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Q ABSTRACT

Title of Dissertation: Mass And ChargeDisaibutions In Iron-Induced

• ReactionsAnd ExcitationEnergyDivision BetweenThe

FragmentsOf The Reaction56FeOn 165Ho At 672 MeV.

Q HouriaMadani,Doctor Of Philosophy,1993

Dissertationdirectedby: Alice C. Mignerey,Professorof Chemistry
Departmentof ChemistryandBiochemistry

O

Theprojectile-likeandtarget-likefragmentsproduc_bythe12-MeV/nucleon

• 56Fe+ 165Horeactionweredetectedin coincidence. The measuredparameterswere

themass, charge,kinetic energyand, scatteringangleof the projectile-likefragments,

andthe scatteringangle of thetarget-likefragments.The mass and charge

• distributionsof theprojectile-likefragmentswere generatedas a functionof energy

loss, andcharacterizedby theircentroids,variances,and correlationcoefficients.

The neutrondriftof themeasuredprojectile-likeproductsis mostly due to

• evaporativeprocesses,while thechargedriftis a resultof a net transferof protons

fromthe projectile-likefragmentto thetarget-likefragment. The resultis aweak drift

of the systemtowardsmass asymmetry,oppositeto the direction that minimizes the

• potentialenergyof the compositesystem. The increasein the varianceswith energy

loss is consistent with a nucleonexchange mechanismas a mean for energy

dissipation.
O
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Thepredictions of two nucleonexchange models are compared to the

experimental results of the 672-MEV56Fe + 165Horeaction and other Fe-induced O L

reactions.The fairlygood agreementbetweenthe experimentaland theoretical

variancesverifiesthe prevalenceof anucleonexchangemechanismin these reactions.
OL

Significantdifferencesbetween the two models in theirpredictionof the centroids are

a consequenceof their differentapproachesin simulatingthe deep-inelasticprocess.

A betteragreementwith the datawas observedwithTassan-Got'smodel thanwith

Randrup's model. •

The information from the coincidence measurement and two-body kinematics

areused to reconstructthe pre-evaporationmasses of the projectile-likeand target-like

fragments of the reaction. Statistical evaporation calculationsare used to translate Q

these masses into excitation energiesof the primaryfragments. The excitationenergy

division between the two fragmentsis then determinedas a functionof totalkinetic

energy loss and mass division. •

The ratio of excitationenergy stored in the projectile-likefragment decreases

with increasing energy loss, in qualitative agreementwith previousmeasurements.

However,higher ratios are observed for the 672-MEV 5fiFeon 165Hosystem and are •

attributedto the in_ bombardingenergy. Excitationenergypartition is

correlatedto the directionof nucleontransferfor selectiveenergy loss bins. Monte

Carlo simulationsof the experimentwere not conclusive in attributingthecorrelation •

to instrumentalresolution.
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CHAPTER I INTRODUCTION

O

The adventof heavy-ion (A __.4) beamsin the 1960's provideda new tool

for probingthe propertiesof the nucleusandthe nuclearforce. Descriptionsof the

• new heavy-ion inducednuclear reactionslend themselves to a macroscopic

approach,based on principlestraditionallyused in nuclearchemistry andstatistical

mechanics. In thisnew approach,the global propertiesof the interactingnuclei are

• studiedinstead of the microscopic propertiesof individual nucleons.

A collision between two heavy nuclei leads to different types of reactions

depending on the bombarding energyand the distancebetween 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 interactionradiusR, a

semi-classical approachcan be used to study thencecollisions.

• The types of heavy-ion reactionsthat occur at low bombardingenergies,

below the Fermienergy domain(-28 MeV/u) are illustratedin FigureI.1. The two

nuclei are approximatedby two rigidspheres interactingwith an impactparameter

• b, duringan interaction time t. However, becauseof the Coulombrepulsionthe

projectile does not always 'hit'the target,even if b is smaller than R. The projectile

is deflectedfrom its initial trajectorywith a deflection angle which depends on the

• impactparameter,the Coulomb energy, the center-of-massenergy,and the

interactionradius. When the interactionradiusR is equal to the distanceof closest

approachD, i.e., when the two ions barely touch,grazingtrajectoriesare obtained.

• The value of the impactparameteris then def'medas bgr At grazingtrajectories,

elastic scattering or direct reactionsmay occur. Direct collisions consist of one step

transferof one or a few nucleons fromone nucleus to the other. These interactions

• are characterized by a discrete change of angular momentum. Because of short

1
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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 (10"16to 10-20

sec) longer than those of direct reactions. An increased interpenetration of the two

Q 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, a) or gamma emission.

I 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 anintermediate 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 conf'Lrmedthe existence of this

collective mode of excitation [FRAS0, MIGS1].

• 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
Q
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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. @

I.A. Deep.Inelastic Reactions

e

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]. At low bombarding energies @

(a few MeV/u above the Coulomb barrier), the two reaction fragni-.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 de,ew

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 d2cy/df_dE, as a function of the PLF angle in the center- @

of-mass (0eta), 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

(Ogr ~ 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. @

4
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Thispattern 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 I (or the impact pararr.,eterb).

The L value for deep-inelastic reactions lies between an L,a.itvalue for •

fusion and a maximum angular momentum lmax corresponding to grazing

trajectories. As I decreases from Lmax the trajectories are more and more deflected

from the grazing values towards more for_,_:_dvalues and sometimes the system •

rotates past 0° and to negative angles. Experimentally, the detection system does

not distinguish between events _t positive or negative angles, therefore the patterns

seen experimentally are the posi;.ivepart of the plot shown in the top part of Figure t

1.3. The bottom part of Figure 1.3shows a schematic view of the evolution of the

aeflection 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 the outgoing

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

events to (Eem- Vc) MeV for fully dampedevents, where Eemis the initial center- Q

of-mass kinetic energy and Vc 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 "el_k" for these reactions. Tla_erefore,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-inelastlc reaction are,two examples of these

observables and are further discussed in _e next section.

O
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I. B Mass and Charge Distributions.

O
One of the characteristicfeaturesof deep-inelasticreactionsis memory of

theentrancechannel. This is interredfrom the mass and chargedistributionsof 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 Q

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 I_N2 (I_A2)and
O

t3Z2and the correlation factor PNZ(PAZ)- 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
Q

evidence whether nucleon transfer alone can account for ali 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
O

satisfactorily answered.

Another point to be elucidated is the strong drift towards mass asymmetry

that is observed in many asymmetric systems. Such ,_drift is not expected since it
qP

is contrary to the direction that minimizes the potential energy surface (PES) of the

composite system. Ambiguous conclusionswere drawn from results of

experiments performed on difterent systems. The study of the 887-MEV58Ni on
O

197Au by Awes et al. [AWE84] resulted in an agreement

8
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between the data and the predictions of the PES gradient only if equal excitation

• energy was assumed. On the other hand, experiments with 58Ni and 64Ni on 238U,

74Ge on 165Ho, and 56Fe 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

165Ho, 56Fe on 165Ho, 58Ni on 238U, and 64Ni on 238U reactions are plotted for

I 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

O 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

Q 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 58Ni on 238U system. In the

remaining cases, the trajectory followed by the system departs from the direction of

qP the gradient early in the reaction. In ali four cases the experimental data drastically

differ from the predictions of Randrup's model, which indicates an evolution of the

systems towards symmetry.

O
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Evolution of the centroidsof the nuclide distributionsin the N-Z plane as a function
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Several nucleon exchange models have been developed to describe deep-

• inelastic reactions in terms of mass and charge distributions, lt 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

Q produced in the 270-MEV 37C1on 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.

I.C Excitation Energy Division

0

Knowing how the excitation energy of the system is divided between the

two heavy fragments of a deep-inelastic reaction is important to the

D understanding of the underlying mechanisms in this type of reaction. However,

since the primary fragments evaporate shortly (= 10"16s) after their formation, the

excitation energy of the composite system formed after the collision cannot be

I 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

qP 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

j 11
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cases [AWE84, VAN84, SOH85, 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 [BEN85, 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,

VAN84, BEN85, 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 58Ni + 58Ni 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

11 detected and the excitation energy division was inferred from comparing PLF

13
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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 56Fe on 165Ho system with the kinematics

coincidence technique by Benton et al. [BEN85, 88, 89] showed an evolution of the

system from equal excitation energy division at low TKEL towards a division Q

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 Q

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, TSke et al. questioned these Q

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 74Ge 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 Q

instrumental effects could not account for ali the correlation between excitation

energy sharing and exit channel.

I

14

lip



Q

I. D Research Goals

0

The primary goal of the present study of the 672-MEV 56Fe 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

tl 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.

B 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 56Fe on 165Ho system is thus an adequate

e 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

I excitation energy to the total excitation energy of the system.

The 56Fe on 165Ho system has been extensively studied by other authors at

different bombarding energies and with different experimental methods. Therefore,

ti 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, lt is particularly

worthwhile to compare the present results to those obtained by Benton et al.

• [BEN85, 88] for the same reaction at lower bombarding energy and using the same

15
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kinematic coincidence method. The study of the 672-MEV 56Fe on 165Ho system

constitutes, in fact, a continuation of the study of the same system at 505 MeV Q

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 D

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 Q

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 examined to gain a better understanding of the types of mechanisms that Q

occur in deep-inelastic reactions, lt is particularly interesting to see how Tassan-

Got's stochastic nucleon exchange model, which was designed for higher

bombarding energies, reproduces the experimental data. Q

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 i

fragments, and their excitation energy are presented in Chapter 11I. Chapter IV

contains a description of Randrup's IRAN78, 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 tid

results of this study.

16



O CHAPTER II EXPERIMENTAL SET-UP AND DATA REDUCTION

The experiment was performed at the Holifield Heavy Ion Research

Q Facility (HHIRF) of the Oak Ridge National Laboratory. The projectile-like

fragments (PLF's) and the target-like fragments (TLF's) of the reaction -56Fe+

165Ho at 12 MeV/u were detected in coincidence. This allowed for a kinematic

t reconstruction of the reaction and, thus, the extraction of primary quantifies 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,

g 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 et al. [WlL80]. They are summarized in Table 11.1

along with the experimental parameters (bombarding energy, detection angle, and

center-of-mass energy). A description of dae experiment and the data reduction

procedure follows.

e

II.A. Experimental Set-Up

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

vacuum. A 672-MEV 56Fe beam was used to bombard a 195-1ag/cm2 165Ho target

with 50 _tg of carbon backing. The experimental set-up is depicted in Figure II. 1.

tP 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

17
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Table II.1 Reaction Parameters for the Reaction 56Fe on 165Ho at 12 MeV/u

O
i i i

Parameters Values

Lab grazing angle 01/4 20.2 °

Center-of-mass 01/4 27.0 ° •

Lgrazing 330 0

Lcrit 111 6

Interaction Radius 13.22 fm

Coulomb Barrier Ve 190 MeV

Laboratory Bombarding Energy 672 MeV

Center-of mass energy Eem 502 MeV 11

.... Laboratory detection angle 0_xp , 16°

Q

i

9

Q

O
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Figure H.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 nA throughout the experiment.

A time-of-flight (TOF) arm connected to the scattering chamber, was used •

to de _.ectthe 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 10o laboratory angles for calibration purposes.

The projectile-like fragments entered the time-of-flight arm through an oval

aperture of 0.32 cm _,_40.64 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 em behind the TOF aperture. A second PPAC was positioned at 225

em behind the TOF aperture, resulting in a flight path of 202 em between the two W

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 second PPAC had an active area of 8 cm by 8.5 em and was used as a stop Q

detector. Each of the two PPAC's consisted of four 50 I.tg/cm2 polypropylene

windows. The two external widows were aluminized with 40 I.tg/em2 of the

metal, and ._erved as gas containment windows. The two internal windows were ,lP

u_d as cal_:odes. The anode plane of each PPAC was mounted between the two

cathodes m,d was used for the thne measurement. The anode voltages were set to

+ 455 volts and + 420 volts for the start and the stop detector, respectively, and g

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 Q

of t._,emetal 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

me_,'_ted in a configuration where the aluminum strips of one were perpendicular D

20

@



Q

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

6 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-_tg/cm 2 mylar window

placed at a distance of 10.5 cm behind the stop PPAC. It had dimensions of 9.5

O cm by 9.5 cm. Two horizontal support bars were placed on the window dividing

it into three equal sections of 9.5 cm by 3.6 cm each. The gas ionization chamber

had four anodes of lengths 10 eta, 10 cm, 20 eta, 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 DE 1, DE2, DE3, and E4 detectors, respectively. The ionization

• chamber was filled with tetrafluoromethane (CF4) at a pressure of 500 torr.

The target-like fragments fl'LF's) were detected using another PPAC

positioned inside the scattering chamber, and referred to as the recoil PPAC. The

_0 recoil PPAC provided the TLFs 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, lt subtended an in-plane

g angle of 75° and was positioned to cover angles ranging from a minimum 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 PP _C

in the same way as the position of the projectile-like fragments was measured with

the stop PPAC.

I
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O

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 11.2. 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 11.4. The pattern Q

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 Q

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 O

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 11.5. 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. lt

allows a one-time reading of a given parameter whose value can be subsequently D
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Figure II.3 Positionof the recoil PPAC(with the calibrationmask 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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Figure11.4In-planerecoilangleversusout-of-planerecoilanglein the reaction
g 56Fe+ 197Auat 672MeV.
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LISA ANALYSIS ROUTINE FLOWCHART •

t •

[CALL1NITS [ Initializationof theLISAevent subprocess

ICALL INSONE!, A one-timeuserroutineexecutedatstartof LISA •

----4l _ALL CHKFLA [ Routineforinteractivechecksandothercommands
i whileLISAis running

CALL GETEVT Routinetoreadeventsandoutputthem
intoaone-eventbuffers_

"_ [CALL INSERT h Userroutineforvariouscalibrationsandcalculations Q

I CALL DISP Routinefor live of adisplay spectra

!

end run? I
I

•
STOP LISA I

O
Figure H.5 Flowchart of the LISA analysis routine.
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Q

used in the event-by-event replay of the data.

O

II.B Electronics

Q A simplified schematic representation of the electronic set-up is shown in

Figure II.6. The electronic devices displayed in the diagram are described in Table

11.2. The data were collected using the CAMAC data acquisition system, lt was

0. 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].

g 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,

3 these data are accessed through a histogramming program to generate spectra that

are displayed during the data acquisition to monitor the experiment.

II.C CALIBRATION OF THE MEASURED OBSERVABLES

II.C.1 Kinetic Energy Calibration

g
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,

Figure 11.6 Schematic outline of theelectronics associated with the detection

system. @
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Table II.2 Electronic Devices
O

ii

Abbreviation Electronic Modulei

PAMP Pre-AmplifierO
AMP Amplifier

CFD Constant Fraction Discriminator

AI_ Analog-to-Digital ConvertorO

TAC Time-to-Analog Convertor

TDC Time-to-DigitalConvertor

O

O

O

lP

O
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B

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 calibrationwere incrementedby 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 ali its associated electronics was determinedusing 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 laboratorykinetic energy of the projectile- @

like fragments.

The absolute energy calibration was performed using elastic events. These

arerepresented by the highest yield peak in thekinetic energyspectrum shown in @

Figure 11.7.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 middleof the targe0, 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 calculatethese energy losses, which were •

subtracted from the calculated kinetic energy before performingthe f'malabsolute

calibration. The energy resolution was then determined by fitting a Gaussian

curve to the elastic energy peak. lt was foundto be on the order of 2.5 %full I

width at half maximum (FWHM). An acceptable energy resolution for good

particle identification should be on the order of 1%. lt was therefore necessary to

improve the energy resolution by investigating the reasons for the spread in the •
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Figure11.7Laboratorykineticenergyof the post-evaporationPLFs.
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D

kinetic energy distribution.

Contour maps of the PLF laboratory energy versus the x- and y-positions, •

displayed in Figure II.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 ali had

the same type of position dependence. The DEl 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.

Q

II.C.2 Charge Calibration

The projectile-like fragment charge was determined with the DE-E method. •
dE

The energy loss _- of a nonrelativistic charged particle in matter is proportional to

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

O

dE m Z2
d-_a E ' (II.1)

where m, Z, and E are the mass, charge mid energy of the pa_.'cle, respectively.

The sum of the calibrated energies from the first and second elements of Q

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

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

line that corresponds to the elastic scattering of 56Fe on 165Ho was identified as
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Position X (Channel numbers)

Position Y (Channel numbers)

• Figure 11.8 De_ndence of the PLF _netic energy upon X- and Y-positions as
determined by the stop PPAC. _e horizont_ line in each plot is used as a

reference.
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the darkest line in the DE-E plot shown in Figure II.9. The other Z assignments

were made relative to Z = 26. From Figure 11.9,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 ali

regions of the DE-E plane corresponding to the gaps between anodes, but at a •

considerably lesser 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 qP

regions of the DE-E plane.

The empirical corrections resulted in straight lines corresponding to

discreteatomic 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 II. 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 qP

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

D
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• 56Feon 165Hoat 672 MeV

320
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E (MEV)

Figure 11.9 Contour plot of DE versus E, where DE = DEl + DE2, and E is the
@ totallaboratorykineticenergy.
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56Fe on 165Hoat 672 MeV

StraightenedZ Lines
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Figure II.10 Contourplot of the calibratedPLF atomicnumber (Z) as a function
of thePLF laboratoryenergy.
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Q

range of 0.1 charge units. The charge resolution obtained was on the order of

@ 0.36 units of charge at FWHM.

II.C.3 Mass Determination

O

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

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

2
M =_-_ET2 (II.2)

@

whereM andE are the mass andkineticenergy of the particle, respectively, andX

is the distancetraveled by the particleduringthe time T.

@ The time measurementwas madeusing 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

Q 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-

a flight includes an offset TOdue to delay between the start and stop signals. This

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

• TOF = TOFmeasured-To (11.3)

The value of TO is determined by trial and error using the criterionthat there

• should be is no dependence of mass on energy. A two-dimensional spectrum of

: 37
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56Fe + 165Ho at 672 MeV
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Figure11.11 Spectraof the calibratedZ for:

(a)Laboratoryenergyin the 100-300 MeV range •
(b)Laboratoryenergy in the 500-600 MeV range.
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Q

mass versus energy was generatedfor differentvalues of TO,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 similarto the one used to

Q eliminate the dependency of energyon position was also needed for the time-of-

flight. The resolution obtained for the time-of-tlight was about 380 ps after

applicationof thepositioncorrection.

Q From equationII.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

O

8M 8E fT
M - E + 2 --_--, (II.4)

fM fiE fT
• where M' E" and T are the ratios of FWHM to centroidvalue 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 resolutionobtained
Q

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 11.12for events with kinetic energies
Q

between 500 and 580 MeV. A two-dimensional display of the PLF mass versus

kinetic energy is shown in Figure 11.13for inclusive Z values. Events

• correspondingto 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 11.14. The predominant feature in these figuresis the abrupt

• shift in mass lines at certain values of PLF kinetic energy. Similar spectra were

generated with gates on differentZ values and the
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56Feon 1651-Ioat 672 MeV

550 MeV < Elab <600 MeV •

FWHM = 1.22 4-0.05

120 Cen 1 = 53.69 + 0.15
Cen 2 = 55.08 :t:0.04 •
Cen 3 = 56.34 :t:0.02
Cen 4 = 57.67 :t:0.07

100
0

O

50 52 54 56 58 60 62 64

Mass Number (A)

Figure11.12 Isotopic distributionfor Fe (Z=26). The mass resolution at FWHM Q
is about 1.22 mass units, as obtainedby Gaussianfit.
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56Fe on 165Ho at 672 MeV
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Figure 11.13Contour plot of the PLF mass number(A) versus the PLF laboratory
energy for inclusive Z.
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D

same featurewas observedfor ali thecases considered. The energyat whichthe

discontinuityoccursvaries fromone elementto the other. This is visible in the Q

contour plotsof mass versuskineticenergy for vanadium,chromium,manganese

and cobalt displayedin Figure II.15.

A replay of the datawas performedwith the requirementsthat only those Q

eventswhere the PLFs reachedthe E4 detectorwere selected, the events obtained

in this replay arereferredto as the "rightregion" of themass-kineticenergyplane.

In another replay, only events for which the PLFs stoppedin the DE3 detector •

were retained;these events arereferredto as the "left region" of themass-kinetic

energyplane. Contourplots of mass versusPLFkineticenergyobtainedwith the

two replays aredisplayedin FigureII.16. They show thatthe discontinuityin •

mass lines occurs atenergiescorrespondingto the gapbetween theDE3 and E4

detectors. It is therefore thoughtto be a magnificationof the sameeffect observed

in the Z spectraand discussedin Section H.C.2. Empiricalcorrectionsusing •

polynomialswere made to matchthe masses of the two regions of the mass-kinetic

energyplaneand to make the correctmass assignments. The resultingmass

versus kinetic energy after this firstcorrectionis shown in FigureII.17 for •

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

The isotopic distributionsof each elementwere then generatedindividuallyandthe

mass dependenceon energywas correctedwith polynomials. Formass spectra •

with worst-case resolution,isotopic identificationwas ambiguous. Therefore, a

deconvolutionmethod was utilizedfor mass-separationenhancement.This

procedure,which is generallyused in optical spectroscopyto improvepeak g
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56Feon 165Hoat 672 MeV
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Figure II. 14 Contourplot of the PLF'smass number versus the PLF laboratory
• energy for Fe (Z= 26). The horizontalsolid lines indicatetheposition of the 56Fe

mass line.



56Feon _65Hoat 672 MeV
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Figure 1].15 Contourplotsof thePLF mass numberversus the PLF laboratory •
energy for V (Z = 23), Cr(Z=24), Mn (Z=25), andCo (Z=27).
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56Feon ]65Hoat 672 MeV
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Figure II.16 Contour plots of PLF mass versus PLF laboratory energy showing
the "left" and the "right" regions of the mass-energy plane.

a (a) Events where the PLF's reachthe E,4element of the gas ionization chamber.
(b)Events where the PLFs stop at the AE3 element of the gas ionization chamber.
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FigureII.17 Contourplots of thePLFmass as a functionof thePLFkinetic I
energyfor V, Cr,Mn and Co, aftermatchingthe "left"and "right"regions.
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separation,was previously investigatedby ourgroupand proved successful in the

@ determinationof themass distributionsof 35C1on 209Biat 15 MeV/u [MAR91].

Detailed informationaboutthe deconvolutiontechniquecan be foundin [MAR91,

93] andreferencestherein. A briefdescriptionof the procedureand its results for

• the presentdatafollows in Section H.C.4.

II.C.4 Deeonvolution

O

The deconvolutionproceduremainlyconsistedof smoothingthe datato

improvethesignal to noise ratio,anddeconvolving the smoothed spectraby

• applicationof theequation

O ffiS"1I, (II.5)

O

where O is the observedobject, S"1is the spreadfunction and I is the image of the

object.

• A set of mass spectrawith good mass resolution( - 0.5 mass units),

obtainedfrom anotherexperiment,was used as a test set for verificationof the

applicabilityof thismethod [MARgl, 93]. RandomizedGaussianfunctionswere

• utilizedto blur the well resolvedmass spectra. The blurredspectrawere then

smoothed by a quarticpointfunctionanddeconvolved. The original,distortedand

deconvolved spectrafor the testcase aredisplayedin FigureII.18. It is evident

• that the deconvolveddatareproduce the originaldata very weil, indicatingthatthe

use of thisdeconvolutionmethodfor betterpeak_paration isjustified, atleast in

the typeof dataanalyzed here. A comparisonbetweenthe originaland the

• deconvolvedmass spectraof sulfurisotopesobtainedin the 15 MeV/u 35C1on
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Figure11.18 Test spectrafor the &convolutionmethod:
(a) original,Co)distonexl(or blurred),and (c) deconvolved mass •
spectra[MARgH.

48

O



Q

209Bidata,for which the mass resolutionwas larger than0.9 mass units, is

• shownin FigureII.19 [MAR91,93]. The S isotopes areeasily identified

in the deconvolvedmass spectrum,which is in good agreementwith the

experimentalspectrum.The originalandthe deconvolvedmass spectraof Fe (Z =

• 26), and Mn (Z = 25) isotopes obtainedwith the presentdataaredisplayedin

FiguresII.20 and II.21, respectively. The deconvolved andoriginal mass

centroidsin both plotsarein reasonableagreement. It shouldbe emphasizedthat

• the deconvolvedspectra(when theyarenecessary)were used only in the

determinationof thevariouspolynomialsthat _he the energydependenceof

themass parameterand forabsolutemasscalibration. Ali the dataanalysiswas

• otherwise performedon an event-by-eventbasis.

ILC.5 Final Mass Calibration

@

Once the functionaldependenceof mass on energywas determined,a new

(corrected)mass was definedas

O

correctedmass = energy-dependentmass - f(Elab) + constant, (II.6)

where f(Elab) is a polynomialfunction_bing themass in termsof kinetic

• energy,and the constantis used to makethe correctmass assignment.

Examples of the mass distributionsobtainedareshownin FiguresII.22 through

IL24 for chromimn(Z -- 24), manganese (Z = 25), andcobalt (Z = 27),

qP respectively,for values of kineticenergyexcluding elasticevents. The centroids

and widthsof individualmasseswere determinedby fitting Gaussiancurves

(indicatedhereby the solid finessuperimposedon thehistogram)to the mass

• peaks. The parametersof theGaussianfit (centroid,FWHM)arealso indicated.
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35C1 + 2°9Bi at 528 MeV •
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FigureII.19 Comparisonbetween(a) the originalmass spectnmland(13)the
deconvolvedmass spectnnn obtainedfor S (Z = 16) isotopes in the 15 MeV/u 35C1 •
on20913ireaction[MAR91].
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56Feon _65Hoat 672 MeV

• 550 MeV< Eiab < 600 MeV
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@ Figure11.20 Comparisonbetween (a) tlm originalmess _ and (b)
deeonvolved mass specmun obtainedfor Fe (Z- 26) isotopes in the 672-MeV/u
56_ on 165Horeaction.
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FigureIL21 Comparisonbetween (a) the originalmass specu'umand (b) @
deconvolvedmass spectrumobtainedfor Mn (Z - 25) isotopes in the672-MeV/u
56_ on 165Horeaction.
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• 56Fe on _65Hoat 672 MeV
500 MeV< Elab < 600 MeV
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• Figure IL22 PLF mass for Z= 24 andF.,Inb in the 500-600 MeV range.
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56Feon 165Ho at 672 MeV •

500 MeV< Etab < 600 MeV
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Figure [L23 PLFmass for Z: 25 and Elab in the 500-6(0 MeV range, ii'
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56Fe on 165Hoat 672 MeV
500 MeV< Elab < 600 MeV
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• Figure 1/.24 PLFmass forZ = 27 and Elab in the 500-600 MeV range.
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Some of thefeaturesof the isotopic distributionsareanunequalspacing

betweenadjacentmasses, anda slightshift in masscentroidsfrom one elementto @

the other. Thecorrectmasscalibrationswereperformedindividuallyusing

equationII.6 for events where elementswith atomicnumbersbetween 23 and27

were detected. Because of lowerstatistics,anextrapolationwas performedfor the •

remainingevents. The polynomialfunctionobtainedwith theisotopic distribution

of vanadium(Z = 23) was used for elementswith Z < 23 andthatobtainedwith

the cobalt (Z = 27) isotopic distributionwas used for elementswith Z>27. The •

calibratedmass for inclusive Z is displayed in FigureII.25.

Finally,thecorrectedmass was plottedagainstthecorrectedchargeas

displayed in FigureIL26. Elas_c events and slit scatteringareexcludedfrom this @

plot. Ideally,there shouldnot be any shift in the mass and chargecentmids,

contraryto whatis seen in this figure. Therefore,furthercorrectionswere made to

obtainindividualchargecentroidsindependentof mass and vice versa, as shown •

in FigureH.27. The neutronnumberwas determinedevent-by-eventby

subtractingthe atomicnumberZ fromthe massnumberA andwas used in ali the

subsequentanalysisof mass and chargedistributions. @

H.D DATA REDUCTION

Two questions, often ad_ regardingdeep-inelasticcollisions, were

investigatedin the presentstudy, lm-st,the mass and chargedriftsof the reaction

productswere studiedby following the evolutionof the nuclidedistributionof the @

detectedfragmentswith totalkineticenergyloss li'KEL). Thedeterminationof

"IKELis describedin Section H.D.1. The TLF events were notused in thiscase.

The mass and chargedistributionsof the PLFs were determinedin termsof their @
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theelasticenergypeak.

e

57
Q



56Feon _65H0at 672 MeV •

28 _ •
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FigureII.26 Atomic number(Z) as a functionof mass number (A) for 672- @
MeV/u 56Feon 165Horeaction. Elastic events(F.lab>630 MeV) gatedout.
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@ Figure II.27 Atomic number(Z) as a functionof mass number(A) for 672-
MeVlu 56Feon 165Horeactionaftercorrectingforthe interdependencebetweenA
andZ. Elasticevents (Eiab> 630 MeV)aregatedout.
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centmids, theirwidths anda correlationfactorbetween the two distributions,as

describedin Section II.D.2. These experimentaldistributionswereto be O

comparedtomodel predictionsto determinethehistoryof the system fromthe

beginningof the collision atlow relativekineticenergydampingto full kinetic

energydamping. As the measuredparametersdescribethe systemafter •

evaporation,correctionsaccountingfor thisprocesswere necessary.The

ProjectionAngular-MomentumCoupledEvaporationcode, PACE Hby Gavron

[GAVSO]was the evaporationcode of choice in thisstudy. •

Second, theTLF eventsdetectedincoincidence withthe PLFwereused to

determinetheprimarymass of the PIN by two-bodykinematicsreconsu_ctio_
0

The excitationenergyof the PLFwas thendeterminedusing resultsfromthe

PACE1Ievaporalioncode. The division of the totalexcitationenergybetween the

two primaryreactionfragmentscould thusbe determinedas describedin section

H.D.3. @

ILD.I Excitation Energy and Evaporation Corrections
@

The amountof kineticenergyconvertedinto formingthereactionproducts

in _ groundstates (Qgg),in additionto theirexcitationeaergy, is referredto as

the totalkineticenergyloss CTKEL)andis equivalentto the Q of the reaction, lt is q_

definedas the differencebetween thecenter-of-massenergybeforethe reaction

takesplaceandthe totalkineticenergy(I'KE)availablein thecenter-of-massafter

the collision. The totalkineticenergyis given by •..

i

TKE = (1 +M4-M_)Eln.j:3/MIM3_oj x
ILB O

2M4 COS0-(1-_4 )EpROj, (II.7)
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whereEpRoj is the laboratorykineticenergyof the primaryprojectile-like

• fragment,and MI, M3 andM4 aretheprojectilemass, and the primaryprojectile-

and target-likefragmentsmasses, respectively,and e is the scatteringangle of the

PLF. The TKELcan then be determinedas

I

EpROJ PLF MI M 32 cos6 (II.8)
• M42

Thetotalexcitationenergyof thesystemE* is

O

E* = TKEL + Qu ' (II.9)

@ whereQggis the energyrequiredto formtheprimaryfragmentsin theirground

states. A tableof Qggvalues was generatedfor a rangeof isotopesthatincluded

all thenuclidesthatcan be producedin the reactionstudiedhere.

Q EquationIL8is tw_eonly for primaryquantitieswhile the mensured

quantitiesdescribesecondaryfragments. Therefore,the value of TKELhadto be

correctedfor thebindingenergyandthekineticenergyof theevaporatedparticles

• with an iterativeprocedurethatused resultsfrom theevaporationcode PACEH.

This code simulatesthe statisticalemissionof neutrons,protons,alphaparticles

and gammaraysby a Monte Carlotechnique, lt had beenshown in earlierstudies

• [LOC85, AWE_] of heavy-ioncollisions thatthereisa satisfactoryagreement

between experimentaldataand PACEHpredictionsfor the energyregime of the

presentexperiment.

@ Among the inputs to theprogramaregeneralparametersthat arenot

exclusively characteristicof thesystem being studied. Two examplesare the level

6i
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densityparameter,andthetype of yrastband. The defaultvaluesof the program

which were takenfromGilbertand Cameronwere used since good agreementwith Q

experimentaldatahas beenobtainedwiththe_ valuesin earlierstudies[LOC85].

fJtherhlputsto the programaredirectlywovided by the user. They include the

numberof cascades(1000), the PLFmass number(56 amu)and _tomicnumber @

(26), thePI_s angularmomentum,and excitationenergy.

The angularmomentumor spinof the PLFwas determinedusingthe

assumptionof the sticking limit,wherethe two reactionproductsforma single •

entity. However,evaporationcalculationswith differentvalues for the nuclear

spin showed thatthe an_ountsof mass and chargedevaporatedarenot strongly

dependenton spin, providedthatthe spin consideredlies withina reasonablerange ,0

of values, as shown in Figure 11.28[BElq85]. _ spin values l, of the PLFs

pro0ucedbythe 672-MEV56Feon !65Ho reactionwerebetween 2 and 15 (_.

_ore, only theinitialspin of theprimaryPLFwas calculatedassumingthe Q

sticking limit, using the method describedby Bentonet al. [BEN85, 87, 88], and

this was used for thewhole excitationmergy range.

Two lx_bilities wereconsideredfor theexcitationenergypanuneter CD

when runningthe evaporationcalculations. Au equalsheringof thetotal available

excitationenergyE'TOT bythe PLFandthe 'HF is e_ by theequation

E*p = 0110)

In this case, the lighter fragnent (the PLFfor the presentwork)has a higher @

nucleartemperaturethantheheavierfragment.The nuclear temperaturef t_fa

nucleusis relatedtoits excitationenergythroughthe equation

@
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E° = 2, (IL1])
@

wherea is the level densityparameterandis assumedto be proportionalto the

nucleus mass.

In thesecond case considered,the two fi'agmentsareassumedto be in @

statisticalequilibriumandthushave equalnucleartemperatures.Therefore,E'TOT

is dividedbetweenthereactionfragmentsin proportionto theirmass ratios,as

given by theequation @

E,TLF- MTLF (ILl2) @

Both alternativesfor the excitationenergydivision wereconsideredin the

conection of theenergyloss scale (TKEL)forev_on effecu. @

To obtaintheamountof evaporatedmass as a functionof excitation

energy,a rangeof excitationenergiesextendingfrom 0.25 to 2 MeV/uwas used in

steps of 0.25 MeV/t_ Foreach step, a rangeof nuclei with mass andatomic @

numberschosento yield theexperimentalvaluesafterevapocalion,we_

evaporated. The fimctionalformsof the evapmatedmass, in termsof available

excitationenergy,were determinedby linearfits, as shown in Figure IL29,where
the evapo.medmass is plottedversustheexcitationenergy. The polynomialthat

best fits the evaporatedmass is

@

AA = -.2032 + 9.5277 x 10-2 (E*)-1.4971 x 10-4 0E*2). (II.13)

An itetmionprocedurewas thenemployedto computea newconected

value for TKEL. The convergenceof the iterationwas tested by requitingthatthe @
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differencebetween the valuesof TKEL obtainedin two consecutive iterationsbe

• less thanO.1MeV. The steps of the iterationare outlined below.

1-DetermineE'pLF with one of thetwo assumptionsof excitation

• energydivision.

2- DetermineAM, themass differencebetweenprimaryandsecondary

masses in terms of E'pLFusing equationII.D.11.

• 3- AddAM to the projectile-likefragmentmass M3.

4- CalculatetheTLF mass M4 as MI+M2-M3, whereM3 is now the

conected PLFmass obtainedin step 3.

• 5- Calculatethekineticenergyof theprojectile-likefragnent, E3, with

theequation

E__(M3 + _Vl)
• E3= M3 .  .14)

6- Reestim,to.TKELwith thenew values of F.3,M3, andM4.

7- Repeatsteps l through6 untilthe diffetettcebetween two

_tive values of TKELis mmlkr than0.1 MeV or the numberof

iterationsis 100. Eventsthatdidnotsatisfythe convergencecriterionwere

aboneA. In thisstudy, therewas no need to discardany events as

convergencewas reachedaftera few iterations.

}
ILD.2 Mass and Charge Distributions

The mass andchargedistributionsof theprojectile-likefragmentswe_e
)

determinedby momentanalysis. Contourplots of Z versusN were generatedfor
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excitation energy.
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differentgates of TKEL. Examplesof these plotsaredisplayedin FigureII.30.

Q The widthsof thegateswere 20 MeV for TKELvaluesbetween0 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

• pureGaussiansthese would be equivalentto thedistributioncentroidsand

variances,respectively,in a Gaussianformulationdescribedby theequation

Q Pffihexp- 1 ((N-<N>)2 (z-<z>)2 2p(N-<N..__>)(__Z-<Z>)_(II.15)
2(1-p2)_ a2N + O2Z " aZON J'

• whereP is the probability,h is a normalizationfactor,<N> and <Z>arethe

neutronandprotoncentroids,respectively,ONando2 are theirrespective

variances,and PNZis the correlationfactor.

• In a moment analysis,thechargecentroidsandv_ areexp_ by

theequations
1 n

<Z> = _ i_lZi,ffi (II.16)

0

and

n

* OZ2- n._ll_ (Zi-<Z>) 2. (II.17)

Q Analogousequationsareused for the neutroncenlroidandvariance. The

correlationfactoris given by

= c ¢z , (n.ls)
ON OZ

O
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56Feon 165Ho at 672 MeV
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FigureIL30 Contourplotsof the PLFatomicnumber(Z) as a functionof its
neutronnumber(N) for fourTKEL bins:0-20 MeV, 60-100 MeV, 160-200 MeV,
and240-300 MeV. Q
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where ON7is the covarianceandis writtenas
O

1 n

aNZ = n---Y]"iffi_l(Zi'<Z>) (Ni-<N>). (II.19)

O

Whenthe distributionsdeviatefrom pureGaussianshapes,thecenlroids

obtainedby performing two-dimensionalGaussianfits on thedistributionsor by

• using the methods of moments,donot differmuchbecausethecentmids arenot

very sensitiveto thechoice of limitsimposed bythepresenceof long tails in the

distributions.However, it was foundthat the variancesdeterminedby moment

• analysis tendto be greaterthanthose obtainedby Gaussianfits [MAR91, 92]. It

was shown thatin generalwhen the distributionsdo notdepartconsiderablyfrom

Gaussianshapes,thetwo approachesyield similarvalues for thecentmids and

• variances[MAR91,92]. The errorson thecentroids and variancesobtainedwith

the momentanalysisapproacharelargerthantheequivalentGaussianerrorbars

commonly used becausein additionto statisticalerrors,they includethe

• uncertaintydue to themethod employed in themomentsdetermination.Theerrors

quoted when using Gaussianfits usually measureonly the goodness of thefit.

Therefore,the moment analysismethodwas optedfor in this study.

O

II.D.3 Primary Mass and Excitation Energy of the PLF

• The kinematiccoincidencetechnique,wheretheprojectile-likeand the

target-likefragmentsaredetectedin coincidence,was used to extractinformation

aboutthe primaryreactionfragmentsbeforeevaporationtakesplace. One basic

• assumptionin this techniqueis the invarianceof the average velocity and scattering

angle of the emittedfragmentby particleevaporation.Assumingthe validityof
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thisassumption,which is basedon the statisticalpropertiesof evaporation,the

PLFs primarymass can be obtainedby the applicationof two-bodykinematics. •

Fornon-relativisticcases, momentumconservationis expressed by the two

equations

0

PPROJ= PPLFc°S(0pLF)+PTLFc°S(0TLF), (II.20)

and @

PPLFsin(0PLF)ffi PTLFsin(0TLF), (II.21)

@

where PPROJis theprojectilemomentum,PPLFandPTLFare the momentaof the

PLFandthe TLF, respectively,andepIj: and 81,LFaretheir respectivescattering

angles. Classically, the linearmomentumP of a particleof mass M travelingwith @

a velocity V is

PfMV. (II.22) @

The mass of thePLFcan thus be writtenas

V_oj

MpLF= MpROJVpLF [cos(epLV)+sin(ePLF)cot(eTLF)] (11.23)

O
where ]VIPROjand VpROJare the projectile mass andvelocity, andVpLF is the

PLFs velocity.

Ali the parametersin equationIL23areeither knownexactly,or
O

unchanged,on the average,by particleevaporation;therefore,the primarymass of
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the PLFis determinedwith a fairlygood approximation.The primarykinetic

@ energyis obtainedby scaling the measuredkinetic energy with the ratioof the

primarymass to the measuredmass as

MpLFESEC, (11.24)
0 EpLF - MSEC

whereESF_ andMSF.Care the measuredPLFs kineticenergy and mass,

I respectively. Finally,the mass evaporamdfromthe PLF,AA, can be determined

using the resultof equaton IL23and the measuredPLFmass as follows

@ AA =MIq.F-MSEC (11.25)

A contour plotof evaporamdmass asa fun_donof TKELis shownin Figure

@ 11.31.

The amountof evaporat_lchargeAZandevaporamdmass AA froma

primaryPLFwithatomic numberZ'pLF, mass number A'pLF, andexcitation

@ energyE'pLF can be expressed as a functionof Z'N.F, A'pLF, and E'pLF and the

secondaryPLFmass A"pLFand chargeZ"pLFby the two equations

@ AAm.F = A'pLF.A"pLF = fDA(Z'PLF, A'PLF, E*PLF), (11.26)

and

@ AZpLF= Z'pLF-Z--fDz(Z'PLF,A'PLF,E*PLF). (11.27)

The quantitiesAARF and _ aregeneratedby nmning PACEII. The

@ resultswere tabulatedand storedascomputerfiles, which will be referredto as the
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Figure II.31 Contourplot of _ the amountof mass evaporatedfromthe PLFas @
a functionof TKELin the reactio56Feon 165Hoat 672 MeV.
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AA andAZtables. To generatethese tables, theevaporationcode was runfor25

• isotopesof each elementwith atomicnumbersbetween 10 and 36 and for

excitationenergiesbetween0 and 300 MeV. TenMeV steps wereused for

excitationenergieslower than 100 MeV, and 50 MeV steps were used for higher

Q excitationenergies. The functionsfDA and fDZwere thendeterminedby

interpolationof the valuescalculatedfor thechosenset of Z, A, andE* valuesthat

were obtainedusing PACEII [KWl90]. Therefore,the excitationenergyandthe
Q

primarychargeof thePLFcan be evaluatedusingresultsfrom theevaporation

code PACEIL

In equations li.26 and II.27, the threeunknownsareZ'N.F,AZpLFand

@ E*pI.F.They weredeterminedbyemploying a self consistentiterationprocedure

in which equations II.26 andIL27were solved event-by-eventateach iteration.

The detailedstepsareoutlinedin references [KWI90]and [BEN85]. Startingatan

• assumed value for Z'PLF,thevalue of E*l_i ) ateach iteration (i) was

determinedby solving equationIL26. It is then possible to solve equation 11.27

for AZOLF.The convergenceof the iterationwas reachedwhen
Q

s(i)=IAZpL_i)-AZpLI_i-1)1< 0.1 (II.28)

@ Forevents thatdidnotsatisfy inequalityII.28, the convergencewas acceleratedby

defining a new value forZ'FLF(i)as

@ Z'pLF(i)=Z'pLF(i-1)+.9e(i). • 01.29)

Only events with positivevalues of AApl_ wereselected, and the maximum
O

numberof iterations allowed was 20.
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The excitationenergyof the PLFobtainedfor the672-MEV56Feon 165Ho

sys_'emis displayedin FigureI1.32for ali events, excludingthose with negative Q

valuesof AA. Anotherparameterof interest,which describestheexcitation

energydivisionmore directly,is the ratioof the PLFexcitationenergyto the total

excitationenergy,E*pLI/E*TOr.TheE*I_/E*To Tis defmed as a percentagein @

thisstudy,andis thereforeexpectedto have values between0 % and 100 %. Any

values outsidethis rangearenotphysicallypossible. A histogam representingthe

E pLp_ TOT.ratiofor the pre._entdatais shown in FigureII.33, for events

excluding those with negativevaluesof AA.
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FigureIL33 Thepercentage of excitationenergystoredin the PLFin thereaction
56Feon 165Hoat672 MeV. Most of the eventsarebetween the0%and 100% @
limits.
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CHAPTER IH RESULTS

IJ

This Chapterpresentstheresults of analysisof the datatakenfor the672-

MeV 56Feon 165Ho system. Thedata have been sortedto exclude unwantedevents,

• such as slit scattering. In SectionIII.Athe secondaryprotonandneutron

distributionsof the projectile-likefragments(PLF's)arepresented in termsof their

centroidsand variances,obtainedby themomentanalysis proceduredescribedin

• Section ILD.1 The evolutionof these distributionswith the totalkinetic energy1o_

frKEL) is examined. The primarydistributionsobtainedby applyingevaporation

correctionsto the measureddistributions,arealso presentedin Section I]LA.

• The resultsobtainedforthe excitationenergyof the PLF, as determinedwith

the two-body kinematicalreconstructionmethod describedin SectionILD.3, are

presentedin Section HI.B. The behaviorof theexcitationenergy division with

8 energy dampingis examined by fonowing theevolutionof the PLFexcitationenergy

ratioE*_fE*To Twith TKEL. The E*_tE*To Tratio is also plottedas a function

of A'pLF, the mass of the primaryfragments, and as a function of A"I,LF,the mass

• of thesecondaryfragments,to investigate a possible correlationbetween the

excitationenergydivision and theexit channel.

Q HI.A N and Z Distributions

Contourplotsof themeasmeAtnuclide distributionsin theN-Z planeare

• displayed in FigureHL1for fourdifferentbins of TKEL. Forlow energy damping

these distributionstendto becircularand centeredaroundtheneutronnumberand

chargeof the projectile. As TKELincreases, the distributionsexhibitthe tendencyto

• elongate towardsmoreelliptical shapeswhose axes aretilted. An increase in the

t #
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FigureIII.1 Contourplotsof the measuredchargeversusthemeasuredneutron @
numberforfourrepresentativebinsof totalkineticenergyloss (TKEL),for the 672-
MeV56Feon 165Horeaction.
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magnitudeof the tilt with increasing TKEL is indicativeof the increase in the

• correlation factor PNZwith 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 ON2 and OZ2,

• along with the correlationfactor PNZwhich measures the mutualdependencebetween

N and Z. These parameters can be determined by different methods [FRE84]. Two

examplesare: 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 andvariances, respectively, for Gaussian

distributions.Both methodsyield similarresultsfor distributionsthatare

D characterizedby Gaussianshapes[MAR91].

As mentionedin SectionILD.1 the momentanalysis techniquedescribedin

that section was used to determinetheN and Z centroids, the N/Z ratio, the variances,

• OZ2and ON2, and the correlationfactor PNZfor the PLFneutronandcharge

distributions,for consecutive bins of total kinetic energyloss (TKEL). Bins of 10

MeV were usedfor TKELvaluessmallerthan 100 MeV. ForTKELvalues 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 errorbarson the experimentaldatashown in these plots were

Q calculatedby the method of statisticalerrorpropagationin the formulasof the first

andsecond moments of the disuibutions. They are largerthanthe equivalent

Gaussianerrorbarscommonly usedbecause in addition to statistical errors,they

• include the uncertainty due to the methodemployedin the momentsdetermination.

The errors quotedwhen using Gaussian fits usually measureonly the goodness of the

fit. The results obtained for the centroidsand variances are summafired in Tables

• A.1 and A.2, and in FiguresIIL2 and III.3.
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56Fe on 165Ho at, 672 MeV
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Figure I11.2The N and Z centroidsand the N/Z ratioas a functionof TKEL for the
672-MEV56Feon 165Horeaction. The TKELscale is correctedforevaporation
effects assuminganequipartitionof theexcitationenergybetweenthereaction
fragments. The dottedline indicatesthe N/Z ratioof theprojectile. The arrow •
indicatesthelimit imposedby theentrancechannelCoulombbarrier.
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5 Fe on t65Ho at 672 MeV

• 6_
- _ -

5_ _ ----=_

4_ _ --=
• _ - cD -N :

b 3__ ¢_ _ --:

0
20--

- _ -m

15--

b 10
. $ ID
- I_

1.0 --

. _(_ cD _ _ • _ _

O
N 0.5

<3,. "®

0.0
Q

-0.5
100 200 300 400 500

• TKEL (MEV)

Figuregl.3 Thechargeandneutronvariancesandthecorrelationfactorasafunction
of TKEL for the672-MEV56Feon165Horeaction.TheTKEL scalciscorrcctcdfor

• evaporationeffects assuminganequipartitionof the excitationenergybetweenthc
reactionfragments. The arrowsindicatesthe entrancechannelCoulombbarrier.
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As shown in FigureIii.2, the Z centroidsdecreasesteadily with increasing

O
energyloss. The N centroidsremainnearlyconstantfor the first 100MeV of energy

damping,thendecreasegraduallywith increasing TKEL. A steeperslope is observed

for TKELvalues above 300 MeV for both <N> and<Z>. The N/Z ratioremains

constant,withintheerrorbar,andequalto theNFZratioof the projectilefor mostof •

the TKELrange. A decreasein NPZis observedabove300 MeV of TKEL.

ThevarianceseZ2 and oN2and the correlationfactorPNZareplottedas a

functionof TKEL in FigurelII.3. Bothvariancesincreasewith increasingTKEL. @

They reacha maximumvalue atabout300 MeV of energyloss, whichis the same

region wherethe slope of thecentroi_ and the _N_4,_> ratiochanges, thenstart

decreasing. The neutronvariancevaluesarehigherthanthoseof theprotonvariance •

for thewhole rangeof energyloss.The correlationfactorPNZraisesrapidlyfrom

-0.3 at5 MeV of TKELto about0.65 at 100 MeV of TKEL. Above 100 MeV, PNZ

less rapidly with increasingTKEL andreachesvalues close to 1, which @

indicates total correlationbetweenN andZ. In Figures111.2and llI.3, the total

kineticenergyloss scale has beenco_ forevaporationusing the assumptionof

equal partitionof fileexcitationenergybetweenthe two primaryfragments,as •

outlined in Section II.B.1.

The resultsobtainedfor thecentroidsandvarianceswhen thetotalkinetic

energyloss scale is cormct_ for evaporationwith theassumptionthatthe two

primaryfragmentsarein thermalequilibriumaresummarizedin TablesA.3andA.4,

_tively. Comparisonsbetweentheresultsobtainedwith the two assumptions

for the division of the excitation energyareshownin FiguresIrl.4 andHI.5. The •

cenu'oids<bi>and<7__.,theN/Zratio,thevariances_ and ON2,andthecorrelation

factorPNZareplottedversusTKEL. The circles andsquaresreferto the equal

division and thermalequilibriumassumptions, respectively. Only a slight difference •
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Figure 111.4Comparison between the N and Z ccntroids and the N/Z ratios obtained
for the 672-MEV a°Fe on 165Ho reaction, with the two different corrections to the

TKEL scale. "lhc circles refer to the equipartition of the excitation energy, and the
) squares refer to the thermal equilibrium limit. The arrows indicates the entrance

channel Coulomb barrier.
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58Fe on 185Ho at 672 MeV
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Figure IIL5 Comparison be,ween tlmneutron and proton variances and lhc
correlation factor obtainextfor the 672-MEV-q6Feon 165Horeaction with lhc two
different corrcxxionsto tlmTKEL scale. Tlm circles refer to tlm equipartition of the
excitationenergy, andthe sqtmmsreferto thethermalequilibriumlimit. The arrows O
indicatesthe entrancechannel Coulombbarrier.
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betweenthe two cases is observedfor the centroidsandthevariancesatTKEL values

@ higher than 360 MeV, where the centroids and widths obtained with the thermal

equilibrium assumption are slightlyhigher. Evaporation corrections of the energy

loss scale do not seem to cause a noticeableeffect on the behavior of the distributions

• withTKEL, especially in the rangeof energydampingbelow the entrance channel

Coulomb barrier(312 MEV).

The mass of the primary PLF, A'pLF,was evaluated by adding the amount of

• evaporatedmass computedwith PACEH to the measuredpost-evaporationPLF

mass. Chargeevaporationwas assumedto be negligible,based on studies which

showed that most of the conm'bufionto the evaporatedmassis from neutrons

• [BRF_3a,BRE83b, HIL79]. This assumption is confirmedin the presentstudy by

the determinationof primarychargeand neutronnumberdistributionswith a

kinematicreconstructionmethodcombinedwith evaporationcalculationsusing the

• PACE H code as will be shown in ChapterV. Thetwo extremesof equal excitation

energydivision andthermalequilibriumwereagainconsidered. A primaryPLF

neutronnumberN'pI.Fwas determinedby subtractingthemeastnexlPLFchargefrom

D the calculatedprimarymass. The primaryN centroidsandvariances obtainedwith

both assumptions aresummarizedin Table A.5 andthe N"IIF centroidsate displayed

in Figure111.6.The<N'PLF>values of the equal excitationenergy division case

6 increasefrom N of theprojectile(30) at 0 TKEL toabout36 atthe highestTKEL,

while in the thermalequilibriumcase <N'pI_ remainsnearlyconstantand equal to

the N of the projectile.
O

III.B Excitation Energy Division

• The excitation energy stored in the PLF was determined using the kinematic
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672-MEV 56Fe + 165H0
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Figure m.6 The neutron numberof the primaryPLFs obtained for the 672-MEV
"56Fcon 165Horeactionby applying neutronevaporation correctionsto the measured
distributions,with the assumptionsof equipartitionof the excitationenergy and $
thermalequilibrium.The arrowsindicate the limit imposedby the entrancechannel
Coulombbarrier.
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reconstructiontechnique,along withresultsfromPACEII evaporationcode, as

Q describedin Section II.D.3. A contourplotof the excitationenergyof the PLF

versustotalkineticenergyloss is displayedin FigureIII.7. The limits of zeroTLF

excitation energy,equal sharingof theexcitationenergyby the PLFandthe TLF,and

Q thermalequilibrium,areindicatedby the dotted,dashedandsolid lines, respectively.

Most of theevents arein theregion comprisedby the0 TLF excitationenergylimit

andthe thermalequilibriumlimit. The PLFexcitationenergyratioE*PLI_*TOTis

I plotted againstTKELin FigureIII.& The values of the E _ I"O1"ratioare

between 0% and 100%for most of the events. Slit scatteringand events with

negativeevaporatedmass havebeeneliminated.The limitswhere ali the excitation

• energy is in the PLF, the equal sharingof theexcitation energy andthethermal

equilibriumlimits areagainindicatedby the dotted,dashed,and solid lines,

respectively. The highyieldshown atTKELvalues around0 MeV is dueto

Q contributionsfromelastic scatteringthatwere notcompletelyeliminatedbyexcluding

events with negative values of evaporatedmass.

The specwaobtainedhave approximatelyGaussianshapes, as shown in the

D samples displayedin FiguresHI.9 andHI.10 for E*m.F and E*pI2_*TOT,

respectively. Gaussianfits wereperformedon the E'pLF and the E*PH_*TOT

distributionsto extracttheir centroidsandwidthsas a function of energy loss. The

Q energy loss scale was divided into bins of 20 MeV. Histogramsof counts versus

E*pt_, and counts versusE _ TOTwere generatedfor each TKELbin. Bins of

40 MeV were used in some cases for TKELvalues above 250 MeV when the number

• of events was too low for a reliable centroid determinationby Gaussianfit.

It is also possible to use a one- dimensionalmomentanalysisapproach. Inthiscase it

is importantto make sure to excludeany long tails fromthecalculation. Both

qP methods gave similarresultsfor well definedpeaks,while it was betterto use
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56Fe on 185Ho at 672 MeV $
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FigureIII.7 Contourplot of the PLFexcitationenergy asa functionof TKEL for the
672-MEV56Feon 165Horeaction. The limitsof non-excitedTLF, equipartitionof
the excitationenergy,andthermalequilibriumareindicatedby the straightlines. •
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• SSFe on 18Silo at 672 MeV
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FigureIII.8 Contourplot of the E'pl.gE*ToTratioas a functionof TKEL forthe
672-MEV56Feon165Horeaction.Thelimitsofnon-excitedTLF,equipartitionof

g theexcitation energy,andthermalequilibriumareindicatedby the dotted,dashed,
and solid lines, respectiveley.
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Figure 111.9Histogramsof the PLF excitationenergy for three representativegates of
energy loss, for the 672-MEV 56Feon 165Ho reaction. •
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56Fe on _85Ho at 672 MeV
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Gaussianfits for cases of low counts. Therefore, the Gaussian fit method was opted

for in the presentanalysis. The E'pLF andthe E*PLI_*TOTcentroidsfor inclusive •

values of primaryPLFmass, as a functionof energyloss, aresummarizedin Tables

A.6 and A.7, respectively. Becauseof the low statistics,it was notpossible to obtain
• * •reliable values forthe E'p1_ andthe E _ TOTwidths, therefore these arenot

studiedin the presentdataanalysis. The PLFexcitation energyE'pi_ inc_

almost linearlywith increasingenergyloss, as shown in FigureHI.11. It reaches a

maximumvalueof about93 MeV at260 MeV of TKEL, thenstartsdecreasing. @

However,thisapparentloweringof E*I,LFcould be attributedto a less accurate

determinationof the E*pLFcentroidsat thehighvalues of TKEL,where only very

few events occuras reflectedby the increasederrorbars. •

The averagemassevaporatedfromthe PLF,<AA>, was also determined with

one-dimensionalGaussianfits, as a functionof energyloss. The values of the AA

centroidsas a functionof TKELaresummarizedin TableA.8, and displayedin •

Figure lII.12. The behaviorof AA with energydampingis similar to thatof the PLF

excitationenergy. The averageevaporatedmass reachesa maximumvalue close to

12 mass unitsat 250 MeV of TKEL. lt thenstartsdecreasingslightly, perhapsfor Q

the same reasonsmentionedfor the case of E*I,LF-

Theevolution of the E*PLI_*TOTcentroidswith TKELis shown in Figure

HI.13. The ratioscorrespondingto the equal excitationenergydivision andthe _1_

thermalequilibriumlimits areindicatedbythe solid anddashedfines, respectively.

TheE pi.ME TOrratiosexceed the equal energydivision limitfor TKELvalues

below about 120 MeV andremainnearlyconstantand equal to 50% for TKEL •

values betweenapproximately120MeV and 260 MeV. A sharpdecreaseof

E*Pt,F_*TOTis observedabove 260 MeV of TKEL. However, thermal equilibrium

is neverreached. •
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56Fe + _eSHo at 672 MeV
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• FigureIIL11 Centroidsof theaveragemassevaporatedfromthePLFas a function
of TKEL,forthe 672-MEV56Feon165Horeaction.
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56Fe + 185Ho at 672 MeV
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FigureIII.12 Centroidsof the excitationenergy of the PIP as a functionof TKEL,
for the672-MEV56_ on 165Horeaction.
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FigureI11.13Centroidsof thePLFexcitationenergyratio(E*mpiE*ToT)as a
functionof TKEL for inclusiveevents for the 672-MEV56Feon'--'165165Horeaction.

• Elastic andslit-scatteringevents aregatedout.
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A closerexaminationof the excitationenergydivision is shown in Figure

E* '_* 0m.14, where the PLF/t_TOTCentroidsareplottedversus TKELfor selective bins

of primary(pre-evaporation)PLFmass, A'pLF. The data of Figurem.14 are

summarizedin Table A.9. FigureIII.14shows that the contributionto the low

* * •
E _ TOTratiosat low TKELis mostly dueto events with primarymasses lower

thanthe mass of the projectile(56). Forprimarymasseshigher than 56, the values of

thePLFexcitationenergy ratio are in the50 %to 70 % rangeat ali values of TKEL.

This resultsuggests a correlationbetween the excitationenergysharingand the •

reactionexitchanneL Therefore,to investigatethiscorrelation,theE _ TOT

ratiois determinedas a functionof themass of the primaryPl.F, A'PLF.

Since the mass of the secondaryPLF,A"pLF,is evaluatedmoreaccurately Q"4 w

than A'pLF, the E _ TOTratiois also plottedversusA"i,LF.To obtainthe

E _ TOTratioas a functionof A'pLF and A"I_, the spectraof E*pI2/E*TOT

ratiowere generated forconsecutive binsof A'PLFandA"pLF,and their centroids •

determined byGaussianfits. The resultsaresummarizedin Table A.10 and Figure

til. 15 for E*_*TOT versus A'PLF,and in Table A.11 and FigurelII.16 for

E*I't.I_*aDT versus A"I,LF. Since inclusive valuesof TKELareconsideredin the Q

resultsof TablesA.10 and 11, theE*I_*TOT centmids containa dependenceon

TKEL. The noticeably differentbehaviorof E*_*TOT versus A'pIFandA"PLF

will be discussedfurtherin ChapterV.

The dottedline in FiguresIIL15and IIL16describeshow the excitation

energywould be divided if the fragmentswere in thermal equilibrium. It is

determinedas a functionof thefragmentmass (A'pLF or A"I_ ). The Q

excitationenergyof a projectile-likefragment(orany excited nucleus)can be written

in terms of its mass and nucleartemperaturef as

0
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thermalequilibriumareindicatedby the solidand dottedfines,respectiveley.

97

Q



A'pLF •

Figure m.15 Cenm_idsof _c PLFexcitation energyratio (B'_/_'TOT) as a
function of the mass of the primaryPLF (A'FLF)for inclusive events, for the 672-
MeV _ on 165Horeaction Elastic andslit-scatteringevents aregated ouL The
limitsof equipanitionof the excitation energyandthermalequilibriumareindicated @
by thesolid anddot*,e,dlines, rcspectiveley.
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@ by the solid and dottedlines, respectiveley.

O43

O



@

E*pLF= apLF "_PLF (III.1)
O

where apLFis the level density parameter,assumed to beproportionalto the PLF

mass. EquationHI.1 is also validfor the target-likefragment. Therefore,when the

twofragmentshaveequaltemperatures,thetotalexcitationenergyofthesystemis @

expressedas

E'TOT ffiE'pLF+ E*TLFffi(apLF + aTLF)_. (III.2) •

The ratio of the PLFexcitationenergyto thetotalexcitation enersoyas a function of
I

the PLFmass can thus be derived from equation 111.2,andexpressed as

E*I_'E*ToI_A'T_ATo.P (III.3)

O

For the 56Feon 165Hosystem,

E'pij/E'ToTX I00= 0.452A'pLF. (III.4) Q

Thethermalequilibriumlimitdeterminedinthisfashionismoreacc'ummthanthe

constantvalueof25% usedinFiguresHl.13andIII.14.Inthosecasesitwas

neccssm'yto assume a constantvalue for A'I,LF.As a default the mass of the

projectilewas used.

An evolution of thesystem fromthermalequilibriumat low values of A'IR_F •

towardsE*I_/E*To T values even higherthanthe equiparfitionof theexcitation

energy limit with increasingA'FLF is observed in FigureHI.15. In contrast,when

plottedagainst thesecondaryPLFmass (A'IR,F),the E*IR,F/E*ToTratioindicates •



Q

thattheexcitationenergyissharednearlyequallybythetwofragmentsforA"pI.F

Q valueslowerthan56.AboveA"pLFof56,theE*PLF_*TOT ratiodecreasestowards

values approachingthermalequilibrium. However,it is importantto rememberthat

the secondarymass gives a pictureof the systemafterdeexcitation. The PLF

Q excitationenergyratiosversusA'pLFandA"pl_ fordifferentbinsofenergylossare

shown in Figures III.17and 18, respectively. These results arc also summarizedin

Tables A.12 and A.13 respectively. A slightdependenceof the E*_*TOT ratio

Q on A'pLFis observed in FigureHI.17 for the threeselected bins of TKEL. A

differentscenariois observedwhen the PLFexcitationenergyratiois plottedas a

function of A"pLF,as shown in FigureIII.18. Forthe low and the intermediate

• TKEL bins,the E*I_/E*To Tratioshows a parabolicdependence on A PLF-At the

highest_ bin, the excitationenvrgyseems to be dividvdnearlyequallybetween

the two reactionfragmentsat ali valuesof A"I,LF.The results presentedin this

Q chapterwill be disc_ furtherin Chapters1Vand V.
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58Fe on 185Ho at 672 MeV
@

-" '" ' I ' ' "' I ' '"' ' i"' 1' I ' ' ' ' I ' ' '-'-
80 _ 40-80 MeV --L

• 60 7- -5

40 _

• o .................:

o_ _0- -'-'_....i-- ,,,,, T--...... i-?:,'''' ,--.'I ,-
"'''i''''l'::: ::I:l''''l'-' "

•M 80 _ 160-200 MeV

. I. .
60

._ . o,,-.., m.......... . 0......

40
_.g - _

[..r.3 20_ -..........

:::I.,,,,I ,,,,I ..i.I..I
- ''"I:::: '"'I:::

80 "-- 250-300 MeV -'i
0

oo
20

I I I I ":f I I I . I I | I _l I I I I I I I i I I I I I I,.I "

35 40 45 50 55 60 65

• A"pL F

(E _W /1_*Figure III.18 Centmi_ of the PLFexcitation e_rgy ratio PLI_ TOT) aS a
function of the secondaryPLF mass(A"pl.F)forthree gates on TKEL,for the 672-

• MeV 56Feon 165Horeaction Thelimitsof equipanitionof the excitation energy and
thermalequilibriumare indicatedby the dottedanddashedlines, respectiveley.

103
0



CHAPTER IV MODEL CALCULATIONS •

Severalmodelsbased on differentconceptshave beendevelopedto describe

themechanismsinvolved in thesystemevolution towardsequilibriumin deep- @

inelastic reactions. Some of _ modelsarebased on theconceptof energy

dissipationby collective nuclearmodes [BRO74,BRO76, BRO78a,BRO78b,

BROS0]while, in anothercategoryof models,the effects of collective modesare @

neglectedand the energydampingis attributedsolely to thestochasticexchangeof

nucleons between the colliding ions [B_3, GRO74, GRO75, HOF76,GRO77,

IAN78a,78b,BLO78, NOR74, NOR75, FRL84,CAR 83, GRI81, 82, DE82,

SAM85]. Detaileddiscussionsof the variousnucleon exchangemodels which

describedeep-inelastic_ons canbe foundin review articlesbyFreieslebenand

Kratz[FRE84],and by Schr0ederandHuizenga[SCH84]. •

The focus in the presentstudyis on two models based on the stochastic

exchange of nucleons between the reactionpartners:Randmp'smodel [RAN78, 79,

82] and Tassan-Got'smodel [TAS88, 89,91]. The fundamentalconceptson which Q

the two modelsarebased arebrieflydescribed,andtheirmain differencesare

outlined. More detailscan be soughtin references [RAN78, 79, 82], and [TAS 88,

89, 91], andin a review articleby Weidenmttiler[WEI80],wherethe _retical

derivationsof the equationsmea in the variousuam_rt modelsareextensively

discussed. The success ot Randrup'smodel and Tassan-Got'smodel in describing

the deep-inelasticmechanismis examinedbycomparingtheirpredictionsto the •

experimentaldataof the 672-MEV56Feon 165Horeaction,and to othersets of data

[MER86,BEN85,88] for systems producedby Fe-induceAreactions.

O
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IV.A Basic Theory
O

Experimentalevidence,such as thebroadeningof the chargeand mass

distributionsof the detectedfragmentswith increasingtotalkineticenergy loss,

• supportsthe ideaof energydampingby meansof nucleontransferbetween the

primaryfragmentsof a heavy-ionreactionin thedeep-inelasticregion. Thissame

featureenablesthe descriptionof theprocessoccurringin deep-inelasticcollisions in

I termsof mmsportphenomena. In earlyworkby NOrenbergINOR74, 75], a master

equationdescribingperipheraldeep-inelasticprocesseswas derivedfromthe

following Liouville-vonNeumannequation
O

i_d_'_ji(t)--"[H,p(t)]ji - _L(ji_)(t)Pik(t), (IV.l)

O

where Pji(t)is the densityoperator,H is theHamiltonian,and I_i,!kis the Liouville

operator.

The mainsteps used byNOrenbergto derivethz masterequationareas
O

follows. A more extensive descriptionof the procedurecan be found in references

[NOR75] and [LEF78].

1- The internalmotionis separatedfromthe relativemotionof thedi-nucleus
O

system.

2- Macroscopicvariablesareintroducedthrough the "coarsegraining"of the

totalchannelspaceusing a coarsegrainingoperator.This is equivalentto
O

dividing the totalchannelspace _( into subsetsHtr The following pre-

masterequationis obtained

O
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wherePv (t) is the macroscopicoccupationprobabilityand K_(t,1:) _sa
O

memorykernelwhichconnectsthepast time(t-z) to the present timet.

3- The Markoffapproximationis used. A Markovianprocessis a st_hastic

processin which theprobabilitiesof occurrenceof futurestates donot
O

depend on the path followed to arriveto those states. In thisapproximation,

the macroscopicvariablesaremuchslower thanthe microscopicvariables. They

can be assumedto nmminalmostconstantduringa timeon theorderof the
I

memorytime.

The following masterequationis obtained

0,',,<,>- <,,[,,,,,',.<,>-,,,.,',,<,>1.
p

where Wvtt (t) is the transitionprobabilitybetween thesubsetsv and_t. @

The masterequation0V.3) can be appliedto severaltypesof dissipative

phenomena,dependingon thetype of macroscopicvariableschosen. It is the basis

of most of the models thatweredevelopedto studydissipativephenomenain heavy- _1_

ion deep-inelasticreactions. The generalprocedureis to derive a Fokker-Plancktype

. . transportequation fromthe masterequationand to evaluatethetransportceefficients.

The differentapproachesused for detenninm"g these transportcoefficients and the •

various assumptionsmade aboutthe system (such asconsideringit as a double

nuclearsystemin N6renberg'stheory) define the differencesamongmodels.

O
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In both Randrup'smodel [RAN78, 79, 82] and Tassan-Got's model

• [TAS88, 89, 91] the physicalpictureof thereactionis thesame. The two ions are

approximatedby two spheresthatapproacheach other alongCoulombtrajectories

untilthey arewithin the rangeof the nuclearfield. Thenacommunicationwindow

U opens andexchange of nucleonsbetweenthe twoions occurs. This nucleontransfer

is assumedto be the only sourceof energydissipationin both models. However,

two differentapproachesandsome differentbasic assumptionsareusedby the two

Q authors in their determinationof thevariablesof the system. Among the macroscopic

variablesthataretreatedare the nuclides'Z and N and fluctuationsaroundtheir mean

values, the excitationenergyand thespin of thenucleus. For the purposeof

S comparingthe predictionsof these theoriesto experimental data,only the

distributionsof the projectile-likefragments(PLFs) arestudied. The distributions

of thetarget-likefragmentsareeithernotavailablefromtheexperimentaltechnique

Q used or detectedwith less precisionand accuracythanthe PI,Fs. A briefdescription

of the two theories follows. More detailsaboutthe two modelscan be foundin

References [RAN78, 79, 82] and [TAS88, 89, 91].

O

IV.A.1 Randrup's Model

• In Randmp'smodel, the two interactingnuclei arerepresentedby two

completelydegenerateFermi-Diracgases. This assumptionis basedon the low

temperatures(kT- 0.5-2 MeV) thatarereachedin these reactions. Nucleon-nucleon

@ collisions aremostly prohibitedby thePauliexclusion principleand thetwo gases

interactvia one-bodydissipation,whererelativeangularmomentumis generatedby

the interactionof nucleonswith themean field.

O
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The dynamicalevolutionof the macroscopicvariablesis describedby a

Fokker-Planckequation,which is derivedfromthe masterequationIV.A.9 by @

consideringthesystem to be Markovian,and assumingthatthemacroscopic

variablesarecontinuous. In thiscase the probabilityof f'mdingone of the two

reactionpartners(theprojectile-likefragmentfor instance)in stateA at timet is given g

as

c)P_)A.t) _ ,(_Ca) VCaP(A.t)+ (aCaaCoDCaC_P(A.t)) {IVA)
a P

where Ca and CItareobservablesthatdescribethesystem. This would meanthatthe .t

nucleusin question(theprojectile-likefragmentfor instance)has acquiredmass C in

the case wherethevariableC refersto themass observable. The driftcoeffL-ient

VCagoverns theevolutionof themean values of themacroscopicvariablesC, and @

the diffusioncoefficientDCa governstheevolutionof theirvariances. They are

evaluatedas

@

V C- _d£ N'(£) < OrB -f A)C> flux (IV.5)

and

2Vqc2f.[dN'(O< 0V.6)
@

where < >vaxindicatesan averagingoverali the angularorientationsof the transfer,

f A andf Barethe Fermifunctions thatindicate the level populationsof the partners

A and B, and N'(£)is the flux of nucleons for an energy interval d_. Fora nearly @
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degenerategas representationof theinteractingsystem, as is the case in Randrup's

@ model, the Fermifunctionsaresimplified to the following expressions:

f n .f A ffi co8 (e - eF), (IV.7)
@

where _ denotes the Dirac delta function, and

Q (l-fA)fB+(1.fB_fA ffi (fB .fA)coth(_)" (IV.7)

3 where _ is the temperatureof thesystem. The quantitycois the gain in excitation

energywhen a transferoccursand is definedas

m = FA - Up, (IV.S)

where

)

FA = EFB-_FA , (IV.9)

which is thedifference between the Fermi levels of the two partners,U is therelative

velocity vectorof nucleusA with respect to B, andp is themomentumvectorof the
transferrednucleon.

@ The solution toequationIV.4 can be obtainedby the determinationof the two

transportcoefficients. However,solving thisequation is a tremendoustask and

some simplificationsarein order.

@ A meantrajectoryapproach[RAN82], whereanaveragepath is followed by

themacroscopicdynamicalvariables,was the method of choice in Randrup'smodel.

109
@



@

In thismethod, a numberof dynamicalvariables,includingthe protonandneutron

numbersof the projectile-likefragments,the radiusof the small cylindricalneck that @

joins the two interactingions, and the mean spin projectionfor the target-like

fragment,wereused. The conservativeforces that acton thesedynamical variables

arederivedfromthefollowing macroscopicLagrangian: @

L = _R2 + IlRO)R2+ IlACOA2+ IIBO3B2- VA-VB-VC-VAB (IV.10)

O

where_tis the effective mass,IRis themomentof inertiaof the orbitalmotion,IA

andIa are theindividualmomentsof inertiaof the nucleiA andB, VAandVB arethe

potential energiesof thetwo nuclei,Vc the Coulombenergy,andVABrepresentsan @

additionalnuclearinteractionbetweenA andB.

The Fermilevels thatgovern theevolutionof thesystemareextractedfrom

this Lagrangian. lt was claimed by Tassan-Got[TAS88, 89,91] thatthiscauses the C

systemto drifttowardssymmetry,and thatthiseffect is due to the presenceof a

kinetictermin the Lagrangian.Thedissipativeforcesareobtainedfrom a Rayleigh

dissipationfunctionand the dynamicalequatiomfor the meantrajectoryarederived (

from the Lagrange-Rayleighequationof motion.

IV.A.2 Tassan-Got's Model t_

In Tassan-Got'smodel the stochastictransferof nucleonsbetween the two

fragmentsis simulatedby a MonteCarlomethod. In thisapproach,the possibility (

and type of transferaredecidedby randomdrawing. The transitionprobabilitiesof a

protonor a neutronout of orinto a fragmentarecalculatedand used for the

determinationof the characteristicsof each transfer. •
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A phase-spaceformulaaccountingfor Pauli blockingwas used byTassan-

Q Got to evaluate thesetransferprobabilities.The probabilityP of transferof a nucleon

fromnucleus 1 to nucleus2 per unittime is evaluatedas

• P = __TnI(1-n2)dSO, (IV.11)

where• is the phase-spaceflux perunitareaandtime, T is the factorof penetrability

• of the barrierandhas values between0 and 1, and nI and n2 are the ratesof

occupationof the statesconsideredin nucleus 1 and 2, respectively[TAS88]. The

variableo includesthefive parametersthatdescribethe transfer.They arethe three

@ componentsof thevelocity vectorof the uansferrednucleon,and the two parameters

that characterizethe surfaceseparatingthetwo heavyions.

A nucleontransferresultsin themodificationof the initial conditionsof the

@ relative motion, whichhave to be readjustedbeforethenext transfer.This procedure

is repeateduntil thetwo ions aretoo far to feel the nuclearinteraction.They then

move awayfromeach otheralongCoulombtrajectories.The valuesof the

• macroscopicvariablesof interestaredetennhledevent-by-eventandstored.

Calculations are performedfor a wide rangeof impactparametersto includeali the

possible incident waves. The advantageof this approachis thatit allows the

g descriptionof the systemat each stepof thecollision insteadof following anaverage

path.

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

There aresome basic differencesbetween Randrup'smodel and Tassan-

@ Got'smodel. The ones thatarethoughtto be moreor less crucialarethe way the
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Fermilevels arecalculatedin bothapproachesandthe restrictionon thedirectionof

transferin Tassan-Got'sformulation. In Randmp'smodel the Fermi levels are •

exu-actedfromthe Lagrangian,while in Tassan-Got'smodel the Fermilevels are

determinedforeach nucleusindependentlyas separationenergiescalculatedfrom

mass tables. This is thoughtto be one of the crucialfactorsthatcauses the B

differencesbetween thepredictionsof the two modelsfor asymmetricsystems. It

seems thatthepresenceof akinetic term in theLagrangianused in Randrup'smodel

leads the system to drifttowardsmass symmetry. In Tassan-Got'smodel the mass •

andchargedriftsareinsensitive torelative kineticenergy. Finally,nucleontransfers

in Tassan-Got'smodel arerestrictedto those wherenucleonsmove towardsthe

Owindow. There areno restrictionson the directionof transferin Randrup'smodel.

To testhow thesedifferencesaretranslatedin termsof chargeandneutron

distributions,theevolution,withtotal kineticenergyloss (TK), of the mass and

chargedistributionspredictedbythe two models for the primary(pre-evaporation) •

PLVs emittedin variousreactionsarecomparedto each other. The resultsare

presentedin FiguresIV.1 throughIV.8, where the centroids_ and<2_>,the

<N>/<Z> ratio, the variancesaz2 and c_ 2, and the correlationfactorPt_zareplotted •

as a function of TKEL. In ali O_,sefigures, thepredictionof Randmp'smodel is

indicatedby the ,solidline and thatof Tassan-Gofsmodel is indicatedbythe dashed

line.

IV.B.I Symmetric Systems

qP

Before proceedingto a comparisonof distributionsfor asymmetricsystems,

whose behaviorwith energyloss promptedthe developmentof many of the various

transportmodels mentionedearlier,it is worthwhileto examine how well Randmp's •
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model andTassan-Got'smodel reproducethedata obtainedfor symmetricsystems,

@ where there shouldbe no net change in <aN>,<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 56Feon 56Fereaction are shown

@ in Figure IV.1. Both models predict the same behaviorfor this system and confirm

the absence of chargeand mass drift,as expected forsuch symmetric systems. The

variances az2 and ¢_N2 and thecorrelationfactorPI_ areplottedversusTKELin

Q Figure IV.2. The values predicted byTassan-Got's model for the variances tend to

be slightlysmallerthanthoseobtainedfromRandrup'smodel. At about 220 MeV of

energyloss, ¢_N2 fromRandrup'smodel shows a steeperincrease than the more

@ monotonicincreasefeaturedin Tassan-Got'smodel predictions. The correlation

factor given by bothmodels increases,with an approximatelyconstantslope froma

value of Oat0 MeV of TKELtoa valueclose to 0.8 at a TKELof 240 MeV. A

@ slight difference is observed in the PNZvalues fromthe two models. However, this

small difference could be attributedto statisticalerrors associatedwith the

determinationsof thecharacteristicsof the nuclidedistributions.Therefore,it seems

@ that the two models give a similar descriptionof the symmetricsystem 840-MEV

SaFeon SaFe.

@ IV.B.2 The 672-MEV S6Fe on 16Silo System

The discrepancybetween the two models for asymmetricsystems is

• illustrated in Figures 1V.3through 13/.8. The Z and N centroids and the <N>I<Z>

ratioof theprimarydistributions are displayedas a functionof TKELin FigureIV.3

for the 672-MEV56Feon 165Hosystem. The two models predictnearlythe same

@ quantitaivebehaviorfor the <N>/<Z> ratio, which increases from the projectile's
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56Fe on 56Fe at 840 MeV
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Figure W. 1 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
distdbutons of the 840-MEV 56Fe 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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56Fe on 5eFe at 840 MeV
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Figure IV.2 Model predictions for 0 2, ON2,and PNZfor the primarydistributions
obtainedin the 840-MEV56Feon 56Fereactionas a functionof energyloss (TKEL).

• The solid line refers to Randrup'smodel predictions,andthe dashed line refcrsto
Tassan-Got'smodel predictions. The arrowindicates the value of TKEL
correspondingto the sphericalCoulombbarrier.
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56Fe on 165Ho at 672 MeV
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Figure IV.3 Model predictions for <bl>, <Z>, and <N>/<Z> for the primary
distributions of the 672-MEV _Fe on 165Ho reaction as a function of energy loss
(TKEL). The solid line refers to Randmp's model predictions and the dashcd line

_:, refers to Tassan-Got's model predictions. The arrow indicatcs the value of TKEL
corresponding to the spherical entrance channel Coulomb barrier. The dot-dashcd @
and dotted lines in the bottom figure indicate the N/Z ratio of the compound nuclcus
and the projectile, respectiveley.

116
= @



@

56Fe on 165Ho at. 672 MeV
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Figure IVA Model predictions for 0 2, 0 2, and PNZfor the primary distributions
of the 672-MEV56Feon 165Horeaction asa function of energy loss (TKEL). "lhc

@ solidlin,.-eferstoRandmp'smodelpredictionsandthedashedlinereferstoTassan-
Got'smode!predictions.ThearrowindicatesthevalueofTKEL correspondingto
thesphericalentrancechannelCoulombbarrier.

: 117
-0



O

N/Z ratioatlow TKELtowardsa value close to the N/Z of the composite system at

the highestTKELvalues. ThisN/Z equilibrationis expectedfor deep-inelastic •

reactions. However,it is attainedby two differentmeans in the two models. In

Randrup'smodel, the N/Z ratiois adjustedby transferof neutrons(up to 5 neutrons)

fromthe TLFto the PLFandalmost no transferof protonsforenergyloss values •

lowerthan280 MeV. Above 280 MeV of TKELboth <N> and <Z> start

decreasing. In Tassan-Got'smodel the neutronnumberremainsnearlyconstant

throughoutthe rangeof energyloss extending from0 to 240 MeV, while protons(up •

to 3 protons) aretransferredfromthePLF to theTLF. Above 240 MeV the <Z>

and

<N> decreasewith a relativelysteep slope. •

Thisbehaviorof the centroids<Z> and <N> indicates thatin Randrup's

model the systemevolves towardsmass symmetry,while in Tassan-Got'smodel the

system tends to becomemore asymmetricwith increasingenergyloss. The reason •

for thiseffect is thoughtto wLidein the two differentapproachesused to computethe

Fermilevels in the two models. It seems thatthe presenceof the kineticterm in the

Lagrangianis responsible formakingtheevolution of the N and Z of thesystem •

sensitive to relative kinetic energy[TAS89, 90, 91].

The variances¢72 _d ¢7z2,andthecorrelationfactorPNZobtainedfromthe

two modelsarecomparedin FigureIV.4. The variancesfrom bothmodelsare in •

good agreementfor TKELvalues lowerthanabout240 MeV. At this point, the

values fromTassan-Gofs model startdecreasingwhile those from Randrup'smodel

increasewith a steeperslope. Thiseffect was also observed in the studyof the 35C1 •

on209Bireactionat270 MeV and the 37C1on 209Bireactionat529 MeV by

Marchetfiet al. [NI 1,92]. A possibleexplanationfor this differencein the

O
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behavioris therestrictionin Tassan-Got'smodel of nucleontransfersto only the

• nucleons movingtowardsthe communicationwindow.

IV.B.3 The SOS-MeV StFe on 165Ho System

Q

The predictionsfor the 505-MEV56Feon 165Ho system are presented in

FiguresIV.5 andIV.6. The samegeneraltrendis observedfor the centroidsandthe

Q <_N>/<Z>ratio. In Randrup'smodel, a transferof a maximumof 4.4 unitsof

neutralmass from the TLFto thePLF is predictedfor this system,and the charge

remains constantwithin0.5 units.In Tassan-Got'smodel, up to 2 protonsare

• transferredfromthe PLFto the TLF. The neutronnumberis constantata value of

31 within0.5 units. There is an apparenttransferof about 1 unitof neutralmass

from the TLF to the PLFatali values of TKEL. There is noevidence thatit is an

• actualtransferor a unusually largeuncertaintyin thedeterminationof the N centroids

for this system. The agreementbetween the values of the <N>/<Z> ratioobtained

from the models is not asgood as in thehigherbombardingenergycase. The same

Q behavioras for the 672-MEV56Feon 165Ho system is observed for the variances and

the correlationfactor,as shown in FigureIV.4.

• IV.B.4 The 840-MEV 56Fe on 23SU System

The characteristicsof theprimarycharge andneutrondistributionsareshown

@ in FiguresIV.7 and IV.8 for the 840-MEV56Feon 23Su system. The <N> and <Z>

' centroidsand <N>/<Z> ratioexhibit the same trendas for the two previous systems.

However, the differencebetween the centroids fromthe two models, the N centroids

• in particular,seems to be larger for this more asymmetricsystem. 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 _Fe on 165Ho reaction as a function of energy loss
(TKEL). The solid line refers to Randmp'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 •
andthe projectile, respectiveley.
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56Fe on _85Ho at. 505 MeV
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Figure IV.6 Model predictions for Oz2, ON2, and PNZfor the pdmary distributions
of the 505-MEV 56Fe on 165Ho reaction as a function of energy loss (TKEL). The
solid line refers to Randmp's model predictions, and the dashed line rcfcrs to
Tassan-Got's model predictions. The arrow indicates the value of TKEI

) corresponding to the spherical Coulomb barrier.
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56Fe on 2_SU at 840 MeV
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Figure IV.7 Model predictions for <N>, <Z>, and <N>/<Z> for the primary
distributions of the 840-MEV56Feon 23SUreaction 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
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and the projectile, respectiveley.
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56Fe on 238U at 840 MeV
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• Figure IV.8 Model predictions for 0 2, _N 2, and PNZfor the primary distributions
of the 840-MEV 56Fe on 238U reaction as a function of energy loss (TKEL). The
solid line refers to Randrup'smodel predictions and the dashed line refers to Tassan-

Got's model predictions. The arrow indicates the value of TKEL corresponding to
B the spherical entrance channel Coulomb barrier.
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aretransferredfromthe TLF to the PLFin Randrup'smodel andthere is a gain of

about2 chargeunitsby the PLF. According to the predictionsof Tassan-Got's •

model,a maximumof 7.4 chargeunits arelost by thePLFto theTLF. The variation

in the neutronnumberis only about 1.5 units of neutralmass gainedby the PLF,for

TKELlower than 400 MeV. Above400 MeV of TKELthe PLFloses up to 3 •

neutrons. The possibleexplanationfor thisbehaviorcould be the differentways in

which the Fermilevels arecalculatedin the two models. In Randrup'smodel a drift

towardssymmetryis favored and the opposite is truefor Tassan-Got'smodel, where •

the mass asymmetryof a system is more accentuated[TAS89, 89, 9.1]. A small

difference between thepredictionsof the two models is observedfor the variances,

as shown in FigureIV.8. Tassan-Got'smodel predicts a smalleraz2 atali values of Q

energyloss. The correlationfactorevolves from nocorrelation(PNZ= 0) atthe first

stagesof the collision (low TKEL)towardsalmost full correlation(PNZ- 1) at the

laterstages(higherTKEL)for both calculations. •

IV.C Comparison of Model Predictions to Experimental Data

D

The observablesmeasuredduringexperimentsaresecondaryquantitieswhich

describe thesystem in its stablestateafterit has lost ali its excitationenergyby

evaporationof light particlesand gammaray emission. It is thereforeessential to D

accountfor the loss in protonand neutronnumbersbyevaporationbefore attempting

any comparisonsof experimentaldatawith model predictions. Two possibilities

exist for makingsuch corrections. One is to evaluate the amountsof mass and •

chargeevaporated fromprimaryfragments andadd them to the measuredsecondary

values. The reconstructionof primarydistributionsfrom measured secondaryones
,f

is less reliable. Because it is noteasy to determinehow muchevaporatedmass is due •

124

0



Q

to evaporationof protonsor neutrons,reliableresultsareobtainedonly in cases

• whereneutronevaporationis more significantthanprotonevaporation. The other

methodis to performevaporationcalculationson the primarydistributionspredicted

by the models and comparethesesecondarytheoreticaldistributionsto the

I experimentalones. Thisprocedurewas employedin thepresentanalysis.Forthe

sakeof consistency, the evaporationcode Pace 11was used to accountfor

evaporationof the primarydistributionsobtainedfromboth models.

t In thecase of Tassan-Got'scode, the observablesof the system were

determinedevent-by-eventand the calculated variables werestoredin foes that were

subsequentlyused as inputs to Pace H. In Randrup'smodel, the averagevaluesof

• theobservablesconsidered (chargeandneutronnumberfor instance)arecalculated.

It was thereforenecessaryto generatetwo dimensionalGaussiandistributionsto be

used with PACEII by employing theaverages_ and _>, the variancesOz2 and

• GN2and the covariance_NZcomputedby thecode.

Anotherinputto theevaporationcode is theexcitationenergyof the primary

fragment. In the case of Randrup'smodel it can be computedusing the average

Q rotationalenergyandthe temperaturesof the PLFandtheTLFthatarecomputedby

the code. The totalexcitationenergy (E'pLF +E*TLF) of a given exit channelis

t E*ffiTKEL+ Qgg - Erot-ta_, (IV.12)

where Emt-totalis the totalrotationalenergyof the PLF-TLFsystem. The rotational

qP energyof each fragmentis obtainedby scaling the average rotationalenergywhich is

given by thecode. The generalexpressionof the rotationalenergyof a spherical

nucleuswith a momentof inertiaI andtotalangular momentum,_ is writtenas

O
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Erot=_2 '/(_ 1). (IV.13) •

The momentof inertiais equal toMR2,whereM is themass of the nucleusandR is

its radius. Assuming the same angularmomentumforeach nucleus, therotational •

energyof each fragmentin a given exit channelis thencomputedas

.<M>-5/2
Etot= <EroP (_) , (IV.14) •

where <> refers to the average quantitiescalculatedbythe code.

Theexcitationenergyof each fragmentcan be evaluatedby assuming that •

theirtemperaturesareequal to the average temperatuw_thataregiven bythecode.

The ratioof excitationenergies of the twofragmentsis given by

O

E*PLF- _ ~ ApLFI:2pLF (1N'.lS)
E*TLF - aTLFI:2TLF ATL F Z2TLF

where Ap_ and ATLF are the PLFand TLFmasses, apLF anda1LF are their level •

densityparameters(A/8 was used as thevalue of a) andZpLFand ZPLFaretheir

correspondingtemperatures.The fractionof excitationenergy storedin thePLFcan
ii,

thus be obtainedand multipliedby thetotalexcitationenergy of the systemas given

in equation (IV.12). The resultingvalue is theabsoluteexcitation energyof thePLF

and is used in PACE H.
O

The PLFexcitationenergyratiosE _ TOT,obtainedfrom the two

models, are comparedin FigureIV.9 for the 672-MEV56Feon 165Hosystem. In

both cases theexcitationenergyof the system is equally sharedbetweenthe two
O

fragmentsduringthe first 120MeV of TKEL. After that thesystem tendstowardsa
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• 8o..,, , , I ,.,.,.,i , , , , I ,
= '-TASSAN-GOT

RANDRUP

• _ 60 7-

"--- ,, ...... -... EQUAL DIVISION

40• ,_

"_ .THERMAL EQUILIBRIU'" ",_ _ .

20--

• _ "

. q

o, , , , I , , , , I , , , , I ,
1O0 200 300

• TKEL (MEV)

B

Figure IV.9 The ratio of excitationenergy stored in the projectile-like fragments
produced by the 672-MEV56Feon 165Horeaction. The solid line refers to
Randrup's model calculations, and the dashed line refers to Tassan-Got's model

• calculations. The limitsof equipartitionof the excitationenergy andthermal
equilibriumbetweenthe tworeactionpartnersare indicatedby thedottedand thedot-
dashed lines, respectively.
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morethermalizedstatewithincreasingenergyloss. Since theexcitationenergies

predictedby the two models arenearlysimilar,as shownin FigureIV.9 for the 672- •

MeV 56Feon 165Ho system, and since the same evaporationcode was used to obtain

the secondaryevents fromthe primaryevents from both models,anydiscrepancies

between the two models'secondarydistributionsareattributedonly to the inherent •

differencesbetween the models.

The resultsobtainedforthe two models afterevaporationarecomparedto

experimentaldatain FiguresIV.10 throughIV.16. Randrup'smodel and Tassan- •

Got'smodel predictionsareagainindicatedby the solid and dashedfines,

respectively. The experimentaldata is representedby thecircles. Largeerrorsare

observedfor the 672-MEV56Feon 165Ho system, where a moment analysis •

procedurewas used for thedeterminationof the meansand widthsof the

distributions,aredisc_ in Section HLA. Two-dimensionalGaussianfits

[BRF_2, 83b]were employedto determine the centroidsandvariancesof the •

distributionsfor the 505-MEV56Fe+ 165Ho[BEN85, 87, 88] system and the 840-

MeV 56Feon56Feand 56Fe on 238Usystems [MER86]. Smallererrorsareobtained

for these two lattersystems. WhenGaussianfits areused, it seems that the error •

barsreflect mostlythe uncertaintiesdue to the method.

IV.C.I The 840-MEV $6Fe on $6Fe •

The centroidsandvariances,and the correlationfactorpredictedby the two

models for the PLFsecondarydistributionsof the 840-MEV56Feon 56Fesystem are qP

comparedin FiguresIV.10 andIV.11. The experimental<Z>, <N>, and <N>/<Z>

are reproducedby both models. However, the two models underpredictthe

O
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variances,theneutronvariancein particular,and fail to reproducethe rapidin_",_,_e

• of the correlationfactorto full correlationbetween neutronand protontransfe

IV.C.2 The 672-MEV $6Fe on ]6SHo System
O

Themeanvalues and the variancesfor the PLFs distributionsobtainedfor

the 672-MEV56Feon 165Hosystem aredisplayedin FiguresIV.12 andIV.13,

l respectively. The <N>/<Z> ratiois equallywell reproducedby the two models.

Thevalues predictedforthe <N> and <Z> centroidsshow a good agreementwith the

experimentaldatafor mostof the TKELrange. The predictionsfrom both

• models departfrom the experimentaldata athighvalues of energyloss, 230 MeV for

Randrup'smodel and 280 MeV for Tassan-Got'smodel. As evident from the

figures,thetheoreticalcalculationsareavailableonly for therangeof energyloss

• allowed by thesphericalCoulombbarrierfrKEL - 312 MeV) as indicatedby the

alTOWS.

The correlationfactoris well reproducedby both models. The theoretical

O chargevariancesagreewith the datafor TKELvalues lowerthan 160 MeV. For

larger TKELvalues, Crz2is overestimatedby both models. At TKELvalues close to

the maximumenergyloss allowed, the two theoreticalvariancesdivergefromeach

O other. The Oz2 values obtainedfrom Randrup'smodel continueto increasewith

increasing TKELand reproducethequalitativebehaviorof the experimentaldata.

The _2 values predictedby Tassan-Got'smodel decreasesharply,in contrastwith

qP the experimentaldata. Theneutronvariancesareunderestimatedby the two models,

even at the veryearly stages of the reaction. The theoretical neutronvariancesexhibit

the same behavioras theprotonvariancesatTKELvalues largerthan 260 MeV. The

• correlationfactorPNZis well reproducedby both models for this asymmetricsystem,
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56Fe on 58Fe at 840 MeV
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Figure IV.10 Experimental results (circle.s) and model predictions for <N>, <Z>, O
and <N>/<Z> for the secondary distributions of the 840-MEV 56Fe on 56Fe reaction
[MER86] 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 dotted line indicates the N/Z of the projectile. •
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56Fe on 56Fe at 840 MeV
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• FigureIV.II Experimentalresults(circles)andmodelpredictionsforOz 2,ON2,
andPNZforthesecondarydistributionsofthe840-MEV56Feon56Fcreactionasa
functionofenergyloss(TKEL).ThesolidlinereferstoRandrup'smodel
predictionsandthedashedlinereferstoTassan-Gofsmodelpredictions.The
arrowsindicatethevalueofTKEL correspondingtothesphericalentrancechannel

• Coulomb barrier. The dot-dashedanddottedlines in the bottom figurcindicate the
N/Z ratioof the compoundnucleusandthe projectile,respectiveley.
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56Fe on 185Ho at. 672 MeV
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Figure IV.12 Experimental results (circles) andmodel predictions for <N>, <Z>,
and<N>/<Z> for the secondarydistributionsof the 672-MEV 56Feon 165Ho

reactionasa functionof energyloss (TKEL). The solid line refersto Randrup's
model predictionsand the dashed line refers to Tassan-Got'smodel predictions. The @
arrowsindicatethe valueof TKELcorrespondingto the sphericalentrancechannel
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132
0



Q

56Fe on 165Ho at 672 MeV
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Figure IV.13 Experimental rcsulm(drcles) and model predictions for ffz 2, ON2, and
PNZfor the secondary distributions of the 672-MEV55Feon 155Horeaction as a
functionof energy loss (TKEL). The solid line rcfem to Randmp's model
predictions,and the dashedline refersto Tassan-Got'smodel predictions. The
arrowindicatesthe value of TKEL correspondingto the sphericalCoulomb bah'icr.
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unlikethecase of symmetricsystems.
O

IV.C.3 The 505-MeV $6Fe on 165Ho System

The experimental<N> and _ centroids and the <N>/<Z> ratioobtained •

for the 505-MEV56Feon 165Hosystem [BEN85, 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 reproducedby the two models for TKEL values above •

50 MeV. The predictionfrom Randrup'smodel slightly overestimates the <N>/<Z>

ratio above50 MeV of TKEL. There is a sizabledifferencein the predictionof the

<N> and <Z> centroids, however. Tassan-Got's model •

reproducesbothprotonandneutronnumbercentroidsfor the entirerange of allowed

energy loss. Randrup'smodel overestimates <Z> and c_N>,and the discrepancy

between experimentaland theoreticalvalues increasesgradually with increasing •

TKEL. At a TKEL value of about 150MeV, which is close to the maximum energy

loss allowed by the sphericalCoulombbarrierOXEL - 190MEV),the experimental

<Z> and <bi> show a sharp increase, which may indicate the onset of the fusion- •

fusion mechanism. This effect is not calculated in the models. The variances are

not available for this system.

O

IV.C.4 The 840-MEV S6Fe on 23gU System

The results for the 840-MEV56Feon 238U system [MER86] are displayed in •

FiguresIV.15 andIV.16. Again the <N>/<Z> ratio is well reproducedby both

models formost of the TKEL range; a departure from the experimental data is

observedfor TKELvalues close to the Coulombbarrierli'KEL~ 420 MEV). A large @
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lt

discrepancyis observedbetween theexperimental<N> and <Z>centroidsand the

lt predictionsof Randrup'smodel. Tassan-Got's model reproduces these centroids

fairly weil. A very good agreement is observed between the data and the predictions

of the two theories for the variances and the correlation factor.

lt The comparisonsof model predictionsto experimentaldatashow that the

experimental charge and neutroncentroidsare generally better reproducedbyTassan-

Got's model than by Randrup's model. The variances and correlation factor are

lt generally well reproducedfor the more asymmetric systems by both models.

O

lt

lt

I

O

lt
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56Fe on 165H0 at 505 MeV
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Figure IV.14 Experimental results (circles) and mo{tel predictions for <N>, <7.>, •
and <N>/<Z> for the secondary distributions of the 505-MEV 56Fe on 165Ho

reaction [BEN85, 87, 88] 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 3'KEL corresponding m the spherical

entrance channel Coulomb barrier. The dot-dashed and dotted lines in the bottom I
figure indicate the N/Z ratio of the compound nucleus and the projectile,
resm_cdveley.
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56Fe on 23SU al; 840 MeV
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Figure IV.15 Experimentalresults(circles) and model predictions for <N>, <Z>,
and<N>/<Z> for the secondarydistributionsof the 840-MEV56Feon 238Ureaction
[MER86]as a functionof energy loss (TKEL). The solid line refersto Randrup's
model predictionsand the dashed line refersto Tassan-Got'smodel predictions. The
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_ Coulomb barrier. The dot-dashedanddottedlines in the bottom figureindicatethe
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Figure IV.16 Experimental results(circle,s) and modcl predictionsfor az 2, _N2, and
PNZfor the secondary distributionsof the 840-MeV -_Fe on 238Ure,action [MER86]
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CHAPTER V DISCUSSION

0

The experimentalandtheoreticalstudies of heavy-ion reactionsin the deep-

inelastic regionresultedin theunderstandingof theirgeneralfeatures,as discussed

t in ChapterI. However, some aspects of these reactions still remainobscure. II is

not yet clearlyunderstoodif nucleontransferalone can accountfor ali the energy

dissipation,and how the producedexcitation energyis divided between the two

Q reactionfragments. Anotherpoint to be elucidatedis the role of the potential

energy of the composite system in the evolution of the nuclide distributionof the

reaction fragments.

• The driftof asymmetricsystems towardsgreatermass asymmetry is

explored in termsof the mass andchargedistributionsof the projectile-like

fragmentand its neutron-to-protonratioN/Z. Since the primaryfragments(pre-

• evaporation)producedby the collision areshort lived, only the secondary(post-

evaporation)fragments aredetected. Hence, it is necessary to accountfor the

deexcitation throughlight particleevaporationusing evaporationcodes. The

amount of mass and chargeevaporatedfrom a nucleus is relatedto its excitation

energywhich has to be used as an input in evaporationcodes. In studies where the

excitation energyof the fragmentscannotbe determined,assumptions have to be

3b madefor the excitationenergysharingbetween the two fragments.

The use of the kinematicscoincidence techniquedescribed in Section II.D.3

providesinformation aboutthe primaryfragmentsbefore their deexcitation by

) evaporation. The parameterof particularinterestthat is determined with this

method is the excitation energyof the primaryfragments. The results of the

presentstudyof the 672-MEV56Feon 165Horeaction with the kinematics
P

coincidence techniquearecomparedto those obtained,with the same experimental
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method, for the 505-MEV56Feon 165Ho[BEN85, 87, 88], and the 629-MEV 74Ge
O

on 165Ho[KWI 90] systems.

A strongcorrelation between the excitation energy division and the mass of

the primaryprojectile-like fragment was observed in the study of the 505-MEV

56Feon 165Ho reaction by Benton et al. [BEN85, 87, 88], and the 629-MEV 74Ge 0'

on 165Horeactionby Kwiatkowskiet al. [KWI90]. However, it has been claimed

by TSke et al. _OK89], after re-analysisof the 505-MEV 56Fe + 165Hodata,that

thisexit channeldependenceof the excitationenergydivision is causedby the •

finite resolutionof the measuredquantities. A Monte Carlosimulation of the

coincidence experimentfor the 672-MEV56Feon 165Ho reaction is performed to

examine theextent of instrumentaleffects on the determination of the excitation Q

energies of the reaction products. The results of the Monte Carlo simulationfor the

629-MEV74Geon 165Ho[KWI90] system arealso discussed and comparedto the

results of the presentstudy. Q

It is importantto verify the consistency of the results obtainedby the two

types of analyses conductedon the presentdata,the studyof the secondarymass

and chargedistributionsof the PLFs, and the kinematicreconstructionmethod.

For this purpose,the primarymass andchargedistributionsobtainedwith the

kinematicscoincidence techniquearecomparedto those obtainedby applying

neutron evaporationcorrections to the measuredsecondarydistributions. C

V.A. Drift Towards Mms Asymmetry
C

Studies of variousasymmetricsystems revealed a tendency for most of

these systems to drift towards greatermass asymmetrywith increasingTKEL. This

trend is, in general,contradictory to the directionindicated by the gradientto the f
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potentialenergy surface(PES) of thecomposite system. The potential of the

• system formed by the projectile-likeand target-like fragmentsis usually calculated

using the relation

• V =VpLF(LD)+ VTLF(LD)+ VN+ VL-VC (V.l)

whereVpLF(LD)andVTLF(LD)aretheliquiddrop(LD)modelbindingenergiesof

Q thePLF andTLF,respectively,andVN,V L andVC arethenuclear,centrifugaland

Coulombpotentials,respectively[PLA90].Asanexample,thepotentialenergy

surface(PES)forthe56Feon165Hosystem[BRE83a]isdisplayedinFigureV.I.

• ThepredictionsfromRandrup'smodel,indicatedbythedashedarrow,forthe465-

MeV 56Feon165HoreactionareinaccordancewiththePES gradient.Incontrast,

thedirectionfollowedbytheexperimentalcentroidscorrectedforneutron

• evaporationdiverges from the PES gradient,as shown by the solid arrow. This

same behavioris exhibitedin a moredrastic fashion by the 465-MEV56Fe+ 238U

[BRE83a]system, wherethe directionof the trajectoryfollowed by the

• experimentalcentroids is opposite to thatof the PES gradient, as shown in Figure

V.2.

Itwas shown in ChapterIV thatTassan-Got'smodel gives a bettergeneral

• reproductionof the N andZ centroids for asymmetricsystems than does Randmp's

model. Tassan-Got'smodel predicts the strongnegative driftof such systems. This

is illustrated in FigureV.3, where the PES of the 40At+ 197Ausystem is displayed

• [TAS88]. The centroidspredictedbyTassan-Got'smodel for the primary

distributionsof thissystem (solid line andpoints), aresuperimposedon the PES.

The direction followed by the centroidsdiverges from the directionof the PES

• gradient(dot-dashedline).
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FigureV.1 Thepotentialenergysurfaceplottedin theprojectile-likefragmentN-Z
planeforthe _Fe + 165Ho system. Randrup'smodelpredictions(dashedarrow)
followthe directionof thegradient,contraryto the experimentaldata(solidarrow) I
[GRIF87,TAS89].
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Figure V.2 The potential energy surfacedefinedas ( -_Qga+ VCoulomb) plotted in
the projectile-likefragmentA-Z planefor the _Fe + 23s_ system. The datapoints

• (circles) follow a directionopposite to thatof the gradient. The [_stabilityline is
indicatedby the dashes[MER86].
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Figure Y.3 The potential ene_i,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 L = 150 ¢1The trajectory
followed by the ce,ntroids 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

_orresponding nuclide. The dot-dashed line indicates the trajectory imposed by the •
potential gradient [TAS88].
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The contrastbetweenthe predictionsof the two models is furtherillustrated

• in FiguresV.4 and V.5, where the experimentalnuclide distributionsobtainedfor

the 672-MEV56Fe+ 165Hoand the 840-MEV56Fe+ 238Usystems arecompared to

the two model calculations. In these two cases the centroids predictedby

• Tassan-Gofs model areindicatedby the dashed curveand those predictedby

Randrup'smodel are indicated by the solid line. The gradientto the potential

energysurfaceis indicatedby the arrow. The primarydistributions

• (diamonds)areobtainedby kinematicalreconstructionfor the 672-MEV56Fe+

165Hosystem and by neutronevaporationcorrectionsfor the 840-MEV56Fe+ 238U

[MER86].The random-walknatureof Tassan-Got'smodel is evident in the way the

• N-Z curvewandersinstead of having the continuous smoothnessof the curve

obtainedfrom Randrup'smodel. Thiseffect can be understoodfrom the fact that a

meantrajectoryapproachwas used in Randrup'smodel IRAN82], while the

0 trajectoryof the dinuclearsystem was followed step by step with a Monte Carlo

procedurein Tassan-Got'smodel [TAS88, 89, 91].

Various explanations were suggested to account for the strongnegative drift

• in such asymmetricsystems. In a studyby Moretto et al. [MOR83], a feedback

mechanismwas explored. Thismechanism is due to the existence of a temperature

gradientbetween the two fragments. The lighter nucleus is hotterand therefore, by

• assuming thatparticlefluxes dependstrongly on temperature,a net transferof

particlesfrom the lighter fragmentto the heavierone occurs. Thus, more mass and

energy aretransferredto the heavier fragment. However, it was shown by Tassan-

qP Got that it does not accountfor ali the discrepancy between theory and experiment

[TAS88]. Model calculations were performedby Tassan-Gotfor the 370-MEV

4°Ar on 197Ausystem with the constraint of thermal

O
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Figure V.4 Evolution of the nuclidedistribution in the N-Z plane of the projectile- •
like fragments produced by the 672-MEV56Fe+ 165Hosystem, 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 _e arrow.
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equilibriumbetween the two fragments. The predictionsobtainedfor primarymass

and charge distributions werecompared to predictionsobtained without the thermal lp

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

temperaturegradientdoes not significantly affect nucleon transfer, lp

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 shallowerone was calculated. This was performed by finding the exact lp

numerical solutions to the simple one-dimensional Schr/SdingerDouble Well

model. After an extension of these calculations to three dimensions, and since the

depth of the neutron potential well decreases with increasing neutronexcess (N - lp

Z), the resulting situationis a flow of neutronsfrom the heavy nucleus,which has a

higher (N - Z) value, to the fight nucleus.However, these quantaleffects cannotbe

included in the models discussed here because of their classical treatment of the lp

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 Griffm [TAS88]. lt 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

madeabout the influence of quantaleffects. Q

In Tassan-Got's approachthe direction of nucleon transferis dictatedby the

sign of the difference between theFermienergies of the two heavy ions [TAS88].

This difference is expressed as lP

AV = e2 - e'1- (eI - e'2) (V.2)

lp
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where e2 and e'2 arethe Fermi energies of theheavierfragmentbefore andafter

nucleon transferoccurs, respectively;similarlye I ande'1describe the lighter @

fragment. For positive values of AV, nucleonsare transferredto the lighter nucleus

and the opposite is truefor negative values of AV. An importantpropertyof

Tassan-Got'smodel, which is derivedfromcalculationsof AV, is that the direction •

of net nucleon transferis the one that minimizesa quantityequivalentto that of

equationV.1, butwithoutthe centrifugalterm. [TAS88]. The effect of the

centrifugalpotential on the primarymass distributionis shown in FigureV.7, •

where the potentialdefined by equationV. 1 is calculated as a functionof the mass

of one of the primaryproductsfor the reaction40Aron 197Au. Three different

values of relative angularmomentumareshown. Forsystems with aninjection •

point arounda mass numberof 40 for the lighter ion, the centrifugalpartof the

potential favorsmass symmetryfor high values of relativeangularmomentum,

while asymmetryis favoredfor angularmomentum0 _. However, Tassan-Got's I

model predictions fail to reproduceexperimentalvalues athigh energy damping

[TAS88]. This is attributedby Tassan-Got to the fact that, at long interaction

times, the boundariesbetween the two fragmentsbecome increasingly blurred,and •

therefore, the system can no longerbe consideredbinary.

V.B Equifibration of the Neutron-to-Proton Ratio •

Experimentalevidence suggests that charge equilibrationis reachedfaster

than mass equilibrationin deep-inelastic heavy-ionreactions. The N/Z

equilibrationis attainedat very early stagesof the reaction,as characterizedby

relatively small energy losses. Since this conclusion is deducedfrom the

C
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observationof secondaryevents, it is necessary to examinethe effects of

evaporation on the results. •

The N/Z ratiosof the PLF'sproducedin the 505-MEVand the 672-MEV

56Fe on 165Ho, and the 840-MEV_Fe on 238U reactions are plotted as a function

of TKELin FigureV.8. The N/Z ratiosof post-evaporationproducts(circles) •

remainfairlyconstant for most valuesof TKEL. A _ in N/Z is observedfor

the 672-MEV-_Fe on 165Ho,and the 840-MEV_6Feon 23SUwhen the limit of

TKEL imposed by theCoulombbarrieris reached. The N/Z ratios of the primary •

PLFs (solid line) wereobtainedby applyingevaporationcorrections to generatea

primaryratio, with the assumptionthatthe evaporatedmass is mostly due to

neutronevaporation. The increase of the primaryNfZ ratio with increasingTKEL •

for the three systems is indicativeof the formationof productsrichin neutrons.

A correlationbetweenthe NfZ ratio andchargeand neutrondriftswas

studied by DeSouzaet al.. [SOU88]. These drifts,calculated as <Z>-Zp and <N>- •

Np, the differences between averagesecondaryquantities andentrancechannel

values, for the systems 40Ca(N/Z = 1), 58Ni(N/Z = 1.07), 64Ni (N/Z = 1.29), and

48Ca(N/Z = 1.4) on 238Uat 8.5 MeV/u, areplottedas a functionof energy loss in •

FiguresV.9-a and V.9-b. The protondriftsshow a strong correlationwith the N/Z

ratioof the projectile,as observed in FigureV.9-a. Smallerdrifts areobserved for

systems with largerprojectileN/Z ratios. The protondriftswere also found to •

dependon the driving force, whichis expressed as the PES gradient;for a small

drivingforce chargetransferis not significant. This effect was shown in Figure1.4,

where the nuclide distributionsfor the 8.5 MeV/u 58Ni,and 64Ni on 238Uwere •

displayed. A largerprotontransferis observed for the 58Nicase, which is

characterizedby a largergradientthanfor the 64Ni case.
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and 840-MEV 56Fe on 238U [MER86]. Secondary distributions are indicated by
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FigureV.9-b shows that the neutrondriftsdo not exhibitthe same

• correlationwith the projectileN/Z ratio as do the protondrifts. However, neutron

evaporationis considerablymore significantthan protonevaporationand, since it is

not takeninto account in thecalculationsof the protonand neutrondrifts, the

• correlationbetween the projectileN/Z ratio and the neutrondrifts is not as .

rigorouslyobservedas in the case of protondrifts. The resultsfor the systems with

58Ni and_Ca areconsistentwith the correlationobservedfor the protondrift,

• while the orderis invertedfor the 48Caand 64Ni systems. No correlationcould be

found between the mass asymmetryof the entranncechannel and the magnitudeof

the protonand neutrondrifts. It seems that these latterdifferences in projectileN/Z

• ratioshave a more importantimpact on the drifts than do mass asymmetri,-_.

V.C. Distribution Variances

0

In a deep-inelastic mechanism the variances of fragmentdistributionsarea

measureof the numberof nucleons exchanged between the interacting heavy ions.

• This is truein the context where nucleon exchange is consideredas a stochastic

process and,in that case, the numberof nucleons exchanged between the two

partnersis expressed as
Q

Nex = (YA2, (V.3)

• At low energy dissipation_A2 dependslinearly on the squareroot of the

relative kinetic energy above the Coulomb barrier_/-T,which is calculated as

• _ = _/Ecm- Vc - TKEL, (V.5)
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where Ecruis the initial center-of-masskinetic energy, Vc is the Coulombenergy in

the sphericalnuclei approximation,andTKEL is the total kinetic energyloss •

[SCH77]. The lineardependenceof _/"TonOA2 is an indicationof the

proportionalitybetween the numberof exchanges and the energydissipated,thus

supportingthe idea of using nucleonexchange as meansfor energy dissipation. •

A plot of _"Tas a function of OA2 is shown in FigureV.10 for the 465-MEV

(solid squares)and 672-MEV(circles) 56Fe+ 165Hosystems. In both cases _'T is

linearlyproportionalto OA2 thus verifying the linearrelationshipbetween 0 2 and •

_/"T.The slope of the _ vs OA2 curve for the higher bombardingenergy system

was foundto be about 1.5 times largerthan thatof the lower bombardingenergy

system. This is an expected resultsince the same number of exchanges would •

result in about thesame amountof energydissipation in both systems and thus, the

higherbombardingenergy system would be left with a higher _F'Tvalue. However,

at largeenergydamping, the 465-MEVdataseems to reacha plateau,while the •

672-MEVdatacontinues to decrease.

V.D. Excitation Energy Division @

Knowledge of how the excitation energyof thesystem is divided between

the two fragmentsof a deep-inelastic reaction is crucial to understandingthe •

mechanismsinvolved in these reactions. It is particularlyinteresting to know ff

statisticalequilibriumis reachedat the shortinteractiontimes (10-20 sec) thatare

characteristic of these reactions. However, the excitation energy of the reaction qP

fragments cannotbe measureddirectlyandhas to be inferredfrom other measured

observables.

O

156

@



Q

• 56Feon ]65Ho at 465 and 672 MeV

. 2°l * 672 MeV

• 465 MeV

• 15

• 0
0 10 20 30 40

%2

O

FigureV.10 The squarerootof the availablekinetic energyabovetheCoulomb
barrier as a function of a^2 for the 465-MEV (diamonds) and 672-MEV (circles)
56Fe on 165Ho reactions. The 465-MEV data are from reference [BRE83a].
The equations obtained after performing linear fits are:

• _/-'T= 12.235 - 0.352 OA2 for the 465-MEV system.
= 17.522 - 0.551 OA2 for the 672-MEV system.
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The kinematiccoincidence techniquewas used in the studyof the 505-MEV

56Feon 165Hosystemby Benton et al. [BEN85, 87, 88] andthe 629-MEV74Geon D

165Hosystem by Planetaet al. [PLA90]. The resultsfor the Fe + Ho system are

illustratedin FigureV.11, where the PLFexcitation energyratioE*pLFtE*TOTis

plottedas a functionof TKEL. The limits of equalexcitation energy division and •

thermal equilibriumare indicated. These resultssuggest that equal sharingof the

energy is favoredatlow energy losses (<50 MEV),whereasfor largerenergy

losses, the data show a tendencytowardsa division accordingto mass ratios. •

However, thereis no evidence of thermal equilibrium,even at the highestenergy

loss values. A qualitativelysimilar behavioris exhibited by the dataof the Ge +

Ho system,as showr_in FigureV.12. •

The presentstudy of the 672-MEV56Feon 165Hosystem is intendedto

provide a wider rangeof energydamping than previously explored. It is especially

interesting to compareits results to the ones obtainedwith the same reactionat a •

lower bombardingenergy (505 MEV). The PLFs fractionof excitation energyis

plottedin FigureV.13 asa function of energyloss for the two Fe + Ho systems.

The same qualitative behavioris observed for both cases. A largerportionof •

excitation energy is storedin the PLF than the TLF at low energy damping. As the

energyloss increases, the system evolves graduallytowards a configurationthat

decreasesthe temperaturegradientbetween the two fragments but does not fully @

equilibrate,even at the highest energydamping.

One remarkablefeaturein FigureV. 13is the higherPLFexcitation energy

ratios in the higherbombardingenergycase. A possible explanationcould be the •

higher relative velocity, or a shorterinteractiontime. To furtherexplore this point,

the <E*pIpfE*ToT>ratiosobtaine_for asymmetricsystems at different

bombardingenergies (the 476-MEV56Fe+ 238U,the 505-MEV aad672-MEV56Fe •
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74Ge + 165Ho at 629 MeV
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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. Ali isotopes are included. The limits of equal
excitationenergydivision(solidline)and thermalequilibrium(dottedline)are
indicated[KWIg0].

_

160

@



Q

e

56Fe + le5Ho
80

e

- o 6?2-MeV -

" _ + 505-MEV

60_ _

°

5-_ ________.___ _ EQUAL DIVISION

0

r._ •

-

I_, THERMALEQUIHBRIUM -
---....... .... ............................................... ...... ... .................. .. .....

20_

@

lOO 200 300

, TKEL (MEV)

Figme V.13 The PLF excitation energy ratio as a function of energy loss for the
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equilibrium,respectiveley. Ali isotopes are included. The 505 MeV datais from
,._,_,,-_ r1_ll_'l_TO 1•vAl..,=t.,.jwL.U_,,i• 07.1.
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on 165Ho, and the 629-MEV74Geon 165Ho systems) are plotted as a function of

energy loss in FigureV. 14. The limits of equaldivision andthermalequilibrium •

for each system areas indicated. Thereappearsto be a directdependence between

the bombardingenergyandthe magnitudeof the PLFexcitationenergyfraction:
O

the higher the bombardingenergy the largerthe ratio of excitation energy storedin

the PLF.

V.E. Mass Dependence of Excitation Energy Ratio •

Anotherfeatureof the excitationenergy division in deep-inelasticreactions

is its apparentdependence on theexit channel. This correlationwas observed for Q

the 505-MEV56_ + 165Ho system by Benton et al. [BEN85, 87, 88] and the 629-

MeV 74Ge+ 165Hosystem by Planetaet a/. [PLA90]. FiguresV.15-a and V.15-b
Q

show the PLFexcitation energyratioobtainedfor the 505-MEVFe + Ho system, as

a functionof A'pLF and A"pLF, forTKELvalues between 100MeV and 150 MeV.

The same type of plot is shownin FigureV.16-a and V.16-b for differentTKEL

bins, for the 629-MEVGe + Ho system. Figures V.15-a andV.16-a show that in Q

both systems the PLFis hotterthanthe TLF for pickupw,actions (A'PLF> A of

projectile)atlow energy damping. The opposite is truefor strippingreactions

(A'p_ of projectile). The mass dependenceis weakerat higherdissipation Q

energies. The dependence of the E*pLI_*TOTon the primaryPLFmass (A'PLF)is

also observed for thepresentdataof the 672-MEV Fe + Ho system,but to a lesser

degree, as shown in FiguresIK15, andIIL17 of ChapterHL The resultsof the629- qP

MeV 74Geon 165Ho system (Figure V.16-a) show thatthecorrelation between

primaryfragmentmass andexcitationenergy sharing
O
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FigureV.14 The PLF excitationenergyratioas a functionof energy loss for the
505-MEV(crosses) and 672-MEV(circles) _Fe on 165Ho,the 4?6-MEV 56F0 on

• 238U(squares),and the 629-MEV74Geon 165Ho(diamonds) reactions. Ali
isotopes are included. The 476-MEV 56Feon 238Udatais from refercnce
IVAN84], the 505-MEV56Feon 165Hodatafrom reference[BEN87], and the 629-
MeV 74Geon 165Hofrom reference[KWI90]. The equal excitation encrgy
division limit is indicatedby thesolid line. The thermalequilibriumlimit is

• indicatedby the dashed line for Ge + Ho, the dottedline for Fe + Ho, andLhcdot-
dashed line for Fe + U.
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decreases with increasingenergyloss. No such energysharingis noticeable in the

672-MEV56Feon 165Ho system. •

Figures V.15-b and V.16-b show that the correlationof the E*pL_*TO T

ratio with the post-evaporation mass ,s weaker than its correlationwith the pre-
O

evaporation mass, and has a differentcharacter. In the case of the Fe + Ho system,

the E*PLFFE*TOTcentroids associatedwith larger post-evaporative masses are

smaller than those associatedwith smallerpost-evaporative masses for the 100-150
O

MeV TKEL bin. This can be explained by the fact that the largersecondarymasses

are producedby primaryfragments with smaller excitation energies, and therefore,

lost only a small mount of mass by evaporation.

Similarly, the smallersecondarymasses areassociatedwith largerexcitation •

energies. Therefore,for a constanttotalexcitation energy,E'TOT, a smallerratio is

obtainedfor large secondarymasses, and a larger ratiois obtainedfor small

secondarymasses. However, while this reasoningis always valid forcases of qP

primarydistributionswith no net drift, it has to be appliedmorecarefulywhen

dealing with distributionswith strongpositive or negative drifts. The same

behavioroftheE*PLFtE*ToTratioasafunctionofA"pLFisobservedintheGe + •

Ho systemforTKEL valuessmallerthan-I00MeV. Thedependenceof

E*PLF_*TOTon A"M.F decreasesconsiderablywithincreasingenergyloss.Thisis

consistent with the decreasein its dependence on A'pLF. Plots of E*PLF/E*TOTasa I

function of A"pLF for inclusive events, and for events gated on TKEL,displayed in

FiguresHI.16 and III.18, respectively,show that the same trendis followed by the

products of the672-MEV Fe + Ho reaction. •

O
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V.F Monte Carlo Simulations

@

The dependenceof theexcitation energy division on the directionof

transfersseems to supportthe assumptionof energydissipation by nucleon

Q exchange. However, it was suggested byTSke et al. [TOK89] that such a strong

correlationcannotbe fully attributedto physical phenomenaand that systematic

errorsandinstrumentaleffects contributeto the mass dependence. To investigate

Q the sensitivity of the E*pLt_*TOTcentroids to these effects, Monte Carlo

simulationsof the experimentfor the 505- MeV 56Fe+ 165Horeaction [BEN85, 87,

88] were performedbyToke et al. [TOK89,90, 91]. The results of the simulation

• obtainedarecomparedto the reportedexperimentaldata[BEN85, 87, 88] in Figure

V. 17, wherethe E*PLF_*TOTcentroidsareplottedas a function of the pre-

evaporationmass. A very good agreementbetween the experimentaldata

• and the Monte Carloresults is observed. Since the Monte Carlo calculations are

obtained afteranalysis of simulatedevents startingwith a mass-independent

division of the excitation energy, it could be implied that the kinematiccoincidence

• techniqueis responsible for the correlationsbetween fragmentmass and excitation

energy. This was thoughtto be especially due to the fmite mass resolutions of the

detected fragments [TOK89].

• MonteCarlo simulations wele also used by Kwiatkowski et al. [KWI90] in

the study of the 629-MEV74Ge+ 165Hosystem. The results of this study, shown in

FigureV.18, confu'mthe correlationbetween the excitation energy division and the

Q fragmentmass. They show, however, that some of the dependence is dueto recoil

effects from light particleevaporationandto finite TLF angle resolution.

Similar MonteCarlo simulations based on reference[KWI90] were used to

• model the 672-MEV56Fe+ 165Hoexperimentthat is analyzed in the presentwork.

167
Q



e

e

e

''''1''''1_' '1' ''t •
leSHo+seFe Elab=505 MeV0.5 -

.9.°

. *i
0

0

0.4 •. • .

b
m 0.3

_X< _ _ O_n 0 1:3 Benton et al. •
[..d _ • PACE

- I I 10.2 , J _ ! , , , , t , , , . . I , l ,
45 50 55 60 65

mcal c •

Q

e
FigureV.17 Comparisonof theexperimentallyobservedcorrelationbetweenthe
_rimaryPLF mass and theexcitation energydivision (squares) for the 505-MEV

Fe on ]65Hosystem withthe resultsof a MonteCarlo simulation(_lid circles),
assuminga constantenergy division (dottedline). The _lid line representsresults
obtainedwith ananalyticalexpression by Toke et al. [TOK89]. @
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3 Figure V.18 Comparisonof the experimentally observedcorrelationbetween the
rimaryPLFmass andthe excitationenergy division for the 629-MEV 74Geon
5HDsystem, with the resultsof a Monte Carlosimulation. Solid diamonds

indicateexperimentaldata. Opendiamondsare the results of the simulation

assuming the a ._ragebehaviorof the expc._mentaldata (doi'tedline). Open squares
3) are the results of the simulation assuming a mass-independentexcitation energy

division (dashedline). The dot-dashed line for the 40-60 MeV case is b_ on the
analytical formula of reference [TOK$9].

169
@



O

The parametersthatdefine the reaction, such as mass andchargeof the projectile

and target,the laboratorybombardingenergy, andthe detectorangular •

acceptances,were used as inputsto the Monte Carlo code. Otherinputsrelated to

the insmm_entationare the experimentalresolutions in PLFmass and charge,

estimatedto be 1.3 and 0.3, respectively, andthe resolutionin the TLF angle (2.5°) @

and PLFangle (0.5°). These are introducedin the code to reproduce as closely as

possible the experimentalsetup.

The first step in the MonteCarlo simulation procedureis the generationof •

primarynuclide distributions(in the N-Z planein thiscase) that would describe the

primarydistributionof projectile-likefragmentsemitted in the reaction in question.

The characteristiccentroids and widths of theprimaryPLFdislributionsobtained •

"experimentally"by the kinematicreconstructiontechniquewere employed to

generate the "simulated"primaryN-Z distributions. This ensures that the measured

events are reproducedby the "simulated" secondaryevents before the kinematic •

reconstruction. A furthercomparisonof realandsimulated datawould otherwise

be meaningless. The direction of the pre-evaporatedfragmentsemitted in the

reaction was describedby a center-of-massangular distribution ¢

d_._aoc 1 CV.6)

The secondarynuclide distributions,equivalentto those measured

experimentallywere obtainedby subjectingthe primarydistributionsto

evaporationcorrectionsusing resultsfrom PACEIL At this point, it was necessary

to make assumptions aboutthe excitation energyof the PLF, since it is _,-qulredas

an inputto PACEH. Two different hypo_ were investigated:a sharingof the (

¢--":'-"'-" energy ;.,,,..,,.,a,..t of*_" ,,,_m_,_ PL_ m_,_ w_,_. the avenge v.ql.e nfua_a_.rluss_aam, _.na aaaata._ j

-
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the E*PLF/E*ToT ratio obtainedexperimentally(-. 50 %) was used, and a mass

Q dependentdivision based on the experimentalresults.

The recoil effects due to particleevaporationfromthe emittedfragments

were takeninto accountandthe distributionof the recoilvelocities was simulated

Q by a Maxwellian formulation[STES8]. The mass and chargeresolutionof the

secondaryPLF,as well as the velocity vectorsof the secondaryPLFand TLF,were

randomizedto reproducethe finite mass, chargeand angularresolutions thatare

Q measuredexperimentally.

The secondarydistributionsthat were obtainedwere characterizedby the

same parametersas the experimentaldistributions:PLFmass, charge, kinetic
0

energy andangle, and"HF angle. The simulateddatawere then analyzedin a way

identical to the analysis of the experimentalevents, and the PLFexcitation energy

ratios thatwere determined from these calculations, were compared to the

• experimentalresults.

Before proceedingto a comparisonof the experimentalE*I_/E*To Tratios

to the values obtainedfrom the simulation, it is necessary to verify that the

Q experimentalnuclide distributionarereproducedby the Monte Carlo procedure.

The centroidsand variancesof the secondaryN and Z distributionsobtainedwith

the simulated data arecomparedto those of experimentaldistributionsin Figures

a V.19 and V.20, respectively. The centroidsarewell reproducedby the simulation.

However, the variances for the simulatedevents arehigher than the experimental

ones. A similar comparisonis made between the centroidsand variances of the

• simulated reconstructedprimaryand the experimentalreconstructedprimaryin

FiguresV.21 and V.22. Both centroidsand variances show a fairly good agreement

between simulatedevents and real data. The differences in the
Q
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672-MEV _6Fe + _6SHo

SECONDARY DISTRIBUTIONS
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FigureV.19Theexperimental<aN>and<Z> valuesforsecondarydistributions,
compareAtolhcre,sultsofaMonteCarlosimulation(soildline),forthe672-MEV •
56Fcon165Hosystem.
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672-MEV 56Fe + 165I--I0
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SECONDARY DISTRIBUTIONS
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Figure V.20 The experimental Oz2 and tIN2values for secondary distributions,
compared to the results of a Monte Carlo simulation (solid line), for the 56Fe on

• 165Ho system at 672 MeV.
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672-MEV 5_Fe + 165H0
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Figure V.21 The experimental <N> and<Z> values for primary distributions
obtainedwith kinematicalreconstruction,comparedto the results of a Monte Carlo Q
simulation(solid line), for the 672-MEV56F,c on 165Hosystem.
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672-MEV 56Fe + _65H0
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Figure V.22 Theexperimental OZ2and ON2values for primarydistributions
obtained with kinematical reconstruction,compared to the results of a Monte Carlo

• simulation (solid line).
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secondary variances may be attributedto the random nature of the Pace II code

which was used for evaporation corrections in two steps of the simulation. @

The E*PLF/E*ToTcentroids 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 56Fe @

+ 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 assumption 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 Q

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*pLF/E*ToTvalue 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*pLptE*ToT is observed. The E*pL_*TO T ratios obtained with this

latter case reproduce the experimental data better than do Q

the E*pI_*TO T 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 I

consistent with the re-analysis of the 629-MEV 74Ge + 165Ho system by Toke et al.

[TOK90], where it was conf'mmed 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*pL_*TO T ratios were

further investigated by performing the Monte Carlo simulations of the 672-MEV @
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56Fe on 165H0 at 672 MeV
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tD 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 56Fe on 165Hoat 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

O division of the excitation energy (average behavior of the data). The dotted line
indicates the limit of excitation energy equipartion.
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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*PLF/E*TOTwhen 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 AOpLF and A_PLFset 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*pL_*TO T are the charge (Z) and mass (A) resolutions of

O
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*pI_*TO T 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*pI_*TO T is plotted versus A'pL F for three different ranges

of TKEL. One noticeable change is observed for the low TKEL bin (40-80 MEV), •

where the E*I_u/E*To T 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'pLF < 58. A small shift is also observed at high •

TKEL (250-300 MeV bin), where the E*iI.I_*TO T ratio in the 0.5° case is closer

to 50% for high A'pLF (>58). No variation of E*t_*TO T 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 ali values of TKEL. Thus, it appears that A and Z resolutions have no

effect on the determination of E*pt_*TO T, while TLF angle @
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5_Fe on 185Ho at 672 MeV
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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 56Feon 165Hoat
672 MeV. The solid line is obtained with the angular resolution set to the

) experimental value (2.5°), and the dashed line is based on an a more ideal value for
the angular resolution (0.5°). The dotted line indicates the limit of excitation
energy equipartion.
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56Fe on 165Ho at 672 MeV
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Figure V.25 The PLF excitation energy ratio pmdicmd by a Monte Carlo
simulation as a function of primary PLF mass. The solid line is obtained with thc
mass and charge resolution set experimental values, (1.3 mass units, and .3 units of
charge ), and the dashed line is based on an ideal mass and charge resolutions (0.2
units of mass and charge, respectively). The dotted line indicates the limit of @
excitation energy equipartion.
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resolution introduces a slight correlationbetween E*PLF/E*ToT and A'pLF.
O

However, a problemstill remains, since the mass independentexcitationenergy

division configurationthat was used in the simulationprogramcould notbe

reproducedafter kinematicreconstruction.
O

A reanalysisof the 629-MEV74Ge+ 165Hodatawas performedby Planeta

et al [TOK91] with a method that does not requirean exact knowledge of the

experimentalresolutions. In thisnew analysis, the correlationbetween excitation
O

energy division andmass transferwere studiedby plotting the average evaporated

mass <A'pLF -A"PLF>versus the measured post-evaporationmass for different

bins of energy loss. The presence of a correlationbetween excitation energy
O

division and primaryPLFmass was confirmed. However, this studyalso showed

thatfinite resolutionswere responsiblefor the quasi parabolicdependenceof the

averageevaporatedmass on the measuredpost-evaporationmass of the PLF
O

[TOK91]. A more detailedexaminationof the different steps of the Monte Carlo

simulation,the kinematicreconstructionstep in particular, should be considered.

O
V.G Nuclear Temperature

One of the questions add_ in the studyof deep-inelastic heavy-ion
O

reactionsis whether the reaction fragmentsreach thermalequilibriumbefore they

separateinto a PLFand a TLF. The nucleartemperatureof each fragment, as

obtained by kinematicalreconstructionis plottedas a function of energyloss in

Figure V.26. The numericalresults can also be found in Tables A.14, and A.15.

Both temperaturesincrease with increasingTKEL and a steeper slope is observed

below 100 MeV of TKEL.The temperature of the PLFexceeds that of the TLF at
O

all values of the energyloss, indicating that thermal equilibriumhas not been
a
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56Fe + 165Ho at 672 MeV
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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 56Fe 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 FigureV.27,

• where the ratio,'_PLIJ_I.F, of the PLF temperatureto 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-MEV56Fe + 165Ho reaction by Benton et al. [BEN

85, 88] showed the same qualitative behaviorfor the temperatureratio. However,

• the lower bombardingenergysystem was closer to the limit of equal teml_rature

than is the present system. This could imply that the interaction time of the higher

bombarding energy system, which is characterizedby 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-MEV56Fe on 165Ho

system. The primarymass and charge distributions that were obtained by using the

kinematic coincidence techniquearecomparedto the primarydistributions

@ obtained by applying neutronevaporationcorrections to the measuredsecondary

distributions. Tile function describing the average behaviorof the experimental

E*pL_*TO Tratioin terms of primary PLF mass was used to determine the PLF

@ excitation energywhen 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 representedby diamonds for the kinematic
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56Fe + _85Ho at 672 MeV
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@

Figure V.27 Ratio of the nuclear temperatureof the pr_ectile-like and _arget-like
fragments as a function of energy loss, for the reaction 56Feon 165Hoat 672 MeV.
The arrow indicates the limit imposedby the spherical Coulombbarrier. @
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reconstructionmethod,andby circles for the evaporationcorrectionmethod.

• The N andZ centroidsandthe <N>/<Z> ratio obtainedwith the two

differentproceduresare in agreementas shown in Figure V.28. The agrrementin

the <Z> values is consistent with the assumptionthat chargeevaporation fromthe

• PLF is negligible for the 6?2-MEV 56Fe+ 165Ho system. Such result can be

expected since the N/Z ratio of the PLF'sproducedin thisreactionvarybetween

1.15 and 1.38 and charge evaporationbecomes less importantwith increasingN/Z

Q ratio.

The variances_Z2 from the two techniquesarein a fairly good agreement

at ali values of TKEL. A difference is observedfor the _l_2 variances,those

• obtained with the evaporationcorrectionmethod arehigherfor TKEL values close

to the limit of the sphericalentrancechannelCoulomb barrier(312 MEV).

This resultis not surprising,since in the evaporationcorrectionmethod only

• neutronevaporationwas taken into account. In addition, in this method the mass

evaporatedfrom thePLFwas evaluatedby determiningthe average functional

dependenceof AA on an assumedE'pi F as describedin Section H.D.2, andthe

• protonevaporationthatmay occur in regions of low N/Z ratios is unaccountedfor.

In the kinematicreconstructionmethod AA is evaluatedexactly from experimental

measurements,and AZand the PLFexcitation.were determinedby the iterative

• proceduredescribedin Section H.D.3. This lattermethod is more sensitive to the

details of the distribution,such as long tails, and thus gives larger variances. The

factorPI_ obtainedwith the evaporation correctionmethod suggests a tendency

• towards a correlationbetween protonandneutronexchange. However, the

kinematics reconstructionmethod results in PNZvalues close to zero:this would

mean that there is almost no dependencebetween protonand neutronexchange. It
O
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56Fe on _85Ho at 672 MeV •
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FigureV.28 The <aN>,<Z>,and<N>I<Z> valuesforexperimentalprimary
distributions,forthereaction56Fcon 165Hoat672MeV. The diamondsindicate
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 system
(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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56Fe on 185Ho at 672 MeV
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experimentalprimarydistributions,for the reaction 56Feon 165Hoat 672 MeV.
The diamonds indicate results obtainedwith the kinematicalreconstructionmethod.
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is worthwhileto pointout thatthe nucleonexchange models of Randrupand

Tassan-Got predicta gradualincrease of PNZwith increasing energy loss. •

0

0

Q

0

0

0

0

O
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• CHAPTER Vl SUMMARY AND CONCLUSIONS

Two aspectsof heavy-ion reactionsin the deep-inelasticregionhave been

• studiedfor the reaction 56Fe+ 165Hoat 12 MeV/u:the evolution of the nuclide

distributionsof as a function of kinetic energy loss, and the division of excitation

energybetween the reaction fragments. A simultaneousdetection of the

• projectile-likeand target-likefragmentswas used to obtaininformationaboutthe

pre-evaporationreaction products'mass and excitation energies.

The centroids,variancesand correlationfactor of the mass and charge

• distributionsof the projectile-likefragmentswere determinedwith the method of

momentanalysis, and their evolution as a function of totalkinetic energyloss was

described. A gradualdecreaseof the experimentalN and Z centroids with

• increasingenergy loss was observed. The determinationof the primary

distributions,by applyingneutronevaporation correctionsto the secondary

distributions,showed that the driftin <N> is due to light particleevaporation,while

tl the driftin <Z> is a consequence of the deep-inelastic mechanism. Theresult is the

formationof neutron-richnucleiwith N/Z ratiosapproachingtheNfZ ratio of the

composite system (1o38). Thisbehavior is indicative of chargeequilibration

t between the two reactionfragments. Another consequenceof a decrease in the

primarycharge alongwith a small increase in primaryneutronnumberis a slight

driftof the Fe + Ho system towards mass asymmetry. This negative driftis

• opposite to the directionthat would minimize the potential energy of the system

and drive it towards mass symmetry.

The predictionsof two nucleonexchange models,Randrup'smodel and

• Tassan-Got' model, were comparedto the experimental dataof Fe-induced
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reactions. Both models succeeded in reproducing the experimentalN and Z

centroids, and the N/Z ratio for the 672-MEV 56Feon 165Ho system. Significant •

differences between the predictions of the two models were observed for the 505-

MeV 56Fe on 165Hosystem and the 840-MEV56Fe on 238Usystem. Tassan-Got's

model reproduced the centroids quite well while Randrup'smodel 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 ali the systems studied here, despite

their differences in the predictionof the individualN and Z centroids. An •

examination of the primarydistributionsobtainedfrom the two models showed that

the means to chargeequilibrationis by drivingthe system to mass symmetryin

Randmp's model, and to mass asymmetry in Tassan-Got's model. This could Q

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

driftstowards mass asymmetry. •

The drive towards symmetry predicted by Randrup's model is attributed

byTassan-Got to the presence of a kinetic term in Randrup's formulation of the

Lagrangian of the system. A similar reasoning holds for the potentialenergy tid

surface which also contains a kinetic term (due to the centrifugal force). In

Randrup'sformulation of the Lagrangian,the two fragmentsare considered as one

entity; this is equivalent to assuming that the two nuclei have lost their individual LP

characteristics. However, this is true only at long interaction times. Conversely,

the interactingnuclei are treatedas separateentities in Tassan-Got'smodel, even

at the long interaction times when the two fragmentsareno longer •

distinguishable. Therefore, a model which would describe the collision with

Tassan-Gofs theory at short interactiontimes, andRandmp's theoryat longer

interactiontimes would be an interesting option toconsider. •
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An increase of the experimental chargeand neutron variances (az 2 and

(_N2) with increasing energy loss was observed for the 672-MEV 56Fe + 165Ho

system. This, in addition to the linear dependence between the square root of the

available kinetic energy above the Coulomb barrier and aA2, confirms the role of
O

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
O

most of the energy dissipation for the Fe-induced reactions studied here. The one

exception is the symmetric system 840-MEV56Fe + 56Fe,where both models

underpredicted aN2 and OZ2 values. The study of Cl-induced reactions by
O

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 37C1+40Ca. Therefore, another point that should be
O

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.
O

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
O

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 behaviorof E*pt_*TO T with energy loss was featured by other

systems studied with the kinematic coincidence method [BEN 85, 87, 88,

KWI90]o However, much larger E*pI_*TO Tvalues were obtained for the 672-
O

MeV 56Fe on 165Hosystem. 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-MEV56Fe on 165Ho system are •

attributed to its higher bombarding energy.

A small correlation between the PLF excitation energy ratio,

E*pLp/E*TOT,and the reactionexit channelwas 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 56Feon 165Hoand the 629-MEV74Ge on 165Ho Q

systems [BEN85, 88, KWI90] than for the 672-MEV 56Feon 165Ho system.

Monte Carlo simulations of the present experiment were performed to _estthe

dependence of the analysis results on instrumental effects. They confirmed the Q

existence of some correlation between the finite resolutions of the measured

parameters and the calculated physical quantifies. 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

detailedexamination of the different steps of the MonteCarlo simulation, the Q

kinematicreconstruction step in particular,should be considered.

The results of the two types of analysis performed on the data of the 672-

MeV 56Feon 165Hosystem 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 •

[BOR88, 90, TAS 88,89], mtd that a binary character of the reaction still

dominates [LOT92]. Therefore, the study of the excitation energy division

between the fragmentsof heavy-ion reactions at intermediate bombarding •
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energiescouldbea usefultooltoexplorethetransitionbetweendeep-inelastic

• mechanismstowardsothermechanismsassociatedwithintermediateenergy

heavy-ionreactions,suchas multifragmentation.

Q

0

0

0

D

0

O

O
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APPENDIX A

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

I I I II iii

TKEL (MEV) <Z> <N> •i

5 25.98 + 0.41 29.80 2: 0.45

15 25.91 2: 0.85 29.93 + 0.94

25 25.74 + 1.31 29.83 + 1.46

35 25.54 + 1.47 29.87 + 1.66 O

45 25.48 + 1.63 29.78 2: 1.84

55 25.25 2: 1.69 29.67 2: 1.91

65 25.24 2: 1.74 29.87 2: 1.98

75 25.00 2: 1.69 29.61 2: 1.93 Q

85 24.88 2: 1.70 29.53 2: 1.94

95 24.73 2: 1.79 29.60 + 2.06

110 24.56 2: 1.36 29.08 2: 1.55

130 24.17 2: 1.36 28.54 2: 1.54 O

150 23.81 2: 1.36 27.95 2: 1.53

170 23.57 2: 1.32 27.40 2: 1.47

190 23.30 2: 1.24 27.14 2: 1.38

210 22.97 2: 1.24 26.63 2: 1.38 Q

230 22.83 2: 1.16 26.35 2: 1.28

260 22.26 2: 0.85 25.76 2: 0.94

300 21.87 2: 0.83 25.38 2: 0.93

340 21.39 2: 0.84 24.88 2: 0.94 e

380 20.38 2: 0.84 23.17 2: 0.91

420 18.86 2:0.89 20.52 2:0.93

460 16.71 2: 1.34 16.21 2: 1.24
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TableA.2Thevariancesaz2and frN2,andcorrelationfactorPNZ,forthe
• secondary PLF distributions obtained with the reaction56Fe + 165Hoat 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.

III II

Tr L (Mev) %2 %2 Orz0
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

0 35 0.504 + 0.104 1.551± 0.211 0.172 ± 0.064
45 0.479± 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

0 75 0.938:1:0.162 2.268 + 0.318 0.433 ± 0.082
85 1.020 ± 0.180 2.845 + 0.368 0.573 ± 0.105

95 1.416 2:0.265 3.068 ± 0.442 0.534 2: 0.110

110 1.574 ± 0.196 3.608 ± 0.380 0.553 ± 0.076

0 130 2.021 ± 0.233 4.394 ± 0.484 0.647 ± 0.089
150 2.064 ± 0.244 5.070 ± 0.558 0.667:1: 0.091

170 2.262:1:0.246 4.391 ± 0.466 0.692:1: 0.087

190 2.184 ± 0.235 5.449 :t:0.561 0.739 :l: 0.091

B 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 0.825:1::0.071

300 3.725 4- 0.287 13.90 ± 0.886 0.073 :!: 0.870

I 340 4.408 2:0.326 17.77 ± 0.896 0.070 :l: 1.090
380 4.153 ± 0.279 15.90 ± 0.890 0.069 + 1.040

420 2.834:1:0.240 9.820 + 0.782 0.818 :l: 0.078

460 1.649 ± 0.258 6.293 ± 0.827 0.795 ::1::0.126

0

0
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Table A.3 The centroids<N> and<Z> for the reaction56Fe + 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> <bl>
5 25.97 ± 0.40 29.80 ± 0.44 •

15 25.91 4- 0.86 29.92 4- 0.96

25 25.68 ± 1.32 29.85 ± 1.48

35 25.51 4- 1.45 29.85 ± 1.64

45 25.43 + 1.64 29.78 + 1.85 •

55 25.26 + 1.64 29.64 + 1.86

65 25.17 + 1.63 29.85 + 1.86

75 24.89 + 1.63 29.55 + 1.87

85 24.74 + 1.68 29.53 ± 1.93 @

95 24.68 + 1.75 29.21 + 1.99

110 24.30 + 1.33 28.83 + 1.52

130 24.03 + 1.29 28.26 + 1.46

150 23.65 ± 1.28 27.59 + 1.43 •

170 23.32 + 1.17 27.12 ± 1.30

190 22.96 + 1.18 26.59 4- 1.32

210 22.82 4- 1.11 26.35 4- 1.23

9a9 22.37 4- 1.13 25.91 4- 1.26

260 21.91 4- 0.79 25.26 4- 0.88

300 21.52 4- 0.79 25.00 4- 0.88

340 20.66 4- 0.79 23.73 4- 0.88

380 19.03 4- 0.85 20.85 4- 0.89 •

420 16.57 4- 1.30 15.97 4- 1.20

II

qP
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Table A.4 The secondaryvariances OZ2 and cN2,and the correlationfactorPNZ
• for the reaction 56Fe +165Ho at 672 MeV. The energy loss scale has been

corrected for evaporation assuming thermal equilibrium between the PLF and the
TLF.
I I IIIII

TKEL (MEV) oz 2 oN2 P,rczlit
5 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

I 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 ± 0.326 0.352 ± 0.082

65 0.894 ± 0.155 2.482 ± 0.338 0.347 ± 0.082

I 75 1.001 ± 0.168 2.740 + 0.330 0.552 ± 0.093
85 1.330 ± 0.240 2.993 ± 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 4.838 ± 0.507 0.648 ± 0.082
O 150 2.147 ± 0.230 4.813 + 0.477 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

I 230 2.723 ± 0.294 9.908 ± 0.883 0.825 + 0.097

260 3.291 ± 0.247 12.30 + 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

I 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
I I

O

O
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Table A. 5 The <N> centroidsof the primarydistributionswith the assumptionsof
even excitationenergypartitionandthermalequilibriumbetween the reaction •
fragments,for the reaction 56Fe+ 165Ho at 672 MeV.

i i

Even E* Division Thermalequilibrium

TKEL (MEV) <N> <N>
IIITT I 0

5 29.69 + 0.17 29.69 4. 0.17

15 30.024. 0.37 30.074" 0.37

25 30.42 4" 0.49 30.26 4" 0.48

35 30.77 4" 0.53 30.41 4" 0.52 0
45 31.05 4" 5.56 30.48 4" 0.56

55 31.19 4" 0.62 30.44 4" 0.60

65 31.43 4" 0.67 30.44 4" 0°64

75 31.58 4" 0.70 30.45 4" 0.66 41
85 31.87 4" 0.72 30.51 4" 0.69

95 32.05 4" 0.78 30.48 + 0.73

110 32.35 4" 0.60 30.40 4" 0.55

130 32.67 4" 0.66 30.32 4" 0.62

150 33.16 4" 0.73 30.27 4" 0.65 0

170 33.28 4" 0.79 29.98 4" 0.71

190 33.58 4" 0.86 29.78 4" 0.78

210 33.98 4" 0.95 29.64 ± 0.82

230 .M..274" 1.10 29.19 4" 0.88 tP

260 35.00 4" 0.87 29.11 ± 0.72

300 36.16 4" 0.98 29.09 ± 0.83

340 36.88 4" 1.15 27.25 ± 0.86

380 35.06 ± 1.30 23.30 ± 0.90 m

420 32.69 4" 1.55 18.41 ± 1.36

I I

O

O
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@ Table A.6 The excitation energyof theprojectile-like fragmentas a function
of energy loss for inclusive isotopes, for the reaction56Feon 165Ho at 672
MeV.

TKEL(MEV) E*I_F (MEV)
Q 30 14.15 + 0.59

50 27.34 ± 1.06

70 34.12 + 1.41

90 44.78 + 1.39

Q 110 52.80 + 1.65 •

130 62.70 ± 2.12

150 64.91 ± 2.07

170 76.16 + 2.60

0 190 76.83 + 3.83

210 91.19 ± 4.28

230 92.99 ± 5.05

260 93.06 ± 15.79

g 300 80.43 + 5.63

340 67.85 + 6.17

9

I

0
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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 56Fe on 165Ho at
672 MeV.

I

TKEL (MEV) E*P_*TOTi III

70 73.00 ± 3.10 #

90 72.70 5:2.45

110 62.90 ± 2.04

130 62.50 ± 1.10

150 58.40 ± 1.50 0

170 55.70:1:: 1.71

190 52.10 + 2.21

210 51.30 + 3.58

230 53.60 + 2.69 Q

250 52.40 + 2.31

290 40.80 + 3.57

I I

O

g

a

0
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@ Table A.8 The averageamountof mass evaporatedfromthe
._FJeCtile-likefragmentas a functionof energy loss, for the reaction

e on 165Hoat 672 MeV.

TIlL (MEV)@
50 2.09 2:0.06

70 2.87 + 0.13

9O 3.87 2:0.14

• 110 4.56 2:0.06
130 5.47 2:0.11

150 6.34 2:0.15

170 7.07 2:0.17

0 190 8.30 2:0.29
210 9.46 2:0.26

230 10.28 2:0.28
250 11.66 2:0.48

270 9.94 2:0.62

g 290 9.47 2:0.65

310 9.84 2:0.30

330 7.71 2:0.73

B

I

O

0
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• Table A. 10The 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 56Fe on 165Hoat 672 MeV.

TKEL (MEV) * *E PLF_ TOT

Q 42 14.41 :t:4.07

44 17.63:t:2.80

46 25.73:1:2.67

48 33.56 :t:2.55

0 50 39.95 ::t:2.05

52 47.61 + 1.99

54 51.24 + 1.72

56 53.86:1:1.55

0 58 60.62 + 2.17

60 61.07 :!:2.74

62 61.18:1:3.91

64 67.42 + 5.33

g 66 68.32 :!::6.75

68 72.76:1:8.72

I

B

I

0

O
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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"PLF) for inclusive energy loss, for the
reaction 56Feon 165Hoat 672 MeV.

II I IIIII III I I I

A"pl,iF E*PLF4E*TOT ....
42 53.55 + 3.32 •

44 55.94 + 2.90

46 58.87:1: 2.61

48 57.11:1: 2.25

50 52.11 + 2.10 Q

52 52.29 :!: 2.29

54 53.49 + 2.08

56 50.86 + 1.88

58 45.93 ::1::3.39 Q

60 38.57 + 5.03

62 35.00:1:: 9.25

64 32.27 ::k 11.27
lt
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• Table A.12 The ratio of excitation energy stored in the projectile-like
fragmentas a functionof its primarymass for three selective bins of energy
loss, for thereaction 56Feon 165Hoat 672 MeV.

E* "* * * E* ,'*A'PLF PLF/_ TOT E PLF/E TOT PLFIt_ TOT

I 40-80 MeV 160-200 MeV 209-350 MeV
I

46 41.88 :l: 5.11

47 44.89. + 2.33

48 43.43 + 5.88 34.38 :t: 3.57
O 49 36.57 + 14.90

50 30.98 + 2.42 34.88 :t: 2.23

51 40.69 :l: 12.50 42.02 + 4.82

52 47.55 :l: 2.75 48.57 :t: 3.70 40.91 + 2.49

0 53 39.67 4. 4.64 52.66 + 2.13

54 53.02 :1: 8.26 48.51 4- 2.58 35.94 + 1.57
55 33.52 :l: 4.13 53.49 + 2.45

56 56.70 + 5.05 51.71 :t: 5.79 49.67 :l:: 2.45

0 57 52.09 :1:: 3.96 53.95 ::t: 5.12

58 58.28 :1:: 3.45 67.98 + 3.96 57.13 + 2.19
59 65.78 :l: 3.27 61.80 + 3.39

60 65.72 :!:: 8.35 65.78 :t: 3.53 57.68 :l:: 3.55

O 62 62.04 :l: 12.4

64 65.77 :l: 5.36

O

0

B

205
O



@

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 56Fe on 165Hoat 672 MeV.

I II I

A" E* '_*PLF E'PI.F/E'TOT E*PLF/E*TOT PLF/_ TOT

40-80 MeV 160-200 MeV 250-350 MeV @
I II

40 38.04 + 3.74

41 57.62 + 8.41

42

43 50.09 + 5.61 44.60 + 10.41 O

44 51.83 ± 5.18 52.73 + 5.23

45 61.25 + 8.12

46 60.93 ± 3.97 50.48 + 7.78

47 54.96 ± 3.4 44.55 ± 4.04 @

48 60.63 ± 3.43 49.87 + 4.99

49 55.61 ± 3.73 58.26 ± 4.44

50 45.00 ± 5.69 44.58 ± 1.26

51 45.67 ± 1.97 O

52 52.59 ± 3.53 42.56 ± 2.72

53 97.42 ± 14.85 41.80 ± 1.82

54 69.50 ± 5.71

55 68.44 ± 3.22 D

56 49.72 ± 2.43

57 51.09 ± 2.30

58 46.87 ± 3.25

59 41.57 ± 2.76 I

206

O



Q

Table A.14 The nucleartemperatureof theprojectile-likefragmentas a
Q functionof energy loss for inclusive isotopes, for the 56Feon 165Ho

reaction at 672 MeV.

I I IIUI I I

A _pI.J_ XPLF(MEV)

Q 10 0.490:1: 0.020
30 1.580 + 0.031

50 2.070 :l: 0.052

70 2.280 + 0.067

Q 90 2.630:1: 0.071
•110 2.900 + 0.060

130 3.120 :t: 0.042

150 3.230 :t: 0.064

• 170 3.370 + 0.049
190 3.570 :t: 0.076

210 3.640 + 0.094

230 3.770:1: 0.086

@ 250 4.250 + 0.320

0

I

0

g
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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 56Fe on 165Ho •
reaction at 672 MeV.

IIII I I II IIII I I

, TKEL {MEV) 'I:TI,F(MEV)

10 0.41 + 0.01 @
30 0.73 :t: 0.03

50 1.02 :l: 0.03

70 1.25 + 0.04

9O 1.33 + 0.03 @
110 1.53 + 0.03

130 1.68 + 0.03

150 1.76:1: 0.03

170 1.96 :t: 0.04 @
190 2.01:1: 0.04

210 2.18 :t: 0.07

230 2.37:1: 0.04

250 2.49 + 0.05 •

O
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Table A.16 The primarycentroids<N> and <Z>. obtainedwith neutron
• evaporation correctionsassuming a mass-dependentdivision of the excitation

energy as describedby the averagebehaviorof the data, for the 56Fe+ 165Ho
reactionat 672-MEV.

i i ii i iiiiii ii

TKEL (MEV) <z> <N>
0 5 25.96 :t: 0.16 29.70 :t: 0.17

15 25.81 :i: 0.40 30.03 + 0.38

25 25.66 :t: 0.43 30.40 + 0.49

35 25.55 + 0.47 30.76 :t: 0.54

O 45 25.41 + 0.50 31.05 :l: 0.58

55 25.26 + 0.53 31.19 + 0.63

65 25.14 + 0.56 31.43 + 0.68

75 25.03 + 0.58 31.65 + 0.71

O 85 24.92 + 0.60 31.90 + 0.74

95 24.82 + 0.64 32.16 + 0.80

110 24.64 + 0.48 32.44 + 0.61

130 24.41 + 0.53 32.90 + 0.68

O 150 24.15 + 0.57 33.33 + 0.76

170 24.04 + 0.59 33.79:1:0.81

190 23.70 ::1:0.66 33.98 + 0.91

210 23.32 :t: 0.71 33.99 ::1:1.00

O 230 23.10 :l: 0.80 34.54 + 1.16

260 23.43 :l: 0.66 34.19 + 0.97

300 21.28 + 0.73 32.62 + 1.09

340 19.93 + 0.75 29.21 :!: 1.10

O 380 18.61 + 0.74 25.20 :l: 1.01

420 18.24 + 1.31 26.50 :l: 1.96

III Illl

O
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TableA.17Thevariancesc7Z2andaN2,andcorrelationfactorPNZ,forthe
primaryPLF distributionsobtainedwiththereaction56Fe+ 165Hoat672MeV.

Neutron evaporation correctionswere performedwith a mass-dependent @
excitation energy division as describedby the averagebehaviorof the
experimentaldata

iii i

TIlL (MEV) %2 a2 •
5 0.040+ 0.004 0.5314.0.007 -0.1614-0.008

15 0.153:1:0.011 1.0524-0.024 0.1804-0.012

25 0.332+ 0.019 1.7014-0.046 0.3744-0.018

35 0.500 4- 0.024 2.374 4- 0.067 0.498 + 0.021 @

45 0.667 4- 0.030 3.076 4- 0.087 0.586 4. 0.024

55 0.826 4. 0.036 3.908 4- O.114 0.628 4- 0.026

65 0.9694- 0.042 4.3604- 0.131 0.6684- 0.027

75 1.0464-0.046 5.0204-0.156 0.6964-0.029 @

85 1.1864-0.051 5.7674.0.184 0.7084-0.030

95 1.3494-0.061 6.7284-0.227 0.7544-0.034

110 1.5024- 0.048 7.762 4- 0.197 0.767 4- 0.025

130 1.8794- 0.062 10.1154- 0.277 0.792+ 0.027 0

150 2.066+ 0.073 12.782.-I:0.372 0.8184-0.030

170 2.5674-0.086 15.5004-0.476 0.8244-0.031

190 2.477 + 0.094 18.741 4- 0.632 0.847 + 0.036

210 2.874 4-0.116 24.656 4- 0.866 0.870 + 0.038 @
230 2.749 + 0.121 30.075 4. 1.083 0.871 4- 0.041

260 2.830 4-0.101 38.520 + 1.087 0.890 4- 0.033

300 3.301 4-0.138 61.337 4- 2.041 0.926 4- 0.040

340 4.061 4-O.162 93.683:t: 3.048 0.950 4. 0.040 0

J'-- I
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Table A.18 The primarycentroids<N> and<Z> obtainedby the kinematical
• reconstructionmethod, for the 56Fe+ 165Ho reaction at 672-MEV.

I I II

TKEL (MEV) <Z> ...... <N>
10 25.74 ± 1.51 30.58 ± 1.72

Q 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

I 110 24.27 ± 1.21 30.82 ± 1.48

130 23.98 ± 1.22 30.97 ± 1.51

150 23.85 ± 1.25 31.36 ± 1.59

170 23.64 ± 1.23 31.97 ± 1.61

• 190 23.38 + 1.42 33.44 ± 1.95

210 23.39 ± 1.36 34.12 ± 1.91

230 23.17 ± 1.45 35.11 ± 2.13

250 22.74 ± 1.59 33.00 ± 2.23

• 270 22.68 ± 1.68 32.72 ± 2.34

290 22.26 ± 1.32 30.42 ± 1.74

340 22.35 ± 2.54 30.18 ± 3.32

O

Q

O
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Table A.19 The variancesOz2 and 02, andcorrelationfactor PNZ,for the
primaryPLFdistributionsobtainedby kinematicalreconstructionin the reaction •

+ 165Ho at 672 MeV.
i

TKEL (MEV) OZ2 oN2 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 4- 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 4- 0.705 0.114 ± 0.047

_'50 2.579 + 0.270 11.080 + 0.943 0.010 ± 0.052

170 3.440± 0.358 13.886± 1.204 0.016± 0.054 •
190 3.218 ± 0.354 16.979 + 1._13 0.051 ± 0.058

210 2.631 ± 0.324 19.697 + 1.930 0.159 ± 0.071

230 3.538 ± 0.436 28.2_ + 2.382 0.154 ± 0.070

250 3.692 ± 0.473 33.379± 3.093 0.141 ± 0.071 •
270 3.687± 0.493 31.130+ 3.275 0.186± 0.074

290 3.620± 0.491 22.383+ 2.707 0.012± 0.077

310 3.678± 0.399 24.241 4- 2.394 0.199± 0.064

3_ 4.386 ± 0.925 23.420 + 4.2_ 0.058 ± O.116 •

212

0



D

@ REFERENCES

AWE84 T.C. Awes, R. L. Ferguson,R. Novomy, F. E. Obenshain,F.

@ Plasil, S. Pontoppidan,V. Rauch,G.R. Young, andH. Sann,

Phys. Rev. Left. 52, 251 (1984).

BAB78 R. Babinet,B. Cauvin,J. Girard,H. Nifene_ker,B. Gatty,D.

I Guerreau,M. Lefort,andX. Tarrago,Nucl. Phys. A296, 160

(1978).

BEC73 R. Beck and D. H. E. Gross,Phys. Lett. 47B, 143 (1973).

• BEN85 D. IL Benton,Ph. D. Thesis PP# 86-030; University of

Maryland(1985).

BEN87 D. IL Benton,H. Breuer,F. Khazaie,K. Kwiatkowski,V. Viola,

Cit S. Bradley,A. C. Mignerey, andA. P. Weston Dawkes, Phys.

Len. B185, 326 (1987).

BEN88 D.R. Benton,H. Breuer,F. Khazaie,K. Kwiatkowski,V. Viola,

Q S. Bradley,A. C. Mignerey, and A. P. Weston Dawkes, Phy.

Rev. C38, 1207 (1988).

BLO78 J. Blocki, Y. Boneh, J. R. Nix, J. Randrup,M. Rebel, A. J. Sierk,

g andW. J. Swiatecki, Ann. of Phys. (NY) 113, 330 (1978).

BOR88 B. Borderie,M. Montoya,M. F. Rivet, D. Jouan,C. Cabot, H.

Fuchs,D. Gardes, H. Gauvin,D. Jacquet,and F. Monnet,Phys.

@ Lett. B205, 26 (1988).

BoRg0 B. Borderie,M. F. Rivet, andL. Tassan-Got, InternalReport

INPO-DRF_90-06;Orsay,France, 1990.

O

213

g



BRE83a H. Brcuer, A. C. Migncrey, V. E. Viola, K. L. Wolf, J. R.

Birkclund, D. Hilshcr, J. R. Huizenga, W. U. Schr6cdcr, and W. Q

W. Wilckc, Phys. Rev. C28, 1080 (1983).

BRE83b H. Breucr, N. R. Yoder, A. C. Mignerey, K. Kwiatkowski, and

K. L. Wolf, Nucl. Instru_ andMethods 204, 419 (1983). •

BRE89 H. Breuer et.al., Lisa Collaboration, Department of Physics and

Astronomy, University of Maryland, 1989.

BRO74 R.A. Broglia, C. H. Dasso, and A. Winther, Phys. Lett. 53B, a
301 (1974).

BRO76 R.A. Broglia, C. H. Dasso, and A. Winther, Phys. Left. 61B,

113 (1976).
O

BRO78a R.A. Bmglia, O. Civitarese, C. H. Dasso, and A. Winther, Phys.

Lett. 73B, 405 (1978).

BRO78b R.A. Broglia, C. H. Dasso, G. Ponarolo, and A. Winther,Phys. •
Rev. Lett. 41, 25 (1978).

BROS0 IL A. Broglia, C. H. Dasso, and A. Winther, Nordita 80/16

CAR83 J. Carter et al, ZeiL Phys. A313, 57 (1983). •

CAU78 B. Cauvin, R. C. Jared, P. Russo, R. P. Schmitt, IL Babinet, and

L. G. Moretto, Nucl. Phys. A301, 511 (1978).

DE82 J.N. De, Phys. Lett. II3B, 455 (1982). S

EYA78 Y. Eyal, A. Gavron, L Tsenurja, A. Fraenkel, Y. Eisen, S. Wald,

R. Bass, C. R. Gould, G. Keyling, R. Renfordt, K. Stelzer, R.

Zitmann, A. Gobbi, U. Lynem, H. Stelzer, I. Rode, and R. Bah, •
Phys. Ro. Lett. 41, 625 (1978).

FEL84 H. Feldmeir, Nucl. Phys. A428, 223c (1984).

HN74 H.J. F'mk,J. Maruhn, W. Scheid, and W. Greiner, Z. Physik, •
A268, 321 (1974).

214

O



O

_ FRAS0 N. Frascaria, P. Colombani, A. Gamp, M. Riou, J. P. Garron, J.

• C. Roynctte, C. Stephan, A. Amcaumc, C. Bizarcl, J. L. Lavillc

and M. Louvcl, Z Physik. A294, 167-172 (1980).

FRE84 H. Freicsleben and J. V. Kratz, Phys. Rev. 106, 1 (1984).

Q GAV80 A. Gavron, Phys. Rev. C2, 230 (1980).

GOBS0 A. Gobbi and W. N6renberg, Heavy lon Collisions, Vol. 2, Ed.

R. Bock (North-Holland, Amsterdam, 1980), p. 127.

• GOU78 C.R. Gould, R. Bass, J. V. Czamecki, V. Hartmann, K. Stetzer,

IL Zitzmann, and Y. Eyal, Z Phys. A284, 353 (1978).

GRI81 J.J. Griff'm, Y. Boneh, M. Dworzecka, and K. K. Kan, Nucl.

• Phys. A360, 181 (1981).

GRI82 J.J. Griff'met al, Nucl Phys. A382, 159 (1982).

GRI87 J.J. Griff'm, J. A. Lukasiak, M. Dworzecka, ZeiL Phys. A326,

• 51 (1987).

GRO74 D.A.E. Gross and H. Kalinowski, Phys. Left. 48B, 302 (1974).

GRO75 D.H.E. Gross, Nucl. Phys. A2,40, 472 (1975).

• GRO77 D.H.E. Gross, Phys. Lett. 68B, 412 (1977).

HEN79 D.C. Hensley, IEEE Trans. Nucl. $ci. N$-26, No 24, 4454-58

(1979).

• HIL79 D. I-filscher, J. R. Birkelumd, A. D. Hoover, W. U. SchrOeder,

W. W. Wilker, J. R. Huizerga, A. C. Mignerey, K. L. Wolf, H.

F. Breuer, and V. E. Viola, Jr., Phys. Rev. C20, 576 (1979).

• HOF76 H. Hofmann and P. J. Siemens, Nucl. Phys. A257, 165 (1976).

KWI90 K. Kwiatkowski, IL Planeta, S. H. Zhou, V. E. Viola, H. Breuer,

M. A. McMahan, A. C. Mignerey, Phys. Rev. C41, 958 (1990).

• LEFT8 M. Lefort and C. H. Ng6, Ann. Phys. V. 3, # 1 (1978).

215
Lib



LOC82 D. -K. Lock, R. Vandenbosch, and A. Lazzarini, Nucl. Phys.

A384, 241 (1982). •

LOC85 D. -K. Lock, R. Vandenbosch, and J. Randrup, Phys. Rev. C31,

1268 (1985).

LOT92 B. Lott, S. P. Baldwin, B. M. Szabo, B. M. Quednau, W.U.. •

SchrOder,J. T6ke, L. G. Sobotka, J. Barreto, R. J. Charity, L.

Gallamore, D. G. Sarantites, D. W. Stracener, and R. T. de

Souza, Phys. Rev. Lett. 68, 3141 (1992). •

MARgl A.A. Marchetti, Ph. D. Thesis. # ER-4021-8, University of

Maryland (1991).

MAR92 A.A. Marchetti, A.C. Mignerey, H. Madani A. G6kmen, W.L. Q

Kehoe, B. Libby, K. Morley, H. Breuer, K. Wolf, and F.

Obenshain, submitted to Physical Review C (1992).

MAR93 A.A. Marchetti and A. C. Mignerey, Nucl. Insrrun_ and •

Methods A37,4, 288 (1993).

MER86 C. Merouane, Ph. D. Thesis. # ORO-5172-0026 University of

Maryland (1986). Q

MIGS1 A.C. Mignerey, Annual Progress Report, ORO-5172-0019,

(1981).

MOR79 L.G. Moretto, Conference on Large Scale Collective Excitation, I

Hungary, June 11 - 15, 1979.

MOR83 L.G. Moretto, Zeit. Phys. A310, 61 (1983).

NOR74 W. Nt_renberg, Phys. Lett 53B, 289 (1974). •

NOR75 W. Nt_renberg, Z Phys. A274, 241 91975).

OAK87 Computer Handbook of the Holi field Heavy-Ion Research

Facility; Oak Ridge National Laboratory, Oak Ridge, Tennessee, qP

1987.

216

O



O

PEN90 V. Penumetfha,G. A. Petitt, T. C. Awes, J. R. Beene, R. L.

Q Ferguson,F. E. Obenshain,F. Plasil, G. R. Young, S. P. Soresen,

Phys. Rev. C42, 1489 (1990).

PLA78 F. Plasil, R. L. Ferguson,H. C. Britt,R. H. Stokes, B. H.

I Enkkila,P. D. Goldstone,M. Blann,and H. H. Gutbrod,Phys.

Rev. 1,en. 40, 1164 (1978).

PLA90 R. Planeta,K. Kwiatkowski,S. W. Zhou, V. E. Viola, H.

g Breuer,M. A. McMahan,W. Kehoe,and A. C. Mignerey, Phys.

Rev. C41, 3942 (1990).

RAN78a J.Randrup,Ann. Phys. (iVY)112, 356 (1978).

D RAN78b J. Randrup,Nucl. Phys. A307, 319 (1978).

RAN79 J. Randrup,Nucl. Phys. A327, 490 (1979).

RAN82 J. Randrup,Nucl. Phys. A383, 468 (1982).

Q SAM85 S.K. Samaddar,J. N. De, and K. Krishan,Phys. Rev. C31, 1053

(1985).

SCH77 W.U. SchrOederand J. R. Huizerga,Ann. Rev. Nucl. Sci. 27,

• 465 (1977).

SCH84 W.U. SchrOederandJ. R. Huizenga, in Treatise on Heavy-Ion

Science, Vol. 2, Ed. by D. A. Bromley, Plenum,New York,

a 1984;Chapter3.

SIW76 K. Siwek-Wilczyn'ska,and J. Wilczyn'sk, Nucl. Phys. A264

115 (1976).

• SOB86 L.G. Sobotka,G. J. Wozniak, R. J. McDonald,M. A. McMahon,

R. J. Charity,L. G. Moretto,Z. H. Liu, F. S. Stephens, R. M.

Diamond,and M. A. Delphanque, Phys. Lett. B175, 27 (1986).

O

-_ 217
0



SOH85 H. Sohlbach, H. Freiesleben, P. Braun-Munzinger, W. F. W.

Schneider, D. Schiil, B. Kohlmeyer, M. Marinescu, and Q

Piihlhofer, Phys. Lett. 153B, 385 (1985).

SOH87a H. Sohlbach, H. Freiesleben, W. F. W. Schneider, D. Schtil, P.

Braun-Munzinger, B. Kohlmeyer, M. Marinescu, and F. Q

Piihlhofer, Nucl. Phys. A467, 349 (1987).

SOH87b H. Sohlbach, H. Freiesleben, W. F. W. Schneider, D. Schiil, B.

Kohlmeyer, M. Marinescu, and F. P0hlhofer, Z Phys. A328, D

205 (1978).

SOU88 R.T. deSouza, W. U. Schr6eder, J. R. Huizenga, R. PLaneta, K.

Kwia_oski, V. E. Viola, and H. Breuer, Phys. Rev. C37, 1783 Q

(1988).

STES8 H. Siege, H. -J. Keim, H. A. Bt_sser, B. Kohlmeyer, F. Ptihlhofer,

and W. F. W. Schneider, Nucl. Phys. A489, 146 (1988). •

TAM79 Tarnain, R. Chechik, H. Fuchs, F. Hanappe, M. Morjean, C. Ng6,

J. Peter, M. Dakowski, B. Lucas, C. Mazur, M. Ribrag and C.

Signarbieux, Nucl. Phys. A330, 253 (1979). Q

TAS88 L. Tassan-Got, Ph.D. Thesis, INPO- T-89-02; Orsay, France,

1988.

TAS89 L. Tassan-Got and C. Stephan, Internal Report INPO-DRE-89- t

46, 1989.

TAS91 L. Tassan-Got and C. Stephan, Nucl. Phys. A52A, 121 (1991).

TOK89 J. TSke, W. U. ShrC_Jer, and J. R. Huizenga, Phys. Rev. C40, •

R1577 (1989).

TOKg0 J. TSke, W. U. ShrSeder, and J. R. Huizenga, Nucl. Instrum. and

Methods A288, 406 (1990). Q

218

e



O

TOK91 J. T_ke, R. Planeta, W. U. Shr_eder, and J. R. Huizenga, Phys.

• Rev. C44, 390 (1991).

VAN84a R. Vandenbosch, A. Lazzarini, D. Leach, D. -K. Lock, A. Ray,

and A. Seamster, Phys. Rev. Lett. 52 1964, (1984).

Q VAN84b R. Vandenbosch, A. Lazzarini, D. Leach, D. -K. Lock, A. Ray,

and A. Seamster, Workshop on Nuclear Dynamics III, Copper

Mountain, Co, p.67 (1984).

Q WEI80 H. A,. Weidenmtiller, Progress in Nuclear and Particle Physics

3, 49 (1980). .

WIL73 W.W. Wilczn'ski, Phys. Lett. B47, 484, (1973).

• WIL80 W.W. Wilcke, J. R. Birkeland, H. J. Wollershe, A. D. Houra, J.

R. Huizenga, W. U. ShrOeder,and L. E. Tubbs, Atomic data and

Nuclear data Tables 25, 529 (1980).

• WIL87 J.L. Wile, W. U. Schr_der, J. R. Huizenga, and D. Hilscher,

Phys. Rev. C35, 1608 (1987).

O

D

O

O

219

O






