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Investigation of Resonance States in !'Li

by Mukhwinder Singh

Abstract

Understanding the structure of complex many-body nuclei is one of the central challenges
in nuclear physics. The conventional shell model is capable of explaining the structure of
stable nuclei, but it starts to shatter towards the driplines or rare isotopes. To explain the
new trends in the shell model at the driplines, it is essential to study these exotic nuclei.
Halo nuclei are prime examples of some of the unusual characteristics of rare isotopes. In
this study, we investigate the resonance states in the neutron dripline nucleus !'Li through
the deuteron scattering. The experiment was performed at the IRIS facility at TRIUMF
with an '"Li beam accelerated to 7.34 MeV. The thin windowless solid deuteron target
was used as a deuteron source with two different thicknesses. Together with the ground
state, multiple resonances are observed at 1.06 £ 0.06 MeV, 2.29 + 0.04 MeV and 4.01 +

0.04 MeV.
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Chapter 1

Introduction

The nucleus in an atom possesses a complex structure. Since, nuclear mass consists of
atoms that make up planets, stars, human beings and every other visible object in the
Universe, it is essential to study the structure and properties of atomic nuclei. The atomic
nucleus is a strongly interacting, many-body quantum mechanical system that exhibits a
fascinating variety of shapes and excitation modes, from spherical to super-deformed. The
study of nuclear structure attempts to explain properties of the atomic nucleus, such as
nuclear mass, characteristic energy levels, radioactive decay modes and many more, and
how these properties emerge from the strong nuclear interaction between the nucleons
(protons and neutrons) that form the nucleus.

There are a number of experiments performed to probe the structure of atomic
nuclei that provide guidance to develop different theoretical nuclear models [ 1-5]; however,
there is not a single theoretical framework that can describe all atomic nuclei. The bright
side is there are different models that provide us with information about the different
properties of the nucleus. For example, the one of the most basic properties of a nucleus is
its size. But, how does one measure something thousands of times smaller even than the
atoms that make up the measuring instrument itself? In 1909 Rutherford, Geiger and
Marsden did just that [6]. By scattering alpha particles from thin gold foils, they discovered
that nuclei were some ten thousand times smaller than the atoms that contained them. Since

then, the idea of ‘seeing’ inside atoms, and indeed inside the nuclei themselves, has



involved hitting them with a beam of particles to observe. how many bounce off and at
what angles it scatter? How easily do the nuclei become excited or break up or transform

into other species?

Figure 1.1 shows the chart of nuclei. In this chart, nuclei are arranged according to
their nucleon number, with increasing proton number on the vertical axis and the neutron
number on the horizontal axis. The different color of each square represents the lifetime of
the nuclei, black squares are for the stable nucleus (also known nuclei at stability line).
Moving away from stability line, nucleon separation energy decreases, approaching zero at
the driplines (extreme ends on the nuclear chart). The thick blue lines are drawn according
to “magic numbers” 1.e. 2, 8, 20, 28, 50, 82 and 126. The nuclei with these number of
nucleons have higher average binding energy per nucleon than predictions from the
semiempirical formula, hence more stable for any nuclear decay. The shell model explained
the concept of magic number. The concept of shell model is similar to the atomic shell
theory. According to the atomic shell theory, electrons in atoms are occupying discrete
shells in the space surrounding the atomic nucleus [7,8]. Similarly, the nuclear shell model
[9,10] states that the nucleons in nucleus are distributed in discrete shells. When the shell
is completely filled the nuclei tend to have exceptional stability. The number of nucleons
required to form a closed shell are referred to as magic numbers. Each shell represents a

discrete energy value (Section 1.2).

The shell model was quite successful in explaining the closed shells; however, it
was not able to explain all the features at nuclear limits (at driplines). These limits show
different phenomena due to extreme neutrons-to-protons ratio and very low binding energy.

In many cases, it is necessary to adopt different models altogether.
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Figure 1.1 Chart of nuclei. The colour code indicates the decay lifetime (description in box). Magic number
in N and Z are marked by blue lines. Data taken from the National Nuclear Data Center at Brookhaven
National Laboratory [11].

To understand these exotic structures that appear at nuclear boundaries, it is of
extreme interest to do experimental investigations of these nuclei. This thesis work
concerns a particular feature usually formed in light, weakly bound systems: the nuclear

halo.

1.1 The idea of halo system

The word halo is generally used to describe moon or sun halo. In general, a halo is
any extended peripheral distribution around a central object. Similarly, in nuclear halo, the
nuclear matter is spatially extended to significantly larger sizes than expected from theory.
The halo nuclei consist of a core that is surrounded by a halo of orbiting protons or neutrons.
These extended nucleons are very weakly bound to the rest of the nucleus. The halos were

mostly identified in neutron-excess nuclei i.e. towards the neutron dripline. The proton



halos have been suggested in some experimental studies; however, the existence of proton

halo is not as favorable as neutron halo due to the Coulomb barrier.

For stable nuclei, the nucleon separation energy is in the range of 6-8 MeV.
However, in halo nuclei, the separation energy of last bound nucleon becomes very small
(in some nuclei its even less than 1 MeV). The halo nucleus is a very loosely bound system
and shows an extremely long tail in the neutron density distribution making the radius of

nucleus much larger than expected [12].

To further understand halo phenomena, let’s assume a system (nucleus) with an
inert core and a loosely bound neutron with a square well interaction potential [13] of

similar size as that of the core. The external wave function of the neutron is defined as

_ k exp (=kr) [ exp (kR)
W) = \/; T [(1+kR)1/2 (1.1)

where R is width of potential well, & is decay parameter and related to separation energy E;

by:

where u is reduced mass of system. With the decrease in Ej, the tail of matter distribution

becomes longer.

There are two-neutron halo systems like °He and ''Li. These systems with an even
number of neutrons are particularly interesting. The strong force is unable to form a bound

2-n system, or to bind neutron to the core and therefore it cannot be treated as perturbation.



These systems are known as Borromean systems corresponding to Borromean rings. It is
important to emphasize that although the density of a neutron halo is very low, it still
strongly affects experimental observables such as the interaction cross-section. This fact

was crucial in leading to the discovery of new properties in such nuclei.

There are few known halo nuclei so far. °He, ''Li, ''Be, '“Be, ''B, '°C, '°C, %2C, ?°F
and 3’"Mg are neutron halo and ®B, °N, '"Ne, 2P and ?’S are proton halo [14-27]. The size
of a halo nucleus is significantly larger than its neighbouring isotopes. All the halo nuclei
lie near driplines because here the separation energy is usually very small, which is the
primary condition to form a halo nucleus. As the separation energy decreases the radius of
nuclei become larger and larger and the radius diverges when the separation energy
approaches zero for lower angular momentum (/) orbitals i.e. s- (/= 0) and p-(/ =1) orbitals.
On the other hand, the radius converges to certain values for d-wave (/ = 2). This is true
also for larger / orbitals. Therefore s-, and p-orbitals behave differently from other orbitals
of larger /. That is one of the reasons why the halo phenomena associated with a low angular
momentum orbital is interesting [28]. Figure 1.2 shows the positions of a few light halo
nuclei in the chart of nuclides along with nuclei of interest for this thesis; !'Li shown as a

red square.

1.1.1 Evidence of halo nuclei

One of the achievements of Radioactive lon Beams (RIBs) is the discovery of halo
nuclei. It was first observed in 1985, when Tanihata and his group carried out an experiment

to measure the sizes of lithium and helium isotopes [29]. In this experiment, the primary



beams of ''B and *°Ne at 800 MeV/nucleon were used to produce He and Li isotopes by

projectile fragmentation with a Be target. The secondary beams of He and Li isotopes were

Proton Halo >

One-Neutron
Halo

G

Figure 1.2 Position of halo nuclei in chart of nuclides [11]

Two-Neutron
Halo

led towards Be, Al and C reaction targets with energy of 790 MeV/nucleon. The
corresponding interaction cross-section was measured to find the radius of the respective

nuclei. The interaction nuclear radius was deduced from:

o =n[R,(p) + R,(D]* (1.2)

where R,(p) is the projectile and R (?) is the target radius. The cross-sections obtained from

different targets proved that the projectile radius is independent of target variation. This
indicates the interaction nuclear radius is a well-defined experimental observable for

nucleus. The values of R, for the He isotopes were found to increase with the nucleon
number faster than the radius expected from general expression R=R,A'3 (where R, is
constant), which holds for stable nuclei. In addition, a surprisingly large value for the ''Li

nucleus was obtained. Figure 1.3 shows the radius of He, Li, Be and C isotopes. For !'Li,



the results were interpreted as “suggesting a large deformation or a long tail in the matter
distribution”. Two years later, a measurement of the ground-state spin and the magnetic
moment [39] seemed to rule out the first possibility. At last, Hansen and Johnson [13]
introduced the term “halo” by explaining the large radius of ''Li in Tanihata’s experiment

is due to low binding energy of the last neutron pair.

Figure 1.3 Root-mean-square matter radius extracted from calculations of interaction cross-section using a
Glauber model and harmonic oscillators distributions for the densities of the particles. Lines connecting
isotopes are only a guide for the eye [14].

There were further evidences of such type of nuclei observed by measuring the
enhancement in cross section for electromagnetic dissociation, momentum distributions

and B-decay [31-38].



1.2 Concept of excited states

There were many attempts to define the nuclear structure with a theoretical form.
But as already mentioned the most successful so far is known as the shell model. The idea
of shell structure in a nucleus was unbelievable at first, because a dense cluster of strongly
interacting nucleons would be naively expected to crash into each other all the time, which
would result in loss of energy of the particles. The basic explanation of nuclear energy
states of the shell model is given by Pauli exclusion principle. According to this theory, all
the lower energy nuclear states will fill up. This means particles cannot take part in the
interactions which would decrease their energy, because there is no lower energy state
accessible. Scattering from an external particle that increases the energy of nucleon can
happen, but the scattering that lowers the energy is restricted by the exclusion principle
[39].

The energy levels in any nuclei can be determined by its excitation spectrum. Each
excited state is characterized by its angular momentum, parity and isospin (quantum
numbers). The energy of these states depends upon the internal structure of the nucleus.
The properties of these states can vary from one nucleus to another that can be measured
by nuclear reactions and radioactive decays. These excited states can be bound or unbound.
The unbound states are also known as resonance states.

A nucleus can be excited in different ways, e.g., by adding energy to a single
nucleon or a collective excitation [40] (collective rotation or vibrations of all nucleons).
The mode of excitation can be identified by measuring the cross-section and then
comparing it to different models calculated by a single particle and a collective core

excitation, to see which agrees best with experiment.



There have been various experiments to determine these excited states in each
nucleus. For stable nuclei, the measurements are relatively easier than unstable ones,
because we can form a long-lasting target for experiments with stable elements. However,
for nuclei that lie far from the valley of stability with very short half-lives, it is not possible
to form a stable target as they will decay. But with the development of new techniques, we

can produce beams of these exotic nuclear species, which makes it possible to explore them.

1.3 Known properties of !'Li

One of the most studied halo nuclei is !'Li, a lithium isotope with eight neutrons
and three protons and it consists of a core of °Li surrounded by two very weakly bound
neutrons. The wavefunction of these two neutrons is spread out further in space than the

core, which makes the size of ''Li roughly the same as a lead nucleus, and lead has 208

nucleons. ''Li has a half-life of 8.2 ms [41] for B~ decay with a matter rms radius found to
be 3.27(24) fm [29]. As already mentioned, ''Li is a two-neutron halo nucleus with a core
of °Li, which has the remarkable property that none of its two-body subsystems are bound

i.e. neither 2-n nor '°Li is bound.

The ""Li nucleus has only one observed bound state, the ground state with two
neutron separation energy of ~369(65) keV [42]. However, there is evidence of resonances
beyond this separation energy. The first effort to find the excited states of ''Li was in 1992
by Kobayshi et al. [43], and study was done with the pion capture reaction 'B (7, #*)!'Li
at T,=164 MeV. The excitation energy peak structure apart from ground state was observed
at 1.2 +£0.1 MeV. However, there were no signs of higher resonances. The same experiment

also hinted that the ''Li is good candidate for soft giant dipole resonance at 1.2 MeV from



electromagnetic dissociation (EMD) measurements. There was no clear assignment of J*
values for this excited state.

Bohlen et al. [44] attempted to study excited states of ''Li with two '*C induced
nucleon transfer reactions, '’Be ("*C,'*N)!'Li and "“C(*C,'”F)''L4i, at 24 MeV/nucleon. The
reaction products were detected by a combination of scintillator and gas filled chamber.
The resonances were observed at 2.47(7) MeV, 4.85(7) MeV and 6.22(7) MeV. However,
the background was high in both cases due to complex targets. None of these states were
observed by Kobayashi[43] and the state observed at 1.2 MeV by Kobayashi was not seen
in Ref. [44].

Another attempts to search for excited state were made at RIKEN in Japan [45].
The scattering of !'Li-+p was carried out at 74.5 MeV, where the beam of ' Li was produced
by the RIPS facility. The 11.75 mg/cm? or 9.5 mg/cm? thick target of CHz was used as a
proton source. The scattered protons were detected by two solid state telescopes consisting
of two silicon strip detectors and three silicon detectors. The excited states at 1.25(15) MeV,
3.02) MeV, 4.9(25) MeV, 6.4(2) MeV were observed. Only the state at 1.25 was
statistically convincing, all higher states have very low statistics to distinguish as well-
defined structure. Gornov et al. [46] observed the resonances at 1.02(7) MeV, 2.07(12)
MeV and 3.63(13) MeV through the pion capture reaction, '“C (7", pd). However, their data
had very limited statistics for excited states and also poor resolution questioned the
existence of these resonances.

There were other attempts [47-51] mostly focused on a resonance state near 1 MeV
due to its soft dipole nature, which was successfully observed at 1.03(3) MeV with natural
width of 0.51(11) MeV by Kanungo et al.[52] in 2015. The beam of ''Li was reaccelerated

at 5.5A MeV using the superconducting LINAC at TRIUMF and the experiment was

10



performed using solid D, target at the IRIS facility. A broad structure around 3.5 MeV was
also observed but this structure was not statistically significant for further analysis. Figure

1.4 shows the summary of reported level scheme of ''Li.

10Be (MC,HN)
14C (14C,17F)
44 "Lip p’ . ,
W) e i i i
[46]
6.22 (7) 6.4(3)
N 4.85(7) 4.9 (3)
O
S 3.63 (13
E - 2.47 (7 0@
5 2.07 (12) A7)
g .
. 1.2 (1) 020 1.25(2) 1.03 (3)

Figure 1.4 Reported resonance states of ''Li. The grey bars are uncertainties in excitation energy [50].

It is clear from Figure 1.4 that the results in previous studies are contradictory above
the first resonance state. The only agreement between Ref. [44] and [45] for states at 4.9
MeV and 6.4 MeV was seen within uncertainties. ''Li is one of the most studied halo nuclei
but still there are very few attempts to explore higher excited states of ''Li.

The aim of this study is to investigate the resonance states of !'Li through ''Li (4,
d’) reaction. The primary focus is on excited states beyond the first excited state around 1
MeV because there is no conclusive knowledge on them.

The following is a brief description of the subsequent chapters.

o Chapter 2 gives an account of the experimental setup necessary for studying the ''Li
(d,d’) reaction.
e Chapter 3 will discuss the techniques used in the analysis of the data from the

experiment. It includes the calibration of required detectors, determining the solid

11



target thickness, particle identification, and counting and the incident beam
particles.

e Chapter 4 will discuss and conclude the results obtained from the experiment.

12



Chapter 2

Experimental setup

A detailed discussion of experimental facility used to perform this study is presented in this

chapter.

2.1 Production of Radioactive Ion Beam at TRIUMF

The radioactive ion beams play a very important role in understanding the properties
of isotopes that have a proton to neutron ratio very different from stable isotopes in an
unprecedented way. The production of these so-called exotic nuclei, however, is confronted

with difficulties that stem from the

o extremely low production cross sections,
e overwhelming production of unwanted species in the same nuclear reaction,
e very short half-lives of the nuclei of interest.
Originally two complementary ways to make RIBs were developed: the isotope separation
on-line (ISOL) technique and the in-flight separation technique. The basic requirements for
the ISOL technique are: The primary beam, a target, mass separator and beam transport
system. For the in-flight technique a multistage fragment separator is used instead of mass
separator.

In our experiment, the beam of ''Li was produced at ISAC facility of TRIUMF,
Vancouver. At ISAC-II the RIBs are produced using ISOL technique [53]. In this

technique, the exotic nuclei are produced by bombarding charged-particle beams or

13



neutrons on a sufficiently thick target. The reaction products are then transported into an
ion source. After getting the desired charge state, the wanted species is obtained by
electromagnetic separation. The various stages of beam production and delivery are

schematically shown in figure 2.1.

Primary Beam

J

Target Transfer lon source Extraction

JW_I_//_‘
TR

Neutrals,

Gas Inlet

Release loss, Decay loss, Decay loss, Molecules,
Decay loss, leaks Absorption, Multiply charged
leaks leaks ions

Figure 2.1 A schematic representation of the ISOL method and the major associated loss channels.

TRIUMF has the world’s largest cyclotron, a source of 500 MeV protons used as
the primary beam. This hits a tantalum target producing different fragments, which pour
out into an ion source. A mass separator separates the ''Li from other isotopes and then
these low energy ''Li particles are reaccelerated by using the ISAC-II superconducting
linear accelerator to 7.34 MeV. This reaccelerated beam is then delivered to the

experimental facility (IRIS).
2.2 IRIS

The ISAC Charged Particle Spectroscopy station (IRIS) is a facility stationed in the
ISAC-II experimental area at TRIUMF. The primary focus of the IRIS facility is to study
direct reactions such as transfer reactions, elastic and inelastic scattering in inverse

kinematics. RIBs are the most commonly used beams. The rare isotope beams interact with

14



Figure 2.2 Schematic view of IRIS setup.

hydrogen (Hz) or deuterium (D) target. The charged particles produced from this
interaction are collected and analyzed by different set of detectors. The main components

of the IRIS assembly are

Ionization Chamber (IC)

Solid H» or D> target

Charged particle detectors

End detectors for detecting unreacted beam particles

Figure 2.2 shows the schematic view of the IRIS setup with all the major components.

2.2.1 Ionization Chamber (IC)

The first detector in the experimental setup is a low-pressure ionization chamber
filled with isobutane gas. The pressure in the chamber is controlled and can be set to
anywhere between 5 to 20 Torr. It enables us to determine the isobaric contaminants present

in the beam. The beam enters and exits the IC through windows of 50 nm SiNjy (silicon

15



nitride). These thin windows and the low pressure ensure the minimal energy loss and
straggling in the ionization chamber. When a beam enters the ionization chamber it

interacts with gas particles creating ions an electron pairs, which results in a loss of energy.

Figure 2.3 Layout of IRIS Ionization chamber

The electron and ion pairs are then collected by anode and cathode respectively, generating
an electric signal at the anode. These electrical signals in the anode are read out with the
help of preamplifiers. Figure 2.3 shows a schematic of the inside view of ionization

chamber.

2.2.2 Windowless solid H»/D target

The special feature of IRIS is thin solid H2/D» target. This windowless target is of
paramount importance with RIB of weak intensity. The solid target has advantages over
other targets like gas, liquid or polyethylene target. The solid target will have a higher
density of target atoms available for reactions than gas or liquid. Therefore, the solid H> or

D, target increases the reaction yield. The background scattering from carbon nuclei in

16



organic targets will not be present in case of solid H, or D> target. The assembly of solid
H> or D> target is shown in figure 2.4. A hole of 5 mm diameter is bored at the center of a
copper target cell. One surface of cell has a silver foil of 4.5 um thickness affixed. This foil
is used as a backing for the solid H> or D, target. The target cell is cooled to ~ 4 K using a

cryocooler with a helium compressor. To minimize the radiative heating of the target; the

Figure 2.4 Solid D7 target assembly. (a) Silver foil on copper cell. (b) View of copper cell. Copper cell
placed inside the cylindrical heat shield c) front. d) back [54].

target cell has a cylindrical copper heat shield around it which is made up of oxygen free
copper and is also cooled down to 24 - 27 K. When the target cell and shield reach their
desired temperature, the diffuser is used to spray H> or D> gas on the surface of the silver

foil. The diffuser is moved down from the beam line after the formation of target.

The incoming beam of ''Li after traversing through the IC and the Ag foil interacts

with the solid Ho/D» target. The reaction can take place anywhere within the target. The
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reaction products go through the remaining thickness of the target after the interaction
point. The background from Ag foil by fusion evaporation reactions can be separately

measured by taking data without D, target.

2.2.3 Charged particle detectors

The IRIS facility is designed to detect the charged particle reaction products. To
serve this purpose, the IRIS has two different set of detectors for detecting light target-like
particles and heavy beam-like particles. Both sets have a combination of thin and thick
detectors. The lighter particle passes through an array of 100 um thick silicon strip detector
(YY1 type) [55] , which is used to measure the energy loss and angle of the scattered
particles. This array is made up of eight azimuthal sectors. Each of these sectors is
segmented into sixteen rings. Each of these 128 segments act as an individual detector.
These rings help to identify the angle of the detected particle. Depending upon the position

of YY1 the array (figure 2.5 (a)), the angular range of detector can be calculated.

Figure 2.5 Detectors for target-like nuclei. (2) YY1 detector. (b) CsI(T1) detector.

18



The lighter particles deposit part of their energy (AE) in YY1 and particle that do
not stop in the YY1 detector array; deposit their remaining energy (E) in CsI(Tl) scintillator
detector (figure 2.5 (b)) placed behind the YY1 detector array. The CsI(Tl) array is made
up of 16 crystals each being 12 mm thick, arranged in same azimuthal configuration as the
YY1 array. Two CslI(TI) crystals matched with one sector of the YY1 detector. The YY1
and Csl(T1) array are arranged in such a manner that they can detect target like particles in
coincidence with each other. This combination also acts as AE-E telescope which allows

particle identification.

The holes at the center of YY1 and CsI(T1) detector arrays allow beam-like particles
to pass through which are detected by a combination of thin and thick double-sided silicon
strip detectors placed further downstream. These detectors are of S3 type [56] and identified
as S3d1 followed by S3d2 (figure 2.6). The S3d1 is a thin (~60 pum) silicon detector used
to measure energy and the scattering angle of beam-like scattered particles. It is segmented
in 32 sectors on one side and 24 rings on the other side. The S3d2 is thick (~500 um) silicon
detector placed downstream to S3dl. It is also used to measure energy and angle of
scattered heavy particles. The combination of S3d1 and S3d2 acts as a AE-E telescope for

identification of beam like particles.

2.2.4 End detectors for the detection of unreacted beam particles

The detectors discussed above are annular in shape that allows the unreacted beam
to pass through. The beam is stopped in radiation hard YAP:Ce inorganic scintillator. The
signal of this scintillator is read out by a photomultiplier tube. This detector is used to count

the number of unreacted beam particles. The ratio of particle counts in the ionization
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chamber and the counts in the beam stopping scintillator helps to monitor the beam
transmission ratio throughout the experiment. There is another zero-degree detector used
to measure the remaining energy of unreacted beam after the target, which is a silicon
surface barrier (SSB) detector. This also allows us to determine the formation and thickness

of the D, target. Figure 2.7 shows an image of the SSB detector.

Figure 2.6 S3 detector

2.3 Signal processing

The interaction of a charged particles in the detectors produces a pulse of electric
signal. This signal is then processed through preamplifier and shaping amplifier. The main
purpose of the preamplifier is to extract a voltage pulse from the detector. These
preamplifiers are located close to detectors to minimize any noise signal due to connecting
cables. These preamplifiers are the charge sensitive type, which means the output voltage

is proportional to the total integrated charge in the input pulse. The output pulse from
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preamplifier has sharp rise time and slow decay time (figure 2.8(a)) governed by the time
constant of the RC circuit. This output pulse is sent to a shaping amplifier for further

amplification and pulse shaping. This pulse shaping process does not affect the maximum

Figure 2.7 SSB detector

amplitude of the pulse but reduces the pulse width. In general, the shaping amplifier unit
involves a capacitor resistor (CR) network followed by few successive resistor-capacitor
(RC) networks. The CR network blocks the low frequency component of signal, which
improves the signal to noise ratio (SNR). High-frequency components are attenuated by
RC network. We have used model MSCF-16 [57], a 16-channel shaper and timing amplifier
with leading edge discriminator unit. The MSCF-16 has a built-in CR-RC network which
amplifies and converts the preamplifier signal into a Gaussian pulse. The overlap between
successive pulses is greatly reduced on converting the preamplifier pulse waveform into
the Gaussian waveform. The discriminator unit of the MSCF-16 neglects the input signal
with pulse height smaller than threshold value. The threshold value is adjusted to reject the

pulses coming from the electronic noise. The discriminator (in the MSCF-16 unit) used in
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this experiment was a leading-edge discriminator, whose purpose was to generate a trigger
pulse at the moment the pulse crosses the threshold voltage level. The schematics of

generating the shaped pulse and trigger signal are shown in figure 2.8(b).

To store the information presented in the pulse in useful form the signal is converted
into digital form from analog. The amplified energy signal received from the pulse shaper
unit goes into the analog-to-digital converter (ADC). This ADC unit converts the amplitude
of an analog voltage signal into a proportional digital number. The ADCs (model number
MADC32) employed in the experiment were of the peak-sensing type. These particular
ADCs are 12 bits i.e. the full range is 4096 channels. Since we were interested in analysing
the scattered particles detected with the YY1-S3 detectors, we performed a Logic-OR
operation on the trigger signals obtained from the MSCF-16 unit of the YY 1/S3 detectors.
The obtained Logic- OR signal is called the “free trigger”. The data acquisition system
(DAQ) cannot store all the trigger events from the detectors because the DAQ system
requires a finite amount of time to process an event. The accepted trigger is then fed into
the Quad Gate generator unit (M794) to acquire the data in coincidence, which essentially
generates a gate pulse with a user-defined time window (mostly 2 ps). This gate signal tells

the ADC when to start and stop taking data.
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Figure 2.8 Pulse processing. (a) Output from a preamplifier unit and a shaping amplifier for a general
detector. (b) Output from the shaping amplifier for CsI(TI), SSB, IC, Pulser, and scintillator.
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Chapter 3

Data Analysis

This chapter discusses the details of the data analysis. The first step is to identify any
isobaric contaminant particles present in the beam. Following that, the discussion of
calibration of the detectors required for the analysis is presented . It will also show how the
solid D target thickness has been measured throughout the experiment. Finally, the missing

mass spectrum technique is discussed, for determining the excitation spectrum of //Li.
3.1 Identification of beam particles

The first step in analyzing the data was to identify the isobaric contaminants present
in the beam. This was done by using the ionization chamber (IC) that was placed upstream
of the target; it gives information about the atomic number of the particles present in the
beam from the measured energy loss of the beam particles. The IC was operated with
isobutane gas at 19.5 Torr throughout the experiment. The IC works on the principle of the
stopping power of a charged particle passing through matter, which is defined as energy

loss per unit length, and can be written as

dE Z?

where v and Z are velocity and atomic number of the charged particle, respectively. The

ADC spectrum of the IC detector is shown in Figure 3.1. From this spectrum, there is only
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one Gaussian peak observed, which shows there was no isobaric contamination in the ''Li

beam.
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Figure 3.1 ADC spectrum of ionization chamber. Red vertical lines represent the 3o selection region for
"L

Even though the beam was pure ''Li, the ADC channels between the red lines in Figure 3.1

were used for further analysis.

3.2 Detector Calibration

In this section, the detailed energy calibration of the detectors will be discussed.
This energy calibration provides the base for the data analysis. As discussed previously,
when a charged particle goes through a detector, it deposits its partial or complete energy
and the detector generates a voltage pulse. This voltage pulse is converted into digital signal

with help of a peak sensing ADC. This digital signal is in the form of channel number. The
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basic meaning of the calibration is to convert the channel number into the more useful form

i.e. energy. The following linear equation was used for the calibration of the detectors:

E=gx(—-p (32

where E is the energy deposited by an incoming charged particle in the detector, ¢ is the
peak position in channel number of the incident particle in the ADC spectrum, p is
pedestals is a zero-energy point in the ADC spectrum (where the energy is measured to be
zero), and g is a gain i.e. channel number to energy conversion factor for a particular
detector spectrum. The unit of g is MeV/channel, if the energy deposited is in MeV. To
calibrate a detector, determination of the gain and pedestals is required. The equation 3.2
describes the linear relation between the ADC channel number and the physical quantity
energy. In this section, the discussion of the calibration of YY1, S3 and CsI(T1) charged
particle detectors is presented. The target thickness is necessary to calibrate the YY1 and
CsI(TI) detectors, hence it is also discussed in this section. The thickness of the Ag foil was

4.5 um.

3.2.1 Calibration of S3d1 and S3d2 detector

In this section the calibration of the S3 detector is discussed. As mentioned in the
previous chapter, the S3 detector telescope is a set of two detectors i.e. S3d1 and S3d2.
Both the detectors required separate calibration but follow the same procedure. To calibrate
the S3d1 detector, the experimental data obtained from elastic scattering of the ''Li
particles from the Ag foil was used. That means the data was collected without the D,

target. The scattered ''Li particles deposit part of their energy into S3d1 detector, while the
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remaining energy is deposited in the S3d2 detector. Figure 3.2 shows the energy (channel
number) deposited in the S3d1 detector versus the energy deposited in the S3d2 detector.
The red polygon in the inset represents the selected events for elastically scattered ''Li
particles. The energy loss in the IC before the scattering was taken into account. The
average probability of scattering location in Ag foil was taken at middle of foil thickness.

The energy loss in all the dead layers of the S3 was also accounted for.
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Figure 3.2 Energy deposited in S3d1 detector plotted against the energy deposited in S3d2 detector (ring
side). The elastically scattered !'Li region is zoomed. Elastically scattered ''Li particles are selected by the
red polygon in the inset.

As already discussed, both the S3d1 and S3d2 detectors have sectors on one side
and rings on the other. The goal here is to find the gain for all the rings and sectors
individually. For each of these rings or sectors, the ADC spectrum shows a peak (Figure
(3.3)). Peak position of Gaussian fitting of the peak gave the channel number corresponding
to the peak. The energy related to the peak for each ring was calculated using the scattering
kinematics and taking the dead layer effects into account. Once the S3 detector is calibrated

it can be used to find solid deuteron target thickness.
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Figure 3.3 Histogram used for the calibration of the S3 detector. Pedestal data for the first ring of the

(a) S3d1 detector and (b) of the S3d2 detector. Gaussian fitting of the ''Li peak in the ADC spectrum

of the (c) first ring of the S3d1 detector. (d) of the first sector of S3d1 detector. (e) of the first ring of
S3d2 detector. () of the first sector of S3d2 detector. The data is without the solid deuteron target.
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3.2.2 Determination of solid deuteron (D:) target thickness

In this section the measurement of the solid D, target thickness will be discussed.
The thickness was monitored throughout the experiment by using elastically scattered beam
particles. This solid D, target thickness will also be necessary to calibrate the CsI(Tl) and
YY1 detectors. To determine the target thickness, the elastic scattering of !'Li particles
from the Ag foil ( ''Li(Ag,Ag)''Li) with and without the D, target was used. The energy
deposition of ''Li particles with and without the deuteron target was measured in the first
ring of S3d1 and S3d2 detector. The plot of total energy deposited in the S3 telescope is
shown in Figure 3.4. The difference in energy with and without the D, target along with

the stopping power was used to determine the thickness of solid D> target.

Counts

'Li Energy (MeV)

Figure 3.4 Energy deposited in S3 detector by elastically scattered ''Li with (red) and without (blue) solid
deuteron target.

Let us denote the ''Li energy without the D> target by E; and energy measured after the D

target by E». Target thickness can be determined using following relation:
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t= [ 5mdE (33

Where S(E) is stopping power of beam particles passing though the D, target that is given
by -dE/dx (energy loss per unit length), ¢ is the target thickness. In the determination of
target thickness, the dead layers of the detectors were taken into account. Figure 3.5 shows
the target thickness for each data collection set of 200 hours of duration. This target
thickness was also verified with other rings of the S3 detector. The experiment was

performed in two set of target thickness: with ~100 pm and ~50 pm thickness.

150—
— L]
100— ]
—~~ L W | ’
= o* e, . i
3= F o .
N |
")
0 sol- . y
50— wm¥ iy
cr " o uF TaN I
X L4 .
o | . ahs
c | [ ]
= — L]
O —
750 I_I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
5780 5800 5820 5840 5860 5880 5900 5920
Run Number

Figure 3.5 D: target thickness for each data run obtained with energy of ''Li measured by the S3 detector.

3.2.3 Calibration of the YY1 array

The calibration of the YY1 silicon detector array can be done by two different
methods at the IRIS setup. The first method is to use a standard alpha source and assign the

known energies of this alpha particles to the ADC channel peak. The second method is to
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use elastically scattered deuterons from the beam and assign the calculated energy for these

deuterons from kinematic calculations to the corresponding channel number.

The initial calibration of the YY1 array was done by using the known triple-alpha
source. The triple-alpha source was placed in front of the YY1 detector. The alpha source
used for calibration has an isotope 2*°Pu, 2! Am and ?**Cm emitting alpha particles of 5.155
MeV, 5.486 MeV and 5.805 MeV respectively, corresponding to the highest branching
ratio. For each of these incident energies of the alpha particles, the energy losses in
the dead layers of 0.1 pm Al and 0.05 pm Boron at respective angles were taken into
account. The YY1 detector is thick enough to stop these alpha particles. The YY1 detector
is segmented into 8 sectors and each sector has 16 rings, and each part is an individual
detector making it a total of 128 channels for the entire array. Figure 3.6 represents the
three peaks that correspond to the three different energies deposited by three different alpha
particles. These peaks were fitted by the skewed gaussian function and the mean value of
fitted the Gaussian was considered as the peak position. Each peak position gives the
channel number related to the peak that correspond to the known triple-alpha energies. The
gain of each channel was obtained by performing the least square fitting (Figure 3.7) to our

calibration equation 3.2. The calibrated YY1 spectrum is shown in Figure 3.8.

To verify the calibrated energy, the comparison between the elastically scattered
deuterons from solid D> target (''Li(d,d)''Li) to the expected energy deposited by the
deuterons from kinematic calculations was done. The first step was to identify the deuterons

which were elastically scattered from the target, to serve that purpose IRIS setup has a light
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particle AE-E telescope. Figure 3.9 shows energy deposited in the YY1 detector versus

energy deposited in the CsI(T1).
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Figure 3.6 The YY1 spectrum for triple alpha source for one detector out of the 128 detectors.
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Figure 3.7 Least square fit using the equation 3.2 for YY1 detector.
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Figure 3.8 Calibrated YY1 spectrum as a function of different detector segments with the triple alpha
source.

In order to eliminate kinematic shifts from different detector channels that may
obscure the particle identification, the energy-loss is corrected for the scattering angle

dependent effective thickness. The red polygon shows the selected events of the deuterons.
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Figure 3.9 Light target-like particle identification by 4E-FE telescope.
This selection contains all the deuterons i.e. elastic as well as inelastic. To select only the

elastically scattered deuterons the heavy particle 4E-E telescope (S3 detector) was used.
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Figure 3.10 shows the energy deposited in S3d1 vs S3d2 detector. The red polygon is drawn
around the elastically scattered ''Li. With the help of this selection, the deuterons in

coincidence with elastically scattered ''Li are the elastically scattered

Figure 3.10 Heavy beam like-particle identification by S3 AE-E telescope.
deuterons. The calibrated energy-loss spectrum of the elastically scattered deuterons was
compared with the simulated energy-loss spectrum for the reaction ''Li(d,d) in Figure 3.11.
The two spectra that are expected to be identical however they show some difference that
is angle dependent. The possible reasons could be some corrections in the alpha source

calibration or the determination of distance between solid D> target and YY1 detector.

To resolve this issue, the data from stable beam , 2*Ne that was collected using the
same experimental setup just prior to the 'Li(d,d) experiment was analyzed. The calculated
energy-losses of the scattered deuterons from 2*Ne(d,d) were used to recalibrate the YY1
detector. It follows the same procedure used to calibrate the S3 detector in section 3.2.2.

After recalibration of the YY1 detector, the elastic scattered deuterons from !'Li(d,d)
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reaction were compared again with the energies from kinematic calculations. However, this
didn’t resolve the issue of angle dependent discrepancy between them. This confirms the
determination of distance between the target and YY1 detector likely requires some

corrections.

Laboratory scattering angle (deg)

Figure 3.11 Energy deposited by elastically scattered deuteron vs laboratory angle. Red events show the
simulated deuterons. Black dots correspond to observed deuterons from the ''Li(d,d) data calibrated using
2Ne(d,d).

3.2.4 Detector distance determination

The distance between the solid D» target and the YY1 detector was originally set to
be 90 mm during the experiment. But as already discussed this distance did not consistently
describe the simulation and the data. To determine the actual distance between the deuteron
target and the detector, the calibration of YY1 detector was done for different distances. As
first step, the detector was set to be at 80 mm distance from the target and calibrate with
elastically scattered deuterons from ''Li(d,d)!'Li reaction. Using this calibration, the

measured energy of the deuterons from ?>Ne(d,d)*>Ne’ was compared with the calculated
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energy expected from the reaction kinematics. To get the best fit the overlap parameter was

defined as

overlap parameter = ),(n X log(n/y) +y —n) (3.4)

where y and n correspond to calculated and measured energy value of each event,
respectively. This parameter gives the overlap between two 2-D histograms. This process
was repeated for 83 mm, 85 mm, 87 mm and 90 mm distances. The fitted spectra for
different detector distances vs the overlap parameter is shown in Figure 3.12. The minimum
was observed at 85 mm. The YY1 detector then calibrated with elastically scattered

deuterons from the ''Li beam using this distance of minimum overlap parameter.
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Figure 3.12 Overlap parameter vs detector distance from target fitted with 2"¢ degree polynomial.

3.2.5 Calibration of CsI(TI)

The CsI(TI) detector array is composed of 16 unsegmented crystals. Calibration

with an alpha source was not suitable since the pulse height maybe dependent on distance
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of particle from readout photodiodes. Therefore, the elastically scattered deuterons from
the target was used. The energies of the deuterons were determined by the same method as

described in section 3.2.3.
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Figure 3.13 The ADC spectrum for ''Li(d,d) for a CsI(TI) crystal in coincidence with four rings of the
matching YY1 sector.

The coincidence of the YY1 detector with the CsI(TI) provides a study of the
position sensitivity of the pulse height and hence gain of CsI(T1) crystals. There are 16 rings
in each sector, the combination of 4 rings was taken at a time due to low statistics of the
elastically scattered deuterons. For each of these combinations, the ADC spectrum shows
a peak (Figure 3.13) which corresponds to the scattered deuterons. This ADC channel is
then compared to the simulated energy for the corresponding angle bin to find the gain. A
calibrated spectrum of the CsI(TI) detector is shown in Figure 3.14. Calibration of each

detector is also verified by using the data with stable beam 2*Ne.
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3.3 Missing mass technique

After successful calibration of all the detectors. The excitation spectrum was
generated by using the missing mass technique. First the Q value spectrum is generated that
then converted into excitation spectrum. Q value is the amount of energy released or

absorbed during any nuclear reaction. For a given reaction, A + B — a + b, then Q value is

defined as:
Q =my +mp-mg-mp (35)
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Figure 3.14 The measured energy in the CsI(T1) detector vs the scauciing angie u1 uie ucwerons 101 the

"Li+d reaction. The red curve shows the calculated values.
If any of the reaction products (either a or b) are in an excited state, then the mass of the
excited particle is different from its rest mass due to mass-energy equivalence. The mass
of this excited particle can be determine by using the mass-energy and momentum
conservation. Let’s assume the particle “b” is in excited state, the mass of particle “b” can

be written in the form of kinetic energies and scattering angles of the other product i.e. “a”,
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m, =

\/(TI’lA 4 - mB 4 + ma 4 + ZmB(TA + mA) - Z(TA + mA + mB)(Tb + ma) + ZPAPa X cos (911) (3.6)

T, and T, are the kinetic energies of particle 4 and a, P, and P, are the relativistic momenta
of particle 4 and a, respectively. 0, is a scattering angle of particle a. The quantities related
to reactants are well known and the quantities related to known product (deuterons) can be
determined from the detector. The Q value can be determined from the measured energy
and scattering angle of the deuterons by using equation 3.6. Figure 3.15 shows the Q value
spectrum for '"Li(d,d)"'Li’ with a deuteron target thickness of 50 pm. This spectrum was

converted into excitation spectrum by using

Eexc = Egs - Q (37)

where Eq = 0 MeV. Figure 3.16 shows the excitation spectrum. This excitation spectrum
was constructed by using all the deuterons selected in Figure 3.9 i.e. all the deuterons
detected by YY1-CsI(Tl) detector telescope. However, our reaction of interest,
"Li(d,d")''Li is not the only source of deuterons coming in the detector. The other source
of deuterons can be background contribution coming from the Ag foil via fusion-

evaporation reactions and the deuteron contribution from non-resonant phase space.

3.4 Background subtraction

3.4.1 Background from the Ag foil

The ''Li beam passes through the Ag foil before it interacts with the solid deuteron

target. The reactions in the Ag foil could lead to different reaction channels that can
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contribute to p, d, ¢ as reaction products, mainly from fusion-evaporation reactions.
However, these non-target contributions can be measured using data from ''Li beam on the
Ag foil when no solid D> target is present. Figure 3.17 shows the no-target excitation

spectrum (red) along with the with-target excitation spectrum (blue).
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Figure 3.15 Q value spectrum for '"Li(d,d)''Ligs and ''Li(d,d)!'Liex with 50 um D; target thickness.
To estimate the contribution coming from reactions in the Ag foil, the measured excitation
spectrum without D, target was normalized to the ratio of incident beam particles with D»

target to those without D> target i.e.

number of incident 11Li particles with D, target

normalization factor = (3.8)

number of incident g particle without D, target

normalization factor obtained by using equation 3.8 was 1.67 for 100 um target and 2.37
for 50 pm target. This normalized background was subtracted from the total excitation

spectrum.
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Figure 3.16 Excitation spectrum for ''Li(d,d)''Ligs and "'Li(d,d’)''Liex with 50 pm D target thickness.
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Figure 3.17 Excitation spectrum for ''Li from data with D> target thickness of 50 um (blue) and background
contribution (red) from reactions on Ag foil.

3.4.2 Phase space contribution

The reaction of interest in this study is !'Li(d,d’), but there are other reaction

channels that are open at this energy which can contribute to our excitation spectrum. The
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non-resonant breakup channel reactions are: for three-body ''Li +d — '°Li + d + n, for
four-body ""Li +d — °Li +d + n + n and for five-body "Li+d — 8Li+d +n +n + n.
The contribution from these different channels was evaluated from the simulation. This
non-resonant phase space was simulated considering isotropic emission of the products in
the center-of-mass frame. The kinematics of the process was simulated using
"TGenPhasespace’, a utility class in ROOT (data analysis framework by CERN), which
allows to generate an n-body final state event. The decay of a particle defined as a Lorentz
four-momentum into n-bodies can be simulated. The contribution from each of the above-
mentioned phase space channels is shown in Figure 3.18 along with the measured excitation
spectrum. To normalize the background from non-resonant phase space, the sum of these

contributions was scaled to the total excitation spectrum through xz minimization. Figure

3.19 represents the total contribution from non-resonant phase space (red) along with the
measured excitation spectrum (blue). The phase space excitation spectrum is subtracted
from the measured spectrum to obtain the excitation spectrum for our reaction of interest

i.e. "Li(d,d")"'Li.

3.5 Extracting resonance states

To find the peak position and width of the newly found resonance, the spectrum
needs to be fitted with an appropriate function describing the resonance as well as the bound
states together. The bound states have negligible widths that allows us to fit ground state

of "'Li with a Gaussian function (only experimental resolution). The width of the resonance
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Figure 3.18 The simulated non-resonant phase space contribution from a) ''Li+d —°Li+d +n +n
(black), b) "Li+d — '""Li +d + n (red) and ¢) ''Li + d — 3Li + d + n + n + n (magenta) along with
measured excitation spectrum (blue) with 50 um D; target thickness.

300
= Measured spectrum

250 == Non-resonant phase space

counts / 190 keV

200

150

100

50

-2 0 2 4 6 8 10
Excitation energy (MeV)

Figure 3.19 The normalized sum of all non-resonant phase space channels (red) along with measured
excitation spectrum (blue) with 50 pum D> target thickness.
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states can be represented by Breit-Wigner distributions. Therefore, the background
subtracted excitation spectrum was fitted by using the sum of a Gaussian and three Breit-
Wigner distributions with an energy-dependent width folded by the Gaussian experimental
resolution (Voigt function). The Voigt function a is three parameter distribution with
position (x), natural width (/") and resolution (o). The resolution corresponding to each was
obtained using the Monte Carlo simulations, where the natural resonance width of the Breit-
wigner functions were set to zero. Therefore, the widths and positions of each function were
free parameters while fixing the resolutions. The background subtracted spectrum was
fitted by using the above-mentioned functions. Figure 3.20 shows the fitted excitation
spectrum. The peak positions for the resonances obtained from fitting were found to be
1.06+0.06 MeV, 2.29 + 0.04 MeV and 4.01 + 0.04 MeV. The fit parameters corresponding

to each peak are mentioned in Table 3.1.

G.S \j_ 1.06 = 0.06 MeV

200

180

160 4.01+0.04 MeV

counts / 190 keV

140

120

100 2.29+0.04 MeV

80
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40

20

k3

-1 0 1 2 3 4 5
Excitation energy (MeV)

Figure 3.20 Background subtracted measured excitation spectrum for ''Li(d,d") with 50 um D; target
thickness.
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The FWHM for the resonance peak at 1.06 MeV and 2.29 MeV peak were comparable to
the experimental resolutions obtained from the simulations; this shows the observed widths
of these resonances were driven the by experimental resolution. However, the resonance at
4.01 MeV shows the natural resonance width of 0.44 = 0.17 MeV that is extracted by

subtracting in quadrature the resolution width from the total width.

0.00 = 0.06 0.88 +0.04 0.87+0.01
1.06 £0.06 0.77 £ 0.02 0.78 £ 0.02
2.29+£0.04 0.76 = 0.02 0.78 £ 0.02
4.01 £0.04 1.25+0.03 0.72 +£0.02

Table 3.1 Table listing the fitting parameters obtained from Figure 3.21 for the !'Li resonance states

The fitting of excitation spectrum with 50 um target thickness data gave the
information about the peak position, natural widths and relative amplitude of each peak.
This information was used to simulate the excitation spectrum with 100 pm target
thickness. The simulated excitation spectrum with 100 um target thickness is shown in
Figure 3.21. The experimental resolution with 100 um target thickness corresponding to
each resonance state along with ground state is listed in Table 3.2. It can be seen from the
table 3.1 and table 3.2 that the resolution with 100 um target was slightly poor than the 50

um target.
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G.S 0.92 +£0.01
1.06 £0.06 0.84 +0.01
2.29 +£0.04 0.82 +0.01
4.01 £0.04 0.76 = 0.02

Table 3.2 Table listing the resolution corresponding to each state expected with a 100 um target thickness
as obtained from simulation.
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Figure 3.21 Simulated excitation spectrum for ''Li(d,d") with 100 um D target thickness.

The non-resonant phase space was simulated for the 100 um target thickness as well
by using the method explained in section 3.4.2 and is shown in Figure 3.22. The measured
excitation spectrum with the 100 um target thickness is shown in Figure 3.23. The total
simulated excitation spectrum was compared to the measured excitation spectrum with the

100 um target data. Figure 3.24 shows the simulated excitation spectrum (blue) overlaid
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Figure 3.22 Simulated non-resonant phase space contribution (red ) along with total simulated excitation
spectrum (blue) for ''Li(d,d") with 100 pm target thickness.

with the measured excitation spectrum (red) with the 100 um target. The peak observed at
2.29 £0.04 MeV is not clearly visible with the 100 um target. This seems to be due to lack
of the resolution with the 100 um target together with the fact that the peak at 4 MeV is
very broad. It is clear from the Figure 3.24 that the two spectra are in very good agreement
with each other supporting the observed resonances in the spectrum with 50 pm target
thickness as being excited states of ''Li. As it is observed in Figure 3.24 the simulation is
not within very good agreement with the measured spectrum around 5 MeV to 7 MeV
range. This disagreement is may be due to other resonances above 5 MeV which are not

included in our simulation.
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Figure 3.23 Measured excitation spectrum for ''Li(d,d") reaction with 100 pum target thickness.
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Figure 3.24 The simulated excitation spectrum (blue) compared to the measured excitation spectrum (red)
with the 100 pm D» target.
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Chapter 4

Results and Conclusion

In the previous chapter, the excitation spectrum is presented for data collected with
two different deuteron target thickness i.e. 100 um and 50 pm. Three resonances were
observed along with ground state. The first excited state at 1.06 £ 0.06 MeV was observed.
This state can be identified as the state confirmed at 1.03 £ 0.03 MeV via ''Li(d,d) by Ref.

[52] and that observed by Gornov et al.[46] at 1.02 = 0.07 MeV by “C (=, pd) reaction.

This work

Eexcitation (MeV)

Figure 4.1 Reported resonance states of !'Li. The grey bars are uncertainties in excitation energy. The
resonances observed from our study are presented in red.

The second resonance state in the excitation spectrum is observed at 2.29 + 0.04
MeV. This state can be compared to state observed via /“C (7, pd) reaction at 2.07 £ 0.12
MeV within 20 uncertainties. However, this state might not be populated by proton inelastic
scattering [45]. In contrast, in a study of '’Be (*4C,'3N) and '“C (*C,!’F) reactions, Bohlen
et al. [44] do not observe a state at 1.06 MeV, but observed states at 2.47 + 0.07, 4.85 +
0.07 MeV, and 6.22 + 0.07 MeV. Our second resonance state can be identified with the

2.47 £0.07 MeV state reported in this nucleon transfer reaction within 2¢ uncertainties.
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The resonance observed in our spectrum at 4.01 £ 0.04 MeV is potentially a new
resonance. This resonance might not be populated by previously reported experiments. The

width of this state wase observed to be 0.44 +£0.17 MeV.

The final goal of this study is to assign the properties of these states like spin from
the multipolarity of excitation. The angular distribution for these resonances will be
determined by using the relation for differential cross-section

=l vl (4.

where N*¢ and N are the number of scattered particles and incident particles respectively.

My, p and ¢ are molar mass, density, and thickness of solid D> target respectively. N4 and

dQ are the Avogadro’s number and solid angle respectively. Out of these various quantities

My, p & Ny are constant, target thickness ‘2’ is known at each instant and N can be

estimated from IC counts. N*¢ can be determined by counting the number of deuterons in a

detected by detector in each angular bin.

To get the spin of the state, angular distributions will be interpreted in the
framework of a one-step Distorted Wave Born Approximation (DWBA) calculation. The
best fitted calculated angular distribution with our measured angular distribution for ground
state that will provide the optical potential parameters. By using these potential parameters,
the inelastic scattering angular distribution will be calculated for different multipolarities.
The calculations that best fit with the measurements help to get the multipolarity of

excitation.
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As it is known that the conventional shell model and Hartree-Fock calculations are
successfully used to describe the properties of nuclei, both close to stability and around
shell closures. When coming near the nuclear limits (driplines), these approaches need to
be adjusted, to take into account for continuum effects, e.g., for higher masses (A > 100)
the Hartree-Fock-Bogoliubov method allows for interactions between bound and
continuum states, showing a significant change of the shell structure [58]. However, these
mean-field approaches are not very successful when the halo appears, because the field felt
by the halo nucleons is different from the field felt by the inert core nucleons: the halo
binding is too weak to allow a mean-field description. The failure of our traditional
approaches (shell model and Hartree-Fock calculations) can be seen from the different
experiments; it is observed that the orbitals can shift in halo nuclei to alter the conventional
magic numbers (shell closures) [59,60]. This study will help physicists to add corrections

to these approaches and give us more insight on nuclear structure near the driplines.

Summary

A study of the excitation spectrum of the two-neutron halo nucleus ''Li was carried out at
the IRIS facility using the '"Li(d,d’) reaction with beam energy 7.34 MeV with two
different deuteron target thicknesses (50 um and 100 um) were used in experiment. The
excitation spectrum shows three prominent resonances. The first excited state is observed
at 1.06 £ 0.06 MeV and second excited state is observed at 2.29 + 0.04 MeV which are
consistent with previously reported resonances. A potentially new resonance was observed
at4.01 £0.04 MeV with resonance width of 0.44 £ 0.17 MeV. The spectrum will be further

studied to extract characteristics of these resonance states.
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