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�a�r�e �s�h�e �h�a�d� �t�a�k�e�n� �d�u�r�i�n�g �t�h�i�� �w�o�r�k�, �t�h�a�t �a�l�l�o�w�e�d� �m�e �t�o �f�i�n�i�s�h� �t�h�i���j�o�u�r�n�e�y. M�y �l�o�v�i�n�g �t�h�a�n�k�� �a�r�e �a�l�s�o �d�u�e �t�o �m�y �t�w�o �s�o�n��, D�e�e�s�h�a�n� �a�n�d�S�h�r�e�y�a�n�, �w�h�o �h�a�v�e �b�e�e�n� �m�y �
�o�n�s�t�a�n�t �s�o�u�r�
�e �o�f �e�n�e�r�g�y �a�n�d� I �t�h�a�n�k��t�h�e�m� �f�o�r� �p�r�o�v�i�d�i�n�g �
�h�e�e�r�f�u�l �a�t�m�oǑs�p�h�e�r�e �a�t �h�o�m�e. I�t �i�� �m�y �d�u�t�y �o�f�
�o�u�r�s�e, �t�o �a�
�k�n�o�w�l�e�d�g�e �m�y �p�a�r�e�n�t��, �w�h�oǑs�e �e�n�
�o�u�r�a�g�e�m�e�n�t, �a�n�d� �l�o�v�i�n�g�s�u�p�p�o�r�t �b�r�o�u�g�h�t �m�e �t�o �w�h�e�r�e I �a�m� �t�o�d�a�y. I �a�l�s�o �l�i�k�e �t�o �t�h�a�n�k� �t�o �m�y�y�o�u�n�g�e�r� �b�r�o�t�h�e�r� R�a�j�e�s�h�, �m�y �s�i�s�t�e�r� B�i�j�a�y�l�a�x�m�i� �a�n�d� �t�h�e�i�r� �f�a�m�i�l�i�e�� �f�o�r��t�h�e�i�r� �l�o�v�i�n�g �s�u�p�p�o�r�t. I �w�o�u�l�d� �l�i�k�e �t�o �t�h�a�n�k� �m�y �m�a�t�e�r�n�a�l �u�n�
�l�e�� �a�n�d��a�l�l �m�y �r�e�l�a�t�i�v�e�� �f�o�r� �t�h�e�i�r� �s�y�m�p�a�t�h�y �d�u�r�i�n�g �t�h�i�� �w�o�r�k�.
T�a�p�a�n� K�u�m�a�r� R�a�n�a�

xxv



xxvi



Contents

SYNOPSIS xxxi

List of Figures xliii

List of Tables xlv

1 Introduction 1

1.1 The Hoyle state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 Role of the Hoyle state in nucleosynthesis . . . . . . . . . .. 3

1.1.2 Present status on structure of the Hoyle state . . . . . . .. . 6

1.1.3 The tripleα reaction rate . . . . . . . . . . . . . . . . . . . . 8

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Development of high resolution charged particle detectorarray 15

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .15

2.2 Design and simulation of the high resolution charged particle detector
array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.1 Design of individual telescope . . . . . . . . . . . . . . . . .23

2.2.2 Silicon Detectors . . . . . . . . . . . . . . . . . . . . . . . .23

2.2.2.1 Single-sided Silicon Strip Detector (SSSD) . . . . .24

2.2.2.2 Double-sided Silicon Strip Detector (DSSD) . . . .24

xxvii



2.2.2.3 Design of the detector frame . . . . . . . . . . . .25

2.2.2.4 Characterisation of silicon strip detectors . . . . .. 26

2.2.3 CsI(Tl) detector . . . . . . . . . . . . . . . . . . . . . . . . .29

2.2.3.1 Design of CsI(Tl) detector . . . . . . . . . . . . . .30

2.2.3.2 Characterisation of CsI(Tl) detector . . . . . . . . .31

2.3 Development of event reconstruction technique . . . . . . .. . . . . 32

2.3.1 Event selection . . . . . . . . . . . . . . . . . . . . . . . . .33

2.3.2 Position identification in DSSD . . . . . . . . . . . . . . . .34

2.3.3 Particle Identification by∆E - E method . . . . . . . . . . . . 36

2.4 In beam performance test of a prototype telescope . . . . . .. . . . . 38

2.4.1 Experimental details . . . . . . . . . . . . . . . . . . . . . .38

2.4.2 Performance Testing of event reconstruction technique . . . . 40

2.4.3 Physics extraction from the prototype telescope testing . . . . 42

2.4.4 Performance test of final telescopes . . . . . . . . . . . . . .46

2.5 Design and development of mechanical structure of detector array . . 49

2.5.1 Single telescope housing . . . . . . . . . . . . . . . . . . . .49

2.5.2 Support structure of detector array . . . . . . . . . . . . . . .50

2.5.3 Readout electronics and data acquisition system . . . .. . . . 51

2.5.4 Status of the high resolution array . . . . . . . . . . . . . . .53

3 Study of decay mechanism of the Hoyle state 55

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

3.2 Experiment for study of the Hoyle state . . . . . . . . . . . . . . .. 56

3.2.1 Accelerator used: Variable energy cyclotron . . . . . . .. . . 56

3.2.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . .59

3.2.3 Readout electronics and data acquisition system . . . .. . . . 60

3.3 Data Analysis procedure . . . . . . . . . . . . . . . . . . . . . . . .61

3.3.1 Energy calibrations . . . . . . . . . . . . . . . . . . . . . . .63

xxviii



3.3.2 Position identification in DSSD . . . . . . . . . . . . . . . .66

3.3.3 Particle Identification technique . . . . . . . . . . . . . . . .67

3.3.4 Target thickness measurement . . . . . . . . . . . . . . . . .68

3.3.5 Energy loss corrections . . . . . . . . . . . . . . . . . . . . .69

3.3.6 Event reconstruction . . . . . . . . . . . . . . . . . . . . . .70

3.3.7 Kinematical cuts for filtering of events . . . . . . . . . . . .. 71

3.3.8 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . .73

3.3.9 Dalitz Plot technique . . . . . . . . . . . . . . . . . . . . . .77

3.4 Techniques used for estimation of decay mechanism . . . . .. . . . . 81

3.4.1 The relative energy distribution of8Be like pairs . . . . . . . 82

3.4.2 The distribution of root mean square energy deviation: . . . . 83

3.4.3 The distribution of radial projection of the Dalitz plot: . . . . 84

3.5 Estimation of decay components of the Hoyle state . . . . . .. . . . 87

3.6 Results and discussions . . . . . . . . . . . . . . . . . . . . . . . . .90

4 Summary and Conclusions 93

xxix



xxx



SYNOPSIS

In nuclear physics, clustering plays an important role in determining the structure

of light nuclei. Moreover the study of these nuclei is crucial for various astrophysical

scenarios. The study ofα-cluster emission is one of the most important ways to in-

vestigate the structure of N= Z nuclei. It is important to extract maximum possible

information on these emitted cluster particles using the sophisticated detector system

to understand their emission mechanism and ultimately to know the underlying nuclear

structure of the decaying nuclei. In particular, the study of 8Be, 12C, 16O as two, three

and fourα-cluster structures, respectively, is important to estimate elemental abun-

dances in universe through stellar-nucleosynthesis process. In recent years, there has

been lot of interest in the study of cluster states using resonance particle spectroscopy

with special emphasis on the structure of second 0+ excited state of12C at 7.65 MeV,

the famous Hoyle state, which is believed to play a key role inthe synthesis of12C

and the other heavy elements in the Universe. Though a few attempts have been made

in the past to understand the nature of this Hoyle state, the study of structure of this

state is still a subject of great interest. From nuclear structure point of view too, the

Hoyle state presents many unique features which are yet to beunderstood properly.

The standard shell-model approaches as well as no-core shell model (NCSM1) calcu-

lations failed to reproduce the state; however, recent calculations within no core shell

model framework with no effective limitation on the number of harmonic oscillators

in the model space (NCSM2) have been able to demonstrate the existence of low ly-

ing cluster structures in12C (0+2 Hoyle state and its excited 2+2 state). Theab− initio

calculation using lattice chiral effective field theory (LEFT) has been able to identify

a resonance in12C having the characteristics of the Hoyle state. Besides, this state has

long been considered as a classic example ofα-cluster nuclear states in light nuclei

as well as a candidate for exotic 3α linear chain configuration. At the same time, this

state is known to possess a relatively large radius comparedto that of the ground state.

So, it may be conjectured that theα-clusters in the Hoyle state remain in quasi-free gas

like state. This observation, together with the bosonic nature ofα-particles and the fact
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all threeα-particles are in the same state (0+), has led to the speculation that the state

may be interpreted in terms of a nuclear Bose-Einstein condensation (BEC). Because

of the gas like structure of the condensate, the relative positions of theα-particles in the

Hoyle state should be uncorrelated . However, recent fermionic molecular dynamics

(FMD) calculations indicate that the relative positions oftheα-particles are correlated

mostly resembling8Be plusα configurations. The predominance of this (8Be + α)

structure has been observed experimentally in the sequential nature of decay of the

Hoyle state. However, the predominance of one type of configuration (say8Be + α)

does not rule out the possibility of existence of other configurations (i.e., BEC) in iso-

lated situations. Similar interesting features may also exist for other higher unbound

resonances which are yet to be explored. Understanding the origin and structure of the

Hoyle state continues to remain a strong challenge to theoryand attracts considerable

experimental efforts. The information about the structure ofα-cluster resonances are

usually extracted from the particle decay studies. Thus precise studies of decay mech-

anism of the states play an important role in deciphering thestructure information of

these exotic states. Moreover, the break-up of a physical system into a three-body con-

tinuum with Coulomb interaction is not yet a well-understood problem of few-body

physics, although it is being studied over many years. The study of these processes

will help to improve our understanding of the inverse triple-α process and to probe to

what extent the three particles of the final state may be present as a cluster structure

in the many-body initial state. To study the above mentionedphenomena, a sophisti-

cated detector system with high granularity and high resolution needed. In the present

thesis, a high resolution charged particle detector array has been developed and use

it (partially) to study the particle unstable states, particularly the Hoyle state, formed

in low energy (. 15 MeV/A) light heavy-ion reactions. The thesis mainly consists of

two parts. The first part is related to the development of highgranular-high resolution

charged particle detector array and its event reconstruction technique. The second part

of the thesis dedicated to the study of the decay mechanism ofHoyle state of12C in

inelastic scattering ofα on 12C at 15 MeV/A energy.
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The first part of the thesis is related to the development of detector array and its

data reduction technique. We have been developing a high resolution charged parti-

cle detector array, which would ultimately be used for nuclear physics experiments

with K500 super-conducting cyclotron at VECC. The main objective of high resolu-

tion charged particle detector array is to study the hot nuclei produced in intermediate

energy heavy ion collision by calorimetric as well as spectroscopic techniques. This

array will cover the angular range (laboratory) of 70 to 450 (most of the intermediate

mass fragments will be emitted within this zone), and it is needed to identify them in

energy, mass and charge for physics extraction. Therefore,the detector should have

high energy resolution, high granularity, low detection threshold and good isotopic

identification capacity. Keeping all these in mind, the detector array has been devel-

oped. It consists of 24 telescopes, each telescope is made upof three elements; first

element is a 50µm,∆E, Single-sided Silicon Strip Detector (SSSD : 16 strips, each of

dimension 50 mm× 3 mm), second element is a 500/1000µm, E/∆E, Double-sided

Silicon Strip Detector (DSSD : 16 strips (each 50 mm× 3 mm) per side in mutually or-

thogonal directions) and third element is CsI(Tl) detector(4 nos.), each of thickness 6

cm. The complete mechanical structure is such that the array, after complete assembly,

form a surface of a sphere of radius 20 cm. Development of dataanalysis procedure of

the this array is quite complex as it consist of multiple channels in each telescope (52

channels per telescope, total of 1248 channels for the wholearray). Event reconstruc-

tion technique for the analysis of the data from multiple telescopes has been developed

in ROOT platform under the present thesis program. Characterisation (mainly energy

resolution and uniformity) of Si-strip detectors and CsI(Tl) detectors for each telescope

has been performed. Design and development of whole mechanical support structure

of array as well as each housing of telescope have been performed. Initially, a pro-

totype telescope has been developed, which consisted of 65µm, ∆E, SSSD, 300µm,

E/∆E, DSSD and backed by four CsI(Tl) detectors of thickness 4 cm; the performance

of the prototype has been tested experimentally using 145 MeV 20Ne beam from the

room temperature cyclotron, VECC, Kolkata, on the12C target. Emitted particles have
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been measured using this telescope in the angular range 270 to 400 in laboratory. Multi-

particle correlation has been studied (such as 2α, d-α, which correspond to8Be, 6Li

particle unstable states). From the above correlation study, nuclear source tempera-

ture has been extracted using three different methods (slope thermometer, excited state

thermometer and double isotope thermometer methods). The estimated temperature

using three different methods have been found to be consistent at this excitation en-

ergy. Second performance testing of final design of telescope has been performed at

BARC-TIFR Pelletron, Mumbai, to measure the particle unstable states formation in

12,13C+ 12C reactions. Performance test of all elements of the detector array have been

completed. The complete detector array with all the elements as well as the electronics

have been tested and the array (full or part of it) is being used for physics experiment.

Second part of the present thesis is related to the study of Hoyle state of12C in

a complete kinematics experiment. The experiment has been performed at the Vari-

able Energy Cyclotron Centre, Kolkata, using 60 MeV4He ion beam from the K130

cyclotron on12C target (self-supported with a thickness∼90 µg/cm2). Typical beam

current used for the experiment was∼ 2.5 pnA. Different excited states in12C nu-

clei were produced through inelastic scattering of4He from12C. Two DSSD detectors,

each of 500µm thickness, have been used in forward direction to detect 3α decay from

12C∗ and one telescope consisting of a 50µm SSSD, as∆E, and 500µm DSSD as E,

in backward direction to detect and identify the inelasticα-particles. The two DSSD

detectors and strip detector telescope were placed at kinematically correlated angles

for coincident detection of inelastically scattered4He in the backward angle telescope

(covering the angular range approximately 88◦ - 132◦) and the threeα-particles, origi-

nating from the decay of the states of the recoiling12C∗, at the forward angle detectors

(covering the angular range approximately 20◦ - 92◦). All strips of the detectors were

read out individually using standard readout electronics.

The study of break up (direct versus sequential break up) of Hoyle state of12C into

its constituentα-particles is still of great interest and is very important also from the

structural and astrophysical point of view. The triple-α reaction is fully dominated by
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the s-wave resonances in the temperature range (T= 108 K - 109 K) in which stellar he-

lium burning takes place. The astrophysical reaction rate calculations are based on the

assumption that triple-α capture process proceeds exclusively via sequential two-step

process (α + α→ 8Be ; 8Be+ α→ 12C∗). Calculations indicate that even minor change

of the process (from sequential to direct) may modify the triple-α capture rate [C. An-

guloet al., Nucl. Phys. A656, 3 (1999)], and thus the relative abundance of12C, which,

in turn, would affect the stellar evolution process [C. Turet al., Astrophys. J.718, 357

(2010)]. So, precise quantitative measurement of all direct processes (deviation from

sequential) in Hoyle state decay is crucially important from nuclear structure as well as

astrophysics points of view. In recent times, several experiments have been performed

to investigate and quantify the roles of various decay modesof Hoyle state. In addi-

tion, attempts have also been made to identify and differentiate among various types

of direct decays, such as decay into equal energies (DDE), decay into a linear chain

(DDL) and decay in phase space (DDΦ), and to quantify their contributions, which are

supposed to throw new lights on the exotic structure of the Hoyle state. The first exper-

imental estimate of direct 3α decay of the Hoyle state was made by Freeret al. [Phys.

Rev. C49, 1751(R) (1994)], who, using a Dalitz plot and its projection in terms of8Be

like pairs, estimated an upper limit of 4% on direct 3α decay in phase space branches

bypassing the ground state of8Be. In a recent work, Radutaet al. [Phys. Lett. B

705, 65 (2011)] identified two direct decay branches, DDE and DDL, with a combined

branching percentage of 17(5) %, and argued that the DDE branch corresponds to the

signature of anα condensate structure. This 17 % direct decay implies a same amount

of reduction in the reaction rate calculation in the temperature range of 3α fusion (108

- 109 K), which is larger than the current estimate of uncertaintyon the reaction rate;

this is a serious issue that needs to be cross-checked by independent, precise, higher

statistics experiment. More recently, Manfrediet al. [Phys. Rev.C85, 037603 (2012)]

have estimated, using optimizations of the distribution of8Be like pairs as well as the

distribution of root mean square energy deviation, the upper limit for contributions of

DDΦ and DDE to be 3.9 % and 0.45 %, respectively, at 99.75 % confidence level .
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In another recent work, Kirsebomet al. [Phys. Rev. Lett.108, 202501 (2012)] have

estimated, using the optimization of symmetric Dalitz plotand its radial projection,

the upper limits for DDE, DDL and DDΦ components to be 0.09%, 0.09% and 0.5%,

respectively, at 95% confidence level.

It is clear from above that there is a discrepancy among different measurements; in

particular, all measurements except that of Radutaet al. indicate that the direct decay

modes are very small fractions (upper limit∼5 % or less). Therefore, exclusive exper-

iments with higher statistics of Hoyle events are needed to verify and cross check the

recent experimental results and to reach a consensus on thisissue. This is important

because, apart from crucial astrophysical significance (triple-α reaction rate and con-

sequently the abundance of carbon), various DD modes, though small, are considered

to be manifestations of new and exotic structures (linear chain, nuclear Bose-Einstein

condensate, etc.) which are special for the Hoyle state. In this thesis, different decay

mechanism of Hoyle state has been estimated in a high resolution and high statistics ex-

perimental measurement. It has been performed in a completekinematical experiment

of inelastic scattering ofα (60 MeV) on12C. Only fully detected (4α in exit channel)

events were considered for the present analysis to avoid anypossible propagation of

error originating from the uncertainty in the determination of the momentum of the

fourth particle escaping detection in otherwise kinematically complete, 3α events. The

number of fully detected (4α) Hoyle state events in the present data was around 20,000,

which is nearly 4-10 times higher than the number of events considered in any earlier

experiment.

For quantitative estimation of the individual contributions of the three direct decay

modes (DDL, DDE, and, DDΦ), of the Hoyle state, an event-by-event Monte Carlo

simulation program has been developed using CERN library inROOT platform to take

into account the geometrical efficiencies of the setup. In the simulation, all exper-

imental effects have been properly considered. Simultaneous optimization of three

different distributions (the relative energy of8Be like pairs, the root mean square en-

ergy deviation, and the radial projection of symmetric Dalitz plot) derived from the
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experimental data with those generated from a simulated event set has been performed

to arrive at a consistent estimate of the contributions of various direct decay modes.

The optimization procedure was further repeated numerous times with different sets

of simulated data sampled randomly from a much larger pool ofsimulated events to

extract the distribution of the best-fit values and determine the contribution for each

mode; if the contribution for some mode was not statistically significant, the upper

limit of the contribution has been extracted at 99.75 % confidence limit (CL). Simulta-

neous optimization of three different distributions usingχ2 minimization technique has

led to the determination of non-zero branching ratios for direct decay in phase space

(DDΦ : 0.60± 0.09 %), and direct decay with equal energy (DDE : 0.3 0± 0.1 %).

The present study has also led to the estimation of upper limit for direct decay of linear

chain (DDL : 0.1%) at 99.75 % confidence level. This is the firsttime in a complete

kinematics experiment, the quantitative contributions ofdifferent direct components of

Hoyle state decay have been extracted.
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Chapter 1

Introduction

Nuclear physics is the branch of physics which deals with thestudy of fundamental

properties of atomic nuclei theoretically as well as experimentally and reveals their

underlying structures and reaction dynamics. The basic building blocks of the atomic

nucleus are protons and neutrons, known as nucleons. The observed properties of the

nucleus are in fact the reflection of the properties and the mutual interaction of these

nucleons. It has been conjectured that the nucleons are inside the nucleus may also

exist in the form of compact close-packed cluster of four nucleons (two-neutrons and

two protons,i.e., 4He nucleus) as a sub-unit of the nucleus. The4He nucleus possesses

a significantly higher binding energy compared to its nearest neighbours and its first

excited state is lying at much higher excitation energy (20.2 MeV) above the ground

state. These properties of4He nucleus make it a candidate as a sub-unit ingredient

of nuclei. Clustering, particularly in the form ofα-cluster, is well established both in

heavy as well as light nuclei [1, 2, 3, 4].

Investigation on the structure of nuclei with N= Z, particularly even Z and N nu-

clei, is very interesting and important from nuclear structure as well as astrophysical

points of view [5, 6, 7, 8]. Theα-clustering plays an important role in determining the

structure of these N= Z nuclei. In 1938, Hafstad and Teller conjectured that the ground

state of nuclei with N= Z could be described in terms of geometric arrangements of
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Figure 1.1: The Ikeda threshold diagram for Nα nuclei.

α-particles known asα-clusters [9]. In 1960, this idea of cluster structure near the

decay threshold has been developed by Ikeda and his co-workers [10]. The Ikeda dia-

gram (as shown in Fig.1.1) predicts widespread clustering structure, and in particular

α-cluster structure in nuclei for the states at energies nearthe cluster separation thresh-

olds. The simplest case of twoα-clustered system is8Be, which possesses a dumbbell

like structure with axial deformation of 2:1. The nuclei12C, 16O and20Ne are well

known examples of three, four and fiveα-clustered nuclei, respectively. These nuclei

are unstable against breakup into its particular clusters at excitation energy close to

the corresponding particle decay thresholds. Each of the threshold value for the decay

into the corresponding cluster nucleus is mentioned in Fig.1.1. Most of the states are

particle unbound above this threshold. So, studying these particle/cluster decays, one

can extract valuable information about the structure of these nuclei, which are believed

to play vital role in understanding several stellar processes.

2



In recent years, the study of cluster states using resonanceparticle spectroscopy

with special emphasis on the structure of second 0+ excited state of12C at 7.65 MeV,

known as the famous Hoyle state, has evoked a lot of interest,as the state is believed

to play a key role in the synthesis of12C and the other heavy elements in the Universe

[11]. Aim of the present thesis is to study the Hoyle state, particularly its decay mech-

anism, using high precision, high resolution, kinematically complete measurement of

the decay products.

1.1 The Hoyle state

Synthesis of12C and other heavy chemical elements are quite essential for the

existence of life and everything on Earth. The formation of12C is the main key behind

the synthesis of all heavy elements that proceed through12C. But carbon itself would

not have existed in sufficient amount to form life, if there did not exist one excited state

in proper position (just above the particle decay threshold) in 12C. This unusual excited

state is the second excited state of12C, which is the famous Hoyle state. Though

quite a few attempts have been made in the past to understand the nature of the Hoyle

state, the study of the structure of this state is still a subject of great interest in recent

time. The12C isotope of carbon is the most abundance among its availablestable

isotopes and is the fourth most abundant on earth. Although12C is one of the most

well studied nucleus, surprisingly many aspects about the excited states of the nucleus

are still unknown. In the following section we will discuss how the Hoyle state plays a

crucial role in the formation of elements found in the Universe, commonly termed as

nucleosynthesis process.

1.1.1 Role of the Hoyle state in nucleosynthesis

All elements, that we observe in the solar system or in Universe, are believed to

be formed through multi-step fusion process generally termed as nucleosynthesis. The
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Figure 1.2: Schematic view of level diagram of12C. The Hoyle state is produced through

fusion of triple-α process. Ground state of12C is produced through the decay of the Hoyle

state (7.65 MeV) by cascadeγ-decay or by internal pair production.

nucleosynthesis first initiated during ‘Big Bang’ is calledprimordial nucleosynthesis,

which lasted for a few minutes (∼ 3 minutes) after the ‘Big Bang’, till the tempera-

ture fell below the temperature necessary for fusion. This initial ‘Big Bang’ has been

responsible for the creation of most of the mass of the Universe as we see today, pre-

dominantly in the form of hydrogen and helium. Synthesis of heavier elements (carbon

and beyond) is believed to have taken place later in the heartof stars formed by hy-

drogen and helium through a number of nuclear reactions, termed as stellar nucleosyn-

thesis process. In stars like Sun, the main process of energyproduction is ‘hydrogen

burning’ through proton-proton (pp) chain reaction, by which protons fuse to form nu-

clei upto helium. The cores of these stars are comprised mainly of helium, and Bethe

[12] conjectured that no significant amount of any element heavier than helium can be

produced by stellar thermonuclear reactions due to the lackof stable nuclear isotopes

with mass numbers 5 and 8. So, the question arises; how the elements like12C and

16O were formed. To circumvent this problem, it was first proposed independently by

Estonian-Irish astronomer E. J. Öpik [13] and an Austrian theoretician, E. E. Salpeter

[14] that the synthesis of carbon might have taken place througha successive 3α cap-
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ture process, since the direct formation is inhibited by thenegligible probability that

threeα-particles simultaneously collide and fuse in the stellar medium. In this succes-

sive 3α capture process, twoα-particles in the first step fuse to form the unstable8Be.

As the decay life time of8Be is approximately few orders of magnitude longer than

the interaction time between the twoα-particles, there will be build up of only a small

concentration of8Be in equilibrium withα particles (one ground state8Be nucleus for

every 109 α’s). In second step, it (8Be) then combines with the thirdα-particle by a

non-resonant process to form12C as

α + α ⇌ 8Be (1.1)

8Be+ α → 12C + 2γ, (1.2)

Since the density of8Be in the stellar plasma is very low, because of its short

lifetime of ∼10−16 s, this non-resonant process was considered to be slow enough to

explain the observed abundance of carbon. Energetically, the12C produced in this way

will be unbound, as its excitation energy (Ex) will be above the 3α decay threshold. In

order to explain this mystery, in 1953, the British astronomer Fred Hoyle suggested that

this small probability ofα-capture by short lived8Be would be greatly enhanced if the

carbon nucleus had an energy level close to the combined energies of the reacting8Be

andα nuclei [15]. Then, the reaction would be a faster ‘resonant’ reaction to explain

the observed abundance of12C in Universe. With the new hypothesized resonance

the carbon yield would increase by a factor of about 107 to 108 compared to the non

resonant process given by Öpik and Salpeter [13, 14]. The existence of such a 0+2 state

at Ex ∼ 7.654 MeV, known as the Hoyle state, was experimentally confirmed soon

afterwards [16], and its properties were established on the basis of a measurement of

α-particles emitted in theβ-decay of12B [17]. This triggered vigorous theoretical and

experimental activities in the next few decades, as the Hoyle state is considered to

hold the key to understand a variety of problems of nuclear astrophysics like elemental

abundance in the Universe as well as the stellar nucleosynthesis process as a whole

[18]. The energy level diagram of12C is shown in Fig.1.2. The formation of stable
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carbon takes place only through the radiative transition tothe ground state,i.e., either

through cascade gamma transitions or through invisible gamma (e− - e+ ) transition (as

shown in Fig.1.2). After the formation of12C through tripleα fusion, the reaction

12C(α, γ)16O would convert part of the12C into 16O. The rate of conversion highly

depends on the relative rates of these two reactions [tripleα fusion and the12C(α,

γ)16O reactions]. The subsequent evolution of star greatly depends on the ratio of12C

and 16O, which in turn depend on the rate of tripleα reaction and the12C(α, γ)16O

reaction. The location of the energy level of the Hoyle statein 12C is exactly at the

required position for the production of12C in Universe and consequently for formation

of carbon-based life in earth [19]. If the energy level of the Hoyle state would be

little bit higher, essentially all12C would be converted into16O, on the opposite, if

the energy level would be little bit lower, then the stars start 12C burning early, so no

16O could be created [20]. Nature’s fine tuning of the energy level of the Hoyle state

at appropriate position with right properties, the location of the resonant level of the

Hoyle state is such that the level of16O at 7.1187 MeV is non-resonant, slightly less

than the combined masses of12C and theα particle. This ensures that a significant

fraction of the12C created will not be destroyed byα capture. Any small change in

position of the energy level (within 100 keV) of the Hoyle state, it is impossible or

very difficult to form the carbon as well as the other heavy elements [20].

1.1.2 Present status on structure of the Hoyle state

The prediction of the 7.65 MeV resonance, the second excitedstate of12C, by

Fred Hoyle was a remarkable inference from astrophysics to nuclear structure point of

view and it had a dramatic effect on the subsequent development of stellar nucleosyn-

thesis and other branches of astrophysics. The existence ofthe Hoyle state has been

predicted and experimentally observed six decades ago, butnevertheless the structure

of the state is still not known properly. The structure of theHoyle state is a matter

of great interest and is a longstanding problem in nuclear physics, which has received
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much theoretical attention recently, like, lattice effective field theory [21, 22], no-core

shell model [23, 24], fermionic molecular dynamics [25] andα-cluster models [26, 27].

The present status of experimental as well as theoretical studies on the Hoyle state has

recently been well described in a review by Freeret.al. [11]. From the nuclear struc-

ture point of view, the Hoyle state presents many unique features which are yet to be

understood properly. The Hoyle state cannot be described easily by any known models

of atomic nuclei. The standard shell-model approaches as well as ab− initio calcula-

tion using no-core shell model (NCSM1) failed to reproduce the state [23]; however,

recent calculations within no core shell model framework with no effective limitation

on the number of harmonic oscillators in the model space (NCSM2) have been able to

demonstrate the existence of low lying cluster structures in 12C (the second 0+2 state,

known as the Hoyle state and its excited 2+
2 state) [24]. Theab− initio calculation us-

ing lattice chiral effective field theory (LEFT) has been able to identify a resonance in

12C having the characteristics of the Hoyle state [21]. Besides, this state has long been

considered as a classic example ofα-cluster nuclear states in light nuclei [25, 26, 27]

as well as a candidate for exotic 3α linear chain configuration [26, 28]. Recently, it

has been demonstrated from first principle that the structure of the Hoyle state as al-

most like a linear chain arrangement of threeα [22]; however, more recently it has

been claimed experimentally that the structure of the stateis like a triangular structure

with α-particles in three vertices of the triangle [29]. As this state is also known to

possess a relatively large radius compared to that in the ground state [30, 31], it was

further conjectured that theα-clusters in the Hoyle state may remain in quasi-free gas

like state [32, 33]. Considering the bosonic nature ofα-particles and the fact that the

initial states of all threeα-particles, as well as the final (Hoyle) state are in the same

(0+) state, it was tempting to speculate that the state may be interpreted in terms of

a nuclear Bose-Einstein condensate (BEC) [34, 35, 36]. However, recent fermionic

molecular dynamics (FMD) calculations have indicated thattheα-cluster structure of

the Hoyle state was mostly resembling8Be plusα configuration [25], which has been

verified in the observed sequential nature of its decay [37]. The predominance of this
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correlated (8Be+ α) structure, as well as the prediction that antisymmetrisation is not

negligible [25], do not go well with the naive BEC scenario. Regarding the shape

of the Hoyle state also, there is discrepancy between various model predictions [38];

whereas FMD predicts a oblate equilateral triangle shape and LEFT predicts a bent

arm chain (obtuse triangular) structure, deformed prolateshape, BEC model predicts

the Hoyle state to be spherically symmetric. Moreover, the rms radii of the Hoyle state,

predicted by the above models, are also different from each other [38]. However, it is

likely that the above-mentioned unusual structure of this state may modify the decay

mode of12C, thereby affecting the reaction rate of12C as well as that of other heavy

elements [39, 40].

In nucleosynthesis reaction rate calculations, it is implicitly assumed that the decay

of the Hoyle state proceeds exclusively via a sequential two-step process, i.e, via the

ground state of8Be [41]. Deviations from the two step process have been predicted to

modify the relative abundance of12C, and thereby affect the future evolution of stars in

the Universe [42, 43, 44]. So, it is crucial to determine the quantitative contributions

of all direct processes other than sequential decay to get a clear picture of the Hoyle

state decay.

1.1.3 The tripleα reaction rate

The tripleα reaction,i.e. the fusion of threeα to form 12C nucleus, plays an im-

portant role in the stellar nucleosynthesis. It is the main process behind the synthe-

sis of carbon in star which bridged the mass gaps (mass A= 5 and A= 8 nuclei)

and allowed nucleosynthesis to proceed further. It is the main mechanism by which

early generation of stars evolved from the hydrogen and helium formed after the Big

Bang. Furthermore, this triple-α reaction plays an important catalytic role in various

explosive burning phases of star in which the stellar temperature exceeds 2× 109 K.

At low temperatures below 108 K, triple-α process no longer proceed via sequential

process (through8Be) because of too small thermal energy, where the reactionspro-
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ceed directly via other three body mechanism. The rate of thetriple-α reaction at low

temperature is also very important for evolution of the firstgeneration of stars (see

for more discussion in [45]). The triple-α reaction is fully dominated by the s-wave

resonances in the intermediate temperature range (from T= 108 K to T = 109 K) at

which stellar helium burning takes place and is fully determined by the properties of

the Hoyle state, which one can measure experimentally. For this reason the reaction

rate is known rather accurately even though it cannot be measured directly in the lab-

oratory. Currently, the rate is known with 10% precision, but efforts are underway to

reduce this to 5% [46]. The reaction rate calculations are far more complicated in low

and high temperature domains. At high temperature domain (> 109 K) contributions

of several other high lying states of12C take place which are not well established. This

is specially true for the excited state of the Hoyle state, which has been experimentally

observed recently [38, 47, 48]. In the low temperature region (< 108 K) sophisticated

three body models are necessary to calculate the rate [49]. The astrophysical reaction

rate (R) calculations are based on the assumption that triple-α capture process pro-

ceeds exclusively via the sequential two-step process (α + α→ 8Be ; 8Be+ α→ 12C∗

), which may be expressed as,

R∝ T−
3
2
Γα0Γrad

Γ
exp (−

E
kT

), (1.3)

where, E is the energy of the Hoyle state relative to the 3α decay threshold,T is

the temperature,Γ(= Γα + Γrad), Γα, Γrad correspond to total, total-α decay and total

radiative decay widths of the Hoyle state, respectively. Total radiative decay width

(Γrad) is the combined electromagnetic widths for the decay of theexcited state to the

12C ground state via sequentialγ emission (Γγ) and internal pair conversion (Γπ). Total-

α decay width isΓα = Γα0 + Γ3α, where,Γα0 andΓ3α are the partial decay widths for

sequential (12C∗ → 8Be + α → α + α + α ) and direct (12C∗ → α + α + α ) decays,

respectively.

In the above description of the reaction rate calculation, there is an implicit as-

sumption that the totalα decay width is from sequential decay only,i.e., Γα = Γα0.

Now, we know thatΓrad ≪ Γα (Γrad

Γα
= 4.12(11)×10−4) [50]; therefore,Γ ≃ Γα ≡ Γα0, if
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there is no direct decay. Under this condition the expression for reaction rate becomes,

R≡ Rseq∝ T−
3
2Γrad exp (− E

kT
). (1.4)

showing that the rate depends on two components only,E andΓrad. The latter is very

important from astrophysics and is determined from the measurement of three quanti-

ties

Γrad = Γπ + Γγ =
Γπ + Γγ

Γ

Γ

Γπ
Γπ (1.5)

The current recommended [11] values are

E = 379.38± 0.20 keV (1.6)
Γπ + Γγ

Γ
= (4.03± 0.10)× 10−4 (1.7)

Γπ

Γ
= (6.7± 0.6)× 10−6 (1.8)

Γπ = 62.0± 2.0 µeV (1.9)

However, ifΓ3α , 0, thenΓα0/Γ < 1, and therefore,R ≡ Rseq+dir < Rseq. Calcu-

lations indicate that even minor change of the process (fromsequential to direct) may

modify the triple-α capture rate [41], and thus the relative abundance of12C, which, in

turn, would affect the stellar evolution process [43]. Hence, precise quantitative mea-

surements of all direct processes (deviation from sequential) in the Hoyle state decay

is crucially important from nuclear structure as well as astrophysics points of view. So,

identification and quantification of these decay modes are crucial to probe deeply into

the structure of the Hoyle state. Presently, there are threedirect decay modes,i.e., de-

cay in linear chain (DDL), decay into equal energies (DDE), and direct decay in phase

space (DDΦ), which correspond to linear 3α chain, Bose-Einstein condensate of 3α

particles, and dilute Bose gas structures, respectively, have been identified. The DDL

decay mode corresponds to the breaking of 3α linear chain, where twoα-particles on

two sides will move with equal and opposite velocities, whereas the one at the centre

will remain static. The DDE decay mode is intended to focus onthe BEC-type decay;
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in this case the threeα-particles will have equal energies (decay from same condensed

state); finally, the DDΦ type decay, where the kinetic energies of theα-particles will

uniformly fill up the available phase space, corresponds to the gas-like configuration

of the Hoyle state. In the present thesis, it has been plannedto estimate the contribu-

tions of different decay mechanisms of the Hoyle state through precision, high statistics

measurements.

1.2 Motivation

The existence of non-sequential decay component of the Hoyle state implies a

modification in the reaction rate calculation for carbon formation inside star, which

in turn directly affects the formation of heavier elements and also the future genera-

tion of star in the Universe. From nuclear structure point ofview too, the Hoyle state

is unique on several aspects as discussed earlier. So, precise measurement of differ-

ent components of decay mechanism is very crucial from nuclear structure as well

as astrophysical, points of view. In recent years, quite a few experiments have been

performed to investigate and quantify the roles of various decay modesi.e. sequential

decay (SD) and direct 3α decay (DD) of the Hoyle state. In addition, attempts have

also been made to identify and differentiate among various types of direct decays, such

as decay into equal energies, decay in linear chain and direct decay in phase space,

and quantify their contributions, which are supposed to throw new lights on the exotic

structure of the Hoyle state. First experimental estimation of direct 3α decay of the

Hoyle state was made by Freeret al. [37], who, using Dalitz plot and its projection

in terms of8Be like pairs, estimated an upper limit of 4% on direct 3α decay in phase

space branches bypassing the ground state of8Be. In a recent work, Radutaet al.

[51] identified two direct decay branches, DDE and DDL, with a combined branching

percentage of 17(5) %, and argued that the DDE branch corresponds to the signature

of α condensate structure. If this is correct, the equation1.3 implies∼17 (5) % re-

duction in the reaction rate calculation in the temperaturerange of triple alpha fusion
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(108 - 109 K). This reduction in the reaction rate is larger than the current estimate of

uncertainty on it and the consequences would be far more dramatically change in the

low temperature (< 108 K) region; this is a serious issue that needs to be verified by

independent, precise, higher statistics experiment. Morerecently, J. Manfrediet al.

[52] have estimated, using optimisations of the distribution of 8Be like pairs as well

as the distribution of root mean square energy deviation, the upper limit for contribu-

tions of DDΦ and DDE to be 3.9 % and 0.45 %, respectively, with a upper confidence

limit of 99.75 %. In another recent work, Kirsebomet al. [53] have estimated, using

the optimisation of symmetric Dalitz plot and its radial projection, the upper limits for

DDE, DDL and DDΦ components to be 0.09%, 0.09% and 0.5%, respectively, at 95%

confidence limit. This is a complete kinematic experiment11B(3He,d)3α and total of

5,000 events of the Hoyle state has been analysed to study thedecay structure of the

Hoyle state. It has been found from the above discussion thatthere is a discrepancy

among various measurements. However, all measurements except that of Radutaet al.

[51] indicate that the direct decay modes are very small fractions (upper limit∼5 %

or less); therefore, exclusive experiments with higher statistics of Hoyle events (HE)

are needed to verify and cross check the recent experimentalresults and to reach a

consensus on this issue. This is important because, apart from crucial astrophysical

significance (tripleα reaction rate and consequently the abundance of carbon), various

DD modes, though small, are considered to be manifestationsof new and exotic struc-

tures (linear chain, nuclear Bose-Einstein condensate, etc.) which are special for the

Hoyle state.

High resolution, high granularity, large solid angle coverage detector array is an

essential tool for precise and complete kinematical experiments of the kind discussed

above. Moreover, such an array is extremely useful for detailed charged particle spec-

troscopy experiments in medium (Fermi) energy domain. In order to perform such

high resolution, high multiplicity kinematically complete experiments, an array of Si-

strip detector telescope has been developed. The details ofthe high resolution charged

particle detector array will be discussed in the next chapter. Hence, the main motiva-
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tion behind the present thesis is to develop a highly granular, high resolution charged

particle detector array and use the whole or part of the arrayelements to study the

Hoyle state of12C by a complete kinematics measurement of its decay. The thesis

mainly consists of two parts. First part (Chapter 2) is devoted to the development and

testing of high resolution charged particle detector arrayand its software analysis tools

for physics extraction. The second part (Chapter 3) is devoted to the study of the decay

mechanism of particle unstable states of12C (the Hoyle state decay in particular with

high statistics) in inelastic scattering ofα on 12C target at 60 MeV.
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Chapter 2

Development of high resolution

charged particle detector array

2.1 Introduction

The experimental study of nucleus-nucleus collision is essential to probe the prop-

erties of nuclei at extreme conditions of spin and temperature. Such study provides

information about the reaction dynamics and the thermal properties of the nuclei un-

der extreme condition, which includes the complete spectrum of mechanisms ranging

from the compound nucleus formation, deep inelastic collision, projectile breakup to

multi fragmentation of the colliding particles, dependingon the collision energy. In

order to disentangle these complex mechanisms or processes, simultaneous detection

of all or as many as possible reaction products is very much essential. In the case of

energetic heavy-ion collision, it is well known that multi detector arrays are very essen-

tial and important tools to investigate the dynamical properties of the reaction process.

However, in the case of low energy (E≤ 10 MeV/A) nucleus-nucleus collision, the

interaction between the projectile and the target is dominated by mean field and the

exit channel is mostly binary in nature. Therefore, one can extract the thermal or the
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dynamical information of the reaction by detecting any one of the reaction product

with the help of small number detectors. However, larger array of detectors is always

desirable for more effective utilisation of beam time. At higher beam energy,i.e. for

more energetic nuclear collisions (E≥ 30-40 MeV/A), the reaction dynamics changes

from mean field dominated regime to individual nucleon-nucleon collision. The tran-

sition is indicated by gradual change in observed reaction processes also; for example,

mean filed process like binary fission is gradually replaced by multi fragmentation;

non-central, peripheral reactions like binary dissipative collisions change over to pro-

jectile fragmentation. In order to study these processes around the Fermi energy (∼ 37

MeV/nucleon) domain, one needs powerful experimental equipments (detector arrays)

for detecting as many of the reaction products as possible with best possible energy

and spatial resolutions. The detector array should be designed in such a way that it

should have large angular coverage with high granularity, capability of isotopic as well

as mass identification of the fragments, and, as low as possible detection threshold.

The design consideration of the detector array in different energy regime is differ-

ent and it also depends upon the physics motivation. For example, at low projectile

energy, there is less kinematic focusing, array elements may be uniform in size and

should cover a large solid angle in the laboratory. On the other hand, at high projec-

tile energy, because of the strong kinematical focusing, itis required that the detector

array should be high granular in forward hemisphere, as it covers the major part of

the total (4π) solid angle sustended at the center of mass. Several such large detector

arrays in different laboratory around the world are currently in operation [54]. For

example, INDRA [55], is a 4π detector array which has been extensively used for

multi-fragmentation study. It mostly consists of ionisation chamber plus Si- CsI(Tl)

telescopes and covered 90 % of 4π. The array CHIMERA [56], is also a large 4π

charged particle detector array, made up of Si-CsI(Tl) telescopes with time of flight

measurement. Large Area Silicon Strip Array (LASSA) [57] is another auxiliary de-

tector array made up of nine high resolution telescopes, each telescope consisting of

one 65µm single sided Si-strip detector, one 500-1500µm double sided Si-strip detec-
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tor backed by four CsI(Tl) detectors of thickness 4-6 cm. TheHigh Resolution Array

(HiRA) [58], at National Superconducting Cyclotron Laboratory (NSCL), MSU, is a

large solid-angle array of silicon strip-detectors that has been developed for the study

of variety of nuclear structure, nuclear astrophysics and nuclear reaction experiments

using heavy ion beam. It consists of 20 telescopes, each of which is constructed from

a 65µm Si-strip detector, 1.5 mm Si-strip detector and four CsI(Tl) detectors. The 65

µm Si-strip detector is single sided (32 strips on the junction (front) side only, while

the 1.5 mm detector is segmented into 32 strips per side in front and back, mutually

orthogonal to each other. Individual active surface areas of Si-strip detector is of 64

mm x 64 mm.

A 4π charged particle detector array (CPDA) facility is being developed at Vari-

able Energy Cyclotron Centre (VECC), Kolkata, for nuclear physics experiment using

the upcoming K500 superconducting cyclotron. Motivation behind the development

of the array is to study the properties of the hot nuclei produced in energetic heavy

ion collision at around Fermi energy domain. The K500 superconducting cyclotron at

VECC will provide energetic ion beams (typically, 10 - 80 MeV/A for A pro j. < 100 and

5 - 20 MeV/A for heaviest ions) for nuclear physics research. So the array being de-

veloped should be capable to detect all types of emitted charged particles ranging from

light charged particles to fragments upto Z≈ 40. Depending upon the kinematics, rel-

ative yield of different kinds of particles will vary at different angular region around

the beam direction. So, the requirement of detectors are different in different angular

range, which in turn depends upon the type and energy of the reaction products. Based

on these considerations, it was decided that the 4π CPDA would consist of three dif-

ferent arrays, (i) forward array (angular coverageθ ∼ 70 to 450), (ii) backward array

(angular coverageθ ∼ 450 to 1750) and (iii) extreme forward array (angular coverage

θ ∼ 30 to 70). A schematic view of the charged particle detector array being developed

at VECC is displayed in Fig.2.1. The backward array of CPDA will consists of only

CsI(Tl) detectors of varying dimensions (thickness∼ 2 - 4 cm). This part of the array

will be kept at 15 cm from the target in backward direction andhas been designed in
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Backward array 

Forward array 

Extreme forward array 

Figure 2.1: Schematic view of the full 4π charged particle detector array.

such a fashion that the detectors after complete assembly will form a spherical surface

of radius 15 cm. The extreme forward array will be made up of 32plastic phoswitch

detectors (each will consist of a combination of one fast andone slow plastic scintilla-

tors). This part of the array will be kept at 40 cm from the target in forward direction

and the face of the detector would form a wall. Development ofthe forward array, the

high resolution Si(strip) - Si(strip) - CsI(Tl) charged particle detector array, contributes

a part of the present thesis; therefore, the design and fabrication of forward part of the

array has been described in details.

In the following sections the development of the high resolution forward array will

be described. The design and simulation of the array as well as performance test of

prototype elements will be described in section 2.2. The event identification and re-

construction techniques will be described in section 2.3 and in-beam performance test

of the array elements will be given in section 2.4. Finally, the mechanical design and

fabrication of whole mechanical structure of the array and the installation of detectors

with complete electronics will be described in section 2.5.
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2.2 Design and simulation of the high resolution

charged particle detector array

Study of thermodynamical properties of nuclei requires precise information about

the yields of charge as well as mass identified fragments emitted in the reaction. Due

to wide variety of fragment type and energy, we need to build detectors that can simul-

taneously identify both heavy fragments as well as light charged particles and measure

their energies over a wide angular range. To optimise the design of the high resolution

array, detailed Monte Carlo simulation has been performed,which is described below.

From the simulation study, it has been found that the emission of complex fragments is

restricted to forward hemisphere only due to Lorentz boost.At these energies, 450 in

the laboratory system typically covered> 900 in center of mass. Therefore, the forward

array was designed to cover the angular range of 70 to 450, as most of the intermediate

mass fragments are likely to be emitted within this zone. It has also been observed that

multiple hit probability are less at 20 cm from the target at this energy. It is needed to

identify all these fragments in charge as well as mass (as faras possible). Therefore,

the detector array should have good energy resolution, highgranularity, low detection

threshold and capability of good elemental as well as isotopic identification.

Monte Carlo simulation has been carried out to study the response of the high res-

olution array. Typical simulation using the phenomenological event generator HIPSE

(heavy ion phase space exploration) [59] for the reactions40Ca+ 40Ca and40Ca+ 197Au

(50 MeV/nucleon) have been studied (each reaction of 1 million events) [60, 61]. The

events are macroscopic/microscopic representations of heavy ion collisions at energies

around Fermi energy. The events span all possible impact parameters, maximum of

touching radius of projectile and target,i.e., from central collision (higher multiplicity

events) to elastic scattering (lower multiplicity events)events. The light charged parti-

cle (LCP) multiplicity events detected within the active geometrical acceptance of the

high resolution array in percentage for different LCP multiplicities in the mother events

of 40Ca+ 40Ca at 50 MeV/A are shown in Fig.2.2. The inset of Fig.2.2shows mother
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Figure 2.2: The detected LCP multiplicity events in percentage (motherevent LCP multiplic-

ities of 2, 8, 14, 20, 26, 32) for40Ca+ 40Ca reaction at 50 MeV/A. The solid lines are guides

to the eyes while the dotted lines are reduced multiplicities. The inset shows distribution of 1

million HIPSE events with lines as guides to the eyes.

event distribution for the reaction. The hollow circles/triangles imply multiplicities

of LCP (1≤ Z ≤2)/fragments (Z≥ 3) while the solid circles are multiplicities of all

charged particles (Z≥ 1). The fragment multiplicities are quite low and fall sharply

while the majority are LCP. If the event LCP multiplicity is 26 (solid diamond), the

most probable detected multiplicity is 13 and such events are about 18% of all LCP

multiplicity 26 events. For40Ca+ 197Au the corresponding values are 4 and 22%. The

dotted lines in Fig.2.2 are reduced multiplicities due to multiple hits on same strips

of the thin (∆E) detector of the telescopes. The multiple hit probabilityin different

detector elements of the telescope are shown in Fig.2.3. The total charged particle

multiplicity 26 events contain about 78% charged particles(Fig. 2.3a) and 22% neu-

trons (Fig.2.3b) in an event. About 40% of the charged particles impinge on∆E (Fig.

2.3c), most of which are LCP in this case. The charged particle multiple hit probability

(for multiplicity 26 events) is about 0.7% at∆E (Fig. 2.3d), 0.05% at∆E/E (Fig. 2.3e)
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Figure 2.3: The percentage of particles (a,b,c) and multiple hits (d,e,f) for 40Ca+ 40Ca reac-

tion at different detector elements of the telescope of array. The solid(open) circles correspond

to multiplicity events for all (light) charged particles while open triangles are fragments other

than LCP. The lines are the guides to the eyes. The inset in (f)shows the type of particles with

atomic number Z at CsI(Tl) detectors of the array.

and 2% at CsI(Tl) (Fig.2.3f) for 40Ca+ 40Ca reaction and 0.04% at∆E, 0.002% at

∆E/E and 0.1% at CsI(Tl) for40Ca+ 197Au reaction.

The forward array has been designed and constructed to fulfill the above require-

ments. It consists of 24 identical telescopes. Each telescope consists of three elements

[Si(strip) ∆E, Si(strip) E/∆E, 4 CsI(Tl) detectors] and has an active area of 50× 50

mm2. The complete mechanical structure of this 24 telescope array is such that, after

complete assembly, the detector faces will form a surface ofa sphere of radius 20 cm.

The schematic diagram for the arrangement of 24 telescopes is shown in Fig.2.4. In

the next section, the details of different elements of the telescope have been described.
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Figure 2.4: The schematic design and arrangement of high resolution Si-strips-CsI(Tl) detec-

tor array.

 4 � CsI(Tl)  6cm 

Si-E  0.5mm/1mm 

Si-∆E 50µm 

Figure 2.5: The schematic view of different elements of a telescope.
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2.2.1 Design of individual telescope

A schematic configuration of the telescope used in the forward array is shown in

Fig.2.5. In order to detect light charged particles as well as heavy fragments emitted in

the reaction, each telescope is composed of a (∆E) Single-sided Silicon Strip Detector

(SSSD) of∼ 50µm thickness, (∆E/E) Double-sided Silicon Strip Detectors (DSSD) of

∼ 500/1000µm thickness and four∼ 6 cm thickness CsI(Tl) detectors (E) (four crystal

because to have fast response and to make the telescope more granular). First-second

layers (∼ 50µm and∼ 500/1000µm Si-strips) are for heavy fragments and second-third

layers (∼ 500/1000µm Si-strip and CsI(Tl) detectors) are for light particles detection.

The thicknesses were chosen to have good isotopic identification for the fragments with

(Z < 10) produced in low and intermediate energy heavy-ion reactions. In addition

to good isotopic resolution, it will also provide a low energy threshold for particle

identification. The detailed design and characteristics ofeach element are described in

next few subsections.

2.2.2 Silicon Detectors

Silicon detector is very powerful device for detecting charged particles produced

in energetic nucleus-nucleus collisions. Advantage of this detector is that it has a very

good energy resolution with linear response over a wide range of energy. Because

of the availability of large area silicon wafer, one can use single detector as a multi-

detector by segmenting the contacts of the main detector volume into different section

called strips. With this, one can achieve good position resolution and the corresponding

detectors are referred as silicon strip detectors. Although silicon detectors are very

good for charged particle detection, they have few drawbacks. These are very fragile

(particularly the thinner ones) and are prone to radiation damage. The Silicon strip

detectors (SSSD and DSSD) used in the present array are ion-implanted, passivated
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devices obtained from M/s. Micron Semiconductors Ltd., UK [62] details of which

will be described as below.

2.2.2.1 Single-sided Silicon Strip Detector (SSSD)

The first element of the telescope has been chosen as∼ 50µm SSSD, so as to have

low energy threshold for highly ionizing particles; the threshold forα ∼ 2 MeV/A,

and that for40Ca is∼ 5.5 MeV/A. It is made up of a single silicon wafer having an

active surface area of 50× 50 mm2. It consists of 16 vertical strips in front side (each

of dimension 50 mm× 3 mm and in between two consecutive strips 50 mm× 0.13

mm separation gap) which are read out individually and back side is grounded. This

detector is used as transmission type (∆E) detector in telescopic mode. Typical full

depletion voltage (FD) for these detectors ranges from 4 V to8 V, and can be operated

up to 2FD; total leakage current at 2FD is∼ 20 nA (typical) at 250C with max. leakage

current 100 nA. The intrinsic resolution of the SSSD is< 70 keV (specified) for 5 MeV

α - partcle.

2.2.2.2 Double-sided Silicon Strip Detector (DSSD)

This detector is also made up of a single silicon wafer and hasan active surface

area of 50× 50 mm2. Each detector consists of 16 strips (each 50 mm× 3 mm) per side

in mutually orthogonal directions (front side vertical andback side horizontal). Front

and back strips together form 16× 16= 256 pixels, each of active area of 3× 3 mm2.

The position of the detected particle is assigned to the middle point of the pixel, which

basically leads to an uncertainty of 1.5 mm in each one of the two dimensions. Two

different thicknesses of DSSD, one∼ 500µm and another∼ 1000µm have been used in

two different angular zones. The 1000µm detector have been used in the more forward

angles (inner nine telescopes), because fragments in this zone have more energy. The

thickness of these detectors have been chosen to stop upto∼ 42 MeV/A 40Ca. Full

depletion voltages (FD) for these detectors are typically 30 - 35 V for 500µm and 120
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- 130 V for 1000µm. The 500µm DSSD can be operated up to 2FD; total leakage

current at 2FD V is 300 nA (typical at 250C) with max. leakage current 1µA. The

1000µm DSSD can be operated up to FD+ 30 V; total leakage current at FD+ 30 V

is ∼ 600 nA (at 250C) with max. leakage current is 3µA. The intrinsic resolution of

the DSSD , for 500µm, it is< 30 keV (specified) and for 1000µm, it is< 25 keV for

5 MeV α-particle.

2.2.2.3 Design of the detector frame

The frames and the readout cables with connectors have been specifically designed

by optimizing physical strength and dead area. The design ofall Si-strip detectors has

been performed in close association with the manufacturer,M/s. Micron Semiconduc-

tors Ltd., UK [62]. As the silicon strip detectors are very fragile, the holding frame of

the silicon wafer should be strong enough. On the other hand,the close-packed design

of the telescopes in the array require the minimum dead area (frame size) surrounding

each Si wafer. The commercially available detector frame did not allow close pack-

ing of the telescope. Hence, by optimizing fragility and compactness, a new frame

(as shown in Fig.2.6) has been designed for the present array. The frame is made

from glass epoxy with total outer dimension 60 mm× 60 mm [Fig.2.6(a), (c)]. There

is a slot of width 1.75 mm and depth 2.25 mm in the inner (top) sides of the frame

[Fig. 2.6(c)]. These were kept to glue the silicon wafer and also to protect the wafer

from other detector when the detectors will be placed in the telescopic mode. The

outer ridge has four through holes, one in each corner which may be used to align the

frame by dowel pins. Two slots are there in side 4 [Fig.2.6(a), (d)], one in the top side

of depth 1.5 mm and other on the outer side of depth 1 mm to placed the front side

kapton. Top side depth has been kept 1.5 mm to ensure that wirebonding of the front

side strip will be safely positioned and the outer side slot is to pass the kapton of∆E

Si-strip detector through in between E detectors’s frame and housing wall. In side 3,

a slot of depth 3.25 mm and width of 4 mm is there in rear and inner side to keep the
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kapton connected to backside strip. Three holes (M2) are there in each side which may

be used to fix the detector with the housing. The frame of the SSSD detector is exactly

same as DSSD. Only difference is, no kapton is there in side 3 and the outer side depth

(side 4) is 0.5 mm.

Signals from the strips are taken out by cables made of kapton, a flexible polyimide

as shown in Fig.2.7. At the detector end, the kapton is bent perpendicular to the

detector frame which helps to put the detectors in compact shape when they are used

as a telescope with other detector. At this end 18 soft gold pads are there with each

electrical tracking to connect with the strips using wire bonding of 3 aluminium wires

each of∼ 25 µm thickness. At the other end of the cable, there is female flatribbon

connector (FRC) (SAMTEC SSQ-22-G-D-RA) with 2× 10 connectors with spacing

2.54 mm (0.1") through a printed circuit board. Out of these 20 connectors, 16 in

the middle are connected to 16 strips in each side. Two are connected to the guard

ring (G/R). Rest two have no connections in DSSD and connected with the back side

(grounded) in SSSD as shown in Fig.2.7.

Both types of detectors are made of bulk n-type silicon with p+ implantation to

form a junction near the front. A G/R is there in the front side only. Further, onto

the strips a∼ 0.20µm aluminium layer is evaporated for conducting the signal. Total

dead layer in the DSSD detector is∼ 0.6µm including the implantation depth of about

∼ 0.40µm. It is very important to take this into account during the analysis, since

different particle will loose different amount of energy in the dead layer.

2.2.2.4 Characterisation of silicon strip detectors

After physical checking, the strip detectors have been tested offline usingα-source.

First, the detector characteristics were checked using a241Am α-source. Energy reso-

lution of individual strip has been measured for both thin/thick Si-strip detectors and

found to be< 70/40 keV for 5.486 MeVα-particles as shown in Fig.2.8. Thickness

variation along a strip of the detector, particularly in 50µm SSSD’s, which are very
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Figure 2.6: Design of the DSSD frame.
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Figure 2.7: Strip detectors with kaptons.
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prone to thickness non-uniformity, will results in poor isotopic identification. So, it is

very crucial to measure the thickness non-uniformity, particularly for thin detectors.

Typical thickness non-uniformity of a thin (50µm SSSD) detector has been estimated

using in-beam test and shown in Fig.2.9. It has been found that the variation of

thickness along a strip is within our acceptance limit (found to be< 3 %).

2.2.3 CsI(Tl) detector

Thallium activated cesium iodide [CsI(Tl)] is used widely to detect energetic

charged particles because of its high stopping power for charged particles and cost ef-

fectiveness. The crystal is easily machinable to give required shape, less hygroscopic

than NaI(Tl), have very good performance at room temperature, and produce light in a

frequency range which is well detectable by the available photodiodes or photomulti-

plier tubes. CsI(Tl) is used as charged particle detector intwo ways; (I) as a stop (E)

detector in∆E-E telescopic mode, or, (II) as a single detector using its particle discrim-

ination property to detect light charged particles. In the present array of the telescopes,

CsI(Tl) is used as a stop (E) detector for the energetic particles.
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2.2.3.1 Design of CsI(Tl) detector

All the custom made CsI(Tl) detectors have been procured from M/s. Scionix

Holland Bv, The Netherland [63], as a complete assembly of CsI(Tl) crystal and photo

diode with an integrated low noise charge sensitive preamplifier. Final design of the

detectors have been done in association with the manufacturer. As per design of the

array of the telescopes, the front face of the first strip detector will form the part of a

sphere of radius of∼ 20 cm. Accordingly, the shape of the CsI(Tl) crystal has been

designed so as to ensure close pack geometry of the telescope; in addition, detectors

have been slightly wedge shaped to ensure that the particle incident obliquely also get

stopped in the crystal. The design of the typical detector isshown in Fig.2.10(A);

front and back faces are square shaped of dimension 2.5 cm× 2.5 cm, and 3.5 cm

× 3.5 cm, respectively. The thickness of the detector is 6 cm, which can stop proton

with energy upto∼ 140 MeV and16O with energy∼ 330 MeV/A. A stack of four such

detectors has been used as final stopping detector in the third layer of the telescope. The

segmentation helps in improving the multi-hit probabilityand better energy resolution

of CsI(Tl) detector. Further reduction in size of the crystal for the CsI(Tl) detector of

the telescope would certainly be best for granularity but the effective cost would also

increase proportionally; so we have restricted it to four detectors. The assembly of four

of such CsI(Tl) will form a truncated pyramid with base area of 7 cm× 7cm and front

face will have same area as the active area (5 cm× 5 cm) of the strip detectors as shown

in Fig. 2.10(B). Each crystal is wrapped on all sides except the front face in a special

reflecting material covered with aluminized mylar of thickness∼ 50 µm and the front

face (2.5 cm× 2.5 cm) is covered with a∼ 1 - 2 µm micron thick aluminized Mylar,

which acts as entrance window. All these have been done to prevent scintillation light

leaking through the crystal sides. Each crystal is coupled with a photodiode of active

area 18 mm× 18 mm (Hamamatsu S3204-08). The total dimension of the photodiode

is 25.5 mm× 25.5 mm with thickness 2.54± 0.2 mm and it is coupled with crystal

by special optical cement. The maximum reverse bias voltagethat can be applied to

photodiode is 100 V and the corresponding power dissipationis ∼ 100 mW. It can be
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Figure 2.10: (A) Design of one CsI(Tl) detector and (B) assembly of four CsI(Tl) crystals as

used in the telescope.

operated in the temperature range -200 to 600 C. The spectral response is 321 - 1100

nm whereas the photo peak of CsI(Tl) is 550 nm. A charge sensitive preamplifier with

gain of∼ 5 mV/MeV is directly coupled with the crystal. The power dissipation in the

preamplifier is 50 mW and it can be operated in vacuum. Single detector with complete

assembly (photo diode and charged sensitive preamplifier) is shown in Fig.2.11and

stack of four such detector are shown in Fig.2.12

2.2.3.2 Characterisation of CsI(Tl) detector

The detail characterisation of all CsI(Tl) detectors have been carried out using

241Am α-source. Standard electronics have been used for testing purpose. The energy

resolutions of all CsI(Tl) detectors are found to be less than 5 % at 5.486 MeVα

energy. Depending upon the uniformity of the thallium doping and the geometry of

the detector, there may be some spatial non-uniformity in the light output of CsI(Tl)

crystal. To measure the non-uniformity, a specially designed pinα-source,241Am
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Preamplifier

Photodiode

Figure 2.11: Single CsI(Tl) detector with

photodiode and pre-amplifier.

Figure 2.12: Close pack of four CsI(Tl)

detectors.

(5.486 MeV) has been put at different position of the front face of the detector. The

source was collimated (diameter 1 mm & length 5 mm) and kept very close (2 mm) to

the detector to irradiate the detector in a very small area (circle of diameter 1.4 mm)

in a particular position. Fig.2.13represents the results of the spatial non uniformity

of response test for the front face (area 25 mm× 25 mm) of a typical CsI(Tl) detector.

The number in each segment is the peak positions of theα-spectra in terms of ADC

channel number when the source has been kept within that segment during the test.

With respect to the mean peak position (776), the variation is∼ ± 0.49% which is less

than the specified value (< 1 %). Total of 96 CsI(Tl) detectors for 24 telescopes have

been procured. All detectors have been characterised in thesame way as mentioned

above.

2.3 Development of event reconstruction technique

In this section the general features of the data analysis tools that have been de-

veloped will be discussed. For the analysis, the standard analysis platform (ROOT)

has been used. The whole analysis process for such an array involving multiple detec-

tor is quite complex and is generally executed in several steps; the major steps being
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Figure 2.13: Non-uniformity in the light

output. Numbers are the peak position of

the α-spectrum in terms of channel num-

ber.
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Figure 2.14: Spectrum ofα-particle emit-

ted from241Am measured using a CsI(Tl)

detector.

sampling/selection of events of interest, reconstruction of the selected events to ex-

tract complete information about the ejectiles, comparison with the simulation data,

etc. The data reduction algorithm has been developed in ROOTplatform to extract

the details of the detected particle in each event [angular position (θ, Φ), energy, types

of particle, number of coincidence particles, etc.]. The main building blocks of the

present analysis package are described in different sub-sections below.

2.3.1 Event selection

First step of the data reduction technique is to identify valid events. The pro-

gramme identifies all valid events by selecting those eventsabove a pre-set experimen-

tal threshold (depending upon the noise in the experiment) and then stores all these

events with full information. In the second step, energy calibration of each channel

of the telescope is done. The angular positions (θ, Φ) of the emitted particles have

been defined by the corresponding positions identified in theDSSD detector of the

telescopes. The position identification technique in DSSD has been described below.
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Back strip

Front strip

Figure 2.15: Schematic diagram for hit position generation using DSSD. Two particles are

incident (as shown by two arrows) on the DSSD and their positions are defined by the corre-

sponding front and back strips (shown in different colours).

2.3.2 Position identification in DSSD

The position identification in DSSD detector is very complicated and very chal-

lenging for high multiplicity events as we will see for the present experiment in next

chapter. For single particle incident on the detector, it isvery simple to identify the po-

sition as only one front and one back strip will have the signal; hence their intersection

defines the position of the particle. For more than one particle hits in one event, iden-

tification problem starts showing up, multiple (more than one) front and back strips

are likely to fire, as shown in Fig.2.15. The identification of the hit position requires

matching the front strip signals with the corresponding back one. To identify X-Y po-

sitions (front and back strip number, respectively) for theparticles incident on the strip

detector, an algorithm has been developed in ROOT platform.The Program works in

event-by-event mode. For each event, first it reads data for all elements of the detector;

then for each case, it checks for valid hit (signal is above preset threshold as stated

before) and then stores all valid hits in the form of a 2-dimensional (X-Y) array. In

the next stage, by comparing the energy (or channel number) difference between each

forward (X) - backward (Y) pair, the program identifies all genuine X-Y pairs corre-

sponding to the particles that hit the detector. The result is illustrated in Fig. 2.16,
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Figure 2.16: Two-dimensional scattered plot of position identificationthreshold given in DSSD

for 229Th-α source. Five different blocks of energies (as shown) correspond to the five different

groups of energies of the source.

where EF, EB correspond to the energies registered in X and Y strips. Genuine event

is defined by the condition EF-EB=0 (within experimental uncertainties). So from this

program front and back strip numbers of each particle can be determined, which define

the position of the particle. Though it looks simple, but in reality it is very difficult and

more complex to extract positions for the coincident particles of nearly same energy.

For multiple-hits, it has been observed that for a single particle there will be multiple

positions within the experimental uncertainty (in EF-EB).So a minimization routine

has been used to get the expected position of different particles. Using229Th-α-source

at a certain distance from the DSSD, position has been determined using the position

identification algorithm as shown in Fig.2.17. After the position (X, Y) identification

in DSSD, the corresponding position has been converted intothe angular position (θ,

Φ) using the perpendicular distance from the point of origin (0, 0) (experimental origin

point is the target position) and each strip width (3 mm).
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Figure 2.17: Three-dimensional scattered plot of position identification in DSSD using the

same data as in Fig.2.16.

2.3.3 Particle Identification by∆E - Emethod

After position identification in DSSD, event selection has been performed (multi-

particle coincidence or single particle events). In the next step, particle identification

in the telescope was done by∆E - E method as described below.

The energy loss of charged particle passing through matter is given by Bethe Bloch

formula [64]

− dE
dx
=

4πe4z2

m0v2
NB (2.1)

where

B = Z

[

ln
2m0v2

I
− ln(1−

v2

c2
) −

v2

c2

]

(2.2)

E( = 1
2Mv2), v, ze, Mare the energy, velocity, charge and mass of the incident particle

andN, Z are the number density and atomic number of the absorber (here detector

material) andm0, e are the mass, charge of electron, respectively. The parameter,

I, represents the average excitation and ionization potential of the absorber and nor-

mally treated as an experimentally determined parameter for each element. For non-

relativistic particle (v << c), the second and third terms ofB are negligibly small and
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wholeBvaries very slowly with the energy of the incident particle.So, the equation2.1

reduces to

− dE
dx
∝ Mz2

E
(2.3)

In the case of a detector telescope which consists of one thindetector followed by a

thick detector, the energy loss of the particle in this thin detector (∆E) is usually small

compared to the total energy (E). Under such condition, equation2.3becomes

∆E.E = f (A, z) (2.4)

which is the equation of a rectangular hyperbola. From the equation, it has been seen

that the particles of different mass or charge generate different rectangular hyperbola in

the scatter plot of∆E-E. After the particle identification, the program will store,event

wise, all the information needed for physics extraction.

Another program package, as a part of the event reconstruction technique, has been

developed in ROOT platform to study the resonance particle spectroscopy of different

particle unbound states using multi-particle in coincidence from this type of array.

It uses many body kinematics for reconstruction of source excitation energy spectrum

from the detected multi-particles in coincidence and identification the different particle

unbound states of the corresponding source. The excitationenergy,Ex, of source has

been reconstructed from the detected multi-particles (n-particle) in coincidence using

the equation given by

Ex =

n
∑

i=1

Ei −
(P1 + P2 + P3 + ... + Pn)2

2Msource
+ Eth (2.5)

where, ‘n’ is the number of particle detected in coincidence, Ei andPi for i=1, 2, 3,...n

are the energy and momentum of the n-particles in laboratory, respectively,Msource is

the mass of the source, andEth is the multi-particle breakup threshold. The use of

the above event reconstruction technique will be discussedin the performance test of

prototype telescope in next section.
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2.4 In beam performance test of a prototype telescope

Main motivation behind the development of the array was to study the thermody-

namical properties (i.e, temperature, specific heat, etc.) of the hot nucleus produced

in intermediate energy nuclear collisions. The measurement of temperature is crucial

to characterise the equation of state of finite nuclear matter and to look for possible

phase transition in the system. Since several methods such as slope thermometry, ex-

cited state thermometry and double-isotope thermometry, are being widely used to

determine the temperature of the hot nucleus, it was decidedthat a prototype telescope

should be developed first to measure the temperature in different ways using in-beam

experiments. The in-beam test will also help in testing other characteristics of the pro-

totype detectors and readout electronics,i.e., energy resolution, noise, etc. At the same

time, analysis software packages will also get tested in course of the data analysis.

The prototype telescope has been designed for testing before final procurement

of all the telescope elements. It was developed from the standard Si-strip detectors

as available in catalogue of M/s Micron semiconductor Pvt. Ltd., UK [62] and also

the standard CsI(Tl) detectors from the manufacturer M/s Scionix Holland Bv, The

Netherland [63]. The telescope consisted of a 65µm ∆E single-sided silicon strip

detector (SSSD), 300µm E/∆E double-sided silicon strip detector (DSSD) and backed

by four CsI(Tl) crystals (thickness∼ 4 cm and area 2 cm× 2 cm). In beam test of

telescope has been performed as described below.

2.4.1 Experimental details

The experiment has been performed at the Variable Energy Cyclotron Centre,

Kolkata, India, using 145 MeV20Ne beam on a12C target (self supported, thickness

∼550µg/cm2). Different fragments have been detected using the prototype 3-element

telescope. The telescope was placed at a distance 20 cm from the target. The angular

range in the laboratory covered by the telescope was from 27o to 40o. Typical angular
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Figure 2.18: Two dimensional spectrum between∆E, 65 µm strip, versus E, 300µm strip.

Charged particles are emitted in the reaction 145 MeV20Ne on12C obtained by the prototype

telescope.

resolution of each Strip is± 0.4o. All Strips and the CsI(Tl) detectors were read out

individually using standard readout electronics. A VME-based online data acquisition

system, indigenously developed at VECC, was used for collection of data on event-by-

event basis. The silicon detectors were calibrated using elastically-scattered20Ne ion

from 197Au target, a precision pulser and a229Th α-source. Energy calibrations of the

CsI(Tl) detectors were done using the two-dimensional spectra between the 300µm

Si-Strip and the CsI(Tl) detectors [57]. Event reconstruction from the hit patterns in

orthogonal directions of the DSSD provided two-dimensional position information of

the detected particle. Typical two dimensional spectra obtained in this experiment have

been shown in Fig.2.18and Fig.2.19. Good isotopic distribution have been obtained

for Z = 1 and Z= 2 particles as shown in Fig.2.19. In this case∆E detector has a poor

resolution (> 2 % (110 keV) in 5 MeVα), hence isotopic identification of different

fragments could not be obtained as shown in Fig.2.18.
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Figure 2.19: Two dimensional spectrum between 300µm strip versus CsI(Tl) detector. Light

charged particles emitted in the reaction 145MeV20Ne on12C obtained by the prototype tele-

scope.

2.4.2 Performance Testing of event reconstruction technique

Event reconstruction technique code has been tested in thisexperiment to obtain

information about the particle unstable state by identifying the coincidence events.

Different two particle coincidences (α-α and d-α) have been measured and the re-

constructed particle-particle correlation spectra from the relative momentum distribu-

tion for different particle unstable states as described below. The two particle angle-

averaged correlation function [65, 66], 1 + R(q), is defined experimentally by the fol-

lowing equation:

∑

Y12(p1, p2) = C12[1 + R(q)]
∑

Y1(p1)Y2(p2) (2.6)

wherep1, p2 are the laboratory momenta of the coincident pair of particles with masses

m1 andm2, q (= µ|( p2

m2
− p1

m1
)|) is the relative momentum of the correlated pair andC12 is a

normalization constant which is determined by the requirement thatR(q) = 0 for large

q. The sum on both sides of equation2.6are taken over all detectors and particle energy

combinations satisfying a specific gating condition.Y1 andY2 are the single-particle
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Figure 2.20: (a) α-α and (b) d-α correlation functions plotted as a function of the relative

momentum, q, for the reaction20Ne+12C at 145 MeV. Filled circles are the experimental data

and the dotted line is the background (see text).

yields for particle 1 and 2 respectively andY12(p1, p2) is the two-particle coincidence

yield.

Experimentally, the product of single particle yieldsY1(p1)Y2(p2) has been approx-

imated as ‘uncorrelated’ two particle yields,Yunc
12 (p1, p2), and was constructed by the

‘event-mixing technique’ [67, 68]. The two-particle correlation functions have been

calculated as
∑

Y12(p1, p2) = C12[1 + R(q)]
∑

Yunc
12 (p1, p2) (2.7)

The α-α correlation function obtained in the reaction20Ne + 12C is shown in

Fig. 2.20(a). The background from the total coincidence yield which does not proceed

through the decay of particle-unstable nuclei is shown in dotted line in the Fig.2.20(a)

[69]. The peaks atq= 20 MeV/c and 100 MeV/c correspond to decays of the particle-

unstable ground state of8Be (Jπ= 0+) with decay width of 6.8 eV and the 3.04 MeV
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excited state of8Be (Jπ= 2+) with decay width of 1.5 MeV, respectively. Both of these

states decay only byα particle emission. In addition, the peak atq = 50 MeV/c is due

to the decay of the 2.43 MeV state in9Be.

The d-α correlation function obtained in this experiment is shown in Fig.2.20(b).

The measured correlation function exhibits two maxima corresponding to theJπ= 3+

unstable excited state of6Li at 2.186 MeV with decay width of 24 keV and theJπ= 2+

at 4.31 MeV excited state of6Li with decay width 1.3 MeV, respectively. A third peak,

corresponding to 5.65 MeV excited state of6Li with decay width of 1.9 MeV is also

observed in the correlation function, which is in close proximity with the second peak.

2.4.3 Physics extraction from the prototype telescope testing

Using the above particle unstable state formations and isotopic identification of

light particles, nuclear temperature have been estimated by using three different ther-

mometric techniques (Slope thermometry, excited state thermometry and double iso-

tope thermometry) at this moderate excitation energy. Temperature of excited com-

posite32S∗ formed in the nuclear reaction20Ne+ 12C have been estimated using these

thermometric techniques [70].

Temperature from slope thermometry: This method is based on the concept of

a canonical ensemble. The particles evaporated from the hotsystem are taken to be

Maxwellian in shape [71, 72] and the value of the temperature can be extracted from

the slopes of the kinetic energy spectra of light charged particles [73, 74, 75, 76, 77].

Experimentally obtained proton andα-particle spectra in the center of mass are shown

in Fig. 2.21and Fig.2.22, respectively.

In order to extract temperature using the slope thermometer, the spectra have been

fitted with a function∼ f (Ec.m)exp(−Ec.m/T), shown by the solid line in the Figs.2.21
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Figure 2.21: Typical energy spectrum of protons in the c.m, for the reaction 20Ne + 12C.

Filled circles are the experimental data and the solid line represents the fitted curve to extract

the slope.
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Figure 2.22: Same as Fig.2.21for α particles.

43



and 2.22. The temperatures extracted from the slopes of proton andα spectra are

T=2.6± 0.3 MeV andT=2.9± 0.5 MeV, respectively.

Temperature from excited-state thermometry: By knowing the phase space of the

decay configuration, the “emission temperature" can be determined from the relative

abundances of different particle species, or more directly from the relative populations

of states in a given nucleus [78, 79, 80, 81]. The ratio,Rp, of the populations of two

states (if no feeding by particle decay takes place) is related to the temperature (T)

through the relation;

Rp =
(2 ju + 1)
(2 j l + 1)

exp(−Edi f f /T) (2.8)

where, ju and j l are the spins of the upper and lower states respectively andEdi f f is the

energy difference between these two states.

In order to extract the information of the population of different particle-unstable

states, we have measured the coincidence yield (sum of all coincident pair of hits be-

tween any two front side strips of DSSD) detected from the decay of particle-unstable

nuclei and extracted the two-particle correlations function [65, 66], as described in

previous subsection.

Nuclear temperatures have been extracted both from8Beand6Li decays using the

α-α correlation (Fig.2.20(a)) and d-α correlation spectra (Fig.2.20(b)), respectively.

The populations of the particle-unstable states were extracted by integrating the experi-

mental yields over the range ofq dominated by the corresponding resonance. The tem-

perature has been extracted using equation2.8from the ratio of yields of8Beg.s/
8Be3.04

and is found to beT=2.2 ± 0.5 MeV. Similarly, the temperature has been extracted

from the ratio of yields of6Li2.186/
6Li4.31 and is found to beT=2.6± 0.4 MeV.

Temperature from double-isotope thermometry: This method evaluates the tem-

perature of equilibrated nuclear regions from which light fragments are emitted using

the yields of different light nuclides. In this scheme, originally proposed by Albergo et
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al. [82] based on grand canonical ensemble, the isotope yield for a system in chemical

and thermal equilibrium can be related to temperatureTiso via the expression

Tiso =
B

ln(aR)
(2.9)

where ‘R’ is the ground state fragment yield ratio, ‘B’ is the binding energy parameter,

and ‘a’ is the statistical weights of the ground state nuclear spins. Expression forB, a

andR are

B = BE(Ai ,Zi) − BE(Ai + ∆A,Zi + ∆Z)

−BE(A j ,Zj) + BE(A j + ∆A,Zj + ∆Z) (2.10)

a =
[2S(A j,Zj) + 1]/[2S(A j + ∆A,Zj + ∆Z) + 1]

[2S(Ai,Zi) + 1]/[2S(Ai + ∆A,Zi + ∆Z) + 1]

×
(

[A j/(A j + ∆A)]

[Ai/(Ai + ∆A)]

)γ

(2.11)

R=
[Y(Ai ,Zi)/Y(Ai + ∆A,Zi + ∆Z)]
[Y(A j ,Zj)/Y(A j + ∆A,Zj + ∆Z)]

(2.12)

Here, BE(Ai ,Zi), S(Ai,Zi) and Y(Ai ,Zi) are the known binding energy, ground-state

spin and the total yield of the fragment with massAi and chargeZi, respectively. The

value of∆A and∆Z are chosen to be same for bothi th and j th fragment pairs [82].

The value of the exponentγ is 1 or 1.5 depending on the assumption of surface or

volume emission, respectively. In order to remove the coulomb effects in determining

the temperature using double-isotope thermometer, we havetaken system with∆Z=0

and∆A=1, which is the most reliable thermometer [83]. The temperature has been

calculated, assumingγ to be 1 (surface emission), using equation2.9 and from the

isotopic yields of p, d, t,3He andα. The temperature of hot composite32S∗ was

estimated to be 2.6± 0.2 MeV from the double isotopic yields of (p, d), (3He,α) and

2.4± 0.3 MeV from the yields of (d, t), (3He,α), respectively.

Thus, temperatures of excited composite32S∗ formed in the nuclear reaction20Ne

+ 12C have been estimated using different thermometric techniques. The experiment

was performed in a single run to minimize the contributions of systematic errors. The
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line is the weighted average.

estimated temperatures are shown in Fig.2.23and their weighted average value (2.6±

0.1) is shown by solid line. From Fig.2.23it is evident that temperatures estimated by

different techniques are consistent within the limits of experimental uncertainties for

the present system [70].

2.4.4 Performance test of final telescopes

The experiment was performed at the BARC-TIFR 14UD Pelletron Accelerator

Laboratory, Mumbai, using 77 MeV12C ion and 75 MeV13C beams on a12C target

(self supported, thickness∼ 90µg/cm2). Different fragments have been detected using

one final prototype of the final 3-element telescope. The telescope consisted of a∼

50 µm ∆E single-sided silicon strip detector (16 channels),∼ 500µm ∆E/ E double-

sided silicon strip detector (16 X 16 channels) and backed byfour CsI(Tl) detectors

(thickness∼ 6 cm). Angular coverage of telescope was from 18◦ to 32◦. Typical

angular resolution of each strip was∼ ± 0.450. All strips and the CsI(Tl) detectors were

read out individually using standard readout electronics (procured from M/s Mesytec,

GmbH). Particle identification spectra have been obtained in this experiment have been
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Figure 2.24: Particle identification spectra obtained in13C + 12C reaction using the final

telescope.

shown in Fig. 2.24. It is clear from Fig.2.24that very good isotopic identification of

the fragments have been obtained upto Z=6.

For the present study, event reconstruction technique has also been tested, all de-

tected 2α and 3α events have been extracted from the inclusive event-by-event data to

reconstruct the excitation energy spectra of the respective decays. The 2α events orig-

inate mainly from (i) decay of particle unbound8Be states and (ii) decay of particle

unbound excited states of12C (13C)→ 3α (+n) emission, either directly or through the

sequential process12C (13C)→ 8Be (9Be)+ α→ 3α (+n). The decay of8Be was iden-

tified by reconstructing the8Be excitation energy spectrum for all events in which two

alpha particles hit two separate strips within the detector. Fig. 2.25shows the plot of

reconstructed excitation energy spectra of all events of two coincident alpha particles

in these two reactions (normalize cross sections along the Y-axis of Fig.2.25). The

peaks at excitation energy (Ex) = 0 MeV correspond to decays of the particle-unstable

ground state of8Be (Jp = 0+) formed in both the reactions; it is seen that the yield is

more in the case of12C+ 12C reaction. The pronounced bump at excitation energy 0.51
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MeV observed in the reaction13C + 12C is due to the decay of the 2.43 MeV state in

9Be, which is not at all visible for12C + 12C reaction. The broad peak observed at Ex

= 1.41 MeV, is due to the sequential breakup channel of12C and is more pronounced

for 12C + 12C reaction.

The reconstructed excitation energy spectra of12C obtained for observed 3α events

have been shown in Fig.2.26for the reactions (12C + 12C and13C + 12C). The peak

at Ex = 7.65 MeV corresponds to second 0+ level in 12C, known as the Hoyle state.

The broad peak near Ex = 9.64 MeV corresponds to 3− level in 12C. It is clear from

Fig. 2.26 that the relative yields of both these states are more in caseof 12C + 12C

reaction, which might be due to the fact that both target and projectile are alpha cluster

nuclei [84].
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2.5 Design and development of mechanical structure of

detector array

The mechanical structure of the array consists of two parts;(1) housing of indi-

vidual telescope and (2) support structure which holds all the telescopes in a particular

configuration as per specification. In this section, the details of mechanical design of

each telescope as well as the support structure of the array have been discussed.

2.5.1 Single telescope housing

To encapsulate the detectors, in a telescopic mode, a special housing has been de-

signed and fabricated as shown in Fig.2.27. The fabrication of the mechanical housing

of all telescopes were done using a special pure ultra high vacuum grade Aluminum

(6061-T6) for smooth fitting of all the elements. The housingwas designed and fabri-
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cated so as to contribute as small as possible to the dead areaof the detector telescope.

The entire detector telescope assembly was housed in two separable aluminium boxes

and can be reassembling with the help of screws. Two separateslot have been designed

for the two Si-strip detectors as shown in Fig.2.27(left). The Si-strip detectors have

been fixed rigidly in the housing with the help of three holes on the housing frame

through which screws were inserted to the threaded hole on the strip frame. To keep

the four CsI(Tl) detectors rigidly behind the strip detector (DSSD), the inner volume of

the housing has been given a shape similar to the overall shape of four CsI(Tl) detector

assembly,i.e., truncated pyramid. The assembly of 4 CsI(Tl) detectors hasbeen held

in proper position with the help of a back support plate connected to a long threaded

rod as shown in Fig.2.27(left). By rotating the rod slowly, the detectors can be placed

in proper position. In the inner sides of the housing there are slots of depth 0.8 mm

and width 44 mm to take out the kapton of the strip detectors. The outer sides of the

housings have been shaped in such a way that when all telescope would be fitted in

the form of array, the front surface would form a part of a sphere of radius 20 cm. To

attach all housings in the form of a array, a deep slot was keptin the outer side of the

walls of the housings, as shown in the side of Fig.2.27(left). The complete assembly

of a housing with all the detectors (top plate opened) is shown in Fig.2.27(right).

2.5.2 Support structure of detector array

To put the telescopes in a form of array, a support structure has been designed

and fabricated. The telescopes have been put in 5 columns with five telescopes in

each except in the middle column; one telescope has been removed from middle of

this column for the exit of beam. Shapes of the housings are such that, all the front

faces together will form the surface of an imaginary sphere of radius 20 cm. The

whole array will be kept on two parallel rails inside a large reaction chamber SHARC

[85]. To align the whole array with the beam line axis, arrangement has been kept to
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(A) (B)

Figure 2.27: (A) Design of a telescope, and (B) photograph of the telescope with strip detec-

tors and CsI(Tl) detectors.

move it vertically and horizontally. Complete assembly of all telescopes along with

the detectors has been shown in Fig.2.28.

2.5.3 Readout electronics and data acquisition system

In this subsection, a general description of the electronics and the data acquisi-

tion system will be described. A schematic diagram of the readout electronics for a

single strip or channel is shown in Fig.2.29and for the typical full electronics for 24

telescopes as shown in Fig.2.30. The electronic signals from the strip is fed to the

pre-amplifier, the output of which is a fast rising differential signal of few millivolts

with a long tail of the order of 50µs or more. The pre-amplifier out is differential.

Differential signal of preamplifier has been chosen in order to eliminate the interfer-

ing noise, which cancels out due to positive and negative signals of the same signal

in differential mode, when the amplifier subtracts the differential reference from the

normal signal. The output of the pre-amplifier is then fed to the amplifier for further
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Figure 2.29: Block diagram of electronics used for individual channel.
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amplification and shaping. The output of the amplifier is a Gaussian shaped pulse of

height∼ a few volts and a width of 1µs, which is directly fed to the analog to dig-

ital converter (ADC) (maximum of 8 volts, range of ADC) and stored using the data

acquisition system. The schematic given above is for a single channel electronics but

each Si-strip detector has 16 channels per side, so we have used custom made 16 chan-

nels pre-amplifier (MPR-16, differential output) and 16 channels amplifier (MSCF-16,

differential input) manufactured by M/s Mesytec Pvt. Ltd, Germany as per our spec-

ification. The MSCF 16 channel amplifier has in built TFA (Timing-Filter-Amplifier)

- CFD (Constant Fraction Discriminator), for timing and threshold applications. In

addition to the energy signal, these amplifiers also generate one OR-logic output of

all 16 channels, which has been used for master trigger generation after some logic

operation. Then these amplifier signals are fed to 32 channelADC (Model CAEN

V778) for further processing with the help of a Versa-ModuleEurocard (VME) data

acquisition system (DAQ) developed in-house. For the all CsI(Tl) detectors, we have

used custom made 16 channel shaper with timing filter amplifier and constant fraction

discriminator (MSCF-16, unipolar header input). Full electronics setup (all parameters

of amplifier and the detector bias voltage) of the array as well as the VME-DAQ are

remotely controllable via the ethernet.

2.5.4 Status of the high resolution array

Performance test of all elements of the detector array have been completed. The

complete high resolution detector array with electronics is shown in Fig.2.31. The

complete detector array with all the elements as well as the electronics have been tested

in offline withα-source and also using a precision pulsar at 10K rates for continuously

72 hours. Now the array (full or part of it) is being used for physics experiment.
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Figure 2.31: Detector array with complete electronics and data acquisition system (DAQ).
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Chapter 3

Study of decay mechanism of the

Hoyle state

3.1 Introduction

The main objective of this experiment was to study the decay mechanism,i.e.,

sequentialversusdirect decay, of the12C states above the three-α breakup threshold.

In the present thesis, the decay mechanism of the Hoyle stateof 12C (0+2 , Ex ∼ 7.654

MeV) in particular has been studied in details. The breakup process is believed to carry

the signature of the structure of final state of the nucleus. In particular, the direct three

body breakup of the Hoyle state has evoked a lot of interest inrecent times as it is

considered the key to solve several unsolved questions on the nucleosynthesis process

as well as exotic structure of the state. In order to achieve the goal, a high resolution,

high statistics, complete kinematic measurement of the Hoyle state decay, has been

performed. Different states of12C were excited through inelastic scattering of 60 MeV

4He on12C target. The system4He+ 12C was chosen for this purpose for its specific

advantage regarding the detection of complete events, as ithas only a few open reaction

channels compared to other heavy ion induced reactions.
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This chapter consists of several sections, organized in thefollowing manner. The

details of the experiment (the accelerator, the experimental setups and the measurement

tools used for the particle detection) have been described in section 3.2. The details of

the data analysis procedure has been described in section 3.3. In sections 3.4 and 3.5,

the techniques used for estimation of decay mechanism of theHoyle state have been

described in great details. Finally in the section 3.6, results and discussions have been

presented.

3.2 Experiment for study of the Hoyle state

3.2.1 Accelerator used: Variable energy cyclotron

The experiment has been performed at the Variable Energy Cyclotron Centre

(VECC), Kolkata. The Variable energy cyclotron, also knownas K130 cyclotron, is a

sector-focused, isochronous cyclotron with three spiral sectors [86]. The room temper-

ature main magnet of diameter of 224 cm, produce a maximum magnetic field of 2.1

T in the pole gap. Details of the machine parameters are givenin Table3.1. It is able

to deliver accelerated light ion as well as heavy ion beams with the help of Penning

Ionisation Gauge (PIG) and Electron Cyclotron Resonance (ECR) ion sources, respec-

tively. As per design specification, it can accelerate charged particles upto the energy

of 130 (Q2/A) MeV, where,Q andA are the charge state and the atomic mass of the

accelerated particle, respectively.

Fig. 3.1shows the picture of the cyclotron with the switching magnetand different

beam lines. Details of the beam lines layout have been shown in Fig. 3.2. The 00

beam line (shown as Ch# 1 in Fig.3.2) is used for high current or irradiation type

experiments. The general purpose scattering chamber has been placed in the second

beam line (Ch# 2 in Fig.3.2) for charged particle experiments. Experiments withγ-

detectors as well as charged particle detector are performed in the third beam line (Ch#
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Figure 3.1: K130 Variable energy cyclotron with switching magnet and various beam lines.
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Figure 3.2: Layout of different beam lines of K130-cyclotron.
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Table 3.1: Technical specifications of K130 cyclotron.

Cyclotron
Cyclotron type :Azimuthally Varying Field

(AVF)

Magnet
Shape of magnet : H-shaped electromagnet
Pole diameter : 224 cm
Average pole gap : 24.5 cm
Average magnetic field : 17.1 kG (max. of 2.1 T)
Main coil power : 490 kW
Trim coil power : 433 kW
Valley coil power : 27 kW

R. F. System
Frequency range : 5.5 - 16.5 MHz
Dee Voltage : 70 kV (max)
Energy gain : 140 keV/turn (max)
Oscillator power output : 300 kW (max)

Ion Source
Type : Hot cathode PIG, ECR
Filament current : 500 A (max)
Arc current : 0- 2 A
Arc voltage : 10 - 600 V

Deflector
Type : Electrostatic 120 kV (max)

Vacuum
Operating pressure : 10−6 Torr

Beam
Energy : Proton 6 - 30 MeV

: Deuteron 12 - 65 MeV
: Alpha 25 - 130 MeV
: Heavy ion 7-11 MeV/A

Internal beam current : 100µA
External beam current : 20µA
Extraction radius : 99 cm
Resolution : 0.5% (FWHM)
Beam pulse width for particles : 4 ns
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3), where the present experiment has also been performed. The fourth beam line (Ch#

4) has been dedicated to the radioactive ion beam (RIB) facility as shown in Fig.3.2.

3.2.2 Experimental setup

The experiment has been performed using 60 MeV4He ion beam from the K130

cyclotron on12C target (self supported, thickness∼90µg/cm2). The experimental setup

inside the scattering chamber is shown in Fig.3.3. Two Si-strip detectors were placed

at a distance∼ 80 mm down stream from the target and one Si-strip telescope was

placed in the backward direction at a distance∼ 60 mm up stream from the target.

Different excited states of12C, Hoyle state in particular, have been populated through

inelastic scattering of 60 MeVα from 12C and the decay of the Hoyle state has been

studied by exclusive complete kinematical measurement of all the out going particles

(events, where all fourα-particles, three from the decay of12C∗ and the inelastically

scattered one, were detected)

The Si-strip detectors used in the forward direction are double sided Si-strip detec-

tors (DSSD) of 500µm thickness, which have been used to detect 3α decay from12C∗.

The telescope in backward direction consisted of a 50µm, ∆E, single-sided silicon

strip detector (SSSD) followed by 500µm DSSD E-detector, for detecting the inelas-

tic α-particles. The two DSSD detectors and strip detector telescope were placed at

kinematically correlated angles for coincident detectionof inelastically scattered4He

in the backward angle telescope (covering the angular rangeof 88◦ - 132◦) and the

threeα-particles, originating from the decay of the Hoyle state ofthe recoiling12C∗,

at the forward angle detectors (covering the angular range 20◦ - 52◦ and 60◦ - 92◦).

Schematic diagram of the setup is shown in Fig.3.4. One horizontal collimator (of 2

mm in width) was placed in front of the backward telescope such that the detection

of inelasticα-particles was restricted to only a few strips (1 or 2) aroundthe median

plane. So, the corresponding coincident recoiling12C∗ nucleus in the forward direction

was also restricted to more around the median plane; this helped to enhance the per-
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Forward Si-strip detectors Backward Si-strip telescope

Figure 3.3: Experimental setup used in the experiment inside the scattering chamber of third

beam line.

centage of completely detected events (in which all three decayingα-particles remain

confined within the span of the forward detectors and get detected) among the whole

set of coincident events. Typical beam current used for the experiment was∼ 2.5 pnA.

3.2.3 Readout electronics and data acquisition system

The readout electronics setup for strip detector has already been discussed in last

chapter and the same setup for each strip detector has been used. The block diagram of

current experimental electronics setup is as shown in Fig.3.5and in reality as shown in

Fig. 3.6. The MSCF 16-channel amplifier has in built TFA (Timing-Filter-Amplifier)

- CFD (Constant Fraction Discriminator), which eliminatesnoise by checking that the

input signal is above some preset threshold level. In addition to the energy signal, this

amplifier also generate one OR-logic output of all 16 channels, which has been used

for master trigger generation after some logic operation. The main master trigger was
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Figure 3.4: Schematic of the experimental setup as used in the experiment.

coincidence (logic AND) between two forward detectors and the backward telescope.

All amplifier outputs of the energy signals of the strips werefed to the 32 channels

Analog-to-Digital -Converters (ADC’s). A VME - based on-line data acquisition sys-

tem was used for the collection of data on event-by-event basis. Rejection of unwanted

(mixed) events has been done in hardware by properly synchronising the operations of

all ADCs with the master gate vetoed with the ADC BUSY signalsto disable all ADCs

till conversion of a valid event was completed. Finally, thetrue events of interest have

been extracted by using the analysis procedure described inthe next section in details.

3.3 Data Analysis procedure

In this section the procedures, which have been developed and used for data analy-

sis will be discussed in details. All the analysis procedures, described here, have been

developed using the C++ based ROOT platform.
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Figure 3.6: Electronic setup used in the experiment.

3.3.1 Energy calibrations

Energy calibration of the detector is the first step of the data analysis procedure.

The present experiment involved a total of 112 channels (three DSSD, each of 32 strips

and one SSSD with 16 strips); each channel or strip has been calibrated separately. The

energy calibrations were performed twice, once before the actual experiment started,

and finally after the experiment was over.

To perform the energy calibration of the strips,229Th-α source has been used. The

source has five groups ofα energies (4.79, 5.82, 6.34, 7.07 and 8.38 MeV), the spec-

trum of which is shown in Fig.3.7 for a particular strip. It is cleared from Fig.3.7

that, there is no significant degradation in the energy resolution of the detector before

the actual experiment started (black histogram) and after the experiment was over (red

histogram). Since the silicon detector behaves linearly with the energy of the charged

particle, calibration was performed by doing linear fit between the reference energies
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Figure 3.7: Spectrum of229Th-α source in Si-strip detector. The energy calibration before

experiment started is shown in black histogram and the same after experiment was over is

shown in red histogram.

of source and channel number corresponding to the positionsof the centroid of the

peaks in each strip. In the case of thin detector∆E of the backward telescope, the

interested range of energy was upto 10 MeV, hence, only229Th source peaks have

been used for calibration and the corresponding linear fitting for a single strip is shown

in Fig. 3.8. But in the case of thick E-detector of backward telescope aswell as the

forward detectors (two DSSDs), the interested energy is upto 30 MeV, hence calibra-

tion of each strip has been performed using229Th source energies, elastic and inelastic

scattering ofα on 12C (ground state and 4.4 MeV state of12C). The linear fitting for

a typical single strip of E (DSSD) detector is shown in Fig.3.9. After the energy cal-

ibration completed, in the next step of data analysis, position of different particles in

DSSD have been identified as described in the following subsection.
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Figure 3.8: Calibration curve for a typical strip of 50µm,∆E-detector of the backward tele-

scope.
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Figure 3.9: Calibration curve for a typical strip of 500µm, E-detector.
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3.3.2 Position identification in DSSD

In the present experiment, forward detectors and backward telescope were placed

at a distance 80 mm and 60 mm from the target, respectively; hence, the average an-

gular resolution was 20 for forward detectors and 30 for the backward telescope. The

angular positions (θ,Φ) of the incident particle on the detector has been defined by the

corresponding position in the DSSD detector for both the forward detectors as well as

in the backward telescope.
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Figure 3.10: Two-dimensional scattered plot between energy obtained infront strip (EF)

verses back strip (EB) in DSSD.

The position identification procedure has been described inthe previous chapter

in the event reconstruction technique section. The energy of the particles obtained in

front strip (EF) and back strip (EB) has been plotted in Fig.3.10. The straight line form

in Fig. 3.10, basically define the position for the corresponding inter-cross strip (front-

back strip). In this case the genuine positions in DSSD have been identified within
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Figure 3.11: Position identification in DSSD.

the threshold of less than 50 keV (maximum variation betweenfront and back strip).

A typical spectrum for position identification in forward DSSD detector is shown in

Fig. 3.11.

3.3.3 Particle Identification technique

Particle identification in the backward telescope has been done by∆E - E method,

as mentioned in previous chapter. A typical∆E-E two dimensional spectrum of the

particles emitted in the reactionα (60 MeV)+ 12C and detected using the telescope is

shown in Fig.3.12. From the Fig.3.12, it is seen that good isotopic identification has

been obtained for particle of charge Z= 1 and Z= 2.
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Figure 3.12: Two-dimensional scattered plot between∆E - E for the backward telescope strip

at 1050.

3.3.4 Target thickness measurement

Target thickness (12C) has been measured using a229Th-α source, which has well

separated five groups of known energies, and a single surfacebarrier detector with the

standard electronic setup. First, the energy spectrum ofα-source has been measured

after placing the target foil in between the detector and thesource. Then, in the next

step, the same measurement has been repeated without the target. The energy loss

in the target has been calculated from the ADC channel shift in theα energy spectra

with and without target. Now from the known energy peaks of theα-particles, ADC

channel number has been calibrated and the corresponding energy loss in the target

was calculated. The stopping power (dE/dx) of α-particle in the target (12C) material

at the respective peak energies have been obtained from the code SRIM 2008 [87].

The average thickness of the target has been estimated by taking the average of the
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ratios of energy loss in the target and stopping power corresponding to differentα peak

energies. The thickness of the12C target has been estimated and found to be∼ 90

µg/cm2.

3.3.5 Energy loss corrections

After the target thickness measurement, the energy of the emitted particle has been

corrected for energy loss in target as well as detector dead area. The emitted particle

after collision must passes through the target foil and the dead layers of the detector be-

fore being detected in detector volume. Hence energy correction should be performed

to get accurate energy of the particles. The energy correction has been done in different

steps on event by event basis during data analysis. The energy loss of particle depends

on the effective thicknesses (of the target and the detector dead layer), which in turn

depends upon the emitted angle and the energy of the emitted particles. The energy

losses in different materials (of the target and the detector dead layer) have been cal-

culated using the code SRIM 2008 [87]. After incorporating all these corrections, the

correct energy of the particles is given by

Ec = Edet+ ∆Et + ∆Ed (3.1)

where,Ec is the corrected energy of the particle,Edet is the measured energy in the

detector,∆Et is the energy loss in target foil and∆Ed is the energy loss in dead layers

of the detector.

As the target has a finite thickness, the target elements may be considered to be

distributed in multiple layers. The interaction between target and projectile may then

be assumed to occur at any of the layers distributed over the whole thickness of the

target. Therefore, it is very difficult to correct the energy of the particle by considering

the accurate point of interaction of the emitted particle. For simplicity, during target

energy loss correction, it has been assumed that the reaction occurs uniformly over the

whole thickness of the target. So for the energy correction of the projectile as well
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Figure 3.13: The effect of energy loss correction in total energy spectrum of four α. The total

energy spectrum, where no corrections have been taken into account, only the measured sum

energies of fourα’s is shown in black line and the other one (red line) is the corresponding

spectrum after incorporated all energy corrections.

as for emitted particles, it has been assumed that the reaction (target and projectile

interaction) takes place at half thickness (middle) of the target (average point of inter-

action). During the energy loss correction for the detectedparticles in dead layer of

the detectors, the thickness of the dead layer has been considered as mentioned by the

manufacturer [62]. After incorporating all the corrections, the effect of the energy loss

correction in the total energy spectrum of fourα particles in the exit channels is shown

in Fig. 3.13. The black and red lines in Fig.3.13show the measured sum energies of

four α-particles without and with all energy loss corrections, respectively.

3.3.6 Event reconstruction

The aim of the experiment was to study the decay of the (unbound) excited states

of 12C by exclusive complete kinematical measurement of all outgoing particles; only
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completely detected events (events where all fourα particles, three from the decay

of 12C∗, as well as the inelastically scattered one were detected separately) have been

used for the present analysis to remove any ambiguity about the origin of the detected

particles [88]. In this regard, a program has been developed for identification of kine-

matically complete events. For each event, in the first step,it identifies theα-particle

in backward telescope by the above mentioned particle identification method; for each

detectedα in the same event, it then tried to look for three hits in the forward detec-

tors as a pre condition that the event may be stored as an interesting event for further

processing. In the next stage, all these stored events were processed to extract physics

information as mentioned below.

3.3.7 Kinematical cuts for filtering of events

The processed data set of the four particles (three in the forward detectors and one

in the backward telescope) event has been further processedusing different kinemat-

ical filters to extract the genuine kinematically complete 4α events. In the first step,

excitation energy,Ex, of recoiling12C∗ has been reconstructed from the three detected

particles in the forward detectors (assuming three asα-particles) using the equation

2.5for three particles as given by

Ex =

3
∑

i=1

Ei −
(P1 + P2 + P3)2

2M12C
+ Eth (3.2)

here,Ei andPi for i = 1, 2, 3, are the energies and momenta of the threeα-particles,

M12C is the mass of the12C, and Eth is the 3α breakup threshold (7.27 MeV) of12C. In

the next step, the same excitation energy of the recoiling12C∗ has been obtained from

the inelasticα (detected in backward telescope in coincidence with the 3α) from the

known binary kinematics. Then, two-dimensional plot has been generated between ex-

citation energy of the recoiling12C∗ reconstructed from invariant mass of 3α detected

in forward detectors and the same obtained from the inelastically scatteredα detected

in backward telescope, which is shown in Fig.3.14 (a), without imposing any con-

dition. Then, in the next step, events have been filtered out with the TDC time gate.
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As the ADC acceptance window was 2.0µs, which is relatively large compared to the

response time of Si-strip detector (∼ 100 ns), restriction imposed on the event accep-

tance window with a narrow time gate of the TDC of the order of detector response

time would greatly reduce the random coincidences, particularly the coincidences with

the elastic beam like particles. In this case, the TDC time width was found to be 18 ns

(FWHM) as shown in Fig.3.15. The effect of TDC-time cuts is shown in Fig.3.14(b).

In the next step, in order to further reduce the random coincidences, we have taken

advantage of the complete kinematic measurement by making cuts on both total mea-

sured energy and momenta using energy and momentum conservation laws. For each

valid event, the initial projectile and the final emitted particles must satisfy the follow-

ing equations

Pbeam= P1 + P1 + P3 + P4 (3.3)

Ebeam+ Q = E1 + E2 + E3 + E4 (3.4)

here, (Ebeam, Pbeam), and (Ei, Pi ( for i = 1, 2, 3, 4)) are the energies and momenta

of the beam and the four emittedα particles, respectively. The exit channel total en-

ergy and momentum spectra (summed energy/momentum of 4-particle exit channel)

for the reaction are shown in Fig.3.16and Fig.3.17, respectively. Vertical lines (red)

shown in Fig.3.16and Fig.3.17are the cuts used to remove the random coincidence

events. Fig.3.14(c) demonstrates the effect of simultaneous energy and momentum

cuts. From the Fig.3.14(b) and Fig.3.14(c), it is clear that time cut is not as effective

as the energy-momentum cut. Time cut in TDC mostly removes the random coinci-

dences related to beam like particles, whereas the energy and momentum conservation

conditions are crucial to pick up the 4α decay channels from the detected four particle

events. Therefore, the true events have been extracted by filtering the raw data with

simultaneous cuts on the TDC time gate as well as energy and momentum gates sat-

isfying the above equations (3.3 and 3.4), [89], which has been shown in Fig.3.14(d).

In total, nearly∼20,000 completely detected events within the Hoyle state (cut in two-
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Figure 3.14: (a, b, c, d) Illustration of the use of different gates in filtering the data. The

excitation energy of the recoiling12C obtained from the inelasticα has been plotted against

the excitation energy reconstructed from the three decayα particles (see text for details).

dimension on the Hoyle state in Fig.3.14(d)) were collected in the present experiment;

these have been analyzed further to extract the structure ofthe Hoyle state.

3.3.8 Monte Carlo simulation

Monte Carlo Simulation, which is an indispensable tool to study the multi-particle

correlation, has been done in details by taking care of complete experimental effect

and compared with the experimental data. In the present experiment, while studying

the12C the Hoyle state breakup, we were in particular, interestedin the breakup events

that proceed as direct 3α decay (not the two step sequential decay) as they are more

interesting from the structure as well as astrophysics point of views. In order to study

the decay mechanism of the Hoyle state, an event-by-event Monte Carlo simulation
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Figure 3.16: Momentum conservation gate (see text).
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Figure 3.17: Total energy gate (see text).

has been performed to take into account the geometrical efficiencies of the setup. Sim-

ulation has been done in ROOT platform using CERN library. The reaction events

have been generated by N-Body Monte Carlo Event Generator (GENBOD) function

(W515 from CERNLIB) using the Raubold and Lynch method [90]. The complete

simulation package has been developed in ROOT platform in several steps. In the first

step, inelastic scattering of 60 MeVα-particle on12C corresponding to the Hoyle state

has been generated. In the next step, the threeα decay of12C have been generated in

its own frame and finally boosted along the direction of12C in lab. The energies and

linear momenta of the decay particles for each event in the rest frame of the decay-

ing nucleus have been generated in such way that the total energy (Etotal) of the three

particles is equal to

Etotal = Ex − Eth, (3.5)

where,Ex is the excitation energy, for Hoyle state (Ex = 7.65 MeV), andEth is the

threshold for the three body decays; the value of Eth is 7.36 MeV for sequential decay

(SD: 12C∗→ 8Be+ α→ 3α), and 7.27 MeV for direct decay (DD:12C∗→ 3α). In case

of SD, the energy ofα-particle emitted in the first step carries2
3 of the total energy
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available in center of mass and the rest is carried by8Be, which decays into twoα-

particles in the next step. The center of mass energies of thetwoα-particles originating

from 8Be decay depend on the orientation of the second step breakuprelative to the

first. As the Hoyle state and its intermediate and final decay states (8Be, α), all have

spin 0, the particles have been generated isotropically in the respective rest frame (in

case of8Be + α decay the rest frame is12C and for the decay of8Be→ α + α, the

rest frame is8Be). In addition to the sequential decay, three direct 3α decay modes

have been taken into account (DDE, representing the decay mode where equal energy

sharing occurs among threeα-particles, DDL, representing the decay of a linear chain

like configuration, leading to oneα-particle at rest and the other two moving with equal

but opposite velocities, and DDΦ, characterizing uniform sampling of phase space by

the decay products, all in the12C frame). The complete experimental geometry of the

forward and the backward detectors have been incorporated and only those events were

accepted for the comparison with experimental data for which the directions of linear

momenta of the three-α decay particles were within the active geometrical coverage

of forward two detectors and the inelastically scatteredα-particle was also within the

active acceptance of backward detector telescope. In addition, we have considered

all other experimental effects, such as, beam resolution, detector threshold, dead area

of detector, angular and energy resolutions of the strip detectors, event rejection due

to multiple hit in single strip, etc. All these states (the Hoyle state, ground state of

8Be) have intrinsic widths, which have been taken to be Breit-Wigner shapes in the

simulation. For the present experimental setup, it has beenfound that the geometrical

detection efficiencies for all these types of decay are nearly same (SD efficiency=

0.82 %, DDE efficiency= 0.85 %, DDL efficiency= 0.90 %, and DDΦ efficiency=

0.80 %, for the Hoyle state) for this reaction. All theα-particles have been generated

in laboratory frame and the accepted particles which fulfillthe above conditions have

been taken for the comparison with the experimental data. The simulation events were

treated in the same way as the analysis procedure was performed for the experimental

data so that the comparison would be fruitful.
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In order to investigate the decay pattern of the Hoyle state,Dalitz plot has been

extensively used in the present analysis. Dalitz plot is an ideal tool for visual represen-

tation of phase space of a three body decay. It was first introduced by R. Dalitz [91]

for the representation ofτMeson decay in high energy particle physics. The details of

the Dalitz plot technique will be described in the followingsubsection.

3.3.9 Dalitz Plot technique

Dalitz plot provides an excellent tool for studying the dynamics of three-body

decays. The kinematics of three body decays can be completely described by two

variables. Let us consider a parent nucleus decays into three final particles of names 1,

2, 3 with kinetic energies T1, T2 and T3, respectively . For a definite total energy, E, in

center of mass of the three particles, all the final states have a continuous distribution

of configurations, each specified in such a way that the energyE is shared among the

three particles. This energy sharing may be represented uniquely by a point, P(X, Y),

within the equilateral triangle, ABC, (as shown in Fig.3.18) such that the perpendicular

distances to its three sides are equal in magnitude to the kinetic energies of the particles

T1, T2 and T3. The most important property of this representation is thatthe area

occupied within this triangle by any set of configuration is directly proportional to

its volume in phase space. Not all points P within the triangle ABC correspond to a

physical configuration, since the energies of particles 1, 2, 3 must be consistent with

zero total momentum. With non-relativistic kinematics andwith equal masses m for

particles 1, 2, 3, the only allowed configurations are those corresponding to points P

lying within the circle inscribed by the triangle, as shown in Fig.3.18and the equation

of circle is given by

X2 + Y2 = (
H
3

)2, (3.6)

where, H, is the height of triangle and H= T1+T2+T3. and, the centroid of the triangle

is the origin of the coordinate axis. The point P inside the circle can be described by
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Figure 3.18: Schematic diagram of Dalitz plot.

the coordinates (X, Y) and are given by

X = QP= RP− RQ=
2
√

3
T2 −

(T2 + T3)√
3

=
(T2 − T3)√

3
, (3.7)

Y = OQ= T1 −
H
3
=

(2T1 − T2 − T3)
3

, (3.8)

Uniqueness about the Dalitz’s plot is that if there is any intermediate state involved

in the three body decay, it will impose a constrain on the kinetic energies of the corre-

sponding two-particle decay from the intermediate state and all points defined by (X,

Y) will follow a restricted locus; this corresponds to the decay which is known as se-

quential decay (SD). On the other hand, if the decay occurs without any intermediate

state of particle,i.e. the decay occur directly (known as direct decay (DD)), then none

of the energies are constrained. In this case, it can be shownthat the data points will

be distributed uniformly over the area of a circle with radius H
3 as shown in Fig.3.18.

Using the laws of conservation of momentum and the equation of relative energies

of any two of the threeα-particles (Erel(ij) = 1
2µ(Vi − V j)2), one can deduce a relation
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as

Erel(12)+ Erel(23)+ Erel(31)=
3(Ex − Eth)

2
, (3.9)

here, the relative energy indices 1, 2 and 3 refer to the particles emitted with highest,

second highest and lowest energies, respectively, Eth is the threshold for the three body

decay, Erel(ij) is the relative energy between ith and jth particle

From the above equations (3.6to 3.9), one can obtain as

X =

√
3(Erel(23)− Erel(12))

2
, (3.10)

Y =
(2Erel(31)− Erel(23)− Erel(12))

2
, (3.11)

and radius,

R=
3(Ex − Eth)

4
, (3.12)

These parameters X=
√

3[Erel(12) - Erel(23)]/2 and Y = [2Erel(31) - Erel(12) -

Erel(23)]/2 are called Dalitz parameters.

In order to compare the simulation with experimental data, the relative energies

between the threeα-particles have been calculated using the measured energies of the

particles and the simulation data. Fig.3.19shows the comparison between the simu-

lation data with experiment in terms of relative energies and the excitation energy of

12C. From the Fig.3.19, it is clear that the experimental effect has been taken care in

simulation very carefully. The simulations of different types of decays and the corre-

sponding Dalitz plot presentations are displayed in Fig.3.20. It is seen that different

types of decay have their characteristic features in the Dalitz plot. This clearly illus-

trates the importance of Dalitz plot in deciphering the contribution of different types

of Hoyle decay. The experimental Dalitz plot for the Hoyle state constructed from

the fully detected (4α) events of the present experiment has been shown in Fig.3.21.

The triangular locus in Fig.3.21indicates that the decay is mostly sequential in nature

(sequential :12C∗ → 8Be + α → α + α + α). Very few events are observed to be
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Figure 3.19: Relative energy spectra for the Hoyle state decay threeα-particles. The his-

tograms in (a), (b),(c) and solid circles in (d) are the experimental data (red line/solid circle)

and the histograms in black color are the results of Monte Carlo calculations.
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Figure 3.20: Monte Carlo simulation for different types of the Hoyle state decay; (a) SD, (b)

DDE, (c) DDΦ, (d) DDL (see text for details).
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Figure 3.21: Experimental Dalitz plot for fully detected Hoyle events for the reactionα + 12C.

distributed over the circle or in the central region of the triangle - indicating that the

contribution from direct break up is very small. One can directly estimate the con-

tribution of these direct decay mechanism by integrating the area define by the circle

of radius R, but however, there are detector effects which must be taken into account

while evaluating the yields [37].

3.4 Techniques used for estimation of decay mecha-

nism

In order to determine the contributions of different decay modes (of the Hoyle

state), three different distributions (i.e., the distributions of relative energy in8Be-like

pairs, root mean square deviation of energy, and radial projection of the symmetric

Dalitz plot) obtained from the experimental data have been simultaneously fitted with
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those calculated from the simulation data [92, 93]. All the three distributions have been

discussed below;

Erel (
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Figure 3.22: Schematic representation of the contributions of SD, DDE, DDL and DDΦ

processes as a function of the relative energy of8Be like pairs (see text). Solid circles are

experimental data and solid line (red), dotted line (red), dash line (blue), dash-dot line (green)

curves are simulation results for SD, DDE, DDL and DDΦ, respectively.

3.4.1 The relative energy distribution of8Be like pairs

This is the distribution of the lowest relative energy between any twoα-particles

in each 3α decay event of the Hoyle state [37, 52]. So, all SD events decaying through

the 8Be ground state will contribute to the peak at a relative energy of ∼ 92 keV, the

breakup energy of8Beg.s.. On the other hand, for DDE mode of decay, it should peak at

Erel ≃ 188 keV. The relative energy distribution of the8Be like pairs in the experimental

data (filled circles) is displayed in Fig.3.22along with those obtained from simulation

events for SD [solid line (red)], DDE [dotted line (red)], DDL [dash line (blue)] and
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DDΦ [dash-dot line (green)] processes in the same format (8Be like pairs) to show

the nature of distribution for different types of decays. It is seen that the experimental

distribution is dominated by the peak at around 92 keV signifying strong dominance

of the SD process though a small distortion in the distribution near the tail region and

indicating small but finite contributions of the direct processes in the Hoyle state decay.

3.4.2 The distribution of root mean square energy deviation:

The root mean square energy deviation,Erms, has been defined as [51, 52],

Erms =

√

< E2
α > − < Eα >2 (3.13)

where,Eα are the energies of theα-particles from the decay of the Hoyle state, and the

average is over the energies of the threeα-particles of each event. So,Erms is the root

mean square energy deviation of the energies of theα-particles of each Hoyle state

decay event in the rest frame. Fig.3.23displays the distribution ofErms for the fully
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Figure 3.23: The distribution of root mean square energy deviation, symbols/lines are same

as in Fig.3.22.
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detected events along with the simulation events, same as inFig. 3.22. It is clear

from equation3.13that, in this case DDE should contribute prominently in the neigh-

borhood ofErms ≃ 0 in the distribution, subject to finite broadening due to thetotal

instrumental resolution. From the shape of the curve in Fig.3.23, it is again evident

that there is some small but finite contributions from directprocesses such as DDE.

ρρρρ
ΦΦΦΦ

εεεε1111

εεεε3333

Figure 3.24: The Dalitz plot and associated projections,ρ andΦ, hereεi denotes the normal-

ized energy of the ith α-particle.

3.4.3 The distribution of radial projection of the Dalitz pl ot:

Two-dimensional Dalitz plots are not very suitable for visual comparison of ex-

perimental and theoretical distributions in details. For this purpose, one-dimensional

projections like the radial (ρ) and angular (Φ) projections shown in Fig.3.24are much

more useful. Two dimensional symmetric Dalitz plot using simulation data for dif-

ferent types of decays are shown in Fig.3.25and the experimental two dimensional

symmetric Dalitz plot is shown in Fig.3.26. The experimental data in their original

form were used directly for generating the plot and no event-by-event kinematic fitting

procedure [53] were required.
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Figure 3.25: Symmetric Dalitz plots for (a) SD, (b) DDL, (c) DDE (d) DDΦ.

Figure 3.26: Measured Dalitz plot distribution without any kinematic fitting.

85



3ρρρρ
0.0 0.5 1.0

d
N

/d
ρρ ρρ

101

102

103

Figure 3.27: The distribution of the radial projection of the symmetric Dalitz plot, sym-

bols/lines are same as in Fig.3.22.

One-dimensional projections of Dalitz plot [radial (ρ) and angular (Φ) projections]

is shown in Fig.3.24. In the present case, as the Hoyle state has spin 0, it decay

isotropically into 3α (also have spin 0), so the decay of the state has no directional

memory as well as it obeys the energy-momentum conservationlaws, knowledge of

two alpha-particle energies fully specifies the kinematicsof the decay. It has recently

been shown that the technique of radial projection of the Dalitz plot is very useful

to gain deeper insight into the decay mechanism [53]. The radial coordinate of the

symmetric Dalitz plot,ρ is given by

(3ρ)2 = (3εi − 1)2 + 3(εi + 2ε j − 1)2 (3.14)

where,εi, j,k = Ei, j,k/(Ei + E j + Ek) are the normalizedα-particle energies in the12C

frame andEi > E j > Ek. The radial projection of the Dalitz plot using the present data

of ∼ 2× 104 fully detected (4α) Hoyle decay events is shown Fig.3.27along with the

simulation of different types of decays. It is also evident from Fig.3.27that the whole
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spectrum of one dimensional projection of symmetric Dalitzplot cannot be reproduced

with only sequential decay component (SD), some fraction ofdirect decay component

(DD) is needed along with SD to explained the whole spectrum.
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Figure 3.28: The distribution of8Be like pairs of each event of the Hoyle state decay of12C∗

(filled circle). Filled circles correspond to the experimental data and the lines correspond

to various simulation results; only sequential decay (dotted line), total decay (including SD,

DDE, DDL and DDΦ)- best fit (red line), total decay - with 99.75% upper confidence limit

(blue dash line)(see text).

3.5 Estimation of decay components of the Hoyle state

Estimation of different types of decay mechanisms have been obtained by simul-

taneous optimization of three different distributions (as mentioned above) from the ex-

perimental data with those generated from the Monte Carlo simulation event set [92].

The experimental results have been compared with those obtained using simulated data
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sets containing contributions of different decay processes in varied proportions. The

simulated event sets have been validated by taking care of all experimental effects as

mentioned earlier; 5, 00, 000 valid events for sequential decay and 50,000 valid events

each for all (three) types of direct decay have been generated within the detector geo-

metrical efficiencies. For each fitting procedure, a mixed event set consisting of various

decay processes has been chosen randomly in varied proportions from the event sets

corresponding to the individual decay processes and then fitted withχ2 minimization

technique simultaneously for the distributions of energy of 8Be like pairs, root mean

square energy deviation, and the radial projection of symmetric Dalitz plot, with the

normalization fixed by equal area under the graph. The above fitting procedure has

been repeated for 2,00,000 times using different, randomly selected mixed event sets

to obtain the dispersion of the best-fit parameters. From this analysis, the best-fit val-

ues for different direct decay processes of the Hoyle state have been extracted to be

0.60± 0.09 % for DDΦ, 0.3 0± 0.1 % for DDE, and 0.01± 0.03 % for DDL; the cor-

respondingχ2 (per degree of freedom) values are 0.987 in Fig.3.28, 0.99 in Fig.3.29,

and 0.83 in Fig.3.30. It is evident that both DDΦ and DDE branching ratios are sig-

nificantly larger than zero; in the case of DDL, the best-fit value was associated with

larger (than the value) uncertainty and therefore the upperlimit of the corresponding

branching ratio has been extracted to be 0.1 % at 99.75 % CL [92].
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Figure 3.29: The distribution of root mean square energy deviation of theα-particles from the

Hoyle state decay events. The symbols are explained in Fig.3.28.
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Figure 3.30: The distribution of the radial projection of the symmetric Dalitz plot of each event

of the Hoyle state decay in the12C frame (filled circle). The symbols are explained in Fig.3.28.
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3.6 Results and discussions

Thus, it can be said that the total direct decay branching ratio as obtained in the

present study is 0.91 (14) %, out of which DDE contributes 0.3(1) %; this further

implied that, according to [51], 0.3(1) % of the Hoyle decay events are candidates for

nuclear Bose-Einstein condensates (BEC). The presently determined nonzero branch-

ing ratios for DDΦ and DDE, as well as the estimated upper limit at 99.75 % CL for

DDL mode, are widely different from those reported in [51] (see Table3.2for compar-

ison); they are, however, in general consistent with the upper limits of different direct

decay branching ratios reported in [37, 52, 53].

It is pertinent, at this point, to mention that deciphering the link between the ob-

served energy distributions of the decayα-particles and the structure of the Hoyle

state may not be quite straightforward because of the influence of tunneling through

the barrier on the former [53]; moreover, the importance of correlation between the

observation of a particular direct decay mode and the existence of a particular struc-

ture (e.g., DDE and vis-à-vis nuclear BEC) is also sometimes debated in theory [94].

All these problems notwithstanding, precise, high-statistics measurement of the en-

ergy distribution of the decay particles and its representation in various forms (relative

energy distribution of8Be-like pairs, distribution of root-mean-square energy devia-

tion, and Dalitz plot distribution) to extract precisely the branching ratios of various

decay modes, combined with the predictions of advanced decay models (for exam-

ple, [95, 96]), are expected to provide unambiguous information about the structure

models. In this context, the present results assume significance with the determination

of nonzero branching ratios for various direct decay modes,which, though in general

agreement with the recently determined upper limits [52, 53], are nearly an order of

magnitude less than those reported in [51] and thus clearly contradict that measure-

ment. In this context, the current measurement, at highest statistics till date, assumes

significance and the determination of nonzero branching ratios for various direct decay
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modes may help in arriving at a consensus, so far as experimental determinations and

estimations are concerned [92, 93].

Table 3.2:Comparison of different experimental estimates of direct decay modes of the Hoyle

state.

Experiment Total DDE DDL DDΦ Total CL

events (%) (%) (%) (%) (%)

Ref. [37] ∼ 2000a - - - < 4 99.5

Ref. [51] ∼1000b 7.5± 4.0c 9.5± 4.0c - 17.0± 5.0c

Ref. [52] ∼4000b < 0.45 - 1.3± 0.9 < 3.9 99.75

(< 3.9)

Ref. [53] ∼5000a < 0.09 < 0.09 < 0.5 < 0.5 95

Ref. [92] ∼20000a 0.3± 0.1c < 0.1c 0.60± 0.09c 0.91± 0.14c 99.75
afully detected events only.

b3α reconstructed events.

ctotal error from statistical,χ2, and background.
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Chapter 4

Summary and Conclusions

In summary, in order to study the properties of hot nucleus formed in heavy ion re-

actions, a high resolution, low threshold, high granular charged particle detector array

has been designed and developed as a part of the present thesis work and the details

of which (mechanical design, fabrication, test, etc.) havebeen presented in this thesis.

The array consists of 24 telescopes, each telescope is made up of three elements; first

element is a 50µm,∆E, Single-sided Silicon Strip Detector (SSSD : 16 strips, each of

dimension 50 mm× 3 mm), second element is a 500/1000µm, E/∆E, Double-sided

Silicon Strip Detectors (DSSD : 16 strips (each 50 mm× 3 mm) per side in mutually

orthogonal directions) and third element is CsI(Tl) detector (4 nos.), each of thickness

6 cm. The array elements has been chosen to provide good isotopic identification of

fragments (Z≤ 10) by the∆E-E technique with good angular resolution over a wide

dynamic range in energy. The complete mechanical structureis such that the array,

after complete assembly, form a surface of a sphere of radius20 cm. To minimize

the dead area and allow close-packing of the telescopes in the array, a compact frame

for the Silicon strip detectors has been developed. Detailscharacteristics of different

elements of the telescope have been studied offline as well as in beam. The event re-

construction technique has been developed in ROOT platformfor the analysis of the

experimental data from this high granular multi-telescopes array. Performance test of

the event reconstruction technique has been done in two experiments20Ne+ 12C and
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12,13C + 12C reactions and study of particle unstable state of different unstable particle

has been presented. The complete detector array with all theelements as well as the

electronics have been tested in offline with α-source and precision pulsar (with high

count rates; 10k rates). Now the array (full or part of it) is being used for physics

experiment.

In the second part of the thesis work, a high statistics and high resolution complete

kinematical measurement has been performed to study the decay mechanism of the

Hoyle state. The experiment has been performed at the Variable Energy Cyclotron

Centre, Kolkata, using 60 MeV4He ion beam from the K130 cyclotron on12C target.

Theα-particles emitted in the decay of the Hoyle state have been detected using two

500µm double-sided silicon strip detectors (in forward direction) in coincidence with

the inelastically scattered projectile (α-particle) using one strip detector telescope in

backward direction. Only completely detected events (events where all fourα particles,

three from the decay of12C∗, as well as the inelastically scattered one were detected

separately) have been used for the present analysis to remove any ambiguity about

the origin of the detected particles. The genuine Hoyle events have been extracted by

filtering the raw data with proper cuts on the TDC time signal as well as total energy

- momentum gates. Total of 2× 104 events have been observed within the Hoyle

state after all conditions imposed. Three different distributions have been used for

estimation of decay components of the Hoyle state. First oneis the relative energy

distribution of 8Be-like pairs, where the sequential decay events are expected to be

peak around the ground state of8Be, i.e., around 92 keV. There was evidence for non-

sequential decays in this distribution in the form of small wings on the tails of the main

peak of ground state of8Be. Second one is the distribution of root mean square energy

deviation (rms), where the events of direct decay with equalenergies are likely to show

up around the zero rms value within the experimental setup resolution, which was

actually seen. Third one is the radial projection of symmetric Dalitz plot, which has

been known to be very useful for the study of decay pattern in case of spin zero particle.

Simultaneous optimization of all these three different distributions derived from the
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experimental data with those generated from a simulated event set has been performed

to arrive at a consistent estimate of the contributions of various direct decay modes.

The optimization procedure was further repeated numerous times with different sets

of simulated data sampled randomly from a much larger pool ofsimulated events to

extract the distribution of the best-fit values and determine the contribution for each

mode; if the contribution for some mode was not found to be statistically significant,

the upper limit of the contribution has been extracted at 99.75 % confidence limit

(CL). Simultaneous optimization of three different distributions usingχ2 minimization

technique has led to the determination of non-zero branching ratios for direct decay in

phase space (DDΦ : 0.60± 0.09 %), and direct decay with equal energy (DDE : 0.3 0±

0.1 %). The present study has also led to the estimation of upper limit for direct decay

of linear chain (DDL : 0.1 %) at 99.75 % confidence level. The presently determined

branching ratios are clearly at variance with those reported earlier by Radutaet al.[51],

but are consistent with other recently estimated upper limits of the same [52, 53].

Interestingly, another recent study published after the present work has, however

indicated that the upper limit of direct decay could be even smaller, down to (< 0.2%

at 95 % CL) [97].

Regarding the link between the experimental observations discussed above and

the structure of the Hoyle state, the signatures may be distorted due to the influence

of barrier tunneling; in addition, the link between the observation of a particular di-

rect decay mode and the existence of a particular structure (e.g., DDE and vis-à-vis

nuclear BEC) is also not quite straightforward [94]. However, high-statistics and high

resolution measurement of completely detected events to extract precisely the branch-

ing ratios of various decay modes, combined with the refinement of decay models (for

example,[95, 96]), are expected to provide better and more unambiguous information

about the structure. As the consensus on the non zero branching ratios for various

direct modes is yet to be achieved , the topic is still very live and interesting; more

detailed experiments are likely to be performed in future toreach a definite conclusion

on this issue.
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