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SYNOPSIS

In nuclear physics, clustering plays an important role itedaining the structure
of light nuclei. Moreover the study of these nuclei is crliéoa various astrophysical
scenarios. The study aef-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 thEhsticated detector system
to understand their emission mechanism and ultimately dakhe underlying nuclear
structure of the decaying nuclei. In particular, the stuti§Re, *C, %0 as two, three
and foura-cluster structures, respectively, is important to estemegemental abun-
dances in universe through stellar-nucleosynthesis psoda recent years, there has
been lot of interest in the study of cluster states usingmasoe particle spectroscopy
with special emphasis on the structure of seconéxtited state of’C at 7.65 MeV,
the famous Hoyle state, which is believed to play a key rolthensynthesis ot’C
and the other heavy elements in the Universe. Though a fempts have been made
in the past to understand the nature of this Hoyle state,ttidy ©f structure of this
state is still a subject of great interest. From nuclearcsting point of view too, the
Hoyle state presents many unique features which are yet tmterstood properly.
The standard shell-model approaches as well as no-coresbet! (NCSM1) calcu-
lations failed to reproduce the state; however, recenutaions within no core shell
model framework with no féective limitation on the number of harmonic oscillators
in the model space (NCSM2) have been able to demonstratiterece of low ly-
ing cluster structures it?C (0 Hoyle state and its excited; Ztate). Theab — initio
calculation using lattice chiralféective field theory (LEFT) has been able to identify
a resonance it*C having the characteristics of the Hoyle state. Besidéssthte has
long been considered as a classic example-ofuster nuclear states in light nuclei
as well as a candidate for exotia 8near chain configuration. At the same time, this
state is known to possess a relatively large radius compartht of the ground state.
So, it may be conjectured that theclusters in the Hoyle state remain in quasi-free gas

like state. This observation, together with the bosoniareabfa-particles and the fact
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all threea-patrticles are in the same state)thas led to the speculation that the state
may be interpreted in terms of a nuclear Bose-Einstein aosateon (BEC). Because
of the gas like structure of the condensate, the relativgipos of thea-particles in the
Hoyle state should be uncorrelated . However, recent farimimolecular dynamics
(FMD) calculations indicate that the relative positiondted a-particles are correlated
mostly resemblingBe plusa configurations. The predominance of thi8¢ + a)
structure has been observed experimentally in the se@lewtiure of decay of the
Hoyle state. However, the predominance of one type of cordtmn (say®Be + )
does not rule out the possibility of existence of other camfigjons {.e., BEC) in iso-
lated situations. Similar interesting features may alsstdar other higher unbound
resonances which are yet to be explored. Understandingitia and structure of the
Hoyle state continues to remain a strong challenge to theadyattracts considerable
experimental forts. The information about the structuremtluster resonances are
usually extracted from the particle decay studies. Thusigeestudies of decay mech-
anism of the states play an important role in decipheringsthecture information of
these exotic states. Moreover, the break-up of a physisésyinto a three-body con-
tinuum with Coulomb interaction is not yet a well-understqooblem of few-body
physics, although it is being studied over many years. Tuadysbf these processes
will help to improve our understanding of the inverse tripl@rocess and to probe to
what extent the three particles of the final state may be ptesea cluster structure
in the many-body initial state. To study the above mentiopleehomena, a sophisti-
cated detector system with high granularity and high regmiineeded. In the present
thesis, a high resolution charged particle detector aresyldeen developed and use
it (partially) to study the particle unstable states, paitairly 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 igiginular-high resolution
charged particle detector array and its event reconstrutéichnique. The second part
of the thesis dedicated to the study of the decay mechaniddoyit state of-°C in

inelastic scattering af on*?C at 15 MeVA energy.
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The first part of the thesis is related to the development tdader array and its
data reduction technique. We have been developing a highutes) charged parti-
cle detector array, which would ultimately be used for naclghysics experiments
with K500 super-conducting cyclotron at VECC. The main obye of high resolu-
tion charged particle detector array is to study the hoteiymsbduced in intermediate
energy heavy ion collision by calorimetric as well as spEsttopic techniques. This
array will cover the angular range (laboratory) ft@ 45° (most of the intermediate
mass fragments will be emitted within this zone), and it isded to identify them in
energy, mass and charge for physics extraction. Therefloeedletector should have
high energy resolution, high granularity, low detectionehold and good isotopic
identification capacity. Keeping all these in mind, the degearray has been devel-
oped. It consists of 24 telescopes, each telescope is madethpee elements; first
element is a 5@m, AE, Single-sided Silicon Strip Detector (SSSD : 16 stripsheat
dimension 50 mnx 3 mm), second element is a 50000um, E/AE, Double-sided
Silicon Strip Detector (DSSD : 16 strips (each 50 mr& mm) per side in mutually or-
thogonal directions) and third element is CsI(TI) dete¢fonos.), each of thickness 6
cm. The complete mechanical structure is such that the,aftay complete assembly,
form a surface of a sphere of radius 20 cm. Development ofatalysis procedure of
the this array is quite complex as it consist of multiple aiela in each telescope (52
channels per telescope, total of 1248 channels for the vwdrcdg). Event reconstruc-
tion technique for the analysis of the data from multiplesebpes has been developed
in ROQOT platform under the present thesis program. Chaiaateon (mainly energy
resolution and uniformity) of Si-strip detectors and Cé)l(letectors for each telescope
has been performed. Design and development of whole mesdianipport structure
of array as well as each housing of telescope have been pedor Initially, a pro-
totype telescope has been developed, which consisted @h63E, SSSD, 30@:m,
E/AE, DSSD and backed by four CslI(TI) detectors of thickness Ztkheperformance
of the prototype has been tested experimentally using 148 Mie beam from the

room temperature cyclotron, VECC, Kolkata, on th€ target. Emitted particles have
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been measured using this telescope in the angular rafide 2@ in laboratory. Multi-
particle correlation has been studied (such @asda, which correspond t8Be, oLi
particle unstable states). From the above correlationystuaclear source tempera-
ture has been extracted using threaiient methods (slope thermometer, excited state
thermometer and double isotope thermometer methods). Jtimaaged temperature
using three dferent methods have been found to be consistent at this eaien-
ergy. Second performance testing of final design of teles¢@s been performed at
BARC-TIFR Pelletron, Mumbai, to measure the particle ubletstates formation in
1213C + 12C reactions. Performance test of all elements of the detaatay have been
completed. The complete detector array with all the elemasitvell as the electronics

have been tested and the array (full or part of it) is beingligephysics experiment.

Second part of the present thesis is related to the study gleHstate of*2C in

a complete kinematics experiment. The experiment has bedarmed at the Vari-
able Energy Cyclotron Centre, Kolkata, using 60 M#\e ion beam from the K130
cyclotron on'?C target (self-supported with a thicknes80 ug/cn?). Typical beam
current used for the experiment was2.5 pnA. Diferent excited states itfC nu-
clei were produced through inelastic scatteringtéé from*?C. Two DSSD detectors,
each of 50Qum thickness, have been used in forward direction to detedegay from
12C* and one telescope consisting of a/a0 SSSD, a’\E, and 50Qum DSSD as E,
in backward direction to detect and identify the inelastiparticles. The two DSSD
detectors and strip detector telescope were placed at kitneatly correlated angles
for coincident detection of inelastically scatteféte in the backward angle telescope
(covering the angular range approximately 8832) and the three-particles, origi-
nating from the decay of the states of the recoifif@’, at the forward angle detectors
(covering the angular range approximately 2@2°). All strips of the detectors were

read out individually using standard readout electronics.

The study of break up (direct versus sequential break uppgfd-state of°C into
its constituentr-particles is still of great interest and is very importaisoafrom the

structural and astrophysical point of view. The tripl@eaction is fully dominated by
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the s-wave resonances in the temperature rangel(f K - 10° K) in which stellar he-
lium burning takes place. The astrophysical reaction rakeutations are based on the
assumption that triple- capture process proceeds exclusively via sequential teyp-s
processd¢ + a — 2Be ;®Be + o — 2C*). Calculations indicate that even minor change
of the process (from sequential to direct) may modify theléxr capture rate [C. An-
guloetal, Nucl. Phys. A656, 3 (1999)], and thus the relative abundanc¥@f, which,

in turn, would dfect the stellar evolution process [C. Tetral., Astrophys. J718 357
(2010)]. So, precise quantitative measurement of all tjpeacesses (deviation from
sequential) in Hoyle state decay is crucially importanitrfnouclear structure as well as
astrophysics points of view. In recent times, several erparts have been performed
to investigate and quantify the roles of various decay madésoyle state. In addi-
tion, attempts have also been made to identify affiédintiate among various types
of direct decays, such as decay into equal energies (DDEaydato a linear chain
(DDL) and decay in phase space (P and to quantify their contributions, which are
supposed to throw new lights on the exotic structure of thgléistate. The first exper-
imental estimate of directa3decay of the Hoyle state was made by Freteal. [Phys.
Rev. C49, 1751(R) (1994)], who, using a Dalitz plot and its projentio terms ofBe
like pairs, estimated an upper limit of 4% on direat @ecay in phase space branches
bypassing the ground state #e. In a recent work, Radutet al. [Phys. Lett. B
705 65 (2011)] identified two direct decay branches, DDE and Diith a combined
branching percentage of 17(5) %, and argued that the DDEcbremrresponds to the
signature of amr condensate structure. This 17 % direct decay implies a samara
of reduction in the reaction rate calculation in the tempegarange of @ fusion (16

- 1¢° K), which is larger than the current estimate of uncertaorythe reaction rate;
this is a serious issue that needs to be cross-checked hyeindent, precise, higher
statistics experiment. More recently, Manfredial. [Phys. Rev.(5, 037603 (2012)]
have estimated, using optimizations of the distributioAR¥ like pairs as well as the
distribution of root mean square energy deviation, the uppgt for contributions of

DD® and DDE to be 3.9 % and 0.45 %, respectively, at 99.75 % cordeltavel .
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In another recent work, Kirsebost al. [Phys. Rev. Lett.108 202501 (2012)] have
estimated, using the optimization of symmetric Dalitz @od its radial projection,
the upper limits for DDE, DDL and DD 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 amofigrdint measurements; in
particular, all measurements except that of Ra@tt. indicate that the direct decay
modes are very small fractions (upper limb % or less). Therefore, exclusive exper-
iments with higher statistics of Hoyle events are needectdyand cross check the
recent experimental results and to reach a consensus oigghes This is important
because, apart from crucial astrophysical significangel€trr reaction rate and con-
sequently the abundance of carbon), various DD modes, themwgll, are considered
to be manifestations of new and exotic structures (lineam;muclear Bose-Einstein
condensate, etc.) which are special for the Hoyle statehisithesis, dierent decay
mechanism of Hoyle state has been estimated in a high resoand high statistics ex-
perimental measurement. It has been performed in a compietmatical experiment
of inelastic scattering af (60 MeV) on*?C. Only fully detected (4 in exit channel)
events were considered for the present analysis to avoighassible propagation of
error originating from the uncertainty in the determinatmf the momentum of the
fourth particle escaping detection in otherwise kinenadiyacomplete, & events. The
number of fully detected # Hoyle state events in the present data was around 20,000,
which is nearly 4-10 times higher than the number of eventsicered in any earlier

experiment.

For quantitative estimation of the individual contriburtgoof the three direct decay
modes (DDL, DDE, and, DD), of the Hoyle state, an event-by-event Monte Carlo
simulation program has been developed using CERN libraROO®T platform to take
into account the geometricaffieiencies of the setup. In the simulation, all exper-
imental dfects have been properly considered. Simultaneous optiorzaf three
different distributions (the relative energy&e like pairs, the root mean square en-

ergy deviation, and the radial projection of symmetric Eaplot) derived from the
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experimental data with those generated from a simulatect ee¢ has been performed
to arrive at a consistent estimate of the contributions ofous direct decay modes.
The optimization procedure was further repeated numeilimestwith diferent sets
of simulated data sampled randomly from a much larger posiratilated events to
extract the distribution of the best-fit values and deteenttre contribution for each
mode; if the contribution for some mode was not statistycalgnificant, the upper
limit of the contribution has been extracted at 99.75 % camfoe limit (CL). Simulta-
neous optimization of threeflierent distributions using? minimization technique has
led to the determination of non-zero branching ratios foectidecay in phase space
(DD® : 0.60+ 0.09 %), and direct decay with equal energy (DDE : 08 0.1 %).
The present study has also led to the estimation of upperfomdlirect decay of linear
chain (DDL : 0.1%) at 99.75 % confidence level. This is the firse in a complete
kinematics experiment, the quantitative contributiondi@erent direct components of

Hoyle state decay have been extracted.
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Chapter 1

Introduction

Nuclear physicsis the branch of physics which deals wittsthdy of fundamental
properties of atomic nuclei theoretically as well as expentally and reveals their
underlying structures and reaction dynamics. The basidibgiblocks of the atomic
nucleus are protons and neutrons, known as nucleons. Tleeveldsproperties of the
nucleus are in fact the reflection of the properties and theiahunteraction of these
nucleons. It has been conjectured that the nucleons amdeitise nucleus may also
exist in the form of compact close-packed cluster of fourl@eoies (two-neutrons and
two protonsj.e., “He nucleus) as a sub-unit of the nucleus. THe nucleus possesses
a significantly higher binding energy compared to its ndanegyhbours and its first
excited state is lying at much higher excitation energyZ20eV) above the ground
state. These properties Gfle nucleus make it a candidate as a sub-unit ingredient
of nuclei. Clustering, particularly in the form efcluster, is well established both in

heavy as well as light nuclel] 2, 3, 4].

Investigation on the structure of nuclei withaNZ, particularly even Z and N nu-
clei, is very interesting and important from nuclear stawetas well as astrophysical
points of view B, 6, 7, 8]. The a-clustering plays an important role in determining the
structure of these N Z nuclei. In 1938, Hafstad and Teller conjectured that tloaigd

state of nuclei with N= Z could be described in terms of geometric arrangements of
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Figure 1.1: The lkeda threshold diagram ford\huclei.

a-particles known as-clusters 9]. In 1960, this idea of cluster structure near the
decay threshold has been developed by Ikeda and his co-sdik® The Ikeda dia-
gram (as shown in FidlL.1) predicts widespread clustering structure, and in pdeicu
a-cluster structure in nuclei for the states at energies theaeluster separation thresh-
olds. The simplest case of tweclustered system &Be, which possesses a dumbbell
like structure with axial deformation of 2:1. The nucléC, 0 and?°Ne are well
known examples of three, four and fiweclustered nuclei, respectively. These nuclei
are unstable against breakup into its particular clusteexeitation energy close to
the corresponding particle decay thresholds. Each of tlesltiold value for the decay
into the corresponding cluster nucleus is mentioned in Eiy. Most of the states are
particle unbound above this threshold. So, studying thestcfg/cluster decays, one
can extract valuable information about the structure adétruclei, which are believed

to play vital role in understanding several stellar proesss
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In recent years, the study of cluster states using resorzartiele spectroscopy
with special emphasis on the structure of secohéxited state of?’C at 7.65 MeV,
known as the famous Hoyle state, has evoked a lot of inteaeghe state is believed
to play a key role in the synthesis BC and the other heavy elements in the Universe
[11]. Aim of the present thesis is to study the Hoyle state, paldily its decay mech-
anism, using high precision, high resolution, kinematjcabmplete measurement of

the decay products.

1.1 The Hoyle state

Synthesis of*?C and other heavy chemical elements are quite essentiahéor t
existence of life and everything on Earth. The formatiof’Gfis the main key behind
the synthesis of all heavy elements that proceed thrét@hBut carbon itself would
not have existed in shicient amount to form life, if there did not exist one excit¢ats
in proper position (just above the particle decay threshioléfC. This unusual excited
state is the second excited state'®E, which is the famous Hoyle state. Though
quite a few attempts have been made in the past to understaméture of the Hoyle
state, the study of the structure of this state is still aecttpf great interest in recent
time. The'?C isotope of carbon is the most abundance among its avaitablde
isotopes and is the fourth most abundant on earth. Althdé@Hs one of the most
well studied nucleus, surprisingly many aspects aboutxbiesl states of the nucleus
are still unknown. In the following section we will discusavinthe Hoyle state plays a
crucial role in the formation of elements found in the Unsgrcommonly 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 Us®geare believed to

be formed through multi-step fusion process generally ¢éekas nucleosynthesis. The
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Figure 1.2: Schematic view of level diagram $C. The Hoyle state is produced through
fusion of tripleer process. Ground state 6fC is produced through the decay of the Hoyle

state (7.65 MeV) by cascagedecay or by internal pair production.

nucleosynthesis first initiated during ‘Big Bang’ is calledmordial nucleosynthesis,
which lasted for a few minutes-(3 minutes) after the ‘Big Bang’, till the tempera-
ture fell below the temperature necessary for fusion. Tiiigal ‘Big Bang’ has been
responsible for the creation of most of the mass of the Us&ves we see today, pre-
dominantly in the form of hydrogen and helium. Synthesisezh\her elements (carbon
and beyond) is believed to have taken place later in the lo¢atars formed by hy-
drogen and helium through a number of nuclear reactionsgeias stellar nucleosyn-
thesis process. In stars like Sun, the main process of empeagiuction is ‘hydrogen
burning’ through proton-proton (pp) chain reaction, by @hprotons fuse to form nu-
clei upto helium. The cores of these stars are comprisedlynafitnelium, and Bethe
[12] conjectured that no significant amount of any element fegdhian helium can be
produced by stellar thermonuclear reactions due to thed&skable nuclear isotopes
with mass numbers 5 and 8. So, the question arises; how thneete like'?C and
%0 were formed. To circumvent this problem, it was first praggbsdependently by
Estonian-Irish astronomer E. J. Opik3 and an Austrian theoretician, E. E. Salpeter

[14] that the synthesis of carbon might have taken place thrausiccessivedcap-
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ture process, since the direct formation is inhibited byrbgligible probability that
threea-particles simultaneously collide and fuse in the stelladiam. In this succes-
sive 3r capture process, twe-particles in the first step fuse to form the unstdiie.

As the decay life time ofBe is approximately few orders of magnitude longer than
the interaction time between the tweparticles, there will be build up of only a small
concentration ofBe in equilibrium withe particles (one ground stafBe nucleus for
every 18 a’s). In second step, itBe) then combines with the thirg-particle by a

non-resonant process to foftC as

a+a = °Be (1.1)

8Be+a — C+2y, (1.2)

Since the density ofBe in the stellar plasma is very low, because of its short
lifetime of ~1071° s, this non-resonant process was considered to be slow lerioug
explain the observed abundance of carbon. Energetidadly?€ produced in this way
will be unbound, as its excitation energy,J&vill be above the @ decay threshold. In
order to explain this mystery, in 1953, the British astroeofred Hoyle suggested that
this small probability ofr-capture by short live8Be would be greatly enhanced if the
carbon nucleus had an energy level close to the combinediesaf the reactin§Be
anda nuclei [15]. Then, the reaction would be a faster ‘resonant’ reactmexplain
the observed abundance BC in Universe. With the new hypothesized resonance
the carbon yield would increase by a factor of about tt010* compared to the non
resonant process given by Opik and Salpet&r 14]. The existence of such g Gtate
at E, ~ 7.654 MeV, known as the Hoyle state, was experimentally omefil soon
afterwards 16|, and its properties were established on the basis of a mmasmt of
a-particles emitted in thg-decay of'?B [17]. This triggered vigorous theoretical and
experimental activities in the next few decades, as the d¢ietdte is considered to
hold the key to understand a variety of problems of nucleaopbysics like elemental
abundance in the Universe as well as the stellar nucleosyistiprocess as a whole

[18]. The energy level diagram dfC is shown in Fig.l.2 The formation of stable
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carbon takes place only through the radiative transitiaihnéoground state,e., either
through cascade gamma transitions or through invisiblenga(e - e* ) transition (as
shown in Fig.1.2). After the formation of'>C through triplea fusion, the reaction
12C(a, ¥)*%0 would convert part of thé’C into 1°0. The rate of conversion highly
depends on the relative rates of these two reactions [tiplesion and the'’C(a,
¥)*0 reactions]. The subsequent evolution of star greatly midgen the ratio of’C
and 0, which in turn depend on the rate of triplereaction and thé’C(, y)*°O
reaction. The location of the energy level of the Hoyle stat&C is exactly at the
required position for the production &iC in Universe and consequently for formation
of carbon-based life in eartll§]. If the energy level of the Hoyle state would be
little bit higher, essentially alt?’C would be converted inté°O, on the opposite, if
the energy level would be little bit lower, then the starsts4C burning early, so no
180 could be created?p]. Nature’s fine tuning of the energy level of the Hoyle state
at appropriate position with right properties, the locatad the resonant level of the
Hoyle state is such that the level 80D at 7.1187 MeV is non-resonant, slightly less
than the combined masses’8€ and thea particle. This ensures that a significant
fraction of the?C created will not be destroyed lycapture. Any small change in
position of the energy level (within 100 keV) of the Hoyletstait is impossible or

very difficult to form the carbon as well as the other heavy elem&ls |

1.1.2 Present status on structure of the Hoyle state

The prediction of the 7.65 MeV resonance, the second exsitate of'?C, by
Fred Hoyle was a remarkable inference from astrophysicad¢tear structure point of
view and it had a dramatidiect on the subsequent development of stellar nucleosyn-
thesis and other branches of astrophysics. The existente ¢oyle state has been
predicted and experimentally observed six decades agmevettheless the structure
of the state is still not known properly. The structure of Heyle state is a matter

of great interest and is a longstanding problem in nuclegsigl, which has received
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much theoretical attention recently, like, lattidéeetive field theory 21, 22], no-core
shell model £3, 24], fermionic molecular dynamic2p] anda-cluster models36, 27].
The present status of experimental as well as theoretiediest on the Hoyle state has
recently been well described in a review by Freeal. [11]. From the nuclear struc-
ture point of view, the Hoyle state presents many uniquaufeatwhich are yet to be
understood properly. The Hoyle state cannot be descritmly &y any known models
of atomic nuclei. The standard shell-model approaches dswab — initio calcula-
tion using no-core shell model (NCSM1) failed to reproduee state 23]; however,
recent calculations within no core shell model frameworthwio fective limitation
on the number of harmonic oscillators in the model space (M23rave been able to
demonstrate the existence of low lying cluster structune'$C (the second Pstate,
known as the Hoyle state and its exciteds?ate) P4]. Theab - initio calculation us-
ing lattice chiral &ective field theory (LEFT) has been able to identify a resopan
12C having the characteristics of the Hoyle st&t#][ Besides, this state has long been
considered as a classic examplerefluster nuclear states in light nucl&d, 26, 27)

as well as a candidate for exotie 3inear chain configuration2g, 28]. Recently, it
has been demonstrated from first principle that the straatfithe Hoyle state as al-
most like a linear chain arrangement of thie¢22]; however, more recently it has
been claimed experimentally that the structure of the stdilee a triangular structure
with a-particles in three vertices of the triangl29]. As this state is also known to
possess a relatively large radius compared to that in thengrstate 30, 31], it was
further conjectured that the-clusters in the Hoyle state may remain in quasi-free gas
like state B2, 33]. Considering the bosonic nature @fparticles and the fact that the
initial states of all three-particles, as well as the final (Hoyle) state are in the same
(0") state, it was tempting to speculate that the state may leeprgted in terms of
a nuclear Bose-Einstein condensate (BE®), 35, 36]. However, recent fermionic
molecular dynamics (FMD) calculations have indicated thaw-cluster structure of
the Hoyle state was mostly resemblife plusa configuration P5], which has been

verified in the observed sequential nature of its de&aY. [The predominance of this



correlated {Be + a) structure, as well as the prediction that antisymmeitdsds not
negligible R5], do not go well with the naive BEC scenario. Regarding thapgh
of the Hoyle state also, there is discrepancy between \&nwadel predictions3g];
whereas FMD predicts a oblate equilateral triangle shapelL&#T predicts a bent
arm chain (obtuse triangular) structure, deformed pratatge, BEC model predicts
the Hoyle state to be spherically symmetric. Moreover, the radii of the Hoyle state,
predicted by the above models, are alsibedent from each otheBB]. However, it is
likely that the above-mentioned unusual structure of ttatesmay modify the decay
mode of*?C, thereby &ecting the reaction rate dfC as well as that of other heavy

elements 39, 40].

In nucleosynthesis reaction rate calculations, it is igifyi assumed that the decay
of the Hoyle state proceeds exclusively via a sequentialdi®p process, i.e, via the
ground state ofBe [41]. Deviations from the two step process have been predicted t
modify the relative abundance B1C, and therebyfect the future evolution of stars in
the Universe42, 43, 44]. So, it is crucial to determine the quantitative contribos
of all direct processes other than sequential decay to gketaa picture of the Hoyle

state decay.

1.1.3 The triple a reaction rate

The triplea reaction,i.e. the fusion of threer to form 2C nucleus, plays an im-
portant role in the stellar nucleosynthesis. It is the mawcess behind the synthe-
sis of carbon in star which bridged the mass gaps (mass5Aand A= 8 nuclei)
and allowed nucleosynthesis to proceed further. It is thammeechanism by which
early generation of stars evolved from the hydrogen anditreformed after the Big
Bang. Furthermore, this triple-reaction plays an important catalytic role in various
explosive burning phases of star in which the stellar teaipee exceeds R 10° K.

At low temperatures below £, triple-a process no longer proceed via sequential

process (througfBe) because of too small thermal energy, where the reactians
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ceed directly via other three body mechanism. The rate ofriple-a reaction at low
temperature is also very important for evolution of the fgsheration of stars (see
for more discussion in4p]). The triple« reaction is fully dominated by the s-wave
resonances in the intermediate temperature range (frenll® K to T = 10° K) at
which stellar helium burning takes place and is fully detieed by the properties of
the Hoyle state, which one can measure experimentally. tisreéason the reaction
rate is known rather accurately even though it cannot be mnedslirectly in the lab-
oratory. Currently, the rate is known with 10% precisiont &ftorts are underway to
reduce this to 5%46]. The reaction rate calculations are far more complicatddw
and high temperature domains. At high temperature domait®® K) contributions
of several other high lying states B take place which are not well established. This
is specially true for the excited state of the Hoyle statdctvhas been experimentally
observed recently3B, 47, 4§]. In the low temperature region:(1¢® K) sophisticated
three body models are necessary to calculate the48eThe astrophysical reaction
rate R) calculations are based on the assumption that tripbaypture process pro-
ceeds exclusively via the sequential two-step processd¢ — °Be ;®Be + o — 12C

), which may be expressed as,

_3 1—‘aorrad E
Roc T72 T exp(—k_l_), (1.3)
where, E is the energy of the Hoyle state relative to the @ecay thresholdT is

the temperaturd, (= T, + I'aq), e, Trag COrrespond to total, totat-decay and total

radiative decay widths of the Hoyle state, respectivelytallcadiative decay width
(T'raq) is the combined electromagnetic widths for the decay oettwted state to the
12C ground state via sequentiaémission [,) and internal pair conversiofrf). Total-

a decay width id", = I'yo + I's,, Where,I',o andT'z, are the partial decay widths for
sequential C* - 8Be + @ — a + a + « ) and direct {°C* — a + a + a ) decays,

respectively.

In the above description of the reaction rate calculatiberd is an implicit as-
sumption that the totak decay width is from sequential decay oni., I', = ['4.
Now, we know thalvag < T, (22 = 4.12(11)x 107%) [50]; therefore" = T, = [0, if
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there is no direct decay. Under this condition the expresigioreaction rate becomes,

E
R = Ryeqec T 3T aq €XP C) (1.4)

showing that the rate depends on two components &andl’,4. The latter is very
important from astrophysics and is determined from the oressent of three quanti-
ties

I+, T
LT, (1.5)

rrad :Fn+ry: r r

The current recommendedi]] values are

E = 37938+ 020 keV (1.6)

Lty 403£010)x 10 (1.7)
% =(6.7+0.6)x10° (1.8)

[, =620+20 ueV (1.9)

However, ifI'3, # 0, thenl,o/I" < 1, and thereforeR = Rseqair < Rseq Calcu-
lations indicate that even minor change of the process (Bequential to direct) may
modify the triplea capture rate41], and thus the relative abundance'&E, which, in
turn, would dfect the stellar evolution proces$d. Hence, precise quantitative mea-
surements of all direct processes (deviation from seqaigimi the Hoyle state decay
is crucially important from nuclear structure as well as@stysics points of view. So,
identification and quantification of these decay modes arei@rto probe deeply into
the structure of the Hoyle state. Presently, there are tiireet decay modes.e., de-
cay in linear chain (DDL), decay into equal energies (DDIaY] direct decay in phase
space (DI®), which correspond to lineara3chain, Bose-Einstein condensate aof 3
particles, and dilute Bose gas structures, respectivalye been identified. The DDL
decay mode corresponds to the breaking®fiBear chain, where twa-particles on
two sides will move with equal and opposite velocities, vaaarthe one at the centre

will remain static. The DDE decay mode is intended to focushenBEC-type decay;
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in this case the three-particles will have equal energies (decay from same cosebkn
state); finally, the DI® type decay, where the kinetic energies of thparticles will
uniformly fill up the available phase space, correspondé&i¢éogs-like configuration
of the Hoyle state. In the present thesis, it has been platmmestimate the contribu-
tions of diferent decay mechanisms of the Hoyle state through preclsiginstatistics

measurements.

1.2 Motivation

The existence of non-sequential decay component of theeHstgte implies a
modification in the reaction rate calculation for carbonniation inside star, which
in turn directly dfects the formation of heavier elements and also the futunerge
tion of star in the Universe. From nuclear structure pointietv too, the Hoyle state
is unique on several aspects as discussed earlier. Sos@measurement of feker-
ent components of decay mechanism is very crucial from aud&ucture as well
as astrophysical, points of view. In recent years, quitenadgperiments have been
performed to investigate and quantify the roles of varioeisay modes.e. sequential
decay (SD) and directa3decay (DD) of the Hoyle state. In addition, attempts have
also been made to identify andi@direntiate among various types of direct decays, such
as decay into equal energies, decay in linear chain andtdiemay in phase space,
and quantify their contributions, which are supposed towhmew lights on the exotic
structure of the Hoyle state. First experimental estinmtbdirect 3r decay of the
Hoyle state was made by Freetral. [37], who, using Dalitz plot and its projection
in terms of®Be like pairs, estimated an upper limit of 4% on direatd@cay in phase
space branches bypassing the ground stafBef In a recent work, Radutet al.
[5]] identified two direct decay branches, DDE and DDL, with a bomed branching
percentage of 17(5) %, and argued that the DDE branch camespo the signature
of @ condensate structure. If this is correct, the equatidimplies ~17 (5) % re-

duction in the reaction rate calculation in the temperatange of triple alpha fusion
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(10° - 10° K). This reduction in the reaction rate is larger than theenirestimate of
uncertainty on it and the consequences would be far moreatreatly change in the
low temperature< 1% K) region; this is a serious issue that needs to be verified by
independent, precise, higher statistics experiment. Mecently, J. Manfredet al.
[52] have estimated, using optimisations of the distributio®e like pairs as well
as the distribution of root mean square energy deviatianuiper limit for contribu-
tions of DD® and DDE to be 3.9 % and 0.45 %, respectively, with a upper cenée
limit of 99.75 %. In another recent work, Kirsebaghal. [53] have estimated, using
the optimisation of symmetric Dalitz plot and its radial jgetion, the upper limits for
DDE, DDL and DBDP components to be 0.09%, 0.09% and 0.5%, respectively, at 95%
confidence limit. This is a complete kinematic experiméBi(*He,d)3» and total of
5,000 events of the Hoyle state has been analysed to studietasy structure of the
Hoyle state. It has been found from the above discussiortlilea¢ is a discrepancy
among various measurements. However, all measuremergptékat of Radutat al.
[5]] indicate that the direct decay modes are very small frasti@pper limit~5 %
or less); therefore, exclusive experiments with highetittes of Hoyle events (HE)
are needed to verify and cross check the recent experimessialts and to reach a
consensus on this issue. This is important because, apartdrucial astrophysical
significance (triplex reaction rate and consequently the abundance of carboiusa
DD modes, though small, are considered to be manifestadiomsw and exotic struc-
tures (linear chain, nuclear Bose-Einstein condensatg, ethich are special for the

Hoyle state.

High resolution, high granularity, large solid angle cage detector array is an
essential tool for precise and complete kinematical erpants of the kind discussed
above. Moreover, such an array is extremely useful for tetaharged particle spec-
troscopy experiments in medium (Fermi) energy domain. beoto perform such
high resolution, high multiplicity kinematically compkexperiments, an array of Si-
strip detector telescope has been developed. The detdiie bfgh resolution charged

particle detector array will be discussed in the next chapience, the main motiva-
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tion behind the present thesis is to develop a highly granhigh resolution charged
particle detector array and use the whole or part of the aglagents to study the
Hoyle state of'?’C by a complete kinematics measurement of its decay. Thésthes
mainly consists of two parts. First part (Chapter 2) is desiddb the development and
testing of high resolution charged particle detector aamay its software analysis tools
for physics extraction. The second part (Chapter 3) is et the study of the decay
mechanism of particle unstable states4 (the Hoyle state decay in particular with

high statistics) in inelastic scattering @fon *?C 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 igesal to probe the prop-
erties of nuclei at extreme conditions of spin and tempeeat$uch study provides
information about the reaction dynamics and the thermgbgmees of the nuclei un-
der extreme condition, which includes the complete spettimechanisms ranging
from the compound nucleus formation, deep inelastic gohisprojectile breakup to
multi fragmentation of the colliding particles, dependimg the collision energy. In
order to disentangle these complex mechanisms or processedtaneous detection
of all or as many as possible reaction products is very musérgsl. In the case of
energetic heavy-ion collision, it is well known that mul&teéctor arrays are very essen-
tial and important tools to investigate the dynamical prtps of the reaction process.
However, in the case of low energy €10 MeV/A) nucleus-nucleus collision, the
interaction between the projectile and the target is dotathly mean field and the

exit channel is mostly binary in nature. Therefore, one cdreet the thermal or the
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dynamical information of the reaction by detecting any oh¢he reaction product
with the help of small number detectors. However, largesyaaf detectors is always
desirable for moreféective utilisation of beam time. At higher beam enerigs, for
more energetic nuclear collisions ¢£30-40 MeVA), the reaction dynamics changes
from mean field dominated regime to individual nucleon-eoal collision. The tran-
sition is indicated by gradual change in observed reactiongsses also; for example,
mean filed process like binary fission is gradually replacganioilti fragmentation;
non-central, peripheral reactions like binary dissipatiellisions change over to pro-
jectile fragmentation. In order to study these processas the Fermi energy-(37
MeV/nucleon) domain, one needs powerful experimental equips{datector arrays)
for detecting as many of the reaction products as possilile lvést possible energy
and spatial resolutions. The detector array should be degigh such a way that it
should have large angular coverage with high granulariyability of isotopic as well

as mass identification of the fragments, and, as low as desi#ection threshold.

The design consideration of the detector array tfedent energy regime isftker-
ent and it also depends upon the physics motivation. For pkamat low projectile
energy, there is less kinematic focusing, array elementshbweauniform in size and
should cover a large solid angle in the laboratory. On therdtiand, at high projec-
tile energy, because of the strong kinematical focusinig,néquired that the detector
array should be high granular in forward hemisphere, asversothe major part of
the total (4) solid angle sustended at the center of mass. Several sigehdatector
arrays in diferent laboratory around the world are currently in operaf®4]. For
example, INDRA B5], is a 4t detector array which has been extensively used for
multi-fragmentation study. It mostly consists of ionisatichamber plus Si- CsI(Tl)
telescopes and covered 90 % of. 4The array CHIMERA 56), is also a large #
charged particle detector array, made up of Si-Csl(Tl)stpes with time of flight
measurement. Large Area Silicon Strip Array (LASSAY][is another auxiliary de-
tector array made up of nine high resolution telescoped) sdescope consisting of

one 65um single sided Si-strip detector, one 500-1x@®double sided Si-strip detec-

16



tor backed by four CslI(Tl) detectors of thickness 4-6 cm. High Resolution Array
(HIRA) [58], at National Superconducting Cyclotron Laboratory (NJQUSU, is a
large solid-angle array of silicon strip-detectors that haen developed for the study
of variety of nuclear structure, nuclear astrophysics amtlear reaction experiments
using heavy ion beam. It consists of 20 telescopes, each ichvidiconstructed from
a 65um Si-strip detector, 1.5 mm Si-strip detector and four C§I{€tectors. The 65
um Si-strip detector is single sided (32 strips on the jumc{ioont) side only, while
the 1.5 mm detector is segmented into 32 strips per side m &od back, mutually
orthogonal to each other. Individual active surface ardesi-gtrip detector is of 64

mm X 64 mm.

A 4r charged particle detector array (CPDA) facility is beingeleped at Vari-
able Energy Cyclotron Centre (VECC), Kolkata, for nuclelaysics experiment using
the upcoming K500 superconducting cyclotron. Motivati@hind the development
of the array is to study the properties of the hot nuclei poeduin energetic heavy
ion collision at around Fermi energy domain. The K500 supedacting cyclotron at
VECC will provide energetic ion beams (typically, 10 - 80 M@&\or A ,; < 100 and
5 - 20 MeV/A for heaviest ions) for nuclear physics research. So theydreing de-
veloped should be capable to detect all types of emittedyelalgparticles ranging from
light charged particles to fragments upte=40. Depending upon the kinematics, rel-
ative yield of diferent kinds of particles will vary at fierent angular region around
the beam direction. So, the requirement of detectors dferent in diferent angular
range, which in turn depends upon the type and energy of #utioa products. Based
on these considerations, it was decided that th€RBDA would consist of three dif-
ferent arrays, (i) forward array (angular coverage 7° to 4%), (ii) backward array
(angular coverage ~ 45° to 179) and (iii) extreme forward array (angular coverage
6 ~ 3°to 7°). A schematic view of the charged particle detector arragdpdeveloped
at VECC is displayed in Fi2.1. The backward array of CPDA will consists of only
CslI(TI) detectors of varying dimensions (thicknes® - 4 cm). This part of the array

will be kept at 15 cm from the target in backward direction &iad been designed in
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Backward array Extreme forward array

Figure 2.1: Schematic view of the fullidcharged particle detector array.

such a fashion that the detectors after complete assembipmn a spherical surface
of radius 15 cm. The extreme forward array will be made up opl@8tic phoswitch
detectors (each will consist of a combination of one fast@melslow plastic scintilla-
tors). This part of the array will be kept at 40 cm from the &g forward direction
and the face of the detector would form a wall. Developmernhefforward array, the
high resolution Si(strip) - Si(strip) - Csl(Tl) charged pele detector array, contributes
a part of the present thesis; therefore, the design ancc&lon of forward part of the

array has been described in details.

In the following sections the development of the high reBofuforward array will
be described. The design and simulation of the array as wgledgdormance test of
prototype elements will be described in section 2.2. Thenewkentification and re-
construction techniques will be described in section 2@iarbeam performance test
of the array elements will be given in section 2.4. Finalhg mechanical design and
fabrication of whole mechanical structure of the array dmihstallation 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 requiresiseeinformation about
the yields of charge as well as mass identified fragmentseanit the reaction. Due
to wide variety of fragment type and energy, we need to buekéctors that can simul-
taneously identify both heavy fragments as well as lightgéd particles and measure
their energies over a wide angular range. To optimise thigded the high resolution
array, detailed Monte Carlo simulation has been performit;h is described below.
From the simulation study, it has been found that the emmssicomplex fragments is
restricted to forward hemisphere only due to Lorentz boAsthese energies, 45n
the laboratory system typically covere®( in center of mass. Therefore, the forward
array was designed to cover the angular range o6 25, as most of the intermediate
mass fragments are likely to be emitted within this zonea#t &lso been observed that
multiple hit probability are less at 20 cm from the targethas energy. It is needed to
identify all these fragments in charge as well as mass (aasf@ossible). Therefore,
the detector array should have good energy resolution, drigihularity, low detection

threshold and capability of good elemental as well as isotiolentification.

Monte Carlo simulation has been carried out to study theoresp of the high res-
olution array. Typical simulation using the phenomenatagevent generator HIPSE
(heavy ion phase space exploratioBd)[for the reaction§°Ca+ 4°Ca and°Ca+ °’Au
(50 MeV/nucleon) have been studied (each reaction of 1 million &yeeD, 61]. The
events are macroscopngicroscopic representations of heavy ion collisions atgine
around Fermi energy. The events span all possible impaatmters, maximum of
touching radius of projectile and targeg., from central collision (higher multiplicity
events) to elastic scattering (lower multiplicity evergsgnts. The light charged parti-
cle (LCP) multiplicity events detected within the activeogeetrical acceptance of the
high resolution array in percentage foffdrent LCP multiplicities in the mother events

of ©°Ca+ 4%Ca at 50 MeVA are shown in Fig2.2. The inset of Fig2.2 shows mother
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Figure 2.2: The detected LCP multiplicity events in percentage (matkient LCP multiplic-
ities of 2, 8, 14, 20, 26, 32) fd’Ca + 4°Ca reaction at 50 Me}A. The solid lines are guides
to the eyes while the dotted lines are reduced multipligiti€he inset shows distribution of 1

million HIPSE events with lines as guides to the eyes.

event distribution for the reaction. The hollow cirgkeimngles 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 shigrp
while the majority are LCP. If the event LCP multiplicity i$Zsolid diamond), the
most probable detected multiplicity is 13 and such evergsaaout 18% of all LCP
multiplicity 26 events. Fof°Ca+ °’Au the corresponding values are 4 and 22%. The
dotted lines in Fig2.2 are reduced multiplicities due to multiple hits on samepstri
of the thin (AE) detector of the telescopes. The multiple hit probabilitylifferent
detector elements of the telescope are shown in Eig. The total charged particle
multiplicity 26 events contain about 78% charged parti¢leg. 2.3a) and 22% neu-
trons (Fig.2.3b) in an event. About 40% of the charged particles impingaBr{Fig.
2.3c), most of which are LCP in this case. The charged particliiphel hit probability
(for multiplicity 26 events) is about 0.7% AE (Fig. 2.3d), 0.05% atAE/E (Fig. 2.3e)
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Figure 2.3: The percentage of particles (a,b,c) and multiple hits gifer “°Ca + 4°Ca reac-
tion at different detector elements of the telescope of array. The gidieh) circles correspond
to multiplicity events for all (light) charged particles W& open triangles are fragments other
than LCP. The lines are the guides to the eyes. The insetshdfys the type of particles with

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

and 2% at Csl(TI) (Fig.2.3) for “°Ca + “°Ca reaction and 0.04% &=, 0.002% at
AE/E and 0.1% at Csl(Tl) fof°Ca+ 1°’Au reaction.

The forward array has been designed and constructed td faéibbove require-
ments. It consists of 24 identical telescopes. Each tepesconsists of three elements
[Si(strip) AE, Si(strip) EAE, 4 CsI(Tl) detectors] and has an active area o580
mm?. The complete mechanical structure of this 24 telescog asrsuch that, after
complete assembly, the detector faces will form a surfacgesphere of radius 20 cm.
The schematic diagram for the arrangement of 24 telescep@®ivn in Fig2.4. In

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

tor array.

4 < Csl(Tl) 6cm

Si-E 0.5mm/1mm

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

A schematic configuration of the telescope used in the fahaaray is shown in
Fig.2.5. In order to detect light charged patrticles as well as heaagnhients emitted in
the reaction, each telescope is composed &g Single-sided Silicon Strip Detector
(SSSD) of~ 50 um thickness, AE/E) Double-sided Silicon Strip Detectors (DSSD) of
~ 50021000um thickness and four 6 cm thickness Csl(Tl) detectors (E) (four crystal
because to have fast response and to make the telescope naonéag. First-second
layers ¢ 50um and~ 5001000um Si-strips) are for heavy fragments and second-third
layers ¢ 5002000um Si-strip and CsI(Tl) detectors) are for light particleseddion.
The thicknesses were chosen to have good isotopic idetitidar the fragments with
(Z < 10) produced in low and intermediate energy heavy-ion reast In addition
to good isotopic resolution, it will also provide a low engrdpreshold for particle
identification. The detailed design and characteristicsagh element are described in

next few subsections.

2.2.2 Silicon Detectors

Silicon detector is very powerful device for detecting gt particles produced
in energetic nucleus-nucleus collisions. Advantage &f detector is that it has a very
good energy resolution with linear response over a widegasfgenergy. Because
of the availability of large area silicon wafer, one can usgle detector as a multi-
detector by segmenting the contacts of the main detectamwinto diferent section
called strips. With this, one can achieve good positionltggm and the corresponding
detectors are referred as silicon strip detectors. Althosifjicon detectors are very
good for charged particle detection, they have few drawkacdkese are very fragile
(particularly the thinner ones) and are prone to radiatiamage. The Silicon strip

detectors (SSSD and DSSD) used in the present array arenjgasnted, passivated
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devices obtained from 4. Micron Semiconductors Ltd., UKGP] 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 choserb@:m SSSD, so as to have
low energy threshold for highly ionizing particles; thedabhold fora ~ 2 MeV/A,
and that for*®Ca is~ 5.5 MeV/A. It is made up of a single silicon wafer having an
active surface area of 5050 mn?. It consists of 16 vertical strips in front side (each
of dimension 50 mmx 3 mm and in between two consecutive strips 50 Q.13
mm separation gap) which are read out individually and baé is grounded. This
detector is used as transmission typ&) detector in telescopic mode. Typical full
depletion voltage (FD) for these detectors ranges from 48\pand can be operated
up to 2FD; total leakage current at 2FD~i0 nA (typical) at 28C with max. leakage
current 100 nA. The intrinsic resolution of the SSSxi80 keV (specified) for 5 MeV

a - partcle.

2.2.2.2 Double-sided Silicon Strip Detector (DSSD)

This detector is also made up of a single silicon wafer andamaactive surface
area of 50< 50 mn?. Each detector consists of 16 strips (each 50 x®mm) per side
in mutually orthogonal directions (front side vertical dvack side horizontal). Front
and back strips together form 616 = 256 pixels, each of active area 033 mnv.
The position of the detected patrticle is assigned to the laigoint of the pixel, which
basically leads to an uncertainty of 1.5 mm in each one ofwliedimensions. Two
different thicknesses of DSSD, on&00um and another 1000um have been used in
two different angular zones. The 100® detector have been used in the more forward
angles (inner nine telescopes), because fragments indheslzave more energy. The
thickness of these detectors have been chosen to stop-ug2oMeV/A °Ca. Full
depletion voltages (FD) for these detectors are typicaly 35 V for 500um and 120
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- 130 V for 1000um. The 500um DSSD can be operated up to 2FD; total leakage
current at 2FD V is 300 nA (typical at 2%C) with max. leakage current4A. The
1000um DSSD can be operated up to RDB0 V; total leakage current at FB 30 V

is ~ 600 nA (at 28C) with max. leakage current is/8A. The intrinsic resolution of
the DSSD , for 50Qum, it is < 30 keV (specified) and for 10Q@m, it is < 25 keV for

5 MeV a-particle.

2.2.2.3 Design of the detector frame

The frames and the readout cables with connectors have peeffically designed
by optimizing physical strength and dead area. The desigil 8i-strip detectors has
been performed in close association with the manufactitér, Micron Semiconduc-
tors Ltd., UK [62]. As the silicon strip detectors are very fragile, the hoggframe of
the silicon wafer should be strong enough. On the other hthrd;lose-packed design
of the telescopes in the array require the minimum dead &i@ad size) surrounding
each Si wafer. The commercially available detector frandendit allow close pack-
ing of the telescope. Hence, by optimizing fragility and g@attness, a new frame
(as shown in Fig2.6) has been designed for the present array. The frame is made
from glass epoxy with total outer dimension 60 60 mm [Fig.2.6(a), (c)]. There
is a slot of width 1.75 mm and depth 2.25 mm in the inner (toggsiof the frame
[Fig. 2.6(c)]. These were kept to glue the silicon wafer and also taqutathe wafer
from other detector when the detectors will be placed in dlestopic mode. The
outer ridge has four through holes, one in each corner whe Ioe used to align the
frame by dowel pins. Two slots are there in side 4 [Rig(a), (d)], one in the top side
of depth 1.5 mm and other on the outer side of depth 1 mm to gldee front side
kapton. Top side depth has been kept 1.5 mm to ensure thabamding of the front
side strip will be safely positioned and the outer side "dbipass the kapton &fE
Si-strip detector through in between E detectors’s franterausing wall. In side 3,

a slot of depth 3.25 mm and width of 4 mm is there in rear andrisitee to keep the
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kapton connected to backside strip. Three holes (M2) are theeach side which may
be used to fix the detector with the housing. The frame of tH&lb&etector is exactly
same as DSSD. Onlyflierence 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 kaptibexible polyimide
as shown in Fig2.7. At the detector end, the kapton is bent perpendicular to the
detector frame which helps to put the detectors in compagiesiwhen they are used
as a telescope with other detector. At this end 18 soft gotts pae there with each
electrical tracking to connect with the strips using wirebtimg of 3 aluminium wires
each of~ 25 um thickness. At the other end of the cable, there is femaleibibbn
connector (FRC) (SAMTEC SSQ-22-G-D-RA) withx210 connectors with spacing
2.54 mm (O.i') through a printed circuit board. Out of these 20 connegtbBsin
the middle are connected to 16 strips in each side. Two arsemded to the guard
ring (G/R). Rest two have no connections in DSSD and connected wetbabk side

(grounded) in SSSD as shown in Fig.7.

Both types of detectors are made of bulk n-type silicon withrpplantation to
form a junction near the front. A R is there in the front side only. Further, onto
the strips a~ 0.20um aluminium layer is evaporated for conducting the signatall
dead layer in the DSSD detectord9.6 um including the implantation depth of about
~ 0.40um. 1t is very important to take this into account during thelgsis, since

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

2.2.2.4 Characterisation of silicon strip detectors

After physical checking, the strip detectors have beeedestiine usingz-source.
First, the detector characteristics were checked us#i¢pan «o-source. Energy reso-
lution of individual strip has been measured for both fiick Si-strip detectors and
found to be< 70/40 keV for 5.486 MeVa-particles as shown in Fi@.8. Thickness

variation along a strip of the detector, particularly in&® SSSD's, which are very
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prone to thickness non-uniformity, will results in poortigpic identification. So, it is
very crucial to measure the thickness non-uniformity, ipatarly for thin detectors.
Typical thickness non-uniformity of a thin (50n SSSD) detector has been estimated
using in-beam test and shown in Fig2.9. It has been found that the variation of

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

2.2.3 CsI(Tl) detector

Thallium activated cesium iodide [CsI(TI)] is used widely detect energetic
charged patrticles because of its high stopping power fagetgparticles and cost ef-
fectiveness. The crystal is easily machinable to give megushape, less hygroscopic
than Nal(Tl), have very good performance at room tempesataund produce lightin a
frequency range which is well detectable by the availab&qdiodes or photomulti-
plier tubes. CsI(TI) is used as charged particle detecttwinways; (1) as a stop (E)
detector iPAE-E telescopic mode, or, (Il) as a single detector usingattige discrim-
ination property to detect light charged particles. In thespnt array of the telescopes,

CslI(Tl) is used as a stop (E) detector for the energeticqeasti
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2.2.3.1 Design of CsI(Tl) detector

All the custom made CsI(Tl) detectors have been procureah fliys. Scionix
Holland Bv, The Netherlandf3], as a complete assembly of CsI(TI) crystal and photo
diode with an integrated low noise charge sensitive preiempl Final design of the
detectors have been done in association with the manuéactds per design of the
array of the telescopes, the front face of the first stripatetewill form the part of a
sphere of radius of 20 cm. Accordingly, the shape of the CslI(TI) crystal has been
designed so as to ensure close pack geometry of the telesoqguidition, detectors
have been slightly wedge shaped to ensure that the partmbient obliquely also get
stopped in the crystal. The design of the typical detect@hmwn in Fig.2.1QA);
front and back faces are square shaped of dimension 2.5 2B cm, and 3.5 cm
x 3.5 cm, respectively. The thickness of the detector is 6 chighvcan stop proton
with energy upto~ 140 MeV and®O with energy~ 330 MeV/A. A stack of four such
detectors has been used as final stopping detector in theaier of the telescope. The
segmentation helps in improving the multi-hit probabibityd better energy resolution
of CsI(TI) detector. Further reduction in size of the cry$ta the CslI(Tl) detector of
the telescope would certainly be best for granularity batdfective cost would also
increase proportionally; so we have restricted it to foued®rs. The assembly of four
of such CsI(TI) will form a truncated pyramid with base aré& em x 7cm and front
face will have same area as the active area (Xx&wem) of the strip detectors as shown
in Fig. 2.1QB). Each crystal is wrapped on all sides except the frorg faa special
reflecting material covered with aluminized mylar of thieks~ 50 um and the front
face (2.5 cmx 2.5 cm) is covered with & 1 - 2 um micron thick aluminized Mylar,
which acts as entrance window. All these have been done wempirscintillation light
leaking through the crystal sides. Each crystal is coupligd avphotodiode of active
area 18 mnx 18 mm (Hamamatsu S3204-08). The total dimension of the piiotie
is 25.5 mmx 25.5 mm with thickness 2.54 0.2 mm and it is coupled with crystal
by special optical cement. The maximum reverse bias voltiagiecan be applied to

photodiode is 100 V and the corresponding power dissipasien100 mW. It can be
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Figure 2.10: (A) Design of one CslI(Tl) detector and (B) assembly of foufTscrystals as

used in the telescope.

operated in the temperature range®-206@ C. The spectral response is 321 - 1100
nm whereas the photo peak of CsI(Tl) is 550 nm. A charge seagiteamplifier with
gain of~ 5 mV/MeV is directly coupled with the crystal. The power dissipatin the
preamplifier is 50 mW and it can be operated in vacuum. Singfieatior with complete
assembly (photo diode and charged sensitive preamplifesfiown in Fig2.11and

stack of four such detector are shown in Fidgl2

2.2.3.2 Characterisation of Csl(Tl) detector

The detail characterisation of all CsI(Tl) detectors haeerbcarried out using
241Am a-source. Standard electronics have been used for testipgger The energy
resolutions of all Csl(Tl) detectors are found to be lesn1tbabo at 5.486 MeVa
energy. Depending upon the uniformity of the thallium dgpand the geometry of
the detector, there may be some spatial non-uniformity énlittht output of CsI(TI)

crystal. To measure the non-uniformity, a specially desijpin a-source,?!Am
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Photodiode

Preamplifier

Figure 2.11: Single CsI(TI) detector with Figure 2.12: Close pack of four CsI(TI)

photodiode and pre-amplifier. detectors.

(5.486 MeV) has been put atftBrent position of the front face of the detector. The
source was collimated (diameter 1 mm & length 5 mm) and kept el@se (2 mm) to
the detector to irradiate the detector in a very small argalécof diameter 1.4 mm)

in a particular position. Fig2.13represents the results of the spatial non uniformity
of response test for the front face (area 25 m@b mm) of a typical Csl(TI) detector.
The number in each segment is the peak positions ofrthpectra in terms of ADC
channel number when the source has been kept within thatesggiaring the test.
With respect to the mean peak position (776), the variasen4 0.49% which is less
than the specified value:(1 %). Total of 96 Csl(Tl) detectors for 24 telescopes have
been procured. All detectors have been characterised isafme way as mentioned

above.

2.3 Development of event reconstruction technique

In this section the general features of the data analysis that have been de-
veloped will be discussed. For the analysis, the standaatysis platform (ROOT)
has been used. The whole analysis process for such an aradyig multiple detec-

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

output. Numbers are the peak position of Figure 2.14: Spectrum of-particle emit-
the a-spectrum in terms of channel num- ted from?**Am measured using a CsI(T)

ber. detector.

samplingselection of events of interest, reconstruction of thectete events to ex-
tract complete information about the ejectiles, compariaith the simulation data,
etc. The data reduction algorithm has been developed in R@i@form to extract
the details of the detected particle in each event [angulsitipn @, ®), energy, types
of particle, number of coincidence particles, etc.]. Themtailding blocks of the

present analysis package are describedftieidint sub-sections below.

2.3.1 Event selection

First step of the data reduction technique is to identifydvavents. The pro-
gramme identifies all valid events by selecting those e\amise a pre-set experimen-
tal threshold (depending upon the noise in the experimart)then stores all these
events with full information. In the second step, energybeation of each channel
of the telescope is done. The angular positighsi{) of the emitted particles have
been defined by the corresponding positions identified inDB&D detector of the

telescopes. The position identification technique in DS&Bleen described below.
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Front strip

Figure 2.15: Schematic diagram for hit position generation using DSSEo Particles are
incident (as shown by two arrows) on the DSSD and their psstiare defined by the corre-

sponding front and back strips (shown igfdient colours).

2.3.2 Position identification in DSSD

The position identification in DSSD detector is very comaled and very chal-
lenging for high multiplicity events as we will see for theepent experiment in next
chapter. For single particle incident on the detector,\ieiy simple to identify the po-
sition as only one front and one back strip will have the digmence their intersection
defines the position of the particle. For more than one gartids in one event, iden-
tification problem starts showing up, multiple (more thare)fiont and back strips
are likely to fire, as shown in Fi@.15 The identification of the hit position requires
matching the front strip signals with the correspondingkbate. To identify X-Y po-
sitions (front and back strip number, respectively) forplaeticles incident on the strip
detector, an algorithm has been developed in ROOT platfdime. Program works in
event-by-event mode. For each event, first it reads datdlfelements of the detector;
then for each case, it checks for valid hit (signal is aboweser threshold as stated
before) and then stores all valid hits in the form of a 2-dismenal (X-Y) array. In
the next stage, by comparing the energy (or channel numifEgjyehce between each
forward (X) - backward () pair, the program identifies alinggne X-Y pairs corre-
sponding to the particles that hit the detector. The resultustrated in Fig. 2.16
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Figure 2.16: Two-dimensional scattered plot of position identificatibreshold given in DSSD
for 22°Th-a source. Five dferent blocks of energies (as shown) correspond to the fiferetit

groups of energies of the source.

where EF, EB correspond to the energies registered in X antdpssGenuine event
is defined by the condition EF-EB (within experimental uncertainties). So from this
program front and back strip numbers of each particle caretexishined, which define
the position of the particle. Though it looks simple, buteality it is very dfficult and
more complex to extract positions for the coincident p&tiof nearly same energy.
For multiple-hits, it has been observed that for a singléigarthere will be multiple
positions within the experimental uncertainty (in EF-EBh a minimization routine
has been used to get the expected positionfééidint particles. Usinéf°Th-a-source
at a certain distance from the DSSD, position has been detednusing the position
identification algorithm as shown in Fig2.17. After the position (X, Y) identification
in DSSD, the corresponding position has been convertedhet@ngular positiony(
®) using the perpendicular distance from the point of ori§in) (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 identifizatin DSSD using the

same data as in Fig2.16

2.3.3 Particle Identification by AE - E method

After position identification in DSSD, event selection hagb performed (multi-
particle coincidence or single particle events). In thetrséap, particle identification

in the telescope was done WY - E method as described below.

The energy loss of charged particle passing through mattgven by Bethe Bloch
formula [64]

dE 4ne*Z
where
2myv PV
B=2Z|In | - |n(1 - ? - g (22)

E(= %MVZ), v, ze, Mare the energy, velocity, charge and mass of the incidetit|gar
andN, Z are the number density and atomic humber of the absorbeg (tetector
material) andmy, e are the mass, charge of electron, respectively. The paegamet
|, represents the average excitation and ionization patleoitithe absorber and nor-
mally treated as an experimentally determined parametezdoh element. For non-

relativistic particle ¢ << c), the second and third terms Bfare negligibly small and
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wholeB varies very slowly with the energy of the incident partick®, the equatiog.1

reduces to
dE MZ
- — x — 2.
dx ©E (2:3)
In the case of a detector telescope which consists of oned#tector followed by a
thick detector, the energy loss of the particle in this thetedtor AE) is usually small

compared to the total energ¢) Under such condition, equati@n3 becomes
AE.E = f(A 2 (2.4)

which is the equation of a rectangular hyperbola. From thetgn, it has been seen
that the particles of dierent mass or charge generat@atent rectangular hyperbolain
the scatter plot oAE-E. After the particle identification, the program will stoeyent

wise, all the information needed for physics extraction.

Another program package, as a part of the event recongirnuetthnique, has been
developed in ROOT platform to study the resonance partpetsoscopy of dierent
particle unbound states using multi-particle in coincicefrom this type of array.
It uses many body kinematics for reconstruction of sourcgaxon energy spectrum
from the detected multi-particles in coincidence and idieation the diterent particle
unbound states of the corresponding source. The excitatiergy,Ey, of source has
been reconstructed from the detected multi-particlesaftigde) in coincidence using

the equation given by

n
Py+ Py + Ps+ ...+ Py)2
EX:ZEi—( 1+ Pet Pt 4 PO (2.5)

- 2Msource
where, ‘n’ is the number of particle detected in coincideriandP; for i=1, 2, 3,...n
are the energy and momentum of the n-particles in laboratespectivelyMgource iS
the mass of the source, alg, is the multi-particle breakup threshold. The use of
the above event reconstruction technique will be discuss#te 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 wdythe thermody-
namical propertiesi €, temperature, specific heat, etc.) of the hot nucleus pextiuc
in intermediate energy nuclear collisions. The measure¢mietemperature is crucial
to characterise the equation of state of finite nuclear mattd to look for possible
phase transition in the system. Since several methods susloe thermometry, ex-
cited state thermometry and double-isotope thermometeybaing widely used to
determine the temperature of the hot nucleus, it was detided prototype telescope
should be developed first to measure the temperaturdtereint ways using in-beam
experiments. The in-beam test will also help in testing otharacteristics of the pro-
totype detectors and readout electroni@s, energy resolution, noise, etc. At the same

time, analysis software packages will also get tested insgoaf the data analysis.

The prototype telescope has been designed for testingebéf@l procurement
of all the telescope elements. It was developed from thedatanSi-strip detectors
as available in catalogue of SMicron semiconductor Pvt. Ltd., UK6P] and also
the standard CsI(Tl) detectors from the manufacturgs Blcionix Holland Bv, The
Netherland §3]. The telescope consisted of a @ AE single-sided silicon strip
detector (SSSD), 30@m E/AE double-sided silicon strip detector (DSSD) and backed
by four CsI(Tl) crystals (thickness 4 cm and area 2 cme 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 Energyottgn Centre,
Kolkata, India, using 145 MeV°Ne beam on &°C target (self supported, thickness
~550ug/cn?). Different fragments have been detected using the prototypaneat
telescope. The telescope was placed at a distance 20 cmHeotarget. The angular

range in the laboratory covered by the telescope was fréhta?Z(®. Typical angular
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Figure 2.18: Two dimensional spectrum betweag, 65um strip, versus E, 30@m strip.
Charged particles are emitted in the reaction 145 M&Me on!2C obtained by the prototype

telescope.

resolution of each Strip i 0.4°. All Strips and the CsI(TI) detectors were read out
individually using standard readout electronics. A VMEséd online data acquisition
system, indigenously developed at VECC, was used for dmleof data on event-by-
event basis. The silicon detectors were calibrated usimgfiehlly-scattereéd’Ne ion
from 1%’Au target, a precision pulser and®dTh a-source. Energy calibrations of the
CsI(Tl) detectors were done using the two-dimensional tspdietween the 300m
Si-Strip and the CsI(Tl) detector§7]. Event reconstruction from the hit patterns in
orthogonal directions of the DSSD provided two-dimensiguaition information of
the detected particle. Typical two dimensional spectraiolkd in this experiment have
been shown in Fig2.18and Fig.2.19 Good isotopic distribution have been obtained
for Z = 1 and Z= 2 particles as shown in Fig.19 In this case\E detector has a poor
resolution (> 2 % (110 keV) in 5 MeVa), hence isotopic identification of flierent

fragments could not be obtained as shown in Eig8
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Figure 2.19: Two dimensional spectrum between 300 strip versus Csl(Tl) detector. Light
charged particles emitted in the reaction 145M&Ne on'?C obtained by the prototype tele-

scope.

2.4.2 Performance Testing of event reconstruction technige

Event reconstruction technique code has been tested iextperiment to obtain
information about the particle unstable state by identiythe coincidence events.
Different two particle coincidencea-¢x and de) have been measured and the re-
constructed particle-particle correlation spectra frova telative momentum distribu-
tion for different particle unstable states as described below. The awlp angle-
averaged correlation functioB’, 66], 1 + R(q), is defined experimentally by the fol-

lowing equation:

Z Y12(P1, P2) = C12[1 + R(Q)] Z Y1(p1)Y2(p2) (2.6)

wherep,, p; are the laboratory momenta of the coincident pair of pasigéith masses
my andmy, q (= p|(%—%)|) is the relative momentum of the correlated pair @nglis a
normalization constant which is determined by the requaeithatR(q) = O for large

g. The sum on both sides of equatidb are taken over all detectors and particle energy

combinations satisfying a specific gating conditiofy.andY, are the single-particle

40



6 - .°°/BBegs @
4L ¢
- s °Be, 4, /SBe3.04
~ 2 ;.,"' - _/ _-‘A‘_
G S Tan
9_: 0 E ‘ - ‘ | (‘b)
B Li
— 4 2.186
i a/
- St . .
2 - s i Lig 6s
i . % \ /
i ..A..ﬁ .......... e
0 v ! ! ! | | ) | |
0 50 100

g (MeV/c)

Figure 2.20: (a) a-a and (b) de correlation functions plotted as a function of the relative
momentum, g, for the reactidiiNe +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 algh(p., p2) is the two-particle coincidence

yield.

Experimentally, the product of single particle yieMg$p:)Y>(p2) has been approx-
imated as ‘uncorrelated’ two particle yield,)(p., p2), and was constructed by the
‘event-mixing technique’§7, 68]. The two-particle correlation functions have been

calculated as

Z Y12(P1, P2) = C12[1 + R(Q)] Z Y12°(P1, P2) (2.7)

The a-a correlation function obtained in the reactié®Ne + 2C is shown in
Fig. 2.2((a). The background from the total coincidence yield whioksinot proceed
through the decay of particle-unstable nuclei is shown ttedidine in the Fig2.20(a)
[69]. The peaks afj = 20 MeV/c and 100 MeYc correspond to decays of the particle-
unstable ground state &Be (J*= 0*) with decay width of 6.8 eV and the 3.04 MeV
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excited state ofBe (J"= 2*) with decay width of 1.5 MeV, respectively. Both of these
states decay only hy particle emission. In addition, the peakcgpt 50 MeV/c is due
to the decay of the 2.43 MeV state’Be.

The d« correlation function obtained in this experiment is showifrig. 2.2Q(b).
The measured correlation function exhibits two maximaesponding to thd™= 3*
unstable excited state 8ifi at 2.186 MeV with decay width of 24 keV and tldé= 2+
at 4.31 MeV excited state 6Ei with decay width 1.3 MeV, respectively. A third peak,
corresponding to 5.65 MeV excited state®af with decay width of 1.9 MeV is also

observed in the correlation function, which is in close pmay with the second peak.

2.4.3 Physics extraction from the prototype telescope taag

Using the above particle unstable state formations andpsoidentification of
light particles, nuclear temperature have been estimateding three dterent ther-
mometric techniques (Slope thermometry, excited statertbmetry and double iso-
tope thermometry) at this moderate excitation energy. Beatpre of excited com-
posite3?S* formed in the nuclear reacticfiNe + *C have been estimated using these

thermometric technique3 ().

Temperature from slope thermometry: This method is based on the concept of
a canonical ensemble. The particles evaporated from theylstém are taken to be
Maxwellian in shape{1, 72] and the value of the temperature can be extracted from
the slopes of the kinetic energy spectra of light chargetigbes [73, 74, 75, 76, 77].
Experimentally obtained proton amdparticle spectra in the center of mass are shown

in Fig. 2.21and Fig.2.22 respectively.

In order to extract temperature using the slope thermonteespectra have been

fitted with a function~ f(Ecm)exd—Ecm/T), shown by the solid line in the Fig&.21
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Figure 2.21: Typical energy spectrum of protons in the c.m, for the react’Ne + °C.
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Figure 2.22: Same as Fig2.21for « particles.
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and 2.22 The temperatures extracted from the slopes of protoneaspectra 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 bermi@ted from the relative
abundances of fferent particle species, or more directly from the relatiopuyations
of states in a given nucleug§, 79, 80, 81]. The ratio,R,, of the populations of two
states (if no feeding by particle decay takes place) isedlad the temperaturd §

through the relation;
_ (2ju+1) _
p = (2j| n 1)exp( Ed|ff/T) (28)
where,j, andj, are the spins of the upper and lower states respectivelfgndis the

energy diference between these two states.

In order to extract the information of the population offeient particle-unstable
states, we have measured the coincidence yield (sum ofialtident pair of hits be-
tween any two front side strips of DSSD) detected from thexget particle-unstable
nuclei and extracted the two-particle correlations funrectie5, 66|, as described in

previous subsection.

Nuclear temperatures have been extracted both $®@and®Li decays using the
a-a correlation (Fig.2.20(a)) and da correlation spectra (Fig.2Q(b)), respectively.
The populations of the particle-unstable states were eeltidby integrating the experi-
mental yields over the range gtdominated by the corresponding resonance. The tem-
perature has been extracted using equatiifrom the ratio of yields ofBeys/Bes 04
and is found to b&=2.2 + 0.5 MeV. Similarly, the temperature has been extracted

from the ratio of yields ofLi,1g6/%Lis31 and is found to b& =2.6 + 0.4 MeV.

Temperature from double-isotope thermometry: This method evaluates the tem-
perature of equilibrated nuclear regions from which ligiagiments are emitted using

the yields of dfferent light nuclides. In this scheme, originally proposgd\bergo et
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al. [82] based on grand canonical ensemble, the isotope yield fgstarm in chemical

and thermal equilibrium can be related to temperaliygvia the expression

B
Tiso =
7 In(@aR)

(2.9)

where R’ is the ground state fragment yield ratid ‘is the binding energy parameter,
and 4@’ is the statistical weights of the ground state nuclear spixpression foB, a

andR are

B = BE(A,Z) - BE(A + AA, Z, + AZ)
~BE(A,Z;) + BE(A, + AA, Z; + AZ) (2.10)

_[2S(A,Z)) + 1]/[2S(A) + AA, Z; + AZ) + 1]
~ [2S(AL Z) + 1]/[2S(A + AA, Z + AZ) + 1]

[Aj /(AJ + AA)] )y
( [AJ(A + BA) @11)
rR- LYA.Z)/Y(A + AA Z + AZ)] (2.12)

" IY(ALZ)/Y(A] + AA Z; + AZ)]
Here, BEQ,Z), SALZ) and Y(A;, Z) are the known binding energy, ground-state
spin and the total yield of the fragment with ma§sand charge;, respectively. The
value of AA andAZ are chosen to be same for bathand j*" fragment pairs §2].

The value of the exponentis 1 or 1.5 depending on the assumption of surface or
volume emission, respectively. In order to remove the aobl@ftects in determining
the temperature using double-isotope thermometer, we thlkea@ system witinZ=0

and AA=1, which is the most reliable thermomet&3]. The temperature has been
calculated, assuming to be 1 (surface emission), using equatif and from the
isotopic yields of p, d, t3He anda. The temperature of hot composités* was
estimated to be 2.6 0.2 MeV from the double isotopic yields of (p, dfHe, a) and
2.4+ 0.3 MeV from the yields of (d, t),3He, @), respectively.

Thus, temperatures of excited compos$f®* formed in the nuclear reactigfiNe
+ 12C have been estimated usingdfdrent thermometric techniques. The experiment

was performed in a single run to minimize the contributiohsystematic errors. The
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estimated temperatures are shown in Big3and their weighted average valueg2
0.1) is shown by solid line. From Fi@.23it is evident that temperatures estimated by
different techniques are consistent within the limits of experital uncertainties for

the present system/().

2.4.4 Performance test of final telescopes

The experiment was performed at the BARC-TIFR 14UD Peliethocelerator
Laboratory, Mumbai, using 77 Me¥C ion and 75 Me\A3C beams on 4°C target
(self supported, thickness90 ug/cn?). Different fragments have been detected using
one final prototype of the final 3-element telescope. Thestelpe consisted of a
50 um AE single-sided silicon strip detector (16 channel§00um AE/ E double-
sided silicon strip detector (16 X 16 channels) and backetbby CsI(TI) detectors
(thickness~ 6 cm). Angular coverage of telescope was froni 18 32. Typical
angular resolution of each strip wast 0.4%. All strips and the Csl(Tl) detectors were
read out individually using standard readout electromecedqured from Ms Mesytec,

GmbH). Particle identification spectra have been obtainéais experiment have been
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Figure 2.24: Particle identification spectra obtained H¥C + 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 upi6Z

For the present study, event reconstruction techniquelbasaen tested, all de-
tected & and 3r events have been extracted from the inclusive event-bgptelsa to
reconstruct the excitation energy spectra of the respedecays. Thedevents orig-
inate mainly from (i) decay of particle unboufiBe states and (ii) decay of particle
unbound excited states HiC (**C)— 3a (+n) emission, either directly or through the
sequential processC (*3C) — 8Be Be) + a — 3a (+n). The decay ofBe was iden-
tified by reconstructing théBe excitation energy spectrum for all events in which two
alpha particles hit two separate strips within the detedtay. 2.25shows the plot of
reconstructed excitation energy spectra of all events ofd@incident alpha particles
in these two reactions (normalize cross sections along theisrof Fig.2.25. The
peaks at excitation energy (&= 0 MeV correspond to decays of the particle-unstable
ground state ofBe (P = 0") formed in both the reactions; it is seen that the yield is

more in the case dfC + 12C reaction. The pronounced bump at excitation energy 0.51
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Figure 2.25: Excitation energy ofBe reconstructed froma2coincidence in botf?C + 12C
(solid circle) and3C + '2C (solid triangle) reactions. Normalized cross sectionsngl the

Y-axis.

MeV observed in the reactioiC + 2C is due to the decay of the 2.43 MeV state in
°Be, which is not at all visible fot?’C + *°C reaction. The broad peak observed at E
= 1.41 MeV, is due to the sequential breakup channét@fand is more pronounced

for 12C + 12C reaction.

The reconstructed excitation energy spectr&@fobtained for observedv®vents
have been shown in Fi@.26for the reactions'tC + *°C and*3C + *2C). The peak
at E, = 7.65 MeV corresponds to second l@vel in 12C, known as the Hoyle state.
The broad peak near,E 9.64 MeV corresponds to-3evel in *2C. It is clear from
Fig. 2.26that the relative yields of both these states are more in ch$&C + 2C
reaction, which might be due to the fact that both target angeptile are alpha cluster
nuclei [34].
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Figure 2.26: Excitation energy of?C reconstructed froma coincidence in both?C + 12C
(solid circle) and®C + *2C (solid triangle) reactions. Normalized cross sectionsngl the

Y-axis.
2.5 Design and development of mechanical structure of

detector array

The mechanical structure of the array consists of two pétishousing of indi-
vidual telescope and (2) support structure which holdsaltélescopes in a particular
configuration as per specification. In this section, theitdeth mechanical design of

each telescope as well as the support structure of the aaxegyldeen discussed.

2.5.1 Single telescope housing

To encapsulate the detectors, in a telescopic mode, a spheasing has been de-
signed and fabricated as shown in RA27. The fabrication of the mechanical housing
of all telescopes were done using a special pure ultra highura grade Aluminum

(6061-T6) for smooth fitting of all the elements. The housias designed and fabri-

49



cated so as to contribute as small as possible to the deadfareadetector telescope.
The entire detector telescope assembly was housed in tvaoasee aluminium boxes
and can be reassembling with the help of screws. Two sepslcateave been designed
for the two Si-strip detectors as shown in F&g27 (left). The Si-strip detectors have
been fixed rigidly in the housing with the help of three holestlee housing frame
through which screws were inserted to the threaded hole esttip frame. To keep
the four Csl(TI) detectors rigidly behind the strip dete¢fdSSD), the inner volume of
the housing has been given a shape similar to the overaléssfdpur CsI(TI) detector
assemblyi.e, truncated pyramid. The assembly of 4 Csl(Tl) detectorsbiess held
in proper position with the help of a back support plate catertto a long threaded
rod as shown in Fig2.27(left). By rotating the rod slowly, the detectors can be pthc
in proper position. In the inner sides of the housing theeesdots of depth 0.8 mm
and width 44 mm to take out the kapton of the strip detectore duter sides of the
housings have been shaped in such a way that when all tekesamydd be fitted in
the form of array, the front surface would form a part of a spha radius 20 cm. To
attach all housings in the form of a array, a deep slot was ikejbe outer side of the
walls of the housings, as shown in the side of @7 (left). The complete assembly

of a housing with all the detectors (top plate opened) is shiovFig. 2.27(right).

2.5.2 Support structure of detector array

To put the telescopes in a form of array, a support structaseldeen designed
and fabricated. The telescopes have been put in 5 columhsfw telescopes in
each except in the middle column; one telescope has beenveehnfimm middle of
this column for the exit of beam. Shapes of the housings ark that, all the front
faces together will form the surface of an imaginary sphdreadius 20 cm. The
whole array will be kept on two parallel rails inside a largaction chamber SHARC

[85). To align the whole array with the beam line axis, arrangeininias been kept to
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Figure 2.27: (A) Design of a telescope, and (B) photograph of the telesedth strip detec-

tors and Csl(Tl) detectors.

move it vertically and horizontally. Complete assembly bft@lescopes along with

the detectors has been shown in A8

2.5.3 Readout electronics and data acquisition system

In this subsection, a general description of the electaid the data acquisi-
tion system will be described. A schematic diagram of theloeia electronics for a
single strip or channel is shown in Fig.29and for the typical full electronics for 24
telescopes as shown in Fig.30 The electronic signals from the strip is fed to the
pre-amplifier, the output of which is a fast risingfdrential signal of few millivolts
with a long tail of the order of 5s or more. The pre-amplifier out isftirential.
Differential signal of preamplifier has been chosen in orderitoirghte the interfer-
ing noise, which cancels out due to positive and negativeassgof the same signal
in differential mode, when the amplifier subtracts th@edential reference from the

normal signal. The output of the pre-amplifier is then fedn® amplifier for further

51



Support
structure

Figure 2.28: Complete high resolution charged particle detector arraghvgupport structure.
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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$3&an shaped pulse of
height~ a few volts and a width of Ls, which is directly fed to the analog to dig-
ital converter (ADC) (maximum of 8 volts, range of ADC) andr&d using the data
acquisition system. The schematic given above is for asiolghnnel electronics but
each Si-strip detector has 16 channels per side, so we hasie&ustom made 16 chan-
nels pre-amplifier (MPR-16, fferential output) and 16 channels amplifier (MSCF-16,
differential input) manufactured by S Mesytec Pvt. Ltd, Germany as per our spec-
ification. The MSCF 16 channel amplifier has in built TFA (ThgtFilter-Amplifier)

- CFD (Constant Fraction Discriminator), for timing anddshnold applications. In
addition to the energy signal, these amplifiers also geaemaé OR-logic output of
all 16 channels, which has been used for master trigger geoerafter some logic
operation. Then these amplifier signals are fed to 32 chaAb& (Model CAEN
V778) for further processing with the help of a Versa-ModElerocard (VME) data
acquisition system (DAQ) developed in-house. For the al{Tsdetectors, we have
used custom made 16 channel shaper with timing filter amipéiiid constant fraction
discriminator (MSCF-16, unipolar header input). Full étenics setup (all parameters
of amplifier and the detector bias voltage) of the array as asethe 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 heea bompleted. The
complete high resolution detector array with electrongcshown in Fig2.31 The
complete detector array with all the elements as well asl#wtrenics have been tested
in offline with a-source and also using a precision pulsar at 10K rates famzamusly

72 hours. Now the array (full or part of it) is being used fogpits experiment.

53



Csl DetectorSummmy  Preamplifiers (w16 Channels Shaperpmmssy ADC

AE DetectorS w16 Channel Pream | 16 Channel Shapermsmsp ADC

m< <

v
EB Detectors (w16 Channel PreamF» 16 Channel Shaper=sy ADC

shaper
EF Detectors w16 Channel PfeamjL—trDiscriminator
trigger ADC
_’I
._D
- Scale Mastel
24 telescopes = 24 telostoped | 2"
triggers .
L] —) - o

Figure 2.30: Block diagram of electronics for 24 telescopes.

Figure 2.31: Detector array with complete electronics and data acqigsisystem (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 decaghanismj.e.,
sequentialersusdirect decay, of thé’C states above the threebreakup threshold.
In the present thesis, the decay mechanism of the Hoyle stat€ (0, Ex ~ 7.654
MeV) in particular has been studied in details. The breakopgss is believed to carry
the signature of the structure of final state of the nucleugpatticular, the direct three
body breakup of the Hoyle state has evoked a lot of interestdent times as it is
considered the key to solve several unsolved questionseonmutieosynthesis process
as well as exotic structure of the state. In order to achiegegybal, a high resolution,
high statistics, complete kinematic measurement of thel&state decay, has been
performed. Dfferent states 0fC were excited through inelastic scattering of 60 MeV
“He on'?C target. The systerfHe + 12C was chosen for this purpose for its specific
advantage regarding the detection of complete eventshas dnly a few open reaction

channels compared to other heavy ion induced reactions.
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This chapter consists of several sections, organized ifotleving manner. The
details of the experiment (the accelerator, the experiaisatups and the measurement
tools used for the particle detection) have been describeddtion 3.2. The details of
the data analysis procedure has been described in secBiom3ections 3.4 and 3.5,
the techniques used for estimation of decay mechanism dfitiyée state have been
described in great details. Finally in the section 3.6, ltssand 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 Energyottgu Centre
(VECC), Kolkata. The Variable energy cyclotron, also knaasK130 cyclotron, is a
sector-focused, isochronous cyclotron with three speel@'s B6]. The room temper-
ature main magnet of diameter of 224 cm, produce a maximurmetagfield of 2.1
T in the pole gap. Details of the machine parameters are giv&able3.1 It is able
to deliver accelerated light ion as well as heavy ion beantls thie help of Penning
lonisation Gauge (PIG) and Electron Cyclotron Resonan€iR(Eon sources, respec-
tively. As per design specification, it can accelerate obéugarticles upto the energy
of 130 (G/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 magaret diferent
beam lines. Details of the beam lines layout have been showigi 3.2 The @
beam line (shown as Ch# 1 in Fi§.2) is used for high current or irradiation type
experiments. The general purpose scattering chamber leaspteced in the second
beam line (Ch# 2 in Fig3.2) for charged particle experiments. Experiments with

detectors as well as charged particle detector are pertbimtae third beam line (Ch#
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Figure 3.1: K130 Variable energy cyclotron with switching magnet andouws beam lines.
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Figure 3.2: Layout of diferent 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 1224 cm

Average pole gap :245cm

Average magnetic field :17.1 kG (max. of 2.1 T)
Main coil power : 490 kKW

Trim coil power 1 433 kW

Valley coil power : 27 kW

R. F. System

Frequency range :5.5-16.5MHz

Dee Voltage : 70 kV (max)

Energy gain : 140 keturn (max)

Oscillator power output

: 300 kW (max)

lon Source

Type : Hot cathode PIG, ECR
Filament current : 500 A (max)

Arc current :0-2A

Arc voltage :10-600V

Deflector

Type : Electrostatic 120 kV (max)
Vacuum

Operating pressure

: 10 Torr

Beam
Energy

Internal beam current
External beam current
Extraction radius

Resolution

Beam pulse width for particles

: Proton 6 - 30 MeV
: Deuteron 12 - 65 MeV
: Alpha 25 - 130 MeV
: Heavy ion 7-11 MeVYA
:1Q0A
A
: 99 cm
: 0.5% (FWHM)
:4ns
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3), where the present experiment has also been performedotilth beam line (Ch#

4) has been dedicated to the radioactive ion beam (RIB)tfaes shown in Fig3.2

3.2.2 Experimental setup

The experiment has been performed using 60 Me¥ ion beam from the K130
cyclotron on'?C target (self supported, thicknes80 ug/cn?). The experimental setup
inside the scattering chamber is shown in B Two Si-strip detectors were placed
at a distance- 80 mm down stream from the target and one Si-strip telescase w
placed in the backward direction at a distanc€0 mm up stream from the target.
Different excited states 6fC, Hoyle state in particular, have been populated through
inelastic scattering of 60 Me¥ from 2C and the decay of the Hoyle state has been
studied by exclusive complete kinematical measuremenil di@out going particles
(events, where all foust-particles, three from the decay &C* and the inelastically

scattered one, were detected)

The Si-strip detectors used in the forward direction arebttsided Si-strip detec-
tors (DSSD) of 50m thickness, which have been used to deteati@cay from2C-.
The telescope in backward direction consisted of auB0) AE, single-sided silicon
strip detector (SSSD) followed by 5@0n DSSD E-detector, for detecting the inelas-
tic a-particles. The two DSSD detectors and strip detector d¢efes were placed at
kinematically correlated angles for coincident detectibimelastically scatteretHe
in the backward angle telescope (covering the angular rah@® - 132°) and the
threea-particles, originating from the decay of the Hoyle statehef recoiling*?Cr,
at the forward angle detectors (covering the angular ral®ge 82° and 60 - 92°).
Schematic diagram of the setup is shown in Bg. One horizontal collimator (of 2
mm in width) was placed in front of the backward telescopehghat the detection
of inelastica-particles was restricted to only a few strips (1 or 2) arothr@lmedian
plane. So, the corresponding coincident recoilit@ nucleus in the forward direction

was also restricted to more around the median plane; thpetdb 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 scagtehamber of third

beam line.

centage of completely detected events (in which all threaylaga-particles remain
confined within the span of the forward detectors and getctksdi¢ among the whole

set of coincident events. Typical beam current used fortpe@ment was- 2.5 pnA.

3.2.3 Readout electronics and data acquisition system

The readout electronics setup for strip detector has ajrbadn discussed in last
chapter and the same setup for each strip detector has begnTiee block diagram of
current experimental electronics setup is as shown inFand in reality as shown in
Fig. 3.6. The MSCF 16-channel amplifier has in built TFA (Timing-EtAmplifier)

- CFD (Constant Fraction Discriminator), which eliminatesse by checking that the
input signal is above some preset threshold level. In aadit the energy signal, this
amplifier also generate one OR-logic output of all 16 chasinghich has been used

for master trigger generation after some logic operatidre hain master trigger was
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Figure 3.4. Schematic of the experimental setup as used in the expdrimen

coincidence (logic AND) between two forward detectors arelliackward telescope.
All amplifier outputs of the energy signals of the strips wize to the 32 channels
Analog-to-Digital -Converters (ADC’s). A VME - based om& data acquisition sys-
tem was used for the collection of data on event-by-evens bRgjection of unwanted
(mixed) events has been done in hardware by properly syniging the operations of
all ADCs with the master gate vetoed with the ADC BUSY sigrnaldisable all ADCs
till conversion of a valid event was completed. Finally, thee events of interest have

been extracted by using the analysis procedure descrilibd imext section in details.

3.3 Data Analysis procedure

In this section the procedures, which have been developdsed for data analy-
sis will be discussed in details. All the analysis procedudescribed here, have been

developed using the-&+ 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 thedatalysis procedure.
The present experiment involved a total of 112 channels¢tBxSSD, each of 32 strips
and one SSSD with 16 strips); each channel or strip has bébretad separately. The
energy calibrations were performed twice, once before tieahexperiment started,

and finally after the experiment was over.

To perform the energy calibration of the strip¥Th-a source has been used. The
source has five groups afenergies (4.79, 5.82, 6.34, 7.07 and 8.38 MeV), the spec-
trum of which is shown in Fig3.7 for a particular strip. It is cleared from Fi§.7
that, there is no significant degradation in the energy utew of the detector before
the actual experiment started (black histogram) and dfeeexperiment was over (red
histogram). Since the silicon detector behaves lineartij tie energy of the charged

particle, calibration was performed by doing linear fit beén the reference energies
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Figure 3.7: Spectrum of?°Th- source in Si-strip detector. The energy calibration before
experiment started is shown in black histogram and the saftee experiment was over is

shown in red histogram.

of source and channel number corresponding to the positibtise centroid of the
peaks in each strip. In the case of thin detectbrof the backward telescope, the
interested range of energy was upto 10 MeV, hence, &ikh source peaks have
been used for calibration and the corresponding lineandifior a single strip is shown
in Fig. 3.8 But in the case of thick E-detector of backward telescopeealkas the
forward detectors (two DSSDs), the interested energy is 8ptMeV, hence calibra-
tion of each strip has been performed usifidh source energies, elastic and inelastic
scattering ofr on *2C (ground state and 4.4 MeV state’d8€). The linear fitting for

a typical single strip of E (DSSD) detector is shown in B@. After the energy cal-
ibration completed, in the next step of data analysis, wosif different particles in

DSSD have been identified as described in the following stiluse
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Figure 3.8: Calibration curve for a typical strip of 5am, AE-detector of the backward tele-
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Figure 3.9: Calibration curve for a typical strip of 5Qdn, E-detector.
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3.3.2 Position identification in DSSD

In the present experiment, forward detectors and backvededdope were placed
at a distance 80 mm and 60 mm from the target, respectivehceheghe average an-
gular resolution was%2for forward detectors and’3or the backward telescope. The
angular positionsg, @) of the incident particle on the detector has been definetdy t
corresponding position in the DSSD detector for both thevéwd detectors as well as

in the backward telescope.

3 0 7_4 ? 5_»‘_:&% 4

EF (MeV)

Figure 3.10: Two-dimensional scattered plot between energy obtaindtbit strip (EF)
verses back strip (EB) in DSSD.

The position identification procedure has been describeédamrevious chapter
in the event reconstruction technique section. The enefrgjyegparticles obtained in
front strip (EF) and back strip (EB) has been plotted in BigQ The straight line form
in Fig. 3.1Q, basically define the position for the corresponding it@ss strip (front-

back strip). In this case the genuine positions in DSSD haen hdentified within
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Figure 3.11: Position identification in DSSD.

the threshold of less than 50 keV (maximum variation betwfeam and back strip).
A typical spectrum for position identification in forward BB detector is shown in
Fig.3.11

3.3.3 Particle Identification technique

Particle identification in the backward telescope has beae tyAE - E method,
as mentioned in previous chapter. A typicdt-E two dimensional spectrum of the
particles emitted in the reactian(60 MeV) + 1°C and detected using the telescope is
shown in Fig.3.12 From the Fig3.12 it is seen that good isotopic identification has

been obtained for particle of charge=Z1 and Z= 2.
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Figure 3.12: Two-dimensional scattered plot betwess - E for the backward telescope strip

at 109.

3.3.4 Target thickness measurement

Target thickness't{C) has been measured using&h-a source, which has well
separated five groups of known energies, and a single suréader detector with the
standard electronic setup. First, the energy spectrumsiurce has been measured
after placing the target foil in between the detector andstiwace. Then, in the next
step, the same measurement has been repeated withoutgbe tdhe energy loss
in the target has been calculated from the ADC channel shittea energy spectra
with and without target. Now from the known energy peaks efdtparticles, ADC
channel number has been calibrated and the correspondangyeloss in the target
was calculated. The stopping poweiE/dX) of a-patrticle in the target'tC) material
at the respective peak energies have been obtained fromotleeSRIM 2008 §7].

The average thickness of the target has been estimated iy tide average of the
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ratios of energy loss in the target and stopping power cpomding to diferenta peak
energies. The thickness of thé&C target has been estimated and found to-b@0

ug/cIe,

3.3.5 Energy loss corrections

After the target thickness measurement, the energy of tlitteehparticle has been
corrected for energy loss in target as well as detector desad &he emitted particle
after collision must passes through the target foil and daldayers of the detector be-
fore being detected in detector volume. Hence energy dmreshould be performed
to get accurate energy of the particles. The energy coorebas been done inftierent
steps on event by event basis during data analysis. Theyelosgyof particle depends
on the dfective thicknesses (of the target and the detector dead)Jaykich in turn
depends upon the emitted angle and the energy of the ematéidles. The energy
losses in dterent materials (of the target and the detector dead lay®®g heen cal-
culated using the code SRIM 20087]. After incorporating all these corrections, the

correct energy of the particles is given by
E. = Eget + AE; + AEq (3.1)

where, E; is the corrected energy of the particlg,e is the measured energy in the
detectorAE; is the energy loss in target foil arxkE, is the energy loss in dead layers

of the detector.

As the target has a finite thickness, the target elements mayhsidered to be
distributed in multiple layers. The interaction betweemnyéa and projectile may then
be assumed to occur at any of the layers distributed over tt@enthickness of the
target. Therefore, it is very flicult to correct the energy of the particle by considering
the accurate point of interaction of the emitted particler simplicity, during target
energy loss correction, it has been assumed that the reaxtours uniformly over the

whole thickness of the target. So for the energy correctiothe® projectile as well
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Figure 3.13: The ¢gfect of energy loss correction in total energy spectrum of fauThe total
energy spectrum, where no corrections have been taken attouat, only the measured sum
energies of four’s is shown in black line and the other one (red line) is theresponding

spectrum after incorporated all energy corrections.

as for emitted particles, it has been assumed that the oeaftarget and projectile
interaction) takes place at half thickness (middle) of #rget (average point of inter-
action). During the energy loss correction for the detegtadicles in dead layer of
the detectors, the thickness of the dead layer has beerdeoaedias mentioned by the
manufacturer§2]. After incorporating all the corrections, th&ect of the energy loss
correction in the total energy spectrum of fauparticles in the exit channels is shown
in Fig. 3.13 The black and red lines in Fi§.13show the measured sum energies of

four a-particles without and with all energy loss correctionspectively.

3.3.6 Eventreconstruction

The aim of the experiment was to study the decay of the (undhoexcited states

of 12C by exclusive complete kinematical measurement of all @agyparticles; only
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completely detected events (events where all f@yrarticles, three from the decay
of 12C*, as well as the inelastically scattered one were detecteataely) have been
used for the present analysis to remove any ambiguity abeutrigin of the detected
particles B§]. In this regard, a program has been developed for iderntiicaf kine-
matically complete events. For each event, in the first stegentifies thea-particle
in backward telescope by the above mentioned particleifttziton method; for each
detectedr in the same event, it then tried to look for three hits in theverd detec-
tors as a pre condition that the event may be stored as aestitey event for further
processing. In the next stage, all these stored events wecegsed 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 theafor detectors and one
in the backward telescope) event has been further processeg diferent kinemat-
ical filters to extract the genuine kinematically completee¥ents. In the first step,
excitation energyE,, of recoiling*?C* has been reconstructed from the three detected
particles in the forward detectors (assuming three-@articles) using the equation

2.5for three particles as given by

3
(PL+ Py + P3)
Ey = Ei — E 2
X ; i 2M12(; + Eth (3 )

here,E; andP; for i = 1, 2, 3, are the energies and momenta of the threarticles,
M. is the mass of th&C, and E, is the 3 breakup threshold (7.27 MeV) &C. In
the next step, the same excitation energy of the recotfi@fhas been obtained from
the inelastiar (detected in backward telescope in coincidence with thefi@®m the
known binary kinematics. Then, two-dimensional plot hasrbgenerated between ex-
citation energy of the recoiling?C* reconstructed from invariant mass af 8etected
in forward detectors and the same obtained from the inekdhtiscatteredr detected
in backward telescope, which is shown in F&14 (a), without imposing any con-

dition. Then, in the next step, events have been filtered aihittive TDC time gate.
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As the ADC acceptance window was 9, which is relatively large compared to the
response time of Si-strip detector (00 ns), restriction imposed on the event accep-
tance window with a narrow time gate of the TDC of the order etedtor response
time would greatly reduce the random coincidences, pdatilyuthe coincidences with
the elastic beam like particles. In this case, the TDC tindthwvas found to be 18 ns
(FWHM) as shown in Fig3.15 The dfect of TDC-time cuts is shown in Fi§.14b).

In the next step, in order to further reduce the random cdarates, we have taken
advantage of the complete kinematic measurement by makisga both total mea-
sured energy and momenta using energy and momentum cotigetzavs. For each
valid event, the initial projectile and the final emitted fpdes must satisfy the follow-

ing equations

Poeam= P1+ P1 + P3+ P4 (3.3)

Ebeam+ Q = El + E2 + E3 + E4 (34)

here, Epeam Pbean), @and €, P; (fori = 1, 2, 3, 4)) are the energies and momenta
of the beam and the four emittedparticles, respectively. The exit channel total en-
ergy and momentum spectra (summed eryangynentum of 4-particle exit channel)
for the reaction are shown in Fi§.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. Fig3.14c) demonstrates thefect of simultaneous energy and momentum
cuts. From the Fig3.14(b) and Fig.3.14(c), itis clear that time cut is not asfective

as the energy-momentum cut. Time cut in TDC mostly removegdahdom coinci-
dences related to beam like particles, whereas the enedygnamentum conservation
conditions are crucial to pick up thex4lecay channels from the detected four particle
events. Therefore, the true events have been extracteddynfy the raw data with
simultaneous cuts on the TDC time gate as well as energy amdemom gates sat-
isfying the above equations (3.3 and 3.48R]| which has been shown in Fi§.14(d).

In total, nearly~20,000 completely detected events within the Hoyle stateifctwo-
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Figure 3.14: (a, b, c, d) lllustration of the use of fierent gates in filtering the data. The
excitation energy of the recoilintfC obtained from the inelastie has been plotted against

the excitation energy reconstructed from the three decpgrticles (see text for details).

dimension on the Hoyle state in Fig.14(d)) were collected in the present experiment;

these have been analyzed further to extract the structuhedioyle state.

3.3.8 Monte Carlo simulation

Monte Carlo Simulation, which is an indispensable tool tmgtthe multi-particle
correlation, has been done in details by taking care of cetagxperimentalfiect
and compared with the experimental data. In the presentiexpet, while studying
the'2C the Hoyle state breakup, we were in particular, intereistéite breakup events
that proceed as directx3ecay (not the two step sequential decay) as they are more
interesting from the structure as well as astrophysicstgdimiews. In order to study

the decay mechanism of the Hoyle state, an event-by-eventéM®@arlo simulation
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Figure 3.15: TDC time gate (see text).
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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 geomettiéalemcies of the setup. Sim-
ulation has been done in ROOT platform using CERN librarye Téaction events
have been generated by N-Body Monte Carlo Event GenerateNB®D) function
(W515 from CERNLIB) using the Raubold and Lynch meth®&@][ The complete
simulation package has been developed in ROOT platformveraksteps. In the first
step, inelastic scattering of 60 Ma¥particle on'’C corresponding to the Hoyle state
has been generated. In the next step, the thréecay of'°C have been generated in
its own frame and finally boosted along the directiort“ in lab. The energies and
linear momenta of the decay particles for each event in theframe of the decay-
ing nucleus have been generated in such way that the totajye(i&.) Of the three

particles is equal to
Etotal = Ex — Em, (3-5)

where, E, is the excitation energy, for Hoyle staté,(= 7.65 MeV), andEy, is the
threshold for the three body decays; the valuepi€7.36 MeV for sequential decay
(SD:*2C* — 8Be + @ — 3a), and 7.27 MeV for direct decay (DBAC* — 3a). In case

of SD, the energy of-particle emitted in the first step carriésof the total energy
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available in center of mass and the rest is carriedBg, which decays into twa-
particles in the next step. The center of mass energies tivthe-particles originating
from 8Be decay depend on the orientation of the second step brealative to the
first. As the Hoyle state and its intermediate and final detates £Be, «), all have
spin 0, the particles have been generated isotropicalljarréspective rest frame (in
case offBe + a decay the rest frame i2C and for the decay diBe — a + «, the
rest frame i€Be). In addition to the sequential decay, three direcid8cay modes
have been taken into account (DDE, representing the decdg mbere equal energy
sharing occurs among threeparticles, DDL, representing the decay of a linear chain
like configuration, leading to oneparticle at rest and the other two moving with equal
but opposite velocities, and BB characterizing uniform sampling of phase space by
the decay products, all in tHéC frame). The complete experimental geometry of the
forward and the backward detectors have been incorporatedrdy those events were
accepted for the comparison with experimental data for vthe directions of linear
momenta of the three-decay particles were within the active geometrical coverag
of forward two detectors and the inelastically scattergohrticle was also within the
active acceptance of backward detector telescope. Iniaddive have considered
all other experimentalféects, such as, beam resolution, detector threshold, dead ar
of detector, angular and energy resolutions of the stripaets, event rejection due
to multiple hit in single strip, etc. All these states (theyiostate, ground state of
8Be) have intrinsic widths, which have been taken to be BMgner shapes in the
simulation. For the present experimental setup, it has bmerd that the geometrical
detection €iciencies for all these types of decay are nearly same (GEBency =
0.82 %, DDE diciency= 0.85 %, DDL dficiency= 0.90 %, and DI® efficiency=
0.80 %, for the Hoyle state) for this reaction. All theparticles have been generated
in laboratory frame and the accepted particles which fuli#l above conditions have
been taken for the comparison with the experimental data.sithulation events were
treated in the same way as the analysis procedure was peddonthe experimental

data so that the comparison would be fruitful.
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In order to investigate the decay pattern of the Hoyle sta#itz plot has been
extensively used in the present analysis. Dalitz plot iglealitool for visual represen-
tation of phase space of a three body decay. It was first inted by R. Dalitz 91]
for the representation afMeson decay in high energy particle physics. The details of

the Dalitz plot technique will be described in the followisigbsection.

3.3.9 Dalitz Plot technique

Dalitz plot provides an excellent tool for studying the dgmes of three-body
decays. The kinematics of three body decays can be compligstribed by two
variables. Let us consider a parent nucleus decays inte fima& particles of names 1,
2, 3 with kinetic energies I T, and T3, respectively . For a definite total energy, E, in
center of mass of the three particles, all the final statee hasontinuous distribution
of configurations, each specified in such a way that the erteigyshared among the
three particles. This energy sharing may be representeglelyi by a point, P(X, Y),
within the equilateral triangle, ABC, (as shown in F3gl8) such that the perpendicular
distances to its three sides are equal in magnitude to tle¢i&ienergies of the particles
T,, T, and Tz. The most important property of this representation is thatarea
occupied within this triangle by any set of configuration isedtly proportional to
its volume in phase space. Not all points P within the triam§BC correspond to a
physical configuration, since the energies of particles, B, &ust be consistent with
zero total momentum. With non-relativistic kinematics avith equal masses m for
particles 1, 2, 3, the only allowed configurations are thaseesponding to points P
lying within the circle inscribed by the triangle, as showrkig. 3.18and the equation

of circle is given by
2 2 H 2
Xc+Ye= (5) s (36)

where, H, is the height of triangle and=HT, + T, + Ts. and, the centroid of the triangle

is the origin of the coordinate axis. The point P inside threleican be described by
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T1
Figure 3.18: Schematic diagram of Dalitz plot.

the coordinates (X, Y) and are given by

2 To+T T,-T
X:QP:RP—RQ:—TZ—(2+ 3):(2 3)’

7 NG 7 (3.7)

H (Q@Ti-T,-T
YZOQ:Tl_gz( ! 32 3), (3.8)

Uniqueness about the Dalitz’s plot is that if there is angiimtediate state involved
in the three body decay, it will impose a constrain on the tkirenergies of the corre-
sponding two-particle decay from the intermediate stateahpoints defined by (X,
Y) will follow a restricted locus; this corresponds to thecdg which is known as se-
guential decay (SD). On the other hand, if the decay occuisowi any intermediate
state of particlei.e. the decay occur directly (known as direct decay (DD)), themen
of the energies are constrained. In this case, it can be stimtnthe data points will

be distributed uniformly over the area of a circle with radfiias shown in Fig3.18

Using the laws of conservation of momentum and the equafiogiative energies

of any two of the three-particles (ke (ij) = %,u(vi — Vj)?), one can deduce a relation
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as

(Ex - Eth)

E(12) + Ea(23)+ Era(31) = 2 =, (3.9)

here, the relative energy indices 1, 2 and 3 refer to thegbastemitted with highest,
second highest and lowest energies, respectivglys Ehe threshold for the three body

decay, R (ij) is the relative energy betweefi and " particle

From the above equation8(6to 3.9), one can obtain as

_ @(Erel(zs)_ Erel(lz))

X 5 (3.10)
vy - (2E;e1(31) - Er82|(23) — Ere|(12)), (3.11)

and radius,
2 ) e

These parameters % V3[Ee(12) - Ea(23))2 and Y = [2E«(31) - Ea(12) -

Ere(23)]/2 are called Dalitz parameters.

In order to compare the simulation with experimental daia, relative energies
between the three-particles have been calculated using the measured eserftiee
particles and the simulation data. F&j19shows the comparison between the simu-
lation data with experiment in terms of relative energied tre excitation energy of
12C. From the Fig3.19, it is clear that the experimentaffect has been taken care in
simulation very carefully. The simulations offféirent types of decays and the corre-
sponding Dalitz plot presentations are displayed in BigQ It is seen that dierent
types of decay have their characteristic features in th@&zDalbt. This clearly illus-
trates the importance of Dalitz plot in deciphering the cbation of different types
of Hoyle decay. The experimental Dalitz plot for the Hoylatstconstructed from
the fully detected (4) events of the present experiment has been shown Ir3Eig.
The triangular locus in Fig3.21indicates that the decay is mostly sequential in nature

(sequential :*?C* — 8Be + @ — a + a + a). Very few events are observed to be

79



Eri(31) (MeV)

E, (MeV)

2ooc»— 200d—
g2 [ 2 [
S =}
o 3 ) L
O 100¢— O 1004~
N NN I U AN N Y A | SO FUATIN USSR SRS MR ,
) o1 - - o 0.t 0 0.1 0.2 0.3 0.4 0.
Ere(12) (MeV) Ere(23) (MeV)
100Q 600Q
I 400q—
> — -
3 500 3
O - o -
L 2000—
N I I B I I . .
0 0.1 0.2 0.3 0.4 0.5 0 7 B 3

Figure 3.19: Relative energy spectra for the Hoyle state decay thrgmrticles. The his-
tograms in (a), (b),(c) and solid circles in (d) are the eXxpental data (red lingolid circle)

and the
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Figure 3.20: Monte Carlo simulation for gferent types of the Hoyle state decay; (a) SD, (b)
DDE, (c) DD®, (d) DDL (see text for details).
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Figure 3.21: Experimental Dalitz plot for fully detected Hoyle eventstfe reactione + 2C.

distributed over the circle or in the central region of thartgle - indicating that the
contribution from direct break up is very small. One can diseestimate the con-
tribution of these direct decay mechanism by integratiregaiea define by the circle
of radius R, but however, there are detectideets which must be taken into account

while evaluating the yields3[7].

3.4 Techniques used for estimation of decay mecha-

nism

In order to determine the contributions offferent decay modes (of the Hoyle
state), three dierent distributionsi(e., the distributions of relative energy #Be-like
pairs, root mean square deviation of energy, and radiakption of the symmetric

Dalitz plot) obtained from the experimental data have beemisaneously fitted with
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those calculated from the simulation d&@a,[93]. All the three distributions have been

discussed below;

104 3
R =
U-) 103 E_ l \ ..... .
+— E / SN
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Figure 3.22: Schematic representation of the contributions of SD, DDBELRnd DDD
processes as a function of the relative energyB# like pairs (see text). Solid circles are
experimental data and solid line (red), dotted line (redjskl line (blue), dash-dot line (green)

curves are simulation results for SD, DDE, DDL and D[Prespectively.

3.4.1 The relative energy distribution of®Be like pairs

This is the distribution of the lowest relative energy bedweany twoa-particles
in each & decay event of the Hoyle staté?, 52]. So, all SD events decaying through
the®Be ground state will contribute to the peak at a relative gnef ~ 92 keV, the
breakup energy dBe, s. On the other hand, for DDE mode of decay, it should peak at
E.«t = 188 keV. The relative energy distribution of t#ge like pairs in the experimental
data (filled circles) is displayed in Fi§.22along with those obtained from simulation

events for SD [solid line (red)], DDE [dotted line (red)], Rdash line (blue)] and
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DD® [dash-dot line (green)] processes in the same forfe (ike pairs) to show
the nature of distribution for éierent types of decays. It is seen that the experimental
distribution is dominated by the peak at around 92 keV sygnif strong dominance
of the SD process though a small distortion in the distrdoutiear the tail region and

indicating small but finite contributions of the direct pesses in the Hoyle state decay.

3.4.2 The distribution of root mean square energy deviation

The root mean square energy deviatiBp,s, has been defined asJ], 52,

Ems= /< E2> — <E, >2 (3.13)

where,E, are the energies of theparticles from the decay of the Hoyle state, and the
average is over the energies of the thaegarticles of each event. SBnsis the root
mean square energy deviation of the energies oltparticles of each Hoyle state

decay event in the rest frame. F®j23displays the distribution d&,s for the fully
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Figure 3.23: The distribution of root mean square energy deviation, syglines are same

as in Fig.3.22
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detected events along with the simulation events, same &gyir8.22 It is clear
from equatior3.13that, in this case DDE should contribute prominently in teeh-
borhood ofE,s ~ 0 in the distribution, subject to finite broadening due to tibial
instrumental resolution. From the shape of the curve in Big3 it is again evident

that there is some small but finite contributions from difgctcesses such as DDE.

€

5C
~ .,

€ 2

Figure 3.24: The Dalitz plot and associated projectiopsand @, heres; denotes the normal-

ized energy of thé" a-particle.

3.4.3 The distribution of radial projection of the Dalitz pl ot:

Two-dimensional Dalitz plots are not very suitable for \saomparison of ex-
perimental and theoretical distributions in details. Fos purpose, one-dimensional
projections like the radiap) and angular®) projections shown in Fig3.24are much
more useful. Two dimensional symmetric Dalitz plot usingusiation data for dif-
ferent types of decays are shown in F&g25and the experimental two dimensional
symmetric Dalitz plot is shown in Fig8.26. The experimental data in their original
form were used directly for generating the plot and no evsnévent kinematic fitting

procedure$3] were required.
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DDL

Figure 3.25: Symmetric Dalitz plots for (a) SD, (b) DDL, (c) DDE (d) @D

Figure 3.26: Measured Dalitz plot distribution without any kinematidirig.
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103

Figure 3.27: The distribution of the radial projection of the symmetrialifz plot, sym-

bolslines are same as in Figg.22

One-dimensional projections of Dalitz plot [radig) @nd angular®) projections]
is shown in Fig.3.24 In the present case, as the Hoyle state has spin O, it decay
isotropically into 3 (also have spin 0), so the decay of the state has no direttiona
memory as well as it obeys the energy-momentum conserviws, knowledge of
two alpha-particle energies fully specifies the kinematicthe decay. It has recently
been shown that the technique of radial projection of thatbalot is very useful
to gain deeper insight into the decay mechanis®].[ The radial coordinate of the

symmetric Dalitz plotp is given by
(30)% = (3&i — 1) + 3(si + 25 — 1) (3.14)

where,; jk = Eij«/(Ei + E; + Ey) are the normalized-particle energies in th&C
frame andg; > E; > Ey. The radial projection of the Dalitz plot using the preseatiad
of ~ 2 x 10* fully detected (&) Hoyle decay events is shown Fi§27along with the

simulation of diferent types of decays. It is also evident from F@7that the whole
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spectrum of one dimensional projection of symmetric Dalitt cannot be reproduced
with only sequential decay component (SD), some fractiotiraict decay component

(DD) is needed along with SD to explained the whole spectrum.

104 £ Sy
- —— Best Fit
C -—— 99.75% CL
103 E
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Figure 3.28: The distribution ofBe like pairs of each event of the Hoyle state decalfof

(filled circle). Filled circles correspond to the experint@éindata and the lines correspond
to various simulation results; only sequential decay (etline), total decay (including SD,
DDE, DDL and DDD)- best fit (red line), total decay - with 99.%% upper confidence limit

(blue dash line)(see text).

3.5 Estimation of decay components of the Hoyle state

Estimation of diferent types of decay mechanisms have been obtained by simul-
taneous optimization of threeftirent distributions (as mentioned above) from the ex-
perimental data with those generated from the Monte Canhoilsition event set 92].

The experimental results have been compared with thosamebtasing simulated data
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sets containing contributions offterent decay processes in varied proportions. The
simulated event sets have been validated by taking caré exaerimental &ects as
mentioned earlier; 5, 00, 000 valid events for sequentieagend 50,000 valid events
each for all (three) types of direct decay have been gertevéthin the detector geo-
metrical éficiencies. For each fitting procedure, a mixed event set stingiof various
decay processes has been chosen randomly in varied pmpoftom the event sets
corresponding to the individual decay processes and thed fitith y?> minimization
technigue simultaneously for the distributions of enerf§Re like pairs, root mean
square energy deviation, and the radial projection of syimmBalitz plot, with the
normalization fixed by equal area under the graph. The abtimgfiprocedure has
been repeated for 2,00,000 times usinfjedtent, randomly selected mixed event sets
to obtain the dispersion of the best-fit parameters. Fromahalysis, the best-fit val-
ues for diferent direct decay processes of the Hoyle state have beerttext to be
0.60+ 0.09 % for DDD, 0.3 0+ 0.1 % for DDE, and 0.0% 0.03 % for DDL; the cor-
responding/? (per degree of freedom) values are 0.987 in Big8 0.99 in Fig.3.29
and 0.83 in Fig3.30. It is evident that both D> and DDE branching ratios are sig-
nificantly larger than zero; in the case of DDL, the best-flueavas associated with
larger (than the value) uncertainty and therefore the ulppétrof the corresponding

branching ratio has been extracted to be 0.1 % at 99.75 9L [
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Figure 3.29: The distribution of root mean square energy deviation ofatfparticles from the

Hoyle state decay events. The symbols are explained ir3F2§.
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Figure 3.30: The distribution of the radial projection of the symmetrialliz plot of each event

of the Hoyle state decay in tA&C frame (filled circle). The symbols are explained in B8
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3.6 Results and discussions

Thus, it can be said that the total direct decay branching est obtained in the
present study is 0.91 (14) %, out of which DDE contributegX).36; this further
implied that, according to91], 0.3(1) % of the Hoyle decay events are candidates for
nuclear Bose-Einstein condensates (BEC). The presertgyrdmed nonzero branch-
ing ratios for DBP and DDE, as well as the estimated upper limit at 99.75 % CL for
DDL mode, are widely dferent from those reported iB]] (see Table3.2for compar-
ison); they are, however, in general consistent with theeuppits of different direct

decay branching ratios reported B[ 52, 53].

It is pertinent, at this point, to mention that decipherihg tink between the ob-
served energy distributions of the decayparticles and the structure of the Hoyle
state may not be quite straightforward because of the inflief tunneling through
the barrier on the formeibB]; moreover, the importance of correlation between the
observation of a particular direct decay mode and the exastef a particular struc-
ture €.g., DDE and visa-vis nuclear BEC) is also sometimes debated in the®d. [
All these problems notwithstanding, precise, high-stiagsmeasurement of the en-
ergy distribution of the decay particles and its repredentan various forms (relative
energy distribution ofBe-like pairs, distribution of root-mean-square energyiale
tion, and Dalitz plot distribution) to extract preciselyetbranching ratios of various
decay modes, combined with the predictions of advancedydecalels (for exam-
ple, [95, 96]), are expected to provide unambiguous information abloetstructure
models. In this context, the present results assume signdewith the determination
of nonzero branching ratios for various direct decay moaisch, though in general
agreement with the recently determined upper lint® B3], are nearly an order of
magnitude less than those reported 3d][and thus clearly contradict that measure-
ment. In this context, the current measurement, at highasstcs till date, assumes

significance and the determination of nonzero branchings&br various direct decay
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modes may help in arriving at a consensus, so far as expeairdgtierminations and

estimations are concerne@l 93].

Table 3.2: Comparison of gferent experimental estimates of direct decay modes of tiyéeHo

state.
Experiment Total DDE DDL D@ Total CL
events (%) (%) (%) (%) (%)
Ref. [37 ~2000" - - - <4 99.5
Ref. [51]] ~100¢ 7.5+4.C 95+4.C - 17.0+5.0°
Ref.[52] ~4000 <0.45 - 1.3+ 0.9 <3.9 99.75
(<3.9)

Ref. 53] ~5000* <0.09 <0.09 <05 <05 95

Ref.[92] ~2000¢ 0.3+0.1° <O0.r° 0.60+ 0.09 0.91+0.14 99.75
#ully detected events only.

b3q reconstructed events.

‘total error from statistical?, and background.
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Chapter 4

Summary and Conclusions

In summary, in order to study the properties of hot nucleusiéa in heavy ion re-
actions, a high resolution, low threshold, high granularged particle detector array
has been designed and developed as a part of the presestwlekiand the details
of which (mechanical design, fabrication, test, etc.) Hasen presented in this thesis.
The array consists of 24 telescopes, each telescope is mauafedhree elements; first
element is a 5@m, AE, Single-sided Silicon Strip Detector (SSSD : 16 stripsheat
dimension 50 mnx 3 mm), second element is a 50000um, E/AE, Double-sided
Silicon Strip Detectors (DSSD : 16 strips (each 50 mr@ mm) per side in mutually
orthogonal directions) and third element is CslI(TI) dete¢d nos.), each of thickness
6 cm. The array elements has been chosen to provide googisdadentification of
fragments (Z< 10) by theAE-E technique with good angular resolution over a wide
dynamic range in energy. The complete mechanical struesusach that the array,
after complete assembly, form a surface of a sphere of ré&&flusm. To minimize
the dead area and allow close-packing of the telescopeg iarthy, a compact frame
for the Silicon strip detectors has been developed. Dath#sacteristics of dierent
elements of the telescope have been studiithe as well as in beam. The event re-
construction technique has been developed in ROOT platforrthe analysis of the
experimental data from this high granular multi-telessaeay. Performance test of

the event reconstruction technique has been done in twaimgmes?°Ne + 2C and
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1213C 4 12C reactions and study of particle unstable state fiecént unstable particle
has been presented. The complete detector array with adliéineents as well as the
electronics have been tested ifiline with a-source and precision pulsar (with high
count rates; 10k rates). Now the array (full or part of it) &ry used for physics

experiment.

In the second part of the thesis work, a high statistics agh resolution complete
kinematical measurement has been performed to study thee deechanism of the
Hoyle state. The experiment has been performed at the Vartadergy Cyclotron
Centre, Kolkata, using 60 Me¥He ion beam from the K130 cyclotron dfC target.
The a-particles emitted in the decay of the Hoyle state have be¢ected using two
500um double-sided silicon strip detectors (in forward direajiin coincidence with
the inelastically scattered projectile-particle) using one strip detector telescope in
backward direction. Only completely detected events (es#w@here all four particles,
three from the decay dfC*, as well as the inelastically scattered one were detected
separately) have been used for the present analysis to eeamgvambiguity about
the origin of the detected particles. The genuine Hoyle svkave been extracted by
filtering the raw data with proper cuts on the TDC time sigreahell as total energy
- momentum gates. Total of 2 10* events have been observed within the Hoyle
state after all conditions imposed. Thredfelient distributions have been used for
estimation of decay components of the Hoyle state. Firstigriee relative energy
distribution of8Be-like pairs, where the sequential decay events are eegheatbe
peak around the ground state®8fe, i.e., around 92 keV. There was evidence for non-
sequential decays in this distribution in the form of smaifigg on the tails of the main
peak of ground state 8Be. Second one is the distribution of root mean square energy
deviation (rms), where the events of direct decay with eqoalgies are likely to show
up around the zero rms value within the experimental setaplugon, which was
actually seen. Third one is the radial projection of symmddalitz plot, which has
been known to be very useful for the study of decay patterase of spin zero patrticle.

Simultaneous optimization of all these thredelient distributions derived from the
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experimental data with those generated from a simulatect ee¢ has been performed
to arrive at a consistent estimate of the contributions ofous direct decay modes.
The optimization procedure was further repeated numeilimestwith diferent sets
of simulated data sampled randomly from a much larger posiratilated events to
extract the distribution of the best-fit values and deteenttre contribution for each
mode; if the contribution for some mode was not found to bessieally significant,
the upper limit of the contribution has been extracted av®% confidence limit
(CL). Simultaneous optimization of threefidirent distributions using? minimization
technique has led to the determination of non-zero bragatatios for direct decay in
phase space (DD: 0.60+ 0.09 %), and direct decay with equal energy (DDE : 030
0.1 %). The present study has also led to the estimation adrdppit for direct decay
of linear chain (DDL : 0.1 %) at 99.75 % confidence level. Thesantly determined
branching ratios are clearly at variance with those replaetelier by Radutat al[51],

but are consistent with other recently estimated uppetdiofithe sameq2, 53].

Interestingly, another recent study published after tlesgmt work has, however
indicated that the upper limit of direct decay could be evealter, down to € 0.2%
at 95 % CL) p7].

Regarding the link between the experimental observatiessudsed above and
the structure of the Hoyle state, the signatures may bertbstaue to the influence
of barrier tunneling; in addition, the link between the atvaéion of a particular di-
rect decay mode and the existence of a particular structige DDE and visa-vis
nuclear BEC) is also not quite straightforwa8#f]. However, high-statistics and high
resolution measurement of completely detected eventsttaatyrecisely the branch-
ing ratios of various decay modes, combined with the refimgroedecay models (for
example,p5, 96]), are expected to provide better and more unambiguousmaton
about the structure. As the consensus on the non zero brencdtios for various
direct modes is yet to be achieved , the topic is still verg land interesting; more
detailed experiments are likely to be performed in futuresch a definite conclusion

on this issue.
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