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ABSTRACT

TRANSITIONS OF COLLECTIVE FLOW OBSERVABLES AT INTERMEDIATE
ENERGIES

By

Daniel Joseph Magestro

The comparison of experimental collective flow studies to model calculations has
suggested various qualities of nuclear matter, such as the momentum dependent nu-
clear mean field and the reduced in-medium nucleon-nucleon cross section. Transi-
tions in collective flow observables are particularly beneficial, since these transitions
are mostly independent of experimental biases and therefore better suited for relating
to theory. Three known transitions in collective flow observables exist, two of which
occur at NSCL energies: the disappearance of directed flow (balance energy) and the
disappearance of elliptic flow (transition energy).

The disappearance of directed flow in intermediate energy heavy-ion collisions
is measured for the ®"Au+'%"Au system using the Michigan State University 4w
Array. Previous experiments have extrapolated values of the Au+Au balance energy,
but a recent quantum molecular dynamics study suggested that the balance energy
cannot be measured directly for Au+Au due to a prohibitively large Coulomb force.
Boltzmann-Uehling-Uhlenbeck (BUU) model calculations are performed to show that
the Coulomb interaction lowers the experimental balance energy significantly but does
not suppress the observable completely. Also, BUU calculations show that the dual
dependence of the balance energy on nuclear compressibility and in-medium cross
section seen for light- and medium-sized systems reduces to a single dependence on
the nuclear compressibility, allowing for the first time a characterization of the nuclear

equation of state using the balance energy.
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The disappearance of elliptic flow is measured for ‘° Ar+*3Sc, 38Ni+58Ni, 8#Kr+%Nb
and %7 Au+!%" Au. The transition energy for Au+Au exhibits a strong impact param-
eter dependence, in contrast to the balance energy for the same system which is nearly
independent of impact parameter. However, the transition energy appears to decrease
with increasing system mass, which is in accordance with the mass _dependence of the
balance energy. Comparison of experimental “°Ar+%3Sc data to published model cal-
culations of *8Ca+*8Ca allows one to study the nuclear EOS using the transition
energy for the first time. For the two independent cases of Au+Au directed flow
and Ar+Sc elliptic flow, comparison of data with BUU calculations indicates a soft

equation of state and a reduced in-medium cross section.
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Chapter 1

Introduction

This thesis, entitled “Transitions of Collective Flow Observables at Intermediate En-
ergies,” can be classified as a study of the nuclear equation of state. The connotation
of equation of state when used in nuclear physics is the same as when used in ther-
modynamics, i.e., the relationships between pressure, temperature, density, and any
other dynamic variables. The nuclear equation of state (EOS) is studied in this
thesis by comparing experimentally measured variables obtained from detecting the
charged fragments of nuclear collisions with the predictions of theoretical models and
calculations. Specifically, transitions in these measured variables, or observables, are
particularly useful because their comparison to theory is less-hindered by unavoidable
experimental biases and irrelevant qualities of the theory itself. The two observables
used in this thesis, directed flow and elliptic flow, are both types of “collective flow,”
ordered motion characterized by the strong correlation between particle positions and
momenta. Directed and elliptic flow both relate to particles emitted from the centers
of nuclear collisions, where compressed nuclear matter leads to higher temperatures
and densities. Therefore, these observables are well-suited for studying the EOS. The
data set used primarily in this thesis is 1% Au+!97Au at incident energies between

25 and 59 MeV/nucleon. Au+Au is the system of choice because of large system
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size (A=394) approximates infinite nuclear matter. Other data sets are included for
studying the influence that system mass has on these observables.

In this chapter we will introduce the nuclear EOS in the context of the present
status of nuclear physics. In particular the nuclear compressibility, a parameter of
the nuclear EOS, is discussed. Then, some important traits of nuclear matter will be
presented, along with the influence these traits have on EOS studies. Finally, we will
define and discuss the transitions in directed and elliptic flow that are studied in the

remaining chapters.

1.1 Nuclear Physics: Introduction and Status

The science of nuclear physics concerns itself with the properties of “nuclear matter,”
which makes up the massive centers of the atoms that account for 99.95 percent of the
world we see around us. The main properties under investigation are the structure
of nuclei and the interaction between nucleons (protons and neutrons), as well as the
structure of nucleons themselves. Nuclear physics also explores the nuclear reactions
that fuel the stars, including our Sun, which provides the energy for all life on Earth.
The field of nuclear physics has existed for less than one hundred years, as Rutherford
did not discover the atomic nucleus until 1911, the same year that superconductivity
was discovered and atomic crystal structures were first observed.

At its core, research in nuclear physics is a quest for knowledge as well as a
search for understanding, and its reach extends from the very small to the very large.
Figure 1.1, produced in 1999 by the Committee on Nuclear Physics, established by
the Board on Physics and Astronomy of the National Research Council (1], shows the
various ways that nuclear physics enters into scientific research over the entire range of
established lengths. Nuclear physics not only advances the frontiers of knowledge but

also makes remarkable contributions to the needs of society, such as nuclear energy
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Figure 1.1: An illustration of the way in which nuclear physics enters into our world
at different length scales. Taken from Ref. [1].
and nuclear medicine.

The current realm of nuclear physics is quite extensive, and some recent develop-
ments provide strong momentum as the field moves into the next century. In 1999,
researchers at Berkeley’s 88” Cyclotron discovered element 2°*118 (2] by increasing
the mass of the projectile (that is fused with 2®Pb) from A = 70 to A = 86, far
beyond what had been deemed viable and opening the window to even heavier nu-
clei. The result has yet to be reproduced at GSI heavy-ion research laboratory in
Germany. Also in 1999, the Relativistic Heavy Ion Collider at Brookhaven performed
its commissioning run and soon will be delivering beams to the four experimental

devices hoping to detect and study the quark-gluon plasma [3]. Of local interest,



the Committee on Nuclear Physics has endorsed an ISOL (Isotope Separation On-
Line) facility, which pending financial support will be built in this decade, possibly at
Michigan State University. And numerous other recent advances in nuclear structure,
nuclear astrophysics, and nuclear reactions paint a positive picture for the advances
to be made in the coming years.

The 1999 Committee on Nuclear Physics identified four major priorities for the

next decade, presented here as a matter of general interest:

1. Study of the quark-gluon structure of matter as well as the structure of hadronic

matter at increasing energy densities;

2. Construction of a high-intensity accelerator facility for producing radioactive

beams to study exotic nuclear matter;

3. Investment in instrumentation for research, including future upgrades of detec-

tor systems at both large and small laboratories; and

4. Evaluate research priorities through the continued formation of National Science

Advisory Committees (NSAC) at regular six-year intervals.

1.2 The Nuclear Equation of State

When two 7 Au nuclei collide with enough energy to overcome the Coulomb repulsion
between them, a system of 394 nucleons is formed for a very short time (¢t ~ 1022

s), occupying a volume of 10736 cm?.

Despite its miniscule dimensions, the tiny
laboratory of the Au+Au collision is nearly the largest that can be created on Earth.
However, nature also provides nuclei of virtually infinite size in the form of neutron
stars, which are typically 10'® cm3 and contain ~10% nucleons. While observational

astronomy can aid in understanding the behavior of a neutron star as a whole, such
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as its rotational speed or its electromagnetic spectrum, much of what is learned
from finite nuclei is crucial in explaining the properties of such infinite matter. For
example, knowledge of the nature of the nucleon-nucleon force, the role of many-
nucleon interactions, collective excitations, and the nuclear equation of state all rely
on measurements made at terrestrial accelerator laboratories.

Nuclear matter is a uniform medium in which pointlike nucleons interact via
a realistic two-body interaction; the electromagnetic effects are not included. In the
absence of repulsive Coulomb forces, the ground state of nuclear matter is a uniform
liquid having equal numbers of protons and neutrons (4] with a density of about
2.5 x 10" g/cm3 (0.16 nucleons per fm®). In reality, a liquid of equally abundant
protons and neutrons cannot exist because of its prohibitively large Coulomb energy.
However, a heavy nucleus such as 1% Au can be seen as a stable, small drop of nuclear
matter, even though its density is not uniform. Furthermore, some of its properties
can be related to those of infinite nuclear matter, the most encompassing of which is
the nuclear equation of state.

An equation of state is a relationship between the pressure (or energy per parti-
cle), temperature, and density of the matter under consideration. Atomic gases, for

example, are described very well by the ideal gas law, which can be put in the form
k
P(r) = —p(r)T(r), (L)

where k is a constant, m is the mean molecular weight, P(r) is the pressure, T'(r) is
temperature, and p(r) is the density of a sphere of radius r. While the ideal gas law
is convenient and simple, candidate expressions for the nuclear equation of state
(EOS) are more lengthy and often times require large approximations or extremely

small amounts of nuclear matter in order to be used. Two typical examples of nuclear
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EOS, included only for demonstration, are

P = ZPT[ TJsj2(n:)/J1j2(mr) + V2 + = b2V1 + VQ]

which is determined from the two-body interaction using ground state properties [5],

and

which includes the Skyrme interaction and Hartree-Frock theory [6]. While both
expressions for the pressure contain 7" and p, the functional dependence of P is quite
complex. Though a theoretical analysis of the various EOS is beyond the scope of
this thesis, the reader is referred to Refs. [7, 8] for discussions of the status of EOS
theories.

A schematic way of representing an equation of state is a phase diagram, in which
areas of a two-dimensional plot of EOS variables correspond to different physical states
of the medium. Figure 1.2 is a highly schematic graph of the phases of nuclear matter,
with temperature plotted vs. baryon density (normalized by ground-state density, pp).
The graph shows three distinct phases of nuclear matter. The liquid phase, which
exists below about T = 20 MeV, is the phase for normal nuclei. Nuclear matter is
expected, theoretically, to undergo a transition from a liquid to a gaseous phase at
densities lower than py,,. The first-order liquid-gas phase transition, represented by
the black border around the liquid phase, has been studied extensively but has yet
to be fully characterized. At sufficiently high temperature and density, a transition
from normal hadronic matter to a quark-gluon plasma phase is expected due to an
increase in the degrees of freedom among the constituents. The nature of the hadron-
quark/gluon phase transition (i.e., whether it is first-order or second-order) is not
known and will be one of the interesting subjects studied at RHIC [9].

Also drawn in Figure 1.2 is the evolution of the universe as a downward trajectory

alongside the vertical axis of the phase diagram. From the time of the Big Bang,
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Figure 1.2: Phase diagram of nuclear matter. The three distinct phases are the liquid
phase (green), the hadron gas phase (light blue), and the quark-gluon plasma phase
(white). The evolution of the universe is indicated by a downward trajectory along
the temperature axis, and neutron stars are thought to be at very low temperatures.
the early universe cooled as it expanded. For the first microseconds, the temperature
was at least hundreds of MeV and matter existed as a quark-gluon plasma. The
matter of the early universe was dominated by photons, and as the universe cooled,
the quark-gluon plasma merged into hadrons (such as nucleons). If this transition
was first-order, than quarks came together as hadrons in the same way that water
forms rain drops. The form of the nuclear EOS at these phase boundaries is especially
interesting to experimentalists and theorists alike.

One way to probe the EOS is by modeling the interactions between nucleons in a
nuclear collision with a theory that treats the inter-nucleon potential as two separate
pieces: a mean field, which represents the long-range, collective influence of all the
nucleons on a single nucleon; and nucleon-nucleon scattering, which incorporates
the hard collisions among the nucleons. The Boltzmann-Uehling-Uhlenbeck (BUU)

model [10], used substantially in this thesis, implements an inter-nucleon potential



with mean-field and collision terms; see Sec. 4.4 for a thorough description of the

BUU model.

1.2.1 Nuclear Compressibility

In order for a theory of the nuclear EOS to be valid, it must reproduce the empirical

properties of nuclear matter. These properties include:

1. saturation density, which is the maximum density of nucleons in finite nuclei.

The commonly accepted value is py = 0.16 + 0.02 nucleons/fm3.

2. binding energy per nucleon, which can be determined by using a nuclear mass
formula that includes volume and surface terms. From studies made on finite

nuclei, Fg = 16 + 1 MeV.

3. mean free path, which is related to the complex part of an optical model potential
and signifies the distance a nucleon can travel before undergoing a collision. The
knowledge of the mean free path A for infinite nuclear matter is poor because,

in a nucleus, )\ is mostly determined by surface effects.

An empirical property that is often used to characterize the equation of state of
nuclear matter in its ground state is the nuclear compressibility K, which is a
measure of the stiffness of nuclear matter against changes in density. Nuclear com-
pressibility is analogous to the inverse of the bulk modulus in solids that characterizes
variations of the volume of a material as a function of the applied pressure [11].

In terms of equation of state variables,

o).

where K is evaluated at the saturation density, po. It is also conventional to express

K in terms of the Fermi momentum, which is the maximum value of a nucleon’s




momentum in a free Fermi gas. The Fermi momentum! kr can be expressed in terms

of po:

37‘_2 1/3
kp = (Tpo> =1.3340.05 fm™! (1.3)

and the corresponding expression for the compressibility is [4]:

d‘ZE
2 B

K is the slope in the variation of binding energy per nucleon as a function of k.
The value of K is of great practical interest because it significantly influences the
extrapolation of the nuclear EOS from p = pp to larger p [12]. It is worthwhile to
stress that K corresponds to the compressibility only when p = py.

Several techniques for determining K have been employed. The first and most
common method is to excite the isoscalar giant monopole resonance in nuclei [13],
since the resonant frequency is directly related to the compressibility. However, there
are inherent difficulties in using a nucleus’ breathing mode, such as the influence of
surface effects on the resonant frequency. Another method for finding K is to use
mass formulas that involve thermodynamic variables [14]. If certain assumptions are
made about the density and pressure, then measurements of the nuclear size and mass
can lead to good estimates of K. This is also somewhat problematic, because the
value of K is very dependent on the structure of the mass formula.

In this thesis, K is the EOS parameter of interest. The Boltzmann-Uehling-
Uhlenbeck (BUU) model, presented in Sec. 4.4, determines values for K based on
the model’s implementation of the nuclear mean field; see Equations 4.4 and 4.5. By
using the BUU model to generate quantities for comparison to experimental data,

values for K can be inferred.

1Here, the wave number kp is called the “Fermi momentum” in keeping with convention, despite
its units of inverse length. The value for kr at po corresponds to pr = 2.91 x 10~!% MeV/c (from
p = kk).




1.2.2 Neutron Stars

As mentioned at the beginning of this Section, much of what is learned from EOS
studies of finite nuclei is crucial in explaining the properties of astrophysical objects.
These properties include the maximum mass and radius of a neutron star and the
densities needed for supernova explosions to occur. The EOS is also important in
the process of big-bang nucleosynthesis. As an instructive example, the relationship
between the EOS and structural properties of neutron stars are discussed in this
Section.

A neutron star is the cosmological equivalent of a giant nucleus. Neutron star
masses are roughly equal to a solar mass (M), packed into a sphere 10-20 km in
diameter. A neutron star is formed when atoms are literally crushed out of existence
by intense gravitational forces which cause protons and electrons to combine into
degenerate, unbound neutrons. The mass and radius of the star is mostly limited
by the counterplay between gravity and the nuclear compressibility (K), and values
of the maximum mass and radius obtained from theory studies have been shown to
depend directly on the value of K [15].

Figure 1.3(a) shows how the density profile of a neutron star of mass M, depends
on K, as calculated from simple assumptions about the binding energy of neutron-
rich matter [16]. The curves represent different values of the nuclear compressibility,
and the area below the curve is the fraction of the star’s total mass which falls below
a given density. As K decreases, larger amounts of the mass are seen to be at higher
density. This is an expected trend, since a very high compressibility would lead to a
rigid and nearly constant density profile.

Calculations of Mp,., vary greatly depending on the parameters of the nuclear

EOS. Figure 1.3(b) shows My, as a function of the neutron compressibility? for

2The neutron compressibility is related monotonically to K, the compressibility of symmetric
nuclear matter, by means of the neutron-to-proton ratio. As expected, for ratios near 1, Ky =~ K.
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Figure 1.3: (a) Fraction of a neutron star’s total mass which falls below a given
density for three different values of the nuclear compressibility [16]. (b) Maximum
mass of neutron stars plotted as a function of the neutron compressibility for several
different assumptions about the nuclear EOS [15).

several different EOS [15]. For compressibilities around 200 MeV, My, is seen to
vary by more than a factor of 2, depending on the EOS. Of course, some EOS can be
ruled out by observational astronomy, since known neutron stars have been observed
to be as large as 1.5 M.

While a detailed explanation of the role that the nuclear EOS plays in neutron
stars is beyond the scope of this thesis, it is clear that constraints can be placed on
their characteristics by studying the nuclear compressibility. It is also worth noting
that observational astronomy might be useful for constraining the nuclear EOS itself,
although the properties of neutron stars, such as density profile, neutron-to-proton
ratio, and even the recent suggestion of a quark-gluon plasma core (so-called strange

stars, see Ref. [17]) make extracting useful information directly from neutron stars

difficult.
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1.3 Properties of the Nuclear Medium

The process of extracting information about the nuclear equation of state by compar-
ing theoretical calculations of nuclear collisions to experimental data is obscured by
secondary features of nuclear matter. In particular, the behavior of particles in the
nuclear medium (i.e., the “material” composed of nuclear matter) differs from their
behavior in free space, leading to complications in the theory-data comparison. The

differences between the nuclear medium and free space include:

1. the effective pion mass in nuclear matter, which increases slightly as the nuclear

density p/po increases;

2. the peak energy and width of nucleon resonances in nuclei, which are affected

slightly by the Fermi motion of the in-medium nucleons;

3. the cross sections of pion-nucleon, kaon-nucleon, etc. interactions in-medium

show enhancements when compared to free space.

A quality of nuclear matter which plays a role at intermediate energies is the
reduction in the in-medium nucleon-nucleon cross section, o,,. The main reason for
a reduction in o,, compared to free space is the Pauli Ezclusion Principle, which
disallows certain low-momentum processes from occurring [19]. The result is fewer
nucleon-nucleon collisions in areas of high nucleon density (such as the interiors of
heavy nuclei).

The effect of a reduced cross section is substantial when trying to extract EOS
information from nuclear reactions, since nucleon-nucleon collisions are a dominant
part of the reaction. In intermediate-energy heavy ion collisions, most of the nucleon
collisions scatter nucleons at the surface of the initial Fermi spheres. Therefore, the

nucleons are often treated as hard spheres in theoretical models. The functional form

12



of the density-dependent reduction in o,, is commonly written

Onn = Ofree (1 + aﬁ) (1.5)

Po

[18], where oOfee is the nucleon cross section in the vacuum, and o is a parameter
between 0 and —1. Eq. 1.5 is not intended to be capable of representing the in-
medium cross section at all densities; for example, it is clear from inspection that a
density of p = 4p, limits a to values above -0.25. However, the representation has
been used with success by numerical models such as BUU (presented in Sec. 4.4) in

accounting for the reduced cross-section at intermediate energies and near py.

1.4 Collective Flow in Nuclear Collisions

A primary motivation for experimental studies of nuclear collisions is the hope that
measured quantities can be compared to and modeled by theory unambiguously and
that this comparison leads to better understanding of the empirical properties of
nuclei or nucleons themselves as well as astrophysical (stars) and cosmological (Big
Bang) entities. As discussed in Sec. 1.2, the empirical property of interest in this
thesis is the compressibility of nuclear matter at normal nuclear density po. The
value for the compressibility has direct consequences on the mass limit of neutron
stars as well as the stability and lifetimes of supernovae.

When two nuclei collide and are compressed to densities higher than pg, a flow
pattern will develop as the system subsequently expands. During the decompres-
sion stage, the directions and speeds of the constituent particles are influenced by
pressure gradients, i.e., particles tend to flow to regions of lower pressure. This
pressure-dependent correlation between particle positions and momenta is known as
collective flow. First proposed in the 1950’s [20] and experimentally discovered in

the mid-1980’s [21], collective flow has been studied at beam energies ranging from
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tens of MeV /nucleon to hundreds of GeV /nucleon for various emitted particle types,
including nucleons, light charged particles, pions, kaons, and lambdas.

In classical physics flow is described in the language of hydrodynamics, where
the simple conservation laws (momentum, mass, energy) are linked to fundamental
properties of the fluid, such as the equation of state and viscosity. In nuclear physics,
the approach is similar: the final states of particles are linked to dynamical prop-
erties of the collision, such as the in-medium nucleon cross section and the nuclear
compressibility. In addition to contributions from random thermal motion and the
initial kinematics of the collision, the contribution of collective flow to the final states
is modeled by so-called transport models which propagate particles through space
and time as they undergo interactions. The integrity of the model depends on its
treatment of collective flow.

Primitively speaking, collective flow is a measure of the transverse motion im-
parted to particles and fragments during the collision of two nuclei. The transverse
nature of collective flow is its most alluring quality to experimentalists, because it
enables the measurement of flow for particles in different domains of the collision.
This is best exemplified in the geometry of the Nuclear Fireball Model, proposed by
Westfall et al.in the mid-1970’s [23] and illustrated in Figure 1.4. In the Fireball
Model, nuclear collisions with non-zero impact parameter consist of three domains:
the participant piece from the overlap region of the nuclei, and two spectator pieces
from the projectile and target portions which do not overlap. Because the longitu-
dinal velocities of the three domains are different (see Figure 1.4), particles from the
domain of interest can be selected by their longitudinal velocity components without
interfering in the measurement of their collective transverse motion. In this thesis,
collective flow of the participant region, where the compression is expected to be the

largest, is the quantity being studied.
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Figure 1.4: The Nuclear Fireball Model proposed by Westfall et al. [23]. The par-
ticipant region formed by the overlap of the colliding nuclei moves at a longitudinal
velocity between the two spectator region velocities, and the three “sources” can be
treated as three separate pieces.

Generally, there are three types of collective flow which are discussed in nuclear
collisions, termed radial flow, directed flow, and elliptic flow. Radial flow, or ra-
dial expansion, which is not studied in this thesis, arises in central collisions and is
characterized by increased yields in the kinetic energy spectra of particles emitted
near 0., = 90° relative to the beam axis. The existence of radial flow indicates that
kinetic energy spectra differ from the expected spectra of a compressed thermal fluid
expanding outwards. In intermediate-energy collisions, radial flow has been shown to
account for as much as half of the emitted particles’ energies [24], which is incom-
patible with the assumption of a purely thermal distribution. The existence of radial
flow has implications in the temperature gradient of hot nuclear matter as well as the

effects of relativistic hydrodynamics; for a recent summary of work to date, please

see Reisdorf and Ritter, Ref. [25].
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Figure 1.5: The four major types of azimuthal anisotropies, viewed in the transverse
plane and looking in the direction of the beam. The target is denoted by T and the
projectile by P, and blue (green) arrows indicate the preferred emission directions of
projectile-like (target-like) fragments. (a) Negative directed flow; (b) positive directed
flow; (c) in-plane elliptic flow; and (d) out-of-plane elliptic flow.

Directed Flow

The remaining two types of collective flow, both of which are studied in this thesis,
are illustrated schematically in Figure 1.5. Directed flow, also called “in-plane”
or “sidewards” flow in the literature, refers to the preferential emission of particles
within, and to a particular side of, the reaction plane. (The reaction plane is defined
as the plane which contains the beam axis and a line joining the centers of the two
nuclei.) Stated another way, directed flow is the deflection of nucleons and fragments
to finite scattering angles as a result of nontrivial interactions during the collision.
The transverse components of the particles’ momenta projected into the reaction
plane are used to quantify directed flow.

Figure 1.6 demonstrates the preferential emission of particles in the reaction plane,
characteristic of directed flow. In Figure 1.6(a), two heavy nuclei in the center of mass

frame are incident upon each other with non-zero impact parameter (i.e., a noncentral
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Figure 1.6: Schematic representation of positive directed flow in the reaction plane.
Two nuclei are incident in the center of mass frame collide, and the overall repulsive
interaction causes the flow of nucleons to positive scattering angles.
collision), and the reaction plane is taken as the plane of the paper. After the collision,
projectile (target) nucleons are directed mostly in the +z (—z) direction, illustrated
in Figure 1.6(b). In the transverse plane this corresponds to azimuthal ® distributions
which are peaked at 0° (180°) for projectile-like (target-like) remnants. In collisions
of identical nuclei such as Au+Au, the ® distribution for particles at forward angles
in the center of mass frame must be totally anti-symmetric to the backward-angle ®
distribution.

As mentioned above, directed flow of the participant region, where the compression
is expected to be the largest, is the quantity of interest. Particles from the participant
region are selected by making analysis cuts on the center of mass rapidity, ycm, which
is a Lorentz scalar and a measure of a particle’s longitudinal motion. The strength
of directed flow usually is measured by plotting the average transverse momentum of
all particles projected on the reaction plane (|p*|cos ®) as a function of rapidity and

by taking the slope of this function at yc, = 0:

_ d(|p*| cos ®)

F T

(1.6)

Yem=0
where F is the strength of the directed flow. A more thorough explanation of how to

measure directed flow is presented in Sec. 4.3.2.
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Elliptic Flow

Whereas directed flow is anti-symmetric with respect to the @ distributions for for-
ward rapidity (yem > 0) and backward rapidity (y.m < 0), elliptic flow has the same
distribution in both rapidity regions, at least for symmetric systems. Elliptic flow
refers to the anisotropy of the ® distribution at midrapidity and its value indicates
whether or not particle emission is in-plane or out-of-plane. Azimuthal distributions
which are peaked at 0° and 180° exhibit predominantly in-plane emission, while ®
distributions peaked at +90° signify out-of-plane emission. The term elliptic flow

n "

has replaced old naming conventions such as “squeeze-out,” "rotational motion,” or
“anisotropic flow” because the shapes of ® distributions at midrapidity resemble el-
lipses with a major axis along the z-axis (in-plane emission) or y-axis (out-of-plane
emission).

Out-of-plane elliptic flow, which can occur in non-central collisions, is an inter-
esting phenomenon which has been observed at incident energies ranging from 100
MeV/nucleon to ~4 GeV/nucleon. Out-of-plane emission at midrapidity depends
primarily on two factors: the pressure built up in the compression stage compared to
the energy density, and the passage time for removal of the projectile- and target-like
spectators of the Fireball Model. If the participant region emits particles at an early
stage of the collision, the spectator pieces may still be close enough to cause pressure
gradients in the out-of-plane direction. Figure 1.7 illustrates the formation of the
compression region in a noncentral nuclear collision and the subsequent emission of
particles from the midrapidity participant region.

Since the midrapidity ® distribution due to elliptic flow is symmetric about both

the reaction plane and the plane at ® = +90°, the four-fold symmetry resembles a

cos(2®) function. In fact, directed and elliptic flow can be treated as the first and
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Figure 1.7: Schematic illustration of the collision of two Au nuclei and the resulting
elliptic flow of the participant zone. Time shots are shown for an instant before
the collision (a), early in the collision (b), and late in the collision (c). taken from
Ref. [95].

second harmonics of a Fourier expansion of ®:
F(®) = ¢y + ¢; cos(®P) + ¢ cos(2®) , (1.7)

where the coefficients ¢, and ¢, correspond to the strength of the directed and elliptic
flow contributions, respectively. See Section 5.3.1 for a thorough discussion of the use

of a Fourier expansion when studying elliptic flow.

1.5 Transitions in Collective Flow at Intermediate
Energies

Directed and elliptic flow are both robust observables for studying the hot and dense
region of nuclear matter formed in the center of heavy ion collisions. Their strength
rests in their simplicity; neither observable requires complex calculations or gross
approximations. The most detailed part of the analysis is in the reaction plane
determination, but, as discussed in Sec. 3.2, the method for determining the reaction
plane is well-established.

One of the underlying objectives of science is to find experimental observables

which can be compared unambiguously to theory. However, some complications arise
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Figure 1.8: Schematic behavior of directed flow (left) and elliptic flow (right) as a
function of the beam energy in the lab frame.
in the comparison between theoretical calculations and finite (non-zero) flow mea-

surements. Finite flow values are difficult to compare to theory because

e the theory needs to incorporate experimental biases correctly, such as limited

detector acceptance;

e the theory needs accurate fragment formation and (at high energies) particle

production, since the collision produces a range of particle types; and

e the dispersion in the reaction plane affects the flow measurement, and correcting

for dispersion increases the experimental value.

A promising and useful feature of both directed and elliptic flow is the existence
of transitions between two forms of the observable. These transitions amount to
measuring “zeroes” in the flow ezcitation functions, or the energy dependence of the
flow variables. Measuring zero is mostly free from the difficulties inherent in the
theory-data comparison for finite flow values [26].

Figure 1.8 is a schematic representation of the directed and elliptic flow excitation
functions for nucleons over a wide range of beam energies. Dashed areas of the curves
at higher energies represent studies that are currently underway or planned, and the
dashed area in the NSCL energy regime represents the energy range studied in this

thesis. The following transitions are believed to be present in the excitation functions,
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indicated by stars (¥%):
1 transition from negative to positive directed flow in the NSCL energy regime;

2 transition from in-plane to out-of-plane elliptic flow in the NSCL and near the

SIS energy regimes;
3 transition from out-of-plane to in-plane elliptic flow at AGS beam energies; and
? disappearance of directed flow in the SPS or RHIC energy regime.

The first two transitions are the objects of study in this thesis and will be explained
in further detail in the subsections below.

Transition 3 in Figure 1.8 has been studied extensively the past couple years by
experimental groups at the AGS. The most exciting results are from the E895 Col-
laboration, which measured the proton elliptic flow in Au+Au collisions for beam
energies of 2—8 GeV /nucleon [27]. They found that the elliptic flow excitation func-
tion exhibits a cross-over at ~ 4 GeV/nucleon. Furthermore, as shown in Figure
1.9(a), relativistic BUU calculations for two different equations of state indicate a
softening of the equation of state in the AGS energy range. However, more data are
needed to support this exciting finding.

The final transition is enumerated with a “?” because the existence of a directed
flow transition in the SPS energy range is still uncertain. Figure 1.9(b) shows recent
results of Pb+Pb collisions at 158 GeV/nucleon taken by the NA49 Collaboration
at CERN ([71]. The slope of the directed flow curve at midrapidity appears to be
flat, corresponding to zero directed flow; however, points at backward rapidities are
reflected measurements, perhaps giving a false impression. The possible existence of a
zero in the directed flow excitation function is exciting, because it has been suggested

as a signature of the quark-gluon plasma [28].
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Figure 1.9: (a) Elliptic flow excitation function for Au+Au near transition 3. Filled
symbols represent experimental data. The dashed curve (open circles) and the solid
curve (open squares) represent calculations for a soft and a stiff EOS, respectively [27].
(b) The rapidity dependence of the directed (v;) and elliptic (v;) flow for protons. The
points below midrapidity have been reflected from the measurements in the forward
hemisphere. Taken from the NA49 Collaboration [71].

The directed and elliptic flow transitions in Figure 1.8 represent fundamental
changes in the emission patterns of protons and light fragments, and the beam energies
at which these transitions take place can be probed by theoretical models, which in

turn can be compared to data without taking into account some of the intricacies of

the experimental setup.

1.5.1 Disappearance of Directed Flow

In intermediate-energy nuclear collisions, directed flow in the mean field approxima-
tion results from the combined effects of three quantities: an attractive nuclear mean
field, the repulsive Coulomb potential, and the hard scattering processes governed by
the in-medium nucleon cross section. The energy dependencies of these contributions
determine whether the overall nature of the collision is attractive or repulsive for
a particular system. Predominantly attractive scattering leads to negative directed
flow, i.e., projectile-like fragments orbit to the target side of the reaction plane. The

opposite is true for a predominantly repulsive interaction, which was illustrated in
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Figure 1.10: At the balance energy, attractive dynamics, dominant at low incident
energies, cancel the repulsive interactions which dominate at higher energies.
Figure 1.6.

At incident energies around 10-20 MeV /nucleon, the nuclear mean field dominates
the collision dynamics, resulting in mostly negative deflection. As the beam energy is
increased, the mean field plays a reduced role, and hard repulsive scattering increases
in importance. The disappearance of directed flow (corresponding to transition 1
in Figure 1.8) occurs when attractive and repulsive effects cancel each other. At
that incident energy, termed the balance energy, the azimuthal distributions of
projectile-like (target-like) fragments with respect to the reaction plane do not exhibit
peaks at 0° (180°). This is illustrated in Figure 1.10. The balance energy for Au+Au
is the subject of Chapter 4, and its utility in constraining the nuclear equation of

state is presented therein.

1.5.2 Disappearance of Elliptic Flow

Transition 2 in Figure 1.8 corresponds to the change in the direction of preferred
fragment emission from the compressed participant region. At energies below the
transition energy?, emission is primarily in the reaction plane (i.e. ® distribution
is peaked at 0°, 180°). Since such an in-plane enhancement is also produced in the

de-excitation emission of a nucleus with a large angular momentum, this effect was

3Unlike “balance energy,” which is a generally accepted term for the disappearance of directed
flow, “transition energy” is somewhat new terminology. It was first used in 1997 by the FOPI group
[66], but “onset of squeeze-out” and other conventions are still used.
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called a “rotation-like effect” or “rotational flow” in early papers [29]. In higher-
energy collisions, a maximum in the direction perpendicular to the reaction plane
on both sides (formerly called squeeze-out) appears because the compressed matter
in the interaction region can escape preferentially in directions unhindered by the
presence of the projectile and target spectators.

The transition energy for Au+Au is one of the topics of Chapter 5. Also, the
mass dependence of the transition energy is measured, and the transition energy for

a light system is compared to published theoretical calculations.

1.6 Summary and Thesis Structure

The main objective of this thesis is to compare experimental measurements of tran-
sitions in collective flow observables to theoretical predictions in order to study the
nuclear compressibility, since its value has direct consequences on the nuclear equa-
tion of state. The primary system being studied is %" Au+!97 Au, for various reasons
outlined in Chapters 4 and 5. Lighter systems are analyzed for the purposes of un-
derstanding the effect of system mass and comparing to published calculations.

The balance energy for Au+Au is interesting because it extends the mass depen-
dence of the balance energy by a factor of two, and because its existence has been
questioned by theoretical studies. Au+Au also proves to be a useful system for sep-
arating the dual influence of the nuclear compressibility and the in-medium nucleon
cross section on the balance energy. The transition energy for Au+Au presented in
Chapter 5 has a very different value from previous experimental studies, and the tran-
sition energy for lighter systems is presented in hopes that it can provide a second
way for collective flow to isolate the nuclear compressibility.

The following is a brief outine of the remainder of this thesis:
Chapter 2: Experimental details of the MSU 47 Array, with a special emphasis on
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the reduction of raw data to meaningful physics quantities.

Chapter 3: Characterizing the events with impact parameter and reaction plane.

Several corrections to the data are also discussed.

Chapter 4: Disappearance of directed flow for Au+Au with comparison to BUU
calculations. The BUU calculations are used to quantify the role of the Coulomb
interaction for heavy systems as well as isolate the nuclear compressibility for

the first time using the balance energy.

Chapter 5: Elliptic flow transition from in-plane to out-of-plane emission for Au+Au
as well as lighter systems. Comparison to isospin-dependent BUU calculations

are made.
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Chapter 2

Experimental Setup and Data

Reduction

In order to make measurements of collective flow in nuclear collisions, a detector sys-
tem must be chosen that can detect and characterize a large fraction of the emitted
particles. This is especially true for the directed and elliptic flow study in this thesis
because (a) the accuracy of the reaction plane determination is related to the num-
ber of detected particles; (b) both directed and elliptic flow depend on the impact
parameter, which is related to event multiplicity and the summed transverse energy
of detected particles; and (c) both observables involve particles emitted over a large
angular range. Detectors with near-complete coverage such as the MSU 47 Array
[30] are most suitable for studying flow at intermediate energies. At higher beam
energies for fixed target experiments, detector systems may have very good coverage,
even though they physically do not surround the target like the 47 Array, because
the emitted particles are boosted forward more by the higher beam velocities. In
this chapter, the parameters of the Au+Au experiment carried out for this thesis are
presented. In particular, an emphasis is placed on the full procedure for converting 47

Array detector signals into meaningful physics quantities such as position and energy.
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2.1 Beam and Target Parameters

The Au+Au collisions studied in this thesis were produced by colliding *” Au beams
with thin, stationary %7 Au foils located in the center of the MSU 47 Array. The 197Au
beams were accelerated by the K1200 cyclotron at the National Superconducting
Cyclotron Laboratory (NSCL) by first stripping off between 35 and 44 electrons to
create the high charge states needed. Over a five day experimental run, approximately
80 hours of active beam with intensities of approximately 10-100 electrical pA (~ 107
Au nuclei per second) were delivered to the 47 experimental vault at incident energies
of 21, 25, 29, 35, 40, 45, 50, 55, and 59 MeV/nucleon. Some of the energies were
obtained by degrading a primary '’ Au beam in the A1200 beam analysis system
without a significant loss of intensity.

The %" Au beams were focused on round targets of %" Au foils 1.5 cm in diam-
eter at the center of the 4w Array. Targets can be switched conveniently without
venting the detector’s large vacuum chamber, and %’ Au foils of thickness 2, 6, and
19 mg/cm? were interchanged. (A 19 mg/cm? Au target is 10 um thick.) Because
the energy loss in the target is substantial for the energies used in this thesis, some
of the incident beam’s energy is lost as it passes through the target. Therefore, the
effective beam energy is reduced by a small amount. This affects the kinematics of
the collision, in particular the transformation to center of mass coordinates. Table
2.1 shows the effective 1%’ Au beam energies for the beam and target combinations

used in the experiment.

2.2 The 47 Array

The MSU 47 Array [30], located in the N2 vault of the NSCL, is a powerful detec-

tor configuration which nearly completely surrounds the collision. The 47 Array is
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Primary Degraded Target Effective
Beam Energy | Beam Energy | thickness | beam energy
(MeV/nucleon) | (MeV/nucleon) | (mg/cm?) | (MeV /nucleon)
29 25 2 24.5
29 N/A 6 28.2
45 35 19 33.1
45 40 19 38.3
45 N/A 6 44.5
50 N/A 19 48.4
55 N/A 19 53.5
59 N/A 19 57.6

Table 2.1: Effective !9” Au beam energies for all beam and target combinations used
in this thesis.

a charged-particle detector, i.e., gamma rays and neutrons are not identified. Its

strength rests in three key traits:

e The underlying geometry is a 32-faced truncated icosahedron, as shown in Fig-
ure 2.1(a). This geometric configuration allows for detector modules to be
packed close together, which provides nearly full coverage in the solid angle and

reduces the amount of dead space between detectors.

e Most of the detector array is logarithmic, meaning particles in different energy
ranges (and therefore different penetration distances in the detector) are iden-
tified by using information from different layers in the detector. This enables a
wider range of particle types and energies to be characterized while still main-

taining the 47 solid angle.

e The extensive electronics for the 4w Array are located very near the vacuum
chamber, which minimizes signal losses due to long cables. The data acquisition
system is built to accomodate high rates, and detectors are monitored during

the experiment via a single ethernet cable between a vault computer and the
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Figure 2.1: (a) Basic geometry of the MSU 47 Array. (b) Polar angles subtended by
each of the detector subsytems used in this thesis.

users’ area.

These qualities make the 47 Array a suitable detector system for experiments that

require high statistics and a large acceptance for charged particles.

2.2.1 Detector Subsystems

For the data presented in this thesis, the 47 Array was operated in a configuration
that includes three distinct detector arrays: the plastic scintillators of the Main Ball,
known as phoswiches; Bragg curve gas detectors in front of the Main Ball scintilla-
tors; and the set of plastic scintillators of the High Rate Array.! The three detector
subsystems are explained below. The entire detector system is housed in a large vac-
uum vessel two meters in diameter for which pressures of 2 x 10" torr were reached
during the experiment. Figure 2.2 shows the 47 Array around the time of the Au+Au

experiment from two different vantage points. In Figure 2.2(a) the beam enters from

1Three additional 47 Array sut are available but were not used: Maryland Forward Array,
Zero Degree Detector, and the Iowa Forward Array. The 47 Array is also configured to run with
PPAC detectors on the fronts of the Main Ball modules, although they presently are not installed.
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Figure 2.2: The 47 Array, located in the N2 vault of NSCL. (a) View of the array
from the entrance to the vault. (b) View looking at the High Rate Array face of the
detector.

the right side and exits on the left side through opposing pentagonal faces. Figure
2.2(b) shows the view from the exit side of the Main Ball. The exit face serves as the

mounting plate for the High Rate Array.

Main Ball Phoswiches

The 47 Array is composed of 170 detectors in the Main Ball, distributed among twenty
hexagonal and ten pentagonal modules. (The remaining two pentagonal faces of the
truncated icosahedron are the entrance and exit faces.) Each hexagonal (pentagonal)
module contains a subarray of six (five) two-layer, close-packed plastic scintillators,
and the polar angles subtended by the array of ball detectors is 18° < 64, < 162° (see
Fig. 2.1). The individual detectors in the main ball are triangular pyramids which
subdivide either hexagons (60°, 60°, 60°) or pentagons (72°, 54°, 54°). Each phoswich
consists of a 3 mm thick layer of fast plastic scintillator followed by a 25 cm thick
block of slow plastic scintillator, which is optically coupled to a photo-multiplier tube
(PMT). Physical specifications of the phoswiches are given in Appendix A.

When a charged particle is incident upon the scintillator elements of a phoswich,

light is produced [32], which is collected by the PMT and turned into a single current

30



Hﬁ=\

(a) fast lm , L

Figure 2.3: Schematic diagram showing the components of a 47 Array module. (b)
Geometry of the High Rate Array.

pulse. The contributions of the phoswich’s individual layers to the current pulse can
be separated because the fast and slow plastic have different response times (hence
the names “fast” and “slow”). The separation is done in the electronics, discussed in
Sec. 2.3. The thin layer of fast scintillator acts as a AF detector, while the thick, slow

scintillator records the residual energy E when a charged particle is fully stopped.

Bragg Curve Counters

Mounted in front of each of the 30 Main Ball phoswich modules is a gas ionization
chamber known as a Bragg Curve Counter (BCC) [31]. The BCCs primarily are used
to detect o particles (Z=2) as well as intermediate mass fragments (i.e., particles
with charge 3 < Z < 20). These heavier fragments often do not “punch through”
the thin fast plastic and could not be identified without the BCC. The five most
forward hexagonal modules have BCCs with anodes of the same segmentation as
the phoswiches; otherwise, a single BCC chamber is used for an entire module’s
phoswiches. Thus, there are 55 separate BCC detectors in the Main Ball.

Figure 2.3(a) shows the cross section of one of the 30 ball modules. When particles

such as IMFs stop in the thin fast plastic, the BCC serves as the AE detector and
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the fast plastic serves as the E detector. The threefold combination of detectors
is logarithmic, since the purpose of each layer changes as a function of an incident

particle’s penetration depth. Detectors of this nature are often called telescopes.

High Rate Array

Mounted to the exit plate of the 47 Array vacuum vessel is a 45-segment fast/slow
plastic scintillator array known as the High Rate Array (HRA) [33]. The HRA,
built by Robert Pak, provides a sturdy, close-packed subsystem of sufficiently high
granularity to handle the large fraction of particles emitted at small polar angles (due
to the center of mass boost). The 45 phoswich detectors span the polar angles 3° <
Oap < 18° and detect particles from Z =1 to Z = 14. Figure 2.3(b) shows the basic
geometry of the HRA; each of its five faces is tilted slightly so that incident particles
impinge perpendicular to the detector’s face.

The HRA functions the same way as the fast/slow phoswiches in the Main Ball. An
incident particle produces light in both layers of the plastic, and the light is collected
by a single PMT. The separation of the PMT signal into AE and E components is
possible because of the different response times of the two layers of plastic. In the
following section, the procedure for converting the detector signals from the 47 Array

to the raw data, which is stored on magnetic tape, is detailed.

2.3 Electronics and Raw Data

Figure 2.4 illustrates the general route taken by a candidate phoswich or BCC signal
through the electronics of the 47 Array, with a possible final destination on a raw data
tape. The term “candidate” applies to the signals because several conditions need
to be satisfied for a signal to be recorded. This section outlines the basics of the 47

Array’s electronics setup. The High Rate Array’s electronics are nearly identical to
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Data Acquisition Method Used In This Thesis
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Figure 2.4: Simple schematic of the method for converting the detector signals into
a form which can be stored on magnetic tape.
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the phoswiches of the Main Ball and do not need separate discussion. The discussion
is more qualitative than technical in order to complement the rigorous explanations

of previous theses with nearly identical experimental setups [34, 35].

Phoswich signals

The PMTs of the 215 Main Ball and HRA phoswich detectors, located in the vacuum
vessel, are supplied their voltage via a single cable which also transmits the detector
signal. These high-voltage cables are connected to splitter box modules where the
high voltage is separated from the phoswich signal and the signal is split into three
signals: AF, E, and time. The time signal initially goes to a 16-channel discriminator
which checks to see if the signal’s (negative) amplitude is larger than the pedestal
level for that channel. If it is, then a voltage signal proportional to the number of
hits in the discriminator is sent by the discriminator to a summer which adds the
voltages of the Main Ball (and/or HRA) channels. If the summed voltage signal
for all channels exceeds the requirements of the trigger (i.e., if enough detectors fire
discriminators), then a gate is generated which allows the signals from all detectors,
including the BCCs, to be recorded to tape.

The current pulses representing the AFE signal and E signal are identical when
leaving the splitter box. However, the signals are gated differently by their respective
FERASs, which are analog-to-digital converters (ADCs) with 2048-channel resolution.
The general shape of the current pulse and the AE and E gates to separate the fast
and slow components of this signal are schematically shown in Figure 2.5. Data from
the phoswich FERAs are zero-suppressed, i.e., only channels with nonzero values are
recorded to tape. For all channels, the pedestal level, which represents the minimum
threshold amplitude a particular channel’s signal needs in order to be nonzero, is

determined by operating the electronics with the detectors turned off to determine
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Figure 2.5: Diagram of the phoswich signal and gates. The width of the two FERA
gates selects the appropriate section of the signal.

the noise level of that channel. The pedestals are passed as parameters from the
UNIX computer to the FERAs where they are stored in memory. The use of zero
suppression and pedestals reduces the amount of dead time as well as the amount of
tape used. Including the AE and E for both the Main Ball and HRA, there are 645

channels of electronics in the FERAs.

BCC signals

Because the response time for a Bragg Curve Counter signal is on the order of mi-
croseconds (as opposed to 100s of nanoseconds for the phoswich signals) and the
arrival time varies by microseconds, BCCs are not used in the trigger. The BCCs
are supplied their voltage via a separate cable. A BCC signal first passes through
a quad shaper, which amplifies the signal and produces a very clean voltage signal.
The amplified signal then goes to a Silena, a peak-sensing analog-to-digital converter
with 4096-channel resolution. Like FERAs, Silenas are zero-suppressed so that only
non-zero channels are written to magnetic tape. In total, there are 55 channels of

Silenas used for BCC electronics.
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2.3.1 Writing Raw Data

The 47 Array trigger can be configured to include the phoswiches of the Main Ball
and the HRA, and the trigger level can be adjusted to select certain types of events.
A trigger level of 5 preferentially would select more central events, since peripheral
events produce fewer particles (see Sec. 3.1). If a trigger is satisfied (i.e., enough
phoswich pulses produce voltage signals in the discriminators) then electronic gates
are generated and sent to the ADCs, and the digitized signal information is recorded
and sent via a VME crate to a UNIX computer.

In the 47 Array’s data acquisition configuration, raw data is written to magnetic
tape by the UNIX computer which also serves as the gateway for ethernet access
from outside the experimental vault. On-line monitoring of detector counts and en-
ergy spectra are done via the ethernet connection. The computer also monitors the
electronics and can set threshold levels to the individual FERAs and discriminators.
Raw data are written on an event-by-event basis to tape. The on-line monitoring
programs and analysis software perform the task of selecting and matching signals

from an event that correspond to the same particle.

2.4 Reducing Raw Data to Meaningful Quantities

The basic task of the electronics is to convert detector signals into numbers that can
be stored on tape in a structured manner. Analogously, the task of translating these
numbers into physics variables (such as energy and charge) is performed by a series
of software routines designed to identify and characterize charged particles from the
raw data numbers which includes signals from cosmic rays as well as neutral particles
(such as neutrons and high-energy gamma rays). The result of these software routines

is a conversion and reduction of raw data to “physics” files, which are much smaller
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Figure 2.6: (a) Sample AE-F spectra from HRA phoswich detector. (b) Sample
AE-E spectra from BCC-fast plastic pair.

and permit quicker analysis of the data.

2.4.1 Particle Identification

When the integrated signals from the thin fast plastic are plotted versus the cor-
responding signals from the thick slow plastic, particles with different charges and
masses fall into different bands in the resulting AE-E spectrum. The same is also
true for particles that stop in the fast plastic of the Main Ball, although in that case
the BCC signal serves as the AE. Figure 2.6 shows examples of raw two-dimensional
spectra produced by (a) a HRA phoswich and (b) a particle stopping in the fast
plastic.

Some of the qualities of fast/slow spectra differ from those of BCC/fast spectra.
Fast/slow spectra (Figure 2.6(a)) are bound by thick diagonal lines, which result from
the fact that the same detector signal is sampled for both the AE and E. The nearly
vertical line, called the punch-in line, contains signals from particles which stopped in

the fast plastic; the diagonal line that forms the bottom border of the spectra arises
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from cosmic rays or neutrons that scintillate in the thick slow plastic only. In contrast,
the BCC/fast spectra (Figure 2.6(b)) do not have these lines, since there is no overlap
between the two different signals. A decision is made for particles with both phoswich
and BCC signals as to which spectra type should be used to identify the particle. If
the particle lies in the punch-in line of the fast/slow spectra (as determined by a 2-D
gateline), then it is identified using the BCC/fast spectra.

Figure 2.7 shows the process for reducing raw data used in this thesis. The first
step, corresponding to the blue boxes, is to sort the raw data by detector into fast/slow
spectra and BCC/fast spectra. These spectra then are gain-matched to existing 2-D
templates by adjusting the offset from the origin and by stretching/shrinking each
spectra to account for voltage and gate differences between the detectors and the
reference template. The templates for each spectra type (HRA fast/slow, Main Ball
fast/slow, Main Ball BCC/fast) were created when the particular subsystem was
added to the 47 Array, and their purpose is to map experimental raw data numbers
into particle type and incident kinetic energy. The two gain-matching programs
(MTK and BRAGGMATCH?) generate parameter files, known as lines files, that

contain the offsets and multiplicative factors for each axis for all 2-D spectra.

2.4.2 Physics Quantities

Once the lines files for all of the detectors are generated, the raw data are converted
to physics data with PHYTAPE, a VMS-based program that uses an assortment of
tables and parameter files to assign physics quantities to each real particle. This

assortment includes:

e lines files generated by the gain-matching programs;

2The BCC/fast spectra were matched using a MAC-based application written by Gary Westfall
for the first time. This replaced a VMS-based program whose graphics package was phased out by
DEC.
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Data Reduction and Analysis Method Used In This Th

Raw Data
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Figure 2.7: Simplified diagram that shows the entire process from raw data to final
plots used in this thesis.
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e detector parameter files which map detector number to their lab polar angles

(8, ¢);

e look-up files which contain 2-D arrays for mapping the matching templates to

particle type and energy.

For each event with at least one particle, identified particles are written to a physics
file by their parameters Z, A, 0, ¢, F, and detector number.

Some particles are flagged because of their location in the AE-F spectra. For
example, candidate particles that fall in the punch-in line of the fast/slow AE-E
spectra but do not have BCC signals are assigned a mass of A = 0 so that they can
be included/excluded in the analysis. Also, particles that overflow a particular axis
(which happens when the maximum channel number of an analog-to-digital converter
is exceeded by a detector signal) are flagged with negative mass so that their inclusion

in the analysis can be decided later.

2.5 Summary

Once the experiment has been performed and the raw data have been converted to
useful physics variables, the analysis can begin. Figure 2.7 indicates the basics of
the analysis in red boxes. One primary aspect of the analysis in this thesis is the
use of millions of collision events to increase statistics and to decrease fluctuations in
analysis variables. The next chapter details some of the analysis techniques used in

this thesis to describe and classify the collisions.
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Chapter 3

Characterizing the Collisions

Before anything can be said about the physics of nuclear reactions, it is first necessary
to determine the parameters of each collision. For example, to first order, the number
of particles produced in a collision depends on four parameters: three chosen by the
experimentalist (beam energy, projectile particle type, and target particle type) and
one selected by the collision itself (the impact parameter, see Sec. 3.1). If a theorist
wishes to predict the number of particles that will be produced in a collision, he or
she needs to specify these four parameters.

Determining the nature of each collision requires manipulating the experiment’s
measured quantities. In the case of the 4 Array, the measured quantities for each
particle are charge, mass, final position, and kinetic energy. Using these variables, we
can calculate a particle’s momentum, rapidity (an invariant measure of longitudinal
velocity), transverse kinetic energy, and other useful quantities. We can also sum
certain quantities over all measured particles in an event to produce even more useful
quantities, such as total transverse kinetic energy, excitation energy, etc.

For the present analysis, several tasks need to be completed before the results can
be presented. Some of these tasks characterize the collisions, others were performed to

understand or reconcile confusing results, and still others were merely diagnostic. In
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this chapter, the impact parameter and reaction plane determination are presented.
Also, several corrections to the data are made in an effort to remove some of the

experimental bias from the 47 Array.

3.1 Impact Parameter

As expected from the Nuclear Fireball Model [23] (see Fig. 1.4), what transpires dur-
ing a nuclear collision depends strongly on the impact parameter of the collision.
Two nuclei that merely graze each other will produce a tiny participant zone of com-
pressed matter, while a head-on collision of zero impact parameter will lead to higher
compression and larger pressure gradients because nearly all the initial kinetic energy
is deposited into the participant source. As a result, both collective flow observables
being studied in this thesis have been shown to depend on impact parameter. In the
case of the disappearance of directed flow, Pak et al. showed that the balance energy
increases linearly as a function of the impact parameter for a light system such as
Ar+Sc [58]. For the transition to out-of-plane elliptic flow, data from Popescu et
al.showed the energy of transition to increase with impact parameter for ®4Zn+%Ni
[92].

Figure 3.1 illustrates the definition of impact parameter b as the vector pointing
from the center of the target to the center of the projectile’s path (beam points along
the z-axis). A maximum impact parameter of bpmax = Rproj + Riarg is defined and is
especially useful for studying the system mass dependence of a quantity, since the
basic geometry of the collision can be preserved. The 47 Array is well-suited to act
as an impact parameter filter due to its large acceptance.

Impact parameter is not a directly accessible experimental quantity, but there are
several centrality variables which have been shown to be strongly correlated with the

impact parameter. These include total charged-particle multiplicity [36], midrapidity
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Figure 3.1: Geometrical description of the impact parameter and the reaction plane.
The impact parameter vector b lies in the reaction plane and points to the projectile
side.

charge [37], and the total transverse kinetic energy E; [38]. In this thesis, E, is the
chosen centrality variable because impact parameter binning can be more precisely
controlled [39] and because the acceptance of the 47 Array over the range of Au+Au
energies is weak at backward midrapidity; see Figure 4.12.

The total transverse kinetic energy of an event with N identified particles is defined

as
N
E =Y Eisin®6; (3.1)
=]

where E; is the kinetic energy and 6; is the polar angle of the ith particle in the lab
frame. To obtain a quantitative estimate of the impact parameter from E; (or any
other centrality variable), a geometrical prescription owed to Cavata et al. [36] assumes
that F,; is monotonically related to the impact parameter b, i.e., as E, increases from
zero to its maximum value, b continually increases or decreases, but not both. The
following relation expresses this:

2mbdb
o = = [(E)dE, . (3.2)

'max
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In this expression f(FE;)dE; is the probability of detecting a collision with a value
between E; and E, + dE;. The function f(E;) is normalized to unity. A consideration
of b = 0 and bpax leads to the assumption that b — by, corresponds to E, — 0,
which causes the minus sign in Eq. 3.2.
The correct divisions in the E, spectra for placing events into impact parameter
bins can be obtained by integrating Eq. 3.2 from b to byax:
bmax Et(bmax
/b %:ff . /E ‘(:) ' f(EdE (3.3)
The integration limit E;(bmax) can be replaced with 0 as stated above. After in-
tegrating the left-hand side, the reduced impact parameter b/bna.x can be expressed

as

0
b/bmaz = \/1 + f(E{)dE{ . (3'4)
E¢(b)

This expression directly relates the E; spectra (normalized to unity) to b/bmax through
the integral.! For example, a reduced impact parameter of b/bya = 0.5 corresponds
to the (0.5)? x 100 = 25% events with the largest E;.

To separate the data into impact parameter bins, equal partitions of the E; spectra
with respect to the number of events are constructed and the limits of the bins are
determined from Eq. 3.4. Figure 3.2 shows sample reduced E; (E;/E,;) spectra
for Au+Au at three different energies. The hatched area represents the 20% of all
events with the largest E;. Using Eq. 3.4, this corresponds to b/byax < 0.44, which
is roughly 6 fm using the formula R = 1.2A/3 fm for the radius of each Au nucleus.
In Chapters 4 and 5 different impact parameter binning is used, depending on the

observable and whether it is being plotted with data from previous studies.

1The value of the integral in Eq. 3.4 is always between 0 and -1 because the integration is carried
out from left to right in the E; spectra. Therefore, b/bnax is between 0 and 1, as required.
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Figure 3.2: Reduced total transverse kinetic energy (E:/Epy;) for three different beam
energies of Au+Au. The hatched area corresponds to the 20% most central events,
as explained in the text.

3.2 Reaction Plane Determination

The observation and quantization of directed and elliptic flow require the accurate
determination of a reaction plane, since both observables rely on the azimuthal

angle between the flow particles and the reaction plane. In the thesis, the convention

® = ¢; — drp.

is chosen to mask the ¢rp angle, since it is the orientation of particles with respect
to the reaction plane that is of importance. Historically, two standard techniques of
reaction plane determination have been used most commonly: the sphericity tensor
method [40] and the transverse momentum method [52]. The sphericity tensor method
uses the existence of flow to calculate a kinetic energy tensor which represents an
ellipsoid, and the reaction plane is formed by the plane which contains the beam and
the principal axis of the ellipsoid. Danielewicz and Odyniec [52] showed that the
sphericity tensor method is poor when the flow signal is weak, because any spherical

momentum distribution of a finite number of particles will yield a reaction plane and
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Figure 3.3: The azimuthal correlation method of reaction plane determination. The
line that minimizes the sum of the distances d; squared corresponds to the reaction
plane.

non-zero flow, even if generated randomly. In contrast, the transverse momentum

method uses only the transverse components of the particles’ momenta to determine

the reaction plane:
N
i=1

where the weight w; is chosen to be positive (negative) for particles emitted in the
forward (backward) center-of-mass hemisphere. The reaction plane is defined by the
beam axis and P, which points toward the positive side of the plane.

Both of these techniques were shown to be inferior to the azimuthal correlation
method, introduced by Wilson et al. [41], for cases when flow is weak. The method is
based on the observation that particle emission is strongly enhanced in the reaction
plane. Thus, this technique involves finding the plane that aligns best with the
particles themselves. Figure 3.3 illustrates the azimuthal correlation method for a

small event of five particles. The sum of the deviations d; of the particles’ transverse
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momenta in the event from a line which passes through the origin is given by:

2_N 2_N 12 w2 (PF+mp})?
D=3l = |2+ ot - PR (35)
where m is the slope of the line in Figure 3.3. The value of m which minimizes D?
is determined by setting the derivative of D? with respect to m equal to zero and
finding the two roots, which are
SN2 - @A £ (S ()2 - )22 + 45 o)
2 Zil[PfPﬂ .

Substituting the two m roots back into Eq. 3.6 determines which root minimizes D?

(3.7)

and maximizes the in-plane enhancement. ¢grp is found by taking the arc tangent of
m and picking the direction for the positive side of the reaction plane using Eq. 3.5.

A necessary step taken to avoid autocorrelation between ¢rp and ¢; when measur-
ing the flow of the ith particle is to remove that “particle of interest” (POI) from the
determination of ¢grp. This must be done for each flow particle in an event, resulting
in N different reaction planes for an event of N particles. To examine the effect
of excluding POIs from the ¢rp determination, Figure 3.4 shows the spread of an
event’s N reaction planes with respect to the average ¢rp for all events. The narrow
distribution peaked at 0° demonstrates the validity of using a separate reaction plane
for each POI, which also greatly enhances the statistics of the method.

Another way to see the effect of excluding the POI is to view the relationship
between the reaction planes determined with and without the POI. Figure 3.5 shows
this relationship by means of a three-dimensional surface plot. A very strong correla-
tion exists, since a tall row of peaks exists at ¢rp por INc. = @rp,po1 Exc.- The small
rows of bumps to the left and right of the strong correlation correspond to the slight
probability that a reaction plane’s direction flips to the other side of the beam, (i.e.,
rotates by 180°). The peaks at (90°, 270°) and (270°, 90°) illustrate an interesting

and small side effect of the azimuthal correlation technique. Reaction planes aligned
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Figure 3.4: Distribution of the azimuthal angles between the individual reaction
planes for an event and the event average. Removing the flow “particle of interest”
leads to NV reaction planes for each event.

near the y-axis are slightly more likely to appear flipped to the other side when the
POI is excluded due to the more likely chance that a small rotation of the ¢rp angle
will move the direction into a neighboring quadrant.

It should be emphasized that the above method can only estimate the true reaction
plane. The true reaction plane is concealed by an imperfect detector system, a finite
number of particles, and thermal fluctuations. Because of the difference between the
true and estimated reaction planes, the observed flow projected into the estimated
reaction plane will always be smaller than the actual flow. A measure of the accuracy

of the reaction plane determination is the reaction plane resolution, discussed in

Section 3.3.3.
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Figure 3.5: Relationship between the reaction planes determined including and ex-
cluding the particle of interest. The tall row at ¢rp por inc. = ¢rp,po1 Exc. sShows the
minimal effect that excluding the POI has on the reaction plane determination.

3.3 Correcting for Experimental Biases

One of the underlying objectives of nearly all science is to find experimental observ-
ables which can be compared unambiguously to theory. Unfortunately, in nuclear
physics the comparison is obscured by features of the detector system. The primary
quality of nuclear experiments that acts to bias the data is the finite position and
momentum resolution of all detectors. This is caused by either the physical dimen-
sions and properties of the detector elements (such as the 4w Array) or the error
associated with reconstructing a particle’s path through a detector (track resolution).
Experimenters go to great lengths and expense to improve position and momentum
resolution by building larger detector arrays with more detector elements. For exam-
ple, the ALICE detector currently being built at CERN will have more than a million
separate detector elements [42] to improve the detection resolution for the anticipated
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