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ABSTRACT

Title of Dissertation: Mass And Charge Distributions In Iron-Induced
Reactions And Excitation Energy Division Between The
Fragments Of The Reaction 5Fe On 16540 At 672 MeV.

Houria Madani, Doctor Of Philosophy, 1993

Dissertation directed by: Alice C. Mignerey, Professor of Chemistry
Department of Chemistry and Biochemistry

The projectile-like and target-like fragments produced by the 12-MeV/nucleon
56Fe + 165H0 reaction were detected in coincidence. The measured parameters were
the mass, charge, kinetic energy and, scattering angle of the projectile-like fragments,
and the scattering angle of the target-like fragments. The mass and charge
distributions of the projectile-like fragments were generated as a function of energy
loss, and characterized by their centroids, variances, and correlation coefficients.

The neutron drift of the measured projectile-like products is mostly due to
evaporative processes, while the charge drift is a resuit of a net transfer of protons
from the projectile-like fragment to the target-like fragment. The result is a weak drift
of the system towards mass asymmetry, opposite to the direction that minimizes the
potential energy of the composite system. The increase in the variances with energy
loss is consistent with a nucleon exchange mechanism as a mean for energy

dissipation.



The predictions of two nucleon exchange models are compared to the
experimental results of the 672-MeV Fe + 165Ho reaction and other Fe-induced
reactions. The fairly good agreement between the experimental and theoretical
variances verifies the prevalence of a nucleon exchange mechanism in these reactions.
Significant differences between the two models in their prediction of the centroids are
a consequence of their different approaches in simulating the deep-inelastic process.
A better agreement with the data was observed with Tassan-Got's model than with
Randrup's model.

The information from the coincidence measurement and two-body kinematics
are used to reconstruct the pre-evaporation masses of the projectile-like and target-like
fragments of the reaction. Statistical evaporation calculations are used to translate
these masses into excitation energies of the primary fragments. The excitation energy
division between the two fragments is then determined as a function of total kinetic
energy loss and mass division.

The ratio of excitation energy stored in the projectile-like fragment decreases
with increasing energy loss, in qualitative agreement with previous measurements.
However, higher ratios are observed for the 672-MeV 3Fe on 165Ho system and are
attributed to the increased bombarding energy. Excitation energy partition is
correlated to the direction of nucleon transfer for selective energy loss bins. Monte
Carlo simulations of the experiment were not conclusive in attributing the correlation

to instrumental resolution.
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CHAPTER1 INTRODUCTION

The advent of heavy-ion (A 2 4) beams in the 1960's provided a new tool
for probing the properties of the nucleus and the nuclear force. Descriptions of the
new heavy-ion induced nuclear reactions lend themselves to a macroscopic
approach, based on principles traditionally used in nuclear chemistry and statistical
mechanics. In this new approach, the global properties of the interacting nuclei are
studied instead of the microscopic properties of individual nucleons.

A collision between two heavy nuclei leads to different types of reactions
depending on the bombarding energy and the distance between the centers of the
two colliding nuclei, called the impact parameter. Since the wavelength associated
with the relative motion of the two nuclei is smaller than the interaction radius R, a
semi-classical approach can be used to study these collisions.

The types of heavy-ion reactions that occur at low bombarding energies,
below the Fermi energy domain (~28 MeV/u) are illustrated in Figure I.1. The two
nuclei are approximated by two rigid spheres interacting with an impact parameter
b, during an interaction time t. However, because of the Coulomb repulsion the
projectile does not always ‘hit' the target, even if b is smaller than R. The projectile
is deflected from its initial trajectory with a deflection angle which depends on the
impact parameter, the Coulomb energy, the center-of-mass energy, and the
interaction radius. When the interaction radius R is equal to the distance of closest
approach D, i.e., when the two ions barely touch, grazing trajectories are obtained.
The value of the impact parameter is then defined as bgr. At grazing trajectories,
elastic scattering or direct reactions may occur. Direct collisions consist of one step
transfer of one or a few nucleons from one nucleus to the other. These interactions

are characterized by a discrete change of angular momentum. Because of short
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Pictoral representation of the various reaction mechanisms in heavy-ion collisions
at low bombarding energies.
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interaction times (t = 10-22 sec), only a small amount of kinetic energy is lost.

When the impact parameter is much smaller than the grazing value (b<<bgr)
close collisions occur, which are characterized by interaction times (10716 10 1020
sec) longer than those of direct reactions. An increased interpenetration of the two
nuclei is expected in this type of collision. This may lead to the formation of an
excited compound nucleus (CN) which decays by fission, emission of light
particles (p, n, &) or gamma emission.

Until about two decades ago, direct and compound nucleus reactions were
the only processes observed in heavy-ion reactions. However, the results of several
experiments with various systems showed the existence of a different type of
reaction: deep-inelastic reactions (DIR). They form an intermediate process
between direct reactions and compound nucleus formation. The impact parameter
in these cases has to be larger than a critical value for CN formation.

Deep-inelastic reactions can be seen as a flow of nucleons from one nucleus
to the other through a window opened by the collisions. This allows for the
dissipation of energy and angular momentum. However, the possibility of energy
damping by giant resonances in the quasi-elastic region was also postulated by
Broglia et al. [BRO76). Experimental evidence confirmed the existence of this
collective mode of excitation [FRA80, MIG81].

In deep-inelastic reactions, large amounts of relative kinetic energy are
converted into excitation energy of the dinuclear system, which rotates and
separates into a projectile-like fragment (PLF) and a target-like fragment (TLF),
whose atomic and mass numbers are close to those of the projectile and target,
respectively. After a complete separation of the two fragments and after they are

totally accelerated by Coulomb's repulsive potential, they deexcite by evaporation



of light particles and gamma emission. The reactions studied in the present work

fall in the deep-inelastic region and thus the focus will be on this type of collision.
LA. Deep-Inelastic Reactions

The tremendous amount of data from experiments of heavy-ion reactions in
the deep-inelastic region resulted in the understanding of some of their general
features [LEF78, GOB80, FRE84, SCH84, BOR90]. Atlow bombarding energies
(a few MeV/u above the Coulomb barrier), the two reaction fragn; nts have a close
resemblance to the entrance channel nuclei in terms of their masses and charges.
This implies that the system retains its binary character during the whole interaction
phase. The detection in coincidence of the two fragments produced in a deep-
inelastic reaction confirms the binary character of this mechanism [LEF78,
SCH84].

The center-of-mass kinetic energy distribution and the angular distributions
of the reaction products are best described by contour plots of the double
differential cross section d20/dQdE, as a function of the PLF angle in the center-
of-mass (8,), and TKE the total kinetic energy in the center-of-mass frame, as a
function of the PLF angle in the center-of-mass. This type of plot, shown in Figure
1.2, was first constructed by Wilcynski [WIL73, SIW76] for potassium isotopes
emitted in the 328-MeV Ar + Th reaction. Its main feature is the existence of two
ridges of maximum cross section. The first one is peaked around the grazing angle
(eg, ~ 34°) and at a center-of-mass kinetic energy close to the initial kinetic energy
and is thus attributed to quasi-elastic events. As the kinetic energy decreases, this
ridge moves towards more forward angles. A second ridge starts at the most

forward angles and moves toward larger angles as the energy decreases slightly.
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This pattern in the Wilcynski plot is interpreted as being due to deflections of the
reaction products from
grazing trajectories. The deflection angle depends on the value of the angular

momentum £ (or the impact pararr.eter b).

The £ value for deep-inelastic reactions lies between an £, value for
fusion and a maximum angular momentum £, ., corresponding to grazing
trajectories. As £ decreases from £, the trajectories are more and more deflected
from the grazing vaiues towards more forw:.d values and sometimes the system
rotates past 0° and to negative angles. Experimentally, the detection system does
not distinguish between events at positive or negative angles, therefore the patterns
seen experimentally are the positive part of the plot shown in the top part of Figure
1.3. The bottom part of Figure 1.3 shows a schematic view of the evolution of the
deflection angle with angular momentum.

The most striking feature of deep-inelastic reactions is the conversion of a
large portion of relative kinetic energy into internal excitation of fhe outgoing

fragments. This total kinetic energy loss (TKEL) ranges from 0 MeV for elastic

events to (E, - V) MeV for fully damped events, where E , is the initial center-

of-mass kinetic energy and V_ is the Coulomb potential of the two separating

nuclei. Since the total kinetic energy loss is related to the time scale of the
collision, it can be considered as a "clock" for these reactions. Therefore, the study
of the behavior of observables in deep-inelastic reactions with energy loss is
analogous to following the evolution of the interacting system with time. The
evolution of the post-evaporation mass and charge distributions of the projectile- ’
like fragments produced in a deep-inelastic rcaction are two examples of these

observables and are further discussed in the next section.
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Schematic representation of the classical trajectories leading to different deflection
angles in deep-inelastic reactions.



L. B Mass and Charge Distributions.

One of the characteristic features of deep-inelastic reactions is memory of
the entrance channel. This is inferred from the mass and charge distributions of the
detected fragments, which show that the masses and charges of the reaction
products are close to the masses and charges of the projectile and target . Thus, the
use of very asymmetric systems facilitates the distinction between the deep-
inelastic mechanism and the compound nucleus or fusion mechanisms. The
evolution of the system with interaction time can be studied by looking at the
behavior of mass and charge distributions with TKEL. In general, only the mass
and charge distributions of the PLF's are determined, the characteristics of the
TLF's are deduced kinematically using the binary character of the process.

The nuclide distribution of the PLF's in the N-Z (A-Z) plane is
characterized by its centroids <N> (<A>) and <Z>, its variances O'N2 © A2) and
622 and the correlation factor Ppz (Ppz )- The broadening of the PLF mass and
charge distributions with increasing TKEL is indicative of the presence of nucleon
transfer between the fragments [SCH84, BOR90]). However, there is yet no
evidence whether nucleon transfer alone can account for all the excitation energy
produced in deep-inelastic reactions. Furthermore, the question of how this
excitation energy is shared by the projectile-like and target-like fragments is not yet
satisfactorily answered.

Another point to be elucidated is the strong drift towards mass asymmetry
that is observed in many asymmetric systems. Such a drift is not expected since it
is contrary to the direction that minimizes the potential energy surface (PES) of the
composite system. Ambiguous conclusions were drawn from results of
experiments performed on different systems. The study of the 887-MeV 38Ni on
197 Au by Awes et al. [AWES4] resulted in an agreement



between the data and the predictions of the PES gradient only if equal excitation
energy was assumed. On the other hand, experiments with 38Ni and Ni on 238U,
74Ge on 195Ho, and 36Fe on 165Ho at 8.3 MeV/u by Planeta et al. [PLA90] showed
that the experimental data do not always follow the direction predicted by the PES
gradient. This effect is shown in Figure 1.4, where the centroids of the nuclide
distributions in the N-Z plane of the PLF's produced by the 8.3-MeV/u 74Ge on
165H0, 56Fe on 165Ho, 38Ni on 238U, and %#Ni on 238U reactions are plotted for
successive bins of energy loss from 0 MeV to 150 MeV. In these plots the
measured data are represented by the squares. The primary results, which were
obtained by neutron evaporation corrections for the two Ni systems and by
kinematical reconstruction for the other two systems, are indicated by the circles.
The dashed arrow represents the gradient to the potential energy surface (PES) at
injection point, i.e., at the entrance channel. In the PES calculations for these cases
shell effects were included in the calculation of the PLF and TLF binding energies
while pairing effects were suppressed.

The predictions of Randrup's nucleon exchange model [RAN78, 79, 82] are
indicated in Figure 1.4 by the solid line. Except for the 74Ge on 165Ho case,
the predominant feature is the increase in neutron number and decrease in proton
number resulting in the production of neutron-rich PLF's. Another feature observed
here is the tendency of the system to follow the trajectory indicated by the PES
gradient, when it has a large magnitude, as in the 38Ni on 238y system. In the
remaining cases, the trajectory followed by the system departs from the direction of
the gradient early in the reaction. In all four cases the experimental data drastically
differ from the predictions of Randrup's model, which indicates an evolution of the

systems towards symmetry.
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Evolution of the centroids of the nuclide distributions in the N-Z plane as a function
of energy loss for the 8.3-MeV/u 74Ge on 165Ho, 56Fe on 165Ho, 58Ni on 238(,
and 64Ni on 238U systems. Measured distributions are indicated by squares,
primary distributions by circles, and Randrup's model predictions by the solid line.
The arrows show the gradients to the potential energy surface of the systems at the
injection points [PLA90).
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Several nucleon exchange models have been developed to describe deep-
inelastic reactions in terms of mass and charge distributions. It is important to
realize that the fragments detected are post-evaporative, while the distributions
predicted by the models describe the emitted fragments in their excited state.
Therefore, evaporation corrections have to be taken into account before making any
comparisons between experimental and theoretical distributions. As an example,
Figure 1.5 compares the experimental mass and charge distributions of the PLF's
produced in the 270-MeV 37Cl on 40Ca reaction [MAR91, 92] to the pre-
evaporation (solid lines) and post-evaporation (dashed lines) distributions predicted
by Randrup's [RAN78, 79, 82] model in Figure 1.5. The values of post-evaporative

<Z> and <N> are in good agreement with the experimental data.
LC Excitation Energy Division

Knowing how the excitation energy of the system is divided between the
two heavy fragments of a deep-inelastic reaction is important to the
understanding of the underlying mechanisms in this type of reaction. However,
since the primary fragments evaporate shortly (= 1016 s) after their formation, the
excitation energy of the composite system formed after the collision cannot be
measured directly; it has to be inferred from other observables.

One extreme for excitation energy division is equal division between the
reaction partners, in which case the lighter fragment will have a higher temperature
than the heavier one. At the other extreme is a division according to the two
partners' mass ratios, in which case the two primary fragments are in thermal
equilibrium. Experimental data have shown an equipartition of the excitation

energy in some
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Experimental results (circles) and theoretical predictions (lines) for <Z>, <N>, and
<N>/<Z> for the 37C] on 40Ca at 270 MeV. The solid lines indicate Randrup's
model predictions for the primary distributions, and the dashed lines indicate the
model predictions for the secondary distributions after evaporation corrections
[MAR91, 92).
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cases [AWES84, VAN84, SOH8S, 87A, 87B, SOB86, WIL87] and a division
according to the fragments' masses in other cases [BAB78, CAU78, EYA78,
GOUL78, HIL79, TAM79]. Results from some of the most recent data agree with
theoretical predictions of a smooth transition from equal division at low TKEL to
thermal equilibrium at higher TKEL [BENSS, 87, 88, KWI90, PEN90]. These
contradictory results lead to the conclusion that the methods being used for
evaluating the excitation energy of each fragment have to be re-examined.

Various types of experiments have been performed to determine each
fragment's excitation energy [BAB78, CAU78, EYA78, PLA78, HIL79, TAM79,
VANR84, BENSS, 87, 88, SOH85, KWI90, PEN90). A kinematical coincidence
technique in which the PLF and the TLF are detected simultaneously was one of
the first methods tried in the 1970's for excitation energy determination [BAB78].
Based on the fact that deep-inelastic reactions are binary, the PLF primary mass
(pre-evaporation) can be evaluated from measured secondary (post-evaporation)
quantities. The use of an evaporation code then allows the determination of the
excitation energy of the PLF. The results obtained by Babinet et al. [BAB78]
suggested that thermal equilibrium was attained by the two fragments and
therefore, the excitation energy of the system was divided according to the mass
ratios of the reaction fragments.

Other experiments based on the detection of neutrons emitted from the PLF
and the TLF were performed. The study of the 400 MeV Cu + Au system by
Tamain et al. [TAM79] confirmed the finding of thermal equilibrium in deep-
inelastic reactions. However, studies of the systems 38Ni + 38Ni and 58Ni +.197Au
at 15.3 MeV/u by Awes et al. [AWE84] showed an important disagreement with
the previous conclusions. In this case only the projectile-like fragments were

detected and the excitation energy division was inferred from comparing PLF
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charge distributions to theoretical distributions obtained by applying evaporation
corrections to primary distributions predicted by Randrup's model [RAN78, 79,
82]. The results in this case seemed to be more consistent with the scenario where
the excitation energy is divided equally between the two fragments at small energy
losses (less than 100 MeV) and tends to a mass partition for higher values of energy
loss. However, the predictions were based on primary distributions which do not
have the strong negative charge drift exhibited by the experimental data.

Therefore, it is not possible to make any rigorous conclusions.

The study of the 505-MeV 36Fe on 165H0 system with the kinematics
coincidence technique by Benton et al. [BENSS, 88, 89] showed an evolution of the
system from equal excitation energy division at low TKEL towards a division
according to the fragment masses at higher TKEL. However, no evidence of
reaching thermal equilibrium was observed.

A feature observed in experimental studies of the excitation energy division
between the fragments of the reaction 56Fe on 165Ho at 505 MeV [BEN 85, 88] and
the reaction 74Ge on 165Ho at 629 MeV [KWI90] is the correlation between
excitation energy division and exit channel. However, Toke et al. questioned these
results and suggested that the correlation can be attributed to instrumental effects
[TOK89, 90, 91]. Monte Carlo simulations were performed to reproduce the
parameters and the resolution of the experimental set-up [TOK89, 90, 91]. The
results of the simulation for the 7¥Ge on 165Ho system showed that some of the
excitation energy division dependence on the primary mass of the projectile was
indeed due to finite resolutions of some of the measured variables. However, these
instrumental effects could not account for all the correlation between excitation

energy sharing and exit channel.
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I. D Research Goals

The primary goal of the present study of the 672-MeV 5Fe on 165Ho
system is to address the question of how the excitation energy of the system is
partitioned between the two complex fragments that are emitted in deep-inelastic
collisions. The use of the coincidence method to detect both reaction fragments,
PLF and TLF, allows a less ambiguous characterization of the PLF in terms of its
primary mass before evaporation. This in turn makes the determination of the
PLF's excitation energy by this type of analysis more rigorous than by analyses
based on the study of mass and charge distributions of secondary fragments.

The kinematic coincidence technique is based on the assumption that the
detected fragments are close in mass and charge to the primary fragments before
deexcitation, and on the premise that the only way the reaction products dispose of
their excitation energy is via evaporation, a process which can be simulated by
statistical models. Therefore, it is important to choose reaction partners that are the
least likely to undergo fission. The Fe on 165Ho system is thus an adequate
choice, as both Fe and Ho are not heavy enough to have a significant fission cross
section. In addition, since this system is asymmetric, it is easy to determine
whether the system attains thermal equilibrium by studying the ratio of the PLF
excitation energy to the total excitation energy of the system.

The 36Fe on 165Ho system has been extensively studied by other authors at
different bombarding energies and with different experimental methods. Therefore,
it is useful to correlate the results of the present study to previous results and add to
the already existing pool of knowledge about this system. It is particularly
worthwhile to compare the present results to those obtained by Benton et al.

[BENRS, 88] for the same reaction at lower bombarding energy and using the same
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kinematic coincidence method. The study of the 672-MeV 6Fe on 165Ho system
constitutes, in fact, a continuation of the study of the same system at 505 MeV
bombarding energy, and allows for exploration of a wider range of total kinetic
energy loss.

A study of the mass and charge distributions of the detected PLF was also
performed on the present data, to explore the negative drift of the asymmetric
system towards mass asymmetry. The comparison of the data from the present
experiment to two different nucleon exchange models, Randrup's model and
Tassan-Got's model, was performed. The similarities and differences between the
two models, along with their success or failure in reproducing the experimental
data, are éxamined to gain a better understanding of the types of mechanisms that
occur in deep-inelastic reactions. It is particularly interesting to see how Tassan-
Got's stochastic nucleon exchange model, which was designed for higher
bombarding energies, reproduces the experimental data.

The experimental technique, along with the various methods utilized to

extract information from the experimental data in the present work, are described in

Chapter II. The results obtained for the nuclide distributions of the projectile-like
fragments, and their excitation energy are presented in Chapter III. Chapter IV
contains a description of Randrup's [RAN78, 79, 82] and Tassan-Got's [TAS88, 89,
91] nucleon exchange models and presents the results of comparing their
predictions to experimental data of various Fe-induced reactions. A discussion of
the experimental results in comparison with previous findings, and their physical
meaning is presented in Chapter V. To conclude, Chapter VI summarizes the

results of this study.
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CHAPTER II EXPERIMENTAL SET-UP AND DATA REDUCTION

The experiment was performed at the Holifield Heavy Ion Research
Facility (HHIRF) of the Oak Ridge National Laboratory. The projectile-like
fragments (PLF's) and the target-like fragments (TLF's) of the reaction S6Fe +
1650 at 12 MeV/u were detected in coincidence. This allowed for a kinematic
reconstruction of the reaction and, thus, the extraction of primary quantities that
could not be directly measured, such as the mass of the projectile-like fragment
before it de-excites by evaporation. The reaction parameters (grazing angle,
grazing angular momentum, critical angular momentum for fusion, interaction
radius, and Coulomb barrier) were obtained from the Atomic Data and Nuclear
Data Tables of W. W. Wilcke er al. [WIL80]. They are summarized in Table II.1
along with the experimental parameters (bombarding energy, detection angle, and
center-of-mass encrgy). A description of the experiment and the data reduction

procedure follows.

IILA. Experimental Set-Up

The reaction took place in a 30-cm diameter scattering chamber, under

vacuum. A 672-MeV 36Fe beam was used to bombard a 195-pg/cm2 165Ho target
with 50 pg of carbon backing. The experimental set-up is depicted in Figure IL.1.
To minimize the energy loss of the heavy target-like products and ensure that they
reach the recoil detector, the target was tilted at an angle of -35° with respect to the
beam. The multiple scattering effects by the reaction products before they enter the

detectors are also minimized by this orientation of the target. The beam current
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Table I1.1 Reaction Parameters for the Reaction 35Fe on 165Ho at 12 MeV/u

Parameters Values
Lab grazing angle 6,4 20.20
Center-of-mass 0,4 27.00
Lgrazing . 3300
Lerit 1110
Interaction Radius 13.22 fm
Coulomb Barrier V 190 MeV
Laboratory Bombarding Energy 672 MeV
Center-of mass energy E 502 MeV
Laboratory detection angle Ec;m 16°

18



EXPERIMENTAL SET-UP

&
.-{,5\'1—— TOF arm

cattering Chamber

Figure II.1 Diagram of the experimental set-up used at the time-of-flight facility at
HHIRF. Dimensions of the various elements are not to scale.
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was between 20 and 40 r:A throughout the experiment.

A time-of-flight (TOF) arm connected to the scattering chamber, was used
to deect the projectile-like fragments, and determine their velocity by measuring
their time-of-flight between two timing detectors. It was positioned at a laboratory
angle of 16° with respect to the beam throughout most of the experiment. A few
runs were performed at 14° and 100 laboratory angles for calibration purposes.
The projectile-like fragments entered the time-of-flight arm through an oval
aperture of 0.32 cm «~1 0.64 cm minor and major axes, respectively. They were
then detected by a parallel plate avalanche counter (PPAC) mounted in the time-of-
flight arm 23 cm behind the TOF aperture. A second PPAC was positioned at 225
cm behind the TOF aperture, resuiting in a flight path of 292 cm between the two
PPAC's, for the projectile-like fragments. The PPAC closest to the time-of-flight
arm aperture had an active area of 2 cm by 2 ¢cm, and was used as a start detector
The secend PPAC had an active area of 8 cm by 8.5 cm and was used as a stop
detector. Each of the two PPAC's consisted of four 50 ug/cm?2 polypropylene
windows. The two external widows were aluminized with 40 pg/cm?2 of the
metal, and served as gas containment windows. The two internal windows were
used as catl:odes. The anude plane of each PPAC was mounted between the two
cathodes ai'd was used for the time measurement. The anode voltages were set t
+ 455 volts and + 420 volts for the start and the stop detector, respectively, and
the cathode was grounded.

The stop PPAC was also used to provide position in addition to timing
information. Each cathode of the stop PPAC was aluminized with parallel strips
of the metal spaced 2 mm apart. The metal strips were connected in series via
delay chips to outputs at two ends of the cathode plane. The two cathodes were

mo-nted in a configuration where the aluminum strips of one were perpendicular
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to the strips of the other. Both horizontal (x-left and x-right) and vertical (y-up
and y-down) positions could thus be obtained. Both PPAC's were filled with
isobutane gas at a pressure of 2.7 torr.

The energy of the projectile-like fragments was measured using a gas
ionization chamber located behind the time-of-flight arm, as shown in Figure II.1.
The entrance to the gas ionization chamber was a 200-lg/cm2 mylar window
placed at a distance of 10.5 cm behind the stop PPAC. It had dimensions of 9.5
cm by 9.5 cm. Two horizontal support bars were placed on the window dividing
itinto three equal sections of 9.5 cm by 3.6 cm each. The gas ionization chamber
had four anodes of lengths 10 cm, 10 cm, 20 cm, and 40 cm, starting by the one
closest to the target, separated by 0.8 cm gaps. Since they were used to measure
the kinetic energy deposited in the gas, these four elements will generally be
referred to as the DE1, DE2, DE3, and E4 detectors, respectively. The ionization
chamber was filled with tetrafluoromethane (CFy) at a pressure of 500 torr.

The target-like fragments (TLF's) were detected using another PPAC
positioned inside the scattering chamber, and referred to as the recoil PPAC. The
recoil PPAC provided the TLF's horizontal (x-) and vertical (y-) positions, which
were translated into in-plane and out-of-plane TLF scattering angles, respectively.
The recoil PPAC was mounted 375 mm from the target. It subtended an in-plane
angle of 75° and was positioned to cover angles ranging from a miniinum of 15°
to a maximum of 90°- It was filled with isobutane at a pressure of 4.02 torr. The
anode voltage for this PPAC was + 440 volts and the cathode was grounded. The
x- and y-position of the target-like fragments were measured with the recoil PPAC
in the same way as the posiiion of the projectile-like fragments was measured with

the stop PPAC.
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A calibration mask, placed in front of the recoil detector during a
calibration run, was used for the calibration of the target-like fragment scattering
angle. The mask consisted of a square aluminum plate of 10 cm by 10 cm with
equally spaced holes, arranged in the pattern shown in Figure I1.2. To determine
the angular position of the holes, the calibration mask was placed in front of the
beam line, at 0° with respect to the beam, as shown in Figure I1.3. Each of the ten
in-plane holes was then viewed through a transit line and its relative angular
position recorded. The absolute angular differences between consecutive holes
could then be determined and used in the angular calibration.

A two dimensional plot of the in-plane angle versus the out-of-plane angle,
for data taken during the calibration run, is displayed in Figure I1.4. The pattern
obtained was used for the identification of the holes of the mask. A gold target
was used during the TLF angle calibration run to maximize the elastic cross
section. Since Au is heavier than Ho, a larger grazing angle results for the reaction
Fe + Au at 12 MeV/u. Hence, more elastic events could be detected.

Most of the data analysis was performed with the LISA program [BRE89].
This program, which was originally developed in Germany, allows for interactive
manipulation and display of the raw data. The data can be read from a magnetic
tape or a hard disk and sorted into spectra. Various operations, such as channel
number determination and Gaussian fits can then be performed on the displayed
spectra. A flow chart of the LISA code is shown in Figure I1.5. The necessary
calibrations, corrections, and calculations on the data were performed on an event-
by-event basis with the user subroutine INSERT. To avoid an event-by-event
reading of relevant parameters that are calculated only once, such as the energy
losses in the detector windows and gas, the INSONE subroutine was used. It

allows a one-time reading of a given parameter whose value can be subsequently

22



CALIBRATION MASK

10cm

—

OO0OO00OO0OOO0O Oc¢
OO0OO0O0OO0O0 000

ONOIONOIONORONOROL

0002000000« ||,
ONONOIONCIONORONONOEN I
EIOOOOOOOOOO2

"C%;QOOOOOOOO‘ |

Figure I.2 Recoil detector calibration mask.
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Figure I1.3 Position of the recoil PPAC (with the calibration mask on) in the
scattering chamber during the calibration of the TLF angle. The running position
(calibration mask off) is also indicated.
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LISA ANALYSIS ROUTINE FLOWCHART

AR RARR A, G

LISA

START

\ 4
CALL INITS Initialization of the LISA event subprocess
CALL INSONE A one-time user routine executed at start of LISA

y

ALL CHKFLA Rm.ntine for ipteracti.ve checks and other commands
while LISA is running

CALL GETEVT Routine to read events and output them
) into a one-event buffer

CALL INSERT User routine for various calibrations and calculations

CALL DOLINS

CALL CONTST I'_ Routine to set conditions on spectra
v
CALL CONSPE Routine for spectra incrementation

L]

CALL DISP Routine for live display of spectra

Y

end run?

y

STOP LISA

Loop back and continue processing data until end of file is reached

Figure I.5 Flowchart of the LISA analysis routine.
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used in the event-by-event replay of the data.

IILB Electronics

A simplified schematic representation of the electronic set-up is shown in
Figure I1.6. The electronic devices displayed in the diagram are described in Table
I1.2. The data were collected using the CAMAC data acquisition system. It was
possible to do on-line data processing while the data was being stored on tape by
use of a programmable processor (Event Handler) developed by D.C. Hensley
[HEN79].

The event handler is mainly used to read the parameters of an event from
the CAMAC modules and store them in a buffer that can be accessed by the host
computer. The event handler is triggered by the occurrence of an event. In the
present experiment, the event trigger was a coincidence between a time-of-flight
event and an energy signal from the DE2 element of the gas ionization chamber.
After being triggered, the event handler reads a gated latch to determine which
detectors have fired. If a valid event has occurred, the data are read from the
CAMAC addresses and stored in a buffer in the host computer. The data are then
written on magnetic tape event-by-event by the host computer. At the same time,
these data are accessed through a histogramming program to generate spectra that

are displayed during the data acquisition to monitor the experiment.

IL.C CALIBRATION OF THE MEASURED OBSERVABLES

II.C.1 Kinetic Energy Calibration
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Table I1.2 Electronic Devices

Abbreviation Electronic Module

PAMP Pre-Amplifier

AMP Amplifier

CFD Constant Fraction Discriminator
ADC Analog-to-Digital Convertor
TAC Time-to-Analog Convertor
TDC Time-to-Digital Convertor

29



The kinetic energy of the projectile-like fragments was calibrated using
precision pulser signals sent through the electronics associated with each of the
four energy detectors. In addition, the gain of the pre-amplifiers and the rest of the
energy detectors' electronics was monitored throughout the experiment, by pulser
signals. The precision pulsers used for calibration were incremented by accurate
voltage steps to cover the entire range of ADC channel numbers. This resulted in a
series of peaks with periodic separations. The voltaic gain of each energy detector
with all its associated electronics was determined using the separations between the
pulser peaks. The gains of the DE1, DE2, and E4 detectors were then normalized
to that of the DE3 detector. The four energy spectra could thus be added to result
in a total energy signal that described the laboratory kinetic energy of the projectile-
like fragments.

The absolute energy calibration was performed using elastic events. These
are represented by the highest yield peak in the kinetic energy spectrum shown in
Figure I1.7. The laboratory kinetic energy of elastic events was determined with
the kinematical formulas of elastic scattering. Energy losses in half of the target
(the projectile is assumed to interact in the middle of the target), and in the various
windows and gas media that the projectile-like fragments traverse before entering
the gas ionization chamber, are taken into account. The STOPX [OAK87]
program from Oak Ridge was used to calculate these energy losses, which were
subtracted from the calculated kinetic energy before performing the final absolute
calibration. The energy resolution was then determined by fitting a Gaussian
curve to the elastic energy peak. It was found to be on the order of 2.5 % full
width at half maximum (FWHM). An acceptable energy resolution for good
particle identification should be on the order of 1 %. It was therefore necessary (o

improve the energy resolution by investigating the reasons for the spread in the
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kinetic energy distribution.

Contour maps of the PLF laboratory energy versus the x- and y-positions,
displayed in Figure IL.8, show a dependence of the energy upon the horizontal
position but almost none on the vertical position. Corrections were necessary to
eliminate this dependence. However, before proceeding with any corrections, it
was necessary to check each energy signal individually to determine if they all had
the same type of position dependence. The DE1 energy signal was found to be
independent of both horizontal and vertical positions, while the elastic peak in the
other three elements showed the same slope when plotted against the x-position
and no slope when plotted against the y-position. Thus, After adding the DE2,
DE3, and E4 energy spectra, the resulting energy was corrected for position
dependence with a third degree polynomial and added to DE1. The new energy

resolution obtained was 1.2 % FWHM.
II.C.2 Charge Calibration

The projectile-like fragment charge was determined with the DE-E method.
The energy loss g—f of a nonrelativistic charged particle in matter is proportional to

the square of its charge Z according to Bethe's formula

2
g% a —'“—EZ— (IL1)

where m, Z, and E are the mass, charge and energy of the particle, respectively.
The sum of the calibrated energies from the first and second elements of

the gas ionization chamber served as DE, and was plotted versus the total kinetic

energy E (i.e., sum of all four elements of the ionization chamber). The Z = 26

line that corresponds to the elastic scattering of 56Fe on 165Ho was identified as
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the darkest line in the DE-E plot shown in Figure I1.9. The other Z assignments
were made relative to Z = 26. From Figure I1.9, it is evident that DE values vary
strongly with the projectile-like fragment Kinetic energy. In the types of analyses
used in the present study, the mass and charge of the detected fragments have to be
independent of the fragment energy. The Z lines were therefore straightened
empirically by the use of polynomials.

The discontinuities in the Z lines were observed at energy values
corresponding to the regions of the gaps between the DE3 and E4 anodes of the
gas ionization chamber. They are attributed to different efficiencies of charge
collection by the anodes in the regions of these gaps. This effect is expected at all
regions of the DE-E plane corresponding to the gaps between anodes, but at a
considerably iesser degree. However, since a large fraction of the PLF's lose
most of their energy in the DE3 and E4 detectors, the effect of the gap between
DE3 and F4 is magnified. Hence, different polynomials were used for different
regions of the DE-E plane.

The empirical corrections resulted in straight lines corresponding to
discrete atomic numbers separated by one unit of charge. Further corrections via
polynomial fits were applied to obtain the final absolute calibration of the atomic

.numbers. A contour plot of the straight and calibrated Z lines is displayed in
Figure I1.10 as a function of the laboratory kinetic energy. The accepted range of
variation of the Z centroids with energy was 0.1 units of charge. Histograms of
calibrated Z were generated for energy gates spanning the entire energy range to
monitor the variation of the charge centroids with energy. Spectra displaying the
charge for the 100-300 MeV bin and the 500-600 MeV are shown in Figure II.11.

Gaussian fits to the Z peaks showed that the charge variation is within the accepted
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range of 0.1 charge units. The charge resolution obtained was on the order of

0.36 units of charge at FWHM.
I1.C.3 Mass Determination

The time-of-flight of the projectile-like fragments is used for their mass
determination. The mass of a given PLF is proportional to its kinetic energy and

the square of its time-of-flight according to the formula:

M= 3(?-5 ET2 (I1.2)

where M and E are the mass and kinetic energy of the particle, respectively, and X
is the distance traveled by the particle during the time T.

The time measurement was made using a Time-to-Analog converter
(TAC). The time-of-flight was recorded on an 8K channel Analog-to-Digital
converter (ADC). A time calibrator was used to insert pulses of 10 ns period into
the TAC. Delay lines were also used to get pulses delayed by 2 ns. The
functional dependence of time on channel number was obtained from the 2 ns
delays and the corresponding separations in channel numbers. The raw time-of-

flight includes an offset T, due to delay between the start and stop signals. This

was included in the calibration by defining a new time-of-flight as

TOF = TOFeasured- Ty (IL3)

The value of Ty is determined by trial and error using the criterion that there

should be is no dependence of mass on energy. A two-dimensional spectrum of
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mass versus energy was generated for different values of T, until the mass-
energy slope was the closest possible to zero. Good mass separation depends on
both energy and time-of-flight resolutions. The resolution of the time-of-flight
obtained after calibration was 450 ps. A correction similar to the one used to
eliminate the dependency of energy on position was also needed for the time-of-
flight. The resolution obtained for the time-of-flight was about 380 ps after
application of the position correction.

From equation II. 1, and considering, that the uncertainty in the distance

X is negligible with respect to the uncertainties in E and T, the mass resolution can

be written as
SM OE 8T
™M =-§+2—T-, (11.4)
oM SE oT

where ™M E and T are the ratios of FWHM to centroid value of the mass,

energy, and time-of-flight, respectively. Identification of the different isotopes is
possible when 8M is less than ~ 0.9 mass units. The mass resolution obtained
with our detection system ranged between 0.9 and 1.35 mass units for different
elements, and different kinetic energy ranges. An example of mass resolution for
iron (Z = 26) isotopes is displayed in Figure II.12 for events with kinetic energies
between 500 and 580 MeV. A two-dimensional display of the PLF mass versus
kinetic energy is shown in Figure I1.13 for inclusive Z values. Events
corresponding to elastic scattering and to slit scattering are excluded. The same
type of spectrum was generated for events corresponding to iron (Z=26) only and
is displayed in Figure I1.14. The predominant feature in these figures is the abrupt
shift in mass lines at certain values of PLF kinetic energy. Similar spectra were

generated with gates on different Z values and the
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Figure I1.12 Isotopic distribution for Fe (Z=26). The mass resolution at FWHM
is about 1.22 mass units, as obtained by Gaussian fit.
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same feature was observed for all the cases considered. The energy at which the
discontinuity occurs varies from one element to the other. This is visible in the
contour plots of mass versus kinetic energy for vanadium, chromium, manganese
and cobalt displayed in Figure IL.15.

A replay of the data was performed with the requirements that only those
events where the PLF's reached the E4 detector were selected; the events obtained
in this replay are referred to as the "right region" of the mass-kinetic energy plane.
In another replay, only events for which the PLF's stopped in the DE3 detector
were retained; these events are referred to as the "left region" of the mass-kinetic
energy plane. Contour plots of mass versus PLF kinetic energy obtained with the
two replays are displayed in Figure IL.16. They show that the discontinuity in
mass lines occurs at energies corresponding to the gap between the DE3 and E4
detectors. Itis therefore thought to be a magnification of the same effect observed
in the Z spectra and discussed in Section I1.C.2. Empirical corrections using
polynomials were made to match the masses of the two regions of the mass-kinetic
energy plane and to make the correct mass assignments. The resulting mass

versus kinetic energy after this first correction is shown in Figure .17 for

vanadium (Z = 23), chromium (Z = 24), manganese (Z = 25), and cobalt (Z = 27).

The isotopic distributions of each element were then generated individually and the
mass dependence on energy was corrected with polynomials. For mass spectra
with worst-case resolution, isotopic identification was ambiguous. Therefore, a
deconvolution method was utilized for mass-separation enhancement. This

procedure, which is generally used in optical spectroscopy to improve peak
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Figure IL.15 Contour plots of the PLF mass number versus the PLF laboratory
energy for V (Z = 23), Cr (Z=24), Mn (Z=25), and Co (Z=27).
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Figure I1.16 Contour plots of PLF mass versus PLF laboratory energy showing
the "left" and the "right" regions of the mass-energy plane.

(a) Events where the PLF's reach the E4 element of the gas ionization chamber.
(b)Events where the PLF's stop at the AE3 element of the gas ionization chamber.
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Figure I1.17 Contour plots of the PLF mass as a function of the PLF kinetic
energy for V, Cr, Mn and Co, after matching the "left" and "right" regions.
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separation, was previously investigated by our group and proved successful in the
determination of the mass distributions of 35Cl on 209Bi at 15 MeV/u [MAR91].

Detailed information about the deconvolution technique can be found in [MAR91,
93] and references therein. A brief description of the procedure and its results for

the present data follows in Section I1.C.4.

I1.C.4 Deconvolution

The deconvolution procedure mainly consisted of smoothing the data to
improve the signal to noise ratio, and deconvolving the smoothed spectra by

application of the equation

0=s1I, (L)

where O is the observed object, S-! is the spread function and I is the image of the
object.

A set of mass spectra with good mass resolution ( = 0.5 mass units),
obtained from another experiment, was used as a test set for verification of the
applicability of this method [MAR91, 93]. Randomized Gaussian functions were
utilized to blur the well resolved mass spectra. The blurred spectra were then
smoothed by a quartic point function and deconvolved. The original, distorted and
deconvolved spectra for the test case are displayed in Figure II.18. Itis evident
that the deconvolved data reproduce the original data very well, indicating that the
use of this deconvolution method for better peak separation is justified, at least in
the type of data analyzed here. A comparison between the original and the
deconvolved mass spectra of sulfur isotopes obtained in the 15 MeV/u 35Cl on
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spectra [MAR91].
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209B; data, for which the mass resolution was larger than 0.9 mass units, is
shown in Figure I1.19 [MAR91, 93]. The S isotopes are easily identified

in the deconvolved mass spectrum, which is in good agreement with the
experimental spectrum. The original and the deconvolved mass spectra of Fe (Z =
26), and Mn (Z = 25) isotopes obtained with the present data are displayed in
Figures I1.20 and I1.21, respectively. The deconvolved and original mass
centroids in both plots are in reasonable agreement. It should be emphasized that
the deconvolved spectra (when they are necessary) were used only in the
determination of the various polynomials that describe the energy dependence of
the mass parameter and for absolute mass calibration. All the data analysis was

otherwise performed on an event-by-event basis.

ILC.5 Final Mass Calibration

Once the functional dependence of mass on energy was determined, a new

(corrected) mass was defined as

corrected mass = energy-dependent mass - f(E;,;) + constant, (11.6)
where f(E,,)) is a polynomial function describing the mass in terms of kinetic
energy, and the constant is used to make the correct mass assignment.

Examples of the mass distributions obtained are shown in Figures I1.22 through
I1.24 for chromium (Z = 24), manganese (Z = 25), and cobalt (Z = 27),
respectively, for values of kinetic energy excluding elastic events. The centroids
and widths of individual masses were determined by fitting Gaussian curves
(indicated here by the solid lines superimposed on the histogram) to the mass
peaks. The parameters of the Gaussian fit (centroid, FWHM) are also indicated.
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deconvolved mass spectrum obtained for S (Z = 16) isotopes in the 15 MeV/u 35Cl
on 209Bi reaction [MARO91].
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Figure I1.20 Comparison between (a) the original mass spectrum and (b)

deconvolved mass spectrum obtained for Fe (Z = 26) isotopes in the 672-MeV/u
56Fe on 165Ho reaction.
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56Fe on 165Ho reaction.
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Figure I1.24 PLF mass for Z = 27 and E,,, in the 500-6C0 MeV range.
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Some of the features of the isotopic distributions are an unequal spacing
between adjacent masses, and a slight shift in mass centroids from one element to
the other. The correct mass calibrations were performed individually using
equation I1.6 for events where elements with atomic numbers between 23 and 27
were detected. Because of lower statistics, an extrapolation was performed for the
remaining events. The polynomial function obtained with the isotopic distribution
of vanadium (Z = 23) was used for elements with Z < 23 and that obtained with
the cobalt (Z = 27) isotopic distribution was used for elements with Z>27. The
calibrated mass for inclusive Z is displayed in Figure I1.25.

Finally, the corrected mass was plotted against the corrected charge as
displayed in Figure I1.26. Elastic events and slit scattering are excluded from this
plot. Ideally, there should not be any shift in the mass and charge centroids,
contrary to what is seen in this figure. Therefore, further corrections were made to
obtain individual charge centroids independent of mass and vice versa, as shown
in Figure I1.27. The neutron number was determined event-by-event by
subtracting the atomic number Z from the mass number A and was used in all the

subsequent analysis of mass and charge distributions.
ILD DATA REDUCTION

Two questions, often addressed regarding deep-inelastic collisions, were
investigated in the present study. First, the mass and charge drifts of the reaction
products were studied by following the evolution of the nuclide distribution of the
detected fragments with total kinetic energy loss (TKEL). The determination of
TKEL is described in Section II.D.1. The TLF events were not used in this case.
The mass and charge distributions of the PLF's were determined in terms of their
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Figure I1.26 Atomic number (Z) as a function of mass number (A) for 672-
MeV/u 3Fe on 165Ho reaction. Elastic events (Eyyy, >630 MeV) gated out.
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Figure I1.27 Atomic number (Z) as a function of mass number (A) for 672-
MeV/u 5Fe on 165Ho reaction after correcting for the interdependence between A
and Z. Elastic events B > 630 MeV)are gated out.
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centroids, their widths and a correlation factor between the two distributions, as
described in Section I1.D.2. These experimental distributions were to be
compared to model predictions to determine the history of the system from the
beginning of the collision at low relative kinetic energy damping to full kinetic
energy damping. As the measured parameters describe the system after
evaporation, corrections accounting for this process were necessary. The
Projection Angular-Momentum Coupled Evaporation code, PACE II by Gavron
[GAV80] was the evaporation code of choice in this study.

Second, the TLF events detected in coincidence with the PLF were used to
determine the primary mass of the PLF by two-body kinematics reconstruction.
The excitation energy of the PLF was then determined using results from the
PACE II evaporation code. The division of the total excitation energy between the
two primary reaction fragments could thus be determined as described in section
I1.D.3.

ILD.1 Excitation Energy and Evaporation Corrections

The amount of kinetic energy converted into forming the reaction products
in their ground states (Q,,), in addition to their excitation energy, is referred to as
the total kinetic energy loss (TKEL) and is equivalent to the Q of the reaction. Itis
defined as the difference between the center-of-mass energy before the reaction
takes place and the total kinetic energy (TKE) available in the center-of-mass after
the collision. The total ainetic energy is given by

M
TKE= (1 +n§) EpLr VM M;Ep; gEpgo; X

M
M, cose-(l-m-: )Eproj» (IL.7)
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where Epg () is the laboratory kinetic energy of the primary projectile-like
fragment, and M;, M5 and M, are the projectile mass, and the primary projectile-
and target-like fragments masses, respectively, and 0 is the scattering angle of the

PLF. The TKEL can then be determined as

M M
TKEL = TKE - ECM = 1+—3)a -(1-—-1)13 ;
Ecm ( M, JFrLF - ( 13, | EprOs |
PROJ EPLF M; M,
2 cos@ '\/-E M2 (11.8)
The total excitation energy of the system E* is
E*= TKEL + Qg - ‘ (11.9)

where st is the energy required to form the primary fragments in their ground
states. A table of Qas values was generated for a range of isotopes that included
all the nuclides that can be produced in the reaction studied here.

Equation I1.8 is true only for primary quantities while the measured
quantities describe secondary fragments. Therefore, the value of TKEL had to be
corrected for the binding energy and the kinetic energy of the evaporated particles
with an iterative procedure that used results from the evaporation code PACE II.
This code simulates the statistical emission of neutrons, protons, alpha particles
and gamma rays by a Monte Carlo technique. It had been shown in earlier studies
[LOC85, AWES84] of heavy-ion collisions that there is a satisfactory agreement
between experimental data and PACE II predictions for the energy regime of the
present experiment.

Among the inputs to the program are general parameters that are not

exclusively characteristic of the system being studied. Two examples are the level
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density parameter, and the type of yrast band. The default values of the program
which were taken from Gilbert and Cameron were used since good agreement with
experimental data has been obtained with these values in earlier studies [LOC85] .
Other inputs to the program are directly provided by the user. They include the
number of cascades (1000), the PLF mass number (56 amu) and atomic number
(26), the PLF's angular momentum, and excitation energy.

The angular momentum or spin of the PLF was determined using the
assumption of the sticking limit, where the two reaction products form a single
entity. However, evaporaiion calculations with different values for the nuclear
spin showed that the amounts of mass and charged evaporated are not strongly
dependent on spin, provided that the spin considered lies within a reasonable range
of values, as shown in Figure I1.28 [BEN8S]. The spin values /, of the PLF's
produced by the 672-MeV 3Fe on 165Ho reaction were between 2 and 15 0.
Therefore, only the initial spin of the primary PLF was calculated assuming the
sticking limit, using the method described by Benton et al. [BENSS, 87, 88], and
this was used for the whole excitation energy range.

Two possibilities were considered for the excitation energy parameter
when running the evaporation calculations. An equal sharing of the total available
excitation eﬁergy E’por by the PLF and the TLF is expressed by the equation

E'pr=E'mp (I1.10)
In this case, the lighter fragment (the PLF for the present work) has a higher

nuclear temperature than the heavier fragment. The nuclear temperature T of a

nucleus is related to its excitation energy through the equation

62

!"



50 MeV EXCITATION ENERGY

10.

'A'A' 908“:'_'_'"" vvvvvvvvv yryrrvrrey jrrrryT
| AA 56Fe ....... j
aA 40cy —
a 8. r .
[
] 4
o =
5 6 et/ -
2 : }
b 4 L-;-__ -
[7p)
(78]
3
2. N
0 ......... faasssanza faasasaaas fascalassa Lasssnsa
‘0. 10. 20. a0. 40. 50.
NUCLEAR SPIN (X)
50 MeV EXCITATION ENERCY
6. prrrrrree AAAAAARS: e e Frrrrerrey
| AZ QOBr—" p
: 56
Q 5 -Az Fea. ooooo -l
ta3 . 40
E | Az Ca___
% 4.
<
i q
n
tal
T
ti 2.
O e
. l.
0 Laas aasasalasas

"0 10. 20. 130. 40. 50.
NUCLEAR SPIN (H)

Figure 11.28 Calculations of evaporated charges and masses from the PACE II
evaporation code, for three different nuclides as a function of initial spin for an
initial excitation energy of 50 MeV [BEN85].

63



E*=at? (1L11)

where a is the level density parameter and is assumed to be proportional to the
nucleus mass.

In the second case considered, the two fragments are assumed to be in
statistical equilibrium and thus have equal nuclear temperatures. Therefore, E*'m'r
is divided between the reaction fragments in proportion to their mass ratios, as

given by the equation

E'me Mo
E* =M (IL12)

Both alternatives for the excitation energy division were considered in the
correction of the energy loss scale (TKEL) for evaporation effects.

To obtain the amount of evaporated mass as a function of excitation
encrgy, a range of excitation energies extending from 0.25 to 2 MeV/u was used in
steps of 0.25 MeV/u. For each step, a range of nuclei with mass and atomic
numbers chosen to yield the experimental values after evaporation, were
evaporated. The functional forms of the evaporated mass, in terms of available
excitation energy, were determined by linear fits, as shown in Figure I1.29, where
the evapo-ated mass is plotted versus the excitation energy. The polynomial that
best fits the evaporated mass is

AA =-2032 +9.5277 x 102 (E*)-1.4971 x 104 E*5). (1L13)
An iteration procedure was then employed to compute a new corrected
value for TKEL. The convergence of the iteration was tested by requiring that the



difference between the values of TKEL obtained in two consecutive iterations be

less than 0.1 MeV. The steps of the iteration are outlined below.

1- Determine E*py - with one of the two assumptions of excitation
energy division.

2- Determine AM, the mass difference between primary and secondary
masses in terms of E”py ;; using equation ILD.11.

3- Add AM to the projectile-like fragment mass M,.

4- Calculate the TLF mass M4 as M +M,-M,, where M is now the
corrected PLF mass obtained in step 3.

5- Calculate the kinetic energy of the projectile-like fragment, E3, with
the equation

AM
E3 =5.BP)%1+ ) . (IL.14)

6- Reestimate TKEL with the new values of E3, M3, and M4.
7- Repeat steps 1 through 6 until the difference between two
consecutive values of TKEL is smaller than 0.1 MeV or the number of
iterations is 100. Events that did not satisfy the convergence criterion were
aborted. In this study, there was no need to discard any events as

convergence was reached after a few iterations.
ILD.2 Mass and Charge Distributions

The mass and charge distributions of the projectile-like fragments were
determined by moment analysis. Contour plots of Z versus N were generated for
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different gates of TKEL. Examples of these plots are displayed in Figure I1.30.
The widths of the gates were 20 MeV for TKEL values between 0 and 200 MeV,
and 40 MeV for TKEL between 240 and 380 MeV. The first and second moments
of the distributions were determined in terms of N and Z. If the distributions were
pure Gaussians these would be equivalent to the distribution centroids and

variances, respectively, in a Gaussian formulation described by the equation

P=h exp -

1 ((N-<N>L2 + (Z-<Z>)2 2p(N-<N>)(Z-<Z>)

2(1-p2)\ o2N 0%z Oz ON ) @13

where P is the probability, h is a normalization factor, <N> and <Z> are the
neutron and proton centroids, respectively, ON and 67 are their respective

variances, and pyr is the correlation factor.

In a moment analysis, the charge centroids and variances are expressed by

the equations
n
z>=1 Z7 ‘ (IL.16)
and
1 n
of==7 zi (Zi-<Z>)2. (L17)
1=

Analogous equations are used for the neutron centroid and variance. The
correlation factor is given by

A ' 18
PNZ O'N O'Z ’ (u- )
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where ONy7 is the covariance and is written as

n
Ong =g 3 (Zr<Z>) (Ni-<N>). aL19)

When the distributions deviate from pure Gaussian shapes, the centroids
obtained by performing two-dimensional Gaussian fits on the distributions or by
using the methods of moments, do not differ much because the centroids are not
very sensitive to the choice of limits imposed by the presence of long tails in the
distributions. However, it was found that the variances determined by moment
analysis tend to be greater than those obtained by Gaussian fits [MAR91, 92]. It
was shown that in general when the distributions do not depart considerably from
Gaussian shapes, the two approaches yield similar values for the centroids and
variances [MAR91, 92]. The errors on the centroids and variances obtained with
the moment analysis approach are larger than the equivalent Gaussian error bars
commonly used because in addition to statistical errors, they include the
uncertainty due to the method employed in the moments determination. The errors
quoted when using Gaussian fits usually measure only the goodness of the fit.
Therefore, the moment analysis method was opted for in this study.

ILD.3 Primary Mass and Excitation Energy of the PLF

The kinematic coincidence technique, where the projectiie-like and the
target-like fragments are detected in coincidence, was used to extract information
about the primary reaction fragments before evaporation takes place. One basic
assumption in this technique is the invariance of the average velocity and scattering

angle of the emitted fragment by particle evaporation. Assuming the validity of
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this assumption, which is based on the statistical properties of evaporation, the
PLF's primary mass can be obtained by the application of two-body kinematics.
For non-relativistic cases, momentum conservation is expressed by the two

equations

Pproj = PpLr €08(0py p)+ Py c08(8y ), (I1.20)
and

Ppp g sin(Bp; ) = Py g sin(0qy ), (IL.21)

where Ppgy; is the projectile momentum, Ppy ¢ and Py 1 are the momenta of the
PLF and the TLF, respectively, and 8p; ;- and 6y 1 are their respective scattering
angles. Classically, the linear momentum P of a particle of mass M traveling with

a velocity V is
=MV, (11.22)

The mass of the PLF can thus be written as

V
PROJ (I1.23)
VPLF [cos(ePLF)+Sin(9PLF) COt(eTLF)]

Mp ¢ = Mppgy;

where Mppoyj and Vipp(; are the projectile mass and velocity, and Vpy ; is the
PLF's velocity.

All the parameters in equation I1.23 are either known exactly, or
unchanged, on the average, by particle evaporation; therefore, the primary mass of
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the PLF is determ:ned with a fairly good approximation. The primary kinetic
energy is obtained by scaling the measured kinetic energy with the ratio of the

primary mass to the measured mass as

M
__ELE.ESEC (11.24)

Ep p= Mo

where Eqp- and Mg~ are the measured PLF's kinetic energy and mass,
respectively. Finally, the mass evaporated from the PLF, AA, can be determined
using the result of equation I1.23 and the measured PLF mass as follows

AA= MPLF - MSEC (11-25)

A contour plot of evaporated mass as a function of TKEL is shown in Figure
I1.31.

The amount of evaporated charge AZ and evaporated mass AA from a
primary PLF with atomic number Z'p; , mass number A'p g, and excitation

energy E*p - can be expressed as a function of Z'py p, A'py p, and E*py - and the
secondary PLF mass A"py i-and charge Z"g by the two equations

AApLF = A'py p-A"pLF = fDA(Z'PLF, A'PLF.E*PLF), (11.26)

and

AZpLF = Z'pLF-Z = fpz(Z'pLF, A'PLF.E*PLF). n.27)

The quantities AApy - and AZyy, - are generated by running PACE II. The
results were tabulated and stored as computer files, which will be referred to as the
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Figure I1.31 Contour plot of AA, the amount of mass evaporated from the PLF as
a function of TKEL in the reactio S6Fe on 165Ho at 672 MeV.
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AA and AZ tables. To generate these tables, the evaporation code was run for 25
isotopes of each element with atomic numbers between 10 and 36 and for
excitation energies hetween 0 and 300 MeV. Ten MeV steps were used for
excitation energies lower than 100 MeV, and 50 MeV steps were used for higher
excitation energies. The functions fpa and fpz were then determined by
interpolation of the values calculated for the chosen set of Z, A, and E* values that
were obtained using PACE Il [KWI90]. Therefore, the excitation energy and the
primary charge of the PLF can be evaluated using results from the evaporation
code PACE IL

In equations I1.26 and I1.27, the three unknowns are Z'py §, AZpy F and
E*'pLr. They were determined by employing a self consistent iteration procedure
in which equations I1.26 and IL27 were solved event-by-event at each iteration.
The detailed steps are outlined in references [KWI90] and [BEN8S]). Starting at an
assumed value for Z'py F, the value of E*p; (i) at each iteration (i) was
determined by solving equation I1.26. It is then possible to solve equation I1.27
for AZpy . The convergence of the iteration was reached when

e(i)=1AZpLr(i)-AZpLF(i-1)| < 0.1 (I1.28)

For events that did not satisfy inequality I1.28, the convergence was accelerated by
defining a new value for Z'p (i) as

Z'pLr(i)=2'py pli-1)+.9€(). . (29)

Only events with positive values of AAg - were selected, and the maximum

number of iterations allowed was 20.
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The excitation energy of the PLF obtained for the 672-MeV 36Fe on 165Ho
system is displayed in Figure II.32 for all events, excluding those with negative
values of AA. Another parameter of interest, which describes the excitation
energy division more directly, is the ratio of the PLF excitation energy to the total
excitation energy, E'p o/E’1or- The E'py /E 17 is defined as a percentage in
this study, and is therefore expected to have values between 0 % and 100 %. Any
values outside this range are not physically possible. A histogram representing the
E'pu;/E'-lm.ratio for the present data is shown in Figure 11.33, for events
excluding those with negative values of AA.
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Figure 132 The PLF's excitation energy for inclusive data in the reaction 36Fe on
165Ho at 672 MeV.
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CHAPTER III RESULTS

This Chapter presents the results of analysis of the data taken for the 672-
MeV 36Fe on 165Ho system. The data have been sorted to exclude unwanted events,
such as slit scattering. In Section III.A the secondary proton and neutron
distributions of the projectile-like fragments (PLF's) are presented in terms of their
centroids and variances, obtained by the moment analysis procedure described in
Section ILD.1 The evolution of these distributions with the total kinetic energy loss
(TKEL) is examined. The primary distributions obtained by applying evaporation
corrections to the measured distributions, are also presented in Section IILA.

The results obtained for the excitation energy of the PLF, as determined with
the two-body kinematical reconstruction method described in Section IL.D.3, are
presented in Section IIILB. The behavior of the excitation energy division with
energy damping is examined by following the evolution of the PLF excitation energy
ratio E*p; o/E’por with TKEL. The E*py (/E’ oy ratio is also plotted as a function
of A'p ., the mass of the primary fragments, and as a function of A"py ., the mass
of the secondary fragments, to investigate a possible correlation between the

excitation energy division and the exit channel.
HOILA N and Z Distributions

Contour plots of the measured nuclide distributions in the N-Z plane are
displayed in Figure II1.1 for four different bins of TKEL. For low energy damping
these distributions tend to be circular and centered around the neutron number and
charge of the projectile. As TKEL increases, the distributions exhibit the tendency to

elongate towards more elliptical shapes whose axes are tilted. An increase in the
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Figure I1I.1 Contour plots of the measured charge versus the measured neutron
number for four representative bins of total kinetic energy loss (TKEL), for the 672-
MeV 3Fe on 165Ho reaction.



magnitude of the tilt with increasing TKEL is indicative of the increase in the

correlation factor pyy; with increasing TKEL. The shapes of the N-Z distributions
show a close resemblance to two-dimensional Gaussian shapes. They can, therefore
be characterized by their centroids <N> and <Z> and their variances 6)2 and 6,2,

along with the correlation factor py;; which measures the mutual dependence between

N and Z. These parameters can be determined by different methods [FRE84]. Two
examples are: the fitting of two-dimensional Gaussians to the distributions, and the
use the moment analysis method to determine the distributions’ first and second
moments, equivalent to the means and variances, respectively, for Gaussian
distributions. Both methods yield similar results for distributions that are
characterized by Gaussian shapes [MAR91].

As mentioned in Section ILD.1 the moment analysis technique described in
that section was used to determine the N and Z centroids, the N/Z ratio, the variances,
6,2 and on2, and the correlation factor pyy; for the PLF neutron and charge
distributions, for consecutive bins of total kinetic energy loss (TKEL). Bins of 10
MeV were used for TKEL values smaller than 100 MeV. For TKEL values between
100 MeV and 240 MeV, 20 MeV energy loss bins were used. Above a TKEL value
of 240 MeV, where the number of events is too low, bins of 40 MeV of energy loss
were applied. The error bars on the experimental data shown in these plots were
calculated by the method of statistical error propagation in the formulas of the first
and second moments of the distributions. They are larger than the equivalent
Gaussian error bars commonly used because in addition to statistical errors, they
include the uncertainty due to the method employed in the moments determination.
The errors quoted when using Gaussian fits usually measure only the goodness of the
fit . The results obtained for the centroids and variances are summarized in Tables
A.l and A.2, and in Figures ITI1.2 and IT1.3.
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As shown in Figure IT1.2, the Z centroids decrease steadily with increasing
energy loss. The N centroids remain nearly constant for the first 100 MeV of energy
damping, then decrease gradually with increasing TKEL. A steeper slope is observed
for TKEL values above 300 MeV for both <N> and <Z>. The N/Z ratio remains
constant, within the error bar, and equal to the N/Z ratio of the projectile for most of
the TKEL range. A decrease in N/Z is observed above 300 MeV of TKEL.

The variances 672 and on2 and the correlation facior pNz are plotted as a
function of TKEL in Figure I11.3. Both variances increase with increasing TKEL.
They reach a maximum value at about 300 MeV of energy loss, which is the same
region where the slope of the centroids and the <N>/<Z> ratio changes, then start

decreasing. The neutron variance values are higher than those of the proton variance
for the whole range of energy loss. The correlation factor Pz raises rapidly from

-0.3 at 5 MeV of TKEL to about 0.65 at 100 MeV of TKEL. Above 100 MeV, pyr,
increases less rapidly with increasing TKEL and reaches values close to 1, which
indicates total correlation between N and Z. In Figures II1.2 and II1.3, the total
kinetic energy loss scale has been corrected for evaporation using the assumption of
equal partition of the excitation energy between the two primary fragments, as
outlined in Section IL.B.1.

The results obtained for the centroids and variances when the total kinetic
energy loss scale is corrected for evaporation with the assumption that the two
primary fragments are in thermal equilibrium are summarized in Tables A.3 and A4,
respectively. Comparisons between the results obtained with the two assumptions

for the division of the excitation energy are shown in Figures I11.4 and IIL.S. The
centroids <N> and <Z>, the N/Z ratio, the variances 622 and GNZ, and the correlation

factor pyp, are plotted versus TKEL. The circles and squares refer to the equal
division and thermal equilibrium assumptions, respectively. Only a slight difference
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between the two cases is observed for the centroids and the variances at TKEL values
higher than 360 MeV, where the centroids and widths obtained with the thermal
equilibrium assumption are slightly higher. Evaporation corrections of the energy
loss scale do not seem to cause a noticeable effect on the behavior of the distributions
with TKEL, especially in the range of energy damping below the entrance channel
Coulomb barrier (312 MeV).

The mass of the primary PLF, A'pLF, was evaluated by adding the amount of
evaporated mass computed with PACE II to the measured post-evaporation PLF
mass. Charge evaporation was assumed to be negligible, based on studies which
showed that most of the contribution to the evaporated mass is from neutrons
[BRE83a, BRE83b, HIL79). This assumption is confirmed in the present study by
the determination of primary charge and neutron number distributions with a
kinematic reconstruction method combined with evaporation calculations using the
PACE II code as will be shown in Chapter V. The two extremes of equal excitation
energy division and thermal equilibrium were again considered. A primary PLF
neutron number N'PLF was determined by subtracting the measured PLF charge from
the calculated primary mass. The primary N centroids and variances obtained with
both assumptions are summarized in Table A.S and the N'py - centroids are displayed
in Figure IIL.6. The <N'py p> values of the equal excitation energy division case

increase from N of the projectile (30) at 0 TKEL to about 36 at the highest TKEL,
while in the thermal equilibrium case <N'py z> remains nearly constant and equal to

the N of the projectile.
III.LB Excitation Energy Division

The excitation energy stored in the PLF was determined using the kinematic
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Figure II1.6 The neutron number of the primary PLF's obtained for the 672-MeV
36Fe on 165Ho reaction by applying neutron evaporation corrections to the measured
distributions, with the assumptions of equipartition of the excitation energy and
thermal equilibrium. The arrows indicate the limit imposed by the entrance channel
Coulomb barrier.
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reconstruction technique, along with results from PACE II evaporation code, as
described in Section IL.D.3. A contour plot of the excitation energy of the PLF
versus total kinetic energy loss is displayed in Figure III.7. The limits of zero TLF
excitation energy, equal sharing of the excitation energy by the PLF and the TLF, and
thermal equilibrium, are indicated by the dotted, dashed and solid lines, respectively.
Most of the events are in the region comprised by the 0 TLF excitation energy limit
and the thermal equilibrium limit. The PLF excitation energy ratio E*p wE* 10T is
plotted against TKEL in Figure II1.8. The values of the E*pmlE*Tm- ratio are
between 0% and 100% for most of the events. Slit scattering and events with
negative evaporated mass have been eliminated, The limits where all the excitation
energy is in the PLF, the equal sharing of the excitation energy and the thermal
equilibrium limits are again indicated by the dotted, dashed, and solid lines,
respectively. The high yield shown at TKEL values around 0 MeV is due to
contributions from elastic scattering that were not completely eliminated by excluding
events with negative values of evaporated mass.

The spectra obtained have approximately Gaussian shapes, as shown in the
samples displayed in Figures 1.9 and III.10 for E*p, 1 and E*p /E* 10T,
respectively. Gaussian fits were performed on the E*py  and the E*p f/E* 101

distributions to extract their centroids and widths as a function of energy loss. The
energy loss scale was divided into bins of 20 MeV. Histograms of counts versus
E*p » and counts versus E*pmlE*'Im were generated for each TKEL bin. Bins of
40 MeV were used in some cases for TKEL values above 250 MeV when the number
of events was too low for a reliable centroid determination by Gaussian fit.

It is also possible to use a one- dimensional moment analysis approach. In this case it
is important to make sure to exclude any long tails from the calculation. Both
methods gave similar results for well defined peaks, while it was better to use
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Figure II1.7 Contour plot of the PLF excitation energy as a function of TKEL for the
672-MeV 3Fe on 163Ho reaction. The limits of non-excited TLF, equipartition of
the excitation energy, and thermal equilibrium are indicated by the straight lines.
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Figure 1.8 Contour plot of the E*p; /E 1y ratio as a function of TKEL for the
672-MeV 56Fe on 165Ho reaction. The limits of non-excited TLF, equipartition of

the excitation energy, and thermal equilibrium are indicated by the dotted, dashed,
and solid lines, respectiveley.

89



®Fe on ®°Ho at 672 MeV

12.5 TKEL 280-350 MeV

10.0

7.5

5.0

llllllllllllllllllllll 11

0.0 A;mnm.n-n_ﬂ,,m (Pt

N

0
—  eeoanan
—
e —

2 TKEL 100-200 MeV
=z, 30— —
- :
O R0 —
10 [ —

O ;_ . [‘hrilnut“l4< 1A =1 ]

125 - TKEL 0-100 MeV 3
100 - —
75 B- —]

l | g | J_Ll | I} j 1 3 1 ] i Y . | :

0 50 100 150 200 250 300
*
Epr (MeV)

Figure I11.9 Histograms of the PLF excitation energy for three representative gates of
cnergy loss, for the 672-MeV 36Fe on 165Ho reaction.

90



165

*®Fe on Ho at 672 MeV

TKEL 280-350 ‘MeV

25
20
16
10

TKEL 100-200 MeV

60

COUNTS

40

20

6d

TKEL 0—-100 MeV

40

20

llll,illlllll]l lllllllll'lllllil[fll! lIlIIIllllilllilllll]1ll|l'1

llllIllIlIlllll lllllllll'llllllllll!lIlllllllIIIJIIIIII!'!!I!'II[

llll'lllll

-50 0 50 100 150 200
* *
E’ o/ E 1ot

l]lllJll

I
(oY
(=
o

Figure 111.10 Histograms of the PLF excitation energ ratio (E gLP’E 'I'OT) for three
representative gates of energy loss, for the 672-MeV Fc on 165Ho reaction.

91



Gaussian fits for cases of low counts. Therefore, the Gaussian fit method was opted
for in the present analysis. The E*p; ;- and the E*PLF/E*TOT centroids for inclusive
values of primary PLF mass, as a function of energy loss, are summarized in Tables

A.6 and A.7, respectively. Because of the low statistics, it was not possible to obtain
reliable values for the E*p; 5 and the E*p f/E*1oT Widths, therefore these are not

studied in the present data analysis. The PLF excitation energy E*p i increases

almost linearly with increasing energy loss, as shown in Figure ITI.11. It reaches a

maximum value of about 93 MeV at 260 MeV of TKEL, then starts decreasing.
However,this apparent lowering of E*p;  could be attributed to a less accurate

determination of the E*py - centroids at the high values of TKEL, where only very
few events occur as reflected by the increased error bars.

The average mass evaporated from the PLF, <AA>, was also determined with
one-dimensional Gaussian fits, as a function of energy loss. The values of the AA
centroids as a function of TKEL are summarized in Table A.8, and displayed in
Figure I11.12. The behavior of AA with energy damping is similar to that of the PLF
excitation energy. The average evaporated mass reaches a maximum value close to
12 mass units at 250 MeV of TKEL. It then starts decreasing slightly, perhaps for
the same reasons mentioned for the case of E*PLF-

The evolution of the E*p /E 10T centroids with TKEL is shown in Figure
II1.13. The ratios corresponding to the equal excitation energy division and the
thermal equilibrium limits are indicated by the solid and dashed lines, respectively.
The E*pu:lE*'m'r ratios exceed the equal energy division limit for TKEL values
below about 120 MeV and remain nearly constant and equal to 50% for TKEL
values between approximately 120 MeV and 260 MeV. A sharp decrease of
E*pLRE*TOT is observed above 260 MeV of TKEL. However, thermal equilibrium

is never reached.
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Figure IIL.11 Centroids of the avera%e mass evaporated from the PLF as a function
of TKEL, for the 672-MeV 36Fe on 165Ho reaction.
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Figure IIL.13 Centroids of the PLF excitation energy ratio (E* *rop) asa
function of TKEL for inclusive events for the 672-MeV 36Fe on 16°Ho reaction.
Elastic and slit-scattering events are gated out.
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A closer examination of the excitation energy division is shown in Figure
II1.14, where the E*pu:/E*'mT centroids are plotted versus TKEL for selective bins
of primary (pre-evaporation) PLF mass, A'p; . The data of Figure II1.14 are
summarized in Table A.9. Figure III.14 shows that the contribution to the low
E*p]_p’E*'mrr ratios at low TKEL is mostly due to events with primary masses lower
than the mass of the projectile (56). For primary masses higher than 56, the values of
the PLF excitation energy ratio are in the 50 % to 70 % range at all values of TKEL.
This result suggests a correlation between the excitation energy sharing and the

reaction exit channel. Therefore, to investigate this correlation, the E*pLRE*1OT
ratio is determined as a function of the mass of the primary PLF, A'p

Since the mass of the secondary PLF, A"py 1., is evaluated more accurately
than A'p ., the E*p f/E* 1o ratio is also plotted versus A"prx. To obtain the
E*pLEE* 10T ratio as a function of A'py - and A" py , the spectra of E*p FE* 10T
ratio were generated for consecutive bins of A'ppr and A"pyF, and their centroids

determined by Gaussian fits. The results are summarized in Table A.10 and Figure
III.15 for E*pu:/E*-Im versus A'py , and in Table A.11 and Figure II1.16 for

E*pLRE* 10T versus A"p . Since inclusive values of TKEL are considered in the
results of Tables A.10 and 11, the E*p #/E *1o7T centroids contain a dependence on
TKEL. The noticeably different behavior of E*pr #/E*1or versus A'py ;and A"py p
will be discussed further in Chapter V.

The dotted line in Figures ITL 15 and III.16 describes how the excitation
energy would be divided if the fragments were in thermal equilibrium. It is
determined as a function of the fragment mass (A'p; g or A'pp). The
excitation energy of a projectile-like fragment (or any excited nucleus) can be written

in terms of its mass and nuclear temperature T as
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E*pLF = ap . TpLF (I.1)

where ap; i is the level density parameter, assumed to be proportional to the PLF

mass. Equation ITL1 is also valid for the target-like fragment. Therefore, when the
two fragments have equal temperatures, the total excitation energy of the system is

expressed as
E‘m = E‘PLF + E‘TLF = (apu: + aTLF)‘&. (III.2)

The ratio of the PLF excitation energy to the total excitation energy as a function of
the PLF mass can thus be derived from equation IIL.2, and expressed as

E’pr/E 1o1=A pLF/ATOT (IL.3)
For the 55Fe on 155Ho system,

E’p/E'ror X 100 = 0452 Ay 1. (I1.4)

The thermal equilibrium limit determined in this fashion is more accurate than the
constant value of 25 % used in Figures IIL.13 and III.14. In those cases it was
necessary to assume a constant value for A'pLr. As a default the mass of the
projectile was used.

An evolution of the system from thermal equilibrium at low values of A’y g
towards E’py o/E° 1y values even higher than the equipartition of the excitation
energy limit with increasing A'PLF is observed in Figure III.15. In contrast, when
plotted against the secondary PLF mass (A"py ), the E*py o/E 7y ratio indicates

100
AUV



that the excitation energy is shared nearly equally by the two fragments for A"PLF
values lower than 56. Above A"p;  of 56, the E*p; +/E" o ratio decreases towards
values approaching thermal equilibrium. However, it is important to remember that
the secondary mass gives a picture of the system after deexcitation. The PLF
excitation energy ratios versus A'p i and A"p; g for different bins of energy loss are
shown in Figures I11.17 and 18, respectively. These results are also summarized in
Tables A.12 and A.13 respectively. A slight dependence of the E*py ¥E* 10T ratio
on A'p  is observed in Figure II1.17 for the three selected bins of TKEL. A
different scenario is observed when the PLF excitation energy ratio is plotted as a
function of A"PLF’ as shown in Figure I11.18. For the low and the intermediate
TKEL bins, the E*HJJE*M ratio shows a parabolic dependence on A"PLF- At the
highest TKEL bin, the excitation energy seems to be divided nearly equally between
the two reaction fragments at all values of A"PLF- The results presented in this
chapter will be discussed further in Chapters IV and V.
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CHAPTER IV MODEL CALCULATYONS

Several models based on different concepts have been developed to describe
the mechanisms involved in the system evolution towards equilibrium in deep-
inelastic reactions. Some of these models are based on the concept of energy
- dissipation by collective nuclear modes [BRO74, BRO76, BRO78a, BRO78b,
BROB80] while, in another category of models, the effects of collective modes are
neglected and the energy damping is attributed solely to the stochastic exchange of
nucleons between the colliding ions [BEC73, GRO74, GRO75, HOF76, GRO77,
RAN78a,78b,BLO78, NOR74, NOR7S, FEL84, CAR 83, GRI81, 82, DES2,
SAMSS]. Detailed discussions of the various nucleon exchange models which
describe deep-inelastic reactions can be found in review articles by Freiesleben and
Kratz [FRE84), and by Schreder and Huizenga [SCH84).

The focus in the present study is on two models based on the stochastic
exchange of nucleons between the reaction partners: Randrup's model [RAN7S, 79,
82] and Tassan-Got's model [TAS88, 89,91]. The fundamental concepts on which
the two models are based are briefly described, and their main differences are
outlined. More details can be sought in references [RAN78, 79, 82], and [TAS 88,
89, 91], and in a review article by Weidenmiiller [WEI80], where the theoretical
derivations of the equations used in the various transport models are extensively
discussed. The success of Randrup's model and Tassan-Got's model in describing
the deep-inelastic mechanism is examined by comparing their predictions to the
experimental data of the 672-MeV 0Fe on 165Ho reaction, and to other sets of data
[MER86, BEN8S,88] for systems produced by Fe-induced reactions.
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IV.A Basic Theory

Experimental evidence, such as the broadening of the charge and mass
distributions of the detected fragments with increasing total kinetic energy loss,
supports the idea of energy damping by means of nucleon transfer between the
primary fragments of a heavy-ion reaction in the deep-inelastic region. This same
feature enables the description of the process occurring in deep-inelastic collisions in
terms of transport phenomena. In early work by Nrenberg [NOR74, 75], a master
equation describing peripheral deep-inelastic processes was derived from the

following Liouville-von Neumann equation

iﬁ’g{pji(t) = [H'p(t)]ji = EL(“ .Ik)(t)Pik(t)' Iv.1)

where pji(t) is the density operator, H is the Hamiltonian, and ij is the Liouville
operator.

The main steps used by Nrenberg to derive the :naster equation are as
follows. A more extensive description of the procedure can be found in references
[NOR?7S] and [LEF78).

1- The internal motion is separated from the relative motion of the di-nucleus

system.

2- Macroscopic variables are introduced through the "coarse graining" of the

total channel space using a coarse graining operator. This is equivalent to

dividing the total channel space X into subsets X,,. The following pre-

master equation is obtained
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%Pv(t) = Z(L;"o dt K, (1) [d,P,(t-0)-d P, (-D)], av.2)
T

where P,, (1) is the macroscopic occupation probability and Kvu(t,t) isa

memory kemel w'hich connects the past time (t-t) to the present time t.

3- The Markoff approximation is used. A Markovian process is a stc-hastic

process in which the probabilities of occurrence of future states do not
depend on the path followed to arrive to those states. In this approximation,
the  macroscopic variables are much slower than the microscopic variables. They

can be assumed to remain almost constant during a time on the order of the

memory time.

The following master equation is obtained

gf V(t) = zva(t) [dvpu(t)'dppv(t)] ’ (IV3)
3

where W (t) is the transition probability between the subsets v and .

The master equation (TV.3) can be applied to several types of dissipative
phenomena, depending on the type of macroscopic variables chosen. It is the basis
of most of the models that were developed to study dissipative phenomena in heavy-
ion deep-inelastic reactions. The general procedure is to derive a Fokker-Planck type
transport equation from the master equation and to evaluate the transport coefficients.
The different approaches used for determining these transport coefficients and the
various assumptions made about the system (such as considering it as a double

nuclear system in Norenberg's theory) define the differences among models.
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In both Randrup's model [RAN78, 79, 82] and Tassan-Got's model
[TAS88, 89, 91] the physical picture of the reaction is the same. The two ions are
approximated by two spheres that approach each other along Coulomb trajectories
until they are within the range of the nuclear field. Then a communication window
opens and exchange of nucleons between the two ions occurs. This nucleon transfer
is assumed to be the only source of energy dissipation in both models. However,
two different approaches and some different basic assumptions are used by the two
authors in their determination of the variables of the system. Among the macroscopic
variables that are treated are the nuclides' Z and N and fluctuations around their mean
values, the excitation energy and the spin of the nucleus. For the purpose of
comparing the predictions of these theories to experimental data, only the
distributions of the projectilé-like fragments (PLF's) are studied. The distributions
of the target-like fragments are either not available from the experimental technique
used or detected with less precision and accuracy than the PLF's. A brief description
of the two theories follows. More details about the two models can be found in
References [RAN78, 79, 82] and [TAS88, 89, 91].

IV.A.1 Randrup's Model

In Randrup’s model, the two interacting nuclei are represented by two
completely degenerate Fermi-Dirac gases. This assumption is based on the low
temperatures (kT = 0.5-2 MeV) that are reached in these reactions. Nucleon-nucleon
collisions are mostly prohibited by the Pauli exclusion principle and the two gases
interact via one-body dissipation, where relative angular momentum is generated by

the interaction of nucleons with the mean field.
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The dynamical evolution of the macroscopic variables is described by a
Fokker-Planck equation, which is derived from the master equation IV.A.9 by 4
considering the system to be Markovian, and assuming that the macroscopic

variables are continuous. In this case the probability of finding one of the two

reaction partners (the projectile-like fragment for instance) in state A at time t is given °
as
BPA,t__Z 3 Z 2 °
__&_l = GC7) VeaPAD + 2 Ge3c50CaCBPAD)  (AV.4)
(1) (a’b)
where C,, and CB are observables that describe the system. This would mean that the e

nucleus in question (the projectile-like fragment for instance) has acquired mass C in
the case where the variable C refers to the mass observable. The drift coefficient
V¢ govemns the evolution of the mean values of the macroscopic variables C, and @

the diffusion coefficient D¢, governs the evolution of their variances. They are

evaluated as
@
Ve= Jlde N'(e) <(fB-fAC> g av.s)
and C..
2D¢, 0= jdeN'(e)<((1-f\y9+ ALYNCIC> pux s (IV.6)
®
where < >q . indicates an averaging over all the angular orientations of the transfer,
S A and f Bare the Fermi functions that indicate the level populations of the partners
A and B, and N'(g) is the flux of nucleons for an energy interval de. For a nearly |

108



degenerate gas representation of the interacting system, as is the case in Randrup's

model, the Fermi functions are simplified to the following expressions:
fB-fA=0dE -¢p), av.7)
where & denotes the Dirac delta function, and

(1f A)f By (1fB)f A = (FB “FAyoth(Y). av.n

where 1 is the temperature of the system. The quantity  is the gain in excitation

energy when a transfer occurs and is defined as
o =FA - Up, (Iv.8)
where
FA =€pp-€p, , Iv.9)

which is the difference between the Fermi levels of the two partners, U is the relative
velocity vector of nucleus A with respect to B, and p is the momentum vector of the
transferred nucleon.

The solution to equation IV.4 can be obtained by the determination of the two
transport coefficients. However, solving this equation is a tremendous task and
some simplifications are in order.

A mean trajectory approach [RAN82), where an average path is followed by
the macroscopic dynamical variables, was the method of choice in Randrup's model.
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In this method, a number of dynamical variables, including the proton and neutron
numbers of the projectile-like fragments, the radius of the small cylindrical neck that
joins the two interacting ions, and the mean spin projection for the target-like
fragment, were used. The conservative forces that act on these dynamical variables

are derived from the following macroscopic Lagrangian:

L= JuR? + JRaR? + 21, 0,2 + Slgp? - VA-VB-VC-Vap av.10)

where 1 is the effective mass, Iy is the moment of inertia of the orbital motion, I,
and Iy, are the individual moments of inertia of the nuclei A and B, V , and Vp are the
potential energies of the two nuclei, V¢ the Coulomb energy, and V 5y represents an
additional nuclear interaction between A and B.

The Fermi levels that govern the evolution of the system are extracted from
this Lagrangian. It was claimed by Tassan-Got [TAS88, 89,91] that this causes the
system to drift towards symmetry, and that this effect is due to the presence of a
kinetic term in the Lagrangian. The dissipative forces are obtained from a Rayleigh
dissipation function and the dynamical equations for the mean trajectory are derived
from the Lagrange-Rayleigh equation of motion. |

IV.A.2 Tassan-Got's Model

In Tassan-Got's model the stochastic transfer of nucleons between the two
fragments is simulated by a Monte Carlo method. In this approach, the possibility
and type of transfer are decided by random drawing. The transition probabilities of a
proton or a neutron out of or into a fragment are calculated and used for the

determination of the characteristics of each transfer.
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A phase-space formula accounting for Pauli blocking was used by Tassan-
Got to evaluate these transfer probabilities. The probability P of transfer of a nucleon

from nucleus 1 to nucleus 2 per unit time is evaluated as
P = [®Tn)(1-n)d50, av.11)

where @ is the phase-space flux per unit area and time, T is the factor of penetrability
of the barrier and has values between 0 and 1, and n, and n, are the rates of
occupation of the states considered in nucleus 1 and 2, respectively [TAS88]. The
variable 6 includes the five parameters that describe the transfer. They are the three
components of the velocity vector of the transferred nucleon, and the two parameters
that characterize the surface separating the two heavy ions.

A nucleon transfer results in the modification of the initial conditions of the
relative motion, which have to be readjusted before the next transfer. This procedure
is repeated until the two ions are too far to feel the nuclear interaction. They then
move away from each other along Coulomb trajectories. The values of the
macroscopic variables of interest are determined event-by-event and stored.
Calculations are performed for a wide range of impact parameters to include all the
possible incident waves. The advantage of this approach is that it allows the
description of the system at each step of the collision instead of following an average

path.
IV.B Comparison Between the Two Models and Their Predictions

There are some basic differences between Randrup's model and Tassan-

Got's model. The ones that are thought to be more or less crucial are the way the
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Fermi levels are calculated in both approaches and the restriction on the direction of
transfer in Tassan-Got's formulation. In Randrup's model the Fermi levels are
extracted from the Lagrangian, while in Tassan-Got's model the Fermi levels are
determined for each nucleus independently as separation energies calculated from
mass tables. This is thought to be one of the crucial factors that causes the
differences between the predictions of the two models for asymmetric systems. It
seems that the presence of a kinetic term in the Lagrangian used in Randrup's model
leads the system to drift towards mass symmetry. In Tassan-Got's model the mass
and charge drifts are insensitive to relative kinetic energy. Finally, nucleon transfers
in Tassan-Got's model are restricted to those where nucleons move towards the
window. There are no restrictions on the direction of transfer in Randrup's model.

To test how these differences are translated in terms of charge and neutron
distributions, the evolution, with total kinetic energy loss (TKEL), of the mass and
charge distributions predicted by the two models for the primary (pre-evaporation)
PLF's emitted in various reactions are compared to each other. The results are
presented in Figures IV.1 through IV.8, where the centroids <Z> and <N>, the
<N>/<Z> ratio, the variances 6,2 and 6)2, and the correlation factor py are plotted
as a function of TKEL. In all these figures, the prediction of Randrup's model is
indicated by the solid line and that of Tassan-Got's model is indicated by the dashed
line.

IV.B.1 Symmetric Systems
Before proceeding to a comparison of distributions for asymmetric systems,

whose behavior with energy loss prompted the development of many of the various

transport models mentioned earlier, it is worthwhile to examine how well Randrup's
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model and Tassan-Got's model reproduce the data obtained for symmetric systems,
where there should be no net change in <N>, <Z>, and <N>/<Z> of the primary
fragments. The centroids <N> and <Z>, and the <N>/<Z> ratio obtained from the
two models for the PLF's produced in the 840-MeV 36Fe on 36Fe reaction are shown
in Figure IV.1. Both models predict the same behavior for this system and confirm
the absence of charge and mass drift, as expected for such symmetric systems. The
variances G2 and Gy and the correlation factor Py, are plotted versus TKEL in
Figure IV.2. The values predicted by Tassan-Got's model for the variances tend to
be slightly smaller than those obtained from Randrup's model. At about 220 MeV of
energy loss, GN2 from Randrup's model shows a steeper increase than the more
monotonic increase featured in Tassan-Got's model predictions. The correlation
factor given by both models increases, with an approximately constant slope from a
value of 0 at 0 MeV of TKEL to a value close to 0.8 at a TKEL of 240 MeV. A
slight difference is observed in the Py values from the two models. However, this
small difference could be attributed to statistical errors associated with the
determinations of the characteristics of the nuclide distributions. Therefore, it seems
that the two models give a similar description of the symmetric system 840-MeV
36Fe on 56Fe.

IV.B.2 The 672-MeV 5SFe on 155Ho System

The discrepancy between the two models for asymmetric systems is
illustrated in Figures IV.3 through IV.8. The Z and N centroids and the <N>/<Z>
ratio of the primary distributions are displayed as a function of TKEL in Figure IV.3
for the 672-MeV %Fe on 165Ho system. The two models predict nearly the same

quantitaive behavior for the <N>/<Z> ratio, which increases from the projectile's
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Figure IV.1 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
distributions of the 840-MeV Fe on 6Fe reaction as a function of encrgy loss
(TKEL). The solid line refers to Randrup's model predictions, and the dashed line
refers to Tassan-Got's model predictions. The arrow indicates the value of TKEL
corresponding to the spherical Coulomb barrier.
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Figure IV.2 Model predictions for 0'22, GNZ, and py for the primary distributions
obtained in the 840-MeV 36Fe on 56Fe reaction as a function of energy loss (TKEL).
The solid line refers to Randrup's model predictions, and the dashed line refers to
Tassan-Got's model predictions. The arrow indicates the value of TKEL
corresponding to the spherical Coulomb barrier.
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Figure IV.3 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
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N/Z ratio at low TKEL towards a value close to the N/Z of the composite system at
the highest TKEL values. This N/Z equilibration is expected for deep-inelastic
reactions. However, it is attained by two different means in the two models. In
Randrup's model, the N/Z ratio is adjusted by transfer of neutrons (up to 5 neutrons)
from the TLF to the PLF and almost no transfer of protons for energy loss values
lower than 280 MeV. Above 280 MeV of TKEL both <N> and <Z> start
decreasing. In Tassan-Got's model the neutron number remains nearly constant
throughout the range of energy loss extending from 0 to 240 MeV, while protons (up
to 3 protons ) are transferred from the PLF to the TLF. Above 240 MeV the <Z>
and

<N> decrease with a relatively steep slope.

This behavior of the centroids <Z> and <N> indicates that in Randrup's
model the system evolves towards mass symmetry, while in Tassan-Got's model the
system tends to become more asymmetric with increasing energy loss. The reason
for this effect is thought to reside in the two different approaches used to compute the
Fermi levels in the two models. It seems that the presence of the kinetic term in the
Lagrangian is responsible for making the evolution of the N and Z of the system
sensitive to relative kinetic energy [TAS89, 90, 91].

The variances 62 and 6,2, and the comrelation factor pyy; obtained from the
two models are compared in Figure IV 4. The variances from both models are in
good agreement for TKEL values lower than about 240 MeV. At this point, the
values from Tassan-Got's model start decreasing while those from Randrup's model
increase with a steeper slope. This effect was also observed in the study of the 35Cl
on 20°Bi reaction at 270 MeV and the 37C1 on 20%Bi reaction at 529 MeV by
Marchetti et al. [MAR91, 92]. A possible explanation for this difference in the
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behavior is the restriction in Tassan-Got's model of nucleon transfers to only the

nucleons moving towards the communication window.
IV.B.3 The 505-MeV 5SFe on 195Ho System

The predictions for the 505-MeV 56Fe on 165Ho system are presented in
Figures IV.5 and IV.6. The same general trend is observed for the centroids and the
<N>/<Z> ratio. In Randrup's model, a transfer of a maximum of 4.4 units of
neutral mass from the TLF to the PLF is predicted for this system, and the charge
remains constant within 0.5 units. In Tassan-Got's model, up to 2 protons are
transferred from the PLF to the TLF. The neutron number is constant at a value of
31 within 0.5 units. There is an apparent transfer of about 1 unit of neutral mass
from the TLF to the PLF at all values of TKEL. There is no evidence that it is an
actual transfer or a unusually large uncertainty in the determination of the N centroids
for this system. The agreement between the values of the <N>/<Z> ratio obtained
from the models is not as good as in the higher bombarding energy case. The same
behavior as for the 672-MeV 3Fe on 165Ho system is observed for the variances and

the correlation factor, as shown in Figure IV 4.
IV.B.4 The 840-MeV 5Fe on 238y System

The characteristics of the primary charge and neutron distributions are shown
in Figures IV.7 and IV.8 for the 840-MeV 6Fe on 238U system. The <N> and <Z>
centroids and <N>/<Z> ratio exhibit the same trend as for the two previous systems.
However, the difference between the centroids from the two models, the N centroids

in particular, seems to be larger for this more asymmetric system. Up to 9 neutrons
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Figure IV.5 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
distributions of the 505-MeV 3Fe on 165Ho reaction as a function of energy loss
(TKEL). The solid line refers to Randrup's model predictions and theashed line
refers to Tassan-Got's model predictions. The arrow indicates the value of TKEL
corresponding to the spherical entrance channel Coulomb barrier. The dot-dashed
and dotted lines in the bottom figure indicate the N/Z ratio of the compound nucleus
and the projectile, respectiveley.
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Figure IV.7 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
distributions of the 840-MeV 36Fe on 238U reaction as a function of energy loss
(TKEL). The solid line refers to Randrup's model predictions and the dashed line
refers to Tassan-Got's model predictions. The arrow indicates the value of TKEL
corresponding to the spherical entrance channel Coulomb barrier. The dot-dashed
and dotted lines in the bottom figure indicate the N/Z ratio of the compound nucleus
and the projectile, respectiveley.

122

o



238

°re on *38U at 840 MeV

. L T I LI T I LI L l LINE IR R { L

12.5

-———- TASSAN-GOT
10.0

——  RANDRUP

N7.5

5.0

'l[l!lllliJllllll!'lll!

2.5

ll{l[T1r1_'IIll!lTll‘[lTTlll

A

0.80

T

1 i1t ft

-

25
20

5 15
10

Illllllllllllillllll[ll]

l!!!ll!lll[lllllllll‘lll

e ———
-
-
-

-
- -
-

TT17
\
1101

1.0 .:s}:wz{::::luu}?.w
0.8

0.6

PNz

0.4

]l]llrl1lllilll|TTTl

-
-
-

0.2

llllllll![l!l‘l!l!llllli

TITT

0'0 lllIllllIllllIllll 11
0 100 200 300 400 500

TKEL (MeV)

Figure IV.8 Model predictions for 622, O'N2, and py, for the primary distributions
of the 840-MeV 36Fe on 238U reaction as a function of energy loss (TKEL). The
solid line refers to Randrup's model predictions and the dashed line refers to Tassan-
Got's model predictions. The arrow indicates the value of TKEL corresponding to
the spherical entrance channel Coulomb barrier.
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are transferred from the TLF to the PLF in Randrup's model and there is a gain of
about 2 charge units by the PLF. According to the predictions of Tassan-Got's
model, a maximum of 7.4 charge units are lost by the PLF to the TLF. The variation
in the neutron number is only about 1.5 units of neutral mass gained by the PLF, for
TKEL lower than 400 MeV. Above 400 MeV of TKEL the PLF loses up to 3
neutrons. The possible explanation for this behavior could be the different ways in
which the Fermi levels are calculated in the two models. In Randrup's model a drift
towards symmetry is favored and the opposite is true for Tassan-Got's model, where
the mass asymmetry of a system is more accentuated [TAS89, 89, 91]. A small

difference between the predictions of the two models is observed for the variances,

as shown in Figure IV.8. Tassan-Got's model predicts a smaller 0‘22 at all values of
energy loss. The correlation factor evolves from no correlation (Ppz = 0) at the first

stages of the collision (low TKEL) towards almost full correlation (Ppyz ~ 1) at the
later stages (higher TKEL) for both calculations.

IV.C Comparison of Model Predictions to Experimental Data

The observables measured during experiments are secondary quantities which
describe the system in its stable state after it has lost all its excitation energy by
evaporation of light particles and gamma ray emission. It is therefore essential to
account for the loss in proton and neutron numbers by evaporation before attempting
any comparisons of experimental data with model predictions. Two possibilities
exist for making such corrections. One is to evaluate the amounts of mass and
charge evaporated from primary fragments and add them to the measured secondary
values. The reconstruction of primary distributions from measured secondary ones

is less reliable. Because it is not easy to determine how much evaporated mass is due
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to evaporation of protons or neutrons,reliable results are obtained only in cases
where neutron evaporation is more significant than proton evaporation. The other
method is to perform evaporation calculations on the primary distributions predicted
by the models and compare these secondary theoretical distributions to the
experimental ones. This procedure was employed in the present analysis.For the
sake of consistency, the evaporation code Pace II was used to account for
evaporation of the primary distributions obtained from both models.

In the case of Tassan-Got's code, the observables of the system were
determined event-by-event and the calculated variables were stored in files that were
subsequently used as inputs to Pace II. In Randrup's model, the average values of
the observables considered (charge and neutron number for instance) are calculated.

It was therefore necessary to generate two dimensional Gaussian distributions to be
used with PACE II by employing the averages <Z> and <N>, the variances 022 and

O)? and the covariance Oy, computed by the code.
Another input to the evaporation code is the excitation energy of the primary
fragment. In the case of Randrup's model it can be computed using the average

rotational energy and the temperatures of the PLF and the TLF that are computed by
the code. The total excitation energy (E*p; g +E* 1y ) of a given exit channel is

E* = TKEL + Qgg - Erot-total, av.12)

where Eroiotal is the total rotational energy of the PLF-TLF system. The rotational
energy of each fragment is obtained by scaling the average rotational energy which is
given by the code. The general expression of the rotational energy of a spherical

nucleus with a moment of inertia/ and total angular momentum £ is written as

125



=i+l 12; DN (Iv.13)

Erot“

The moment of inertia is equal to MR2, where M is the mass of the nucleus and R is
its radius. Assuming the same angular momentum for each nucleus, the rotational

energy of each fragment in a given exit channel is then computed as

5/2
Epr= <Erop> (32 - IV.14)

where <> refers to the average quantities calculated by the code.
The excitation energy of each fragment can be evaluated by assuming that
their temperatures are equal to the average temperatures that are given by the code.

The ratio of excitation energies of the two fragments is given by

E'prr _ 3pLF TpLF  APLFUPLF av.15)
* - ~ .
E'mr ampTrLF  ATLR TTLF

where Ap; i and Aqy i are the PLF and TLF masses, apy  and aqy 1 are their level
density parameters (A/8 was used as the value of a) and Tpy i and T i are their
corresponding temperatures. The fraction of excitation energy stored in the PLF can
thus be obtained and multiplied by the total excitation energy of the system as given
in equation (IV.12). The resulting value is the absolute excitation energy of the PLF
and is used in PACE II.

The PLF excitation energy ratios E*puJE‘m, obtained from the two
models, are compared in Figure IV.9 for the 672-MeV 36Fe on 165Ho system. In
both cases the excitation energy of the system is equally shared between the two
fragments during the first 120 MeV of TKEL. After that the system tends towards a
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Figure IV.9 The ratio of excitation energy stored in the projectile-like fragments
produced by the 672-MeV 36Fe on 165Ho reaction. The solid line refers to
Randrup's model calculations, and the dashed line refers to Tassan-Got's model
calculations. The limits of equipartition of the excitation energy and thermal
equilibrium between the two reaction partners are indicated by the dotted and the dot-
dashed lines, respectively.
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more thermalized state with increasing energy loss. Since the excitation energies
predicted by the two models are nearly similar, as shown in Figure IV.9 for the 672-
MeV 36Fe on 165Ho system, and since the same evaporation code was used to obtain
the secondary events from the primary events from both models, any discrepancies
between the two models' secondary distributions are attributed only to the inherent
differences between the models.

The results obtained for the two models after evaporation are compared to
experimental data in Figures IV.10 through IV.16. Randrup's model and Tassan-
Got's model predictions are again indicated by the solid and dashed lines,
respectively. The experimental data is represented by the circles. Large errors are
observed for the 672-MeV 6Fe on 165Ho system, where a moment analysis
procedure was used for the determination of the means and widths of the
distributions, are discussed in Section Ill.A. Two-dimensional Gaussian fits
[BRES2, 83b] were employed to determine the centroids and variances of the
distributions for the 505-MeV 6Fe + 165Ho [BENSS, 87, 88] system and the 840-
MeV 36Fe on Fe and 56Fe on 238U systems [MERS6). Smaller errors are obtained
for these two latter systems. When Gaussian fits are used, it seems that the error

bars reflect mostly the uncertainties due to the method.
IV.C.1 The 840-MeV 5Fe on 5SFe

The centroids and variances, and the correlation factor predicted by the two
models for the PLF secondary distributions of the 840-MeV 36Fe on 56Fe system are

compared in Figures IV.10 and IV.11. The experimental <Z>, <N>, and <N>/<Z>
are reproduced by both models. However, the two models under predict the

128



variances, the neutron variance in particular, and fail to reproduce the rapid inc~-ase

of the correlation factor to full correlation between neutron and proton transfe-
IV.C.2 The 672-MeV 56Fe on 165Ho System

The mean values and the variances for the PLF's distributions obtained for
the 672-MeV °Fe on 165Ho system are displayed in Figures IV.12 and IV.13,
respectively. The <N>/<Z> ratio is equally well reproduced by the two models.
The values predicted for the <N> and <Z> centroids show a good agreement with the
experimental data for most of the TKEL range. The predictions from both
models depart from the experimental data at high values of energy loss, 230 MeV for
Randrup's model and 280 MeV for Tassan-Got's model. As evident from the
figures, the theoretical calculations are available only for the range of energy loss
allowed by the spherical Coulomb barrier (TKEL ~ 312 MeV) as indicated by the
arrows.

The correlation factor is well reproduced by both models. The theoretical
charge variances agree with the data for TKEL values lower than 160 MeV. For
larger TKEL values, G, is overestimated by both models. At TKEL values close to

the maximum energy loss allowed, the two theoretical variances diverge from each
other. The 022 values obtained from Randrup's model continue to increase with

increasing TKEL and reproduce the qualitative behavior of the experimental data.
The G2 values predicted by Tassan-Got's model decrease sharply, in contrast with
the experimental data. The neutron variances are underestimated by the two models,
even at the very early stages of the reaction. The theoretical neutron variances exhibit

the same behavior as the proton variances at TKEL values larger than 260 MeV. The
correlation factor pyr, is well reproduced by both models for this asymmetric system,
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Figure IV.10 Experimental results (circles) and model predictions for <N>, <Z>,
and <N>/<Z> for the secondary distributions of the 840-MeV 36Fe on 3Fc¢ reaction
[MERB86] as a function of energy loss (TKEL). The solid line refers to Randrup's
model predictions and the dashed line refers to Tassan-Got's model predictions. Thc
arrow indicates the value of TKEL corresponding to the spherical entrance channel
Coulomb barrier. the dotted line indicates the N/Z of the projectile.
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Figure IV.11 Experimental resulis (circles) and model predictions for G, 2 O'Nz,
and py for the secondary distributions of the 840-MeV Fe on 6Fe rcacuon asa
funcuon of energy loss (TKEL). The solid line refers to Randrup's model
predictions and the dashed line refers to Tassan-Got's model predictions. The
arrows indicate the value of TKEL corresponding to the spherical entrance channcl
Coulomb barrier. The dot-dashed and dotted lines in the bottom figure indicate the
N/Z ratio of the compound nucleus and the projectile, respectiveley.
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Figure IV.12 Experimental results (circles) and model predictions for <N>, <Z>,
and <N>/<Z> for the secondary distributions of the 672-MeV 3Fe on 165Ho
reaction as a function of energy loss (TKEL). The solid line refers to Randrup's
model predictions and the dashed line refers to Tassan-Got's model predictions. The
arrows indicate the value of TKEL corresponding to the spherical entrance channcl
Coulomb barrier.
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Figure IV.13 Experimental results (circles) and model predictions for 6,2, G\2, and
PNz for the secondary distributions of the 672-MeV Fe on 165H0 reaction as a
function of energy loss (TKEL). The solid line refers to Randrup's model
predictions, and the dashed line refers to Tassan-Got's model predictions. The
arrow indicates the value of TKEL corresponding to the spherical Coulomb barricr.
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unlike the case of symmetric systems.

IV.C.3 The 505-MeV 56Fe on 165Ho System

The experimental <N> and <Z> centroids and the <N>/<Z> ratio obtained
for the 505-MeV 36Fe on 165Ho system [BENSS5, 88] are compared to theoretical
predictions of Randrup's model and Tassan-Got's model in Figure IV.14 . The
<N>/<Z> ratio is equally well reproduced by the two models for TKEL values above
50 MeV. The prediction from Randrup's model slightly overestimates the <N>/<Z>
ratio above 50 MeV of TKEL. There is a sizable difference in the prediction of the
<N> and <Z> centroids, however. Tassan-Got's model
reproduces both proton and neutron number centroids for the entire range of allowed
energy loss. Randrup's model overestimates <Z> and <N>, and the discrepancy
between experimental and theoretical values increases gradually with increasing
TKEL. Ata TKEL value of about 150 MeV, which is close to the maximum energy
loss allowed by the spherical Coulomb barrier (TKEL ~ 190 MeV), the experimental
<Z> and <N> show a sharp increase, which may indicate the onset of the fusion-
fission mechanism . This effect is not calculated in the models. The variances are

not available for this system.
IV.C.4 The 840-MeV 5SFe on 238U System

The results for the 840-MeV 36Fe on 238U system [MERS6] are displayed in
Figures IV.15 and IV.16. Again the <N>/<Z> ratio is well reproduced by both

models for most of the TKEL range; a departure from the experimental data is
observed for TKEL values close to the Coulomb barrier (TKEL~ 420 MeV). A large

134



discrepancy is observed between the experimental <N> and <Z> centroids and the
predictions of Randrup's model. Tassan-Got's mode! reproduces these centroids
fairly well. A very good agreement is observed between the data and the predictions
of the two theories for the variances and the correlation factor.

The comparisons of model predictions to experimental data show that the
experimental charge and neutron centroids are generally better reproduced by Tassan-
Got's model than by Randrup's model. The variances and correlation factor are

generally well reproduced for the more asymmetric systems by both models.
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and <N>/<Z> for the secondary distributions of the 505-MeV 36Fe on 165Ho
reaction [BENSS5, 87, 88] as a function of energy loss (TKEL). The solid linc refers
to Randrup's model predictions, and the dashed line refers to Tassan-Got's model
predictions. The arrows indicate the value of TKEL corresponding to the spherical
entrance channel Coulomb barrier. The dot-dashed and dotied lines in the bottom
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Figure IV.15 Experimental results (circles) and model predictions for <N>, <Z>,
and <N>/<Z> for the secondary distributions of the 840-MeV 6Fe on 238U reaction
[MERS6] as a function of energy loss (TKEL). The solid line refers to Randrup's
model predictions and the dashed line refers to Tassan-Got's model predictions. The
arrows indicate the value of TKEL corresponding to the spherical entrance channel
Coulomb barrier. The dot-dashed and dotted lines in the bottom figurc indicate the
N/Z ratio of the compound nucleus and the projectile, respectiveley.
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arrows indicate the value of TKEL corresponding to the spherical entrance Coulomb
barrier.
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CHAPTER V DISCUSSION

The experimental and theoretical studies of heavy-ion reactions in the deep-
inelastic region resulted in the understanding of their general features, as discussed
in Chapter 1. However, some aspects of these reactions still remain obscure. It is
not yet clearly understood if nucleon transfer alone can account for all the energy
dissipation, and how the produced excitation energy is divided between the two
reaction fragments. Another point to be elucidated is the role of the potential
energy of the composite system in the evolution of the nuclide distribution of the
reaction fragments.

The drift of asymmetric systems towards greater mass asymmetry is
explored in terms of the mass and charge distributions of the projectile-like
fragment and its neutron-to-proton ratio N/Z. Since the primary fragments (pre-
evaporation) produced by the collision are short lived, only the secondary (post-
evaporation) fragments are detected. Hence, it is necessary to account for the
deexcitation through light particle evaporation using evaporation codes. The
amount of mass and charge evaporated from a nucleus is related to its excitation
energy which has to be used as an input in evaporation codes. In studies where the
excitation energy of the fragments cannot be determined, assumptions have to be
made for the excitation energy sharing between the two fragments.

The use of the kinematics coincidence technique described in Section I1.D.3
provides information about the primary fragments before their deexcitation by
evaporation. The parameter of particular interest that is determined with this
method is the excitation energy of the primary fragments. The results of the
present study of the 672-MeV 36Fe on 165Ho reaction with the kinematics

coincidence technique are compared to those obtained, with the same experimental
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method, for the 505-MeV 36Fe on 165Ho [BENSS, 87, 88], and the 629-MeV 74Ge
on 165Ho [KWI 90] systems.

A strong correlation between the excitation energy division and the mass of
the primary projectile-like fragment was observed in the study of the 505-MeV
56Fe on 165Ho reaction by Benton ef al. [BENSS, 87, 88], and the 629-MeV 74Ge
on 165Ho reaction by Kwiatkowski et al. [KW190]. However, it has been claimed
by Toke et al. [TOK89), after re-analysis of the 505-MeV 36Fe + 165Ho data, that
this exit channel dependence of the excitation energy division is caused by the
finite resolution of the measured quantities. A Monte Carlo simulation of the
coincidence experiment for the 672-MeV Fe on 165Ho reaction is performed to
examine the extent of instrumental effects on the determination of the excitation
energies of the reaction products. The results of the Monte Carlo simulation for the
629-MeV 74Ge on 165Ho [KWI190] system are also discussed and compared to the
results of the present study.

It is important to verify the consistency of the results obtained by the two
types of analyses conducted on the present data, the study of the secondary mass
and charge distributions of the PLF's, and the kinematic reconstruction method.
For this purpose, the primary mass and charge distributions obtained with the
kinematics coincidence technique are compared to those obtained by applying

neutron evaporation corrections to the measured secondary distributions.
V.A. Drift Towards Mass Asymmetry

Studies of various asymmetric systems revealed a tendency for most of
these systems to drift towards greater mass asymmetry with increasing TKEL. This

trend is, in general, contradictory to the direction indicated by the gradient to the
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potential energy surface (PES) of the composite system. The potential of the
system formed by the projectile-like and target-like fragments is usually calculated

using the relation
V=V +V + Vy + V-V, V.1
PLF ) * VILE p + YN+ VL -V v

where vPLFa.D) and Vm(w) are the liquid drop (LD) model binding energies of
the PLF and TLF, respectively, and Vi, V| and V- are the nuclear, centrifugal and
Coulomb potentials, respectively [PLA90]. As an example, the potential energy
surface (PES) for the 36Fe on 165Ho system [BRES3a] is displayed in Figure V.1.
The predictions from Randrup's model, indicated by the dashed arrow, for the 465-
MeV Fe on 165Ho reaction are in accordance with the PES gradient. In contrast,
the direction followed by the experimental centroids corrected for neutron
evaporation diverges from the PES gradient, as shown by the solid arrow. This
same behavior is exhibited in a more drastic fashion by the 465-MeV 36Fe + 238y
[BRE83a] system, where the direction of the trajectory followed by the
experimental centroids is opposite to that of the PES gradient, as shown in Figure
V.2

It was shown in Chapter IV that Tassan-Got's model gives a better general
reproduction of the N and Z centroids for asymmetric systems than does Randrup's
model. Tassan-Got's model predicts the strong negative drift of such systems. This
is illustrated in Figure V.3, where the PES of the 40Ar + 197Ay system is displayed
[TAS88]. The centroids predicted by Tassan-Got's model for the primary
distributions of this system (solid line and points), are superimposed on the PES.
The direction followed by the centroids diverges from the direction of the PES
gradient (dot-dashed line).
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Figure V.1 The potential energy surface plotted in the projectile-like fragment N-Z
plane for the 3Fe + 165Ho system. Randrup's model predictions (dashed arrow)
follow the direction of the gradient, contrary to the experimental data (solid arrow)
[GRIF87, TAS89].
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Figure V.2 The potential energy surface defined as ( Qg + Voouioms) Plotted in
the projectile-like fragment A-Z plane for the 56Fe + 238U system. The data points
(circles) follow a direction opposite to that of the gradient. The B stabxhty line is
indicated by the dashesfMERS86].
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370-MeV 40Ar on 19744

Figure V.3 The potential ener_y surface plotted on the projectile-like fragment N-Z
plane for the 40Ar + 197Au system at 370 MeV. The PES calculations include the
Coulomb potential and the centrifugal potential at £ = 150 fi The trajectory
followed by the controids of the primary distributions (predicted by Tassan-Got's
model), as a function of the excitation energy, is shown by circles joined by a solid
line. The numbers on the trajectory indicate the excitation energy of the
corresponding nuclide. The dot-dashed line indicates the trajectory imposed by the
potential gradient [TAS88].
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The contrast between the predictions of the two models is further illustrated
in Figures V.4 and V.5, where the experimental nuclide distributions obtained for
the 672-MeV Fe + 165Ho and the 840-MeV 6Fe + 238U systems are compared to
the two model calculations. In these two cases the centroids predicted by
Tassan-Got's model are indicated by the dashed curve and those predicted by
Randrup's model are indicated by the solid line. The gradient to the potential
energy surface is indicated by the arrow. The primary distributions
(diamonds) are obtained by kinematical reconstruction for the 672-MeV 36Fe +
1650 system and by neutron evaporation corrections for the 840-MeV 36Fe + 238y
{MERS86]. The random-walk nature of Tassan-Got's model is evident in the way the
N-Z curve wanders instead of having the continuous smoothness of the curve
obtained from Randrup's model. This effect can be understood from the fact that a
mean trajectory approach was used in Randrup’s model [RAN82], while the
trajectory of the dinuclear system was followed step by step with a Monte Carlo
procedure in Tassan-Got's model [TAS88, 89, 91].

Various explanations were suggested to account for the strong negative drift
in such asymmetric systems. In a study by Moretto et al. [MOR83], a feedback
mechanism was explored. This mechanism is due to the existence of a temperature
gradient between the two fragments. The lighter nucleus is hotter and therefore, by
assuming that particle fluxes depend strongly on temperature, a net transfer of
particles from the lighter fragment to the heavier one occurs. Thus, more mass and
energy are transferred to the heavier fragment. However, it was shown by Tassan-
Got that it does not account for all the' discrepancy between theory and experiment
[TAS88]. Model calculations were performed by Tassan-Got for the 370-MeV

40Ar on 197 Au system with the constraint of thermal
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Figure V.4 Evolution of the nuclide distribution in the N-Z plane of the projectile-
like fragments produced by the 672-MeV 56F¢ + 165Ho system, as a function of
energy loss. The experimental distributions are indicated by the circles for
secondary fragments and diamonds for primary fragments. The primary
distributions predicted by Randrup's model and Tassan-Got's model are indicated
by the solid and dashed lines, respectively. The PES gradient at injection point is
shown by the arrow.
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Figure V.5 Evolution of the nuclide distribution in the N-Z plane of the projectile-
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like fragments produced by the 840-MeV Fe + 238U system, as a function of
energy loss. The experimental distributions are indicated by the circles for
secondary fragments and diamonds for primary fragments. The primary
distributions predicted by Randrup's model and Tassan-Got's model are indicated

by the solid and dashed lines, respectively. The PES gradient, at injection point is

shown by the arrow. The experimental data is from reference [MERS86].
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equilibrium between the two fragments. The predictions obtained for primary mass
and charge distributions were compared to predictions obtained without the thermal
equilibrium constraint, as shown in Figure V.6 [TAS88]. No noticeable difference
is observed between the two results. Therefore, it could be concluded that a
temperature gradient does not significantly affect nucleon transfer.

In another theory by Griffin et al.. [GRI87], a non-classical permeation
current flowing between the interacting heavy ions from the deeper potential into
the shallower one was calculated. This was performed by finding the exact
numerical solutions to the simple one-dimensional Schrédinger Double Well
model. After an extension of these calculations to three dimensions, and since the
depth of the neutron potential well decreases with increasing neutron excess (N -
Z), the resulting situation is a flow of neutrons from the heavy nucleus, which has a
higher (N - Z) value, to the light nucleus. However, these quantal effects cannot be
included in the models discussed here because of their classical treatment of the
problem. The calculations from Tassan-Got's model reproduce the negative drift
towards mass asymmetry even without taking into account the quantal effects
described by Griffin [TAS88]. It could thus be argued that these effects could not
be the source of the drift. However, since Tassan-Got's model predictions do not
always reproduce experimental results [MAR91], no rigorous conclusion can be
made about the influence of quantal effects.

In Tassan-Got's approach the direction of nucleon transfer is dictated by the
sign of the difference between the Fermi energies of the two heavy ions [TAS88].

This difference is expressed as

AV = €y - e'l - (el - 6'2) (V.2)
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predicted by Tassan-Got's model for the 370-MeV °Ar on 197 Au system. The
squares indicate calculation with a the constraint of thermal equilibrium beiween
the two fragments and the crosses refer to the calculation with no constraint
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where e, and €', are the Fermi energies of the heavier fragment before and after
nucleon transfer occurs, respectively; similarly e, and e'; describe the lighter
fragment. For positive values of AV, nucleons are transferred to the lighter nucleus
and the opposite is true for negative values of AV. An important property of
Tassan-Got's model, which is derived from calculations of AV, is that the direction
of net nucleon transfer is the one that minimizes a quantity equivalent to that of
equation V.1, but without the centrifugal term. [TAS88]. The effect of the
centrifugal potential on the primary mass distribution is shown in Figure V.7,
where the potential defined by equation V.1 is calculated as a function of the mass
of one of the primary products for the reaction 4CAr on 197Au. Three different
values of relative angular momentum are shown. For systems with an injection
point around a mass number of 40 for the lighter ion, the centrifugal part of the
potential favors mass symmetry for high values of relative angular momentum,
while asymmetry is favored for angular momentum 0 fi. However, Tassan-Got's
model predictions fail to reproduce experimental values at high energy damping
[TAS88]. This is attributed by Tassan-Got to the fact that, at long interaction
times, the boundaries between the two fragments become increasingly blurred, and

therefore, the system can no longer be considered binary.
V.B Equilibration of the Neutron-to-Proton Ratio

Experimental evidence suggests that charge equilibration is reached faster
than mass equilibration in deep-inelastic heavy-ion reactions. The N/Z

equilibration is attained at very early stages of the reaction, as characterized by

relatively small energy losses. Since this conclusion is deduced from the

150



0 20 40 60 80 100 120 140 160 180 200 220

Ay

Figure V.7 The potential energy surface as a function of the mass of one fragment
for the 370-MeV 0Ar + 197Au system, for different values of relative angular
momentum [TAS38].
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observation of secondary events, it is necessary to examine the effects of
evaporation on the results.

The N/Z ratios of the PLF's produced in the 505-MeV and the 672-MeV
56Fe on 165Ho, and the 840-MeV 36Fe on 238U reactions are plotted as a function
of TKEL in Figure V.8. The N/Z ratios of post-evaporation products (circles)
remain fairly constant for most values of TKEL. A decrease in N/Z is observed for
the 672-MeV 6Fe on 165Ho, and the 840-MeV 6Fe on 238U when the limit of
TKEL imposed by the Coulomb barrier is reached. The N/Z ratios of the primary
PLF's (solid line) were obtained by applying evaporation corrections to generate a
priraary ratio, with the assumption that the evaporated mass is mostly due to
neutron evaporation. The increase of the primary N/Z ratio with increasing TKEL
for the three systems is indicative of the formation of products rich in neutrons .

A correlation between the N/Z ratio and charge and neutron drifts was
studied by DeSouza et al.. [SOU88]. These drifts, calculated as <Z>-Zp and <N>-
Np. the differences between average secondary quantities and entrance channel
values, for the systems 40Ca (N/Z = 1), 38Ni (N/Z = 1.07), ¥Ni (N/Z = 1.29), and
48Ca (N/Z = 1.4) on 238U at 8.5 MeV/u, are plotted as a function of energy loss in
Figures V.9-a and V.9-b. The proton drifts show a strong correlation with the N/Z
ratio of the projectile, as observed in Figure V.9-a. Smaller drifts are observed for
systems with larger projectile N/Z ratios. The proton drifts were also found to
depend on the driving force, which is expressed as the PES gradient; for a small
driving force charge transfer is not significant. This effect was shown in Figure 1.4,
where the nuclide distributions for the 8.5 MeV/u 38Ni, and %Ni on 238U were
displayed. A larger proton transfer is observed for the 58Ni case, which is
characterized by a larger gradient than for the #Ni case.
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Figure V.8 Experimental values of the <N>/<Z> ratio as a function of encrgy loss
for the reactions 505-MeV 56Fe + 165Ho [BENSS, 87, 88), 672-MeV 36F¢ + 193Ho,
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Figure V.9-b shows that the neutron drifts do not exhibit the same
correlation with the projectile N/Z ratio as do the proton drifts. However, neutron
evaporation is considerably more significant than proton evaporation and, since it is
not taken into account in the calculations of the proton and neutron drifts, the
correlation between the projectile N/Z ratio and the neutron drifts is not as
rigorously observed as in the case of proton drifts. The results for the systems with
58Ni and 40Ca are consistent with the correlation observed for the proton drift,
while the order is inverted for the 48Ca and Ni systems. No correlation could be
found between the mass asymmetry of the entrannce channel and the magnitude of
the proton and neutron drifts. It seems that these latter differences in projectile N/Z

ratios have a more important impact on the drifts than do mass asymmetrie=.
V.C. Distribution Variances .

In a deep-inelastic mechanism the variances of fragment distributions are a
measure of the number of nucleons exchanged between the interacting heavy ions.
This is true in the context where nucleon exchange is considered as a stochastic
process and, in that case, the number of nucleons exchanged between the two

partners is expressed as
Ny =0a2, (V.3)

At low energy dissipation G A2 depends linearly on the square root of the

relative kinetic energy above the Coulomb barrier VT, which is calculated as

NT = Eqy - V, - TKEL, (V.5)
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where E ,;, is the initial center-of-mass kinetic energy, V, is the Coulomb energy in
the spherical nuclei approximation, and TKEL is the total kinetic energy loss
[SCH77]. The linear dependence of YTono A2 is an indication of the
proportionality between the number of exchanges and the energy dissipated, thus
supporting the idea of using nucleon exchange as means for energy dissipation.

A plot of VT as a function of G Az is shown in Figure V.10 for the 465-MeV
(solid squares) and 672-MeV (circles) 6Fe + 15Ho systems. In both cases VT is
linearly proportional to G 2 thus verifying the linear relationship between G 42 and
VT. The slope of the VT vs O Az curve for the higher bombarding energy system
was found to be about 1.5 iimes larger than that of the lower bombarding energy
system. This is an expected result since the same number of exchanges would
result in about the same amount of energy dissipation in both systems and thus, the
higher bombarding energy system would be left with a higher VT value. However,
at large energy damping, the 465-MeV data seems to reach a plateau, while the

672-MeV data continues to decrease.

V.D. Excitation Energy Division

Knowledge of how the excitation energy of the system is divided between
the two fragments of a deep-inelastic reaction is crucial to understanding the
mechanisms involved in these reactions. It is particularly interesting to know if
statistical equilibrium is reached at the short interaction times (10 -20 sec) that are
characteristic of these reactions. However, the excitation energy of the reaction
fragments cannot be measured directly and has to be inferred from other measured

observables.
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56Fe on 165Ho at 465 and 672 MeV
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Figure V.10 The square root of the available kinetic energy above the Coulomb
barrier as a function of A2 for the 465-MeV (diamonds) and 672-MeV (circles)
56Fe on 165Ho reactions. The 465-MeV data are from reference [BRES3a).

The equations obtained after performing linear fits are:

VT =12.235 - 0.352 652 for the 465-MeV system.

VT = 17.522 - 0.551 o2 for the 672-MeV system.
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The kinematic coincidence technique was used in the study of the 505-MeV
56Fe on 165Ho system by Benton et al. [BENSS, 87, 88] and the 629-MeV 74Ge on
16540 system by Planeta et al. [PLA90]. The results for the Fe + Ho system are
illustrated in Figure V.11, where the PLF excitation energy ratio E*PLF/E*TOT is
plotted as a function of TKEL. The limits of equal excitation energy division and
thermal equilibrium are indicated . These results suggest that equal sharing of the
energy is favored at low energy losses (<50 MeV), whereas for larger energy
losses, the data show a tendency towards a division according to mass ratios.
However; there is no evidence of thermal equilibrium, even at the highest energy
loss values. A qualitatively similar behavior is exhibited by the data of the Ge +
Ho system, as shown in Figure V.12,

The presént study of the 672-MeV Fe on 165Ho system is intended to
provide a wider range of energy damping than previously explored. It is especially
interesting to compare its results to the ones obtained with the same reaction at a
lower bombarding energy (505 MeV). The PLF's fraction of excitation energy is
plotted in Figure V.13 as a function of energy loss for the two Fe + Ho systems .
The same qualitative behavior is observed for both cases. A larger portion of
excitation energy is stored in the PLF than the TLF at low energy damping. As the
energy loss increases, the system evolves gradually towards a configuration that
decreases the temperature gradient between the two fragments but does not fully
equilibrate, even at the highest energy damping.

One remarkable feature in Figure V.13 is the higher PLF excitation energy
ratios in the higher bombarding energy case. A possible explanation could be the
higher relative velocity, or a shorter interaction time. To further explore this point,

the <E”p; p/E*1op> ratios obtained for asymmetric systems at different

bombarding energies (the 476-MeV 6Fe + <38, the 505-MeV and 672-MeV 5Fe
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Figare V.11 The PLF excitation energy ratio as a function of energy loss for the
505-MeV 3SFe on 165Ho system. All isotopes are included. The limits of equal
excitation energy division (solid line) and thermal equilibrium (dotted line) are
indicated [BEN87].
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Figure V.12 The PLF excitation energy ratio as a function of energy loss for the
629-MeV 74Ge on 165Ho system. All isotopes are included. The limits of equal
excitation energy division (solid line) and thermal equilibrium (dotted line) are
indicated [KWI90].
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Figure V.13 The PLF excitation energy ratio as a function of energy loss for the
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and dotted lines indicate the limits of equal excitation energy division and thermal
equilibrium, respectiveley. All isotopes are included. The 505 MeV data is from

reference [BENS7].

161



[Tt

on 165H0, and the 629-MeV 74Ge on 165Ho systems) are plotted as a function of
energy loss in Figure V.14, The limits of equal division and thermal equilibrium
for each system are as indicated. There appears to be a direct dependence between
the bombarding energy and the magnitude of the PLF excitation energy fraction:
the higher the bombarding energy the larger the ratio of excitation energy stored in
the PLF.

V.E. Mass Dependence of Excitation Energy Ratio

Another feature of the excitation energy division in deep-inelastic reactions
is its apparent dependence on the exit channel. This correlation was observed for
the 505-MeV 6Fe + 165Ho system by Benton et al. [BENSS, 87, 88] and the 629-
MeV 74Ge + 165Ho system by Planeta et al. [PLA90]. Figures V.15-a and V.15-b
show the PLF excitation energy ratio obtained for the 505-MeV Fe + Ho system, as
a function of A'p  and A"py , for TKEL values between 100 MeV and 150 MeV.
The same type of plot is shown in Figure V.16-a and V.16-b for different TKEL
bins, for the 629-MeV Ge + Ho system. Figures V.15-a and V.16-a show that in
both systems the PLF is hotter than the TLF for pickup reactions (A'pp p> A of
projectile) at low energy damping. The opposite is true for stripping reactions
(A'pLF<A of projectile). The mass dependence is weaker at higher dissipation
energies. The dependence of the E* py /E" 1y on the primary PLF mass (A'py ) is
also observed for the present data of the 672-MeV Fe + Ho system, but to a lesser
degree, as shown in Figures ITL15, and IT1.17 of Chapter III. The results of the 629-
MeV 74Ge on 165Ho system (Figure V.16-a) show that the correlation between
primary fragment mass and excitation energy sharing
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Figure V.14 The PLF excitation energy ratio as a function of energy loss for the
505-MeV (crosses) and 672-MeV (circles) 3Fe on 165Ho, the 476-MeV 3SFc on
238y (squares), and the 629-MeV 74Ge on 165H0 (diamonds) reactions . All
isotopes are included. The 476-MeV 6Fe on 238U data is from reference
[VAN84], the 505-MeV 36Fe on 165Ho data from reference [BEN87], and the 629-
MeV 74Ge on 165Ho from reference [KWI90]. The equal excitation encrgy
division limit is indicated by the solid line. The thermal equilibrium limit is

indicated by the dashed line for Ge + Ho, the dotted line for Fe + Ho, and the dot-
dashed line for Fe + U.
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decreases with increasing energy loss. No such energy sharing is noticeable in the
672-MeV 56Fe on 165Ho system.

Figures V.15-b and V.16-b show that the correlation of the E*PLF’E*TOT
ratio with the post-evaporation mass .s weaker than its correlation with the pre-
evaporation mass, and has a different character. In the case of the Fe + Ho system,
the E*FLF/E*TOT centroids associated with larger post-evaporative masses are
smaller than those associated with smaller post-evaporative masses for the 100-150
MeV TKEL bin. This can be explained by the fact that the larger secondary masses
are produced by primary fragments with smaller excitation energies, and therefore,
lost only a small amount of mass by evaporation.

Similarly, the smaller secondary masses are associated with larger excitation
energies. Therefore, for a constant total excitation energy, E"I’OT* a smaller ratio is
obtained for large secondary masses, and a larger ratio is obtained for small
secondary masses. However, while this reasoning is always valid for cases of
primary distributions with no net drift, it has to be applied more carefuly when
dealing with distributions with strong positive or negative drifts. The same
behavior of the E*p; o/E* 1y ratio as a function of A"py is observed in the Ge +
Ho system for TKEL values smaller than ~100 MeV. The deperdence of
E*PLP/E*TOT on A"p i decreases considerably with increasing energy loss. This is
consistent with the decrease in its dependence on A'p 5. Plots of E*p /E'rgr asa

function of A"p; z for inclusive events, and for events gated on TKEL, displayed in

Figures I11.16 and II1.18, respectively, show that the same trend is followed by the
products of the 672-MeV Fe + Ho reaction.
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V.F Monte Carlo Simulations

The dependence of the excitation energy division on the direction of
transfers seems to support the assumption of energy dissipation by nucleon
exchange. However, it was suggested by Tdke et al. [TOK89] that such a strong
correlation cannot be fully attributed to physical phenomena and th.at systematic
errors and instrumental effects contribute to the mass dependence. To investigate
the sensitivity of the E*py o/E* 1 centroids to these effects, Monte Carlo
simulations of the experiment for the 505- MeV 6Fe + 165Ho reaction [BENSS, 87,
88] were performed by Toke et al. [TOK89, 90, 91]. The results of the simulation
obtained are compared to the reported experimental data [BENS8S, 87, 88] in Figure
~ V.17, where the E*p o/E* 57 centroids are plotted as a function of the pre-
evaporation mass. A very good agreement between the experimental data
and the Monte Carlo results is observed. Since the Monte Carlo calculations are
obtained after analysis of simulated events starting with a mass-independent
division of the excitation energy, it could be implied that the kinematic coincidence
technique is responsible for the correlations between fragment mass and excitation
energy. This was thought to be especially due to the finite mass resolutions of the
detected fragments [TOK89].

Monte Carlo simulations were also used by Kwiatkowski et al. [KWI90] in
the study of the 629-MeV 74Ge+ 165Ho system. The results of this study, shown in
Figure V.18, confirm the correlation between the excitation energy division anﬂ the
fragment mass. They show, however, that some of the dependence is due to recoil
effects from light particle evaporation and to finite TLF angle resolution.

Similar Monte Carlo simulations based on reference [KWI90] were used to

model the 672-MeV 6Fe + 165H experiment that is analyzed in the present work.
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74Ge + 165Ho at 629 MeV
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The parameters that define the reaction, such as mass and charge of the projectile
and target, the laboratory bombarding energy, and the detector angular
acceptances, were used as inputs to the Monte Carlo code. Other inputs related to
the instrumentation are the experimental resolutions in PLF mass and charge,
estimated to be 1.3 and 0.3, respectively, and the resolution in the TLF angle (2.5°)
and PLF angle (0.5°). These are introduced in the code to reproduce as closely as
possible the experimental setup.

The first step in the Monte Carlo simulation procedure is the generation of
primary nuclide distributions (in the N-Z plane in this case) that would describe the
primary distribution of projectile-like fragments emitted in the reaction in question.
The characteristic centroids and widths of the primary PLF distributions obtained
"experimentally" by the kinematic reconstruction technique were employed to
generate the "simulated” primary N-Z distributions. This ensures that the measured
events are reproduced by the "simulated" secondary events before the kinematic
reconstruction. A further comparison of real and simulated data would otherwise
be meaningless. The direction of the pre-evaporated fragments emitted in the

reaction was described by a center-of-mass angular' distribution

do 1
—0C 6
dQ  sinBgy, V-

The secondary nuclide distributions, equivalent to those measured
experimentally were obtained by subjecting the primary distributions to
evaporation corrections using results from PACE IL At this point, it was necessary
to make assumptions about the excitation energy of the PLF, since it is t1>quired as

an input to PACE II. Two different hypotheses were investigated: a sharing of the

he primary PLF mass, where the average value of

5‘] A il L - ye sewe w -
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the E*py p/E 1o ratio obtained experimentally (~ SO %) was used, and a mass
dependent division based on the experimental results.

The recoil effects due to particle evaporation from the emitted fragments
were taken into account and the distribution of the recoil velocities was simulated
by a Maxwellian formulation [STE88]. The mass and charge resolution of the
secondary PLF, as well as the velocity vectors of the secondary PLF and TLF, were
randomized to reproduce the finite mass, charge and angular resolutions that are
* measured experimentally.

The secondary distributions that were obtained were characterized by the
same parameters as the experimental distributions: PLF mass, charge, kinetic
energy and angle, and TLF angle. The simulated data were then analyzed in a way
identical to the analysis of the experimental events, and the PLF excitation energy
ratios that were determined from these calculations, were compared to the
experimental results.

Before proceeding to a comparison of the experimental E*py o/E*1 o ratios
to the values obtained from the simulation, it is necessary to verify that the
experimental nuclide distribution are reproduced by the Monte Carlo procedure.
The centroids and variances of the secondary N and Z distributions obtained with
the simulated data are compared to those of experimental distributions in Figures
V.19 and V.20, respectively. The centroids are well reproduced by the simulation.
However, the variances for the simulated events are higher than the experimental
ones. A similar comparison is made between the centroids and variances of the
simulated reconstructed primary and the experimental reconstructed primary in
Figures V.21 and V.22. Both centroids and variances show a fairly good agreement

between simulated events and real data. The differences in the
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Figure V.19 The experimental <N> and <Z> values for secondary distributions,
compared to the results of a Monte Carlo simulation (soild line), for the 672-MeV
56Fe on 165Ho system.
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Figure V.21 The experimental <N> and <Z> values for primary distributions
obtained with kinematical reconstruction, compared to the results of a Monte Carlo
simulation (solid line), for the 672-MeV 36Fe on !65Ho system.
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obtained with kinematical reconstruction, compared to the results of a Monte Carlo
simulation (solid line).
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secondary variances may be attributed to the random nature of the Pace II code
which was used for evaporation corrections in two steps of the simulation.

The E*py /E* 7 centroids were determined by one-dimensional Gaussian
fits and by moment analysis. Both methods yielded similar values of E*PLF/E*TOT'
The PLF excitation energy ratio determined experimentally for the 672-MeV 3Fe
+ 165Ho system is compared to the results of the Monte Carlo simulation in Figure
V.23, for three selective bins of TKEL. The two assumptions of the division of
excitation energy are shown by the dotted line for the assumptiocn of mass-invariant
division, and by the experimental data points for the assumption of mass-dependent
division. The results obtained after applying the kinematic reconstruction in the
case of mass-invariant division, are shown by the solid line. The results from the
case of mass-dependent division are shown by the dashed line. In the case where a
mass-independent division was assumed, the deviation from the initial
E'p #/E'ror value increases with increasing TKEL. This behavior is not observed
for the case of mass-dependent division, where only a slight shift from the initial
values of E*p; o/E* 1o is observed. The E*p; o/E" iy ratios obtained with this
latter case reproduce the experimental data better than do
the E*PLF/E*TOT ratios obtained with the mass-independent assumption. This
indicates that the correlation observed between the excitation energy sharing and
the exit channel is not entirely due to instrumental effects. This is qualitatively
consistent with the re-analysis of the 629-MeV 74Ge + 165Ho system by Toke et al.
[TOK90], where it was confirmed that some of the correlation between excitation
energy division and primary fragment mass was indeed physical.

However, there are still disagreements about the magnitude of this correlation.

The effects of instrumental uncertainties on the E*py o/E” 1y ratios were

further investigated by performing the Monte Carlo simulations of the 672-MeV
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Figure V.23 The observed correlation between the PLF excitation energy ratio and
the primary fragment mass (circles), compared to the results of a Monte Carlo
simulation, for the reaction >6Fe on 165Ho at 672 MeV. The solid line indicates
simulation results based on a mass-independent partition of the excitation energy
(dotted line). The dashed line is the result of the simulation with a mass-dependent
division of the excitation energy (average behavior of the data). The dotted line
indicates the limit of excitation energy equipartion.

177



56Fe on 165Ho reaction with different values for the input parameters. The mass
independent excitation energy division assumption was used since a more drastic
shift was exhibited by the E*PLIJE"POT when the simulation was ran with this
assumption. The finite TLF angle resolution, which was observed in the data of
two Fe + Ho systems and the Ge + Ho system, was thought to contribute
significantly to the mass correlation effects on the excitation energy division. To
test this hypothesis, the Monte Carlo simulation was performed with the angular
resolutions ABp; - and Adypy - set to 0.5 while the remaining input parameters were
left unchanged. Two other parameters that are likely to introduce uncertainties in
the determination of E*py o/E "1y are the charge (Z) and mass (A) resolutions of
the detected PLF's. Therefore, the simulation procedure was also run with both A
and Z resolutions set to 0.2 units of mass and charge, keeping the remaining
parameters at their experimental values.

The E*p o/E* 1o ratios obtained with the new TLF angle resolution are
compared to the values obtained with the experimental TLF angle resolution in

Figure V.24, where E*p; /E 1y is plotted versus A'py - for three different ranges

of TKEL. One noticeable change is observed for the low TKEL bin (40-80 MeV),
where the E‘Pu"E-'mT ratio obtained with the 0.5° resolution (dashed

line) is closer to the initial assumption than the result with the 2.5° resolution,
(dotted line), especially for A'py < 58. A small shift is also observed at high
TKEL (250-300 MeV bin), where the E*py o/E* 1o ratio in the 0.5° case is closer
to 50% for high A'py i (>58). No variation of E*py o/E 1oy is observed for the
intermediate values of TKEL (160-200 Mev bin). The same type of plot is shown
in Figure V. 25 for the case changing the Z and A resolutions. No sizable variation

is observed at all values of TKEL. Thus, it appears that A and Z resolutions have no
effect on the determination of E*py i/E* 1y, while TLF angle
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Figure V.24 The PLF excitation energy ratio predicted by a Monte Carlo
simulation as a function of primary PLF mass, for the reaction 36Fe on 163Ho at
672 MeV. The solid line is obtained with the angular resolution set to the
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Figure V.25 The PLF excitation energy ratio predicted by a Monte Carlo
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excitation energy equipartion.
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resolution introduces a slight correlation between E*py o/E* 1o and A'p 1.
However, a problem still remains, since the mass independent excitation energy
division configuration that was used in the sirnulation program could not be
reproduced after kinematic reconstruction.

A reanalysis of the 629-MeV 74Ge + 165Ho data was performed by Planeta
et al [TOK91] with a method that does not require an exact knowledge of the
experimental resolutions. In this new analysis, the correlation between excitation
energy division and mass transfer were studied by plotting the average evaporated
mass <A'p; g -A"p > versus the measured post-evaporation mass for different
bins of energy loss. The presence of a correlation between excitation energy
division and primary PLF mass was confirmed. However, this study also showed
that finite resolutions were responsible for the quasi parabolic dependence of the
average evaporated mass on the measured post-evaporation mass of the PLF
[TOK91]. A more detailed examination of the different steps of the Monte Carlo

simulation, the kinematic reconstruction step in particular, should be considered.

V.G Nuclear Temperature

One of the questions addressed in the study of deep-inelastic heavy-ion
reactions is whether the reaction fragments reach thermal equilibrium before they
separate into a PLF and a TLF. The nuclear temperature of each fragment, as
obtained by kinematical reconstruction is plotted as a function of energy loss in
Figure V.26. The numerical results can also be found in Tables A.14, and A.15.
Both temperatures increase with increasing TKEL and a steeper slope is observed
below 100 MeV of TKEL. The temperature of the PLF exceeds that of the TLF at

all values of the energy loss, indicating that thermal equilibrium has not been .
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Figure V.26 Nuclear temperature of the projectile-like and target-like fragments as
a function of energy loss, for the reaction 3Fe on 165Ho at 672 MeV. The arrow
indicates the limit imposed by the spherical Coulomb barrier.
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established between the two fragments. This can also be seen in Figure V.27,
where the ratio, Tp; ¢/yy p» Of the PLF temperature to the TLF temperature is
displayed as a function of TKEL. Figure V.27 shows that the system evolves
towards a lesser temperature gradient between the two fragments. However, it is
still far from reaching equilibrium.

The study of the 505-MeV 56Fe + 165H, reaction by Benton et al. [BEN
85, 88] showed the same qualitative behavior for the temperature ratio. However,
the lower bombarding energy system was closer to the limit of equal température
than is the present system. This could imply that the interaction time of the higher
bombarding energy system, which is characterized by a higher relative velocity, is

not sufficiently long to allow thermalization.

V.H Comparison Between Results with Kinematic Reconstruction and

Neutron Evaporation Correction.

This section presents a correlation between the results of the two types of
analysis conducted in the present work on the data of the 672-MeV 56Fe on 165Ho
system. The primary mass and charge distributions that were obtained by using the
kinematic coincidence technique are compared to the primary distributions
obtained by applying neutron evaporation corrections to the measured secondary
distributions. The function describing the average behavior of the experimental
E*PLP/E*TOT ratio in terms of primary PLF mass was used to determine the PLF
excitation energy when performing the neutron evaporation corrections.

The centroids and variances obtained with the two methods are summarized
in Tables A.16 through A.19 and are displayed as a function of TKEL in Figures V.

28 and V.29. The results are represented by diamonds for the kinematic
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Figure V.27 Ratio of the nuclear temperature of the projectile-like and iarget-like
fragments as a function of energy loss, for the reaction 35Fe on 165Ho at 672 McV.
The arrow indicates the limit imposed by the spherical Coulomb barrier.
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reconstruction method, and by circles for the evaporation correction method.

The N and Z centroids and the <N>/<Z> ratio obtained with the two
different procedures are in agreement as shown in Figure V.28. The agrrement in
the <Z> values is consistent with the assumption that charge evaporation from the
PLF is negligible for the 672-MeV 36Fe + 165Ho system. Such result can be
expected since the N/Z ratio of the PLF's produced in this reaction vary between
1.15 and 1.38 and charge evaporation becomes less important with increasing N/Z
ratio.

The variances 022 from the two techniques are in a fairly good agreement
at all values of TKEL. A difference is observed for the O‘N2 variances, those
obtained with the evaporation correction method are higher for TKEL values close
to the limit of the spherical entrance channel Coulomb barrier (312 MeV).

This result is not surprising, since in the evaporation correction method only
neutron evaporation was taken into account. In addition, in this method the mass
evaporated from the PLF was evaluated by determining the average functional
dependence of AA on an assumed E°py p: as described in Section ILD.2, and the
proton evaporation that may occur in regions of low N/Z ratios is unaccounted for.
In the kinematic reconstruction method AA is evaluated exactly from experimental
measurements, and AZ and the PLF excitation.were determined by the iterative
procedure described in Section II.D.3. This latter method is more sensitive to the
details of the distribution, such as long tails, and thus gives larger variances. The

factor pj7 obtained with the evaporation correction method suggests a tendency

towards a correlation between proton and neutron exchange. However, the

kinematics reconstruction method results in Py values close to zero: this would

mean that there is almost no dependence between proton and neutron exchange. It
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Figure V.28 The <N>, <Z>, and <N>/<Z> values for experimental primary
distributions, for the reaction 36Fe on 165Ho at 672 MeV. The diamonds indicate
results obtained with the kinematical reconstruction method. The circles indicate
the results of applying neutron evaporation corrections to the secondary
distributions. The N/Z ratio of the projectile (dotted line) and the composite systcm
(dot-dashed line) are indicated. The arrow shows the limit of energy loss imposed
by the spherical entrance channel Coulomb barrier.
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experimental primary distributions, for the reaction 36Fe on 165Ho at 672 MeV.
The diamonds indicate results obtained with the kinematical reconstruction method.
The circles indicate the results of applying neutron evaporation corrections to the
secondary distributions. '
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is worthwhile to point out that the nucleon exchange models of Randrup and

Tassan-Got predict a gradual increase of Py, with increasing energy loss.
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CHAPTER VI SUMMARY AND CONCLUSIONS

Two aspects of heavy-ion reactions in the deep-inelastic region have been
studied for the reaction 6Fe + 165Ho at 12 MeV/u: the evolution of the nuclide
distributions of as a function of kinetic energy loss, and the division of excitation
energy between the reaction fragments. A simultaneous detection of the
projectile-like and target-like fragments was used to obtain information about the
pre-evaporation reaction products’ mass and excitation energies.

The centroids, variances and correlation factor of the mass and charge
distributions of the projectile-like fragments were determined with the method of
moment analysis, and their evolution as a function of total kinetic energy loss was
described. A gradual decrease of the experimental N and Z centroids with
increasing energy loss was observed. The determination of the primary
distributions, by applying neutron evaporation corrections to the secondary
distributions, showed that the drift in <N> is due to light particle evaporation, while
the drift in <Z> is a consequence of the deep-inelastic mechanism. The result is the
formation of neutron-rich nuclei with N/Z ratios approaching the N/Z ratio of the
composite system (1.38). This behavior is indicative of charge equilibration
between the two reaction fragments. Another consequence of a decrease in the
primary charge along with a small increase in primary neutron number is a slight
drift of the Fe + Ho system towards mass asymmetry. This negative drift is
opposite to the direction that would minimize the potential energy of the system
and drive it towards mass symmetry.

The predictions of two nucleon exchange models, Randrup's model and

Tassan-Got' model, were compared to the experimental data of Fe-induced
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reactions. Both models succeeded in reproducing the experimental N and Z
centroids, and the N/Z ratio for the 672-MeV 6Fe on 165Ho system. Significant
differences between the predictions of the two models were observed for the 505-
MeV 36Fe on 165Ho system and the 840-MeV 36Fe on 238U system. Tassan-Got's
model reproduced the centroids quite well while Randrup's model overpredicted
both the N and Z centroids. It is interesting to point out that the N/Z ratio was
equally well reproduced by both models, for all the systems studied here, despite
their differences in the prediction of the individual N and Z centroids. An
examination of the primary distributions obtained from the two inodels showed that
the means to charge equilibration is by driving the system to mass symmetry in
Randrup's model, and to mass asymmetry in Tassan-Got's model. This could
explain why Tassan-Got's model reproduces the experimental results for systems
where a greater mass asymmetry was observed, better than for systems with weaker
drifts towards mass asymmetry.

The drive towards symmetry predicted by Randrup's model is attributed
by Tassan-Got to the presence of a kinetic term in Randrup's formulation of the
Lagrangian of the system. A similar reasoning holds for the potential energy
surface which also contains a kinetic term (due to the centrifugal force). In
Randrup's formulation of the Lagrangian, the two fragments are considered as one
entity; this is equivalent to assuming that the two nuclei have lost their individual
characteristics. However, this is true only at long interaction times. Conversely,
the interacting nuclei are treated as separate entities in Tassan-Got's model, even
at the long interaction times when the two fragments are no longer
distinguishable. Therefore, a model which would describe the collision with
Tassan-Got's theory at short interaction times, and Randrup's theory at longer

interaction times would be an interesting option to consider.
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An increase of the experimental charge and neutron variances (022 and
op2) with increasing energy loss was observed for the 672-MeV 36Fe + 165Ho
system. This, in addition to the linear dependence between the square root of the
available kinetic energy above the Coulomb barrier and ¢ Az, confirms the role of
nucleon exchange in energy dissipation. The variances and the correlation factor
are equally well reproduced by both nucleon exchange models for the asymmetric
systems studied. This seems to indicate that nucleon exchange could account for
most of the energy dissipation for the Fe-induced reactions studied here. The one
exception is the symmetric system 840-MeV 36Fe + 5SFe, where both models
underpredicted O'N2 and 022 values. The study of Cl-induced reactions by
Marchetti et al. [MAR91, 92] also showed that both Tassan-Got's model and
Randrup's model underpredict the charge and neutron variances, especially for the
nearly symmetric systems 3/Cl +40Ca. Therefore, another point that should be
considered in developing models that describe energy dissipation in deep-inelastic
mechanisms, is the role of other modes of energy dissipation, such as collective
modes of excitation, and perhaps the role of fast fission at long interaction times.

The binary character of deep-inelastic collisions was used for a kinematic
reconstruction of the primary reaction, and the determination of the primary mass
of the PLF was then used with the statistical evaporation code for excitation
energy determination. The fraction of excitation energy stored in the projectile-
like fragment was found to exceed 50% at low energy loss, and to decrease with
increasing energy loss, but without ever reaching thermal equilibrium. The same

qualitative behavior of E*PLF,E*'IOT with energy loss was featured by other

systems studied with the kinematic coincidence method [BEN 85, 87, 88,
KWI90]. However, much larger E"'Pu,/E*mT values were obtained for the 672-

MeV 6Fe on 165Ho system. This is reflected in the high nuclear temperatures
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(up to 4 MeV) that were attained by the projectile-like fragments. The large PLF
excitation energy ratios obtained for the 672-MeV 6Fe on 165Ho system are
attributed to its higher bombarding energy.

A small correlation between the PLF excitation energy ratio,
E*PUJE*TOT’ and the reaction exit channel was observed. A larger portion of
excitation energy is stored in the acceptor nucleus than in the donor nucleus. A
stronger dependence of the excitation energy division on the primary reaction was
observed for the 505-MeV 36Fe on 165Ho and the 629-MeV 74Ge on 165Ho
systems [BENSS, 88, KWI90] than for the 672-MeV 36Fe on 165Ho system.
Monte Carlo simulations of the present experiment were performed to test the
dependence of the analysis results on instrumental effects. They confirmed the
existence of some correlation between the finite resolutions of the measured
parameters and the calculated physical quantities. However, a further
examination of the instrumental effects, by running the Monte Carlo simulation
with different values for the resolution of the experimental setup, showed only a
weak dependence of the simulation on the experimental parameters. A more
detailed examination of the different steps of the Monte Carlo simulation, the
kinematic reconstruction step in particular, should be considered.

The results of the two types of analysis performed on the data of the 672-
MeV 3Fe on 165Ho system are qualitatively consistent with the conclusion that
the stochastic exchange of nucleons is the major contributor to energy dissipation
in deep-inelastic reactions. Studies of heavy-ion reactions at intermediate
energies suggest that deep-inelastic processes still persist in this energy regime
[BORSS, 90, TAS 88,89], and that a binary character of the reaction still
dominates [LOT92]. Therefore, the study of the excitation energy division

between the fragments of heavy-ion reactions at intermediate bombarding
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energies could be a useful tool to explore the transition between deep-inelastic
mechanisms towards other mechanisms associated with intermediate energy

heavy-ion reactions, such as multifragmentation.
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APPENDIX A

Table A.1 The secondary centroids <N> and <Z> for the 56Fe + 165Ho reaction at
672-MeV. The energy loss scale TKEL has been corrected for evaporation
assuming equal excitation energy division between the reaction fragments.

TKEL (MeV) <Z> <N>
5 25.98 + 041 29.80 + 0.45
15 2591 = 0.85 29.93 + 0.94
25 25.74 £ 131 29.83 + 1.46
35 25.54 + 147 29.87 * 1.66
45 2548 + 1.63 29.78 + 1.84
55 25.25 £ 1.69 29.67 = 191
65 25.24 + 1.74 29.87 + 1.98
75 25.00 £ 1.69 29.61 £ 1.93
85 24.88 = 1.70 29.53 + 1.94
95 2473 £ 1.79 29.60 + 2.06
110 24.56 + 1.36 29.08 £ 1.55
130 24.17 £ 1.36 28.54 + 1.54
150 23.81 £ 1.36 2795 + 1.53
170 23.57 £ 1.32 2740 £ 147
190 2330 £ 1.24 27.14 + 1.38
210 2297 £ 1.24 26.63 + 1.38
230 2283 = 1.16 26.35 + 1.28
260 22.26 + 0.85 25.76 + 0.94
300 21.87 £ 0.83 25.38 + 0.93
340 21.39 £+ (.84 24.88 + 0.94
380 20.38 + 0.84 23.17 £ 091
420 18.86 + 0.89 20.52 + 0.93
460 16.71 + 1.34 16.21 + 1.24

m
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Table A.2 The variances 6,2 and )2, and correlation factor py, for the
secondary PLF distributions obtained with the reaction 56Fe + 165Ho at 672 MeV.
The energy loss, TKEL, has been corrected for evaporation assuming equipartition
of the excitation energy between the projectile-like and the target-like fragments.

TKEL (MeV) 0,2 oN? Pz

5 0.032 £ 0.017 0.387 £ 0.026 -0.325 + 0.087
15 0.095 £ 0.041 0.748 £+ 0.080 -0.074 £ 0.043
25 0.288 + 0.083 1.316 £ 0.167 0.043 £ 0.051
35 0.504 £ 0.104 1.551 £ 0.211 0.172 £ 0.064
45 0479+ 0.113 1.644 £ 0.246 0.287 + 0.081
55 0.691 = 0.143 2.200 £ 0.323 0.376 £ 0.088
65 0.803+ 0.154 2.436 £ 0.350 - 0.308+ 0.089
75 0.938 £ 0.162 2.268 + 0.318 " 0.433% 0.082
85 1.020 £ 0.180 2.845 + 0.368 0.573 £ 0.105
95 1.416 £ 0.265 3.068 + 0.442 0.534 0.110
110 1.574 £ 0.196 3.608 + 0.380 0.553 + 0.076
130 2.021+ 0.233 4394 + 0.484 0.647 £ 0.089
150 2064 0.244 5.070 £ 0.558 0.667 £ 0.091
170 2.262 t 0.246 4.391 + 0.466 0.692 + 0.087
190 2.184 £ 0.235 5.449 £ 0.561 0.739 £+ 0.091
210 2.529 £ 0.265 6.649 £ 0.649 0.760 £ 0.092
230 2.593+ 0.276 8.242 + 0.755 0.803 + 0.096
260 2.677% 0.213 9.990 + 0.664 0.825 + 0.071
300 3.725 + 0.287 13.90 £ 0.886 0.073 + 0.870
340 4.408 £ 0.326 17.77 £ 0.896 0.070x 1.090
380 4.153 £ 0.279 15.90 + 0.890 0.069 £ 1.040
420 2.834 + 0.240 9.820 £ 0.782 0.818+ 0.078
460 1.649 + 0.258 6.293 + 0.827 0.795 % 0.126

B e e e ]
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Table A.3 The centroids <N> and <Z> for the reaction 56Fe + 165Ho
at 672 MeV. The energy loss scale, TKEL, has been corrected for
evaporation assuming thermal equilibrium between the projectile-like
and the target-like fragments.

TKEL (MeV) <Z> <N>
5 2597 £ 040  29.80 + 0.44
15 2591+ 086 2992 + 0.96
25 2568 + 132 29.85 + 1.48
35 2551+ 145  29.85 + 1.64
45 2543+ 1.64 2978 + 1.85
55 2526 + 1.64  29.64 + 1.86
65 25.17 + 1.63  29.85 + 1.86
75 2489+ 1.63  29.55 + 1.87
85 2474+ 168  29.53 + 1.93
95 2468 + 175 2921 + 1.9

110 2430+ 133 2883 £ 1.52
130 2403 + 129 2826 + 1.46
150 2365+ 128  27.59 + 143
170 2332+ 1.17  27.12 £ 1.30
190 2296+ 1.18  26.59 + 1.32
210 2282+ 111 2635 + 1.23
210 2237+ 1.13 2591 + 1.26
260 2191+ 079 2526 + 0.88
300 2152+ 079  25.00 * 0.88
340 2066 £ 079  23.73 + 0.88
380 1903 + 085  20.85 + 0.89
420 1657 £ 130 1597 + 1.20
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Table A.4 The secondary variances 6z2 and oNZ and the correlation factor py
for the reaction 6Fe +165Ho at 672 MeV. The energy loss scale has been
corrected for evaporation assuming thermal equilibrium between the PLF and the
TLF.

TKEL (MeV) oz2 ON2 PNZ
S 0.033 + 0.017 0.393 = 0.026 -0.316 £ 0.082
15 0.105 * 0.042 0.781 £ 0.083 -0.057 £ 0.040
25 0.327 % 0.085 1.412 £ 0.177 0.000 £ 0.048
35 0.529 * 0.104 1.558 £ 0.206 0.251 = 0.066
45 0.484 +£0.113 1.700 £ 0.257 0.264 £+ 0.083
55 0.688 + 0.138 2.265 £ 0326 0.352 + 0.082
65 0.894 + 0.155 2482 + 0.338 0.347 £ 0.082
75 1.001 + 0.168 2740 £ 0.330 0.552 £+ €.093
85 1.330 £ 0.240 2993 = 0.406 0.554 + 0.106
95 1.339 + 0.219 3.766 £ 0.516 0.552 + 0.100
110 1.718 £ 0.208 3.662 = 0.386 0.602 = 0.082
130 2.233 £ 0.237 4838 £ 0.507 0.648 £ 0.082
150 2.147 £ 0.230 4813 + 0477 0.691 £ 0.084
170 2.176 * 0.221 5.282 + 0.518 0.736 £ 0.086
190 2.393 £ 0.231 6.225 = 0.585 0.750 £+ 0.084 °
210 2.658 * 0.274 8.170 £ 0.714 0.791 = 0.092

230 2.723 £ 0.294 9.908 + 0.883 0.825 £ 0.097
260 3.291 £ 0.247 1230 + 0.872 0.070 = 0.075
300 4.601 * 0.320 18.230 = 0.902 0.067 £ 1.052
340 4.618 * 0.296 18.000 £ 0.904 0.067 = 1.119
380 3.242 £ 0.251 11.186 + 0.840 0.075 £ 0.833
420 1.924 + 0.283 7.890 + 0.953 0.824 + 0.122
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Table A. 5 The <N> centroids of the primary distributions with the assumptions of
even excitation energy partition and thermal equilibrium between the reaction
fragments, for the reaction 56Fe + 165Ho at 672 MeV.

Even E* Division Thermal equilibrium

TKEL (MeV) <N> <N>
5 29.69 0.17 29.69+ 0.17
15 30.02 = 0.37 3007 0.37
25 3042+ 049 30.26 = 0.48
35 30.77 £ 0.53 3041+ 0.52
45 31.05+ ¢.56 3048+ 0.56
55 31.19% 0.62 30441 0.60
65 3143+ 0.67 3044+ 0.64
75 31.58 £ 0.70 3045+ 0.66
85 31.87% 0.72 3051+ 0.69
95 3205+ 0.78 3048+ 0.73
110 3235+ 0.60 3040+ 0.55
130 32.67 £ 0.66 30.32+ 0.62
150 33.16+ 0.73 30.27+ Q.65
170 33.28+ 0.79 2098+ 0.71
190 33.58+ 0.86 29.78+ 0.78
210 3398 £ 0.95 2964+ 0.82
230 34.27% 1.10 29.19+ 0.88
260 3500+ 0.87 29.11+ 0.7z
300 36.16 £ 0.98 29.09+ 0.83
340 3688t 1.15 2725+ 0.86
380 35.06 = 1.30 23.30+ G.90
420 3269+ 1.55 1841+ 1.36
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Table A.6 The excitation energy of the projectile-like fragment as a function
of energy loss for inclusive isotopes, for the reaction 56Fe on 165Ho at 672
MeV.

TKEL (MeV) E’prp MeV)
30 1415  0.59
50 2734 + 1.06
70 34.12 + 141
9 4478 + 1.39
110 5280 + 1.65
130 6270 + 2.12
150 6491 + 2.07
170 76.16 + 2.60
190 7683 + 3.83
210 91.19 + 4.28
230 9299 % 5.05
260 93.06 +15.79
300 80.43 % 5.63
340 67.85 + 6.17
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Table A.7 The ratio of excitation energy stored in the projectile-like fragment as a
function of energy loss for inclusive isotopes, for the reaction 36Fe on 195Ho at
672 MeV.

TKEL (MeV) E*pLEE"TOT
70 73.00 £ 3.10
90 7270 £ 245
110 6290 £ 2.04
130 62.50 £ 1.10
150 5840 + 1.50
170 5570 £ 1.71
190 52.10 £ 2.21
210 51.30 £ 3.58
230 53.60 £ 2.69
250 5240 + 2.31
290 40.80 £ 3.57
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Table A.8 The average amount of mass evaporated from the
ggojectile-like fragment as a function of energy loss, for the reaction
Fe on 165Ho at 672 MeV.

TKEL (MeV) AA
50 2.09 £ 0.06
70 2.87+0.13
90 3.87+0.14
110 4.56 0.06
130 547+0.11
150 6.34+0.15
170 7.0740.17
190 8.30+0.29
210 9.46 % 0.26
230 10.28 +0.28
250 11.66 +0.48
270 9.94 1 0.62
290 9.47 +0.65
310 9.84 40.30
330 7.71£0.73
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Table A.10 The excitation energy stored in the projectile-like fragment as a
function of the primary mass of the PLF for inclusive energy loss, for the
reaction S9Fe on 165Ho at 672 MeV.

TKEL (MeV) E'pLEE*TOT
42 14.41£4.07
44 17.63+2.80
46 25.73+2.67
48 33.56 +£2.55
50 39.9512.05
52 47.6111.99
54 51.24+1.72
56 53.8611.55
58 60.62+2.17
60 61.07 +2.74
62 61.18+3.91
64 67.4215.33
66 68.3216.75

68 7276 £8.72
m
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Table A.11 The ratio of excitation energy in the projectile-like fragment as a
function of its secondary mass (A" p; g) for inclusive energy loss, for the
reaction 9Fe on 165Ho at 672 MeV.

A'pLE E*pLEE'TOT
42 53.55 £ 3.32
44 5594 £ 290
46 58.87 £+ 261
48 57.11 £ 225
50 52.11 £ 2.10
52 5229 + 2.29
54 5349 £+ 2.08
56 50.86 £ 1.88
58 4593 + 3.39
60 38.57 £ 5.03
62 35,00 £ 9.25
64 3227 + 11.27
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Table A.12 The ratio of excitation energy stored in the projectile-like
fragment as a function of its primary mass for three selective bins of energy
loss, for the reaction 36Fe on 165Ho at 672 MeV.

A'pLF E'pLRE*TOT E*pLFE'TOT E*pLFE'TOT

40 -80 MeV 160 -200 MeV 200-350 MeV

46 4188 + 5.11 '

47 4489.+ 2.33

48 4343 + 588 3438 + 3.57

49 36.57 £ 1490

50 3098 + 2.42 3488 + 223

51 40.69 £ 12.50 4202 £ 4.82

52 4755 + 2175 48.57 + 3.70 4091 + 2.49

53 3967 £+ 464 5266 £+ 2.13

54 53.02 £+ 8.26 48.51 + 2.58 3594 + 1.57

55 3352 + 4.13 5349 + 245

56 56.70 £ 5.05 5171 £ 5.79 4967 £ 245

57 5209 £+ 396 5395 + 5.12

58 5828 £+ 345 6798 + 3.96 57.13 £ 2.19

59 65.78 + 3.27 6180 + 3.39

60 65.72 £ 8.35 65.78 + 3.53 57.68 £ 3.55

62 6204 £ 124

64 65.77 £ 5.36

m

205



Table A.13 The ratio of excitation energy stored in the projectile-like
fragment as a function of its secondary mass for three selective bins of energy
loss, for the reaction 6Fe on 165Ho at 672 MeV.

A'p g E*pLFE'TOT E*'pLRE'TOT E*pLFE"TOT
40 -80 MeV 160 -200 MeV 250-350 MeV

40 3804+ 3.74
41 57.62t 841
42
43 50.09 £ 5.61 4460 + 10.41
44 5183 £ 5.18 5273 £ 5.23
45 61.25 + 8.12
46 6093 + 3.97 5048 + 7.78
47 5496 £ 3.4 4455 + 4.04
48 60.63 £ 343 4987 + 499
49 55.61 £ 3.73 5826 £+ 4.44
50 45.00 £ 5.69 4458 + 1.26
51 45.67 £ 197

52 5259 £ 3.53 4256 + 2.72
53 97.42 £ 14.85 41.80 + 1.82
54 69.50 £ 5.71
55 68.44 + 3.22
56 49.72 + 243
57 51.09 £ 230
58 46.87 + 3.25
59 41.57 £ 2.76
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Table A.14 The nuclear temperature of the projectile-like fragment as a
function of energy loss for inclusive isotopes, for the 35Fe on 165Ho
reaction at 672 MeV.

A'ij TpLF (MeV)
10 0.490 £ 0.020
30 1.580 £ 0.031
50 2070 £ 0.052
70 2.280 £ 0.067
90 2630 £ 0.071

110 2900 £ 0.060

130 3.120 £ 0.042

150 3230 £ 0.064

170 3370 £ 0.049

190 3.570 £ 0.076

210 3640 £ 0.094

230 3.770 £ 0.086

250 4.250 £ 0.320
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Table A.15 The nuclear temperature of the target-like fragment as a
function of energy loss for inclusive isotopes, for the 36Fe on 165Ho
reaction at 672 MeV.

TKEL (MeV) T1LF (MeV)
10 041 £+ 001
30 073+ 0.03
50 .02+ 003
70 125+ 0.04
90 133+ 0.03

110 153+ 0.03
130 1.68 £ 0.03
150 176 £ 0.03
170 196 +  0.04
190 201 £ 0.04
210 218 007
230 237+ 004
250 249 + 005

D I,
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Table A.16 The primary centroids <N> and <Z>. obtained with neutron
evaporation corrections assuming a mass-dependent division of the excitation
energy as described by the average behavior of the data, for the 56Fe + 165Ho
reaction at 672-MeV.

TKEL (MeV) <Z> <N>

5 2596 = 0.16 29.70 + 0.17
15 25.81 £ 0.40 30.03 £ 0.38
25 25.66 £ 043 30.40 £ 0.49
35 25.55 £ 047 30.76 £ 0.54
45 2541 £ 0.50 31.05 £ 0.58
55 25.26 = 0.53 31.19 = 0.63
65 25.14 £ 0.56 3143 = 0.68
75 25.03 + 0.58 31.65 £ 0.71
85 2492 + 0.60 3190 = 0.74
95 24.82 + 0.64 32.16 £ 0.80
110 2464 + 048 32.44 + 0.61
130 2441 = 0.53 3290 + 0.68
150 24.15 = 0.57 33.33 £ 0.76
170 24.04 £ 0.59 33.79 £ 0.81
190 23.70 £ 0.66 3398 + 091
210 23.32 £ 0.71 3399 = 1.00
230 23.10 = 0.80 3454 = 1.16
260 23.43 £ 0.66 34.19 £ 0.97
300 21.28 + 0.73 3262 £ 1.09
340 1993 £ 0.75 29.21 £ 1.10
380 18.61 + 0.74 25.20 £ 1.01
420 18.24 + 1.31 26.50 £ 1.96
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Table A.17 The variances 6,2 and 6)2, and correlation factor PNz, for the
primary PLF distributions obtained with the reaction 36Fe + 165Ho at 672 MeV.
Neutron evaporation corrections were performed with a mass-dependent
excitation energy division as described by the average behavior of the
experimental data

TKEL (MeV) 6,2 oN> PNz

5 0.040 £ 0.004 0.531 £ 0.007 -0.161 £ 0.008
15 0.153+£ 0.011 1.052+ 0.024 0.180+ 0.012
25 0.3321+ 0.019 1.701 £ 0.046 0.374 £ 0.018
35 0.500 £ 0.024 2.374 = 0.067 0.498 + 0.021
45 0.667 £ 0.030 3.076 £ 0.087 0.586 + 0.024
55 0.826 £ 0.036 3908+ 0.114 0.628 + 0.026
65 0.969 £ 0.042 43601 0.131 0.668 = 0.027
75 1.046 £ 0.046 5.020+ 0.156 0.696 £ 0.029
85 1.186 £ 0.051 5.767t 0.184 0.708 £ 0.030
95 1.349 £ 0.061 6.728 £ 0.227 0.754 £ 0.034
110 1.502 £ 0.048 7.762+ 0.197 0.767 £ 0.025
130 1.879 £ 0.062 10.115x 0.277 - 0.792 £ 0.027
150 2.066 £ 0.073 12.782+ 0.372 0.818+ 0.030
170 2.567 £ 0.086 15.500+ 0.476 0.824 £ 0.031
190 2.477 £ 0.094 18.741 £ 0.632 0.847 £ 0.036
210 2.8741 0.116 24.656 = 0.866 0.870 + 0.038
230 2.749 % 0.121 30.075+ 1.083 0.871 £ 0.041
260 2.830 % 0.101 38.520+ 1.087 0.890 £ 0.033
300 3.301+0.138 61.3371 2.041 0.926 + 0.040
340 4.061 £ 0.162 93.683+ 3.048 0.950 £ 0.040
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Table A.18 The primary centroids <N> and <Z> obtained by the kinematical
reconstruction method, for the 36Fe + 165Ho reaction at 672-MeV.

TKEL (MeV) <Z> <N>
10 25.74 £ 1.51 30.58 + 1.72
30 25.34 + 1.47 31.65 £ 1.76
50 25.08 + 1.39 31.18 + 1.67
70 24.67 = 1.38 30.72 £ 1.66
90 24.32 £ 1.30 30.50 £+ 1.57
110 2427 £ 1.21 30.82 + 1.48

130 2398 + 1.22 3097 + 1.51
150 23.85 £ 1.25 31.36 £ 1.59
170 23.64 £ 1.23 3197 £ 1.61
190 23.38 + 1.42 3344 £ 195
210 23.39 £ 1.36 34.12 + 191
230 23.17 £ 1.45 35.11 £ 2.13
250 22.74 £ 1.59 33.00 £ 2.23
270 22.68 + 1.68 3272 + 2.34
290 22.26 £ 1.32 3042 + 1.74
340 2235 £ 2.54 30.18 + 3.32
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Table A.19 The variances 6,2 and 62, and correlation factor pyr, for the

primary PLF distributions obtained by kinematical reconstruction in the reaction

56Fe + 165Ho at 672 MeV.

2

TKEL (MeV)  o©,2 oN PNz
10 0.087 £ 0.062 0.468 + 0.095 -0.418 % 0.172
30 0.471+ 0.109 2.561 + 0.325 -0.074 + 0.060
50 0.949  0.150 3.845+ 0.459 0.234+ 0.062
70 1.574  0.195 6.594+ 0.598 0.317% 0.058
90 2.085 + 0.229 8.277+ 0.763 0.180+ 0.057
110 2.647+ 0.290 8.652+ 0.810 0.208 + 0.058
130 2.898 + 0.288 8.790 0.705 0.114% 0.047
150 2.579+ 0270  11.080% 0.943 0.010+ 0.052
170 3.440 % 0.358 13.886 + 1.204 0.016 % 0.054
190 3218+ 0354 16979+ 1.13 0.051% 0.058
210 263110324  19.697+ 1.930 0.159 0.071
230 3.538+ 0436  28.240+ 2.382 0.154% 0.070
250 3.692+ 0473  33.379+ 3.093 0.141% 0.071
270 3.687+ 0493  31.130% 3.275 0.186% 0.074
290 3.620+ 0491  22.383+ 2.707 0.012% 0.077
310 3.678+ 0399  24.241+ 2.394 0.199 % 0.064
340 4386+ 0925  23.420+ 4.244 0.058 + 0.116
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