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Chapter 1

Introduction

1.1 Neutron Stars

A process of Hydrogen burning out to Helium emitting radiation occurs in all stars.
In further extension, Helium burns to Carbon, then to Oxygen, to Silicon and finally
ends up in Iron before undergoing Supernova explosion. The Supernova explosions are
caused by the core collapse of the participating stars. In a binary system of two closely
orbiting stars, when one star exhausts all of its hydrogen it collapses into a white dwarf
through the red giant stage. The second star becoming a red giant is accredited by a
white dwarf. When the mass of such a white dwarf reaches the Chandrasekhar limit [1],
its core collapses and star explodes. This is type I supernova explosion. In Type II
supernova explosion, if the mass of star is greater than 20 times the solar mass, black
holes are formed. If this mass is in the range of 8-20 times solar mass neutron stars are
formed. During the explosion of stars to neutron stars, energy is released in the form of
neutrinos. A neutron star is mostly made of neutrons. As one gets inside the neutron
star, the density of nuclear matter increases significantly, reaching densities exceeding 2-3
times of saturation densities. The mass of neutron star lies within the limit of 0.1 times
solar mass to maximum 2 times solar mass, the upper limit being uncertain due to the

lack of knowledge of properties of nuclear matter at high densities. The radius of neutron
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Mg. Time dependent AMD describes fragmentation in heavy ion collision. AMD model
describes clusters and mean field and can be applied to static and dynamic problems.

More details on AMD model can be found here [50].

2.3 Effective Mass

In collisions, the motion of nucleon is influenced by the potentials from all other nucle-
ons. This influencing potential is termed as mean field which introduces the momentum
dependence. To study the motion of nucleons through momentum-dependent mean field,
Brueckner introduced nucleon effective mass [51]. Neutrons and protons feel different
momentum dependent potential and act with different effective mass m, * (neutron ef-
fective mass) and m,* (proton effective mass). This different effective mass of neutron
and proton gives effective mass splitting between nucleons. If m, * < m,*, high momen-
tum neutrons experience more repulsive potential than high momentum protons which
increases the emission of high momentum neutrons. If m,* > mx, this decrease the
emission of high momentum neutrons. High momentum region has greater sensitivity to

effective mass.

2.4 Study of Symmetry Energy with Different Ob-
servable

As discussed in previous chapter, various observables in heavy ions collisions can
be sensitive to symmetry energy. Such observables are neutron-proton spectra and flow,
isospin diffusion, spectral pion ratio, correlations. Pion ratio is used in high density region
due to an energy threshold in pion production. Isospin diffusion is used in low density
region, while neutron-proton spectra and flow are used in any densities. Each of these
observables are used to constraint symmetry energy. In this section I will go through

different observables that shows sensitivity to the symmetry energy and compare the
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from reaction center so that we can measure neutrons and charged particles of similar
energy range by these detectors respectively. Each of those detectors mentioned above is

discussed in more details below.

3.3 MicroBall

In order to study the centrality of the collision, determining the impact parameter is
essential. It can be extracted from the multiplicity of emitted particles from the collision.
We used the Microball detector to measure the multiplicity. Microball was one of the
detectors placed inside the vacuum chamber close to the reaction center. It consists of
95 Csl scintillators arranged in nine rings. The angular coverage of these scintillators is
from about 4.0° to 171.0° [71]. Different rings have different thickness of CsI; for example
Ring 1 has 9.85 mm while ring 9 has 3.66 mm crystals. Ring 1 CsI crystals are thicker
because ring 1 is closed to the reaction center where high energetic particles are produced.
To protect these CsI scintillators from different substrates like light - a 0.9 mg/cm? Al
foil was used in the front surface. High Z elemental foils such as Pb/Sn foils of different
thickness were used in the frontal surface to stop delta electrons. The thickness of these
foils varies from 73.5 mg/cm? in ring 1 to 9.8 mg/cm? in ring 9. To protect CsI from being
hit by the beam, ring 1 and ring 9 were removed during the experiment. Ring 6 was also
removed for the target spacing. In order to provide path for particles to hit the HiRA
detector, some additional scintillators were removed as well. Those scintillators included
four scintillators from ring 3, three from ring 4 and three from ring 5 [72]. Figure 3.6 and
Figure 3.7 are the schematic diagram of Microball and a picture of Microball used in the
experiment, respectively, while Figure 3.8 shows the view of the Microball along beam

direction. It also shows the targets mounted on the target ladder inside the microball.
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bands finally merge with each other. These three bands represent protons, deuterons
and tritons. The peak values of the lines represent the punch through energies of those
particles. The yellow merged band represents the passing of the particles from the Veto
Wall towards the LANA. The bottom panel of Figure 5.3 is the normalized geometric
mean histogram with the time of flight. The normalization of the geometric mean is done
using the top panel of the Figure 5.3. In that panel we can see a small yellow band below
the punch through region which suggests that particles are overlapping with each other
so normalization is needed to separate them. For normalizing the geometric mean, we
found the punch through values for protons, deuterons and tritons for all the Veto Wall
detectors. Taking the punch through values of detector 12 as reference, we scaled the

punch through values of all other detectors with our reference.

5.3 Energy Loss in Different Materials

The fragments produced after the collision can travel through different materials be-
fore hitting the Veto Wall detector. Those fragments will then lose energy by passing
through the vacuum chamber. The vacuum chamber is made up of stainless steel that is
3 mm in thickness. Additionally, there is a rim around the vacuum chamber which is 6
mm. This rim is to make the chamber rigid. Since the surface area of the rim throughout
the chamber is small, only a small percentage of particles pass through it. Once particles
get out of the chamber, they travel in air for some distance before hitting the shadow bar
stand, that has two frames (front and back) with a gap of 19 cm in between. Each frame
is 3 mm thick and is made of stainless steel with aluminum legs at the bottom. The legs
of these two frames do not overlap with respect to reaction center and very few particles
pass through them before hitting the Veto Wall and the LANA detectors. The particles
emerging from the vacuum chamber lose some of their energy in the air, the shadow bar
stand and then they travel few meters in air before hitting the Veto Wall.

Energy loss of the particles in different materials is calculated using LISE ++. LISE











































































113

shown in Figure 6.1. Theoretical calculations under similar conditions using transport
models will be compared to the experimental neutrons to protons double ratio in order to
constraint the density and the momentum dependence of the symmetry energy potential.

We used the Veto Wall to construct proton, deuteron and triton spectra that were
stopped in the detector. We constructed the double ratio of pseudo neutrons and protons
using the charged particles deposited in the detector. The HiRA and the LANA will be
used to construct the double ratio of real neutrons (measured by the LANA) and protons
(measured by the HiRA) that will be compared to theoretical models so that the mystery
of the density and momentum dependence of the symmetry energy at higher densities

can be unfold.
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