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ABSTRACT

AZIMUTHAL DISTRIBUTIONS IN INTERMEDIATE ENERGY HEAVY-ION

COLLISIONS

By

William Kenneth Wilson

The azimuthal distributions of light particles (Z=1,2) with respect to the entrance

channel reaction plane are investigated with a view towards characterizing the modes

of collective motion in intermediate energy heavy-ion collisions. A new technique for

reaction plane determination from the distribution of light particles produced in a

collision is developed and applied to Ar+V data. The data were acquired using the

MSU 41r Array, a new 215 element large solid angle detector system. At a beam

energy of 35 MeV/nucleon, light charged particles are found to exhibit an enhanced

emission in the reaction plane which increases with the mass of the detected particle.

As the beam energy is increased to 100 MeV/nucleon, the anisotropy nearly vanishes,

providing clues to the dynamics of these reactions in a transitional energy regime.

The observed anisotropy contains signatures of two distinct modes of collective

motion: attractive mean field deflection, and rotation of the fused system. A mi-

croscopic calculation based on mean-field mediated interactions plus nucleon-nucleon

collisions reproduces both forms of collective motion and their associated azimuthal

distributions. The calculation also suggests that the anisotropy due to mean-field

deflection is established during the initial stages of the collision.

The nature of the nuclear mean-field is further explored using data taken by the





41r Array for peripheral 50 MeV/nucleon C induced reactions on C and Au targets.

Although projectile fragments in grazing collisions are positively deflected by the

coulomb force, a specific set of protons are found to be simultaneously attractively

deflected by the mean-field towards the opposite side of the reaction plane. This direct

observation of attractive mean field deflection supports aspects of the interpretation

of the Ar+V data.

Lastly, the experimental results are summarized and the potential for extracting

more information about the dynamics of heavy-ion collisions using azimuthal distri-

butions is assessed. The key areas of promising future experimental research in this

subject are delineated along with the outstanding problems to be solved.



Dedicated with love to Mary.

iii



ACKNOWLEDGEMENTS

A heartfelt “thank you” goes to my research advisor, Gary Westfall. Without Gary’s

blend of patience, encouragement, and enthusiasm, it would not have been possible

for me to reach the end of this project. More importantly, Gary’s irrepressible sense

of humor made the process fun. I benefited from his guidance and teaching during

each step of the experiments and analysis. Whoop.

This work was also shaped by important contributions from Craig Ogilvie and

Roy Lacey. It was a joy discussing my analysis with them and leaving a trail of

“Hindenburgs” on the blackboards all over the lab. Special credit must be given to

Craig, who originally developed the reaction plane determination technique presented

in chap. 3.

Several people deserve thanks for their generosity in donating their time to various

aspects of this project. Wolfgang Bauer performed the theoretical calculations pre-

sented in chap. 6, and guided me in their interpretation. Skip Vandermolen, Pawel

Danielewicz, and Dennis Swan answered innumerable questions, and seemed to en-

joy pondering each new problem I'brought to them. Len Morris turned my rough

sketches into functioning detector mounts for the Forward Array. Chadin Djalali,

David Kroftcheck, and Thierry Reposeur provided moral support.

It has been a pleasure working with the other graduate students at the Cyclotron

Lab, past and present. Jim Clayton, Dan Fox, Dan Cebra, Jeff Karn, Steve Howden,

Mats Cronqvist, Brian Young, and Tong Li have helped, encouraged, and shared their

knowledge with me, making this project easier than it would have been otherwise.

I owe a great debt to my parents and my wife for putting up with the agony and

ecstasy of a physics graduate student. My parents displayed unshakable confidence

in me, and supported all of my decisions that led me over a circuitous route to this

iv



final result. My wife Mary Samuel generously gave of herself to help me through the

darkest times, and so I dedicate this thesis to her. Since she read and commented on

this thesis, she is literally on every page.

Advice from Epictetus (ca. 50-138 A.D.) “When a man is proud because he can

understand and explain the writings of Chrysippus, say to yourself, ‘If Chrysippus

had not written obscurely, this man would have nothing to be proud 0 .’ ”



Contents

LIST OF TABLES X

LIST OF FIGURES xi

1 Introduction 1

1.1 Organization ............................... 2

1.2 The Bulk Properties of Nuclear Matter ................. 3

1.3 Review of Results from Relativistic Heavy-Ion Collisions ....... 6

1.4 Extension to Lower Beam Energies ................... 19

1.5 Earlier Observations of Collective Motion in Intermediate Energy Col-

lisions ................................... 24

2 Description of the 41r- Array Experiments 27

2.1 Beam and Target ............................. 27

2.2 Detector Geometry ............................ 28

2.3 Detector Design .............................. 29

2.4 Calibration ................................ 39

2.5 Triggering ................................. 40

vi



2.6 Momentum Acceptance .......................... 41

2.7 Simple Observables ............................ 41

Reaction Plane Determination 48

3.1 Introduction ................................ 48

3.2 Previously Established Techniques .................... 50

3.3 Preliminary Analysis ........................... 52

3.4 The Azimuthal Correlation Method ................... 53

3.5 Checks of the New Technique ...................... 64

3.6 Comparison with Transverse Momentum Analysis ........... 68

3.7 Accuracy .................................. 71

Azimuthal Anisotropies and Collective Motion 82

4.1 Introduction ................................ 82

4.2 Effects of Collective Motion on Azimuthal Distributions ........ 83

4.3 Parameterization of Azimuthal Distributions .............. 87

4.4 The Influence of Detector Acceptance .................. 93

4.5 35 MeV/nucleon Ar+V Data ....................... 97

4.6 Beam Energy Dependence ........................ 103

4.7 Summary ................................. 111

Comparison With Theory 112

5.1 Introduction ................................ 1 12

5.2 Background on the Rotating Sphere Model ............... 113

vii



5.3 Particle Emission From a Rotating Sphere ............... 114

5.4 Comparison of Rotating Sphere With Data ............... 116

5.5 Deformation ................................ 1 19

5.6 Decay Channels of Rotating Systems .................. 123

5.7 Description of the BUU Approach to Solving Nuclear Dynamics . . . 125

5.8 The Direction of the Flow ........................ 128

5.9 Goals of our BUU Calculation ...................... 129

5.10 Initial Conditions Used in the BUU Calculation ............ 132

5.11 Results of the BUU Calculation 1: The Residue ............ 132

5.12 Results of the BUU Calculation 2: Emitted Nucleons ......... 139

5.13 Conclusions ................................ 155

5.14 Improvements to the Model ....................... 155

Flow Analysis of Peripheral Collisions 157

6.1 Introduction ................................ 157

6.2 Analysis Technique ............................ 159

6.3 Results ................................... 162

6.4 Discussion ................................. 173

6.5 Conclusion ................................. 1 78

Conclusion 179

7.1 Summary ................................. 179

7.2 Directions for Future Research ...................... 180

viii



A 'D‘igger Stream 183

B The 41r Filter Code 187

B.1 Introduction ................................ 187

R2 The Original Filter ............................ 188

3.3 The Fast Filter .............................. 191

C Impact Parameter Determination 193

D Parameterization of Azimuthal Anisotropy 198

DJ Peak/Valley Ratios ............................ 198

D2 Expansion in Cosines ........................... 199

LIST OF REFERENCES 201

ix



List of Tables

2.1

2.2

2.3

2.4

3.1

Solid Angles of Main Ball Telescopes .................. 29

Properties of the Fast and Slow Plastic Scintillators .......... 33

Low Energy Thresholds of Main Ball .................. 38

Low Energy Thresholds of Forward Array ............... 38

Fit parameters for double Gaussian fits to the distribution of differences

between reaction planes of sub-events .................. 75



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

2.1

2.2

2.3

2.4

2.5

2.6

The equation of state for two different values of the compressibility of

nuclear matter. ..............................

Summary of measurements of K .....................

The participant-spectator geometry used in the Nuclear Fireball Model.

Fluid dynamical and cascade calculation of a 400 MeV/nucleon Nb+Nb

collision...................................

Computer reconstruction of the tracks seen on a Streamer Chamber

photographic plate.............................

Explanation of transverse momentum analysis used for measuring the

collective flow of the participants. ....................

Illustration of the squeeze-out effect. ..................

Flow as a function of beam energy in heavy-ion collisions .......

Squeeze-out as a function of beam energy in heavy-ion collisions . . .

The difference between the concepts of attractive and repulsive flow. .

BUU predictions of average transverse momentum in the reaction plane

as a function of rapidity. .........................

The Wilczyriski plot. ...........................

Explanation of the Wilczyriski plot....................

Azimuthal distribution of alpha particles around the reaction plane

defined by fission fragments. .......................

A truncated icosahedron, the basic geometry of the 41r Array .....

The positions of the front faces of the Forward Array telescopes. The

beam axis goes into the page. ......................

A phoswich (phosphor sandwich) detector. ...............

Counts as a function of the integrated fast (AE) and slow (E) signals

for a Forward Array phoswich telescope. ................

Counts as a function of the integrated fast (AE) and slow (E) signals

for a Main Ball phoswich telescope. ...................

Schematic diagram of the features of a phoswich AE—E plot. .....

xi

8

10

12

14

16

17

18

20

21

22

23

26

30

31

32

34

35

36



2.7

2.8

2.9

2.10

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

Acceptance of 47r Main Ball + Forward Array system in momentum

space. ...................................

Multiplicity of charged particles detected by the 41r Array. ......

Kinetic energy spectra for He produced in Ar+V collisions.......

Temperature of the mid-rapidity source as a function of beam energy.

A geometrical description of the reaction plane. ............

The definition of the forward flow side of the reaction plane for both

attractive and repulsive scattering. ...................

The cross section for charged particles from 35 MeV/nucleon Ar+V

collisions. .................................

The quantities used in finding the reaction plane for an event projected

on the pz—py plane.............................

The spurious in-plane enhancement due to including the particle of

interest in the reaction plane determination for simulated events. . . .

The azimuthal distribution of differences between reaction planes found

for the entire events and reaction planes found leaving out a particle

of interest..................................

Comparison of azimuthal distributions of particles of interest with re-

spect to the reaction plane using different weightings in determining

the plane. .................................

The effects of momentum conservation are investigated using simulated

events....................................

A search for azimuthal anisotropies due to detector bias in the analysis

of randomized events............................

The distribution of reaction plane azimuthal angles in the detector

coordinate system for 35 MeV/nucleon Ar+V. .............

The distribution of azimuthal angle differences between reaction planes

found using the transverse momentum analysis and the azimuthal cor-

relation technique. ............................

A comparison of the azimuthal angle of particles of interest with respect

to the reaction planes found using two different techniques.......

The distribution of differences between found and true reaction planes

for multiplicity 4 to 50 simulated events. ................

The distribution of differences between azimuthal angles of reaction

planes found for sub-events is shown for simulated data. .......

The same simulation as the previous figure, after filtering through a

software representation of the detector acceptance............

Results from the analysis of 35 MeV/nucleon Ar+V collisions are shown

in the same manner as previous two figures. ..............

The extracted widths (00) from the Gaussian fits the data in previous

three figures are shown as a function of multiplicity...........

xii

42

43

45

46

49

51

54

56

58

59

61

63

66

67

69

70

72

76

77

78

79



3.18

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

An exploration of the accuracy of the reaction plane determination for

simulated events. The panels are described in the text. ........ 81

Schematic representation of the two forms of collective motion under

investigation. ............................... 84

Azimuthal distributions with respect to the reaction plane for an oblate

momentum distribution. ......................... 85

Azimuthal distributions with respect to the reaction plane for a simu-

lated source with transverse momentum flow............... 86

Geometrical definition of the anisotropy parameters F,-,, and Ff, pro-

jected onto the p, — p, plane. ...................... 89

Azimuthal angles of the in-plane and forward flow side gates are shown

for a hypothetical azimuthal distribution ................ 90

Anisotropy fractions F}, and FIs for a simulated oblate momentum

distribution................................. 91

Anisotropy fractions E, and Ff, for a simulated prolate momentum

distribution with transverse momentum flow............... 92

Anisotropy fractions for a simulated oblate momentum distribution

after filtering through a software model of the detector acceptance. . 94

Anisotropy fractions for a simulated prolate momentum distribution

with transverse momentum flow after filtering through a software model

of the detector acceptance......................... 95

Anisotropy fractions as function of rapidity for 35 MeV/nucleon Ar+V

data..................................... 98

Azimuthal distributions of hydrogen produced in 35 MeV/nucleon Ar+V

collisions divided into six rapidity bins. ................. 100

Azimuthal distributions of helium produced in 35 MeV/nucleon Ar+V

collisions divided into six rapidity bins. ................. 101

Anisotropy fractions for 35 MeV/nucleon Ar+V data with p“L Z 210

MeV/c per nucleon, and smeared in angular assignments as described

in the text. ................................ 102

Anisotropy fractions for 35 MeV/nucleon Ar+V data as function of

p‘L /nucleon. ................................ 104

Anisotropy fractions as function of rapidity for 65 MeV/nucleon Ar+V

data. .................................... 105

Anisotropy fractions as function of rapidity for 100 MeV/nucleon Ar+V

data..................................... 106

Anisotropy fractions for 100 MeV/nucleon Ar+V data as function of

pJ' /nucleon. ................................ 108

The 810pe of F,, at mid-rapidity is used to measure the transverse

momentum flow Ar+V collisions as a function of beam energy. . . . . 109

The maximum of 17,-, is used to measure the in-plane enhancement in

Ar+V collisions as a function of beam energy. ............. 110

xiii



5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

6.1

6.2

Maximum angular momentum that a nucleus with mass number A can

support. ..................................

A fit to He emitted from 35 MeV/nucleon Ar+V collisions using the

rotating sphere parameterization. ....................

Energy dependence of the in-plane enhancement for He emitted emit-

ted from 35 MeV/nucleon Ar+V collisions................

Hill-Wheeler coordinates for a 158Yb nucleus are shown as a function

of the angular momentum (I) using the liquid drop model. ......

BUU predictions for the evolution of an excited Ca nucleus with high

angular momentum.............................

Fraction of collisions Pauli blocked in Nb+Nb collisions. .......

BUU calculations of the transverse momentum flow for different equa-

tions of state and in-medium n-n cross sections. ............

Coordinate space density distribution projected on to the x-z plane. .

Coordinate space density distribution projected on to the x-y plane. .

Number density in coordinate space at t=150 fm/c. ..........

Evolution of BUU residue in Hill-Wheeler coordinate space. .....

Hill-Wheeler coordinates as a function of time..............

Angular momentum in the BUU calculation as a function of time. . .

The number of nucleons in the residue and the number of nucleons

emitted is shown as a function of time. .................

Emission rate of nucleons with various energies. ............

Anisotropy fractions 570 fm/c after the beginning of the collision . . .

Anisotropy fractions 570 fm/c after the beginning of the collision using

a 25 MeV low energy threshold. .....................

Snapshots of the anisotropy fractions as a function of time.......

Snapshots of the anisotropy fractions as a function of time for nucleons

with at least 25 MeV/nucleon.......................

Anisotropy fractions in 5 MeV wide windows as a function of the energy

in the center of the window. .......................

Anisotropy fractions for nucleons emitted in specific time windows.

Anisotropy fractions for nucleons emitted in specific time windows.

115

118

120

122

124

127

133

134

136

137

138

140

141

142

143

145

146

147

149

150

151

Final anisotropy fractions calculated with and without including PEPs. 152

Momentum distribution of particles emitted in the first 60 fm/c pro-

jected onto the reaction plane....................... 154

Velocity spectra for projectile fragments detected in the Forward Array. 160

Histogram of the transverse momentum distribution projected on to

the reaction plane for mid-rapidity protons ...............

xiv

161



6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

A.l

B.1

B.2

C.1

C.2

The center of the transverse momentum distribution of protons in the

reaction plane as a function of rapidity.................. 163

The mean transverse momentum distribution of light particles in the

reaction plane as a function of rapidity for collisions using 45 and 200

MeV/nucleon projectiles.......................... 164

The negative offset for the center of the mid-rapidity proton trans-

verse momentum distribution is shown as a function of the transverse

momentum of the projectile fragment................... 166

Two source fit of the P’ distribution near the projectile fragment rapidity169

Momentum correlation functions for proton/projectile fragment coin—

cidences .................................. 170

The center of the transverse momentum distribution in the reaction

plane gated on the mid-rapidity source ................. 172

Flow analysis of uncorrelated events. .................. 174

Schematic drawing of the proposed deflections in peripheral events. . 175

Results of a three body dynamical simulation of projectile fragmentation.177

Electronics diagram for the 47r trigger system. ............. 184

Steps followed in the original simulated event filter. .......... 189

Fast filter event loop............................ 192

Impact parameter dependence of mid-rapidity change in Ca+Ca FREESCO

simulations. ................................ 195

Impact parameter dependence of He kinetic energy spectra at 7° from

the beam axis in the lab frame produced by 50 MeV/nucleon C+C

collisions. ........ .......................... 197

XV



Chapter 1

Introduction

In this thesis we will investigate the properties of heavy-ion collisions at beam energies

ranging from near the Fermi energy (a: 37 MeV/nucleon) to 100 MeV/nucleon. The

motivation for studying these collisions is two fold. Ultimately, we hope to contribute

to the characterization of the bulk properties of nuclear matter. No results which

constrain the properties of nuclear matter will be presented in this initial analysis,

but techniques which may do so in the future will be developed. The more immediate

aim of this work is simply to characterize the dynamics of the events. These reactions

are quite complex because they involve a finite number of particles which have access

to a nearly innumerable number of final states. Therefore, detailed descriptions of

these collisions should provide motivation and some of the tools for improving our

ability to calculate the dynamics of complex finite systems in general.

This beam energy region is particularly interesting because it is expected to be

transitional. At beam energies just above the Coulomb barrier, reactions are dom-

inated by the attractive component of the nuclear mean field. Central collisions

(head on) result in compound nucleus formation, while peripheral collisions give

rise to an attractive deflection of the projectile or its capture to form an orbiting

system. On the other hand, at relativistic beam energies, the overlap region of the

projectile and target becomes highly compressed, and the hard core repulsive compo-
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nent of the nuclear mean field comes into play. The beam energy range studied in this

thesis spans the region in which the dominant interaction is expected to change from

attractive to repulsive. We will refer to this as the intermediate energy range.

Since progress was made in the understanding of relativistic collisions by con-

fronting theory with the observed modes of collective motion, we will maintain this

approach in our examination of intermediate energy collisions. Collective motion oc-

curs with respect to the plane initially containing the beam axis and target, called

the reaction plane. We will focus particularly on azimuthal distributions with re-

spect to the reaction plane, which we find to be useful indicators of the presence of

collective motion.

In order to determine the reaction plane from the final distribution of particles, it

is generally necessary to detect as many of the outgoing particles as possible. To this

end, a large acceptance detection system called the MSU 41r Array was constructed.

The data taken with the MSU 41r and presented in this thesis represent some of the

first explorations of collective motion in intermediate energy collisions.

1 .1 Organization

The organization of this thesis is as follows. In the introduction we will begin by

introducing some of the concepts used in describing bulk nuclear matter. Since our

work began as an extension of the approaches employed to characterize relativistic

collisions, we will also review what was learned about collective motion in relativis-

tic collisions. Finally we will outline some of the differences between the collision

dynamics at relativistic beam energies and those expected at intermediate energies.

In the second chapter we will describe the experimental apparatus and early stages

of the analysis. Chapter three presents the technique we have developed to determine



the reaction plane for central and medium impact parameters. The next chapter

presents our data in the form of azimuthal distributions of particles with respect

to the reaction plane. The observed anisotropies are interpreted in terms of simple

modes of collective motion. The data will be compared to a microscopic calculation in

the fifth chapter, and we will draw conclusions about the nature of observed collective

motion. In the sixth chapter we will shift the focus to analysis of peripheral events,

in which we will be able to observe the attractive nature of the nuclear mean-field

directly. Finally, in the seventh chapter, we will summarize what has been learned

and suggest possible directions for future development. Subjects on the periphery

of the main thread of the thesis have been placed in appendices to streamline the

presentation.

1.2 The Bulk Properties of Nuclear Matter

Outside of neutron stars and perhaps the early universe, infinite nuclear matter exists

only as a theoretical construct used to test our understanding of the nuclear force.

For example, if we can deduce the equation of state of bulk nuclear matter from

nucleus-nucleus collisions, this would provide some guidance to theorists attempting

to write down the strong force Hamiltonian in a baryon-rich environment.

Two properties of infinite nuclear matter are apparent from the examination of

nuclei in there ground state.[Wong90] From letting the atomic mass number A go

towards infinity in the Weizacker semi-empirical mass formula, and ignoring the

Coulomb force, we find the the binding energy (E5) per nucleon is

Eb "~" I6MCV. (1.1)

We also know that nuclear matter saturates at a density

p0 z 0.17 nucleons fm’3 (1.2)



from the study of the charge distribution in heavy nuclei. Thus we can demand

that the nuclear equation of state (EOS), which describes how nuclear matter

responds to changes in density, reproduce these values. One commonly used form of

this expression is[Bert88]

U(p) = All + B (pi) , (1.3)

where U(,0) is the density dependent potential field and 0‘ is greater than one. In eq.

1.3 the constant A is attractive (negative) and the constant B is repulsive (positive).

The EOS is usually taken as the nuclear compressional potential energy (EC?) as a

function of density given by

Um = 56;(PEcp) (1.4)

The unknown factors A, B, and a can be fixed in terms of binding energy, satura-

tion density, and a new parameter K, the nuclear compressibility. The compress-

ibility is defined as % times the bulk modulus k, which is the logarithmic derivative

of the pressure with respect to the density. A derivation of these equations can be

found in [Bert88]. The compressibility K is a. measure of how difficult it is to push

the system away from its equilibrium density, and is thus important in certain astro-

physics applications. For example, it determines the density of neutron stars and the

propagation of shock waves created in supernova explosions. In Figure 1.1 we show

the nuclear compressional energy (the sum of the potential energy and the Fermi en-

ergy) as a function of density for two different values of the compressibility. [Moli85a]

Larger values for K would mean that it takes more energy to compress nuclear

matter, a situation referred to as a stiff equation of state, while smaller values indicate

a soft EOS. The compressibility can only be inferred from observing the properties

of nuclear matter away from the equilibrium density. Placing constraints on K has
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Figure 1.1: The equation of state for two different values of the compressibility of

nuclear matter. [Moli85a]



been one of the major goals of heavy-ion physics. In Figure 1.2 we show the results of

several different techniques used to measure K, including the flow angle measurements

of relativistic heavy-ion collisions which will be described in detail in this introduction.

The best constraints placed on the equation of state so far have come from the study

of frequency of vibrating nuclei (giant monopole resonance).[Shar89] (The new data

on vibrating nuclei result from the systematic study of a larger number of nuclei than

the original data.) The extremely low K values found to be necessary in simulations

of supernovae are thought to represent a failing of current supernova theory. We can

conclude from the graph that the compressibility is z 300 MeV with large error bars.

In the next section, we review how the study of relativistic heavy-ion collisions has

been used to constrain the equation of state.

1.3 Review of Results from Relativistic Heavy-

Ion Collisions

Beams of relativistic heavy-ions (Z> 4, Ebcam >100 MeV/nucleon) became avail-

able at Lawrence Berkeley Laboratory (LBL) in 1974. Early experiments, which

detected only one particle per event, showed that particles were produced by three

distinct sources. A participant-spectator geometry was successfully applied de-

scribe the observed energy spectra. [West76] In this picture, the parts of the projectile

and target that do not overlap during the collision (spectators) are less strongly dis-

turbed. The projectile remnant forms a projectile-like source which continues on

with nearly the same velocity as the original projectile, and similarly the target rem-

nant forms a target-like source. The overlapping participant region forms a hot

fireball whose velocity and excitation energy can be deduced from the assumption

of a completely inelastic collision and clean cut geometry, as shown in Figure 1.3. We

will use this terminology to describe sources of light particles in chap. 6.
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Figure 1.2: Summary of measurements of K.[Glen88]



 

 

  

 
Figure 1.3: The participant-spectator geometry used in the Nuclear Fireball

Model.[West76]



Early experiments did not provide enough information about the collisions to

distinguish definitively between competing models of reaction mechanisms because

they were mainly single particle experiments. It was the observation of collective

motion using detectors capable of observing many particles in each event that played

the central role in driving forward the theory of relativistic reactions.

Two of the early competing models were the Hydrodynamic Model[St6c82,

Buch84] and the Intranuclear Cascade.[Yari79, Cugn83] In figure 1.4 we show the

results of fluid-dynamical and cascade calculations for the system 400 MeV/nucleon

Nb+Nb. Note that there is a considerable side-splash of nucleons in the final frame

of the hydrodynamical calculation, while the cascade produces a more nearly isotropic

distribution.

The hydrodynamical model assumes that the mean free path of nucleons in nuclear

matter is very short, leading quickly to local equilibrium, and allowing the nuclear

matter to be treated macroscopically in terms of variables like pressure and tem-

perature. The short mean free path causes compressional energy to be built up very

efficiently, leading to the side-splash or collective flow[St6c80] observed in the figure.

One drawback of the theory is that real heavy-ion collisions involve a finite number

of particles, not a smooth continuum, making it difficult to compare the calculations

to actual observations of nuclei, especially in collisions of lighter ions.[St6c86]

Intranuclear cascade calculations avoid this problem since they track the progres-

. sion of each nucleon through time. For this reason they are referred to as microscopic

calculations, and need not assume local equilibrium. The nucleons interact with each

other only through collisions, whose cross sections are taken from free nucleon nu-

cleon scattering. This causes the nuclei to be more transparent to each other than

in the hydrodynamical model, and the lack of compressional energy shows up in the

weaker collective flow in the figure. Since there is no mean field created by the



10

 

   
 

 

    
 

 

    
 

 

 

    
a c ‘ r'

1‘:- s‘c‘ " .2
.zgo‘ {'o.‘ " e.

.- lg: .. ‘ O K ‘ ‘. :.

fi.%'” ‘0; N, ‘

/ .9 l’ E. \

[.11 n":
'l e

/- l
 

Figure 1.4: Fluid dynamical (top panels) and cascade (bottom panels) calculation of

a 400 MeV/nucleon Nb+Nb collision. The impact parameter is 3 fm and a: 10 fm/c

in time separates the snapshots. [Grei85] The view is looking down on the reaction

plane. The beam axis is left to right in the upper panels and top to bottom in the

lower panels.
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nucleons, there is no potential well and thus the Fermi momentum causes nuclei to be

unstable. Therefore an undisturbed nucleus will evaporate nucleons over time. This

flaw can be overcome by several artificial initialization procedures, but it reflects the

incompleteness of the cascade picture.[St6c86] Due to the lack of a proper quantum

mechanical initialization, quantum effects such as the Pauli exclusion principle cannot

be included during the calculation of reactions.

Because the azimuthal angle (around the beam axis) of the reaction plane varies

randomly from event to event, the effects of collective flow tend to average out for

single particle observables. For example, both models could reproduce the energy

spectra and angular distributions observed using one detected particle per event. To

provide more sensitivity to collective effects, large acceptance detection systems were

developed to measure as many charged particles as possible emerging from a single

event, allowing determination of the event’s shape in momentum space. From the

shape of the event, experimentalists could determine the reaction plane and then ro-

tate each event to a common orientation. Quantities could then be measured relative

to the reaction plane, eliminating azimuthal averaging. We will take up the details

of reaction plane determination in the third chapter.

The two primary experimental facilities which were used to study collective flow

were the LBL Streamer Chamber and the Plastic Ball. A computer reconstruction of

a Streamer Chamber image is shown in Figure 1.5. Because the violence of relativistic

collisions can lead to the total disintegration of the projectile and target in central

collisions, the charged particle multiplicity can exceed 100. The Plastic Ball[Gutb89a]

consisted of more than 1000 charged particle detectors, arranged into an modified

icosahedron plus a forward array.

In 1985 Danielewicz and Odyniec[Dani85] developed a method of displaying the

experimental data that made it possible to quantify reliably the side-splash in the
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Figure 1.5: Computer reconstruction of the tracks seen on a~ Streamer Chamber

photographic plate. The projectile (not visible) enters from the left travelling hor-

izontally. This was a central collision of a relatively light system, Ar+KCl at 1.8

GeV/nucleon. A magnetic field perpendicular to the page produces the cum-

ture observed in the tracks. (Positive ions curve clockwise, negative pions curve

counterclockwise.)[Bibb85]
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participant zone. This transverse momentum analysis is illustrated in Figure 1.6

for 400 MeV nucleon Nb+Nb central collisions. The side-splash is revealed by plotting

the average transverse momentum projected into the reaction plane as a function of

rapidity. The rapidity variable (y) is a Galilean invariant function of the velocity

parallel to the beam axis [3“,

_l 1+a

y_2m(1-%)' (rm

If the velocity is small compared to the speed of light, then the rapidity reduces to B”.

The slope of the transverse momentum as a function of rapidity is called the flow,

and can be compared to theoretical models once the uncertainty in the reaction plane

determination is taken into account.

Danielewicz et al. found that the hydrodynamical model over-predicted the flow,

while the intranuclear cascade under-predicted it. Clearly, the assumption of local

equilibrium and a very short mean free path in the hydrodynamical model was an

approximation. A new model was developed that retained the microscopic approach

of the intranuclear cascade, but added an additional interaction mediated by the

nuclear mean field.[Bert88] The addition of the mean field interaction requires a spe-

cific value of the compressibility (K) in the equation of state, so the effects of a soft

versus a stiff EOS on the collective flow could be evaluated. The treatment of col-

lisions in the cascade model was also carried over to the new calculation. The new

approach goes by different names, each group of theorists coining their own termi-

nology, such as Boltzmann-Uehling-Uhlenbeck (BUU),[Uehl33, Bert84] Vlasov-

Uehling-Uhlenbeck (VUU),[Kru385] Boltzmann-Nordheim equation,[Nord28]

or Landau-Vlasov equation.[Greg87] We will compare our observations to BUU

theory in the fifth chapter.

The comparisons between the initial BUU simulations and the flow observed in
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Figure 1.6: Explanation of transverse momentum analysis used for measuring the

collective flow of the participants. The top panel is a schematic picture of the mo-

mentum distribution, the bottom panel is the average transverse momentum in the

reaction plane as a function of rapidity for actual Plastic Ball data. [Gutb89a]
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heavy-ion reactions led to a surprisingly stiff equation of state, K z 380 MeV.[Moli85a,

Dani88] This was much higher than the value being used in supernova calculations,

for example. Later, it was discovered that inclusion of the expected momentum de-

pendence of the nuclear interaction into eq. 1.3 could reproduce the observed flow

using a lower compressibility of z 200 MeV.[Gale87] This trade off between K and

momentum dependent interactions produces the large uncertainty bars in Figure 1.2.

Thus, we can conclude that observations of relativistic heavy-ion collisions have the

potential to constrain the equation of state, dependent on improvements of micro-

scopic models and a better understanding of nucleon-nucleon collisions in nuclear

matter.

In 1989,[Gutb89b] a new component of the collective motion was discovered, the

so—called squeeze-out in which the compression of the participant zone forces par-

ticles out of the reaction plane at mid-rapidity.[Gutb90] Squeeze-out, illustrated in

Figure 1.7, was also predicted by hydrodynamical models.[St6c86]

The Plastic Ball data on collective motion are summarized by the plots in figs. 1.8

and 1.9. We see that both the flow and the squeeze-out peak at a beam energy around

300 to 400 MeV/nucleon. (The flow in Figure 1.8 has been rendered beam energy

scale invariant in a manner suggested by hydrodynamical considerations.[Bona87])

The magnitude of both effects drops rapidly as the beam energy is decreased towards

100 MeV/nucleon. This trend can be understood in terms of the competition between

the attractive and repulsive components of the nuclear mean field visible in Figure 1.1.

At the lower beam energies, the compression is too small to access the density region

dominated by hard core repulsion for very long, and longer range attractive part of

the mean field becomes important. In fact, BUU calculations predict that the flow

should actually change directions for lower beam energies.
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off plane squeeze-out

 
Figure 1.7: Illustration of the squeeze-out effect predicted by fluid dynamics.[St6c86]
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Figure 1.8: Flow as a function of beam energy in heavy-ion collisions in data taken

with the Plastic Ball.[Schm91] The scaled flow (F) is proportional to the slope of the

transverse momentum projected into the reaction plane as a function of rapidity, and

calculated at mid-rapidity
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Figure 1.9: Squeeze-out as a function of beam energy in heavy-ion collisions in data

taken with the Plastic Ball.[Schm91] The squeeze-out ratio (R) is the ratio of the out-

of-plane to in-plane axis of an ellipsoid used to parameterize the observed momentum

distribution.



19

1.4 Extension to Lower Beam Energies

In Figure 1.10 we show schematically the difference between repulsive flow, in which

the particles are pushed away from the high compression region, and attractive flow

where the particles are deflected negatively. These sketches should not be taken as

a detailed description of the momentum distributions produced in these collisions,

but as a simplification of the collective motion in the mid-rapidity region. BUU

calculations, shown in Figure 1.11 performed by Molitoris et al.[Moli85b] predicted

“inverted” flow at beam energies around 50 MeV/nucleon for the Nb+Nb system.

Later BUU calculations[Bert87] have also produced attractive flow in systems of mass

40 projectile on mass 40 to 197 targets at beam energies S 100 MeV/nucleon.

The attractive nature of the nuclear force in collisions with beam energies on the

order of 10 MeV/nucleon has been established experimentally. We will review here

two examples, Wilczyfiski orbiting and residue gamma ray polarization.

In 1973, Wilczyriski plotted the cross section for production of K fragments in 9.7

MeV/nucleon Ar+Th collisions as a function of both center of mass (c.m.) energy and

angle.[Wilc73] This novel mode of presenting the data, shown in Figure 1.12, revealed

the relationship between two components in the observed energy spectra.[Artu73]

Wilczyriski’s interpretation is shown schematically in Figure 1.13. He held that the

ions observed near the beam energy had been repulsively scattered by the Coulomb

force in peripheral collisions, while the ions in the lower energy peak resulted from

collisions with smaller impact parameters in which the attractive mean field caused

the projectile to orbit partially the heavier target. Note that although the sign of the

scattering angle of a single particle is undetermined, the overall pattern shows the

effects of both positive and negative scattering.

Collisions of the latter sort are said to be deep inelastic, with the velocity of the
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Figure 1.10: The difference between the concepts of attractive and repulsive flow.
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projectile being strongly damped. The most peripheral collisions are referred to as

quasi-elastic since the projectile fragment appears with almost all of the projectile’s

original momentum per nucleon. If the beam energy is above the Coulomb barrier,

central collisions result in fusion forming a compound nucleus that can have a large

amount of rotational collective motion which is dissipated by neutron and gamma ray

emission. [Step65]

The circular polarization of the deexcitation gamma rays can be exploited to mea-

sure the direction of the mean field deflection directly when detected in coincidence

with charged particles. Observation of collisions of O and N projectiles ranging from

8 to 35 MeV/nucleon with Nb and Sm targets indicate that high energy light particles

are attractively deflected by the nuclear mean field.[Trau84, Tsan86] Further direct

evidence for the attractive nature of mean field deflection in these energy ranges will

be presented in chap. 6 using data taken using the MSU 47r Array.[Wils91]

The goal of this thesis is to investigate the transitional regime in which attractive

mean field deflection gives way, as the beam energy is increased, to compressional

phenomena such as side-splash and squeeze-out. We will do this by classifying the

modes of collective motion that we observe at 35 MeV/nucleon, and investigating

their evolution as the beam energy is increased to 100 MeV/nucleon.

1.5 Earlier Observations of Collective Motion in

Intermediate Energy Collisions

Beyond the mean-field deflection described earlier, the only other evidence of pos-

sible collective motion in this transitional beam energy regime has come from the

two particle correlation measurements of Tsang et al. and Fox et a1. Both experi-

mental groups found that one light particle tends to be found preferentially in the
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same plane as that defined by the beam axis and an additional light particle de-

tected from the same event.[Tsan84a, Chit86, Fox88] In addition, Tsang and cowork-

ers found that light particles are preferentially emitted in the same plane with respect

to the beam axis as fission fragments detected in heavy ion collisions with Au and U

targets.[Tsan84b, Tsan90] In Figure 1.14 we show the azimuthal distribution of alpha

particles with respect to the reaction plane obtained by Tsang et al. for collisions with

a U target. Since fission fragments produced in heavy-ion collisions are thought to be

focused in the reaction plane,[Vaz83] a simultaneous explanation of all the correlation

results was made by invoking the existence of a rotating source spinning off particles

preferentially in the reaction plane. The angular momentum of such a source would

originate from at least partial fusion between the projectile and target, so the angular

momentum vector would be perpendicular to the reaction plane.

In our presentation of the data in chap. 4, we will use the idealized concepts of

attractive flow, as shown in Figure 1.10, and a rotating source, as invoked by Tsang

et al.,[Tsan84a] to provide a starting point for interpreting the data. In chap. 5 a

more rigorous comparison between the data and these models will be carried out.
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Chapter 2

Description of the 47r Array

Experiments

2.1 Beam and Target

The majority of the data presented in this thesis was taken using an ‘oAr projectile on

a 51V target. We chose this projectile because Ar was the heaviest ion that could be

accelerated to beam energies up to 100 MeV/nucleon, increasing the probability that

we could reach the regime where the dominant interaction becomes repulsive. V was

the target closest to mass 40 available. It is desirable to have equal mass projectile

and target because then it can be assumed that the projectile and target contribute

equally to the participant (overlap) region, producing a source that moves with the

center of mass velocity regardless of impact parameter.

A 35 MeV/nucleon Ar beam was produced by the MSU K500 superconducting

cyclotron, and beams of 45, 55, 65, 75, 85, and 100 MeV/nucleon Ar were produced

by the newer K1200 cyclotron. The target was a 3.34 mg/cm2 V foil held in an

aluminium frame. During the experiments, runs were also performed on an empty

target frame to determine the amount of beam-frame interactions due to the possible

presence around the beam spot of a low intensity halo. As a rule of thumb, the

beam was focused until the target-in/target-out count rate ratio was greater than 10.

27
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Ratios as high as 40 were not uncommon.

The beam current used varied from 50 to 100 electrical pA, depending on the

amount available from the cyclotron and the count rate of the most forward large

solid angle detectors. With beam bursts approximately every 50 ns, these currents

corresponded to only 1 to 2 Ar ions in each burst, so the possibility of multiple events

in a single beam burst was quite small and did not limit the allowed beam current.

However, at detector count rates for single hits greater than z 10000/second, the

charge resolution was degraded due to pile up of signals, limiting the maximum beam

current. Since this limit changes with the beam energy, the resolution of the detectors

was monitored on line for any sign of reduced resolution and the beam current was

adjusted accordingly.

For the chapter on peripheral events, a 50 MeV/nucleon 12C beam from the K500

cyclotron was incident on 12C and 197Au targets. The asymmetric system C+Au was

used in order to evaluate the role of momentum conservation recoil by comparison

with the lighter C+C system. The C projectile allowed allowed detection of projectile

fragments (particles close to the beam in charge that appear in the forward direction

due to peripheral collisions) down to lower energies in-relation to the beam energy

than an Ar projectile.

2.2 Detector Geometry

The choice of the geometry for the 41r Array was primarily governed by two require-

ments. The geometry had to allow closest packing of detector modules to allow nearly

full 47r angular coverage, and ideally the modules would be interchangeable. This sec-

ond requirement simplifies construction and allows “speciality modules” to be easily

swapped in for coincidence experiments. The geometrical shape that was chosen was
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a 32 faced truncated icosahedron, similar to a soccer ball, shown in Figure 2.1.

Twenty of the faces are hexagonal, and twelve are pentagonal. Two of the pen-

tagonal faces are reserved for beam entrance and exit; all of the remaining sites are

filled by detector modules. Each module is further subdivided into the triangular

wedges which make up the Main Ball telescopes, 5 wedges for the pentagonal and

6 for the hexagonal modules, 170 in all. We exploited a previously built set of 30

cylindrical and 15 rectangular telescopes to partially fill the beam exit pentagonal

site as a Forward Array. They were arranged about the beam axis as is shown in

figure 2.2.

The solid angles covered by the telescopes are shown in Table 2.1 for Main Ball

detectors. The true solid angles are slightly smaller than those predicted by ideal ge-

ometry due dead spaces between the modules. The Forward Array telescopes subtend

a solid angle of z 3 msr each, bringing the total coverage of the Main Ball/Forward

Array system to 84% of 47r.

Table 2.1: Solid Angles of Main Ball Telescopes

 

Module Geometric True

Type (msr) (msr)

Hex 75.2 66.0

Pent 59.0 49.9

 

 

    
 

2.3 Detector Design

The detectors that make up the 47r Array are all of the same basic design, phoswich

scintillator telesc0pes. As shown in Figure 2.3, the telescope is made of a thin layer of

“fast” plastic scintillator in front of a larger piece of “slow” plastic scintillator which

is optically coupled to a photomultiplier tube.[Wilk52] When any charged particle
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Figure 2.1: A truncated icosahedron, the basic geometry of the 411’ Array
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Forward Array Telescope Positions

 
    

Figure 2.2: The positions of the front faces of the Forward Array telescopes. The

beam axis goes into the page.
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Figure 2.3: A phoswich (phosphor sandwich) detector. The positions of the gates

used in the current integrating analog to digital converters (QDCs) are shown.



33

passes through the scintillator, its energy loss produces light, which is gathered by the

photomultiplier tube and turned into a current pulse. The fast and slow plastic have

shorter and longer decay times, shown in Table 2.2,[Bicr85] and thus their individual

contributions to the current pulse can be separated. Figure 2.3 shows that the current

from the photomultiplier is divided three ways: one stream is integrated over the time

period during which the fast signal dominates, another is integrated to pick out the

slow signal, while the third goes off to form the trigger stream, which will be discussed

in Appendix A.

Table 2.2: Properties of the Fast and Slow Plastic Scintillators

 

 

 

 

BICRON plastic rise time (ns) fall time (ns)

BC-412 (fast) 1.0 3.3

BC-444 (slow) 19.5 179.7   
 

The fast and slow components of the signal can be used together to identify

charged particles which punch through the fast plastic using the AE-E technique.

Since the energy loss is

d_E .. z:
do: A

at any given velocity, if the number of counts are plotted against the integrated fast

(2.1)

(AE) and slow (E) signals, particles with different charges and masses will fall into

diflerent bands. A AE—E plot of 35 MeV/nucleon Ar+V data is shown in Figure 2.4

for a Forward Array telescope, and in Figure 2.5 for a Main Ball telescope. The

characteristic features of a phoswich AE—E spectra are described schematically in

Figure 2.6.

Particles with insufficient energy to punch through the fast plastic fall in the

punch-in line. In this case, no energy is deposited in the slow plastic, but since the

slow gate picks up a little of the decaying fast signal, the punch-in line has a finite
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Figure 2.4: Counts as a function of the integrated fast (AE) and slow (E) signals for

a Forward Array phoswich telescope.
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35 MeV/nucleon Ar+Au Main Ball Telescope 9s23°
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Figure 2.6: Schematic diagram of the features of a phoswich AE—E plot.
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slope. Particles which do not pass through the fast plastic but strike the slow plastic,

such as cosmic ray muons, and neutral particles which have a one time energy loss in

the slow plastic, such as neutrons and gamma rays, fall in the neutral line. Again,

although the particles have no fast signal, the fast gate picks up some of the rising

slow signal and gives the neutral line a small slope. The point at which the two lines

intersect corresponds to 0 energy, and thus represents an offset in the electronics.

As the energy of particles striking the telescope is increased from 0, particles appear

higher and higher in the punch-in line until they have enough energy to punch into

the slow plastic, forming the different bands in the figure.

Particles which punch into the slow plastic can be positively identified, but parti-

cles which stop in the fast plastic can only be assigned a tentative charge and mass

based on their position in the punch-in line. Since the cross section for particle

production falls with increasing charge, we assign each region of the punch-in line

the lowest allowed Z as an approximate identification. For example, particles in the

punch-in line above the punch—through point of helium must have Z>2, those above

the punch-through point of lithium must have Z>3, so we assign Z=3 for all the

punch-in particles between these two points.

A particle must have a minimum of at least a: 4 MeV/Z in order to be detected

in the fast scintillator. The thickness of the fast plastic determines the low energy

threshold for well identified particles. The thickness of the fast plastic in the 170

Main Ball telescopes is 3.175 mm, and that of the 45 Forward Array telescopes is

1.566 mm, the value being smaller because these telescopes were originally designed

for experiments at lower beam energies. These provide the low energy thresholds

shown in Table 2.3 for the Main Ball and in Table 2.4 for the Forward Array. The

upper energy threshold, the energy at which particles punch out back of the slow

plastic, is > 200 MeV/nucleon, which is higher than the energies observed in these
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experiments. There is, however, a practical limiting energy of z 160 MeV for protons

above which they are indistinguishable from the particles in the neutral line.

Table 2.3: Low Energy Thresholds of Main Ball

 

 

Particle Punch-in Particle Punch-in

Type Energy (MeV) Type Energy (MeV)

p 17 Li 140

d 24 Be 214

t 28 B 287

He 70 C 380      

Table 2.4: Low Energy Thresholds of Forward Array

 

 

 

Particle Punch-in Particle Punch-in Particle Punch-in

Type Energy (MeV) Type Energy (MeV) Type Energy (MeV)

p 12 C 259 A1 816

d 16 N 328 Si 927

t 19 O 403 P 1009

He 47 F 472 S l 124

Li 95 Ne 570 CI 1216

Be 146 Na 636 Ar 1403

B 195 Mg 737       

The phototube gains of the Forward Array were set lower than those of the Main

Ball in order to allow highly ionizing projectile fragments to be on scale in the Forward

Array AE-E plots. These high energy heavy fragments are only found at the most

forward angles, so the Main Ball detectors could run with higher gain to improve

their mass resolution without sacrificing detection of any particles. This difference in

gains caused the Main Ball telescopes to be able to resolve the isotopes of H, and have

charge resolution up to C. The Forward Array provided only charge resolution, but

up to higher Zs. The maximum Z seen by the Forward Array telescopes was 8 for the
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35 MeV/nucleon Ar beam, and was subsequently extended to 18 for the remaining

beams.

2.4 Calibration

The detectors were energy calibrated by gain matching their AE-E spectra (figs. 2.4

and 2.5) to that of a previously calibrated detector.[Cebr90] The calibrated template

spectra was obtained by fragmenting a heavy-ion beam on a target and using a dipole

spectrometer to select particles of a known momentum to charge ratio. We found the

response function of the fast plastic to be well described by the equation

L = CJE (2.2)

in transmission mode and response of the slow plastic to be

EIA

L = CZO.8AO.4

(2.3)

in stopping mode.[Cebr90] In the above equations, L is the total light that the plastic

generates in response to the charged particle, E is the kinetic energy of the particle,

A is its mass number, and C' is a detector specific normalization constant.

The procedure used for matching the spectra to the calibrated template proceeded

through the following steps. Since the intersection of the neutral and punch-in lines

corresponds to 0 energy loss in both the AE and E plastic, any deviation of this

point from channel (0,0) represents an offset in the current integrating QDCs. The

first step was to subtract this offset from the spectra. We have already noted that

there is contamination in the E gate due to overlap with the decaying AE signal;

this was eliminated in the next step by subtracting the E value of the neutral line

from each point on the spectra according to the point’s AE position. This operation

left the neutral line with a 0 AE value. As a fourth step, the analogous operation
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was performed on the AE channel to give a punch—in line with a 0 E value in order

to eliminate contamination in the AE gate due to the rising E signal. Finally, the

AE and E gains were adjusted by multiplicative factors to match the spectra to the

calibrated template. We estimate the resulting energy calibration of the gain matched

detectors to be better than 10%.

2.5 Triggering

The triggering system of the 41r Array allows one to select events by their multiplic-

ity for storage on magnetic tape. The trigger condition can be on the multiplicity

of AE hits in the Main Ball or the Forward Array. In addition, for the 45 to 85

MeV/nucleon Ar induced reactions, the capability to select on the total multiplicity

was added. In general, a Forward Array multiplicity trigger will enrich the sample

of peripheral events due to the forward focusing of particles, while a Main Ball trig-

ger will emphasize more central events in which particles are emitted to larger polar

angles with respect to the beam axis. Both types of data were acquired during the

experimental runs.

Almost all of the data in this thesis were acquired in a nearly minimum bias

mode, i.e. such that as few demands as were possible were placed on the events.

For the 35 MeV/nucleon Ar+V data, events with one or more hit in the main ball

were stored on tape. For the 45 to 100 MeV/nucleon Ar+V data, most of the runs

used in the analysis were acquired under the condition that at least two particles

were detected by the Main Ball + Forward Array system. A few runs had higher

multiplicity requirements, and before the results from analysis of these runs were

combined with the other runs, we checked that the overall trends in the data were

similar. Because more stringent constraints were placed on the events in the process
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of analysis, the different data acquisition constraints had no effects on the observables

we will be examining. For the peripheral event analysis, in which the relationship

between projectile fragments in the Forward Array and protons in the Main Ball was

studied, the data were acquired under the condition that there be at least one hit in

the main ball or one hit in the forward array.

2.6 Momentum Acceptance

The combination of kinetic energy thresholds and telescope angles produces the ac-

ceptance map in momentum space shown in Figure 2.7. In order to punch through

the AE plastic of the Main Ball, particles need about 195 MeV/c per nucleon, while

for the Forward Array they need about 150 MeV/c per nucleon. This difference,

along with the angular coverage of the telescopes, causes the minimum P‘L threshold

to vary as a function of the parallel velocity. This effect will be important in our

interpretation of experimental results in chaps. 4 and 6.

2.7 Simple Observables

Before concluding this chapter describing the 41r Array experiments, we will present

some simple results which will provide an initial introduction to the data before we

begin a more complex analysis.

In Figure 2.8 we display the number of charged particles detected in the Main Ball

and Forward Array system using a minimum bias trigger for 45 and 100 MeV/nucleon

Ar+V collisions. The higher multiplicity encountered at the larger beam energy

reflects the increased kinetic energy available to push particles over the phoswich

low energy thresholds. It may also imply that the composite system breaks up into

smaller pieces as the beam energy increases.
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Figure 2.7: Acceptance of 41r Main Ball + Forward Array system in momentum space.
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The kinetic energy spectra of light particles produced in intermediate energy

heavy-ion collisions are well described by volume emission from thermal sources,

dN __g_

in the source frame of reference. In the equation above, E is the kinetic energy of

an emitted particle, and N is the number of particles emitted into a solid angle (I.

The relationship between the temperature parameter r in eq. 2.4 and the actual

temperature of excited systems produced in these collisions is the subject of debate.

The temperatures yielded by fitting the participant source with this equation are

much higher than those implied by the relative population of excited states in emitted

fragments.[Morr84, Poch85, Fox88, Naya89] It is not clear that the assumption of

thermodynamic equilibrium is justified given the complex dynamics of the reactions.

The analysis presented in this thesis is a first step toward untangling the competing

effects of collective motion and random thermal velocities.

In Figure 2.9 we display lab kinetic energy for He produced in central events

at several beam energies. See Appendix C for the details of the impact parameter

selection. The largest cross sections are at the smallest angles because the source is

moving forward in the lab frame of reference.

A fit using the relativistic form of eq. 2.4 yields the curves shown in Figure 2.9.

The low energy thresholds of the Main Ball detectors and the centrality cut limit

contributions from the decay of the relatively “cool” spectator sources in this angular

range. Only the “hot” mid-rapidity (participant) source is visible in these spectra,

and this source dominates the Main Ball data presented throughout this thesis. The

temperature parameter of this source increases smoothly with beam energy, as shown

in Figure 2.10.

To summarize, the 47r Array detects several charged particles in an event. The
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Figure 2.9: Kinetic energy spectra for He produced in central Ar+V collisions. The

lines represent a fit using a single moving thermal source.
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Figure 2.10: Temperature of the mid-rapidity source as a function of beam

energy.[Li91]
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particles observed in the Main Ball come predominantly from the highly excited

participant region. The energy spectra are smooth exponential curves, suggesting a

thermal character for the source of the particles. In the following chapters, we will

focus on ordered collective motion in the mid-rapidity region.



Chapter 3

Reaction Plane Determination

3.1 Introduction

Collective motion is manifested in the velocity distribution with respect to the reaction

plane. In order to study collective motion, a technique for determining the reaction

plane based on the final distribution of reaction products is necessary. In this chapter,

after reviewing two techniques which have been employed at larger beam energies,

we present a new method of reaction plane determination particularly suited to the

10 to 100 MeV/nucleon beam energy regime. The consistency of the technique is

checked, and we explore for any bias in the reaction plane determination due to

detector acceptance. Finally, the accuracy of the technique is assessed.

The reaction plane can be geometrically defined as the plane containing the mo-

mentum vector of the projectile and the center of the target. The impact vector,

li, which joins the centers of the projectile and target at their closest approach, lies

within this plane. These geometrical relationships are shown schematically in Fig-

ure 3.1. It is useful to distinguish between the two sides of the reaction plane as

divided by the beam axis, which will be referred to as the forward flow side and

the backward flow side. These two sides contain the forward going and backward

going sections of the particle flow in the center of mass frame of reference as shown

48
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in Figure 3.2. Attractive and repulsive flow cannot be distinguished from each other

experimentally using the techniques described in this chapter. We will return to the

question of the direction of the deflection in chap. 6.

3.2 Previously Established Techniques

Two techniques are commonly used to determine the reaction plane from the ob—

served distribution of light fragments produced in heavy-ion collisions, the spheric-

ity tensor method and transverse momentum analysis.[Gyul82, Dani85] Both

techniques exploit the presence of transverse momentum flow in the reaction plane on

an event by event basis. These methods have been applied successfully in collective

motion analysis of collisions at beam energies ranging from around 100 MeV/nucleon

to more than 1 GeV/nucleon[Gutb89a]. We will describe each method in turn, and

then discuss the difficulties encountered in applying them to collisions in the 10 to

100 MeV/nucleon range.

In the sphericity tensor method, the shape of the event in momentum space is

determined by diagonalizing the the flow tensor Fiji

N

Fa = X; wupi(V)pj(V)’ (3-1)

where N is the number of particles in an event, p,(u) are the cartesian components

of the momentum of particle 11, and w” is a weighting factor associated with that

particle, typically 2:37;. The reaction plane is taken as the plane defined by the beam

axis and the major axis of the resulting flow ellipsoid.

In transverse momentum analysis, the vector Q is constructed:

0' = Z wtfit}, (3.2)

where 55 is the component of the momentum of particle V perpendicular to the beam
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Figure 3.2: The definition of the forward flow side of the reaction plane for both

attractive and repulsive scattering. The perspective of the figure is looking down on

the reaction plane.
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axis. The reaction plane is defined by the beam axis and Q. The weight, w”, is taken

to be positive for particles emitted in the forward center of mass hemisphere and

negative for particles emitted in the backward hemisphere. The absolute value of w,

is chosen to provide the maximum sensitivity to the reaction plane. In practice this

is achieved by randomly dividing events into two sub-events, calculating Q for each

sub-event, and selecting wt to minimize the difference between the resulting reaction

planes. Typical values for I w” I are 1.0[Dani85, Gutb89a] and m.,[Ogil89b], the mass

of particle ll.

Both of these techniques depend on the existence of collective flow in the reaction

plane. The transverse momentum and sphericity tensor approaches have recently been

shown to be equally sensitive to flow[Gutb90]. Transverse momentum analysis of 35

MeV/nucleon Ar+V data taken with the MSU 41r Array, however, has shown compar-

atively weak flow for this system[Ogi189b], making the application of these techniques

problematic at this beam energies. Fortunately, during our preliminary analysis using

the transverse momentum technique, we found a substantial enhancement of particle

emission in the reaction plane[Wi1390] that can be exploited to determine the plane.

3.3 Preliminary Analysis

The weighting used in eq. 3.2 for the preliminary analysis with the transverse mo-

mentum technique was I w” I: m... Only events with at least three identified particles

were analyzed to enhance the accuracy of the reaction plane determination. The data

were smoothed along the 4) axis to remove structure due to the azimuthal granularity

of the 41r Array.

Enhanced emission in the reaction plane is evident in the data of Figure 3.3, a

contour map of 4,17%,- as a function of (:5 and rapidity. N is the number of particles
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detected, 43 is the azimuthal angle around the beam axis measured with respect to

the forward flow side of the reaction plane, and y is the parallel rapidity of the

detected particle in the lab frame of reference. There are simultaneous peaks on both

the forward flow side (43 = 0°,360°) and the backward flow side (45 = 180°) of the

reaction plane near the center of mass rapidity. A similar in-plane enhancement was

observed by Tsang et al.[Tsan90] in heavy-ion reactions with U targets in which the

reaction plane was determined using the azimuthal angles of fission fragments.

This pattern of enhancement is different from that expected from strong flow, i.e.

peaks on the forward flow side at y > yam, and peaks on the backward flow side

for y < yam. Since flow is weak, the sphericity tensor method would lead to small

angles between the major axis of the flow ellipsoid and the beam axis, providing

an imprecise reaction plane determination. Transverse momentum analysis would

N
also have difficulty with this emission pattern since 2”, 153‘ would tend towards zero

for the forward and backward rapidity regions in the center of mass. The observed

weakness of flow and strength of in-plane emission for this system led us to develop

a new technique for determining the reaction plane that could exploit any form of

in-plane enhancement, not just flow.

3.4 The Azimuthal Correlation Method

In essence, the new technique consists of finding the reaction plane that aligns best

with the enhancement plane. We proceed by first projecting the event on the p‘—p3’

plane with the p‘ axis defined by the beam axis. The projection of the reaction

plane is taken as a line in the pz—p" plane passing through the origin (beam axis)

with slope a. The square of the deviation of the particles from the reaction plane,

D2, is parameterized by the sum of the squares of the perpendicular distances (12
U
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Figure 3.3: The cross section for charged particles from 35 MeV/nucleon Ar+V colli-

sions. The azimuthal angle with respect to the forward flow side of the reaction plane

is labeled :1), and y is the lab rapidity.
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between the line and the particles in the pf—py plane as shown in figure 3.4. The slope

corresponds to the tangent of the azimuthal angle of the reaction plane (measured

from the p’ axis), 43,? in the figure. The deviation D as a function of the slope of the

reaction plane’s projection onto the pr—p” plane is:

N N 2: ya 2

02 = Zldil = Zl(1::‘.”)2+(pii)2 — (21:24], (3.3)2

u=l u=1 1 + a

The condition that the derivative of D2 with respect to a vanish produces a quadratic

equation whose roots,

 

a = 2:21 (PW - (1992] i \/(ZIi"=1l(Pi5)2 -— (123)21)2 + 40:37:,[p5pg )2

2 Zi/vzl [PIPE]

 (3.4)

determine a. Plugging the roots back in to the original equation allows one to pick

the root that minimizes D and hence maximizes the in-plane enhancement. Since the

technique exploits the correlation between the azimuthal angle of the reaction plane

and the azimuthal angles of the particles produced in the collision, it will be referred

to as the azimuthal correlation method.

Both the transverse momentum and sphericity tensor techniques provide not only

the azimuthal angle of the reaction plane but also determine the forward flow side

as defined in Figure 3.2. The forward half of the momentum flow ellipsoid lies in

the forward flow side of the reaction plane, and the Q points toward the forward

flow side. The angular correlation method, however, does not distinguish between

the two sides of the reaction plane; therefore, this method must be supplemented by

one of the two previous techniques in order to be sensitive to transverse momentum

flow. We employ the transverse momentum Q vector to determine which side of the

rection plane, already found using azimuthal correlations, contains the forward flow

component. We used the mass weighting scheme presented earlier, and restricted the

sum to well identified particles that punched through the AE plastic. The sums in
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the azimuthal correlation equations, however, were taken over all the particles in the

event. Thus, the procedure for determining the reaction plane consists of two distinct

operations, first finding the plane by azimuthal correlations and then choosing the

forward flow side from (3. Each operation is expected to have its own efficiency.

In Figure 3.4, the azimuthal angle a particle of interest makes with the forward

flow side of the reaction plane is labeled 43. If this angle is to be studied, then the

particle of interest (POI) must be left out of the sums in the previous equations for

all three techniques. Otherwise, a spurious autocorrelation between the POI and

the reaction plane will result. As an example, Figure 3.5 shows the distribution of

azimuthal angles between P018 and reaction planes for isotropic emission. The data

in this figure were generated using a 10 MeV thermal distribution with a nucleon

multiplicity of 10, similar to the temperatures and multiplicities observed in this

beam energy regime by the 47r Array. The dotted histogram shows the in-plane

enhancement which results from including the P01 in the reaction plane sums; when

it is excluded the isotropic distribution is recovered as shown in the solid histogram.

The correct procedure for creating histogram of the azimuthal angles of emission with

respect to the reaction plane thus involves a separate reaction plane calculation for

each P01 in an event.

Leaving out the POI reduces the number of particles used in finding the reaction

plane and hence slightly reduces the accuracy of the reaction plane determination.

The strength of this effect can be gauged by measuring the difference between the

azimuthal angle of the reaction plane calculated using the whole event and the plane

calculated while leaving out the POI. The distribution of these differences is shown

in Figure 3.6 for the 35 MeV/nucleon Ar+V events. There is a sharp peak at 0°

difference, indicating that the reduction in the accuracy due to leaving out the P01

is small. A peak also appears at 180°, corresponding to a slight probability for Q to
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Figure 3.5: The spurious in-plane enhancement in dn/d¢ due to including the particle

of interest in the reaction plane determination is shown as a dashed histogram for
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switch sides of the reaction plane when the POI is removed.

We have evaluated different weighting schemes in the azimuthal correlation method

by substituting 0,,kf, for pf, in equation 3.4, where 0,, is a weighting factor assigned to

particle V and hf, is the ith component of a unit vector 15,, pointing in the 5;} direction.

Transverse momentum weighting (0,, = pi“) recovers equation 3.4. Other possibili—

ties explored were no weighting (0,, = 1), mass weighting (0,, = my), and center of

mass polar angle weighting (0., = sin 06".). The latter choice was motivated by the

observation that the in-plane enhancement is strongest near y = ycm. The results of

the four weighting choices are shown in Figure 3.7 which displays the distribution of

azimuthal emission angles of P015 relative to the reaction plane for 35 MeV/nucleon

Ar+V data taken with the MSU 47r Array. The data were smoothed over 43 to remove

structure due to the azimuthal granularity of the detector array. Transverse momen-

tum weighting exhibits the strongest peaking in the reaction plane at d = 180° and

the strongest valleys perpendicular to the reaction plane at d) = 90° and 270°, and

must therefore provide the most accurate reaction plane determination.

An additional source of bias in reaction plane determination is momentum conser-

vation in the emission of the particle of interest. This causes the remaining particles

in the event to recoil away from the POI, creating an axis in the p, — py plane which

can be mistaken for the reaction plane. Because of the detector energy thresholds,

most of the detected particles are going forward in the c.m. frame of reference, and

thus the momentum conservation effect causes the forward flow side of the reaction

plane to be preferentially found z 180° away from the POI. Momentum conservation

can therefore be thought of as an eflective anti-autocorrelation. Even if each particle

is emitted from its source in a random direction, an enhancement in the reaction

plane will be observed in the azimuthal distributions due to momentum conservation.

This effect is illustrated in Figure 3.8 for a simulation of nucleons emitted from
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mass number 10 sources with temperatures of 10 MeV. In the first panel, the sources

emitted nucleons isotropically with no momentum conservation constraints, resulting

in a flat azimuthal distribution. In the second panel, the emission again was isotropic,

but with the constraint that the total momentum of the event (including the P01) be

identical with the initial source momentum. As a result, the azimuthal distribution

shows enhanced emission in the reaction plane. This spurious enhancement is due to

the correlation between the momentum of the POI and the momenta of the remaining

particles, biasing the reaction plane determination toward the plane containing the

P01.

To cancel the effect of momentum conservation, as each particle of interest was

chosen, the observed transverse momenta of the remaining particles were boosted

toward the P01 before using them to find the reaction plane. We assumed that the

whole system, mm”; + mm“ shared the recoil momentum. This should be a good

approximation, since our multiplicity requirements for reaction plane determination

restricts us to near-central collisions in which the participant region should encompass

nearly the whole of the projectile and target. This assumption gives a boost velocity

 

" fill-’01

f/biiost = 3 (3'5)

mtotal - mPOI

where ppm is the transverse component of the momentum of the P01, mm,” is the

total mass of the the system, and mp0] is the mass of the particle of interest. This

was the most conservative approach since it resulted in the minimum correction. The

velocities parallel to the beam axis were not modified since they play no role in the

reaction plane determination. When this boost was applied to the data created for

the middle panel of Figure 3.8, it restored the isotropic symmetry to the azimuthal

distribution, as shown in the bottom panel.
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3.5 Checks of the New Technique

It is important to verify that the trends of the observed azimuthal distributions are

not created by biases in the reaction plane determination or detector acceptance. This

can be checked by analyzing simulated distributions that have been passed through a

filter containing the properties of the detection system and comparing the results with

unfiltered distributions. (See Appendix B for details on the filter code.) The efficiency

of this approach, however, depends on the accuracy of the physics in the simulation

of the data and the degree to which an exact replica of the detector acceptance can

be created. An alternate approach is to generate events using observed particles

taken from separate events. Since the created events contain no physics correlations,

analysis of these events should produce flat azimuthal distributions if there are no

biases due to detector acceptance or in the reaction plane determination. These events

will be referred to as randomized events because they are created by randomly

choosing particles from different observed events. This approach is more convincing

than filtering simulated distributions since the created events precisely reflect the

actual acceptance of the detector array.

Our procedure for generating randomized events was as follows. An observed

event with multiplicity m was used as the starting point and one particle was chosen

at random from each of the subsequent m events. These random particles were

taken as a new event and analyzed in the same fashion as a real event. The process

was repeated for each observed event, generating a multiplicity distribution for the

randomized events identical to that of the observed distribution. Only events that

could have met the analysis criteria; i.e. multiplicity cuts, energy cuts, etc., were

used in the generation of randomized events. This guaranteed that the randomized

events contained all the biases that were present in the real events.
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Results of the analysis of randomized events are presented in Figure 3.9 for 35

MeV/nucleon Ar+V collisions. The azimuthal distribution of events created following

the procedure outlined above are displayed in the top panel. The isotropy of the

distribution indicates that there are no biases in the technique. There is, however,

a bias in the detection system that can be seen if we examine our procedure for

generating random events more closely. Using the procedure outlined earlier, when

particles are chosen from different events, it is possible for the same detector to

be multiply hit within a single created event. Since each detector can really see

only one particle per event, this possibility should be avoided by constraining the

choice of particles. The azimuthal distribution of particles from randomized events

without multiple hits is shown in the lower panel. The dip at 0° is due to this new

constraint and reflects the finite azimuthal granularity of the detector array. This

occurs because it is difficult to place a POI close to the found reaction plane since

some of the detectors at azimuthal angles near the reaction plane must already have

been hit. This “repulsion” from the reaction plane should be born in mind when

interpreting observed azimuthal distributions; for example, it gives rise to the dips at

0° in figs 3.3 and 3.7.

A further test of the azimuthal correlation procedure for determining the reaction

plane can be performed by examining the distribution of found reaction planes in the

coordinate system of the detector array. If the array is azimuthally symmetric, then

the distribution of found reaction planes should also be symmetric. The observed

distribution, shown in Figure 3.10, exhibits a flat background with peaks at the az-

imuthal positions of the detector elements, located at the arrows. Two detectors were

non—operational during this run and thus two arrows (dashed) are not accompanied

by peaks.

The peaks can be understood as a manifestation of the finite multiplicity of par-
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Figure 3.9: A search for azimuthal anisotropies due to detector bias in the analysis

of randomized events.
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Figure 3.10: The distribution of reaction plane azimuthal angles in the detector coor-

dinate system for 35 MeV/nucleon Ar+V. Detector positions are indicated by arrows.

The dashed arrows indicate detectors that were off during this run. The polar angle

0 is with respect to the beam axis.
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ticles in the events. For example, in the extreme case of multiplicity 1 events, the

azimuthal angles of the reaction planes would exactly correlate with the detector

positions. As the multiplicity increases, the correlation would become weaker. The

events displayed in fig 3.10 have three or more particles. These peaks, which simply

follow the azimuthal symmetry of the array, do not bias the azimuthal distributions

of particles; this was demonstrated by the analysis of randomized events described in

the previous paragraph. Since there is no deviation from the symmetry of the array,

we can conclude that the reaction plane determination was implemented properly.

3.6 Comparison With Transverse Momentum

Analysis

We have compared the efficiency of the new azimuthal correlation technique for finding

the reaction plane with the standard transverse momentum analysis of Danielewicz

and Odyniec. The distribution of differences between the azimuthal angles of reac-

tion planes found using the two techniques, shown in Figure 3.11, indicate strong

agreement between the two methods. Since transverse momentum analysis uses the

presence of flow to find the reaction plane, this implies that the flow and the gen-

eral in-plane enhancement are coplanar. This correspondence may break down at

beam energies > 100 Mev/nucleon where compressional effects can lead to enhanced

emission out of the reaction plane[Gutb89b].

Although the two techniques provide similar reaction planes, our tests show that

the azimuthal correlation method is slightly more accurate for Ar+V at 35 MeV/nucleon.

In the azimuthal distribution shown in Figure 3.12, the azimuthal corelation technique

provides a stronger enhancement in the reaction plane than the transverse momentum

method, implying a more accurate reaction plane determination.
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found using the transverse momentum analysis (¢,,(tm)) and the azimuthal correla-

tion technique (¢,,(ac)) for 35 MeV/nucleon Ar+V events.
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to the reaction planes found using two different techniques.
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3.7 Accuracy

In order to interpret azimuthal distributions, it is necessary to quantify the accuracy

of the determination of the reaction plane. As a first step, the reaction planes found

using the azimuthal correlation technique were compared to the known reaction planes

in simulated events. The events were generated using a 10 MeV temperature source

of nucleons with an azimuthal distribution similar to that observed in the data,

(IN 2

713- 0c 1 + cos (:5. (3.6)

The various effects of the detector acceptance, such as energy thresholds and finite

angular granularity, were applied one at a time to gauge their relative impact on the

accuracy of the reaction planes. We found particle multiplicity to be the most impor-

tant variable. In fig 3.13 we show the distribution of differences, Dft, between found

and true reaction planes for different multiplicities. The accuracy in the reaction

plane determination improves as the multiplicity increases from 4 to 50. For com-

parison, the average observed multiplicity in the events which meet all our analysis

requirements is z 6 for 35 MeV/nucleon Ar+V.

It is not possible to obtain a quantitative measure of the accuracy using simu-

lated events, since these only roughly approximate the attributes of the actual data.

The accuracy of the reaction plane determination can be estimated for real data by

studying the difference between reaction planes found for single events using different

sets of particles. If the difference between two planes found for the same event is

small, then the planes must have been well determined. This procedure has been

previously employed to measure the accuracy of the transverse momentum technique

in the following manner[Dani85]. First, each event was divided into two sub-events by

randomly picking particles from the original event. Then the difference between the

reaction planes for the two sub-events was calculated for each original event, creating
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Figure 3.13: The distribution of differences between found and true reaction planes

for multiplicity 4 to 50 simulated events.
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a distribution of differences which peaked at 0° with a width 0‘. This width was found

to be related to the width of the distribution of found reaction planes around the true

reaction planes, do, by

do = -12-0. (3.7)

The factor of :1; arises from a factor of 715 due to doubling the multiplicity of particles

used to find the reaction plane in going from sub-events to whole events, and a factor

of 715 in going from differences between two found planes to the deviation of one found

plane. In this way, the accuracy of the reaction plane determination, 00 was deduced

from the observable a. We have investigated the accuracy of our new technique in a

similar manner, comparing reaction planes for sub-events.

As a simplifying approximation, we chose to represent the differences between

reaction planes by a Gaussian distribution with width 0‘. Since our data show an

enhancement in the reaction plane on both sides of the beam axis (Figure 3.3), we

expect the distribution of differences to peak at both 0° and 180°. These two directions

in the reaction plane are nearly indistinguishable if transverse momentum flow is

weak. Thus we represent the distribution of differences between sub-events by two

equal width Gaussians of different. heights centered at 0° and 180°. If 43,,(1) and

45,,(2) are the azimuthal angles of the reaction planes found for sub-events, then the

distribution of differences D12 is given by

2 —180° 2

012111 = 111.11) — 11.1211) w (R as + «2“er ), (3.8)

where R is the ratio of the heights of the peaks.

The widths a are constrained to be equal because they both reflect the accuracy

of the first step in the azimuthal correlation technique, finding the reaction plane.

The second step, finding the forward flow side of the reaction plane using the Q (eq.

3.2), distinguishes between the 0° and 180° sides of the reaction plane. Thus, the
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relative heights of the two Gaussians reflect how well the orientation of the reaction

plane was established, and how much flow was present. If flow is strong, then R > 1

and D12 peaks primarily at 0°, as is the case at higher beam energies. For our system,

however, R z 1 since flow is weak.

The observable a must be related to the difference between found and true reaction

planes. We also took this distribution to be approximated by a Gaussian, so that the

distribution of differences Dft between the found and true planes is simply (R = 1)

13,

th(‘(> = |¢rp(found) — ¢,p(true)|) z N(e—2‘o + [Egg—)—
)1 (3-9)

where the width 00 is the accuracy of the reaction plane determination. The accuracy

0., can be related to the width 0 observed from the differences between sub-events.

Since the distribution of differences between planes of sub-events involves the accuracy

0., twice, the width 0 of the resulting Gaussian (3.8) is given by the rules for folding

together two Gaussians:

 

a12m1= 1/1001m112 + 1a.(m)12 = 150.1112). (3.10)

where 0(m) represents the width for multiplicity m. In order to measure the accuracy

of reaction plane determination for events of multiplicity m, we must divide events

of multiplicity 2m into sub-events, and measure the width of the distribution of

differences between sub-events. This procedure will help the multiplicity dependence

of (To to be taken into account.

It is important to note that eq. 3.9 is only an approximation of Gaussians centered

at 0° and 180° since it is not periodic. The approximation is good for 0., less than

3 70°. If the width of the distribution is larger then the approximation can be

improved by adding more Gaussians at —180°, 360°, etc.

For figs. 3.14, 3.15, and 3.16 we have fit the distribution of differences between the
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azimuthal angles of reaction planes for sub-events from unfiltered and filtered simula-

tions generated according to eq. 3.6, and real 35 MeV/nucleon Ar+V Collisions. The

results of the fits are contained in Table 3.1, for the simulated and real events. Note

Table 3.1: Fit parameters for double Gaussian fits to the distribution of differences

between reaction planes for several different multiplicity sub-events

 

 

 

 

 

 

        

Unfiltered Filtered Ar+V Data

M a R a R a R

1 76.2 :i: 0.5 1.020 :1: 0.009 82.8 :1: 1.0 0.98 :f: 0.02 — —

2 74.4 i 0.5 0.989 :1: 0.008 84.5 :1: 0.8 0.95 :f: 0.01 78.1 :1: 0.1 0.980 :1: 0.002

3 72.6 :1: 0.5 1.000 :f: 0.008 81.6 :1: 0.7 0.938 :I: 0.010 72.4 :1: 0.1 0.998 :1: 0.002

4 68.4 i 0.4 1.010 :1: 0.008 77.6 :1: 0.6 0.965 :1: 0.009 70.0 i 0.1 1.023 :t 0.002

5 67.6 :1: 0.4 0.998 :1: 0.008 77.6 :I: 0.6 0.965 :1: 0.009 71.0 :1: 0.2 1.020 :1: 0.004

6 64.4 :1: 0.4 1.012 :1: 0.008 71.8 :f: 0.5 0.967 :1: 0.009 71.8 :f: 0.7 1.02 :f: 0.01
 

 

that R is slightly greater than 1 for real data at the higher multiplicities, indicating

the presence of weak flow. This parameter is expected to be unity for the simula-

tions since eq. 3.6 does not distinguish between angles of 0° and 180°. The peaks

narrow with increasing multiplicity, as is summarized in Figure 3.17 which shows the

extracted widths do of the difference between found and true reaction planes.

We found that the uncertainty in our reaction plane determination is z 50° for a

multiplicity 6 35 MeV/nucleon Ar+V collision. This should be considered an upper

limit on the width, however, since multiple hit exclusion effects artificially broaden

the distribution of differences between the reaction planes of sub-events. Just as

in our previous discussion of the effect of excluding multiple hits on the azimuthal

distribution of P018, it is difficult to place the reaction plane of the second sub-event

near that of the first since some of the detectors in the first azimuthal plane must

have already been hit.

The validity of the assumptions used in extracting the efficiency of the reaction



76

 

 

 

 

I
—

d

d

n

d

A

m I 1 ‘
+3 1 1 1 l m 1 1 1 l 1 1 1 1 J 1 1 1 1
._ _ I r I I I I r I I I I r I I I I r I ..

:3 '

:. b

C!

1... " M=4 ~
In . 1
v

D

d

N 1 1 1 1 L 1 1 1 1 l 1 1 1 1 l 1
_. _ I I I I I I I I I I I I I I 1 f l

!
1

Q 1 I

—

l —

h-

d

- M=6 «
I.

.

P'
.1

#1 1 1 f l 1 l ' f l l J 1 f   
 

o 45 90 135 180

i¢rp(1)-¢rp(2)l (degreeS)
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plane determination can be tested for simulated data, since in that case the true

reaction plane is known and the accuracy can be measured directly. In fig. 3.18,

the upper panel displays the Gaussian fit to the difference between reaction planes

of multiplicity 5 sub-events. The solid line in the lower panel is a prediction for the

dispersion of found reaction planes around the true reaction plane using equations

3.9 and 3.10. The data points show the actual dispersion for simulated multiplicity 5

events, in good agreement with the prediction.
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simulated events. The panels are described in the text.



Chapter 4

Azimuthal Anisotropies and

Collective Motion

4.1 Introduction

We saw in the previous chapter that particle emission was enhanced in the reaction

plane. In this chapter, we will investigate this enhancement to obtain a picture of the

collective motion which drives the system away from isotropy.

We will begin by examining the influence of two forms of collective motion, ro-

tation and attractive flow, on the azimuthal distributions of emitted particles. A

new parameterization of the azimuthal anisotropy will be introduced which will allow

us to distinguish between the contributions of different modes of collective motion.

Using these parameters in the analysis of 35 MeV/nucleon Ar+V collisions, we will

find that signatures of both rotation and flow are present. The influence of detector

acceptance on the anisotropy parameters will be carefully checked. Finally, we will

explore the beam energy dependence of collective motion as Eben", is increased to 100

MeV/nucleon.
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4.2 Effects of Collective Motion on Azimuthal Dis-

tributions

In order to characterize the collective motion that produces the enhancement in the

reaction plane observed in the previous chapter, it is desirable to parameterize the

azimuthal anisotropy in a manner which decouples the possible forms of collective

motion. Two distinct modes of collective motion have been proposed to explain var-

ious attributes of collisions observed in this beam energy range: rotation and flow.

Rotational collective motion of the compound system about an axis perpendicular

to the reaction plane was suggested by Tsang et al.[Tsan84a] in the interpretation

of two particle azimuthal correlation data. Flow due to attractive deflection by the

mean-field was invoked by Ogilvie et al.[Ogil89b] to explain the dependence of average

transverse momentum in the reaction plane on rapidity. (Ogilvie et al. used the term

“directed transverse momentum” for this collective motion.) Figure 4.1, illustrates

both forms of collective motion.

Preferential emission in the reaction plane is observed for both rotation and flow,

but the rapidity dependence is diflerent for the two mechanisms. As can be seen from

Figure 4.1, rotation should enhance particle emission equally on both sides of the

reaction plane at all rapidities. Flow, on the other hand, leads to an enhancement

on one side of the reaction plane for particles going forward and on the other side for

particles going backwards in the center of momentum frame of reference.

The difference between the effects of rotation and flow on azimuthal distributions

is demonstrated in figs. 4.2 and 4.3 using simulated events. The top histograms of

the two figures are rapidity distributions, divided into six regions of roughly equal

statistics as indicated by the numbers used as plotting symbols. The six azimuthal

distribution histograms underneath show the azimuthal distribution of particles of
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Two types of collective motion

 

Directed transverse momentum (flow):

«.1
Side

 

Rotation:

00 0

   
Figure 4.1: Schematic representation of the two forms of collective motion under

investigation. Both drawings are in the center of momentum frame of reference,

looking down on the reaction plane.
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Figure 4.2: Azimuthal distributions with respect to the reaction plane for an oblate

momentum distribution. The top histogram shows the positions of the 6 rapidity

regions. The vertical axes are scaled linearly from 0 in all the histograms.
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Flow Simulation

 

   

 

 

 

 

    

3
3 2 22222233 33344444445555

5 111111 55556
o 111

6566

o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

-0 1 0 O 0.1 O 2 O 3

lab rapidity

A ___1__ __-d

2.. J; __‘

A C rapidity region 1 j: rapidity region 4 j
m .. -- .

E :11 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 th 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J 1 d

.d I 1: i
h —

——

—

3 : rapidity region 2 :: rapidity region 5 j
g h

d-
d

'U -1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 d-l 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 d

\W'-

Z - ‘WU I-

db

d

_'_ rapidity region 3 :: rapidity region 6 :

~ -- 1
P 1 1 1 1 1 1 1 1 1 1 J 1 1 1 1 1 1 1 1 4-1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 l 1 1 ‘1

O 90 180 270 360 90 180 270 360

:1: (degrees)

Figure 4.3: Azimuthal distributions with respect to the reaction plane for a simulated

source with transverse momentum flow.
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interest with respect to the reaction plane for P013 within the different rapidity cuts.

The effects of rotation were simulated for Figure 4.2 by flattening a Gaussian

momentum distribution into an oblate shape,

at = 0,, > try, (4.1)

where the z-axis is the beam axis, :3: is in the reaction plane, and 3) is normal to the

surface of the plane. Consequently, the azimuthal distributions in Figure 4.2 peak

equally at 0° and 180° at all rapidities. In order to simulate flow for Figure 4.3,

the Gaussian distribution was first stretched along the beam axis to a prolate shape,

and then rotated slightly around the y axis (perpendicular to the reaction plane).

Because the azimuthal angle of the P01 is measured from the forward flow side of

the reaction plane, peaks appear in the azimuthal distributions of Figure 4.3 at 0°

at high rapidities, i.e. for P013 going forward in the c.m. frame of reference. At

mid-rapidity, near rapidity region 3, the distribution is isotropic, while at the low

rapidities (regions 5 and 6) the peaks reappear, but 180° away from the forward

flow side. We exploited the difference between the effects of rotation and flow in our

creation of the anisotropy parameters.

4.3 Parameterization of Azimuthal Distributions

We found that the data could be conveniently characterized by two parameters, each

chosen to be sensitive to only one form of motion. The rapidity dependence of the

parameters clearly show which forms of collective motion are present and their relative

strengths. The rotation sensitive parameter is 17.3,, the fraction of particles of interest

found in the reaction plane. The flow sensitive parameter is Ff” the fraction on the

forward flow side of the reaction plane. The fractions are calculated by integrating
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over the azimuthal distributions,

45' d 225° d

L450 01—2614) + 11350 T2“
 a, = [$0,$2ch (4.2)

and

f.9°“. d—sdd¢
F,,= T—g.33—74), (4.3)

Thus, 17,-, is simply the fraction of particle with azimuthal angles within 45° of the

reaction plane, and FIs is the fraction of particles within 90° of the forward flow side.

The fractions are shown geometrically in Figure 4.4, and the azimuthal positions of

the in-plane and forward flow side gates are shown with hypothetical distribution in

Figure 4.5. Both fractions = i— if the azimuthal distribution is isotropic, indicating

the absence of collective motion.

These parameters have several advantages. They are less sensitive than peak to

valley ratios to the dip in the azimuthal distributions at 0° caused by multiple hit

exclusion. A second advantage over peak to valley ratios is that the size of the devi-

ation from isotropy (F — %) is equal in magnitude for equal asymmetrias of opposite

directions. The new parameters represent an intuitive quantity, i.e. the probability

for finding a particle of interest within a given range of azimuthal angles with respect

to the reaction plane. Quantitative relationships between the new parameters and

other commonly employed characterizations of azimuthal asymmetry are presented

in Appendix D.

The effects of rotation and flow on these parameters are displayed in figs. 4.6 and

4.7 respectively. The upper panels of the figures show ng vs. rapidity. This fraction

deviates from isotropy only for the rotating source. Since flow only transfers particles

from one side of the reaction plane to the other, it leaves the net number in the plane

unchanged.

In the lower panels, F18 is displayed vs. rapidity. The rotating source exhibits an
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Asymmetry Parameters:

Pip: Fraction of total within 45 deg. of either

side of reaction plane

   Particle of interest

“21.22"\

Ffs = Fraction of total within 90 deg. of the {

forward flow side of the reaction

  

plane P’ Forward

1 \-' flow side

Particle of interest §\\

\'§‘ 9.

Reaction

plane \0...";   
Figure 4.4: Geometrical definition of the anisotropy parameters F}, and F], projected

onto the p, - p, plane.
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Flow Simulation
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of rapidity for a simulated prolate momentum distribution with transverse momentum

flow.
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Ff. = 0.5 at all rapidities because the in~plane enhancement occurs simultaneously on

both sides of the reaction plane. Flow, on the other hand, produces a non-zero slope

in Ff, since particles are deflected towards the forward flow side of the reaction plane

at high rapidities and towards the opposite side at low rapidities. To summarize, an

E, > % is a signature of an momentum distribution similar to that expected due to

the decay of a rotating source, while a slope in Ff, as a function of rapidity indicates

the presence of collective flow in the reaction plane. These parameters are specific in

the sense that ng is only sensitive to rotation and PP, is only sensitive to flow.

4.4 The Influence of Detector Acceptance

In order to isolate physical effects using experimentally observed anisotropy fractions,

we need to be aware of the influence of detector acceptance on the parameters. The

simulated data thus far presented were not filtered through the detector acceptance.

Turning on the filter produces the results shown in figs. 4.8 and 4.9. See Appendix

B for a description of the filter code. (Points with very low statistics and hence error

bars larger than :l:0.04 are suppressed in these and all the forthcoming plots involving

the anisotropy fractions in order to produce cleaner plots. Such very large error bars

only occur at the extreme limits of the rapidity distribution.) Three significant effects

emerge when the filtered data is compared to the unfiltered data.

The first effect is a discontinuity around ylab = 0 in ng for the simulation of

rotation and in Ff, for the source simulating flow. The discontinuity is due to the

finite polar angle granularity of the Main Ball. In the preceeding analysis in this

chapter, particles were assumed to be detected at the center of each telescope. There

are no telescopes centered at 90° (ylab = 0), and data from telescopes on either side

(87° and 93°) fall into several neighboring rapidity bins. The two bins closest to 90°
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Figure 4.8: Anisotropy fractions F}, (upper panel) and Ff, (lower panel) as a function

of rapidity for a simulated oblate momentum distribution after filtering through a

software model of the detector acceptance.
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Figure 4.9: Anisotropy fractions F}, (upper panel) and Ff, (lower panel) as a function

of rapidity for a simulated prolate momentum distribution with transverse momentum '

flow after filtering through the detector acceptance.
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contain only the lower energy particles from these telescopes, while the next nearest

set contains the higher energy particles from the same telescopes. Higher energy

particles always show the collective motion more strongly in these simulations. One

way to see this is to note that higher energy particles can only result when the thermal

velocity adds constructively with the collective velocity, creating a stronger apparent

collective motion. Therefore, it is the energy difference between particles found in

the four bins around ylab = 0 that causes the discontinuity.

This type of discontinuity is suppressed in the other rapidity regions since the polar

angles (with respect to the beam axis) of the detectors overlap so as to contribute a

wider range of particle energies to each the rapidity bin. Smearing the assigned angles

of detected particles over the faces of the telescopes rather than concentrating them

at the centers will eliminate the discontinuity described above due to the relationship

between the rapidity bins and the polar angles.

The second effect of detector acceptance is a drop in 17,-, as the rapidity increases

from 0.1 to 0.2 in the laboratory frame. Note that particles see a lower transverse

momentum threshold as the rapidity increases over this region, as shown in Figure 2.7

in the second chapter. Therefore, the drop occurs because lower thresholds show the

collective motion more weakly, again due to the addition of collective and thermal ve-

locities as discussed in the last paragraph. This drop can be eliminated by equalizing

the transverse momentum cuts as a function of rapidity by excluding a cylindrically

shaped region around the p, axis (beam direction) in momentum space. The radius of

the cylinder should be chosen to equal the maximum pi cut imposed by the detector

acceptance. (Refer to Figure 2.7)

The final influence of detector acceptance on the anisotropy parameters is due

to multiple hit exclusion. As was discussed in the previous chapter, multiple hit

exclusion acts to “repulse” the particle of interest from the reaction plane, creating



97

a dip in the azimuthal distributions near 0° and 180°. This causes E, to decrease

slightly for the filtered data, mainly at the higher rapidities (smaller polar angles)

since forward focusing of the reaction products makes the finite azimuthal granularity

more important in that region. For Figure 4.9, in which we would expect F.-,, to be

%, we find that this effect causes ng to drop below the dashed isotropy line for the

high rapidity bins.

Another aspect of multiple hit rejection is its effect on the Ff, parameter. Since

the dip is deeper at 0° than at 180°, Ff, is lowered from its unfiltered value, as can

be clearly seen in Figure 4.8. The dip is deeper at 0° because in the forward rapidity

direction in the center of momentum frame, most particles are emitted in the reaction

plane on the forward flow side (0°), increasing the multiple hit probability.

In addition, a similar effect not related to detector acceptance should also be kept

in mind. In the last chapter we stated that our correction for momentum conservation

bias in finding the reaction plane was the minimum correction since it assumed that

the recoil was divided among all the particles available in the system. Any residual

momentum conservation bias remaining after the correction will act to push the par-

ticles, and hence the reaction plane, away from the particle of interest. This will also

result in a decrease in the observed FIs values. Incomplete correction for momentum

conservation combined with the effect of multiple hit exclusion will cause Ff, to pass

through isotropy at a rapidity slightly higher than the center of momentum rapidity

and result in generally lower Ff, values.

4.5 35 MeV/nucleon Ar+V Data

Anisotropy fractions for 35 MeV/nucleon Ar+V collisions are shown in Figure 4.10

for both H and He data taken using the MSU 41r Array. All of the features of the
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Figure 4.10: Anisotropy fractions as function of rapidity for 35 MeV/nucleon Ar+V

data.
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filtered rotation and flow simulations are reflected in the data, suggesting the presence

of both modes of collective motion.[Wils90, Ogil90]

The presence of flow is revealed by Figure 4.10 in the non-zero slope in Ff, at

mid-rapidity. The flow is stronger for He than for H, a trend that would be expected

for collective velocity superimposed on random thermal motion. This is because ther-

mal velocities decrease with increasing mass of the particles, leading to less random

smearing of the collective velocity for helium than for hydrogen. Multiple hit ex-

clusion and possibly incomplete correction for momentum conservation shifts Ff, to

lower values, causing it to cross the dashed isotropy line at a rapidity slightly ahead

of the center of momentum rapidity.

The signature of preferential emmission in the reaction plane particles, 17,-, > 0.5,

is particularly clear, suggesting that rotational collective motion may be present.

Again, the effect is stronger for the heavier particles, as expected. Just as in the

filtered simulations, 1"}, varies with rapidity due to the variation in the detector

thresholds.

To provide a qualitative feeling for the magnitude of the observed anisotropies,

the azimuthal distributions of H and He are shown in figs. 4.11 and 4.12 respectively.

As stated earlier, the influence of changing pl thresholds can be eliminated by

applying a common pi cut at all rapidities, and the effects due to polar angle granu-

larity can be reduced by smearing the assigned angles over the solid angles subtended

by the telescopes. When both of these techniques are applied, as in Figure 4.13, the

resulting fractions are smoothly varying and more symmetric around the mid-rapidity

region. There is a decrease in 17,-, at low rapidities compared to Figure 4.10 caused

by two separate mechanisms which we will discuss next.
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35 MeV/nucleon Ar+V —> Hydrogen
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35 MeV/nucleon Ar+V -—> Helium
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35 MeV/nucleon Ar+V
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Figure 4.13: Anisotropy fractions for 35 MeV/nucleon Ar+V data with pJ' Z 210

MeV/c per nucleon, and smeared in angular assignments as described in the text.
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A slight loss in the accuracy of the reaction plane determination occurs for the

angle smeared data. compared to the raw data. This is because the smearing used in

the azimuthal direction was based on the maximum azimuthal width of the detectors.

(The same smearing was used when the accuracy of the reaction plane determination

was evaluated in the previous chapter.) An improved technique would be to take the

polar width as a function of the azimuthal width into consideration in the smearing,

but this would not change the basic trends in the data.

There is an additional effect which causes the drop in F}, in the H data which can

be found from an inspection of the momentum dependence of F,-,, for various particle

types. In Figure 4.14 we see that the H ion with counts up to the highest trans-

verse momentum is the proton, which also shows the weakest in-plane enhancement.

Therefore, a large p'L cut tends to enrich the number of protons in the H sample,

accounting for the lower values of 17,-, seen in Figure 4.13 as compared with the raw

data. Also note that Figure 4.14 demonstrates that the enhancement increases with

as mass increases from 1 to 4 nucleons as expected for collective motion. There is

evidence in Figure 4.14 for an increase in the in-plane enhancement up to a plateau

value as the transverse momentum increases. We will discuss the possibility of a

plateau in the next chapter.

4.6 Beam Energy Dependence

As the beam energy is increased to 100 MeV/nucleon, the collisions produce much

more azimuthally symmetric distributions of light particles. This can be seen from

the anisotropy parameters shown in figs. 4.15 and 4.16 for 65 and 100 MeV/nucleon

Ar+V data respectively. Note that in the higher rapidity regions of Figure 4.16,

F}, indicates a slight out-of-plane enhancement. This should not be interpreted as
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65 MeV/nucleon Ar+V
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Figure 4.15: Anisotropy fractions as function of rapidity for 65 MeV/nucleon Ar+V

data.
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100 MeV/nucleon Ar+V
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data.
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evidence for the squeeze-out effect described in the introduction, however. It is the

increased forward focusing at the higher beam energies enhancing the influence of

multiple hit exclusions that causes the out-of-plane enhancement. We saw the same

effect in our examination of the filtered simulations earlier, and it also occurs in

randomized 100 MeV/nucleon data.

The increasing isotropy of the events at higher beam energies is not due to the

decrease of the energy thresholds relative to the temperature of the composite system.

Examination of Figure 4.17 shows that there is no enhancement in the reaction plane

at any p'L value for the 100 MeV/nucleon data at mid-rapidity.

We can conclude that there must be a change in the mechanisms of collective

motion as the beam energy is increased. For flow, this change can be mapped out by

plotting the slope of Ff, at mid-rapidity as a function of beam energy. The slopes

shown in Figure 4.18 were obtained by fitting the three rapidity bins on either side of

yam. The slope shows a minimum at Em", a: 80 to 90 MeV/nucleon. This observation

is equivalent to that made during an earlier analysis of the same data using the average

transverse momentum in the reaction plane as a function of rapidity to characterize

the flow.[0gi190, Krof91]

As for rotational collective motion, the in-plane enhancement decreases monoton-

ically with increasing beam energy. In Figure 4.19, the maximum 17,-, from the raw

data is presented as a function of beam energy. Unlike flow, the collective motion

creating the in-plane enhancement shows no minimum at beam energies around 80

and 90 MeV/nucleon, and no maximum around 45 MeV/nucleon.
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4.7 Summary

We have shown that there are two types of azimuthal anisotropies exhibited by light

charged particles produced in 35 MeV/nucleon Ar+V collisions. The momentum

distributions produced in the events show preferential emmission in the reaction plane

which resembles rotational collective motion. There is also evidence for collective

flow, i.e. particles being deflected towards one side of the reaction plane at forward

rapidities and toward the other side at backward rapidities in the center of momentum

frame of reference. Both anisotropies increase with the mass and the p7L of the particle

of interest, as would be expected if a collective velocity was superimposed on random

thermal motion. Both forms of collective motion change in character as the beam

energy is increased, with flow showing a minimum between 80 and 90 MeV/nucleon,

and rotation decreasing in importance as the beam energy goes to 100 MeV/nucleon.



Chapter 5

Comparison With Theory

5.1 Introduction

In the previous chapters we saw that collective motion in heavy-ion collisions generates

azimuthal anisotropy. Enhancement of the light particle emission in the reaction plane

suggests rotation of the emitting system around an axis J. to the plane. There is also

a shifting of the enhancement from one side of the reaction plane to the other as a

function of parallel rapidity, which has been interpreted as collective flow. In this

chapter, we compare the observed in-plane enhancement to that expected due to

emission from a rotating spherical source. We find that this picture cannot account

for the particle energy dependence of the in-plane enhancement, showing the need for

comparison with models which include the dynamics of the reaction. Techniques are

currently being developed to numerically solve the dynamical equations describing

heavy-ion reactions. In the second part of this chapter, we compare the results of

one such calculation with our observed azimuthal distributions. We shall see if the

anisotropies can be reproduced by the BUU model, and if they can be connected with

simple modes of collective motion.

112
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5.2 Background on the Rotating Sphere Model

Particle emission from a rotating sphere[Chit86], has been employed by Tsang and

coworkers in the interpretation of azimuthal correlations. Their work falls into two

categories, light particle - light particle coincidence studies[Tsan84a, Chit86] and light

particle - fission fragment studies.[Tsan84b, Tsan90]

In the two experiments which detected fission fragments, beams of N and Ar from

20 to 50 MeV/nucleon were incident on Au and U targets. The massive targets

were employed in order to insure that fission was a likely channel of deexcitation.

The angular momentum of the compound system around an axis .L to the reaction

plane causes fission fragments to be aligned with the reaction plane.[Va283]. Tsang

et al.[Tsan84b] found that light particles (Z=1,2) detected in coincidence with fission

fragments were preferentially emitted in the reaction plane. They noted that this

enhancement increased with both the mass and energy of the light particles. These

trends were reproduced by a model assuming emission from the surface of a sphere

rotating with no z 0.04c to 0.08c where r is the radius of the sphere and w is its

angular frequency.

Enhanced emission in the reaction plane should cause the distribution of differ-

ences between azimuthal angles of two light particles emitted during the same event

to peak at 0° and 180°. This effect was observed in 25 MeV/nucleon C+Au collisions,

and was also reproduced by particle emission from the surface of a rotating source

with similar rw values[Tsan84b].

Chitwood et al.[Chit86] explored the effects of rotational collective motion on

azimuthal angle integrated kinetic energy spectra. Rotation with these rw values was

shown to substantially elevate the apparent temperature of the source, lowering the

actual temperature needed to fit the kinetic energy spectra. This result underscored
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the need to characterize the dynamics of the reaction before conclusions about the

thermal properties of nuclear matter can be drawn.

One criticism of the application of the rotating sphere model to heavy-ion colli-

sions was that the extracted angular velocities implied a system with extremely high

angular momentum. Using

L: In): (ng2)w (5.1)

for a rotating sphere of mass M and radius

r = 1.2Ai fm, (5-2)

one obtains an angular momentum

L = 2.3A333—h . (5.3)

For 35Ar+233U, an no of 0.06 c implies an angular momentum in excess of 240k. In

Figure 5.1 we show the highest angular momentum a system can sustain as a function

of mass.[Cohe74] For an A=273 system, the fission barrier would disappear near 70h.

The choice of radius is somewhat arbitrary, but the radius of the compound system

would have to be unreasonably small to bring the angular momentum down to a

stable value. Certainly, the effects of deformation on the barrier to particle emission

cannot be ignored for systems with such a high angular momentum.

5.3 Particle Emission From a Rotating Sphere

The cross section for the emission of a particle of mass m and kinetic energy E from

the surface of a sphere with a radius r, rotating with an angular frequency w is

(120 J1(2K) .3

(113.10“ m E6 T (5'4)

with

K = 1% cos (¢)\/2mE (5.5)



115

 

  
 

‘N I I I

Im" q

301- ..

601- .

LO- ..

20- .

1 L L l

100 200 300A

Figure 5.1: Maximum angular momentum that a nucleus with mass number A

can support. For each A, the nucleus in the valley of 3 stability was used in the

calculation. [Cohe74]



116

in the source frame of reference.[Chit86] In the equation, T is the temperature of the

source, 03 is the angle with respect to the reaction plane, and J1 is the first order

Bessel function. The kinetic energy must be increased by the energy due to Coulomb

repulsion between the source and the emitted particle when eq. 5.4 is compared to

the data. If no goes to 0, the equation reduces to that for emission from the surface

of a thermal source,

or Ee-f. (5.6) 

This equation differs from the more commonly used equation for volume emission,

eq. 2.4, by a factor of J17}, and consequently gives slightly lower temperatures, but

both equations fit energy spectra equally well.

Integrating over energy[Lace87] provides the more intuitive result

dN (9,3) cos? ¢
(103 cc 6 (5.7)

where ER is simply the rotational energy of the particle on the surface,

1 2 2
ER 2 Emr w (5.8)

Thus, the degree of in-plane enhancement depends on the ratio of the rotational

energy of the emitted particle to the temperature of the source. Increasing the tem-

perature tends to smear out the collective effects.

5.4 Comparison of Rotating Sphere With Data

We have used the rotating sphere model to estimate the amount of angular momentum

needed by the compound system to produce the observed in-plane enhancement. The

distribution of He produced in 35 MeV/nucleon Ar+V collisions was chosen for the

comparison since it shows the strongest anisotropy. The extracted angular momentum

should be considered only a lower limit, however, since we did not correct for the
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dispersion of found reaction planes around the true planes. This correction was not

feasible because the upper limit on the dispersion found in chap. 3 (50°) is only a few

degrees narrower than the He azimuthal distribution, so the correction would produce

an unrealistically strong focusing of He in the reaction plane. We would need both

an upper and lower limit on the dispersion in order to make a reliable correction to

the observed azimuthal distribution.

The upper left hand panel in Figure 5.2 shows the kinetic energy spectra of He at

90° in the center of mass system. Fitting with equation 5.6 produces T = 11.5 :1: 0.5

MeV for the case of negligible rotation. Since any increase in no would decrease

the temperature necessary to fit the spectrum, this apparent temperature should be

considered as an upper limit.

The upper right hand panel shows the azimuthal distribution for He with respect

to the reaction plane in the center of mass system. A fit using eq. 5.4 with T = 11.5

MeV and E numerically integrated from 55 to 300 MeV gives 5? = 0.047 :h 0.001 ,

shown as curve in the figure. The energy E in eq. 5.4 was increased by 20 MeV

to account for the /coulomb boost described earlier. This number was arrived at by

calculating the Coulomb repulsionbetween the compound system and the emitted

He approximated as touching spheres.

As we have noted, the actual temperature may decrease by up to a factor of 2

when the effects of rotation are taken into account.[Chit86] We therefore display the

no values obtained for a range of temperatures in the bottom panel of Figure 5.2.

The angular velocity lies between 0.027 and 0.048 c, and the quality of the fits did

not vary with temperature. The angular momentum of the sphere would then be

between 25 and 45 h, well below the limit of stability for an A=91 system.

The rotating sphere model cannot account for the energy dependence of the in-
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Figure 5.2: A fit to He emitted from 35 MeV/nucleon Ar+V collisions using the

rotating sphere parameterization. The upper left hand panel show the extraction of
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shows the extraction of no from the azimuthal distribution. The range of temperature

and rotational velocity parameters allowed by the data is shown in the bottom panel.



119

plane enhancement. In Figure 5.3 we show that the fraction of He ions emitted within

45° of the reaction plane, F}, is essentially constant with respect to energy at a polar

angle of 90° in the center of mass frame of reference. The rotating sphere equation

predicts a steep increase in F}, as a function of energy, shown in Figure 5.3 as curves

for two extremes of temperature. The no values were taken from the calculations for

the previous figure.

We must be careful in our interpretation of the plateau in 17,-, as observed in figs.

4.14 and 5.3. If the 50° upper limit on the uncertainty in the reaction plane deter-

mination is the true uncertainty, then the uncorrected He azimuthal distribution in

Figure 5.2 is at the upper limit of observable in-plane enhancements. Even if the

He distribution is a delta function at 43 = 0° and 180°, the measured azimuthal dis-

tribution must be as broad as the dispersion in the found reaction planes about the

true reaction planes. An uncertainty of 50° in the reaction plane determination is

not enough to explain the plateau in F}, exhibited by the lighter particles in Fig-

ure 4.14. We can conclude that there is a suggestion of a saturation of the in-plane

enhancement with increasing energy and transverse momentum, but a more defini-

tive statement will depend on an improved estimation of the accuracy of the reaction

plane determination.

5.5 Deformation

It is not surprising that the simple rotating sphere model is unable to account for

the details of the observed azimuthal asymmetries since it does not contain any of

the dynamics of the formation and decay of the compound system One important

dynamical effect that can strongly influence the azimuthal distribution of particles

evaporated from a rotating nuclear system is deformation.[Rive82, Dilm82, Maij87,
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Bruc88] In Figure 5.4 we show the evolution of the deformation of a 158Yb as a

function of the angular momentum (I). The deformation is parameterized in terms of

the Hill-Wheeler coordinates[Hill53] 7 and ,8 given by

a = Roe-6coe('y+60°)

b = Roe—6cm(1—60°)

C : Roe—6cos('y)

R°=V3abc

41r

3— 75775

(5.9)

where a, b, and c are the three semi-axis lengths of the ellipsoidal nucleus. If 7 is 0°

then the system is prolate, if —60° then it is oblate, while intermediate values indicate

a triaxial shape. The parameter fl increases with the severity of the deformation.

Small amounts of angular momentum lead to oblate deformations with the minor

axis perpendicular to the reaction plane. If the angular momentum exceeds a critical

value, the system passes through the Jacobi-bifurcation point, and a triaxial shape

develops with the major axis perpendicular to the angular momentum vector. Larger

angular momentum values increase the prolateness of the system until it becomes

unstable with respect to fission.

All of these shapes have their major axis perpendicular to the rotation axis, low-

ering the barrier for particle evaporation in the reaction plane. Using a deformed

nucleus allows the observed in-plane enhancement to be accounted for by a lower an-

gular momentum than would be necessary if the nucleus was spherical.[Bruc88] Thus,

it was probably the assumption of spherical symmetry in early work on two particle

azimuthal correlations that led to the unphysically high angular velocity values cited

earlier.[Tsan84b, Chit86]
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Figure 5.4: Hill-Wheeler coordinates for a 158Yb nucleus are shown as a function of

the angular momentum (I) using the liquid drop model.[Ande76]
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5.6 Decay Channels of Rotating Systems

Another dynamical effect that we have ignored so far in our discussion of the rotating

source is the competition between different decay modes. This effect has recently

been studied using the BUU approach to track the deexcitation of a hot, rotating ‘oCa

nucleus.[Garc91] In addition to the two conventional modes of disassembly, particle

evaporation and fission, Garcias et al. found that under certain conditions the system

could undergo multi-fragmentation into 3 or more substantial pieces. Their map

of trajectories in Hill-Wheeler coordinates for three different starting conditions is

shown in Figure 5.5.

All of the calculations took a spherical nucleus rotating rigidly as their starting

point, and then tracked the development of deformations as a function of time. Par-

ticle evaporation begins immediately, reducing the angular momentum of the system.

The system starting with L = 477': is able to loose enough angular momentum through

particle emission to escape fission, unlike the L = 657i system. The highest angular

momentum system, L = 7571, is torn apart into fragments before it can become pro-

late and undergo fission. The main conclusion drawn from these calculations it that

systems with a large amount of angular momentum can avoid fission or fragmenta-

tion if the internal excitation is enough to cause it to dissipate its angular momentum

quickly through particle emission.

Although the calculations of Garcias et al. shed light on the competition between

the processes that dissipate angular momentum in rotating systems, they do not

address the dynamics involved in the formation of these systems. The actual system

formed in a heavy-ion collision is likely to begin with large deformations as well as

non-randomized longitudinal momentum. In order to explore the full dynamics of the

creation and decay of a compound system, we have performed BUU calculations of
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nuclear reactions focusing on collisions in which the projectile and target fuse.

5.7 Description Of the BUU Approach to Solving

Nuclear Dynamics

A short historical overview of the development of microscopic models of heavy-ion

reactions and their relationship with progress in relativistic collisions was presented

in Chap. 1. In this section we will give a brief summary of the BUU model; a

more detailed but highly accessible summary has been written by Bertsch and Das

Gupta.[Bert88]

We begin by taking a mean-field approach to the interactions between the nu-

cleons. Since it is impossible to write down and solve the time dependent many-body

Hamiltonian describing a heavy-ion collision, we replace the nucleon-nucleon force

with a one-body interaction between each individual nucleon and the mean-field cre-

ated by all the remaining nucleons. The equation for the classical dynamics of a phase

space distribution (f(7", 15)) in a potential U is

— + f;- .f + —V.U . V",F = 0 (5.10)

in the absence of nucleon-nucleon collisions. This expression, called the Vlasov equa-

tion, can be derived from quantum mechanics, with f interpreted as the Wigner

transform, the Fourier transform of the quantum phase space density matrix.

This equation can be numerically integrated for short times as

f(i",p',t + 6t) = f(i-‘— % .6t,15'+ \770 - 6t,t). (5.11)

The reaction is simulated by replacing the individual nucleons with a large number

of test particles representing their phase space distribution, and propagating the

particles according to equation 5.11.
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Because the Liouville theorem says that the density in phase space remains con-

stant in a frame moving with the particles, if our initial phase space distribution

obeys the Pauli exclusion principle, then the principle will be obeyed at all future

times. To initialize a nucleus, we therefore assign test particles random positions in

coordinate space up to the radius of the nucleus and random values in momentum

space up to the Fermi momentum, taking care not to place test particles in regions

of phase space that are already occupied. Two nuclei so constructed are then allowed

to collide, and the evolution of the phase space distribution obeys the Pauli principle

automatically.

This simple one-body approach can be improved by adding a two-body interaction

in the form of nucleon-nucleon collision. As each test particle travels through space,

we check to see if it comes close to another test particle. If two particles pass through

their point of closest approach in a given time step, then we check to see if they would

have scattered. The cross section for scattering is taken from the cross section for

free neutron-proton scattering.[Part88] We must further check that the final positions

in phase are not already occupied in order to insure that the Pauli principle is not

violated. If the final state is already occupied then the collision is suppressed, or

Pauli blocked. As shown in figure 5.6, this effect becomes pronounced as the beam

energy is decreased because the available phase space then decreases.

Since the nucleons have been replaced by test particles, the nucleon-nucleon cross

section should be lowered by a factor equal to the number of test particles per nucleon.

In the calculations presented in this thesis, each nucleon was replaced by 375 test

particles. It is very time consuming to check each possible pair of test particles for

collisions in every time step, but a computational trick can simplify the task. The

test particles are divided into 375 parallel ensembles, the number of test particles

in each ensemble equalling the number of nucleons in the reaction to be simulated.
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lations of Nb+Nb collisions with an impact parameter of 2 fm over a range of beam
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Collisions are then allowed only within each individual ensemble, not between test

particles in different ensembles, and the full nucleon-nucleon cross section is used.

This drastically reduces the number of pairs that have to be considered, making the

calculation tractable. The mean-field is still calculated using all the test particles.

A modification of the scattering due to quantum mechanics must also be consid-

ered. Since such a large amount of the available phase space is occupied when the

beam energy is near the fermi energy, it is possible that a significant fraction of the

intermediate states in the quantum mechanical picture Of scattering are blocked, low-

ering the cross section in the nuclear medium below that of free nucleons. This effect

is usually approximated by simply reducing the nucleon-nucleon cross section used in

the code below that of the free n-n cross section. The precise reduction factor is not

known, so it is hoped that comparisons between BUU-like theories and observations

of heavy-ion collisions will provide constraints on the in-medium n-n cross section as

well as the equation of state. In fact, the transverse momentum flow produced by the

BUU model at beam energies below 100 MeV/nucleon is more sensitive to am, than

the compressibility of nuclear matter.[Bert87, Ogi190]

5.8 The Direction Of the Flow

The inversion of the collective flow as the beam energy is lowered from the regime

in which compressional forces cause a hydrodynamic side-splash to the regime in

which attractive mean field deflection dominates was discussed in chap. 1. (see also

Figure 3.2) However, we noted in our discussion of reaction plane determination in

chap. 3 that the experimenter cannot distinguish between these two phenomena. One

can say which side of the reaction plane contained the forward going component of

the momentum flow, but not which side originally contained the projectile. Thus, it is
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not possible to know whether the nucleons in the projectile were repulsively scattered

away from the overlap region (to positive angles) or attractively deflected toward it

(to negative angles). The x-axis in the reaction plane, from which the azimuthal

angles are measured, is thus always chosen to coincide with the forward flow side of

the reaction plane. This convention causes the flow parameter (i.e. the slope of the

average transverse momentum as a function of rapidity) to always be positive.

This convention is not necessary in the analysis Of BUU events since in this case

we know the initial orientation of the system. Traditionally, the x-axis is chosen to

lie within the side of the reaction plane which initially contained the projectile. If the

projectile nucleons are splashed away from the interaction region, they will be found

with positive values of P”, while if they are attracted towards the interaction region

they will be found on the negative x side Of the reaction plane. In the latter case, the

flow parameter will be negative.

5.9 Goals Of our BUU Calculation

Previous calculations using the BUU model at beam energies below 100 MeV/nucleon

have focused upon transverse momentum in the reaction plane and azimuthal dis-

tributions around the reaction plane at a late stage in the time evolution Of the

event.[Moli85b, Bert87, Tsan89, Ogi190, Xu90] They found that attractive flow and

enhanced emission in the reaction plane. As an example, we show in Figure 5.7 the re-

sults of BUU calculations performed by Bertsch et al.[Bert87] for a mass 40 projectile

incident on a symmetric target. The plot displays the mean transverse momentum

in the reaction plane for particles going forward in the c.m. frame of reference for a

variety of impact parameters and beam energies. A stiff equation of state (K = 375

MeV) was used in the calculations denoted by open symbols, while a soft equation of
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state (K = 200 MeV) was used for the solid symbols. The calculations denoted by

circles used the full free cross section for on", while the squares were calculated using

a cross section half as large. The side-splash phenomena at Ebcam = 400 MeV/nucleon

causes the values Of P’ to be positive, but at 60 MeV/nucleon the attractive mean

field dominates and particles in the forward c.m. hemisphere are deflected to the

other (-x) side of the reaction plane.

Three conclusions can be drawn about collective motion in collisions below 100

MeV/nucleon based on previous BUU calculations. First, based on the work pre-

sented in [Moli85b] and [Bert87], the attractive component of the nuclear mean-field

can create collective flow that is observationally similar to the flow found in rela-

tivistic collisions. Second, studies of asymmetric systems (such as O+Au[Tsan89]

and Ar+Al[Xu90]) showed a enhanced particle emission in the reaction plane. Third,

both of the previously mentioned effects are strongest at middle to peripheral impact

parameters. These calculations did not study the collective motion as a function of

time in detail or investigate the relationship between the in—plane enhancement and

the collective flow.

Our goal in performing the BUII calculations presented in this thesis was to better

understand the nature of these two modes of collective motion. We wanted to know

whether both could be present in the same collision. We also wanted to know if the

in-plane enhancement was actually due to the rotation of the emitting source. As

a preliminary step toward answering these questions, we decided to study the time

evolution of a single system in detail. Because of the current limitations inherent

in the BUU model employed to describe intermediate energy collisions, we did not

investigate the dependence of observables on impact parameter, an“, or the equation

of state. Rather, we hoped that in the process of a detailed analysis of a collision

with a fixed set of parameters, we could develop techniques which could be of help in
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the future when the theoretical underpinnings of the BUU calculations are at a more

advanced state.

5.10 Initial Conditions Used in the

BUU Calculation

In order to investigate the possibility of rotational collective motion establishing an

in-plane enhancement in the BUU model, we chose to investigate a 30 MeV/nucleon

mass 40 on mass 40 collision on with an impact parameter of 2 fm.[Baur91] As we

shall see, this beam energy and impact parameter leads to the formation Of a residue

with a large angular momentum, a natural starting place to look for the influence of

rotational motion on the distribution Of emitted particles. The compressibility used

was K = 380 MeV, and the in-medium n-n cross section was taken as half the free

value. This parameterization is within the range of parameters explored by other

researchers.[Moli85b, Bert87, Tsan89, Ogi190, Suli90, Xu90] The dependence of our

results on K should not be strong since the beam energy is insufficient to take the

system very far away for normal nuclear matter density. A time step of 0.5 fm/c was

used in the integration, and the results were recorded in 15 fm/c intervals up to 600

fm/c.

5.11 Results of the BUU Calculation 1: The Residue

In this section we will examine the time development of the residue formed during

the collision. In figs. 5.8 and 5.9 we show snapshots of the coordinate space density

projected onto the x-z and x-y planes. After 30 fm/c, a deformed compound system

is apparent which rotates about the y axis.

In order to study this system, it is necessary to distinguish between particles which
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Figure 5.8: Coordinate space density distribution projected on to the x-z plane. The

projectile begins on the lower right hand region in the 15 fm/c snapshot, offset in the

positive x direction by convention.



Figure 5.9: Coordinate space density distribution projected on to the x-y plane.
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have evaporated and those still bound in the residue. We show in Figure 5.10 the

number density as a function of the distance from the c.m. at 150 fm/c. We assumed

that all particles with space coordinates lying inside a region of local density greater

than ll—ojoo were members of the residue. Since the residue is created by the nuclear

mean-field generated from the contributions of all of the separate ensembles in the

calculation, the local density used to test for inclusion in the residue was the ensemble

averaged density.

For each quantity that follows, error bars were obtained by performing the calcu-

lation (for all the parallel ensembles) 4 times, finding the mean value of the quantity

and then the uncertainty in the mean from the variences.

Following Garcias et el.,[Garc91] we use Hill-Wheeler coordinates to study the

changes in shape of the residue. The lengths of the semi-major axes were parameter-

n=N

ized using the square roots of the eigenvalues of the 3 x 3 matrix 271:1 12‘s? where N

is the number of test particles in the residue. The result is shown in Figure 5.11 with

time intervals of 15 fm/c separating the small circles. There are strong oscillations

from prolate-like to more oblate shapes, with the largest prolate deformation in the

t=60 fm/c snapshot. If the beam energy had been higher or the impact parameter

larger, the system could have proceeded to fission at this stage. Instead, the attractive

mean-field pulls the nucleons back toward the c.m. leading to a series of oscillations

with smaller and smaller amplitudes. These shape oscillations can be most clearly

seen in the upper panel of Figure 5.12 which displays gamma as a function of time.

Garcias et al. did not encounter these oscillations in their BUU calculations because

they started with an equilibrated spherical system.

Next we turn to a consideration of the angular momentum. In the n-n collisions,

angular momentum is only conserved on average in the nucleon-nucleon system. This

is not a problem, however, since the collective rotation of the residue is around the
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BUU Residue Shape 60 fm/c
 

57o :m/c 0° (Prolate)   
30 fm/c ~

\200

Figure 5.11: Evolution of BUU residue in Hill-Wheeler coordinate space. The snap-

shots, denoted by small circles, are plotted from t=30 fm/c to t=570 fm/c in 15 fm/c

intervals. The line is drawn to guide the eye.
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center of mass created by the mean-field. The angular momentum of the residue is

denoted by circles in Figure 5.13. Beginning with z 4071 the residue loses angular

momentum at a decreasing rate with time. If we take the emitted particles to be all

those found at a distance greater than 10 fm from the c.m., we see that all the angular

momentum lost by the residue is accounted for in the emitted particles (denoted by

squares). The angular momentum of the residue is always less than the maximum

allowable liquid drop angular momentum shown in Figure 5.1.

5.12 Results of the BUU Calculation 2: Emitted

Nucleons

In Figure 5.14 we show the change in the populations of residue nucleons and emitted

nucleons with time. The total number of nucleons is slightly less than Aproj + Amy

because some nucleons can be less than 10 fm away from the center of mass yet not

be bound in the residue. The population of emitted nucleons with c.m. energies

greater than 25 MeV saturates early in the collision. This behavior can be seen more

clearly in Figure 5.15, which shows the emission rate for various groups of particles.

Nucleons with c.m. kinetic energies in excess of 25 MeV come primarily from the

earlier stages of the reaction. For reference, the energy of the projectile and target

in the center of mass is z 7.5 MeV/nucleon. It is the addition of the intrinsic Fermi

energy on top of the beam energy that allows the production of these high energy

nucleons.

If we carefully examine the final distribution of nucleons emitted from the simu-

lated collisions, we find both of the patterns of collective motion we located in the

data during the the last chapter. In Figure 5.16 we present the anisotropy parameters

extracted from the BUU calculation after 570 fm/c using all emitted nucleons. Since

the initial orientation of the reaction plane is known for the simulation, there is no
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need to invoke the techniques of chap. 3 to find the reaction plane. As a convention,

we place the positive x axis on the side of the reaction plane originally containing

the projectile. This will give Ff, a negative slope at mid-rapidity (y = .13) if the

scattering is attractive, as is clearly the case for this system. The fraction of particle

in the reaction plane, ng, formulated to be sensitive to rotational collective motion,

shows no significant deviation from isotropy. However, if we demand that the nu-

cleons considered have EM”, 2 25 MeV, then we can find an in-plane enhancement

as shown in the upper panel in Figure 5.17. The in-plane enhancement shows some

sign of peaking near mid—rapidity, but conclusions about the rapidity dependence are

suspect due to the limited statistics available. Note that the flow shown previously

in the bottom panel of Figure 5.16 disappears due to the energy threshold imposed

in Figure 5.17. This is a indication that the two types of anisotropies have different

causes.

Both anisotropies can be seen more convincingly if we combine the data for the

different rapidity bins. For the in-plane enhancement, we can sum over all rapidities

before calculating 17,, to increase the statistics. For the flow we introduce a new

parameter, AF1,, the difference between Ff, in the forward and backward directions

in the c.m. frame of reference. The new parameter is negative if the flow is attractive

and positive if the flow is repulsive.

In figs. 5.18 and 5.19 we display snapshots of the evolving anisotropy parameters

as a function of time. The largest anisotropies occur early in the collision, but a

clear signature of flow is present in the end for the ungated data, while a significant

in-plane enhancement is present for nucleons with Ecm Z 25 MeV.

The c.m. energy dependence of the azimuthal anisotropies can be more closely

examined by filtering the emitted particles through an energy window before calcu-

lating the parameters. A set of 5 MeV wide windows was used to create the results
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shown in Figure 5.20. The in-plane enhancement increased with the energy in the

center of the window, but there is some indication that the flow is strongest for en-

ergies around 15 to 20 MeV. This is another indication that the two anisotropies are

created by different physical processes.

Further study shows that the smooth evolution of the anisotropy with time indi-

cated by figs. 5.18 and 5.19 is deceptive. If we look at the anisotropy parameters for

nucleons emitted within 15 fm/c time windows rather than all of the nucleons emitted

up to a specific time, we find that the anisotropies vary strongly with time. We show

the asymmetry parameters for particles emitted in time windows as a function of the

center of the window in figs. 5.21 and 5.22. The flow can actually change directions

as the system evolves, but the strongest negative flow is seen in few tens of fm/c.

The oscillations in AF}, and 17,? in figs. 5.21 and 5.22 seem to be correlated with the

shape oscillations displayed in Figure 5.12. It is important to note that, even though

17,-? oscillates in Figure 5.22, it indicates an in-plane enhancement for almost all time

windows. This suggests that although the flow seen at the end of the calculation is

created in the early stages of the collision, the in-plane enhancement is created by

contributions from over the entire time of the residue disassembly.

This hypothesis is confirmed in Figure 5.23 which shows the final anisotropy frac-

tions (t=540 fm/c) with and without including promptly emitted particles (PEP),

taken to be particles emitted in the first 60 fm/c. After 60 fm/c, approximately the

first 5 nucleons have been emitted. The data denoted by circles include all emit-

ted nucleons, and demonstrate the c.m. energy dependence already noted, i.e. the

in—plane enhancement increases with energy, but the flow appears to be stronger for

particles near 15 MeV in energy. The data denoted by crosses do not include parti-

cles emitted in the first 60 fm/c, and show no negative flow at all. The flow in this

BUU calculation is thus due to the very first particles emitted in the collisions. On
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the other hand, removing the PEPs from the sample has practically no effect on the

in-plane enhancement.

Because of Pauli blocking of collisions, some nucleons of the projectile can pass

directly through the target unscattered. The addition of the intrinsic Fermi motion

on top of the projectile motion allows particles to directly escape the mean-field of

the target. These unscattered particles should show the effect of mean-field deflection

more clearly than particles whose motions have been randomized by successive n-n

collisions. Early models of promptly emitted particles based on simple geometrical

concepts predicted that such Fermi Jets will be aligned with the axis joining the

center of the projectile and target when they first contact.[Robe79, Bond79, Bond80]

The jets are most favored along this line because the addition of the projectile velocity

and Fermi velocity vectors have the largest radial component (in the c.m. frame) in

this configuration, creating the most favorable conditions for the jetted nucleons to

escape the mean-field. Since the system is symmetric, there should also be a jet of

target nucleons through the projectile in this picture.

The simple geometry and assumptions used in the Fermi jets picture have been

replaced by more detailed dynamical calculations which include absorption and scat-

tering of potential jets.[Rand87] A full microscopic model like BUU that contains

Fermi momentum, the mean-field, n-n scattering, and Pauli blocking automatically

contains all of these prompt emission processes. In Figure 5.24 we show the momen-

tum distribution projected on the P, — Pz plane for particles emitted in the first 60

fm/c. Flow is clearly present in the enhanced emission toward the negative P3 side

of the reaction plane in the forward direction and toward the positive side in the

backward direction. The dashed circle has a radius of 120 MeV/c, approximately the

c.m. momentum of the nucleons (neglecting the Fermi momentum). The dashed line

is at the angle with respect to the Z axis made by the centers of the two nuclei when
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they first contact. There is enhanced emission of particles with the c.m. beam veloc-

ity deflected by the angle joining the centers of the two nuclei at their first contact,

resembling the proposed Fermi jet phenomena.

5.13 Conclusions

In this chapter we have seen that a rotating spherical source cannot reproduce the

observed energy trends of the in-plane enhancement in our Ar+V data. Powerful de-

formations and shape oscillations, coupled with the fact that the angular momentum

of the residue is decreasing with time cast doubt on the possibility of assigning any

physical meaning to no parameters extracted using the rotating sphere model. Our

initial explorations using BUU simulations show that the in-plane enhancement con-

tains contributions from early and later stages of the disassembly of the compound

system, but that the negative flow is established in the early stages of the collision

by particles that appear to have been emitted without scattering. Both forms of

collective motion can be present in the same system, but they reflect its development

at different times.

5.14 Improvements to the Model

The BUU model we used was limited in several ways. For example, the Coulomb

force was neglected. Versions of the BUU code have been created which include

the Coulomb force, and the predicted collective flow is altered when compared with

calculations ignoring the Coulomb force.[Tsan89] As noted in the introduction, the

inclusion of momentum dependent interactions modifies the effects of the compress-

ibility in the nuclear equation of state.[Gale87] Momentum dependent interactions

were not included in our code. Techniques for improving energy conservation in the
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numerical integration have also been developed.[Lenk89] In the future, more detailed

studies of the impact parameter, beam energy, and equation of state dependence of

the collective motion will be carried out using BUU codes incorporating the improve-

ments outlined above.

A serious impediment to comparisons between BUU and experimental results in-

volves the treatment of clusters of nucleons. One of the most challenging features of

intermediate energy heavy-ion collisions is the wide range of fragment masses pro-

duced. It is therefore difficult to evaluate the effects of detector acceptance on the

output of BUU calculations since the acceptance is wholly dependent on the size of a

given fragment. The BUU code described above does not produce fragments because

fragments result from density fluctuations, and replacing nucleons by a smooth dis-

tribution of test particles tends to smooth out fluctuations. Procedures for handling

fluctuations in BUU are currently under development.[Baur87, Bert88]

Another approach to microscopic calculations of a nuclear reaction is to specify a

n-n interaction potential explicitly and solve the classical equations of motion for each

individual nucleon. This molecular dynamics model has recently been extended to

include quantum effects by Peilert et al.[Peil89] Since molecular dynamics calculations

alow nucleons to cluster into bound fragments, they can potentially supply much

more realistic predictions of observables in heavy-ion collisions than simple mean-

field theories.



Chapter 6

Flow Analysis of Peripheral

Collisions

6.1 Introduction

Several published BUU calculations predict an impact parameter dependence for the

attractive flow created in intermediate energy heavy-ion collisions.[Bert87, Tsan89]

For example, in Figure 5.7 from the previous chapter, we saw the strongest collec-

tive motion occurring for collisions with medium to large impact parameters.[Bert87]

Using the 41r Array, we can characterize the impact parameter of the events by their

mid-rapidity charge.[0gil89a] (See Appendix C.) Using this approach in our origi-

nal studies[Ogil89b, Ogi189c] of collective motion in 35 MeV/nucleon Ar+V and 50

MeV/nucleon C+C reactions, we found no conclusive evidence for impact parameter

dependence within the range of impact parameters examined. A further inspection

of the dependence of Fir on the total mid-rapidity charge per event has also revealed

no systematic trends. This may in part be because our requirement of at least three

identified particles per event biases the event sample towards more central events, re-

moving the correlation between impact parameter and mid-rapidity charge. Another

important effect is the changing accuracy of the reaction plane determination. Even

if peripheral events have stronger flow than more central events, the observed flow

157
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will be weakened since the lower multiplicity of peripheral events lowers the accuracy

of the reaction plane determination.

Another group,[Suli90] however, has reported strong impact parameter depen-

dence of the transverse collective motion for the reverse kinematical system Ar+Al

from 25 to 85 MeV/nucleon. It is important to understand the impact parameter de-

pendence of the collective motion in this beam energy regime because it will affect the

manner in which the observed collective motion should be compared with microscopic

calculations. In this chapter we will present a further analysis of our previously pub-

lished 50 MeV/nucleon C+C data (the system which showed the strongest collective

motion) with a view towards analyzing the most peripheral events. We will summa-

rize some of the difficulties in interpreting collective motion for peripheral events in

this beam energy regime, such as contributions from simple sequential decay of de-

flected projectile fragments. By comparing with data taken with a Au target, we will

also be able to assess the influence of momentum conservation, since recoils should

be weaker in the heavier system.

In order to determine the reaction plane for low multiplicity peripheral events, we

have used projectile-like fragments, which are expected to lie in the reaction plane.

Analysis of two previous sets of polarization data suggested that there may be a

complex interplay between attractive and repulsive scattering.[Tsan86, Asah87] Ob-

servation of the polarization of gamma rays produced by the heavy residue in 20

and 30 MeV/nucleon N induced reactions on a Sm target has shown that the so

called pre-equilibrium (promptly emitted) light particles are attractively deflected

by the nuclear mean field.[Tsan86] However, the polarization of deflected projectile

fragments produced in 40 MeV/nucleon N+Au reactions has been interpreted as re-

pulsive projectile scattering.[Asah87] Our observations reported here indicate that,

once sequential decay products from the projectile fragment are eliminated from the
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analysis, protons in the mid-rapidity region show a directed transverse momentum

opposite to that of the projectile fragment, providing a link between the conclusions

of the polarization experiments cited above.

6.2 Analysis Technique

Velocity spectra for projectile fragments (Z Z 3) in the Forward Array detected

in coincidence with protons detected in the Main Ball are shown in Figure 6.1 using

A=2Z to approximate the fragment masses. The spectra have been divided into three

polar angle bins and normalized by the solid angles of the detectors. Both the C+C

and the C+Au reactions produce fragment spectra with pronounced peaks close to

the beam velocity.

Using the projectile fragment to determine the reaction plane, a coordinate sys-

tem for each event was chosen such that the z axis lay along the beam axis and the

positive x axis had the same azimuthal angle as the fragment. The momentum dis-

tribution of mid-rapidity protons (y z §ybcam) detected in the Main Ball is shown

in Figure 6.2 projected onto the P” axis. In order to avoid discontinuities in the

momentum distribution due to the granularity of the detector array, the polar and

azimuthal angles assigned to the protons were smeared over the angular acceptance

of the detectors. The usual procedure for measuring the transverse collective motion

in the reaction plane calls for plotting the average of this distribution, (P‘), as a

function of rapidity.[Dani85] (See also Figure 1.6 in the first chapter.) The average,

however, is affected by the detector low energy threshold which carves out a sphere

in momentum space centered on the origin and creates the dip observed in the center

of the P’ distribution shown in Figure 6.2. (See also Figure 2.7 for a description of

the acceptance of the 41r Array in momentum space.) As a result, the average of the
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Figure 6.1: Velocity spectra for projectile fragments detected in the Forward Array in

coincidence with protons in the Main Ball for 50 MeV/nucleon C+C (upper panels)

and C+Au (lower panels).[Wi1391]
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distribution will overestimate the magnitude of the offset from the origin, depend-

ing on the relationship between the distribution’s width and the energy threshold of

the detectors. In our previous analysis of collective motion observed using the 41r

Array,[Ogi190] this effect was minimized by calculating (g) which is significantly

less sensitive to energy thresholds than (P’). The overestimation of the offset can

be eliminated entirely if the center of the P’ distribution (Pf) is extracted by fitting

a Gaussian to the regions in momentum space unaffected by the energy thresholds.

This is the approach we have used in the present work.

6.3 Results

The average transverse momenta in the reaction plane resulting from Gaussian fits

to the P" distributions are shown in Figure 6.3 for protons produced in C+C and

C+Au reactions. The general trends of the data share two important characteristics

with results obtained for peripheral events in 45 MeV/nucleon Ar+Al reactions by

Sullivan et al.[Suli90] and 200 MeV/nucleon Au+Fe reactions by Harris et al.[Harr89]

As shown in figs. 6.3 and 6.4, the data from all four systems show an offset in the

negative Pz direction (away from .the projectile fragment), and a positive slope at

mid-rapidity. We will investigate the cause of the offset first.

Harris et al. suggested that the offset was a signature of attractive deflection of

light particles by the nuclear mean field, but Sullivan et al. associated the effect with

momentum conservation, arguing that the negative (P‘) of the light particles was

balanced by the positive (P’) of the projectile fragments. The latter explanation

is in agreement with the results of light particle - projectile fragment coincidence

experiments ([Wada90] and references therein) in which the authors found that par-

ticles produced in the hot mid-rapidity region were best characterized by a source
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projectile fragment.[Suli90] In the bottom panel, the reaction plane was determined

using a projectile fragment only. [Harr89]
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whose velocity had a recoil component directed away from the projectile fragment.

The recoil scenario is most strongly supported by the data of Rabe et al.[Rabe87]

for 84 MeV/nucleon 0 induced reactions on Ni and Au targets. They found en

hanced light particle emission on the opposite side of the beam from the projectile

fragment, and the enhancement increased linearly with projectile fragment transverse

momentum. In our C+C data shown in Figure 6.5, the linear relationship between

the mid-rapidity proton P: offset and the transverse momentum of the projectile

fragment demonstrates that, in this system, the offset is a recoil due to momentum

conservation and not a signature of attractive deflection.

In contrast to the results of Rabe et al.[Rabe87] who found a nearly identical

recoil for reactions with the heavy Au target and the lighter Ni target, we show in

Figure 6.5 that the correlation between proton and projectile fragment transverse mo-

menta is strongly suppressed for the Au target. This implies that a large percentage

of the gold nucleus participated in the recoil, making the P: per proton insensitive

to the PB of the projectile fragment. Our observations are consistent with conclu-

sions drawn from the analysis of peripheral 35 MeV/nucleon O+Ni collisions[Gont88]

which supported strong target participation in the emission of intermediate velocity

alphas. It is tempting to speculate that the mid-rapidity protons produced in 50 MeV

C+Au collisions may be emitted from a localized zone on the target, while the 84

MeV/nucleon C+Au reaction may produce a independently recoiling, detached fire-

ball. The small offset (z —7.0 MeV/c) in the C+Au proton transverse momentum

distribution at mid-rapidity will be discussed at a later point.

The second feature common to the transverse momenta versus rapidity data pre-

sented in [Harr89], [Suli90], and the present work is their positive slope at mid-

rapidity. In our C+C and C+Au data, the slope at mid-rapidity is caused by the

presence of a peak in P: near the projectile fragment rapidity. We expect a contri-
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bution in this rapidity region from protons emitted sequentially from the projectile

fragment after the collision. Therefore, it is necessary to distinguish between the

various potential sources of the observed protons.

The energy spectra of protons produced in C+C and C+Au reactions at 40 to

50 MeV/nucleon can be described in terms of three components,[Fox88] although

the separation between the components is somewhat indistinct. Two components

are associated with the decay of remnants of the original projectile and target. In

peripheral collisions, we can apply the term “projectile-like” to the source of protons

moving with very nearly the beam velocity. A fit to this source with a Maxwell-

Boltzmann energy distribution gives a temperature of 5 to 6 MeV, but this should

not be taken as evidence of thermal equilibrium since the dynamic evolution of the

source is not known. The temperature parameter is simply a characterization of the

final kinetic energy distribution of the emitted particles.

The third component of the energy spectra is well described by a temperature

parameter 2 to 3 times larger (hotter) than that used for the projectile-like source

and a velocity of about half of the projectile velocity.[Fox88] The nature of this source

is the subject of considerable debate. Models invoking an thermal source,[West82]

pre-equilibrium emission,[Péte90] a rotating hot spot,[Ho87] and fermi jets[Bond80]

have been proposed. For simplicity, we will occasionally refer to these particles as

originating from a mid-rapidity source, a reference to the velocity parameter in the

Maxwell-Boltzmann fit. The term “source” should be viewed with caution, however,

and does not imply a clean separation between these particles and those produced by

the projectile fragment since these distributions overlap.

Using these distinctions between the components of the proton energy distribu-

tions, we can show that the peak in the proton P: at the fragment rapidity is due to

contributions from a projectile-like source. When we examine the proton P” distribu-
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tion at the fragment rapidity we find two distinct components. This is demonstrated

in Figure 6.6 in which we display the P" distribution of protons detected with a

parallel velocity equal to that of the average projectile fragment.

The low momentum region which is affected by our energy thresholds is not plot-

ted. In the upper panel of the figure, we have restricted a Gaussian fit to the high

IP’I tails of the momentum distribution, IP‘I _>_ 250MeV/c. The lack of agreement

between the data and the fit at low IP‘I values indicates the presence of an additional

set of protons offset toward the projectile fragment side of the reaction plane at low

IP’I-

In the lower panel of Figure 6.6 we have attempted to study both groups of protons

using a double Gaussian fit. Although the two distributions, indicated by dashed

lines, are not well separated, the general features are of a broad (hot) distribution

with a negative P: and a narrower (cooler) distribution with a positive Po”. Using

the relationship a = M, where a is the width of the Gaussian and m is the mass

of a proton, temperature parameters of 1' of z 10 MeV and z 5 MeV are obtained

for the two sources. Thus, the peak in P: at the average projectile fragment rapidity

is thus produced by a cool momentum distribution on the same side of the beam as

the fragments. We can conclude that, even though protons in the Forward Array

were excluded from the analysis, we are still getting an important contribution from

a projectile-like source.

This interpretation can be tested by examining the shape of the relative momen-

tum distributions. The circles in the upper portion of Figure 6.7 represent the AP

distribution between protons detected in the Main Ball and coincident projectile frag-

ments in the Forward Array. We have divided the observed AP of each pair by the

APW that would be expected due to Coulomb repulsion. The distributions in the up-

per panels were then divided by random distributions created by pairing protons with
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Figure 6.6: The proton transverse momentum distribution projected on the reaction

plane for C+C reactions, gated on proton rapidities near the average rapidity of the

projectile fragment. In the top panel, the high IP’I tails of the distribution have

been fit using a single Gaussian (solid curve), which is unable to account for the

low IP’ I region. In the lower panel two Gaussians (dashed curves) are able to fit

simultaneously the entire P’ distribution.[Wils9l]
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projectile fragments from different events to create the correlation functions shown

in the lower panels. A strong correlation is observed for AP z APCWI, indicating

the presence of projectile fragment sequential decay products in our proton sample.

Thus, the positive slope of the data at mid-rapidity in Figure 6.3 is primarily due to

the combination of a mid-rapidity source with a negative offset due to momentum

conservation and projectile—like source at y = yfray with a positive offset, rather than

mean field deflection.

In order to study the mid-rapidity source of protons, we next excluded protons

with a IP’I S 250MeV/c from the Gaussian fits. This minimizes the effect of protons

produced by the relatively cool projectile-like source and is the largest practical cut

that still allows us to characterize the P3 distributions. The resulting data are denoted

by crosses in fig 6.7. They demonstrate that the kinematical region dominated by

projectile fragment sequential decay has been eliminated. For C+C, a correlation

remains at high AP values, corresponding to the recoil effect discussed previously.

Using this high IP‘I gate, we display P: vs. rapidity for the protons from the

mid-rapidity source in Figure 6.8. Isolating this subset of the protons has removed

the peak at the projectile fragment velocity, revealing a negative slope at mid-rapidity.

Three points on either side of y = §ybcam were fit with a straight line. For C+C we

find the slope (1'31) to be -26:l: 3 MeV/c, while for C+Au we obtain —33 :i: 6 MeV/c.

This mid-rapidity slope, when multiplied by the beam rapidity in the center of mass

system, is the “flow” parameter extracted from heavy-ion collisions at higher beam

energies.[Gutb89a] The point at which the line crosses the rapidity axis corresponds

to a velocity of -0.47 i 0.02 c for the C+C system due to the negative offset discussed

earlier. The C+Au system shows a crossing point of 0.06 :l: 0.05 c, consistent with

the velocity of the center of mass. Thus, the small P: offset in the C+Au system

noted in the discussion of Figure 6.5 is caused by calculating the offset at mid-rapidity
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rather than the center of mass rapidity. There is a increase in P: at high rapidities

in Figure 6.8 that may be due to contamination from the tail of the projectile-like

source distribution. At high rapidities, the cross section from the mid-rapidity source

decreases relative to that from the projectile—like source, so we would expect that the

simple |P‘”| gate would no longer be sufficient to isolate protons from the mid-rapidity

source.

In order to verify that the correlations observed in the data are not merely ar-

tifacts of our detector acceptance, we generated uncorrelated events using projectile

fragments and protons taken from separate events. Analysis of these uncorrelated

events proceeded in parallel with the real data, and it was found at each stage that

the observed trends were not due to detector biases. As an example, we show in

Figure 6.9 the centers of the transverse momentum distributions extracted using

Gaussian fits to the uncorrelated events.

6.4 Discussion

Since the angular acceptances for projectile fragments extend down to the grazing

angle for the C+Au system, approximately 6°, and since the fragments are only lightly

damped, we can assume that the fragments in the peak of the velocity spectra were

positively deflected by the repulsive Coulomb interaction. Although the grazing angle

for the C+C reaction is less than 1°, a similar lightly damped peak is present. If we

take the projectile fragments as being positively scattered, then the negative slope in

the P: distribution implies that high energy mid-rapidity protons were simultaneously

attractively deflected. The geometry of this concept is displayed in Figure 6.10.

As a check, we repeated the analysis dividing the events into projectile frag-

ment velocity bins of weaker damping (vfrag, _>_ 85% vbeam) and stronger damping
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(z 70% vbcam _<_ 12;,” S 80% vbeam). The overall trends of both data sets were identi-

cal to the velocity summed data, indicating that the fragments and the mid-rapidity

source protons are deflected in opposite directions down to fragment velocities of

3

z zvbeam -

Projectile fragmentation models which pre-divide the projectile prior to its col-

lision with the target show similar behavior[Wada90, Mohr88, Roye87]; i.e. lightly

damped projectile fragments are Coulomb trajectory dominated, but the part of the

projectile closest to the target undergoes friction, is slowed, and is deflected attrac-

tively. In Figure 6.11 we show the results of a three body dynamical calculation

performed by Wada et al.[WadaQO] for 30 MeV/nucleon 32S + Ag reactions. The

upper left hand panel of the figure shows the geometry used to pre-divide the 323

projectile into a. 288i projectile-like fragment and an alpha particle. The alpha parti-

cle will feel friction in its interaction with the target, separating the alpha from the

projectile-like fragment. The range of impact parameters and angular orientations of

the projectile, b and 1', which lead to a three body final state are shown in the right

hand panel. The bottom panels display the velocity parallel and perpendicular to

the beam direction for ‘He and 238f ions. Given this geometry, the simulations show

that the projectile-like fragment is scattered away from the target, while the alpha

particle is attractively deflected. In this model the target plays a passive role. Thus,

simple projectile fragmentation alone cannot completely account for our observations

because the C+Au data does not exhibit a recoil relationship between the projectile

fragment and mid-rapidity protons, indicating strong target participation.
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Figure 6.11: Results of a three body dynamical simulation of projectile fragmentation

using the model of Royer et al.[Roye87] The simulation is described in the text.
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6.5 Conclusion

The interplay between attractive and repulsive forces in peripheral events makes the

application of the commonly used global transverse momentum analysis[Dani85] to

find the reaction plane problematic because this technique assumes that all parti-

cles are deflected primarily in the same direction. If both projectile fragments and

mid-rapidity light particles are detected, then restricting consideration to only the

projectile fragments and their sequential decay products should allow for unambigu-

ous characterization of the reaction plane. Light particles in the mid-rapidity region

should only be included in the global transverse momentum analysis with weights

that reflect their different flow direction.

This new approach to the analysis of peripheral heavy-ion collisions is promising

since it provides both the magnitude and the direction of the transverse collective

motion. Use of lightly damped projectile fragments to find the reaction plane should

allow experimenters to observe directly the change in the sign of the flow as the beam

energy is increased from the regime in which the attractive interaction dominates to

that where repulsive nucleon-nucleon scattering takes over.



Chapter 7

Conclusion

7.1 Summary

From our observations of the azimuthal distributions of light particles produced in

intermediate energy heavy-ion collisions, we can conclude that there is sufficient col-

lective motion to cause substantial azimuthal anisotropies with respect to the reaction

plane. We have verified the work of others who noted enhanced emission in the re-

action plane, and extended their work to more symmetric systems and higher beam

energies. In addition, we have noted a separate azimuthal anisotropy due to collective

flow, and developed a parameterization which distinguishes between the two modes

of collective motion.

Both forms of anisotropy are consistent with the influence of an attractive mean-

field. From our BUU simulations, we conclude that the collective flow pattern may

be established very early in the collision, and our studies of peripheral collisions show

directly that the collective flow is an attractive deflection. Our BUU simulations

also indicate that the in-plane enhancement is built up as the system rotates while

emitting particles. Although the attractive mean-field is strong enough to bind the

projectile and target into a rotating compound system, we have seen that the system

is not well approximated as a sphere or any other stable shape. The residue oscillates,
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usually but not always preferentially emitting particles in the plane. Thus, one of

the important lessons learned from the simulations is the need to examine the devel-

opment of theoretically predicted observables with time, an approach that is rarely

taken.

Increasing the beam energy leads to a diminution of the azimuthal anisotropy.

This can be understood in terms of the decreasing role of the attractive mean-field.

The minimum in the collective flow around 85 MeV/nucleon for Ar+V is in line with

BUU predictions that the hard core repulsive part of the mean-field should cause

the onset of hydrodynamical side-splash near this beam energy. As for the general

in-plane enhancement, increasing the beam energy may simply overcome the ability

of the mean-field to form a compound rotating system. Thus the increasing isotropy

adds to the experimental evidence that fusion to form a compound system becomes

more and more incomplete as the beam energy increases. (See ref. [Hage89] and refs.

therein.)

7.2 Directions for Future Research

The data in this thesis provide only a qualitative outline of the features of azimuthal

distributions produced in these collisions. In order to make detailed comparisons with

theory, the methods for estimating the accuracy of the reaction plane determination

must be improved. The approach used in chap. 3 is not sufficient because it provides

only a upper limit on the dispersion. It may be possible to extract this information

from the variation of D2 (defined in eq. 3.3) with the azimuthal angle of the reaction

plane, drawing an analogy with the X2 function.

Lack of accurate methods for evaluating the uncertainty in the reaction plane

determination and then correcting the observed azimuthal distributions blocks several
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avenues of investigation. For example, the dependence of F,-,, on impact parameter

cannot be made clear without removing the effect of the changing reaction plane

dispersion. We noted in sect. 5.4 that the saturation of 17,-, with increasing particle

energy may be related to the uncertainty of the reaction plane determination. In view

of the gains which an improved uncertainty estimate would allow, it is the pivotal

issue to be resolved in future research.

Once this hurdle is overcome, comparisons should be made with more realistic

BUU codes than the simple one employed in this thesis. The Coulomb force must

be included in order to understand peripheral collisions such as those studied in

chap. 6. As was also learned in the study of relativistic collisions, using beam

energy evolution of the collective motion to constrain the equation of state of nuclear

matter requires the most up-to-date theory of nucleon-nucleon interactions, including

momentum dependent eflects. In the end, fragment production must also be included

in the microscopic models used to study intermediate energy nuclear collisions so that

theory predictions can be accurately filtered through the detector acceptance.

For future experiments, the beam energy dependence of the Ar+V in-plane en-

hancement could be studied in greater detail. Lower energy thresholds would allow

lower beam energies to be explored. One might expect that the in-plane enhancement

has a maximum at lower beam energies, somewhere between the fusion barrier and

the 35-55 MeV/nucleon beam energy regime where the enhancement is clearly weak-

lening. This maximum should be related to the maximum angular momentum that

a hot nuclear system can maintain, and could therefore shed light on the dynamics

of highly excited nuclei. It would also be interesting to increase the beam energy

above 100 MeV/nucleon to see when the out-of—plane squeeze-out begins. Just as

the collective flow E561 beam energy has been proposed as an observable capable of

constraining the equation of state, the cross over energy at which the mid-rapidity
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in-plane enhancement is canceled by squeeze-out could also prove useful.



Appendix A

Trigger Stream

In this appendix we will examine the trigger system of the 47r Array. The diagram

shown in Figure A.1 begins where the logic stream breaks off after the splitter shown

in Figure 2.3.

The analog signals produced by the photomultiplier tubes travel along ribbon ca-

bles in groups of fifteen. (12 groups for the Main Ball, 3 for the Forward Array) The

groups pass into Phillips 7106 leading edge discriminators whose thresholds are set

to fire on particles that just punch into the AE plastics. Since the discriminators

contain 16 channels each, the last (16th) channel in each discriminator is unoccu-

pied. The Phillips provide a “sum” output which consists of a square negative pulse

whose amplitude is proportional to the number of channels above threshold in the

discriminator. The 12 sum signals of the Main Ball and Forward Array are separately

combined in an in-house analog summer. The complete sum of the Main Ball and For-

ward Array discriminators are further combined to provide a sum signal proportional

to the total multiplicity of the entire detector system.

As noted in chap. 2, the array can take data in any one of three different trig-

ger modes: Main Ball multiplicity, Forward Array multiplicity, and total system

(Ball+Forward Array) multiplicity. These three trigger possibilities are realized by
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passing the three corresponding sum signals into a constant fraction discriminator

(CFD). The or output of the EG&G CCF8000 octal CFD shown on the left in Fig-

ure A.1 provides a logic signal which is used as the master trigger. The thresholds of

the CFD are remotely programmable, enabling selection of multiplicity greater than

or equal to a given value for any of the three inputs. A bit mask is loaded into the

CFD to select the source of the trigger (Ball, Forward Array, or total system).

Once the presence of an event which meets the multiplicity requirements is es-

tablished, we must check whether the data acquisition computer is free to record the

event. This occurs in the AND gate labeled “MasteroLive”. If the computer is not

busy, then an event trigger logic signal is created which tells the data acquisition

system to read all QDCs (charge to digital converters) which contain signals above

their set thresholds. The master and masterolive signal are also sent to sealer modules

 which count the number of events seen and the number accepted. The ratio ”:33“

is called the “live-time” and 1.0—live-time tells what fraction of events were rejected

because the computer was still processing the previous event. A typical value for

the live time is 0.8 during an actual run. This information is valuable in choosing

the optimum beam current to provide the maximum number of counts which can be

recorded by the computer.

The timing for the signals arriving from the Forward Array is z 10 ns behind

those from the Main Ball. Since the AE gates are only around 30 ns wide, the Main

Ball and Forward Array cannot be used to trigger QDC gates for each other. Separate

gate generation for the two sets of telescopes is achieved by using separate channels

in the Octal CFD on the right. The thresholds of the two channels used in this

discriminator are set so that the channels will fire if one or more of their detectors

fired. Separate outputs for each of the two CFD channels (Ball and Forward Array)

are used to start the gates.
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Before the gating begins, an opportunity is provided to abort the gates if there is no

event trigger. This prevents the gates from starting QDC conversion for unacceptable

events which could then block good events later. This coincidence between the gates

and the event trigger is required in the and gates labeled “Forward Array-Live” and

“Main Ball-Live”. Note that in order to have the Main Ball and Forward Array

telescopes set their own timing, the gate triggers must arrive in the coincidence boxes

after the event triggers.

The AE gate must reach the QDCs quickly, so they are taken directly from the

coincidence boxes. The E gates are delayed and stretched before being passed to

the QDCs. All of the phoswich signals are digitized using Lecroy 43003 FERA (fast

encoding and read out ADC) charge sensitive converters. Because they integrate the

current over a given gate period, they are referred to as QDCs. The gates are shown

along with the analog signals in Figure 2.3.



Appendix B

The 47r Filter Code

B.1 Introduction

The filter code is a software representation of the acceptance of the 47r Array. In

general, it is very difficult to correct experimental observations for the efficiency of a

multi-element detector system. The filter code provides the simpler option of modify-

ing the theoretical predictions for direct comparison to experimental results. Since the

filtering must proceed on an event by event basis, however, this approach demands a

high degree of sophistication from theoretical models. For instance, simulations that

do not include clustering, such as BUU, are difficult to filter accurately. In such cases,

although it is not possible to control for every aspect of the detector acceptance, the

influence of several major factors may be evaluated.

The current version of the filter code contains the 215 phoswich telescopes of the

47r array in its Mark 1 configuration. The following characteristics of the detectors

are included in the code:

0 Angular and energy acceptances

0 Response to different species of particles

0 Shadowing due to the target support mechanism

0 Tentative identification of particles that stop in the A E plastic
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o Mis-identification due to multiple hits in one detector element

B.2 The Original Filter

The sequence of steps used to filter a simulated event are displayed in Figure B.1.

The operations listed in each box are completed for all of the particles in an event

before proceeding to the next box.

First, the neutral particles (neutrons and 7-rays) are deleted. This could be

improved in principle by simulating the detector response to these particles. For

example, neutrons have about a 50% chance of colliding with a nucleus in the E

plastic, which will cause scintillation as it recoils. This and similar effects may be

included future versions of the filter.

Next, detector numbers are assigned to the particles. In general, this can be done

by simply finding which detector center a particle falls closest to. If the two closest

detectors are a hexagonal (hex) sub-element and a pentagonal (pent) sub-element

from the Main Ball, then the task is a little more complex. Because the pent sub-

elements are smaller than their hex counterparts, a particle can hit closer to a pent

sub-element but still fall within the hex. An additional complication is the G-10

plastic rimming the front of the Main Ball modules. In the future, this plastic will be

used to mount ion chambers in front of the phoswichs, but for now it is simply dead

space. Particles which strike this plastic, or pass through any other empty zone are

vetoed. With all of the dead zones taken into account, the array covers about 85% of

47r sr.

A phoswich telescope can only accurately identify and measure the energy of one

particle per event. In the filter code as it now stands, when more than one particle
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strikes a single detector, it and all other particles striking that element are vetoed.

Since neutrals have already been rejected, they cannot cause a multiple hit veto.

Particles with very low energy or very high mass, like fission fragments, can cause

a veto via multiple hits since particles outside the 41r energy and species acceptance

have not yet been vetoed.

A more realistic method for handling multiple hits would be to simulate the

phoswich response to the sum of the particles. The light response of each parti-

cle hitting a phoswich would be summed, perhaps using Monte Carlo techniques to

include the energy resolution, and then the particle would be re—identified according

to its AE—E value just as for the real data. Although potentially CPU cycle intensive,

this may be implemented in future versions of the filter code.

The next step involves the interaction between particles emitted from the collisions

and the aluminium structure supporting the target foil. The distance traveled through

the aluminium (if any) is calculated, and then the energy loss is computed. Note that

heavy particles can be completely absorbed by the target holder. Tests using simple

isotropic simulations such as those described in chaps. 3 and 4 suggest that the

shadowing due to the target mechanism can create a pattern in the detected particles

resembling flow, but at a much much weaker level than is observed in the data.

Finally, the energy and charge thresholds of the phoswichs are applied to the

event. Particles that stop in the AE are mid-identified in the same fashion as in the

real data. The light response of the fast scintillator is calculated and the “best guess”

identity and energy are assigned as described in chap. 2.

This version of the filter code was sufficiently advanced to produce the effects

observed in the real azimuthal distributions by energy thresholds, angular granularity,

and multiple hit exclusion as demonstrated in chap. 4. It was found to be prohibitively
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slow when very high statistics simulations were required, so a new faster version was

developed.

B.3 The Fast Filter

The primary consumer of CPU cycles in the original filter code was the detector

number assignment. A look-up table in polar and azimuthal angles (180 x 360) was

developed for a faster version. The fast filter was originally intended to be a stripped-

down filter for quick preliminary analysis, but it will probably succeed the original in

the end because it is so much quicker.

The procedure used to loop through an event with the fast filter is shown in

Figure B.2. Besides the difference in the detector assignment technique, the fast

filter vetoes low energy and high Z particles before checking for double hits. This

modification is not expect to significantly alter the results, but it models the response

of the scintillator more correctly.
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Appendix C

Impact Parameter Determination

In this appendix we will review the method used to determine the impact parameter

for 41r Array data. The discussion is based on the work of Ogilvie et al.[Ogi189a]

As the impact parameter decreases, the overlap volume of the projectile and tar-

get increases. The particles in the participant region form a mid-rapidity source

which dominates the high energy portion of the energy spectra at polar angles near

90° in the c.m. frame. The projectile and target residues contribute little to the

mid-rapidity region since, in the participant-spectator model, the spectator sources

continue with nearly the same velocities that the projectile and target had prior to

the collision. Thus the multiplicity of particles in the mid-rapidity region can be used

as a measure of the participant source size and the impact parameter can be deduced.

This reasoning was successfully applied to relativistic collisions by the Plastic Ball

Group to examine collective flow as a function of impact parameter.[Gutb89a]

In intermediate energy collisions, the contributions from the projectile and target

spectators overlap the mid-rapidity region. In order to see whether the multiplicity

of mid-rapidity protons could still be used to determine the impact parameter, we

performed simulations using the event generator FREESCO.[Fai86] This code employs

the participant- spectator geometry to create sources which then decay into fragments
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via classical statistics.

The results of the simulations are shown in Figure CI for unfiltered and filtered

simulations of Ca+Ca collisions at beam energies of 40, 70, and 100 MeV/nucleon.

The mid-rapidity gate is defined as

3 3

Zytarg S y _<. Zyproj (0:1)

in the c.m. frame of reference, and the mid-rapidity charge is the multiplicity of

protons summed over fragments appearing within this region during an event. For

unfiltered peripheral collisions, there is very little mid-rapidity charge. For impact

parameters less than z 0.76m“, the spectators are slowed enough to fall inside the

mid-rapidity gate. The energy thresholds of the 47r Array tend to exclude contribu-

tions from the projectile and target remnants and their sequential decay products,

so in the filtered simulations mid-rapidity charge is still a good measure of the par-

ticipant size. Therefore, the overlapping of the spectator and participant angular

distributions is not a problem due to the energy and charge thresholds of the 47r

Array.

Our method for sorting the events by centrality is to place four gates on the mid-

rapidity charge to select out particular ranges of impact parameters. The values of

the gates are chosen by inspection of filtered FREESCO runs for the system under

consideration to correspond to mean impact parameters near 0.3, 0.5, 0.7, and 0.9

times 6m“.

In order to verify that the impact parameter dependence of the mid-rapidity

charge is not merely an artifact of the participant-spectator model incorporated into

FREESCO, we examined He spectra at forward angles for the contributions from

spectators. A peripheral event should produce many alphas near the beam velocity

at forward angles due to sequential decay of the large projectile spectator. On the
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other hand, the projectile should be absorbed into the compound system during a

central event. This pattern is confirmed in Figure C.2 by He particles produced in

50 MeV/nucleon C+C collisions. An alpha particle produced by projectile fragment

sequential decay would have a kinetic energy of near 200 MeV. The peak in the He

spectra near 200 MeV clearly vanishes for the highest mid-rapidity charge gate (1),

demonstrating the correlation between high mid-rapidity charge and central events.
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Appendix D

Parameterization of Azimuthal

Anisotropy

In addition to the anisotropy fractions presented in chap. 4, two other parame-

terizations have been used to characterize the azimuthal distributions produced in

heavy-ion collisions. In this appendix we will derive the relationships between the

parameterization used in this thesis and those favored by other authors.

D.1 Peak/Valley Ratios

Peak/valley ratios, or in/out of plane ratios, are used by Tsang et al. to characterize

the in-plane enhancement observed in heavy-ion collisions. The ratio R is defined by

M

_- dé ¢=O°

R ._ _dN (13.1)

E ¢=90°

where g3 is the azimuthal angle around the beam axis and N is the number of particles

detected. The connection with the 152,, parameter used in this thesis is

_1+7T(Fip-%)
 

— D02

and

1 R-l
- = — _

D03

F", 2+1r(R+1) ( )
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if the azimuthal distribution is of the form

M0: l + acos 24). (D4)

(145

We chose not to use this parameterization because it is inappropriate for describing

flow. Even if the ratio is taken between ¢ = 0° and 43 = 180°, there are still problems

with the symmetry of the deviation from isotropy as a function of rapidity. This can

be illustrated by a simple example. Consider a case in which twice as many particles

appear on the forward flow side as compared to the opposite side of the reaction plane

at high rapidities. Then, for a symmetric system, at low rapidities the forward flow

side would contain half as many particles as its opposite. Our Ff, parameter would

go from % to g, passing through % at mid-rapidity. The deviation from isotropy would

go from -0.17 to +0.17, making a symmetric curve like that shown in Figure 4.7. Now

consider the behavior of R taken between opposite sides of the reaction plane. At

1
high rapidities R = 2, while at low rapidities R = 5. Isotropy is represented by a ratio

of 1, so the deviation from isotropy goes from —% to 1, and does not cross isotropy

at mid-rapidity. The effect is to exaggerate the flow in the forward c.m. direction at

the expense of the flow in the backward direction.

D.2 Expansion in Cosines

For a particular value of the parallel rapidity, flow causes particles to be deflected

preferentially to one side of the reaction plane. This behavior can be included into

eq. D.4 by the addition of another term:

d_N(¢,_y) oc 1+ a(y) cos 245 + b(y) cos(¢). (D5)

6145

In eq. D.5 the parameter a(y) is sensitive to the enhancement that occurs simul-

taneously on both sides of the reaction plane (rotation), while b(y) is sensitive to
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flow. This parameterization has been employed by the Plastic Ball Group[Gutb90]

and others.[Welk88] Integrating eq. D.5 over the appropriate (,6 regions, we find that

our anisotropy parameters are given by

and

b

+ ;. (D?)

This demonstrates that F;,, is only sensitive to rotation and Ff, is only sensitive to

flow within this cosine parameterization.
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