinuclear system
re-separates into two massive projectile-like (PLF) and target-like (TLF) thermally
excited fragments, due to the repulsive Coulomb and centrifugal forces, and quickly
accelerate to their asymptotic velocities. In this model, the trajectory of dinuclear
system is determined by conservative Coulomb (long-range) and nuclear (short-range

or proximity) forces and a non-conservative or dissipative friction-like force resulting
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from exchange of nucleons.

In the NEM, macroscopic observables are integrated along multi-dimensional sys-
tem trajectories with the initial conditions given by impact parameter (b), velocity
of relative motion (v,.), nuclear mass (A) and charge (Z) of the projectile and the
target. For each impact parameter, the model calculates the average energy loss,
deflection angle, and spins of the primary fragments, as well as the averages and
variances of the fragment A, Z, and excitation energy. According to NEM, at Fermi
energies, the excitation energy of the primary fragments accounts for almost the entire
energy loss, Eioss- The division of the total excitation energy between projectile-like
and target-like fragments, Ep; - /E} 7, reflects properties of excitation and relaxation
mechanism.

In the NEM, all transport phenomena, including the dissipation and equilibration
of relative kinetic energy, arise from the exchange of independent nucleons. The
excitation energy deposited in the recipient nucleus (2) by the transfer of a single

nucleon from donor nucleus (1) is given approximately by

(2) = ~

Wiy =€p| —€pp—p-u=F,o—p-d (2.1)

where €, and €g are the Fermi energies of the donor and recipient nuclei, respectively,
p is the Fermi momentum vector of the transferred nucleon, and d is the relative
velocity vector of the two nuclei. The quantity F),, substituted for er; — €p2, in
Equation 2.1, is referred to as the static driving force for nucleon exchange. The

excitation energy deposited in the donor nucleus is given by,

Wy =ep, — ;——; (2.2)
where m is the mass of the transferred nucleon. The recipient nucleus receives the
major fraction of the total excitation energy generated in the exchange. However,
since there is a free exchange of nucleon in both directions, this effect is averaged out.
In addition, due to Pauli blocking, a nucleon can only be transferred, if there is an
unoccupied state in the recipient nucleus. As a result the nucleon exchange process
drives the dinuclear system toward thermal equilibrium. The excitation energies of

the two interacting nuclei is taken out of the relative motion, a transfer process that
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Figure 2.1: Results of CLAT/NEM calculations for the impact parameter (b) dependencies of the
interaction time {upper panel) and the total dissipated energy (lower pamnel), for the *2Sn + *°Ca
(circles) and '*?Sn + *8Ca (triangles) reactions at E/A=35MeV.

is described in terms of classical friction forces. The time evolution of the average
macroscopic observables is described in terms of Lagrange-Rayleigh equations of mo-
tion as described in detail elsewhere [DOS85, RAN78, RANT79, RAN82]. Calculations
were performed for the ''2Sn + *#°Ca systems at E/A=35MeV with a computer code
CLAT (Classical Trajectory Calculations) [SCH86], which is an implementation of the
NEM model discussed above, with a liquid-drop model interaction potential modified
for proximity effects ( adiabatic limit ) for the nuclear interaction. The results of
these CLAT/NEM calculations are collected in Figs. 2.1-2.2 and discussed further
below.

Shown in Fig. 2.1 are results of CLAT/NEM calculations for the impact param-
eter (b) dependencies of the interaction time (upper panel) and the total dissipated
energy (lower panel), for the '2Sn + %°Ca (circles) and '*2Sn + *8Ca (triangles) re-
actions at E/A=35MeV. One observes almost linear correlation between the impact
parameters and the interaction times for both systems, except for a very small offset,
which is due to the different sizes of the projectiles, (R~Rgo-A'/?® fm, where Ro =~ 1.2
fm) with Risc, =~ 4.38 fm, and Raoc, = 4.10 fm. Once projectile and target nuclei

form a dinuclear system, which survives for times of the order of 10~%?? to 10~2! sec-
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onds, the kinetic energy of relative motion is dissipated due to exchange of nucleons.
As explained previously, this dissipation is effected by the exchange of independent
nucleons, until the dinuclear system re-separates as PLF and TLF. With decreasing
impact parameter. the overlap region of the matter distributions increases. Since this
region defines the size of the “neck” through which nucleons can freely transfer from
projectile to target or vice-versa, lead decreasing impact parameter to higher degrees
of energy dissipation. For a certain range of relatively small impact parameters, the
model predicts fusion of the target-projectile system.

From Fig. 2.1, one also notices that, for a given value of impact parameter (say
b = 8 fm), more energy is dissipated in the case of '?Sn + *®Ca system than for the
1129n + %9Ca system. This difference arises from two reasons. The first effect is due
the size of the projectile, which defines the size of the overlap region. The second
effect is caused by different mean currents of nucleons transfered from one nucleus
to the other in a short time interval. The average numbers of neutrons, Avy, and
protons, Avp, which “attempt” a transfer during a given short time interval At can

be described as

zZ 2
Avy = Ny At = -—norrc‘z Avy = Nz At = Zno‘n'c;”, (2.3)

where N and Z refer to the neutron and proton number of the combined dinuclear
system, ng = 0.263 fm~210?%s~! is the standard one-way flux in nuclear matter, and
Oepf= WCyyy is the effective neck radius. The '*?Sn + *®Ca system has relatively higher
mean current of neutrons (Avy), because of larger N/A ratio with respect to ''?Sn
+ 0Ca system, leading to relatively higher energy dissipation.

Shown in the upper panel of Fig. 2.2 are results of NEM calculations for the
correlation between impact parameter (b), and deflection angle (6,q5) of the scattered
primary PLF for '*2Sn + *3Ca reactions at E/A=35MeV. After fitting the correlation
between impact parameter and deflection angle with a smooth functional form, the

differential cross section as a function of deflection angle was calculated using the

relation “—j-‘:; = 27h - ( deff,, )- This differential cross section is plotted in the lower

panel of Fig. 2.2 as a function of deflection angle. The total cross section for the
dissipative reaction yield, as predicted by the NEM calculations, and obtained by
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Figure 2.2: Results of CLAT/NEM calculations for the correlation between impact parameter
(b) and deflection angle of the primary PLF (upper panel) for ‘'*Sn + *Ca at E/A=35MeV. The
lower panel shows the differential cross section (g%) as a function of deflection angle (lower panel)
extracted from the correlation shown in the upper panel. The grazing angle is indicated by the
vertical lines at 4.2°9,

integrating the differential cross section over the entire angular range yielded a value
of (3.040.1) b. In addition to this cross section, the NEM predicts a significant cross
section of 1.3 b for fusion of '?Sn + *8Ca system. In Chapter 5, experimental results
are compared to these model calculations.

Shown in Fig. 2.3 is the correlation between the deflection angle of the primary
PLF and the total kinetic energy, as predicted by NEM/CLAT calculations for !*2Sn
+ “°Ca (circle) and '*?Sn + *¥Ca (triangles) systems. It is seen that the total kinetic
energy of the system decreases in a correlated fashion with deflection angle of the
primary PLF. This decrease in total kinetic energy is a direct consequence of the
dissipation mechanism, which takes energy from relative motion and transforms it
into thermal excitation of the system, while the dinuclear system rotates. An orbiting
behavior is clearly visible from the dependence of the PLF deflection angle on final
kinetic energy. For large energy losses, a negative angle scattering results in the
model calculations. The overall interaction time increases scattering to more and
more negative angles, of course, this process leads to highly excited and, therefore,

unstable primary fragments. The decay of the excited projectile-like and target-like
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Figure 2.3: Correlation between the deflection angle of the primary PLF and total kinetic energy,
as predicted by CLAT/NEM calculations for !'?Sn + “0Ca (circles) and !!?Sn + *¥Ca (triangles)
reactions at E/A=35MeV.

=

fragments was modeled with a statistical (decay) evaporation model, which will be
discussed in the following section. In Chapter 5, the angular distributions of the
secondary fragments produced at the end of decay process are shown and discussed
in the context of experimental PLF angular distributions.

Fig. 2.4 shows the results of the CLAT/NEM calculations for correlations between
dissipated energy and mass-to-charge ratio of primary PLF (upper panel) and the ra-
tio of the excitation energies of primary PLF and TLF (lower panel). Circles show
results obtained for ''?Sn + *°Ca while triangles represent ''*Sn + *8Ca. Horizontal
lines correspond to either equal energy division (solid) or equal temperatures (dashed
and dotted dashed) of PLF and TLF. The trend in the evolution of the N/Z ratio
of the primary PLF fragments with excitation energy are very different for the two
reactions. For '?Sn + “Ca (circles), the average N/Z value of the primary PLFs
increases with increasing excitation energy, while for '?Sn + *¥Ca system (triangles)
the average N/Z value of the primary PLFs decrease. In both cases, the evolution
of the average N/Z of the primary PLF is towards the overall N/Z of the composite
system. However, this evolution is very gradual and governed by the slow progress of
the nucleon exchange processes with time. This effect is attributed to relatively small
driving forces for nucleon transfer and short interaction times. Calculation for the po-
tential energy surface for binary divisions of the two systems into PLF and TLF pairs
are shown in the following figure. In addition, as seen in the lower panel of Fig. 2.4,

the sharing of total excitation energy between primary PLF and TLF is not charac-
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Figure 2.4: Results of the CLAT/NEM calculations for correlation between dissipated energy
and mass-to-charge ratio of primary PLF (upper panel) and the ratio of the excitation energies
of primary TLF and PLF (lower panel). Circles represent !'2Sn + “0Ca reactions, while triangles
represent '!2Sn + *8Ca reactions, at E/A=35MeV. Horizontal lines correspond to either equal energy
division (solid) or equal temperatures (dashed and dotted dashed).

teristic of thermal equilibrium. In both cases, target-like and projectile-like fragments
receive comparable excitation energies. Typically, the TLF receives a little more ex-
citation energy than the PLF, for the entire range of impact parameters (peripheral
to central collisions). For very low excitation energy, once observes large difference
in the energy division between projectile and target for !'?Sn + %°Ca system. For
very peripheral collisions, the two nuclei are always close to their ground states, i.e.,
both have approximately the same, zero temperature. As soon as nucleon exchange
becomes important in a collision, the projectile target system is driven away from
thermal equilibrium. Subsequent exchange processes act as a feed back mechanism
and tend to equalize different temperatures of the interacting fragments.

Fig. 2.5 shows contour diagrams of the potential energy surfaces (PES) for frag-
mentation into PLF and TLF of the systems ''2Sn +4°Ca (upper panel), and ''?Sn +
48Ca (lower panel), respectively, for an orbital angular momentum of =0 (b=0) and
a separation distance equal to the strong-absorption radius (Rss4 = 12.06 and 12.3
fm, respectively). The energy contours are plotted vs. neutron and atomic numbers
of the PLF. Effects of closed nuclear shells for N or Z = 20, and N = 28 are included

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

Potential Energy Surface for Ca+Sn System with Shell Effects

30

T L] l |1 I T 1 L
~
[+3]
=]
g
=)
=
2
g
Q
43
<
. i
ks i
0 =
g —]
5
= .
(&) P -
= »Ce |
g ‘go“ -
S N
<t ‘.‘10910 -
1125 + %ca i
] ) & L | I 1 1 L 1 ]
30 40

Neutron number

Figure 2.5: Contour diagrams of the potential energy surfaces (PES) for fragmentation into PLF
and TLF of the systems '2Sn +40Ca (upper panel), and !!2Sn + **Ca (lower panel), respectively.
The energy contours are plotted vs neutron and atomic numbers of the PLF. Heavy solid lines
originating from the “injection points” represent CLAT/NEM trajectory calculations [See text].
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in the calculations. The CLAT/NEM trajectory calculations for the primary PLF are
shown as heavy solid lines originating from the “injection points” (projectile-target
combination) in each plot.

Comparing the upper with the lower panel of Fig. 2.5, one notices that, near the
“injection points”, the slope of the PES for the !*2Sn + 1°Ca system is steeper than
and directed to opposite that for the ''2Sn + *8Ca system. For the ‘“°Ca-induced
reaction, the surface shows a steep gradient towards larger PLF-N/Z values. On the
other hand, the “injection point” for the reaction '?Sn+*Ca is already located near
the local minimum of the potential energy surface. Quantitatively, the CLAT/NEM
calculations, represented in Fig. 2.5 by the heavy solid lines originating from the
injection points, predict the primary PLF to gain neutrons in case of the '2Sn + °Ca
system. On the other hand, for '?Sn+*Ca system, the primary PLF is expected to
gain protons during the course of the collision. Here, one clearly sees the effect of the
potential surface energy in driving the system towards equilibrium. The effects of a
secondary decay of the excited primary PLFs were also studied. They are discussed

in detail in Chapter 3.

2.3 Model for Statistical Decay of Excited Nuclei

The decay properties of the excited nuclei produced in heavy-ion collisions have
been successfully described by statistical model calculations [GAV80, NIC80, PUHT77].
In such a model, a thermally excited and statistically equilibrated nucleus can decay
to the ground state by emitting neutrons, protons, a-particles, y-rays, and heavier
fragments, and or by fission. The decay, which is purely statistical in nature, is
governed by the number of available nuclear configurations (modes) and the respective
probabilities for decay to each configuration. A parent nucleus with a given excitation
energy and angular momentum, during decay may populate daughter nuclei in a range
of masses, charges, and final excitation energies, with different decay probabilities for
each daughter channel. Each daughter, in turn, becomes the parent for the next
decay step, and the process continues until there is no excitation energy or angular

momentum left.
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Most of the present-day statistical model calculations are based on the Hauser-
Feshbach formalism [HAU52], which gives the cross section for a given reaction to
proceed from entrance channel A to exit channel B, while conserving the angular
momenta and parity.

2J+1 za,l‘. 'I}'(B)

A ; (25, +1)(2L+1) Z,; A 5 T )

(2.4)

where T, represent the transmission coefficients for compound nucleus formation in
channel A and subsequent decay in channel B, with compound nucleus spin J resulting
the coupling of target and projectile spins, I; and L, respectively, to the orbital angular
momentum L.

Statistical-model calculations have been implemented in computer codes using
either a multi-step grid method (CASCADE)[PUH77] or a multi-step Monte-Carlo
[CHA88, GAV80, NIC80] method. In case of the multi-step grid method, angular
momentum and excitation energy of each parent nucleus defines a two-dimensional
coordinate grid. For each of the bins in this coordinate grid, the respective probabili-
ties for each mode of decay are calculated leading to various bins in the respective grid
for the daughter nuclei. The cross sections are then redistributed according to initial
postulations and decay probabilities throughout the calculations, as the daughter in
turn becomes the parents in the next decay step. However, in case of the Monte-Carlo
method, all decay modes are sampled according to the decay probabilities for different
daughter channels, generating a sample of individual decay chains. In the latter case,
calculations conserve correlations between various quantities, such as particle yields

and their angular distributions, which are typically not available in the former case.

2.3.1 Computer Code GEMINI for Statistical Decay

Initially, most of the statistical computer codes were developed for fusion studies,
where experimental excitation energies were <200 MeV. These codes were inadequate
to treat nuclei with large excitation energy and angular momentum encountered in
heavy-ion collisions at Fermi-energies. Also, the emission of intermediate-mass frag-

ments, which becomes an important mode of decay for large excitation energies, was
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Figure 2.6: Gemini predictions of neutron multiplicity for emission from PLF (left panel) and
emission from TLF (right panel) vs. its excitation energy, for !'?Sn + *®*Ca. Various curves represent
a different (primary) projectile- or target-like fragment prior to the evaporation process.

not included in the earlier codes. The GEMINI code [CHA88a, CHA88b]| developed
by R.J.Charity, overcomes such deficiencies. This code provides a good description
of the emission patterns and intensities for neutrons and light charged particles, even
at Fermi energies, where excitation as high as 1 GeV have been observed.

The GEMINI code models the decay of an excited primary nuclei via sequential
binary decays. All possible binary divisions, from light-particle emission to symmetric
fission, in each decay step are considered. The computer code employs a Monte-Carlo
technique to follow the decay chains of individual nuclei. This code employs the
Hauser-Feshbach formalism [HAU52| for evaporation of the light fragments, ie., Z <
2, while for the decay of heavier fragments, it uses the transition state formalism of
Moretto [MORY75] et al. Mathematical details can be found in the article by Charity
[CHA88Db] et al.

In the present work, GEMINI has been used for modeling the decay of excited
primary projectile-like and primary target-like fragments from the ''2Sn + 4048Ca

reactions. Since the excitation energies encountered in these reactions can be very
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high, the primary reaction fragments have a chance to lose a large fraction of their
masses and charges. It is then not obvious, what can be learnt from the detectable
secondary, post-evaporative fragments. Since the primary mass-to-charge density is
an interesting degree of freedom, which is not directly accessible, the sensitivity of the
statistical model predictions of neutron and proton yields on the primary fragment
N/Z ratio was explored. Figs. 2.6 and 2.7 show the results of the model calculations,
for the evaporation of protons and neutrons from the primary PLFs and TLFs.

Fig. 2.6 shows the Gemini predictions for the neutron multiplicity for emission
from PLFs (left panel) and emission from TLFs (right panel), for ''?Sn + *8Ca reac-
tion at various excitation energies. The various curves represent particular primary
projectile- or target-like fragments. One sees that the multiplicity of neutrons evapo-
rated from the projectile- or target-like fragments is highly correlated with the excita-
tion energy of the corresponding primary fragments. This correlation is almost linear
for emission from heavier nuclei, ie., from the target-like fragments. Also, comparing
the neutron vields from *"K with those for *®Ca, or the neutron vields from '*'In with
those for ''?Sn, one notices that, on average, a primary fragment with larger N/Z
ratio ('K and !''In ) emits more neutrons during the decay process, even though the
corresponding primary fragments have same number of neutrons. It is clearly demon-
strated through such calculations that the total number of neutrons evaporated from
an excited nucleus is sensitive to its N/Z ratio. However, experimentally it is difficult
to measure such sensitivity, due to sizeable systematic errors in the measurement of
neutron multiplicities. As shown further below, one can amplify the effects of primary
fragments N/Z ratio by plotting the ratios of neutron-to-proton multiplicities, rather
than the individual multiplicities.

Shown in Fig. 2.7 are the neutron-to-proton multiplicity ratios M, /M), for emis-
sion from PLFs (left panel) and emission from TLFs (right panel), plotted vs. total
excitation energy of the ''2Sn + *Ca system. Curves represent M,/M, ratios cal-
culated for emission from projectile- or target-like fragments with N/Z equal to that
of the projectile or target (solid curves) or that of the composite systems (dashed
curves). Obviously, there are large differences observed in the ratio M, /M, for pri-

mary fragments with only small differences in N/Z. These differences are very large
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Figure 2.7: Gemini predictions of neutron-to-proton multiplicity ratio M,/M,, for emission from
PLFs (left panel) and emission from TLFs (right panel) vs. total excitation energy, for !'2Sn +
18Ca. Curves represent M, /M, ratios calculated for emission from PLFs or TLFs with N/Z equal
to that of the projectile or target (solid curves) or that of the composite systems (dashed curves).

for small excitation energies, as proton emission is suppressed due to the Coulomb
barrier. Hence, the multiplicity ratio M,/M, is rather sensitive to the N /Z of the
emitter, both for the lighter PLFs and the heavier TLFs. This sensitive analytical
tool is used in the analysis of experimental results (see Chapter 5), to investigate the
time evolution of the mass-to-charge asymmetry degree of freedom in the two systems
studied.

2.3.2 Moving Source Parameterization

Information about the number of emitters, the total excitation energy, its divi-
sion among different emitters, and the thermo-dynamical properties of these emitters
can be extracted from the emission pattern of particles, even if the emitters disas-
semble completely. A schematic moving-source model has been very successful in
the more quantitative task of discerning the number of emitters, their velocities, and

thermo-dynamical characteristics from the random emission patterns for particles in
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Figure 2.8: Pictorial representation of the random emission pattern in velocity space from a moving
emitter. Particles emitted with a given constant speed but into random directions, from a moving
emitter outline a circular yield pattern in laboratory velocity space, centered at the velocity of the
emitter with a radius equal to the speed of the particles in the rest frame of the emitter.

the velocity space. As shown in Fig. 2.8, the particles emitted from a moving emitter
with a given constant speed but into random directions, outline a circular yield pat-
tern in laboratory velocity space, centered at the velocity of the emitter with a radius
equal to the speed of the particles in the rest frame of the emitter. For each particle,
the resultant velocity in the laboratory frame is a vector sum of the velocity of emitter
in the laboratory and the velocity of the particle in emitter rest frame. Plotted in
invariant form, also called galilei-invariant yield, the total yields, remain invariant
under galilei-transformation, ie., they have same appearance in the laboratory frame
and the rest frame of the emitter.

The double-differential yield for neutrons evaporated from an excited fragment in

the emitter rest frame is well represented by a distribution of the following form

d*m, _ mg 1 o
(dQn-dEﬂ)reﬂ - G ([‘(C! + 1). T;H'l ) E" ’ EIP[T] (2'5)

where ['(a+1) is the " function, 7, is an effective nuclear temperature, m, is the aver-
age neutron multiplicity. If on the average only one particle is evaporated, one has a
Maxwellian spectrum with a=1 [['(2)=1], whereas for a neutron cascade, LeCoutour
and Lang et. al. [LAN64, LEC59] have shown that a=0.45. It has also been demon-
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Figure 2.9: Similar to Fig. 2.8, showing a random emission pattern from two moving sources in
velocity space. The velocities of two moving sources are represented by velocity vectors (the long
and short one’s) along with the velocity vector for the center-of-mass motion (intermediate length).

strated that evaporation spectra of fission neutrons can be described very well by
using a=0.5 [['(3/2)=y/7/2|. The effective temperature, 7, is related to the nuclear
temperature (T) of the primary emitter. For a neutron cascade, 7, = 5 T.

The energy distribution of neutrons emitted from a thermally excited moving
fragment, as described by equation 2.5 in the rest frame of the emitter, can be ap-

proximately described in the laboratory frame by the following equation,

(‘“—dndjs“ = 5 (1) B eapl—(Bn = 26, By cos(0n) +€)/m] (26)

Where E, is now the neutron laboratory energy, 6, represents the laboratory neutron
emission angle measured with respect to the direction of flight of the emitter, and ¢,
is the kinetic energy per nucleon of the emitting source. For evaporation of a charged
particle from a moving source, for example proton, the energy distribution can be
described by a functional form very similar to equation 2.6, with only modification in
the particle energy (E, — E, - Ecoutoms) for Coulomb repulsion. The exact expres-
sion for the galilei-invariant form equivalent to equation 2.6 can be found elsewhere
[AWEBS2]|.

Fig. 2.9 is same as Fig. 2.8, however, it shows the yield for random and sequential
emission of neutrons from two moving sources in form of contours. The velocities of

two sources are represented by velocity vectors (the long and short one’s) along with
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the velocity vector for the center-of-mass motion (intermediate one). The contour
lines represent the galilei-invariant neutron yield as a function of velocity components
parallel and perpendicular to the beam direction. At a given laboratory angle, the
neutron energy spectrum can be obtained by projecting the invariant cross section for
a cut through the distribution in that direction. The three dashes in Fig. 2.9 represent
30, 60, and 90 degrees, respectively in the laboratory frame. The corresponding
neutron energy spectra at these angles are shown in Fig. 2.10.

Two components, shown in Fig. 2.10 as dotted and dashed curves, correspond
to emission from the slow (target-like) and the fast (projectile-like) moving sources,
while the solid curves represent the sum of both components. One notices that at for-
ward angles, the yield is dominated by neutron emission from the fast-moving source,
while at backward angles, the yield is mostly due to emission from the slow-moving
source. Such total energy spectra (solid curve) comprising two distinct components,
due to emission from two moving sources with very different velocities, can be well
reproduced with fit functions defired by equation 2.6. From such fits, properties of
the emitter, such as multiplicity, temperature, and velocity, can be extracted. The
moving-source model is used further to simulate the more complex scenario of multi-
ple sources with very different thermo-dynamical properties. Such scenario has been
observed in experiments, attributed to sequential and fast-particle (prompt) emission
modes. For example, two fully accelerated and equilibrated sources, the PLF and
TLF sequentially emit particles, along with emission of particles which take place
during early stages of collision, also known as prompt-particles or non-equilibrium
particles, as they are emitted before any equilibrium is achieved.

Fig. 2.11 shows simple simulation calculations with the moving-source model for
neutron emission in the reaction !'2Sn + “°Ca, at a bombarding energy of 30 MeV /u
and energy losses of E;,s, = 210 and 400 MeV. In this figure, contour lines of the galilei-
invariant neutron yields are plotted versus the neutron velocity components parallel
and perpendicular to the beam direction. The continuous contour lines illustrate
a situation in which neutron emission occurs only as sequential evaporation from
the fully accelerated PLF and TLF. The total excitation energy was assumed to be
divided approximately equally between PLF and TLF, leading to evaporative PLF
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125n+%Ca, E/A =30 MeV, E;,;,=210 MeV
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Figure 2.10: Plot of neutron energy spectra at three different laboratory angles. The two compo-
nents, shown as dotted and dashed curves, correspond to emission from slow (target-like) and fast
(projectile-like) moving sources shown in Fig. 2.9. Solid line represent the sum of two components.
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Figure 2.11: Plot of galilei-invariant neutron yields vs. the neutron velocity components parallel
and perpendicular to the beam direction, for two different energy losses. The continuous contour
lines are obtained assuming sequential emission from PLFs and TLFs, the dotted contour lines

represent an added contribution from hypothetical non-equilibrium source.
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