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SYNOPSIS

One of the important aspects in nuclear many body system has been to de-

scribe the emergence of collective features of nuclei as well as their structures

in terms of the individual motion of nucleons. Giant dipole resonance (GDR),

the most prominent collective mode of excitation, present in all nuclei, has been

studied extensively and considered as an important tool to probe the properties

of nuclei in extreme conditions of spin and temperature. The GDR vibration

decays either via particle emission or high energy γ-ray (> 8 MeV) emission.

The high energy γ-rays are the cleanest probe to study GDR properties as

the γ-rays are not strongly affected by the nuclear medium. The decaying γ-

rays from the GDR vibration of nuclei have the characteristics of Lorentzian

strength function. The centroid energy of this strength function is related to

the nuclear symmetry energy which is useful for the investigation of equation

of state of nuclear matter and also has astrophysical interest. Interestingly, the

GDR couples with the nuclear shape degrees of freedom and therefore can di-

rectly probe the nuclear deformation. Along with that, the time scale of GDR

vibration is very short and thus provides valuable information in different in-

teresting nuclear phenomena like loss of collectivity, neutron-proton asymmetry

at high temperatures, angular momentum driven exotic shapes, Jacobi shape

transition at very high spins, super deformation of the alpha-cluster nuclei, etc.

The primary interest in GDR research lies in the understanding of the GDR

width of hot and rapidly rotating excited nuclei, as it is the major source of

information on nuclear damping and shape evolution at extreme conditions.

The experimental studies on the evolution of GDR width, over the years, have

shown that the GDR width increases with both temperature (T) and angular

momentum (J), whereas its centroid energy remains mostly unchanged as T

xvii



and J vary. In this regard, it is worthwhile to mention that the effect of J

and T on the GDR width becomes noticeable only above a critical angular

momentum, Jc ∼ 0.6A5/6 and T ∼ 1 MeV. Although, a wealth of data exists on

the angular momentum dependence of GDR width in different mass regions, the

measurement of GDR width at low temperatures (T < 1 MeV) is rather scarce

due to the experimental difficulties in populating the nuclei at low excitation

energies. The present thesis presents a systematic as well as precise experimental

data on the GDR width, specifically, at this very low temperature region (T <

1.5 MeV). It is also our endeavor to systematically assess the different theoretical

models and thereby understand the complete nature of the damping mechanism

as a function of T inside the atomic nucleus.

A number of theoretical approaches have been proposed to demonstrate the

behavior of the GDR width as a function T and J. Macroscopically, the evo-

lution of GDR width as a function of T and J is well described by the widely

accepted Thermal Shape Fluctuation Model (TSFM). The TSFM is based on

the large-amplitude thermal fluctuations of the nuclear shape under the as-

sumption (adiabatic assumption) that the time scale associated with thermal

fluctuations is slow compared to GDR vibrations. According to TSFM, the nu-

cleus does not possess a single well-defined shape at a given T and J but rather

assumes a broad ensemble of mostly quadrupole shapes (deformation) due to

thermal fluctuations. Thus, under the adiabatic assumption, the observed GDR

width results from a weighted average over all frequencies associated with the

possible shapes leading to the increase in the apparent GDR width as a function

of T. Although, this model explains rather well the J dependence of the GDR

width as well as the mass dependence of the critical angular momentum (Jc)

and Jacobi shape transition, it fails completely to explain the T dependence be-

low 1.5 MeV. This has recently been observed in different mass regions ranging

xviii



from lower to higher masses. Microscopically, the increase of the GDR width

as a function of T is described reasonably well within the Phonon Damping

Model (PDM). The PDM calculates the GDR width and the strength function

directly in the laboratory frame without any need for an explicit inclusion of

thermal fluctuation of shapes. On the other hand, the macroscopic Thermal

Shape Fluctuation Model (TSFM) is based on the thermal fluctuations of the

nuclear shape which plays an important role in describing the increase of the

apparent GDR width as a function of T.

Recently, a new model has been proposed by modifying the phenomenologi-

cal parametrization (pTSFM) based on the TSFM framework and is called the

Critical Temperature included Fluctuation Model (CTFM). The model empha-

sizes on an essential point, completely overlooked in the TSFM, that the GDR

oscillation itself induces a quadrupole moment causing the nuclear shape to fluc-

tuate even at T = 0 MeV. Consequently, the GDR vibration cannot view those

inherent thermal fluctuations that are smaller than its own intrinsic fluctua-

tions. Therefore, the experimental GDR width should remain nearly constant

at the ground state value up to a critical temperature (Tc) and the effect of

thermal fluctuations should be evident above Tc only when they become larger

than the intrinsic GDR fluctuations. The CTFM gives good description of the

GDR width behavior for both T and J in the entire mass region. Unfortunately,

the existing number of GDR width measurements at T < 1 MeV are highly in-

adequate to test the critical behaviour of the GDR width as well as to conclude

that the GDR width remains nearly constant at the ground state value below T

∼ 1 MeV as predicted by both PDM and CTFM. Simultaneously, it is also im-

portant to verify experimentally with a major focus towards the understanding

of the nature of the mass dependence of the critical behavior.

In order to understand the exact behavior of the GDR width at lower tem-

xix



peratures, a systematic and precise measurement of the GDR widths in the

unexplored region (T = 0.8 - 1.5 MeV) for the medium mass nuclei 97Tc have

been performed. Experimentally, the measurement of GDR width at low tem-

peratures (T < 1.5 MeV) is very complex and challenging problem and precise

measurement of such low temperature is very difficult. Previously, low temper-

ature measurements were performed via inelastic scattering of lighter projectile

by heavier target with a disadvantage of getting imprecise excitation energy

with an uncertainty about 10 MeV due to the large inelastic energy loss. On

the other hand, heavy ion fusion reactions are limited to higher temperature

with a broad J distributions due to the presence of large coulomb barrier. In

this thesis work, alpha induced fusion reaction have been used to investigate

the low temperature region. The experiments involved low angular momenta

with an accurate measurement of temperatures and explored GDR width up to

a temperature as low as 0.8 MeV. This is the first measurement of the GDR

width at finite temperature in A ∼ 100 mass region both above and below

the critical point and can be effectively used to verify the existing theoretical

models.

The experiments were performed using the alpha beam from K-130 cyclotron

at the Variable Energy Cyclotron Centre (VECC), Kolkata, India. A self sup-

porting 1 mg/cm2 thick 93Nb target was bombarded with the alpha beams

produced by the K-130 cyclotron at four different incident energies of 28, 35, 42

and 50 MeV to populate the compound nucleus 97Tc at the excitation energies

of 29.3, 36.0, 43.0 and 50.4 MeV, respectively. The high-energy γ-rays from

the GDR decay were measured using the Large Area Modular BaF2 Detector

Array (LAMBDA), designed and fabricated in-house at VECC. The array was

arranged in 7x7 matrix and placed at a distance of 50 cm from the target (cov-

ering a solid angle 1.8% of 4π) and at an angle 900 with the beam axis. Since,
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the GDR widths depend on both the excitation energies and populated angular

momenta, it is important to disentangle the two effects in order to understand

their individual contributions. Therefore, along with the LAMBDA spectrome-

ter, a 50-element low energy γ-multiplicity filter was also used around the target

to estimate the angular momenta populated in the compound nucleus (CN) as

well as to get a fast start trigger for time-of-flight (TOF) measurement. The

multiplicity filter was split into two blocks of 25 detectors each, in a staggered

castle type geometry to equalize the solid angle for each multiplicity detector

element, and placed at a distance of 5 cm above and below the centre of the

target. The TOF technique was used to separate the neutron background in

the high-energy γ-spectrum. Pile up events were rejected using the pulse shape

discrimination (PSD) technique by measuring the charge deposition over two

integrating time intervals (50 ns and 2 µs) in each of the detectors. The effect

of angular momentum on the GDR width starts showing up above the critical

angular momentum Jc = 27 h̄ in this mass region. Therefore, the populated

angular momenta (13h̄ - 21h̄) were kept below the critical angular momentum

so that it does not have any effect on GDR width.

To interpret properly the experimental data with the statistical model cal-

culation, nuclear level density (NLD) parameter plays an important role. The

parameter is an important input in statistical model calculation as well as es-

timation of proper nuclear temperature. Recent measurements on the nuclear

level density parameter have shown that the inverse level density parameter

(k = A/a) depends on the temperature and angular momentum populated in

the compound nucleus. Hence, to fix the inverse level density parameter at ex-

perimental value of T and J, the evaporated neutrons from the 97Tc compound

nucleus were also measured independently by employing a liquid organic scintil-

lator (BC501A) based neutron detector in coincidence with the γ-multiplicities.
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The neutron detector was placed at a distance of 1.5 m from the target position

at an angle of 1250 with respect to the beam axis. The neutron TOF spectra

were converted to energy spectra by considering the prompt γ-peak as time

reference. Efficiency correction for the neutron detector was carried out using

GEANT4 simulation. The evaporated neutron energy spectra corresponding

to different folds were compared with the statistical model calculation (CAS-

CADE) to determine the nuclear level density parameter using a chi-square

minimization technique in the energy range of 2−7 MeV in the evaporated

neutron spectra.

The high energy γ-ray spectra were extracted by gating on different folds of

the multiplicity events from the off-line analysis of the data recorded in event-

by-event mode by applying the proper cuts on the TOF and PSD spectra.

After applying all the necessary cuts and rejections in a valid event, the energy

deposited in the detectors were summed up using nearest neighbor cluster sum-

ming technique. Next, the energies were Doppler corrected. The experimentally

measured fold distributions from the multiplicity filter were converted into an-

gular momentum distributions using a realistic technique based on GEANT4

simulation. Finally, the angular momentum gated high energy γ-ray spectra

were compared with the modified version of statistical model calculation CAS-

CADE along with a bremsstrahlung component folded with the detector re-

sponse function to extract the GDR parameters.

In the statistical model calculation CASCADE, a single Lorentzian GDR

strength function was assumed as 97Tc nucleus is nearly spherical, having cen-

troid energy (EGDR) and width (Γ) as variable parameters. The simulated spin

distributions deduced from the experimental fold distributions were used as in-

puts for different folds for the analysis of both the neutron and high energy

γ-ray analyses. In the CASCADE code, the Ignatyuk level density prescription
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was adopted. This prescription implements shell effects at lower temperatures

which gradually melts down with the increase in temperature. A few other pre-

scriptions like BJK, Kataria etc also exist that incorporate the excitation energy

dependent shell effects. But, those formalisms (BJK and Kataria) have been

rigorously checked for different mass regions (63Cu, 97Tc, 113Sb and 201Tl) and

has been found that the Ignatyuk prescription was found to be most suitable

in explaining the high energy γ-ray spectra. The experimental GDR widths at

different T and J were obtained from the best fit statistical model calculations

using a χ2 minimization technique (in the energy range of 10−20 MeV).

As γ-rays from the GDR are emitted from various steps of the compound

nuclear decay chain, the average values of J and T have been considered. While

estimating the average temperature, a lower limit in the excitation energy (E∗)

during the CN decay process was employed in the statistical model calculation.

This lower limit in E∗ is selected when the cut off in the excitation energy

only affects the γ-emission at very low energy but does not alter the GDR

region. The average value of T was calculated from the average excitation

energy (E
∗
) using the relation T = [(E

∗
- Erot - EGDR -Ep)/a(E

∗
)]1/2, where

a(E
∗
) is the excitation energy-dependent level density parameter and Ep is the

pairing energy. Erot is the rotational energy and was computed at J within

the CASCADE corresponding to each fold. E
∗
is the average of the excitation

energy weighted over the daughter nuclei for γ-emission in the GDR region from

Eγ = 10 − 20 MeV given as E
∗
=

∑
E∗
iwi/

∑
wi. E

∗
i is the excitation energy

of ith nuclei in the decay steps and wi is the yield in the region Eγ = 10 − 20

MeV. The estimated average angular momentum lies in between 13h̄ - 20h̄ with

an uncertainty of ∼ 5h̄. The average temperatures were ranging from 0.8 to

1.51 MeV with an uncertainty of ∼ 0.08 MeV.

The measured GDR widths at very low temperatures (T=0.8 − 1.5 MeV)
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were compared with the different theoretical calculations of GDR width such

as macroscopic Thermal Shape Fluctuation Model (TSFM), phenomenologi-

cal Critical Temperature Fluctuation Model (CTFM) and microscopic Phonon

Damping Model (PDM).

In the TSFM calculation, the GDR strength function is calculated by av-

eraging the line shapes corresponding to the different possible deformations of

the nuclear shape. The averaging over the distribution of shapes is weighted

with a Boltzmann factor e−F (β,γ)/T , where F (β,γ) is the free energy and T is

the nuclear temperature. The calculations were performed with and without

considering the shell effect. As expected for 97Tc, the effect of shell correction

on the GDR width is quite small and leads to similar results as obtained con-

sidering the liquid drop model without taking into account shell effect. The

TSFM calculations also show that the effect of angular momentum on the GDR

width below 30 h̄ is very small and essentially remains unchanged below 20

h̄. The compound nuclear particle evaporation widths (Γev) were incorporated

in the TSFM calculation to take into consideration the effect of evaporation

of particles and the corresponding energy loss before and after the GDR γ-

emission in the CN decay chain. In this low temperature region, the particle

decay width is rather small (∼ 0.2 MeV at T = 2 MeV) and its inclusion within

the TSFM marginally improves the prediction. It has been observed that the

adiabatic TSFM differs significantly from the experimental data in the entire

region. This interesting result clearly suggests that the suppression of the GDR

width at these low T is a general feature for all nuclei and cannot be explained

including only shell effects.

In order to compare the data with CTFM, the ground state GDR width

was calculated using the ground state deformation (β = 0.134) and spreading

width parametrization Γs = 0.05E1.6
GDR for each Lorentzian. The ground state
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value was estimated to be 5.5 MeV which is consistent with the experimentally

measured value in this mass region. The behavior of the GDR width within the

CTFM was calculated as a function of T for J = 10 and 20 h̄, the extreme val-

ues of experimental angular momenta. The Γev was not included in the CTFM

calculations as the model is purely phenomenological. Interestingly, the CTFM

represents the data remarkably well over the entire T region of interest. This

excellent agreement between the experimental data and the CTFM clearly sug-

gests that the experimental GDR widths are not suppressed, rather TSFM over

predicts the GDR width at low temperatures as it does not take into account

the intrinsic GDR fluctuations induced by the GDR vibrations. Moreover, the

systematic trend of the data also shows that the critical temperature lies in

between 1 and 1.2 MeV as predicted by the CTFM (Tc = 0.7 + 37.5/A) and

the GDR width remains constant below it at the ground state value.

The data were also compared with the results of microscopic PDM calcu-

lations. According to PDM, the GDR damping is caused by coupling of the

GDR to non-collective particle-hole (ph) and particle-particle (pp) [hole-hole

(hh)] configurations. The coupling to the various ph configurations leads to the

quantal width (which exists even at T = 0 MeV), whereas the thermal width

arises owing to the coupling to pp and hh configurations, which appear at T > 0

MeV because of the distortion of the Fermi surface. The model emphasizes the

inclusion of thermal pairing, since in finite systems such as in atomic nuclei, ther-

mal pairing does not collapse at the critical temperature Tcp = 0.57∆(T = 0) of

the super fluid-normal phase transition in infinite systems, but decreases mono-

tonically as T increases. The calculations were performed at J = 0 by using

the single-particle energies obtained within the deformed Woods-Saxon poten-

tials with the deformation parameter β = 0.134, and including exact canonical-

ensemble thermal pairing gaps for neutrons and protons. It has been shown
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that, the PDM describes the data quite well in the entire T range using a width

of around 5 MeV at T = 0MeV , which is close to the deformed ground state

GDR width. It is intriguing to find that, even though the formalisms of PDM

and CTFM seem to be completely different in origin, the two models gave very

similar results. It would also be very interesting to compare the data with the

TSFM by including the effect of thermal pairing, but is beyond the scope of

this present work. Nevertheless, the present experimental study does provide a

stringent testing ground of the theoretical models as a function of T .

The average deformations (<β>) were also extracted using the universal

correlation between the experimental GDR width and the average deformation

of the nucleus at finite T , and were compared with the TSFM. The correla-

tion has been proposed recently by including the deformation induced by the

GDRmotion. The empirical deformations extracted from the experimental data

match excellently well with the TSFM calculation above Tc. The good descrip-

tion of the CTFM as well as the validity of the universal correlation indicates

that GDR induced quadrupole moment could play a decisive role in suppressing

the GDR width at low T .

Apart from the GDR studies, the thesis also deals with the neutron response

of the LAMBDA spectrometer consisting of 162 BaF2 crystals (each having di-

mension of 3.5×3.5×35 cm3) was initially developed for the measurement of

high-energy γ-rays. As we know, neutrons are the major source of backgrounds

in the high energy γ-rays spectra. Until now, the LAMBDA spectrometer has

only been employed efficiently to reject the neutron contamination from the

high-energy γ-ray spectrum by the time-of-flight (TOF) technique. However,

instead of rejecting the neutrons, they can be utilized to extract the nuclear level

density parameter which is an important ingredient for the statistical model

calculation. In this thesis work, the neutron response of the LAMBDA spec-
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trometer has also been studied and compared with a standard liquid organic

scintillator (BC501A) based neutron detector.

The intrinsic neutron detection efficiency of the LAMBDA spectrometer

has been measured using a 252Cf spontaneous fission source (62 µCi). 252Cf

decays via α particle emission (96.91%) and spontaneous fission (3.09%) with a

half-life of 2.65 years. Generally, the fission events are measured using fragment

detectors such as surface-barrier detectors, PPAC and MWPC. However, since a

large number of γ-rays are also emitted from the excited fission fragments, a fast-

timing γ-ray detector (e.g. BaF2) can also be effectively used to select the fission

events as well as to obtain the start trigger for neutron TOF measurement.

Four BaF2 detectors (a small part of the LAMBDA spectrometer), arranged

in 2×2 matrix, were kept at a distance of 80 cm from the 252Cf source to study

the neutron response. A BC501A-based neutron detector (5 inch in diameter

and 5 inch in length) of known efficiency was also employed to measure the neu-

tron energies, in order to compare its efficiency with that of the BaF2 detectors.

The neutron detector was kept on the other side of the source at a distance of

150 cm to equalize the solid angle of the two detector systems. Along with these

detectors, a 50 element BaF2 γ-multiplicity filter was also used to detect the

low energy discrete γ-rays emitted from the decay of excited fission fragments

to establish a correlation between the neutrons and the fission process. The

multiplicity filter was split into two blocks of 25 detectors each, in staggered

castle type geometry, and placed at a distance of 3 cm above and below the

sealed 252Cf source. The neutron TOF technique was employed for neutron

energy measurement in both detector systems using the start signal from the

multiplicity filter. Along with the time spectrum, the pulse height spectrum of

each detector was also measured to apply energy thresholds in off-line analysis.
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The TOF spectrum was converted to energy spectrum using the prompt γ

peak as a time reference. The efficiencies of both the detector systems were

determined by dividing the neutron yield per fission by the expected neutron

energy distribution of 252Cf (with temperature T = 1.42 MeV), properly nor-

malized with the detector solid angle and the total number of fission events

detected. It was interesting to note that, starting at 4 MeV, the neutron effi-

ciency of the BC501A detector decreased monotonically as a function of neutron

energy, whereas, the efficiency of the BaF2 array increased sharply up to 2−3

MeV and reached a plateau at efficiency ∼34% which was comparable with

that of the neutron detector at these energies. It should be mentioned that, the

BC501A has an extra advantage in discriminating neutrons from γ-rays using

PSD technique. The experimentally measured efficiencies were also compared

with the corresponding GEANT4 simulation. It has been found that the exper-

imentally measured efficiencies of the BaF2 array and BC501A detector were in

good agreement with the corresponding GEANT4 simulations.

The time-of-flight (TOF) energy resolution of neutrons has also been calcu-

lated using the formula
(
δE

E

)2

=

(
2
δT

T

)2

+

(
2
δL

L

)2

(1)

where δE is the energy resolution, δT is the time resolution of the detector,

L represents the mean flight length of the neutron and δL is the flight path

length spread due to the detector size. Since the density of the BaF2 material is

high, the neutrons will interact mostly in the initial part of the detector volume.

Hence, the total size of the detector should not be taken as the uncertainty in

length, rather the average interaction length should be estimated to precisely

determine the TOF energy resolution. The interaction point of neutrons in the

BaF2 crystals was measured using the detector elements (each having dimen-

sion of 3.5 × 3.5 × 5.0 cm3) of γ multiplicity filter. Ten BaF2 detectors of
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multiplicity filter were arranged linearly one after another so that the effective

length was 35 cm (same as the length of the LAMBDA detector). A 241Am-9Be

source was kept at a distance of 50 cm from the first one of the ten detectors

kept in line to measure TOF spectrum for each detector elements. The start

trigger for the TOF measurement was taken from another set of identical BaF2

detectors which were arranged in a 2 × 2 matrix and kept at a distance of 5

cm on the other side of the source. In order to estimate the average interaction

length, the total number of counts in the neutron TOF spectrum was calculated

corresponding to an energy range of 3-6 MeV in each of the 10 detectors. It

has been found that that the total number of counts is highest for the first

detector and decreases for subsequent detectors, pointing towards the fact that

the interaction of neutrons in the BaF2 detector decreases exponentially with

increase in distance. A complete GEANT4 simulation was also carried out for

this experimental set-up to calculate the average interaction length. This excel-

lent match between the experimental data and the simulation provided us with

the required confidence in GEANT4 simulation.

Next, a GEANT4 simulation was performed to estimate the average in-

teraction length for the LAMBDA detector set-up. The interaction points of

neutrons in the BaF2 material were found to decrease according to the relation

exp(-µx) where µ = 0.13 cm−1. Using this distribution, the average interaction

length of neutrons in the LAMBDA detector was estimated and found to be 7.6

cm when kept at a distance of 80 cm from the source. As a result, the energy

resolution of neutrons at 4 MeV using equation (1) was found to be ± 0.4 MeV,

corresponding to δT = 0.96 ns (intrinsic time resolution of the detector). It has

also been shown that the average interaction length remains almost constant

for different neutron energies (1 − 10 MeV).

Finally, the LAMBDA spectrometer was employed in an in-beam-experiment
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(4He + 93Nb) to measure the nuclear level density parameter by utilizing the

neutron spectra detected in them. The experiment was performed at VECC,

Kolkata using 35 MeV alpha beam from the K-130 cyclotron. A self-supporting

foil of 93Nb (99.9% pure) with a thickness of ∼1 mg/cm2 was used as the target.

The compound nucleus 97Tc* was populated at the initial excitation energy of

36 MeV. The experimental set-up was similar to that used for the efficiency mea-

surement. The TOF technique was employed for neutron energy measurement

in both the detectors (BaF2 array and BC501A detector) using the start trigger

from the γ-multiplicity filter. The neutron energy spectra were extracted from

the TOF spectra using the prompt gamma peak as a time reference. The angu-

lar momentum gated neutron energy spectra were compared with the statistical

model calculation CASCADE to extract the nuclear level density parameter.

The value of k was extracted from the experimental data by chi-square min-

imization technique (3−7 MeV). Interestingly, it has been observed that the

values of k obtained from both the detector systems are very similar, indicating

that the BaF2 detector can be efficiently used for the measurement of evapo-

rated neutrons from an excited compound nucleus in an in-beam experiment

along with its intended use in the measurement of high energy γ-rays.

In summary, the evolution of GDR width at very low temperatures (0.8 −

1.5 MeV) has been investigated, for the first time, in 97Tc nuclei below and

above the critical temperature. This work infers that the GDR width remains

constant up to a certain temperature and increases thereafter indicating that the

GDR induced intrinsic fluctuation could play a decisive role in suppressing the

GDR width at low temperatures. In this thesis, the LAMBDA spectrometer has

also been used to study the nuclear level density parameter using neutron TOF

spectra. Interestingly, the level density parameter obtained from the LAMBDA

spectrometer are in good agreement with the value obtained from a known stan-
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dard liquid scintillator based neutron detector, indicating that the LAMBDA

spectrometer can also be efficiently used as a neutron detector.
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Chapter 1

Introduction
The atomic nucleus is a complex many body quantum system composed of nu-

cleons bound by the strong interaction within a very small volume of dimensions

∼ 10−15 m. Though very complex in nature, the nucleus is a very fascinating

object and intense research in this field has provided useful applications in many

fields e.g., nuclear medicine, imaging, dating in geology & archeology, power,

weapons to name a few. In spite of tremendous advances in nuclear physics

research many facets of the properties of the nucleus is still unknown.

A natural approach to explore the properties of the atomic nucleus is to

excite it and measure the frequencies of the emitted electromagnetic radiations.

The nuclear excitation is one of the finest and the most important tool to get

a deep insight into the atomic nucleus viz., the single particle excitation and

the collective excitation. In order to study the properties of nucleus or nuclear

structure under extreme conditions of excitation energy, spin and iso-spin, the

collective excitation modes come in handy as they enable one to study the

nucleus in terms of macroscopic variables which in turn give a deeper insight

into it.

Among all the collective modes, the giant dipole resonance is very special

due to its unique properties. The high frequency, small amplitude collective

mode of nuclei bears large resonance widths indicating large damping inside the
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nuclear matter. The present thesis deals with these resonance phenomena and

their damping mechanism within the nuclear system.

1.1 Giant resonances (GR)

Giant resonance is a collective mode of vibration of nucleons in a nucleus where

all the nucleons take part. It can be viewed as a high frequency, damped and

nearly harmonic shape vibration around the equilibrium shape of the nuclear

system. It occur in all nuclei starting from very light nuclei 4He to the very heavy

nuclei 238U. The resonance energy is inversely proportional to the nuclear radius.

The resonance is called ‘giant’ since it has large resonance width which indicates

towards the large damping mechanism present within the nuclear system. The

amplitude of this giant vibration is very small (a few percent of nuclear radius)

because of large damping width (5−10 MeV) and the frequency of the vibration

is very high (3 × 1021). The nature of the giant resonance is Lorentzian which

is characterized by three observables (Strength function, Centroid energy and

width of the resonance) [Har01] which are discussed in section 1.4.

1.2 Classification of Giant resonances

In quantum mechanical terms, the resonance corresponds to a transition be-

tween the ground states and the collective states, which depends on the different

quantum numbers such as multi polarity, spin and isospin. Giant resonances

are generally classified according to their transferred multi polarity (∆L), spin

(∆S) and isospin (∆T) quantum number. The transition operators for the ex-

citation of giant resonance are the electromagnetic operator which is, in long

wavelength approximation (kr << 1), given as [Har01, Sri08a]
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O(L,M) =

∫
rLY ∗

LMρd
3x (1.1)

where L is the order of multi poles, Y∗
LM are the spherical harmonics, r is

the radius of the nucleus, ρ is the charge density and k is the wave vector. The

transition operator can be electric or magnetic depending on the spin quan-

tum number. In the electric vibrational mode, no spin (∆S = 0) is involved.

The magnetic vibrational mode (∆S = 1) involves the coordinated precession of

the nucleon spins and thus the nucleus can acquire a net spin or net magnetic

moment that oscillates at the precession frequency. Depending on the nuclear

isospin quantum number (T), the electric and magnetic GRs are further clas-

sified as isoscalar (IS) and isovector (IV) modes. In the IS mode (∆T = 0),

the neutron and proton fluids vibrate in phase whereas the IV mode (∆T = 1)

corresponds to their vibrations out of phase. The isoscalar and isovector mode

of vibration can be excited for different multi polarities depending on the value

of L such as monopole, dipole, quadrupole, etc.

∆L = 0 means the monopole vibration which is basically the radial vibration

of the nucleus. ∆L = 0, ∆T = 0 mode, the breathing mode, is the isoscalar

giant monopole resonance (ISGMR). This “breathing mode” is of particular

interest since its excitation energy is directly related to the incompressibility

(KA) of the nucleus, which is a fundamental quantity of nuclear matter and

important input parameter in the nuclear equation of state [Spe91]. ∆L = 0,

∆T = 1 correspond to the isovector giant monopole resonance (IVGMR) which

is the compression modes of the nucleus that can be thought of as a compression

and expansion of the whole nucleus which leads to a fluctuation of the nuclear

radius. GMR is also studied very extensively.

L = 1 means the collective dipole vibration. ∆L = 1, ∆T = 0, the isoscalar
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Figure 1.1: Schematic representation of the GDR in atomic nuclei.

giant dipole resonance mode is the translation of the nucleus as a whole, and

this mode of excitation generally can not exist within the nucleus. ∆L = 1, ∆T

= 1 is the isovector giant dipole resonance (IVGDR) mode in which the neutrons

and protons oscillate out of phase against each other. The IVGDR mode is the

most cleanly observed and best known of the various giant resonance modes.

L >= 2 represents the shape vibration of the nucleus. L = 2 represents

the quadrupole vibration which means a change in electric quadrupole moment

of the nucleus. A pictorial representation of the different collective vibration

is shown in Fig 1.2. The resonance energy of the GR can be well described

by A−1/3 dependence, where A is the mass number and the proportionality

constant being equal to about 79 MeV for GDR, 80 MeV for GMR, 65 MeV

for isoscalar giant quadrupole resonance (ISGQR) and 140 MeV for isovector
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Figure 1.2: Schematic representation of various collective modes inside the nucleus
with L = 0 (monopole), L = 1 (dipole) and L = 2 (quadrupole) (adopted from thesis
[Sup12b]).

giant quadrupole resonance (IVGQR) [Har01]. This thesis deals with the study

of IVGDR built on excited states, mainly focussing on the evolution of IVGDR

width at very low temperatures (T = 0.8−1.5 MeV).

1.3 Isovector giant dipole resonance (IVGDR)

The first experimental evidence for the giant resonance type phenomenon was

observed in 1937 in the measurements of the radioactivity produced in variety

of targets by a source of 14 MeV photons from Li(p, γ) reactions [Bot37]. They

observed an increase in experimental cross sections compared to the averaged

theoretical cross sections, which led to the conclusion of strong resonance ab-

sorption in those nuclei. Later on (In 1947), Baldwin and Klaiber conducted

photo absorption experiments at higher excitation energies that also showed

the resonance behavior [Bal47]. These resonances were found to exhibit electric

dipole character which means an out of phase vibration of neutron and proton
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fluids in a spatial dipole pattern and hence named as giant dipole resonance.

The isovector giant dipole resonance (IVGDR) is the best known giant reso-

nance due to the fact that the IVGDR has a very specific decay (γ-decay) mode

with the highest probability compared to other higher multi polar modes. The

spin-parity of these resonance states are 1− and they lie at the energy ∼ 80A−1/3

MeV [Har01]. The phenomena of GDR can be classified into two categories, the

cold GDR i.e GDR built on ground state and the hot GDR i.e GDR built on

excited states of atomic nuclei.

1.3.1 IVGDR built on ground state

The GDR built on ground state means all the available excitation energy trans-

ferred to the nucleus goes into the GDR vibration. This was studied historically

via photon-absorption process where a beam of monochromatic photons is il-

luminated on the target nucleus and the absorbed frequencies are determined

through (γ, n) reaction channels [Bot37]. In this case, the wavelength of the

photon (λ ≈ 100 fm) exciting the vibration is large compared to the diameter

of the system (R = 5-7 fm). Hence, all the protons experience a time dependent,

uniform electric field and move in the same direction under the influence of the

field. Since in the photo-absorption process, the center of mass of the nucleus

is at rest or in uniform motion, the neutrons, although unaffected by the field

have to move in opposite direction. The strong force acting among the nucleons

provides the restoring force of this vibrational mode.

1.3.2 IVGDR built on excited state

The GDR built on excited states implies that the GDR is actually built on

one of the excited states of atomic nuclei. In this case, the nucleus remains in

excited states and oscillates collectively. David Brink first suggested that the

GDR can be populated on any excited state of atomic nucleus [Bri55]. The
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first evidence of GDR built on excited states in favour of Brink hypothesis

was found in 1974, during the study of high energy γ-rays from the fission

fragments in spontaneous fission of 252Cf [Die74]. The existence of GDR built

on excited states using a reaction study was first observed in a proton capture

(p,γ) experiment on 11B [Kov79] where the GDR built on first excited states of

12C was observed. For studying the GDR built on excited states, one must excite

the nucleus and then measure the frequencies of the photons it emits during the

de-excitation of the nucleus. There are two experimental methods to study the

GDR built on excited states. First one is the nuclear fusion reactions where a

large amount of excitation energy and angular momentum can be imparted to

the compound nucleus. In these reactions, a compound nucleus is formed at

high excitation energy with a broad angular momentum distribution. Another

one is the inelastic scattering of light/heavy ion on a target where the excitation

energy would be large but the populated angular momentum would be relatively

low. In analogy to the cooling process, the hot nucleus de-excites via particle

evaporation (neutron, proton, alpha etc). In competition with the particle

emission, the system can also decay by high energy (> 8 MeV) γ-emission

with a much smaller probability, of the order 10−3 - 10−5. This high energy

γ-rays are emitted due to the decay of giant dipole resonance. Experimentally,

these γ-rays appear as a prominent bump around 10−25 MeV in the energy

spectrum, riding over the exponentially decreasing statistical γ-rays (as shown

in Fig 1.4a).

1.3.3 High energy γ-ray spectrum from the decay of GDR
built on excited state

The high energy γ-ray spectrum from an excited compound nucleus can be

divided into different regions in terms of γ-ray energies. A high energy γ-ray

spectrum of 97Tc compound nucleus is shown in Fig 1.4a. The spectrum for 4
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< Eγ < 10 MeV is mainly dominated by the statistical E1 γ-rays emitted from

the decay of the excited compound nuclei below the particle threshold line. The

exponentially decaying slope of the spectrum is due to the fact that the γ-decay

probability decreases approximately exponentially with increasing Eγ [P(Eγ) α

e−Eγ/T ]. For Eγ > 10 MeV, a broad bump is observed which is the signature of

the GDR decay. Above Eγ = 25 MeV, the slope of the spectrum changes and

is mainly dominated by the bremsstrahlung γ-rays due to the nucleon-nucleon

collisions during the early stages of the compound nucleus formation.

Figure 1.3: Nuclear shape from GDR line shape. The strength function (SGDR)
directly gives the types of nuclear deformation.

1.4 Parameters for characterizing the GDR vi-

bration

Like any other damped oscillation, the GDR excitation function σGDR(Eγ) is

Lorentzian in shape and characterized by three parameters : Centroid energy
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(EGDR), width of the resonance (ΓGDR) and strength function (SGDR). The

excitation function of the GDR is given by

σabs(Eγ) =
σmΓ

2
GDRE

2
γ

(E2
γ −E2

GDR)
2 + Γ2

GDRE
2
γ

(1.2)

where σm is the peak cross section.

1.4.1 Strength function SGDR

The strength of the resonance is given by

SGDR =

∫ ∞

0

σabs(Eγ)dEγ (1.3)

The GDR strength function is directly coupled to the nuclear shape degrees of

freedom and therefore can be used to probe the nuclear deformation (as shown

in Fig 1.3). In case of spherical nuclei, the vibrations along all three axes are

identical and correspond to a single Lorentzian strength function. However,

in case of deformed nuclei the vibration along each axis will have a different

energy corresponding to different axial dimensions leading to more than one

component in GDR line shape. For example, in a prolate or oblate system there

will be two components. The separation between these various components and

their relative strengths directly provides quantitative information of the nuclear

shape. On the other hand, the strength function is a very useful benchmark to

check whether a resonance qualifies as giant resonance or not. The parameter

SGDR is basically the area subtended by the Lorentzian curve and thus gives

the total resonance cross-section. The number of nucleons participating in the

collective vibration can be obtained by comparing the experimentally obtained

cross-section to the theoretical limit, known as Thomas-Reiche-Kuhn (TRK)

sum rule given by ∼ 60NZ/A [Sno86], where N, Z and A are neutron, proton and

mass number, respectively. If the experimentally observed resonance exhaust
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a major part (> 50%) of the corresponding sum rule, then it is called a giant

resonance [Har01]. Here, it has been observed that the dipole vibration exhausts

essentially 100% of the oscillator strength which confirms that all the nucleon

participate in the collective dipole vibration.
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Figure 1.4: [a] A typical high energy γ-ray spectrum (filled circles) from the de-
cay of compound nucleus along with the CASCADE calculation (continuous line).
Dashed line represents the bremsstrahlung contribution whereas dotted line repre-
sents the CASCADE calculation without bremsstrahlung component. [b] The GDR
cross-section is Lorentzian in nature and its parameters.

1.4.2 Resonance energy, EGDR

The centroid energy of the resonance is inversely proportional to the nuclear ra-

dius and provides an idea about the nuclear size. Moreover, the centroid energy

is strongly correlated with the nuclear symmetry energy, which is a fundamen-

tal quantity for studying the properties of a highly asymmetric nuclear medium

e.g the structure of a neutron star [Tri08]. Macroscopically, the systematics of

centroid energy of the GDR built on ground state of the nucleus, is generally

expressed as a combination of two different mechanisms of vibration as given by
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two theoretical models, Goldhaber-Teller (GT) [Gol48] and Steinwedel-Jensen

(SJ) [Ste50] model, given by EGDR = 31.8A−1/3 + 20.6A−1/6.

Figure 1.5: Schematic diagram of Goldhaber-Teller and Steinwedel-Jensen dipole
modes. For each cases, one half cycle of the vibration is shown as a function of time.

Steinwedel-Jensen (SJ) model assumes that the nucleus is like a resonating

cavity [Ste50]. Motion of neutrons and protons cause density changes in the

neutron and proton field. The restoring force per unit mass will be propor-

tional to the gradient of these densities. Therefore, for a given displacement the

density change is inversely proportional to the nuclear radius R and the gradient

will be proportional to 1/R2. Thus, the frequency of the density vibration is

proportional to 1/R and thus to A−1/3.

Goldhaber-Teller (GT) Model assumes that the neutrons and protons are

two separate rigid interpenetrating distributions [Gol48]. During the dipole

vibration, they undergo harmonic motions with respect to each other. The

restoring force of this harmonic vibration will be proportional to surface area,

i.e R2. The frequency of the vibration will be proportional to
√
(F/A) and hence
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to A−1/6. Thus, the centroid energy of the GDR built on ground state of the

nucleus, is expressed as the combination of the above two model description and

is given by EGDR = 31.8A−1/3 + 20.6A−1/6 [Gaa92]. The schematic diagrams

of Goldhaber-Teller and Stenwedel-Jensen dipole modes are shown in Fig 1.5.

Microscopically, the GDR can be viewed as a coherent superposition of non-

collective 1 particle-1 hole configurations, known as collective particle-hole door-

way resonance state [Wil56]. The term doorway implies that the excited nucleus

passes from the entrance channel through the doorway state before the full com-

plexity of the compound nuclear states are populated. The energy for this 1p-1h

excitation is ∼ 41A−1/3. However, the experimental systematic show twice of

this value i.e 80A−1/3. This difficulty was overcome by Brown and Bolsterli

[Bro59] who suggested that the residual p-h interaction has to be taken into

account in describing such configurations.

1.4.3 Width of the resonance, ΓGDR

One of the basic problems in the study of giant dipole resonance is the un-

derstanding of how the collective vibration of nucleons (GDR vibration) get

damped. The width of the GDR is a very special observable as it gives an idea

about the damping mechanism of the GDR vibration and has been the focus

of many experimental and theoretical studies for last few decades. The width

of the resonance arises due to the transfer of energy from the orderly vibration

into other modes of nuclear motion. The typical value of the GDR width for

heavy nuclei is ∼ 5 MeV implying that the vibration is completely damped after

a few vibrations. The general trend of the GDR width as observed from the

experimental results shows that it is smallest for the closed shell nuclei, ∼4 MeV

for nuclei around 90Zr and 208Pb, and increases to 5-6 MeV for nuclei between

shells. The present thesis is related to the GDR width and its evolution as a
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function of temperature. The details of the origin of GDR width, experimental

observation and theoretical explanation are discussed as below.

1.5 Origin of the GDR width

1.5.1 Macroscopic description

Macroscopically, the large GDR width built on ground state is mainly caused

by two processes, which are collisional damping and in-homogeneous damping.

Collisional damping occurs due to the binary collisions between nucleons and

collisions between a nucleon & the nuclear surface. In the binary collision be-

tween two nucleons, a nucleon can change its state of motion by promoting a

particle in the Fermi sea into a state above the Fermi surface. Since the particle-

particle correlations are considerable larger than the particle-hole correlations

and Pauli blocking is more effective in the bulk than in the nuclear surface,

the probability of nucleon-nucleon collision (2-body collision) is negligible com-

pared to the nucleons colliding with the nuclear surface. Thus, the nuclear

surface plays a central role in the collisional damping process. On the other

hand, inhomogeneous damping occurs due to the deformation of the nucleus. If

the ground state of the nucleus is deformed, there is a possibility of nucleons

vibrating along the different principle axes, producing different centroid energy

components. Thus, the GDR line shape splits according to the dimension of

different principle axes producing a large width [Bor98].

1.5.2 Microscopic description

Microscopically, the GDR can be described as a coherent superposition of the

non-collective 1p-1h configuration [Wil56] and it is found to have large width

even if it is built on the nuclear ground state. The width mainly comprises

of three different parts: Landau width (Γlandau), Escape width (Γ↑) and the
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spreading width (Γ↓) in general [Har01], and is given by

ΓGDR = Γlandau + Γ↑ + Γ↓ (1.4)

The Landau width (Γlandau) arises owing to the coupling of collective 1p-1h state

(GDR state) with the non-collective 1p-1h configuration in the same excitation

energy range.

Figure 1.6: Microscopic picture of the GDR width built on excited states of atomic
nuclei. The collective 1p-1h state couples with the non-collective 1p-1h state (∆Γ)
and more complex 2p-2h, 3p-3h,.....np-nh configurations (Γ↓). It can also decay via
particle emission (Γ↑).

The Escape width (Γ↑) arises due to coupling of GDR state to the continuum.

This is because the GDR state remains above the particle threshold line and it

can directly decay to state in the daughter nuclei and attain the escape width.

For heavy nuclei, it comprises mainly of neutron decay width and for light nuclei

the charged particle decay width has also to be taken into account.
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The spreading width (Γ↓) arises due to the coupling of coherent 1p-1h state

with more complex and numerous 2p-2h configuration which have the same

spin and parity. The resulting state can also be coupled to more complex 3p-

3h, 4p-4h,.... np-nh states till a completely equilibrated system is reached. In

medium and heavy nuclei, it turns out that the escape and landau widths only

account for a small fraction and the major contribution of the large resonance

width comes from the spreading width. Recently, an empirical formula has been

derived for the spreading width with only one free parameter by separating the

deformation induced widening from the spreading effect, and is expressed as

Γ↓ = 0.05E1.6
GDR [Jun08]. The microscopic description of GDR width has been

displayed in Fig 1.6 schematically.

1.6 Evolution of GDR width built on excited

states of atomic nuclei

1.6.1 Experimental observation

In the past few decades, a lot of experiments have been performed to study

the evolution of GDR width as a function of temperature (T) and angular

momentum (J) of the system. These experiments and their results are discussed

in this section.

In 1981, Drapper et al., [Dra82] first suggested the excitation energy de-

pendence of GDR properties. They performed an experiment of 1150 MeV

136Xe beam on 181Te target. They suggested that the 10−20 MeV γ-ray spec-

tra at low excitation energy are reproduced by theoretical calculation using the

ground state value of resonance energy and resonance width, but at high exci-

tation energy the better agreement is obtained with a smaller resonance energy

and increasing the resonance width.

In 1983, Germann et al., [Ger83] studied the spectral line shape of γ-rays
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emitted from 76Kr, 63Cu and 127Cs to study the J-dependence of line shape.

But they could not find any J-dependence of line shapes because the populated

angular momenta were very low.

In 1984, Gaardhoje et al., [Gaa84] observed the increase of GDR width

with excitation energy. They populated 108Sn nuclei at excitation energy E∗

= 51 and 61 MeV and obtained ΓGDR = 6 and 6.5 Mev, respectively. The

same group in 1986, studied the GDR γ decay from 111Sn nuclei populated at

excitation energy E∗ = 66 and 110 MeV and extracted ΓGDR = 7.5 and 11 MeV,

respectively [Gaa86].

In 1987, Chakraborty et al., [Cha87] studied the excitation energy depen-

dence of GDR width in 110Sn, 112Sn nuclei. They found that the GDR width

increases almost quadratically up to the highest excitation energy. This group

also suggested an empirical formula to explain the excitation energy dependence

of GDR width which is ΓGDR = 4.8+0.0026E1.6
GDR, where 4.8 is the ground state

GDR width. In 1988, Chakraborti et al., [Cha88] gave a new parametrization

ΓGDR = 4.5+0.0004E2
GDR+0.003J2 and included it within the statistical model

code CASCADE, instead of taking GDR width as a free parameter.

In 1989, Bracco et al., [Bra89] populated 110Sn nuclei at E∗ = 230 MeV

for measuring the GDR width at very high excitation energy and found an

abrupt change in the smooth dependence of GDR width with excitation energy.

They measured the GDR width at E∗ = 230 MeV in this mass region which is

similar the one observed at E∗ = 130 MeV, indicating the onset of saturation

effect above 130 MeV, which correspond to T ∼ 2.5 MeV. Further evidence

of saturation effect at very high excitation was also obtained by Enders et al.,

[End92] in 1992 and Hofmann et al., [Hof94] in 1994.

In 1992, Kasagi et al., [Kas92] performed an experiment at RIKEN, Japan
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by populating the nuclei 132Ce and observed that the GDR width increased from

8 to 13 MeV due to the increase of E∗ from 80 to 120 MeV.

In 1994, Noormann et al., [Noo94] studied the angular momentum depen-

dence of GDR width in the temperature domain 1 ≤ T ≤ 1.6 MeV. They mea-

sured the GDR γ-rays emitted from the compound nucleus 154Dy populated at

an excitation energy of 69 MeV in three angular momentum windows < J >

= 31, 42 and 50 h̄ and showed that the GDR width increased with increasing

angular momentum.

In 1996, Viesti et al., [Vie96] did an experiment by employing a high reso-

lution 4π γ-ray spectrometer to select the spin region in the fusion evaporation

reaction(64Ni + 92Zr @ Elab = 241 MeV) forming the excited 156Er nuclei. They

also showed that the GDR width increased with increasing angular momentum.

The above experimental investigations were performed mostly using the

heavy ion fusion reactions where the compound nuclei are populated at very

high excitation energy with broad angular momentum distributions. These ex-

perimental data showed that the GDR width increased up to ΓGDR = 11 MeV

when the excitation energy increases up to E∗ = 130 MeV. This increase was

interpreted as arising from the change of nuclear shape deformation induced

by the combined effect of temperature and angular momentum. In order to

understand their individual effect on GDR width, these two effects must be

separated and measurement should be carried out at fixed temperature for dif-

ferent angular momenta, and for different temperatures at fixed (or low) angular

momentum.

In 1995, Bracco et al., [Bra95] studied the GDR width and angular dis-

tributions as a function of angular momentum at an approximately constant

temperature T ∼ 1.8 MeV, in order to see only the angular momentum effect
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on GDR width. They populated 109,110Sn nuclei by fusion evaporation reaction

at excitation energy E∗ = 80,92 MeV and at the angular momentum region 40

− 54 h̄. They found that the GDR width increased from 10.8 to 12.8 MeV due

to increase of angular momentum from 40 to 54 h̄

In 1996, Ramakrishnan et al., [Ram96] performed a pioneering experiment

to decouple the effects of angular momentum and temperature on GDR width

through inelastic scattering of α particles at 30 and 40 MeV/nucleon. They

populated 120Sn nuclei in the excitation energies range of 30 − 130 MeV and

at very low angular momentum states (< J > = 15 h̄). Because of the low

angular momentum populated, it was possible to study the variation of GDR

width with excitation energy without having any significant effect of J.

From the experimental results of Bracco et al., [Bra95] and Ramakrishnan

et al., [Ram96], it was clear that at low angular momentum the GDR width is

controlled by the temperature induced effect and at high angular momentum

the GDR width is controlled by the angular momentum effect. It seems that at

particular temperature, the angular momentum effects begin to be important

only above a certain value. The experimental confirmation of this hypothesis

required a large number of experimental data and it was later confirmed by

several works.

In 1997, Mattiuzi et al., [Mat97] measured the GDR width in 106Sn nuclei at

E∗ = 80 MeV (T ∼ 2 MeV) and for average spin values of 24 and 36 h̄. These

results, together with the previous existing exclusive measurements in the same

excitation energy and mass region, confirmed that the GDR width is roughly

constant up to spin J ≤ 35 h̄ for Sn mass region and thereafter increases with

the angular momentum.

In 1998, Baumann et al., [Bau98] studied the evolution of the giant dipole
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resonance in 120Sn and 208Pb nuclei at excitation energies in the range of 30

− 130 MeV and 40 − 110 MeV, respectively through inelastic scattering of α

particles. They showed that the width increases from 5.5 MeV to 12 MeV for

the temperature range of 1.2 − 3.1 MeV in case of 120Sn nuclei and the width

increases from 5.7 − 8.0 MeV for the temperature range of 1.3 − 2.0 MeV

in case of 208Pb nuclei. They concluded that the observed width increase was

attributed to thermal fluctuation of nuclear shape and the angular momentum

does not have any effect on GDR width because of low angular momentum

populated in the nuclei.

In 1999, Kelly et al., [Kel99] did an interesting experiment by populating

118Sn nuclei using 18O as beam and 100Mo as target. They pointed out that

at higher bombarding energies (Elab > 5 MeV/nucleon), pre-equilibrium effects

come into picture which substantially lowers the average excitation energy and

hence the nuclear temperature. They measured the corresponding loss of excita-

tion energy of the compound nucleus due to pre-equilibrium particle emissions.

Their detailed measurements along with the re-analysis of previous experimen-

tal results, showed that the GDR width does not saturate at T > 2.5 MeV

but continues to increase up to temperatures of T ∼ 3.2 MeV. Later, in 2006,

Wieland et al., [Wie06] did an experiment by populating highly excited 132Ce

compound nucleus through heavier target-projectile combinations where pre-

equilibrium effects were very small and found that the GDR width does not

saturate but increases steadily with temperature of at least up to 4 MeV. At

very high temperatures (T > 4 MeV), Gaardhoje et al., [Gaa87] observed the

lower γ-ray yield from GDR decay which signified the quenching of GDR at

very high temperature and suggested that there might be loss of collectivity

within the nucleus. This quenching of γ-ray yield with increasing E∗ was also

observed by Faou et al., [Fao94] when they studied GDR γ-rays emitted form
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hot nuclei of A∼115 and E∗ between 350 to 500 MeV.
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Figure 1.7: Previous experimental data of GDR width at low temperatures with
theoretical calculation (TSFM, CTFM) for 63Cu, 120Sn and 208Pb. (a) The filled
circles are from Ref [Dee12a] while open circles are from Refs. [Kus98, Kic87]. (b)
Our 119Sb data (filled circles) measured earlier [Sup12a] are shown along with the
data of 120Sn (open circles [Bau98], open squares [Kel99], up triangle [Kus98], down
triangle [Hec03a]). (c) 201Tl data (filled circles) [Dee12a] along with 208Pb [Bau98]
data (open circles). The dashed lines correspond to the TSFM calculation while the
continuous lines are the results of CTFM calculation.

In 2003, Rathi et al., [Rat03a] observed that the experimental GDR width

was almost constant with increasing J at a particular temperature but increased

with increasing temperature for a particular angular momentum, for the study

of GDR width in excited 86Mo nuclei. In the same year, Heckmann et al.,

[Hec03a] did an another inelastic scattering experiment and extracted ΓGDR =

4 MeV at T = 1 MeV in the decay of 120Sn nuclei. This was the lowest finite-
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temperature GDR width measurement at that time. Surprisingly, the extracted

GDR width shows almost same value as that of the ground state.

In 2008, Srijit Bhattacharya et al., [Sri08b] measured the angular momentum

gated GDR width at low temperatures (T ≤ 2 MeV) and high angular momen-

tum (J = 49 − 59 h̄) on 113Sb nuclei. They observed that the GDR width

increased with increasing temperature (or angular momentum) for a given an-

gular momentum (or temperature). There is an extensive compilation of GDR

parameters built on excited states for A=39−240 by A Schiller and M Thoen-

nessen in Ref [Sch07].

Until now, there are very few experimental data on the measurement of

GDR width at low temperature (T < 1.5 MeV). Experimentally, the measure-

ment of GDR width at low temperature (T < 1 MeV) is a very complex and

challenging problem due to the difficulties in populating the nuclei at low exci-

tation energies. Previously, the low temperature measurements were performed

through inelastic scattering of lighter projectile by heavier target with a disad-

vantage of getting imprecise excitation energies with an uncertainty about 10

MeV. The heavy ion induced fusion reactions are limited to the excitation at

higher temperature due to presence of Coulomb barrier in the entrance channel

and are always associated with broad J distributions. Recently, at the Vari-

able Energy Cyclotron Centre (VECC), Kolkata, India, exclusive experiments

were performed using the alpha beams to investigate the low temperature re-

gion [Sup12a, Dee12a]. The previous experimental data at low temperatures

are shown in Fig 1.7. It has been shown that the effect of T and J becomes no-

ticeable only above a critical angular momentum (Jc = 0.6A5/6) and T∼1 MeV,

and after that the GDR width increases with increase in J and T. Till now,

there are no experimental data at low temperatures in A ∼ 100 mass region.

This thesis deals with the measurement of GDR width at very low temperatures
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for 97Tc nuclei.

1.6.2 Theoretical explanation

Along with the experimental efforts, a number of theoretical approaches have

been proposed to demonstrate the behavior of GDR width as a function of T

and J. Microscopically, the increase of GDR width as a function of T is described

reasonably well within the Phonon Damping Model (PDM) [Dan98]. The PDM

calculates the GDR width and the strength function directly in the laboratory

frame without any need for an explicit inclusion of thermal fluctuation of nu-

clear shapes. According to PDM, the increase of GDR width with T is due to

the coupling of GDR phonons to the incoherent particle-particle, hole-hole and

particle-hole configurations, which appears due to the distortion of the Fermi

surface at finite T. This model can predict the data at low temperature as well

as the saturation of GDR width at higher temperature by including the thermal

pairing fluctuation.

On the other hand, the macroscopic Thermal Shape Fluctuation Model

(TSFM) [Alh88] is based on the fact that large amplitude thermal fluctua-

tions of nuclear shape play an important role in describing the increase of GDR

width as a function of T. According to TSFM, at finite temperature, the nucleus

does not have any particular shape, rather it will be an weighted average of all

possible shapes and orientations. The nuclear shape fluctuates around the equi-

librium deformation and this fluctuation increases with increase in temperature.

As a result, the GDR line shape will also be a superposition of line shapes due

to all possible nuclear shapes and thus producing a larger width. Therefore, the

GDR width has been found to increase monotonically with temperature. The

basic assumption (adiabacity) of this model is that the nuclear shape does not

change during the time GDR takes to damp. This model explains the experi-
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mental data very well at the temperature region 1.5 <T≤ 3.0 MeV and at low

angular momentum region (J < 50h̄). However, it is unable to explain the T

dependence below 1.5 MeV and at higher angular momentum in different mass

regions [Sup12a, Dee12a, Sri08b]. Later, Kusnezov et al., [Kus98] proposed a

very simple parametrized formula for the GDR width as a function of T and J of

the system under the framework of the TSFM. The Kusnezov parametrization

has been tested for large number of nuclei and found to be consistent with the

prediction of TSFM calculation only above T = 1.5 MeV.

In order to understand the discrepancy between experimental data and

TSFM prediction at lower temperature, very recently, Deepak Pandit et al.,

[Dee12a] have proposed a new phenomenological model under the framework

of pTSFM (kusnezov parametrization), named as Critical Temperature Fluc-

tuation Model (CTFM). This new model emphasizes on an essential point,

overlooked in the TSFM, that the GDR oscillations itself induce a quadrupole

moment causing the nuclear shape to fluctuate even at T = 0 MeV. Conse-

quently, the GDR vibrations cannot view those thermal shape fluctuations that

are smaller than its own intrinsic fluctuations. Therefore, the experimental

GDR width should remain nearly constant at the ground state value up to a

critical temperature (Tc) and the effect of thermal fluctuations should become

evident above Tc once they become larger than the intrinsic GDR fluctuations.

It has been shown that the CTFM better explain the experimental data of

Mukhopadhyay et al., [Sup12a] and Heckmann et al., [Hec03a]. To verify this

critical behavior, Deepak Pandit et al., [Dee12a] have performed another exper-

iment in two other mass regions (63Cu and 201Tl) and they have also observed

that the CTFM better explain the experimental data than that of TSFM. They

have concluded that the GDR width is not suppressed, rather the TSFM over

predicts the experimental data at lower temperature. Therefore, the GDR in-
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duced intrinsic fluctuation should be included in the TSFM calculation.

There was an another theoretical calculation known as Collisional damping

Model (CDM) [Bar96, Sme91], according to which the increase of GDR width is

due to two body nucleon-nucleon or one body nucleon-nuclear surface collisions.

This calculation showed that the one body collisional damping width has very

weak dependence on T and remains almost similar to the ground state value.

The two body collision comes into picture at higher temperature (T > 3 MeV)

and leads to an extra contribution in the GDR width showing a T2 dependence.

However, this model is not suitable for the evolution of GDR width at low

temperatures (T < 1.5 MeV).

The macroscopic TSFM is very easy to use and predicts the experimental

data in the range of temperature 1.5 < T < 2.5 MeV well. On the other

hand, the PDM depends on the complex microscopic configuration. But, the

phenomenological CTFM explain the data better than that of TSFM in all the

mass regions. Therefore, CTFM should be used universally in describing the

GDR width as a function of T and J. The detailed description of TSFM, PDM

and CTFM has been discussed in the next Chapter 2 (Section 2.3).

1.7 Motivation of the present work

The basic aim of the present work is to understand the evolution of GDR width

at very low temperatures. The experimental studies, over the years, have shown

that the GDR width increases with both the temperature (T) and angular

momentum (J) after a certain critical value. The angular momentum effect on

GDR width is now well established and well explained by the theoretical models.

A wealth of experimental data on the measurement of GDR width at T > 1.5

MeV exists. The measured GDR widths for T > 1.5 MeV were well described

by the most popular thermal shape fluctuation model (TSFM). However, at
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lower temperature (T < 1.5 MeV) the picture is still unclear due to insufficient

data. There are only a few experimental data in the mass region of 120Sn, 63Cu

and 201Tl at lower temperature (1.0 < T≤ 1.5 MeV) where TSFM is not able

to explain the data. Therefore, much more experimental data are required in

other mass regions at this low temperatures to verify whether such a behavior

is really true or not.

In order to understand the discrepancy between experimental observation

and theoretical prediction at lower temperature, a new phenomenological model

(CTFM) has been proposed. In CTFM, it was pointed out that the GDR width

remains constant up to a critical temperature and thereafter increases with the

increase in temperature. A very few experimental data exist for the confirmation

of this critical behavior. Unfortunately, There are no experimental data below

the critical point except for one measurement in 63Cu where only two data

points exist below the critical value. As the situation stands now, the number

of GDR width measurement till now at T < Tc are inadequate to test the

critical behavior or to conclude that the GDR width remains constant at its

ground state value below the critical point and deserves further investigation in

the wide range of mass at below and above the critical point.

In order to address the above queries regarding the critical behavior of the

GDR width as a function temperature, a systematic measurement of GDR width

in the unexplored region (T = 0.8 − 1.5 MeV) has been performed for 97Tc

nucleus. The compound nucleus 97Tc has been taken mainly for two reasons.

Firstly, 97Tc nucleus is very nearly spherical (β = 0.134), secondly, in 97Tc

nucleus, no such GDR measurement exists till now. In the present work, alpha

induced fusion reactions have been employed to investigate the low temperature

region. The alpha beam has been chosen because of the low Coulomb barrier

in the entrance channel so that a wide range of low excitation energies can be
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achieved in the compound nucleus.

The present thesis is organized in seven chapters. In the present chapter,

the basic introduction of GDR and the motivation of this work are discussed.

In the 2nd chapter, theoretical tools to interpret the GDR γ-ray spectra and

different theoretical models (TSFM, CTFM, PDM) for the T and J dependence

of GDR width are discussed. In the 3rd chapter, the detector systems and

their GEANT4 simulations are discussed. In the 4th chapter, the details of

experiments performed, data taking and analysis of the data are discussed. In

the 5th chapter, the results obtained from the data and their interpretations from

different theoretical calculations are discussed. Along with the GDR studies,

the neutron response of the LAMBDA spectrometer also forms a part of this

thesis work, which has been presented in 6th chapter. Finally, summary and

conclusion with future outlook have been presented in 7th chapter.
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Chapter 2

Theoretical tools to interpret
the high energy γ-ray spectra
In this chapter, the statistical model calculation for the interpretation of high

energy γ-ray spectra and the different theoretical models to explain the tem-

perature dependence of GDR width have been discussed.

2.1 Statistical Model Calculations

The theoretical description of nuclear reactions with microscopic models (shell

model) with the full complexity of interaction of the individual nucleons in-

volved is a very challenging problem. Therefore, other approaches have been

developed. One of those is the statistical model of nuclear reactions. In the

statistical model, it is assumed that a compound nucleus (CN) is formed with

an excitation energy high enough so that many states may be excited by the

interaction of projectile nucleons with the target nucleons. Moreover, all the

degrees of freedom (Energy, Angular momentum, Mass) are equilibrated before

the decay process takes place. The equilibrated compound nucleus decays with-

out remembering the way it has been formed in the entrance channel except

for the conserved quantities such as excitation energy (E∗), angular momentum

(J), parity (π), isospin (T). The compound nucleus mainly decay via particle

(n, p and α) evaporation or γ-emission. The decay probabilities generally de-
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Chapter 2. Theoretical tools to interpret the high energy γ-ray spectra

pend on the statistical weight of the final states and barrier penetrabilities for

various channels. The decay rate through any exit channel is determined by

the reciprocity theorem i.e the transition matrix element associated with the

CN formation are the same with those associated in the inverse decay process.

The total decay rates, which is related to the life time of CN, is just the sum

of all partial decay rates for each of the exit channels. The cross-section for the

decay of CN into a particular channel is provided by the branching probability

multiplied by the fusion cross-section for the formation of compound nucleus

[Puh77, Sup12b]. A schematic diagram of CN decay is shown in Fig 2.1.
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Figure 2.1: Schematic diagram of compound nuclear decay.

The reaction cross-section for the formation of compound nucleus from a

projectile and target nucleus at a centre of mass energy (Ecm) is calculated in

terms of transmission co-efficient TL(Ecm) using the expression :

σ(J, π) =
λ2

4π

(2J + 1)

(2Jp + 1)(2JT + 1)

S=Jp+JT∑

S=|Jp−JT |

L=J+S∑

L=|J−S|

TL(ECM) (2.1)
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where J, π are the spin and parity of the CN and JP , JT are the spin of projectile

and target nucleus, respectively. S = JP + JT is the total channel spin and λ

is the wavelength. The summation over L is restricted by the parity selection

rule πPπT (-1)
L. The transmission coefficients TL have a very simple behavior

as a function of L approximated by a Fermi distribution, given by

TL =
1

1 + exp[(L− L0)/d]
(2.2)

where d is the diffuseness parameter, L is the angular momentum. Here L0

is chosen in such a way that total CN cross-section σCN =
∑

J,π σ(J, π) is

reproduced.

In this work, a modified version of statistical model code CASCADE [Puh77]

has been used to explain the experimentally obtained data. Some basic parame-

ters of the statistical model calculation of nuclear reactions have been discussed

in the next section.

2.2 CASCADE : A statistical model code

CASCADE is a statistical model code for the decay of a compound nucleus

populated in nuclear reaction. Originally, it was developed by Puhlhofer in

1977 [Puh77] and with time different scientific groups have modified, revised and

improved the original code for their own need [Rat03a, Ram95, Sri08a, Hec03b,

Sha99]. The code is based on Hausher-Feshback formalism of statistical decay

of compound nucleus. This code actually calculates the CN decay probabilities

where the excited CN is characterized by an initial excitation energy (E∗) and

angular momentum distribution (J) in the form of (E∗,J) matrix. For each

matrix element, the neutron, proton, α, γ and fission probabilities are calculated

and the corresponding populations go to new (E∗, J) matrices. This process is

continued until the excited nucleus reach below the particle threshold energy.
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Below the particle threshold energy, the compound nucleus emits the statistical

γ-rays in between particle threshold and yrast line (as shown in Fig 2.1) and

go to another (E∗, J) matrices. And finally, it is finished off by the subsequent

emission of low energy discrete yrast γ-rays. Based on the initial population,

the code calculates the energy spectra for neutron, proton, α and γ-rays. The

calculated γ-ray spectrum folded with the detector response function has been

compared with the experimentally obtained γ-ray spectrum to extract the GDR

parameters. There are two main important ingredients in the statistical model

calculation, the decay probabilities and the nuclear level density.

2.2.1 Decay probabilities

A compound nucleus populated at high excitation energy and angular momen-

tum, decays via particle (mainly n,p,α) or γ- emission. There is also a proba-

bility for the compound nucleus to undergo fission.

The particle emission probability is generally determined by the statistical

weight of the initial and final states and transmission coefficients (barrier pen-

etrabilities) using the reciprocity theorem. The decay rate Rpdǫp for emitting a

particle p from an excited nucleus i (at excitation energy Ei, spin Ji, parity πi)

to form a daughter nucleus f (at Ef , Jf , πf) is given by:

Rpdǫp =
ρ2(Ef , Jf , πf)

2πh̄ρi(Ei, Ji, πi)

S=Jf+sp∑

S=Jf−sp

L=Ji+S∑

L=Ji−S

T p
L(ǫp)dǫp (2.3)

where ǫp = Ei−Ef−Bp is the kinetic energy of particle p. Bp, sp and L are

binding energy, spin and orbital angular momentum of the emitting particle,

respectively. ρi and ρf are the level densities of the initial and final states of the

nuclei. Tp
L is the transmission coefficient for a particle of energy ǫp. The particle

transmission coefficients are calculated by solving optical model equations of the

nuclear system. In this thesis, the optical model parameters of Perey [Per63] and
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Huizenga & Igo [Hui62] have been used for the protons and the alpha particles

where as for neutrons, the parameters of Wilmore and Hodgson [Wil64] have

been used.

The rate of γ-emission is also determined by similar type of formula given

as:

Rγdǫγ =
ρf(Ef , Jf)

2πh̄ρi(Ei, Ji)

∑

L

fL(Eγ)E
(2L+1)
γ dEγ (2.4)

where L denotes the multi polarity of the γ-decay. The emission of γ-rays due to

the decay of GDR built on excited state is included in the modified CASCADE

code. The absorption cross-section of GDR in case of spherical nuclei is well

reproduced by a single Lorentzian distribution. The GDR strength functions is

given by:

f(Eγ) =
4e2

3πh̄Mc3
S
NZ

A

ΓGDREγ

(E2
γ −E2

GDR)
2 + Γ2

GDRE
2
γ

= 2.09× 10−5NZ

A
S fGDR(Eγ) (2.5)

where S is the fraction of the energy weighted dipole sum rule (EWSR), EGDR

and ΓGDR are the centroid energy and width of the GDR. For an axially symmet-

ric deformed nucleus, the strength function is split and can be expressed as the

superposition of two Lorentzian (f1(Eγ) and f2(Eγ)) since the GDR resonance

will vibrate along the principle axes with frequencies inversely proportional to

the length of these axes. In that case, S1 and S2 are the sum rule strengths of

the two components, and given as S1 + S2 = 1 corresponding to 100% sum rule

strength. S1/S2 = 2 and 1/2, respectively denote the GDR in a prolate and

oblate deformed nuclei. The strength function can be expressed as

fGDR(Eγ) = 2.09× 10−5NZ

A

S1f1(Eγ) + S2f2(Eγ)

S1 + S2

(2.6)
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The above equation is derived only for L = 1 multipolarity (E1 radiation).

Others higher multipolarities (L > 1) have not been considered. However, the

contributions from higher multi polarities (such as quadrupole resonance) can

be included but they have very small contributions to the high energy γ-ray

spectra.

The fission probability (per unit time) Wfiss for the nucleus at an initial

excitation energy E∗ and angular momentum J in the Bohr and Wheeler theory

[Boh39] of fission is proportional to the level density ρfiss(T )

Wfiss =
1

2πh̄ρfiss(E∗, J)

∫ E∗−EB

0

ρfiss(E
∗ − EB − T )dT (2.7)

where T is the kinetic energy of the nucleus at the saddle point and EB is the

angular momentum dependent fission barrier. For the decay of excited 97Tc

considered here, there is no appreciable contribution to the decay cross section

from the fission process due to the hight of the fission barrier.

2.2.2 Nuclear level density

The basic nuclear level density formula, which is widely used in statistical model

calculations, derived from the Fermi gas model, based on the pioneering work

of Bethe [Bet36], is given by [Pra12],

ρ(E∗, J) =
2J + 1

12I3/2

√
a
exp (2

√
(aU))

U2
(2.8)

Where U=E∗ −∆− J(J + 1)h̄2/2I is the available energy, I = I0 (1 + δ1J
2 +

δ2J
4) is the effective moment of inertia of the compound nucleus in the form

of deformed liquid drop with coefficients δ1 and δ2 and spherical rigid body

moment of inertia I0. The excitation energy is back-shifted by the pairing

energy ∆ = 12/
√
A, A is the mass number of the nucleus. ‘a’ is level density

parameter taken as a free and user dependent parameter. In the Fermi Gas
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Model, the level density depends on level density parameter ‘a’, that is in turn

related to the finite size effect of the nuclear matter and the effective mass

of the nucleon as well as the number of single particle levels near the Fermi

surface. All of these depend on nuclear shell structure and deformation and

also how the shell structure gradually melts with the increase in E∗ of the

nucleus. Puhlhofer’s statistical model code CASCADE includes formulation of

level density parameter ‘a’ as per Dilg [Dil73] for E∗ <10 MeV. For E∗ > 20 MeV,

a = A/k was used based on the liquid drop model, where k is user dependent

free inverse level density parameter and A is the nuclear mass. For E∗ ranging

from 10−20 MeV, a linear interpolation of ‘a’ and ∆ is done in midway between

the parametrization of Dilg [Dil73] and that of liquid drop model. But the non-

inclusion of the proper treatment of the shell corrections and its washing out at

higher excitation energies along with the effect of nuclear deformation induces

large uncertainty in explaining high energy γ- ray spectra if Dilg formulation is

used. Ignatyuk et al., [Ign75] proposed an improved excitation energy dependent

parametrization of the nuclear level density parameter which incorporated the

effect of nuclear shell structure at low excitation energy and goes smoothly to

the liquid drop value at higher excitation energy. This is expressed as

a(U) = ã[1 +
δW

U
(1− exp (−γU))] (2.9)

Here, ã is the asymptotic Fermi-gas value of the level density parameter at high

excitation energy where shell effects are believed to be damped, leading to a

smooth dependence onA. δW is the shell correction obtained from the difference

of the experimental and the liquid drop model (LDM) mass and γ−1 = 2A4/3/5ã

is the rate at which the shell effects are damped with increasing excitation

energy. ã is asymptotic Fermi Gas level density parameter that is taken as free

i.e user dependent parameter. In partial modification of this formula, Reisdorf
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et al., [Rei81] showed that asymptotic level density parameter depends on the

mass of the compound nucleus as well as the nuclear deformation, given by:

ã = 0.04543r30 + 0.1355r20A
−1/3Bs + 0.1426r0A

−2/3Bk (2.10)

Where, Bs = 1 and Bk = 1 (for spherical nucleus) are the nuclear surface and

curvature terms, r0 is the radius parameter.

In this thesis work, Ignatyuk formalism of level density has been used and

instead of keeping ã as a free parameter, the level density parameter is deter-

mined experimentally by measuring the evaporated neutron spectra in the same

reaction.

2.3 Theoretical treatment of GDR width at fi-

nite T & J

A number of theoretical approaches have been proposed to demonstrate the

behavior of GDR width as a function of T and J. Among them, the macro-

scopic adiabatic thermal shape fluctuation model (TSFM) [Alh88] is the most

popular and successful till date. Subsequently, Kusnezov et al., [Kus98] pro-

posed a parametrized form of TSFM, from which one can easily calculate the

temperature and spin dependence of GDR width for any nuclear mass. Re-

cently, our group has proposed a new model by modifying the phenomenological

parametrization (pTSFM) based on the TSFM and is called the Critical Tem-

perature included Fluctuation Model (CTFM) [Dee12a]. The CTFM provides

a good description of the behavior of GDR width for both T and J in the entire

mass region compared to TSFM. Microscopically, the increase of GDR width as

a function of T is described reasonably well within the Phonon Damping Model

(PDM). In this section, all of the above models (TSFM, pTSFM, CTFM, PDM)

have been discussed to explain the experimental data.
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2.3.1 Thermal Shape Fluctuation Model (TSFM) : A
macroscopic calculation

The thermal shape fluctuation model is the most popular model which describes

the damping mechanism of the GDR vibration inside the nucleus. This model

is based on the fact that the large amplitude fluctuation of nuclear shape plays

an important role in describing the increase of GDR width as a function of

temperature. Theoretically, the shape evolution of a nucleus as a function of

temperature and angular momentum was calculated under the framework of

Landau theory of shape transition by Y Alhassid et al., [Alh86] and S Levit

et al., [Lev84]. They proposed that the shape fluctuation around the mean

field values can not be neglected in finite nuclear systems. The effect of shape

fluctuation on the GDR cross-sections were first investigated by M Gallardo et

al., [Gal85, Gal87]. A few years later, Y Alhassid and B Bush [Alh88] proposed

a macroscopic approach, based on the Landau theory, for GDR built on excited

state and suggested that the quadrupole shape parameters play an important

role in describing the GDR line shapes as a function of temperature. This

macroscopic approach is known as Thermal Shape Fluctuation Model (TSFM).

The details of this approach has been discussed as follows.

When in ground state, the nucleus remains in a definite shape i.e. either in

a spherical or in a deformed configuration. The nuclear radius for a deformed

nucleus in general can be expressed in terms of spherical harmonics about an

equilibrium shape as,

R(θ, φ) = R0[1 +
∑

λ,µ

αλµYλµ(θ, φ)] (2.11)

where R0 is the equilibrium radius, λ is the multipolarity of the deformation and

R(θ, φ) is the distance of the nuclear surface from the origin. The co-ordinates

αλµ are the spherical tensor components (which transforms as spherical har-
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Figure 2.2: The deformation probability distributions of the free energy surface in
the (β, γ) plane for 97Tc nucleus at different temperatures.

monics under rotation of the co-ordinate system) and gives the extent of the

deformation. In case of nuclear shape transition, the quadrupole deformation

parameter α2µ are believed to play an important role. The parameters α2µ de-

scribe the ellipsoidal shapes for the nuclear mean field. One can transform α2µ

from the laboratory frame into a2µ in the intrinsic principal frame, which is

defined as a21 = a2−1 = 0, a22 = a2−2 and a20 is real. The quantities a20 and

a22 are then parametrized in terms of the deformation parameters β, γ [Hil53]
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and are defined as

a20 = βcosγ (2.12)

a22 =
1√
2
βsinγ (2.13)

The parameters β gives the magnitude of deformation and γ denotes the types of

deformation (e.g. γ = 00 & 600 for axial prolate and oblate shapes, respectively).

These parameters (β, γ) determine the intrinsic shape of the nucleus to be an

ellipsoid with semi-axis length (k = 1,2,3 for three principle axes)

Rk = R0 exp

[
−
√

5

4π
βcos

(
γ − 2πk

3

)]
(2.14)

The corresponding GDR centroid energy is given by

Ek = E0 exp

[
−
√

5

4π
βcos

(
γ − 2πk

3

)]
(2.15)

The widths for the different components of resonance energy are generally taken

as [Aru04]

Γk

Γ0
=

(
Ek

E0

)1.9

(2.16)

The equilibrium shape βeq of a hot rotating nucleus can be obtained by minimiz-

ing the free energy F with respect to the quadrupole deformation parameters β

and γ. In the liquid drop picture, the free energy for a hot rotating nucleus can

be essentially related to the energy not locked up in the deformation degrees of

freedom and can be written as [Alh93, Dee10b]

F (T, J, β, γ) = ELDM(β, γ)− TS +
J(J + 1)h̄2

2ω̂.I.ω̂ (2.17)

Where

ω̂.I.ω̂ = Ixxsin
2θcos2φ+ Iyysin

2θsin2φ+ Izzcos
2θ (2.18)
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is the moment of inertia about the rotation axis ω. Ixx, Iyy and Izz are the

principal rigid body moments of inertia and S is the entropy of the system.

ELDM(β, γ) is the deformed liquid drop energy, calculated in terms of β and γ

[Dee12b].

The nucleus at finite T and J, does not possess a single well-defined shape

but rather starts to fluctuate around the equilibrium shape. Therefore, the

nucleus loses its single well-defined shape, and explores a broad ensemble of

mostly quadrupole shapes (defined by the deformation parameters β and γ)

and orientations with respect to a fixed frame (defined by Euler angles θ, φ,ψ)

due to thermal fluctuation. The observed GDR width in these conditions is

the weighted average of all the frequencies associated with all possible shapes

and orientations at a particular temperature and angular momentum and thus

producing a large width. The probability of finding the excited nucleus in any

certain shape (defined by the parameters β, γ, θ, φ,ψ) at a certain temperature

(T) and angular momentum (J) is given by the Boltzmann factor e−F/T . In

this approach, the equilibrium configuration of the nucleus can be obtained by

minimizing the total free energy. Therefore, the GDR line shape is the weighted

average of all possible shapes and orientations. The probability distributions

of the free energy surface in the (β, γ) plane for the 97Tc nucleus at different

temperatures are shown in Fig 2.2. The GDR strength function can be written

as

< fGDR(Eγ , T ) >=

∫
fGDR(Eγ, T, β, γ) exp[−F (T, β, γ)/T ]dτ∫

exp[−F (T, β, γ)/T ]dτ (2.19)

Here fGDR denotes the GDR strength function. The term dτ is the volume

element associated with the parameter β, γ.

dτ = β4dβ sin3γdγ sinθ dθ dφ dψ (2.20)
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As the temperature increases, the fluctuation increases and so the ensemble

average looks wider. As a result, the GDR width has been found to increase

monotonically up to temperature T = 2.5 MeV. At higher temperature (T >

2.5 MeV), the nucleon-nucleon collision starts to dominate. This two body col-

lision leads to an extra contribution in the GDR width showing T2 dependence.

Finally, at much higher temperature, the particle decay from the compound nu-

cleus becomes faster and gives rise to another contribution, known as particle

evaporation width (Γev). However, Γev is very small up to a temperature of

∼ 2.5 MeV, typically << 1 MeV. The TSFM prediction of GDR width as a

function of temperature has been shown by dashed line (without shell effect)

and dotted line (with shell effect) in Fig 2.5,

The effect of angular momentum on the GDR width has been successfully ex-

plained by TSFM. At lower angular momentum, the angular momentum driven

shape change and the associated width change is lower than that from ther-

mal fluctuation itself. As the angular momentum becomes larger, the nucleus

undergoes an oblate flattening due to centrifugal effects whose magnitude is

determined by the interplay between the surface and rotational energies. The

equilibrium deformation βeq increases rapidly with J . As a consequence, the

total GDR strength function undergoes further splitting, which increases the

ΓGDR. However, even though the equilibrium deformation increases with J ,

an increase in ΓGDR does not occur until the βeq increases sufficiently so as to

affect the thermal average value of 〈β〉. In addition to the mean value 〈β〉, the

nucleus also experience a spread in deformation, which can be measured by the

variance ∆β =
√

〈β2〉 − 〈β〉2. As long as βeq < ∆β (shown in Fig.2.3 in case

of 106Sn nucleus), neither the mean deformation 〈β〉 nor the GDR width ΓGDR

increases significantly.

Subsequently, Kusnezov et al., [Kus98] proposed a parametrized formula
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for GDR width as a function of T and J based on TSFM, commonly known

as Kusnezov parametrization. This parametrization explains the experimental

data reasonably well and shows a universal behavior for the evolution of GDR

width as a function of T and J for almost all nuclei. In this parametrization, the

term J2/2I (I is moment of inertia) is a dominant factor in describing the spin

dependence of GDR width ΓT,J,A. Since, I ∝ A5/3, it must be expected that

a scaling factor ξ = A5/6 would remove the mass dependence of GDR width.

Therefore, the J-dependence of GDR width can be expressed in terms of that

J (h)

0 10 20 30 40 50 60 70

β

0.0

0.1

0.2

0.3

0.4

∆β

β
eq

Figure 2.3: Evolution of the equilibrium deformation, βeq for 106Sn at T = 1.8 MeV
as a function of angular momentum J . The dashed line shows the value of∆β [Bor98].

scaling factor ξ. The calculation shows a smooth dependence of this scaled width

(ΓT,J,A/ΓT,J=0,A) as a function of ξ, for the entire range of nuclear mass. This

dependence, however changes with T . This can be solved if the scaled width is

raised to a power depending on T . Thus, the smooth dependence of this final

reduced width (ΓT,J,A/ΓT,J=0,A) can be described with an analytical function of

ξ. The Kusnezov parametrization, expressing the width as a function of T, J
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and A, is given by :

Γ(T, J, A) = Γ(T, J = 0, A)[L(ξ)]4/[T/T0+3]

Γ(T, J = 0, A) = Γ0(A) + c(A)ln(1 + T/T0)

c(A) = 6.45− A/100

L(ξ) = 1 +
1.8

1 + e(1.3−ξ)/0.2
(2.21)

Here, Γ0(A) is the ground state GDR width and it has been taken as 3.8 MeV for

almost all nuclei without any explanation, T0 is a reference temperature. The

function c(A) ≈ (6.45−A/100) describes the weak A-dependence of the increase

in width with T . It should be remembered that the Kusnezov parametrization

provides an approximate description of the systematic behavior where the nu-

clear liquid drop picture is valid, i.e. in nuclei where shell effects are small or

at temperatures where shell effects have already been melted.

2.3.2 Critical Temperature included Fluctuation Model
(CTFM) : A new parametrization of TSFM

Deepak Pandit et al., [Dee12a] has proposed this new model. Mathematically,

this is a modified form of the phenomenological parametrization of TSFM, but

conceptually an essential point (which has been overlooked in TSFM) has been

included in CTFM. It has been argued that the GDR vibration itself induces a

quadrupole moment causing the nuclear shape to fluctuate even at T = 0 MeV.

Therefore, when the giant dipole vibration having its own intrinsic fluctuation is

used as a probe to view the thermal shape fluctuations, it is unlikely to feel the

thermal fluctuations that are smaller than its own intrinsic fluctuation. If this

assumption is true, the experimental GDR widths should remain constant at the

ground state values up to a critical temperature (Tc ) at which thermal shape

fluctuation (∆β) and intrinsic GDR fluctuation (βGDR) are same. The effect of
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thermal shape fluctuation on GDR width will only be evident when the thermal

shape fluctuations become larger than the GDR intrinsic fluctuation. So, there

is a competition between ∆β and βGDR which leads to the critical behaviour

and thats why the model has been named as Critical Temperature included

Fluctuation Model. This novel idea has been applied to explain the experimental

data for 63Cu, 119Sb and 201T l. It has been concluded that this model explains

the data much better than the pTSFM or TSFM and the critical temperature

shows a linear behavior with 1/A. The deformation (βGDR) due to intrinsic
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Figure 2.4: [Top Panel] The deformation due to GDR induced intrinsic fluctuation
for different nuclei. [Bottom Panel] The temperature dependence of ∆β for 97Tc,
where ∆β is the variance of the deformation due to thermal fluctuation of nuclear
shape.

GDR fluctuation has been calculated by considering the formula β α QQ/< r2 >

where QQ is the quadrupole moment induced by the intrinsic GDR fluctuation

and rL = 3RL/(L+3). The value of QQ has already been calculated under the
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framework of time dependent Hartree-Fock theory in References [Sim09, Sto89]

and the corresponding values have been reported for 208Pb, 120Sn, 90Zr and

40Ca as 99.0, 56.0, 46.5 and 21.4 fm2 , respectively. The reported values are

shown in the top panel of Fig 2.4, and shows a linear behavior with 1/A. The

variance of the deformation (∆β) is generally calculated using the Boltzmann

probability e−F (β,γ)/T with the volume element β4sin(3γ)dβdγ, according to

the formalism described in Reference [Dee10b]. The temperature dependence

of ∆β is shown in the bottom panel of Fig 2.4. The critical temperatures are

calculated by comparing βGDR and ∆β.

The temperature dependence of GDR widths in CTFM by including GDR

induced fluctuations is given as [Dee12a]:

Γ(T, J = 0, A) = Γ0(A) T ≤ Tc

Γ(T, J = 0, A) = c(A)ln(
T

Tc
) + Γ0(A) T > Tc (2.22)

where,

Tc = 0.7 + 37.5/A

c(A) = 8.45−A/50.

Here, instead of taking the Γ0(A) as 3.8 MeV for all nuclei, Γ0(A) has been

taken as the actual ground state value which has been calculated using the

ground state deformation and spreading width parametrization Γs = 0.05E1.6
GDR

[Jun08]. The estimated ground state values are in good agreement with the ac-

tual measured values. The temperature dependence of GDR width as predicted

by the CTFM is shown in Fig 2.5. The angular momentum dependence was

parametrized through the reduced width at different temperature by a power

law [Γexp(T, J, A)/Γ(T, J = 0, A)](T+3T0)/4T0 . Using the available experimental
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systematics in high J region for the masses A ∼ 60 to 200, the J-dependence of

GDR width in CTFM has been proposed as:

Γred =

[
Γexp(T, J, A)

Γ(T, J = 0, A)

] (T+3.3Tc)
7Tc

= L(ξ) (2.23)

where, L(ξ) = 1 + 1.8/[1 + e(1.3−ξ)/0.2] and ξ = J/A5/6. The CTFM prediction

of GDR width as a function of temperature has been shown in Fig 2.5.
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Figure 2.5: The GDR width as a function of temperature according to TSFM (Black
dashed line), CTFM (Blue continuous line) and PDM (Green dot-dashed line) calcu-
lation. The red dotted line represent the TSFM calculation with shell effect.

2.3.3 Phonon Damping Model (PDM) : A microscopic

calculation

From the microscopic point of view, the GDR built on ground states can be

considered as a single or a group of several collective phonons of energy wq

close to the energy of the resonance (EGDR) [Wil56]. The collective phonon is

a coherent superposition of particle-hole excitations. The width of the reso-

nance mainly consists of Landau damping width (ΓL), escape width (Γ↑) and
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spreading width (Γ↓) [Har01]. The Landau width is due to the coupling of

collective 1p-1h to non-collective 1p-1h excitations. The escape width is due

to direct particle or γ-emission. The spreading width arises due to the cou-

pling of collective 1p-1h to non-collective 2p-2h and more complicated np-nh

configurations. The main contribution to the total GDR width comes from the

spreading width. Ngyuen Dinh Dang and Akito Arima [Dan98] has done a sim-
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Figure 2.6: The GDR line shapes at different temperatures calculated from Phonon
Damping Model.

ple extension of the above microscopic description of ground state GDR width

to non-zero temperature (T 6= 0 MeV) and this extension is known as Phonon

Damping Model (PDM). Within the PDM, the GDR vibration is damped by the

coupling of GDR phonon to non-collective particle-hole (ph), particle-particle

(pp) and hole-hole (hh) configurations. The coupling to the various ph config-

urations leads to the quantal width which exists even at T = 0 MeV, whereas

the thermal width arises owing to the coupling to pp and hh configurations,

which appear at T > 0 because of the distortion of the Fermi surface. The
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quantal width decreases, whereas the thermal width increases with increase in

temperature. The details of the PDM calculation is discussed in Ref [Dan98].

The effect of super fluid thermal pairing is also included at low temperatures

(T < 1 MeV), since, in finite systems such as atomic nuclei, thermal pairing

does not collapse at the critical temperature Tcp = 0.57∆ (T = 0 MeV) of the

superfluidnormal phase transition in infinite systems, but decreases monotoni-

cally as T increases. The role of superfluid pairing effect on the GDR within the

finite-temperature random phase approximation has been discussed in detail in

Refs [Dan12a, Dan12b]. The PDM calculation of GDR line shape at the tem-

perature region of T = 0.8−1.5 MeV for 97Tc is shown in Fig 2.6. The evolution

of GDR width as a function of T for 97Tc nuclei according to TSFM, CTFM

and PDM has been shown in Fig 2.5.

2.4 Bremsstrahlung corrections

In the first chapter, it has already been discussed that the high energy γ-ray

spectrum contain mainly three regions. The region of Eγ ≥ 25 MeV has a large

amount of non-statistical contribution due to nucleon-nucleon, nucleon-nucleus

bremsstrahlung processes. The study of bremsstrahlung radiation is itself an

interesting topic, but due to the poor statistics it was not possible to perform

the detail analysis in this work. The presence of the bremsstrahlung component

in the measured high energy γ-ray spectrum, poses a problem in matching the

experimental data with the CASCADE prediction. The bremsstrahlung calcu-

lation is not included in the CASCADE calculation. However, it is important

to include the bremsstrahlung contributions in the analysis to make it more

precise.

The non statistical contributions to the experimental γ spectra arising due

to bremsstrahlung emission is generally parametrized using the relation σbrem =
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k1/[k2+ exp(Eγ/E0)], where k1 & k2 are constant and E0 is the slope parame-

ter [Kel99]. The slope parameter E0 can be obtained by measuring the angular

distribution of γ-rays. The γ-ray angular distribution is assumed to have the

form σ(θ) = A0(Eγ)[1+a1(Eγ)P1(cos(θ))+a2(Eγ)P2(cos(θ))] as the emission of

γ-rays is dominated by electric dipole radiation [Kel99]. The separation of the

statistical GDR contribution and of the non-statistical bremsstrahlung back-

ground is possible due to the fact that the two components differ in the a1(Eγ)

coefficient. The a1(Eγ) coefficient should be zero for statistical emission, how-

ever, it is non zero for higher gamma energies due to bremsstrahlung emission.

In our earlier work [Sup12a], the values of a1(Eγ) coefficients were obtained

from the high energy γ-ray spectra measured at 55◦, 90◦ and 125◦. The slope

parameter (E0) of the bremsstrahlung shape was extracted by simultaneously

fitting both the high energy γ-ray spectra measured at 90◦ and the extracted

a1(Eγ) coefficient using the method described in Refs [Trz01, Hab97]. It was

shown that the extracted values of the slope parameters were consistent with

the systematics E0 = 1.1[(ELab - Vc)/Ap]
0.72 [Nif90], where ELab, Vc and Ap are

the beam energy, Coulomb barrier and the projectile mass, respectively.

In the present work, the slope parameter was taken from the systematics.

Next, the bremsstrahlung contribution was normalized to the experimentally

measured spectra at Eγ ≥ 25 MeV and finally added with the calculated γ-ray

spectra after folding with the detector response function.
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Chapter 3

Detectors and simulation studies
The high energy γ-ray from the decay of giant dipole resonance (GDR) is an

important tool to study the nuclear properties. A detector system is an integral

part of the high energy γ-ray measurement and hence, the key to unfold nuclear

properties. On the other hand, the detector simulation is another important

part which provides the detector response function needed to fold the theoretical

spectrum before comparing with the experimental data. Along with that, the

simulation also helps in extracting the efficiency of the neutron detector and the

conversion of experimental fold distribution to angular momentum distribution.

In this chapter, the detail of the detector systems (BaF2 scintillator and liquid

organic scintillator) used in this thesis work as well as their simulation studies

(for the detector response function) are discussed.

3.1 γ-ray detectors

The high energy γ-rays (> 8 MeV) mainly interact via pair production and

produce an electromagnetic shower in the entire volume of the detector. In

order to confine this shower, a large interaction volume with high γ-detection

efficiency is required. Apart from that, during in-beam experiments, neutrons

are the major source of background in the high energy γ-ray spectra. Thus, it

is important to have a detector with a very good n-γ discrimination capability.

Mostly, this discrimination is done by time-of-flight technique, where a detector
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with a very good time resolution is essential. The detectors having better time

resolution can also be placed very close to the target, and thereby subtending a

large solid angle which is important for low cross-section measurements. Good

gain stability is also a major requirement for a good detector. Thus, to measure

the high energy γ-rays, one should choose those detectors which have large

interaction volume, high γ-detection efficiency, very good time resolution and

high gain stability.

At present, there are different types of γ-ray detectors such as High Purity

Germanium (HpGe) detector, inorganic scintillators [NaI(Tl), BaF2, LaBr3] etc.

The HpGe detector has very good energy resolution (0.3% at 662 keV). However,

the high resolution Ge crystals have very small γ-detection efficiency due to

small size and low effective atomic number, and very poor timing response.

Therefore, the HpGe detectors are not suitable for measuring the high energy

γ-rays. Moreover, the GDR itself has small decay probability in the decay of

compound nuclei and thus, the efficiency factor rather than the energy resolution

has been the main concern to measure the GDR γ-rays.

Inorganic scintillators [NaI(Tl), BaF2, LaBr3] are commonly used in the

detection of the high energy photons because of their high atomic number and

high density. BaF2 has been one of the most popular scintillator used in high

energy γ-ray spectroscopy due to its transparency and ability of being one of

the fastest scintillators to detect the high energy γ-rays and other high energy

particles. It has large γ-detection efficiency due to its high effective atomic

number. Besides, it is highly dense (4.89 gm/cm3) that makes the detector

highly efficient for γ-detection. The other two important properties, that help

BaF2 to become one of the most suitable high energy γ-ray detector, are the

smaller radiation length (2.05 cm) and the Moliere radius (3.39 cm) for effective

confinement of the longitudinal and transverse spread of the electromagnetic
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shower generated due to γ-ray interaction with the detector material. The

scintillation light output of BaF2 crystal mainly consists of two components: a

fast component (decay time τ1 = 0.6 ns) peaking at shorter wavelength λ1 = 220

nm and a slow component (decay time τ2 = 630 ns) peaking at longer wavelength

λ2 = 320 nm with intensities 20% and 80%, respectively. The fast and slow

components give the time and energy informations of the absorbed photons,

respectively. In addition to that, the ratio of their relative intensities depends

on the ionizing power of the absorbed particle which allows identification of the

incident radiations by pulse shape discrimination technique. The total number

of scintillation photons emitted from a BaF2 crystal is about 9000 per MeV of

absorbed photon energy (∼ 2000 for fast and 6500 for slow component). As the

slow component of the BaF2 light output is dependent on temperature, the gain

variation of BaF2 is a significant factor, which can be controlled by continuous

monitoring and controlling the room temperature of the experimental hall. The

scintillation properties of BaF2 are displayed in Table 3.1.

NaI(Tl) scintillators are also used to detect the high energy γ-rays. The total

number of scintillation photons emitted from NaI(Tl) is around 40000, greater

than that of BaF2 crystal. Though the energy resolution of NaI(Tl) is better

than the BaF2 scintillators, they are comparable in γ-detection efficiency. But,

the BaF2 scintillators have good timing response than the NaI(Tl) due to the

presence of very fast scintillation decay component (600 ps). Therefore, BaF2

scintillator is superior to the NaI(Tl) in all applications where a fast timing

is required. Other advantages of using BaF2 scintillator are that it is non-

hygroscopic, has lower thermal neutron capture probability and lower radiation

damage. The merits and de-merits of BaF2 scintillator compared to NaI(Tl)

scintillator are displayed in Table 3.2.

On the other hand, LaBr3 is a relatively new inorganic crystal that has been
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gaining popularity for the study of γ-ray spectroscopy due to its excellent timing

resolution (∼ 200 ps, depending on the detector size) and energy resolution (∼

2.8% at 662 keV for 1 inch scintillator). It has large γ-detection efficiency due

to the high atomic number and high density (5.1 gm/cm3). The total number of

scintillation photons produced for 1 MeV incident photon is ∼ 60000, which is

greater than that of NaI(Tl) and BaF2 scintillator. The disadvantage of LaBr3

scintillator is its high light output which affects the linearity and gain stability

of the detector. Moreover, the LaBr3 crystal is very hygroscopic in nature.

Table 3.1: BaF2 scintillator properties

Scintillation outputs
A fast component λ1=220 nm and
a slow component at λ2=320 nm

decay time constants τ1 = 0.6 ns & τ2 = 630 ns

Relative intensities 20% for λ1 & 80% for λ2

Number of photons
emitted per MeV of
absorbed radiation

Approximately 2000 for λ1 and
6500 for λ2 (factor of 4-5 smaller
than NaI(TI))

Transmission range 150 nm to 11.5µm
Refractive index 1.5 at 300 nm

Density 4.89 gm/cm2

Radiation Length 2.05 cm

Molliere radius 3.39 cm

At the Variable Energy Cyclotron Centre, Kolkata, India, two major detector

systems, a Large Area Modular BaF2 Detector Array (LAMBDA) spectrometer

[Sup07] and a γ-multiplicity filter [Dee10a] have been developed using BaF2

scintillators. The former detects the high energy γ-rays from the decay of GDR

built on highly excited states while the latter detects the low energy discrete γ-

rays for measuring the angular momentum populated in the compound nucleus.
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Table 3.2: Merits and de-merits of BaF2 scintillators (adopted from [Sup12b])

Merits

• Sub-nano second order timing.

• Non-hygroscopic.

• Atomic weight of Barium = 56, high effi-
ciency for gamma detection.

• Low thermal neutron capture probability.

• Good chemical and mechanical stability.

• Low radiation damage.

De-merits

• Light outputs are in ultra violet region (re-
quires expensive quartz window PMT).

• Poorer energy resolution (factor of 2 worse
than NaI(Tl)).

• Intensity of slow component (λ2) is temper-
ature dependent.

• Presence of intrinsic alpha activity due to ra-
dium impurities, which are always present in
the BaF2 crystals.

3.1.1 The LAMBDA spectrometer

The LAMBDA spectrometer [Sup07] consists of 162 large BaF2 crystals each

of them having a length of 35 cm and cross-sectional area of 3.5×3.5cm2. The

detectors have been developed indigenously from bare crystals. First, each

crystal was cleaned thoroughly using dehydrated ethyl alcohol. Each crystal

was then wrapped with 8 - 10 layers of 10 µm thick white Teflon cloth since it is

a very good UV reflector. Another advantage of using Teflon is that it acts as a

diffused reflector, producing detector outputs nearly independent of scintillation

center position inside the crystal volume, minimizing the non-uniformity in case
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of detectors having larger lengths. The crystal with Teflon layer was further

wrapped by aluminium foil of thickness 10 µm (3 - 4 layers) to enhance the

light collection and to block the surrounding lights from outside entering into

the detector. As the scintillation light output is produced in the UV region, the

optical coupling between crystal and Photo Multiplier Tube (PMT) must have

a good transparency for UV light. Hence, a fast UV sensitive photo multiplier

tubes (PMT) (29 mm dia, Philips XP 2978) with a fused silica window was

coupled with the crystal using a highly viscous UV transmitting optical grease

(Basylone, η - 300000 stokes). The optical coupling was done very carefully

to avoid any formation of air bubble in the grease over the crystal surface,

because the air bubble present unwanted reflecting surface amounting to a loss

of scintillation light. After coupling, the complete system was covered with

black tape for light tightness. Finally, the total assembly (crystal + PMT)

was covered with a heat shrinkable PVC tube for mechanical stability. The

LAMBDA spectrometer arranged in the form of three 7 × 7 matrix form has

been displayed in Fig 3.1. One 7×7 array of the spectrometer placed at a

distance of 50 cm from the target at an angle of 900 with the beam axes covered

a solid angle 1.8% of 4π. It needs to be mentioned that the spectrometer is

highly granular which greatly reduces the possibility of γ-γ and γ-n pile up

events. It has large γ-ray detection efficiency with a very good time resolution

(960 ps for each BaF2 detector in the LAMBDA array). The modularity of

this spectrometer is such that it can be arranged in two 9 × 9, three 7 × 7 or

six 5 × 5 matrix configurations and placed at different angles with respect to

the beam axis which is important for GDR angular distribution studies. The

pulse shape and the uniformity of the detectors were studied using a 137Cs γ-

ray source and an oscilloscope (Tektronix model TDS724D, 500 MHz). The

fast to slow component ratio, defined as the maximum pulse amplitude divided
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Figure 3.1: The LAMBDA spectrometer arranged in three 7 × 7 matrix configura-
tions.

by the amplitude of the signal measured at 20 ns from the peak position, was

found to lie between 10 and 12 for all the crystals. The uniformity of the

detectors were checked by moving a 137Cs source along the length of the crystals

and the corresponding peak positions were monitored. The non-uniformity was

less than 5%. The α-activities present inside the crystals due to the Radium

impurities were checked using pulse shape discrimination technique and the

measured values were less than 0.3 counts/sec/cm3 which lie below 4 MeV and

does not affect the high energy γ-ray measurement. The details of high energy

γ-ray measurements have been discussed in Chapter−4.

3.1.2 Multiplicity filter

In the fusion evaporation reaction, the compound nucleus is populated at a well-

defined excitation energy but with a broad angular momentum distribution.

The populated compound nucleus loses most of the excitation energy through

particle and GDR γ-ray emissions above the particle threshold. The remainder

of the excitation energy and most of the angular momentum are removed by
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the statistical E1 γ-ray and low energy yrast stretched E2 γ-ray emissions,

respectively. The angular momentum loss due to particle emission and GDR γ-

rays emission is negligibly small. Therefore, the angular momentum information

is generally extracted by measuring the low energy yrast γ-rays. Since, the main

purpose of this thesis is to study the GDR property which depends on both the

excitation energy and angular momentum populated, it is very important to

separate two effects in order to understand their individual contributions. One

of the ways to decouple this two effects is by making measurements of the high

energy γ-rays in coincidence with the multiplicity of the low energy yrast γ-rays.

Therefore, a 50 element γ-multiplicity filter has been developed at the Variable

Energy Cyclotron Centre, Kolkata, India to detect that low energy yrast γ-rays

for the study of angular momentum gated GDR phenomena [Dee10a].

The γ-multiplicity filter [Dee10a] consists of 50 BaF2 crystals each having

length of 5 cm and cross-sectional area of 3.5 × 3.5 cm2 as shown in Fig 3.2.

This detector system acts as an ancillary system to the LAMBDA array and

also serves as a time start trigger for the time of flight measurement. The energy

resolution of each detector element is ∼ 7.2% at 1.17 MeV and time resolution

is ∼ 450 ps [Dee10a]. The filter is split into two blocks of 25 detectors each,

in a staggered castle type geometry. The staggered geometry equalizes the

solid angle subtended by each multiplicity detector element at the centre of the

target. The geometric efficiency of the filter is ∼ 56% if placed at 5 cm from

the target position in staggered castle type geometry.

The γ-multiplicity filter records the total number of detectors fired (desig-

nated as fold, F) in each event in coincidence with the high energy γ-rays. The

fold distributions have been converted into the angular momentum distribu-

tion using a realistic technique [Dee10a] based on the Monte Carlo GEANT4

simulation which has been discussed in section 3.3.2.

55



Chapter 3. Detectors and simulation studies

 

Figure 3.2: The γ-multiplicity filter, split into two blocks of each 25 detectors ar-
ranged in 5 × 5 matrix configurations.

3.2 Neutron detector: Liquid organic scintilla-

tor (BC501A)

The nuclear level density parameter (NLD) is an important ingredient in the

statistical model calculation as well as in extracting the temperature of the

compound nucleus. In general, the temperature and NLD parameter can be

estimated by measuring the evaporated neutron energy spectrum. The liquid

organic scintillator is widely used for neutron measurement in a mixed field of

neutrons and γ-rays due to its good timing property, high light output and

high neutron detection efficiency. A liquid organic scintillator (BC501A) based

neutron time-of-flight (TOF) detector array [Ban07] has been developed at the

Variable Energy Cyclotron Centre, Kolkata, India for the spectroscopic study of

energetic neutrons emitted in the accelerator induced nuclear reactions. A part

of the neutron TOF detector array is shown in Fig 3.3. A single neutron detector

(5 inch in diameter and 5 inch in length) has been used in this work to detect

the evaporated neutrons for estimating the nuclear level density parameter and
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hence the compound nuclear temperature.

The detector cells are cylindrical in shape and made up of 3 mm thick

stainless steel. The internal walls of the cells are white painted for efficient light

collection and filled with xylene based liquid scintillator (BC501A) after passing

dry nitrogen gas to remove any Oxygen present in the liquid. Scintillator cells

sealed with 6 mm thick Pyrex glass are coupled with 12.7 cm PMT (Model

: 9832B, Electron tube Ltd). The detectors have very good intrinsic time

resolution and pulse shape discrimination. The intrinsic time resolution of the

detectors are ∼ 1.2 ns, which can easily discriminate the low energy neutrons

from γ-rays by TOF technique. High energy neutrons are generally separated by

n-γ pulse shape discrimination. Finally, the neutron can be well distinguished by

using both the techniques, TOF and pulse shape discrimination. The efficiency

of the detectors are also reasonable (∼ 50% at 5 MeV for 5 inch × 5 inch

detector placed at 150 cm from the target position). The detail information

about the design, fabrication and development of the detectors are discussed in

References [Ban07, Ban09].

Figure 3.3: Liquid organic scintillator (BC501A) based neutron time-of-flight detec-
tor array.
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3.3 GEANT4 simulation of the detector sys-

tems

GEANT4 [Ago03] is a toolkit developed by engineers and scientists at CERN

and other institutions worldwide, to simulate the response of various types of

particles and radiation (having huge energy range from the eV to TeV) through

different medium. The toolkit is based on different software and object oriented

programme in C++. The toolkit has a hierarchical structure of domains or

classes that are linked together when the program is compiled with a GNU

makefile. Several domains or classes that are necessary to construct a physics

case are given by:

• The geometry and material of the detector used−G4DetectorConstruction

class.

• Particle interaction within the detector medium or other material−G4PhysicsList

class.

• Particle generation, throwing the particles, particles direction and mo-

mentum, the hit pattern etc − G4PrimaryGeneratorAction class.

• Tracking of the particle i.e how many steps the particle are moving −

G4SteppingAction or G4TrackingAction class

• Event and track management i.e event by event information−G4EventAction

class

• Visualization and user interface framework.

• Histogram plotting − DataRecordTree class.

Individual particles are randomly generated by a particle generator and tracked

through the detector volume. The energy depositions are recorded step-by-
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step and finally added for each event. The event-by-event information are then

plotted by histogramming in ROOT software. It should be remembered that

in PhysicsList class, all the required physics processes (ionization, scattering,

multiple scattering etc for charged particle, all the electromagnetic processes for

γ-rays and elastic, inelastic, fusion model, capture model etc for neutron) have

to be included. The details of the GEANT4 toolkit is discussed in Reference

[Ago03]. In this thesis work, GEANT4 simulation has been performed to study

the response function of the detectors used in the present work.

Figure 3.4: Detector geometry of the LAMBDA spectrometer arranged in 7 × 7
matrix configuration using GEANT4 simulation code. The γ-rays are thrown isotrop-
ically to the front face of the spectrometer.

3.3.1 Simulation of the LAMBDA array and its response
function

Simulation of the LAMBDA array is very important to extract the informa-

tion (GDR parameters) properly from the measured high energy γ-ray spectra.
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The GDR parameters are generally extracted by comparing the experimental

data with the statistical model calculations. When comparing the experimental

data and theoretical calculation, it is necessary to either unfold the experimen-

tal data or fold the theoretical calculation. Unfolding the data is suitable for

a single high energy γ-ray with high statistics [Suk95]. In the present work,

the γ-ray yield considers a range variation of 106 − 1 from the energy range

4−30 MeV. Hence, it is very difficult to unfold the continuous γ-ray yield from

the GDR decay because of poor statistics at higher energy (>20 MeV). There-

fore, the theoretical calculations were directly folded with the detector response

function for a realistic comparison with the experimental data. The detector

response function of the LAMBDA array was obtained using the Monte Carlo

code GEANT4 [Ago03]. The code allows us to specify the exact geometry of the
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Figure 3.5: The GEANT4 simulated line shapes at Eγ = 5, 10, 15, 20, 25 and 30
MeV for the LAMBDA array arranged in 7 × 7 matrix configuration.

experimental set-up. The BaF2 wrapping material (Teflon, Aluminium, PVC),
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target chamber, air gap were all included in the simulation to make the calcula-

tion more realistic. The response of the PMT is not included in the simulation

code. In the geometrical set-up, the array was arranged in 7 × 7 matrix config-

uration and placed at 50 cm from the centre of the target chamber as per the

experimental set-up. A lead sheet of 3 mm (which was used to cut down the x-

rays during experiment) has been placed in front of the LAMBDA array to keep

the same experimental configuration. The geometrical set-up using GEANT4

simulation is shown in Fig 3.4. The energy resolution of each detector and

electronic threshold were also considered properly. The γ-rays were randomly

generated by a particle generator (G4ParticleGun) and thrown isotropically on

the front face of the array and then tracked through the array. As the high

energy γ-ray incident on a single BaF2 in the LAMBDA array, has the proba-

bility to escape to the neighbouring detector, the event must be reconstructed

to get the full energy information of that particular event. For event reconstruc-

tion, different methods have been tested and event-by-event nearest neighbour

summing or cluster summing technique has been found to be most suitable in

this configuration. The details of the cluster summing technique has been dis-

cussed later in the next Chapter (Section−4.5). The incident γ rays have the

energies ranging from 0.1 to 40 MeV with 0.1 MeV steps. The hit pattern of

the incident particles were also recorded. One million events were triggered for

each energy steps and the corresponding line shapes (with energy bin 0.1 MeV)

were recorded. The corresponding line shapes for Eγ = 5, 10, 15, 20, 25 and 30

MeV have been shown in Fig 3.5. Thus, the line shape of LAMBDA array has

been calculated for the γ-rays from 0.1 to 40 MeV. So there are a total of 400

line shapes and each line shape forms subsequent rows of the response matrix.

Finally, we get detector response function in a 400 × 400 matrix form. The

calculated γ-spectra are required to be multiplied each time by this response
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matrix to compare with the experimental γ-ray spectra.

3.3.2 Simulation of Multiplicity filter and conversion of
experimental fold distribution to angular momen-

tum distribution

The angular momentum distribution of populated compound nucleus is required

for the proper estimation of nuclear temperature and also used as an input in

the statistical model calculations. The knowledge of populated angular mo-

mentum in the compound nucleus is also important to perform the theoretical

Thermal Shape Fluctuation Model, Critical Temperature Fluctuation Model,

Phonon Damping Model calculations properly. Different approaches can be ap-

plied to extract the angular momentum distribution from the experimental fold

distribution. In this work, an approach (which has been used in our earlier

work [Dee10a]) based on GEANT4 simulation has been taken. In the experi-

ment, the multiplicity folds (the number of detectors fired) were obtained by

measuring the low energy discrete γ-rays in an event by event mode using the

γ-multiplicity filter. The final experimental fold spectrum was generated during

off-line analysis by gating with the high energy γ-rays to remove the non-fusion

events which generally appear for the lowest folds and then compared with the

simulated fold distribution. In the simulation, the exact experimental condi-

tions (detector geometry, detector threshold, trigger condition, etc) were taken

into account. In the geometrical set-up, two blocks of 25 detectors arranged

in 5 × 5 matrix (in staggard castle type geometry) were kept on the top and

bottom of the target chamber, similar to the experiment, at distance of 5 cm

from the target position. The geometrical set-up using GEANT4 simulation

is shown in Fig 3.6. The low energy γ-rays were generated using a random

number generator according to the incident multiplicity distribution P(Mγ) of
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Figure 3.6: Detector geometry of the γ-multiplicity filter using GEANT4 simulation
code. The γ-rays are thrown using the Landau distribution.

triangular shape and is given by:

P (Mγ) =
2Mγ + 1

1 + exp[(Mγ −M0)/δM ]
(3.1)

where, M0 is the maximum of this distribution and δM is the diffuseness. The

energy distribution of the incident multiplicity was considered as a Gaussian

with a peak at 0.35 MeV and width 0.65 MeV. The randomly generated low

energy γ-rays were thrown isotropically from the target position. The fold corre-

sponding to randomly generated multiplicity was recorded for each event. One

million such events were triggered to record the final simulated fold spectrum.

The angular momentum distribution for the reaction 4He + 93Nb was obtained

from the statistical model code CASCADE. This CASCADE calculated angu-

lar momentum distribution was converted to multiplicity distribution using the

formula J = 2M + C, where C is a free parameter which takes into account the

angular momentum loss due to particle evaporation and emission of statistical
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Figure 3.7: (a) Experimental fold distributions (filled circles) along with GEANT4
simulation (continuous line). (b) Angular momentum distribution for different folds
(F). The continuous, dotted and dashed lines represent the angular distributions for
F=2, 3 and 4+, respectively. The symbols with dash-dotted line represent the total
incident distribution (F≥2).

γ-rays. The parameters M0 and δM of the incident multiplicity distribution was

obtained from the J-distribution by varying the free parameter C until the best

fit between experimental fold distribution and simulated fold distribution was

achieved. The best fitted simulated fold distribution (continuous line) along

with the experimental fold distribution (filled circles) is shown in Fig 3.7 at

Elab = 42 MeV. Next, the different fold gated multiplicity distributions were

generated. Finally, these fold gated multiplicity distributions were converted to

the angular momentum distributions (using the relation J = 2M + C) which

were used as inputs in the statistical model code CASCADE. The incident to-

tal angular momentum distribution (dot-dashed) and the angular momentum

distributions corresponding to different folds (continuous line) are shown in Fig

3.7.
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Figure 3.8: Detector geometry of the liquid organic scintillator (BC501A) based
neutron detector using GEANT4 simulation code.

3.3.3 Simulation of BC501A neutron detector and its ef-

ficiency

For proper understanding of the neutron measurement, it is important to know

the response function of the detector. The experimental neutron energy spectra

must be normalized by the detector response (efficiency) before comparing with

the theoretical calculation to determine the nuclear level density parameter.

In this work, the intrinsic efficiency of the neutron detector has been measured

using a spontaneous fission source 252Cf and compared with the GEANT4 simu-

lation [Dey13]. In the simulation, the exact geometry of the experimental set-up

(as shown in Fig 3.8) was taken into account. A liquid organic scintillator cylin-

drical in shape (5 inch in diameter and 5 inch in length) was placed at 150 cm

from the centre of the target chamber. The detector threshold, TOF energy

resolution, time resolution etc were properly considered. The TOF energy res-
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Figure 3.9: Energy dependent intrinsic neutron detection efficiency for neutron de-
tector. The symbols represent the experimental data using 252Cf source and the
continuous line represent GEANT4 simulation.

olution of the neutrons has been incorporated in the simulation by considering

a Gaussian energy distribution (∆E) which is given as [Goh12]

(
∆E

E

)2

=

(
2
∆T

T

)2

+

(
2
∆L

L

)2

(3.2)

where ∆T is the time resolution of the detector, T is neutron flight time, L is

neutron flight path, ∆L is the flight path spread due to the detector size. The

photo multiplier tube was not included in the simulation. Individual neutrons

were generated by particle generator (G4ParticleGun) and tracked through the

volume. Neutron interacts with the detector volume and produces charged par-

ticles and the scattered neutrons are tracked until they deposit all their energy

in the defined detector volume or go out of the “World” volume. In the physics

process the neutron induced interactions, such as radiative capture, elastic scat-

tering, fission and inelastic scattering have been included. The G4NDL3.14,

neutron cross-section library, has been used in GEANT4 simulation study for
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neutron interaction. For γ-ray interaction, all the electromagnetic processes

were included.

A conical beam of one million particles (neutron) in the energy range of 0.5

to 10 MeV are thrown into the front face of the detector keeping the same ex-

perimental configurations. The other essential aspects such as physics process,

detector threshold, TOF energy resolution, time resolution, length uncertainty

etc have been properly included. The intrinsic detection efficiency has been cal-

culated by taking the ratio of the number of neutrons detected to the incident

neutrons, properly normalized by solid angle. The simulated energy dependent

detection efficiency along with the experimental data of 252Cf are shown in Fig

3.9. As can be seen from the Fig 3.9, the efficiency increases first up to 2

MeV and then decreases monotonically after 4 MeV. Hence, the neutron detec-

tion efficiency is very important before comparing the experimental data with

theoretical calculation in order to estimate properly the nuclear level density

parameter.
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Experimental Details and data
analysis

The experiment was performed at the Variable Energy Cyclotron Centre, Kolkata,

India using alpha beam from the K-130 cyclotron. A self-supporting foil of 93Nb

(99.9% pure) with thickness of ∼1 mg/cm2 was used as the target. Four differ-

ent beam energies of 28, 35, 42 and 50 MeV were used to form the compound

nucleus (CN) 97Tc at initial excitation energies of 29.3, 36, 43 and 50.4 MeV,

respectively. In this chapter, the details of the experiment, detector set-up and

electronic set-up, data analysis and extraction of GDR parameters are discussed.

4.1 Detector set-up

The experimental set-up consists of three major detection systems which are

given below :

• The LAMBDA spectrometer for measuring the high energy (>4 MeV)

γ-rays coming from the decay of the GDR built on highly excited states

[Sup07].

• The γ-multiplicity filter for measuring the low energy discrete yrast γ-rays

to extract the angular momentum populated in the compound nucleus

[Dee10a].
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• A liquid organic scintillator (BC501A) based neutron detector for mea-

suring the evaporated neutrons from the compound nucleus to determine

the nuclear level density parameter as well as the temperature of the com-

pound nucleus [Ban07].

A part of the LAMBDA spectrometer consisting of 49 BaF2 detectors, was

arranged in a 7 × 7 matrix configuration for high energy γ-ray measurement.

The spectrometer was placed at a distance of 50 cm from the target (covering

1.8% of 4π) at an angle of 900 with respect to the beam direction. Lead sheets

of 3 mm thickness were kept in front and at the sides of the array to reject low

energy γ-rays and X-rays. The γ-multiplicity filter was split into two blocks of

25 detectors each, in a staggered castle type geometry to equalize the solid angles

for each multiplicity detector element, and placed at a distance of 5 cm above

and below the centre of the scattering chamber. The solid angle covered by the

multiplicity filter was ∼55% of 4π. The geometric efficiency of the multiplicity

set-up was 56% as calculated using GEANT4 simulation. All the detectors of

the LAMBDA array and of the multiplicity filter array were gain matched so

that a common threshold can be applied to all the detector modules. The liquid

organic scintillator (BC501A) based neutron detector was placed at an angle of

1250 with respect to the beam axis to avoid the pre-equilibrium neutrons and at

a distance of 150 cm from the target. To keep the background (γ and neutrons

originating from the beam dump) of the detectors at a minimum level, the beam

dump was kept at a 3 m away from the target and well shielded with layers of

lead bricks and borated paraffin blocks. Necessary arrangement was also taken

to maintain the constant temperature of the total detector systems as the slow

component of BaF2 is highly temperature sensitive. The temperature inside the

experimental hall was kept at 18 ± 10C. The typical experimental set-up has

been shown in Fig 4.1.
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Figure 4.1: Schematic diagram of experimental set-up for GDR studies.

4.2 Electronic set-up

A dedicated CAMAC based front-end electronic setup was used to register the

energy and time information from each detector element in an event by event

mode. A dedicated VME based data acquisition (DAQ) system running under

LINUX environment developed at VECC, was used to collect the data. All

the electronic modules, detectors, bias supplies and the data acquisition (DAQ)

system were kept inside the experimental hall and were controlled from outside

through Ethernet. Fast, 32 channels VME charge to digital converter (QDC,

70



Chapter 4. Experimental Details and data analysis

Model: CAEN V792) and time to digital converter (TDC, Model: CAEN V775)

were used for collecting energy and time informations. These modules have a

conversion time of 5.6 µs for all its 32 channels and have a 12 bit resolution.

The QDC can handle a maximum input charge of 400 pC while the TDC has

a dynamic range of 140 ns to 1200 ns. The TDC and QDCs were operated

in zero suppression mode. The data acquisition system can handle data up

to 4 k/s. The diagram of the complete electronic set-up for the LAMBDA

spectrometer along with the γ-multiplicity filter array has been shown in Fig

4.2. It should be mentioned that each of the 49 BaF2 detectors in the LAMBDA

spectrometer and 50 BaF2 detectors in the γ-multiplicity filter were individually

handled electronic wise. The details about the electronics of the LAMBDA

spectrometer, multiplicity filter and liquid scintillator are discussed below.

4.2.1 Electronics for measuring the angular momentum
gated high energy γ-ray spectra

The individual detector outputs (total 49 outputs) from the LAMBDA spec-

trometer were first amplified using a fixed gain (× 10) fast wide band amplifier

(CAEN N412). The amplified signals were split into two parts for the subse-

quent linear and logic paths

Each of the amplified signals (total 49 signals) in the linear path was de-

layed (by 100 ns) and divided into two parts with an amplitude ratio of 1:10,

namely the attenuated and the unattenuated signal. This was done using a

delay-splitter-cum-attenuation box designed in-house with analog IC chips. The

attenuated and unattenuated signals were fed into four QDCs which integrate

the charge contained in the signals and digitized it to give energy information.

The integration on attenuated signal is called long integration whereas that on

unattenuated signal it is termed as short integration. The duration of the long
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and short integration gates were kept at 2 µs and 50 ns, respectively. The am-

plitude ratio was chosen in such a way so that approximately equal amounts

of charge were integrated under both long and short gates forming a γ-band

making 450 slope in 2-dimensional long vs short gate spectrum (Pulse Shape

Discrimination spectrum). It should be mentioned that the impedance adapter

(CAEN A992) was connected in the input of QDCs box to match the input and

output impedance and to block any DC offset present in the signal.

Each of the amplified signals (total 49 signals) in the logic path were further

divided into two parts: one part was sent to Constant Fraction Discriminator

(CFD) unit for timing measurement and other part was sent to Leading Edge

Discriminator (LED) for generating a gate to integrate the charge contained in

the linear signal. A high threshold (> 4 MeV) was applied in LED to select

only the high energy γ-events. The LED output in coincidence with the multi-

plicity event (discussed in next paragraph) was used to generate an integration

gate for energy measurement. The individual CFD outputs (with uniformly

low threshold of 300 keV) were delayed and used as individual STOP signals

in the TDC for generation of the individual time spectrum for each elements of

the LAMBDA array. The TDC unit was run in common START mode. The

individual detector outputs (total 50 outputs) from the multiplicity filter (TOP

MULT and BOTT MULT as shown in Fig 4.2) were fed into four CAMAC

based CFD unit (CAEN 808). Each of the CFDs has two parallel outputs, an

OR and a SUM output. The SUM outputs from the CFDs were summed in a

Linear-Fan-in module. The output of the Linear-Fan-in module was fed into a

QDC and integrated for a gate duration of 50 ns to generate the experimen-

tal fold distribution on event-by-event basis. The logic OR signals from each

of four CFDs were sent to two logic FAN-IN FAN-OUT units, one for TOP

multiplicity filter and another for BOTTOM multiplicity filter. These two logic
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Figure 4.2: Schematic diagram of electronics set-up for LAMBDA array and multi-
plicity filter.

FAN-IN FAN-OUT units serve as a logical SUM to the OR-ed outputs from the

discriminator. The fanned out signals from both the TOP and BOTTOM mul-

tiplicity filter and the signals from LEDs were sent to a coincidence unit (AND1)

to generate the master trigger which was used to generate the QDC gate. It

should be mentioned that all the detector elements in the LAMBDA array and

the γ-multiplicity filter array were properly matched in time individually using

delays and cables of equal lengths.

A level-1 trigger(A) was generated from the multiplicity filter array when

at least one detector each from the top and bottom blocks fired in coincidence

above a threshold of 250 keV. Another trigger (B) was generated when the

signal in any of the detector elements of the LAMBDA spectrometer crossed

a high threshold of 4 MeV. A coincidence of these two triggers (A and B)

generated the master trigger ensuring the selection of high energy γ-events and
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rejection of backgrounds. This master trigger was used to generate the QDC

integration gate for energy information. For timing measurement, the START

trigger was taken from the master trigger and the STOP trigger was taken from

the individual CFD delayed outputs of the LAMBDA array. For each of the

detector elements of the LAMBDA array, the long gate and short gate integrated

energies and time were recorded for each triggered event.

Figure 4.3: Schematic diagram of electronics set-up for BC501A neutron detector.

4.2.2 Electronics for neutron energy measurement

The liquid organic scintillator (BC501A) based neutron detector was used to

measure the evaporated neutron energy spectrum by time-of-flight (TOF) tech-

nique. The PMT (Photo Multiplier Tube) output of the liquid organic scin-

tillator was first amplified using a fixed gain fast amplifier and then sent to a

CFD unit. The trigger generated from the multiplicity filter in coincidence with

CFD output from BC501A was used as the common START trigger whereas
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the STOP trigger was taken from the delayed CFD output for the neutron TOF

measurement. The time difference between START and STOP trigger separates

the neutrons from γ-rays, and ultimately gives the energy information of the

neutrons. In the TOF technique, the low energy neutron can easily be separated

Figure 4.4: The pulse shape discrimination and time-of-flight spectrum of liquid
scintillator.

from the γ-rays, but there is a high possibility of high energy neutrons mixing

with the γ-rays. High energy neutrons can then only be separated by pulse

shape discrimination (PSD) technique using 2-dimensional long vs short gate

spectrum. The long and short integration were performed same as explained in

the section of LAMBDA electronics. Finally, the neutron events were well sep-

arated from the γ-events using both the TOF and PSD techniques. The TOF

and PSD spectrum has been shown in Fig 4.4. A clean neutron TOF spectrum

can be obtained using a proper gate on the neutron events. Along with the TOF

and PSD spectrum, the pulse height spectrum has also been measured to apply

energy thresholds in off-line analysis. The data have been collected in event

by event mode including the experimental fold (F) distribution with conditions

(F≥2). The electronic set-up for liquid scintillator for neutron measurement is
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shown in Fig 4.3.

4.3 Detectors calibration

All the BaF2 detectors in the LAMBDA array were calibrated for energy in-

formation using the laboratory standard γ-ray sources and minimum ionizing

cosmic muons. The low energy calibration points were obtained from the sources

22Na(0.511 MeV, 1.274 MeV),241Am-9Be(4.43 MeV) whereas the high energy

calibration point was obtained from the minimum ionizing cosmic muons (23.1

MeV). The typical γ-ray energy spectra for 22Na and 241Am-9Be are shown in

Fig 4.5. Due to the high granularity of the array, the γ-ray (4.43 MeV) from

241Am-9Be source do not deposit its full energy in the detector and is mostly

dominated by the first escape peak. During off-line analysis, the prominent full

energy peak is obtained by putting a condition (no-leak condition) that only

one detector has fired in that event. The spectrum for both leak and no-leak

condition are shown in Fig 4.5. Minimum ionizing cosmic muons deposit 6.6
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Figure 4.5: LAMBDA detector calibration using laboratory standard sources 22Na
and 241Am-9Be. The cosmic muons are used for high energy (23.1 MeV) calibration
point.
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MeV/cm in BaF2 crystal. While passing through a single detector (3.5 cm) ver-

tically in the array, they deposit a minimum of 23.1 MeV energy in the detector

element. In order to get the high energy calibration point (23.1 MeV), the cos-

mic muons spectrum is generated in off-line analysis by selecting those events

in which all the seven detectors in a vertical column have fired. Utilizing this

fact, the whole array (arranged in 7 × 7 matrix form) can be calibrated within

a very short time. The cosmic muons spectrum is fitted by a Landau function

(as shown in Fig 4.5) to get the corresponding channel number for 23.1 MeV.

It is observed that (as shown in Fig 4.6) that the energy response of each BaF2

detector in the LAMBDA array is linear at least up to 23.1 MeV. The array

was calibrated frequently to keep the same gain of all the detector elements in

the LAMBDA spectrometer.

Figure 4.6: A typical energy calibration curve obtained from a single BaF2 detector
using low energy lab standard sources 22Na (0.511 MeV, 1.274 MeV) and 241Am-9Be
(4.43 MeV). The high energy (23.1 MeV) calibration point was taken by measuring
the cosmic muons.

77



Chapter 4. Experimental Details and data analysis

4.4 Data reduction technique

Several backgrounds are present in the high energy γ-ray spectra. Those are

neutron events, pile-up events, cosmic events, etc. It is therefore essential to

reject those backgrounds from the high energy γ-ray spectra. A detailed off-line

analysis has been performed under the framework of CERN ROOT [Bru86] to

extract the meaningful spectra from the list mode data employing different cuts

and rejections. The rejection of these backgrounds are discussed as follows.
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Figure 4.7: The experimental time-of-flight spectrum obtained from a single BaF2

detector of the LAMBDA array. The selection of prompt γ-band is shown with the
filled region.

4.4.1 Rejection of neutron backgrounds

The evaporated neutrons from the compound nucleus are the major source of

contamination in the high energy γ-spectra. Slower neutrons (E < 10 MeV)

mainly interact in the BaF2 material through (n,γ) or (n,n′γ) reactions and

deposit their energy in the detector as photons, whereas fast neutrons (> 10

MeV) interact in the BaF2 material through (n,p) or (n,n′p) reactions and

deposit their energy by proton ionization in the detector volume. Therefore,
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due to different interaction mechanisms of slow and fast neutrons, it is very

difficult to separate the slow neutron by PSD technique only. These slower

neutrons were effectively discriminated using TOF technique by the selection of

prompt γ-window in the TOF spectrum (as shown in Fig 4.7).
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Figure 4.8: A two dimensional pulse shape discrimination spectrum. The selection
of the γ-band is shown with continuous line.

4.4.2 Rejection of pile-up events

Pile-up events mainly occur when along with a valid high energy γ-event in a

single detector element, another photon or neutron enters the same detector

element while the integration gates are open. These pile-up events are purely

random in nature. The pile-up events were rejected by PSD method. In PSD

method, a 2-dimensional long vs short gate spectrum was taken. The γ − γ or

γ-n hits in the same element in the same event during the integration will result

in different ratio of long vs short integrated charge and appear away from the
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true γ-band as shown in Fig 4.8. Therefore, a suitable selection of true γ-band,

which rejects the pile-up events, is very important. Due to the large granularity

of the spectrometer, the probability of pile-up events are very small, but it is

required to select a proper gate on the γ-band in 2-dimensional long vs short

gate spectrum to extract a clean data.

Figure 4.9: The effect of different cuts and rejections on the raw high energy γ-ray
spectrum. The red opened circles are the raw high energy γ-ray spectrum, black filled
circles are PSD gated high energy γ-ray spectrum and blue filled circles are PSD and
time gated high energy γ-ray spectrum.

4.4.3 Cosmic event rejection

The deposited energy by the cosmic muons in the detector volume can easily

be rejected by looking at the hit pattern in the array. The cosmic muons,

being minimum ionizing radiation, produce a linear track in the LAMBDA

array whereas the high energy γ-ray produce a cluster. The hit pattern of

cosmic muons coming from the top and sides of the spectrometer is completely

different from that of the high energy γ-ray. Typical cosmic muon tracks in
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the spectrometer are shown in Fig 4.10 whereas the hit patterns for high energy

γ-rays are shown in Fig 4.11. When a cosmic muon is passing vertically through

the array, it deposits a large amount of energy (23.1 MeV) in a single detector

of the array. For diagonal and oblique incidence, the energy deposit may be still

larger. While reconstructing the pure events using cluster summing technique,

these cosmic events contribute to a very high energy (> 40 MeV) much above

the region of interest and therefore rejected. During off-line analysis, these

muons are effectively rejected due to their unique hit patterns in the array.

Moreover, the triggered data acquisition system was kept in such a way that

the probability of detection of the cosmic events in coincidence with a high

energy γ-events is very small.

4.5 Measurement of high energy γ-rays using

cluster summing technique

The high energy γ-spectra were generated in an event-by-event mode during

off-line analysis. When a high energy γ-ray is incident on a single detector

element in the array, it may deposit its complete energy to the detector or

may scatter to its neighbouring detector element. Therefore, to collect the full

information of a single event, it is important to confine the scattered events

within the array. Two methods can be applied to reconstruct a single event:

one is the total summing of the array and another one is nearest neighbour

summing (cluster summing). In the first case, all the unwanted events i.e pile-

up (γ-γ, n-γ), cosmic events etc can not be separated from the actual event.

Therefore, instead of taking the total summing, the cluster summing technique

has been used to reconstruct the events for collecting clean γ-spectra. In the

cluster summing technique, first, the detector with highest energy deposit above

a high energy threshold (> 4 MeV) within the array was checked and identified
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Figure 4.10: The typical cosmic muon tracks in LAMBDA spectrometer arranged in
7×7 matrix. The direction of the muon tracks are shown by the arrows along with
the actual energy deposits in the detector elements. .

as primary detector. The high energy γ-ray can hit the outer most detector

in the array and it may go outside the detector without depositing full energy.

Therefore, the primary detector was checked that whether it was surrounded by

all of its nearest neighbours (8 detectors) or not. The events corresponding to

primary detector surrounded by all its nearest neighbour detectors, were only

selected as valid events, whereas the events for outer most primary detector

were rejected. In this way, the valid cluster (3 × 3) was selected in a single

event. All the nearest neighbour 8 detectors were kept at a minimum threshold

(150 − 200 keV) as much as possible. Before summing all the nine detector
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Figure 4.11: The cluster summing technique of the LAMBDA spectrometer arranged
in a 7×7 matrix. The cluster is shown as a shaded rectangle (3×3, Yellow color) while
the central detector of cluster is marked with pink color.

(primary + 8 nearest neighbour) elements of the cluster together, the energy

deposits in each element were required to satisfy different conditions applied

using necessary cuts viz., the two dimensional PSD cut and the prompt time

cut as shown in Fig 4.8. The effect of different gates/cuts on high energy γ-ray

spectra have been shown in Fig 4.9. Once the cluster summing (Eclus) is done

for a particular event, it is then corrected for Doppler shift using the relation

Ecorr = Eclus/(1 - βcosθ), where Ecorr is the Doppler corrected energy, θ is

the angular position of the centre of the cluster with respect to the beam axis

and β is the compound nuclear velocity (in unit of c, c is velocity of light).
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Figure 4.12: The high energy γ-ray spectra (filled circles) along with the statisti-
cal model CASCADE calculation (continuous line) for the system 4He + 93Nb at
four incident energies Elab = 28, 35, 42 and 50 MeV. Dashed line represents the
bremsstrahlung contribution whereas dotted line represents the CASCADE calcula-
tion without bremsstrahlung component.

The maximum value of β in this experiment was ∼ 0.0067 and the angular

position of the outer most cluster in the array was 78.80. At Eclus = 15 MeV,

the maximum Doppler correction was ∼ 20 keV which is negligibly small. The

contributions from the target holder due to the presence of beam halo, if any,

were subtracted using a blank frame run. Any contributions from the chance

coincidence events within the prompt γ-window in the TOF spectrum were

also subtracted. Finally, the Doppler corrected high energy γ-ray spectra were

generated for each beam energy by gating on different coincidence folds (F)
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Figure 4.13: The high energy γ-ray spectra (filled circles) along with the statistical
model CASCADE calculation (continuous line) for the system 4He + 93Nb at four
incident energies Elab = 28, 35, 42 and 50 MeV.

of low energy γ-multiplicities in the γ-multiplicity filter. The high energy γ-

ray spectra along with the different theoretical components are shown in Fig

4.12. All the angular momentum gated high energy γ-spectra for four incident

energies are shown in Fig 4.13.

4.6 Extraction of angular momentum

The knowledge of angular momentum distribution of the compound nucleus is

essential to extract the GDR parameters. The angular momentum distribution

is required as an input in the CASCADE code for calculating the rotational
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energy to properly estimate the compound nucleus temperature. The angular

momentum distributions were measured from the multiplicity distribution of

the low energy discrete γ-rays. The detailed procedure to measure the angular

momentum distribution has been discussed in the previous Chapter (Section

3.3.2). The angular momentum distributions for different projectile energy along

with the multiplicity fold distributions are shown in Fig 4.14. The value of

angular momentum for different fold at different projectile energies are displayed

in Table 4.1.
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Figure 4.14: Simulated angular momentum distributions for the system 4He + 93Nb
at four incident energies Elab = 28, 35, 42 and 50 MeV.

4.7 Measurement of evaporated neutron energy

spectrum

The evaporated neutron energy spectra were measured using a liquid organic

scintillator (BC501A) by TOF technique. The experimental set-up for neutron
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measurement is shown in Fig 4.1. For the TOF measurement, the START

signal was taken from the multiplicity filter, whereas the STOP signal was

from the liquid organic scintillator. The TOF spectrum along with the PSD

spectrum of liquid organic scintillator are shown in Fig 4.4. The PSD gated TOF

spectrum was converted to energy spectrum using the prompt γ-peak as a time

reference. The neutron energy spectra were then corrected by incorporating the

energy dependent neutron detection efficiency. The procedure of extraction the

energy dependent neutron detection efficiency have been discussed in details

in References [Ban07, Dey13]. The efficiency corrected neutron energy spectra

2 4 6 8

101

102

103

104

2 4 6 8

101

102

103

104

Y
ie

ld
 /

 0
.5

 M
e

V F=3

F=2

F>4

F=3

F=2

F>4F=3

F=2

F>4

F=2

F=3

F>4

Energy (MeV)

Elab = 28 MeV Elab = 35 MeV

Elab = 42 MeV Elab = 50 MeV

Figure 4.15: The neutron energy spectra (filled triangles) measured using liquid
organic scintillator (BC501A) based neutron detector along with the statistical model
CASCADE calculation (continuous line) for the system 4He + 93Nb at four incident
energies Elab = 28, 35, 42 and 50 MeV for different fold values.

were further transformed to centre of mass frame from laboratory frame. The

theoretical neutron energy spectra were calculated using the statistical model
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code CASCADE [Puh77]. In the CASCADE code, the Ignatyuk level density

prescription [Ign75] was used. The theoretical neutron energy spectra were

then fitted with the experimental neutron energy spectra using χ2-minimization

technique in the energy range of 3−7 MeV to determine the nuclear level density

parameter. The final neutron energy spectra along with the corresponding

CASCADE calculations (continuous line) for different folds are shown in Fig

4.15. The extracted level density parameters for different folds and excitation

energies are displayed in the Table 4.1.

4.7.1 Calculation of compound nucleus temperature

The proper estimation of compound nucleus temperature is required for a realis-

tic comparison between the theoretical predictions and the experimental results.

The nuclear temperature is related to the excitation energy (E) via the definition

of nuclear level density ρ(E). The entropy can be defined as S(E) = ln[ρ(E)].

The relation between nuclear temperature T and entropy S is

1

T
=
dS

dE
=

d

dE
ln[ρ(E)] (4.1)

The nuclear level density is related to the available excitation energy U as

ρ(U) ∝ exp[2
√
aU ] (4.2)

Now using the form of NLD from Eqn.(4.2), the nuclear temperature can ex-

pressed as

T =

√
U

a
(4.3)

where a is the NLD parameter and U =E∗−EGDR−Erot−∆ is the available ex-

citation energy in the compound nucleus. The GDR energy (EGDR), rotational

energy (Erot) and pairing energy (∆) are not thermal in nature and hence, they
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are subtracted from the initial excitation energy (E∗) to properly estimate the

nuclear temperature for GDR experiments. At high excitation energy, the com-

pound nucleus decays through a large number of intermediate steps, and hence

the mass (A), charge (Z), excitation energy (E∗), angular momentum (J) and

temperature (T) of the compound nucleus should be averaged over all the decay

steps. While estimating the average temperature, a lower limit in the excita-

tion energy (E∗) during the CN decay process was employed in the statistical

model calculation in accordance with the prescription described in References

[Wie06, Sri08a]. This lower limit in E∗ is selected when the cut off in the exci-

tation energy only affects the low energy part of the high energy γ-ray spectra,

without affecting the region of our interest Eγ = 10−25 MeV. The average val-

ues of mass, atomic number, excitation energy and angular momentum were

calculated within the above mentioned E∗ limit. The average temperature was

calculated using the relation

T =

√
E∗ −∆− Erot − EGDR

a(E∗)
(4.4)

where Erot=h̄
2J(J+1)/I is the energy bound in the rotation at the J and EGDR

is the GDR centroid energy. a(E∗) is the energy dependent NLD parameter

computed at E∗. E
∗
is the average excitation energy, weighted over the decay

chain of the compound nucleus for GDR γ-ray emission in the region Eγ=10−25

MeV, can be represented as E
∗
=

∑
E∗
iwi/

∑
wi, where E∗

i is the excitation

energy of ith nuclei in the decay steps and wi is the yield in the region Eγ =

10−20 MeV.

It should be pointed out that the exact knowledge of NLD parameter a(E∗) is

not only the crucial for statistical model calculation but also vital for the precise

estimation of nuclear temperature. In the present work, this parameter has been

experimentally extracted from the simultaneous measurement of evaporated
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neutron energy spectra.

4.7.2 The effect of nuclear level density formalism on the

high energy γ-ray spectra

To understand the properties of the GDR parameters in order to infer the

nuclear structure, the characterization of the high energy γ-rays and its com-

parison with the predictions of theoretical statistical model related to CN decay

is absolutely necessary. However, the success of any statistical model depends

on the knowledge of the nuclear level density. This is the central source of error

in extracting the GDR parameters. An ideal nuclear level density formalism

should describe the level density correctly starting from lower to higher E∗ and

at different J values. It should also incorporate shell effects at lower E∗ smoothly

connecting to the liquid drop behavior of the nucleus at higher E∗ and it must

describe the high-energy γ-ray spectra faithfully. The Puhlhofer’s statistical

model code CASCADE [Puh77], that incorporates Dilg formalism for nuclear

level densities [Dil73], induces large uncertainty in the explanation of high en-

ergy γ-rays due to non-inclusion of the proper treatment of the shell corrections

and its washing out at higher excitation energies along with the effect of nu-

clear deformation. At present, only a few level density formalisms exist which

incorporate the proper inclusion of shell effects and its extrapolation at higher

excitation energies. The formalism predicted by Ignatyuk, Smirenkin and Tishin

[Ign75] is highly popular due to its easy to use lucid mathematical formulae and

inclusion of shell effects. Besides, two other nuclear level density formalisms

given by Kataria, Rammurthy and Kapoor [kat78] and Budtz-Jorgensen and

Knitter (BJK) [Bud88] exist that are easy to use and also include shell effects

in different ways. While in the BJK level density formalism, mass-dependent

level density parameters were extracted from the neutron evaporation measure-

ments in the spontaneous fission of 252Cf, the Kataria formalism proposes the
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ground state shell correction as a perturbation term along with the shell in-

dependent level density. To understand the role of nuclear level density on
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Figure 4.16: Panels (a) to (d): The experimental linearized plots for the reaction
4He + 93Nb at projectile energies 28, 35, 42 and 50 MeV along with CASCADE
predictions utilizing KRK (open circles with red dashed line) and IST (filled circles
blue continuous line) level density formalisms. Panels (e) to (h): Same as above but
utilizing BJK (open circles with green dotted-dashed line) and IST (filled circles with
blue continuous line) level density formalisms.

the high energy γ-ray spectra, the experimental high-energy γ-ray spectra for

97Tc at excitation energies E∗ = 29.3, 36.0, 43.0, and 50.4 MeV were compared

with CASCADE predictions utilizing Ignatyuk [Ign75], Kataria [kat78] and BJK
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[Bud88] formalisms in this work (as shown in Fig 4.16). Though Ignatyuk pre-

scription successfully predicted the data keeping the extracted best fit EGDR at

15.6 MeV as per existing GDR systematics, Kataria prescription could only pre-

dict all the data for EGDR = 17.0−17.5 MeV, much higher than the established

GDR energy systematics. On the contrary, BJK also successfully predicted the

data for EGDR = 15.0−16.8 MeV.

For some definite conclusion, all the three prescriptions were tested not only

on the GDR data of 97Tc but also on that of 113Sb, 201Tl and 63Cu nuclei

[Sri14]. After a thorough investigation starting from the regime of lower to

higher masses, lower to higher excitation energies and with defferent average

angular momenta along with lower to higher values of shell corrections, it was

found that Ignatyuk prescription represent the data best in all possible condi-

tions. The problem with the Kataria prescription is that, it can only predict

correctly the high energy γ-ray spectra if EGDR is taken much larger than the

systematics. BJK can only predict a data if the level density parameter for the

corresponding nucleus exists in its compilation [Bud88]. Again, the level density

parameter under BJK is excitation energy independent which introduces errors

in it. More over, BJK can successfully predict the data if and only if EGDR is

taken lower than the value from systematics. In this investigation, for all the

three prescriptions in a particular nucleus at a certain value of E∗ and J, the

GDR width remains constant but EGDR changes. The details of this work has

been discussed in Reference [Sri14].

The extracted value of EGDR, in all the cases, is closer to the existing sys-

tematics of GDR under Ignatyuk prescriptions in comparison to the other two

prescriptions. The extraction of correct values of EGDR is highly important in

case of GDR studies as it introduces systematic error in the estimation of CN

temperature. Hence, Ignatyuk prescription [Ign75] of nuclear level density has
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been used in this thesis work.
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Figure 4.17: Linearized plots of the measured γ-spectra (filled circles) and the best
fitted CASCADE calculations (continuous lines) for different folds (F) at incident
energies of 28, 35, 42 and 50 MeV.

4.8 Extraction of GDR parameters

In order to extract the GDR parameters (EGDR, ΓGDR, SGDR), the high energy

γ-ray spectra were finally compared with the modified version of the statistical

model code CASCADE along with the non-statistical bremsstrahlung compo-
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nent. The high energy γ-ray spectra along with the CASCADE calculation

is shown in Fig 4.13. The bremsstrahlung emission was parametrized by the

exponential function (e−Eγ/E0). E0 parameter was adopted from the systemat-

ics E0 = 1.1[(ELab - Vc)/Ap]
0.72 [Nif90], where ELab, Vc and Ap are the beam

energy, Coulomb barrier and the projectile mass, respectively. The systematic

was verified earlier for alpha beams at similar energies by measuring the angular

distribution of γ-rays arising from the non-statistical component [Sup12a]. The

CASCADE calculation as well as the bremsstrahlung component were folded

with the detector response function. The response function of the LAMBDA

spectrometer was generated using GEANT4 simulation. The CASCADE cal-

culation as well as the bremsstrahlung component are shown in Fig. 4.12 along

with the experimental data at 28, 35, 42 and 50 MeV incident energies.

In the statistical model calculation, as 97Tc is nearly spherical nucleus, a

single Lorentzian GDR strength function was assumed, having centroid energy

(EGDR ) and width (ΓGDR) as parameters. The other parameters (radius r0,

inverse level density parameter k, deformation parameters δ1, δ2 etc) were kept

fixed as used for describing the neutron evaporation spectra. The moment of

inertia of the CN was taken as I = I0(1 + δ1 J2 + δ2 J4), where I0 is the

moment of inertia of the spherical nucleus. The parameters r0 , δ1 and δ2

were kept at their default values of 1.2 fm, 0.9 × 10−5 and 2.0 × 10−8, respec-

tively. The level density prescription of Ignatyuk [Ign75] was taken with the

asymptotic level density parameters as extracted from the corresponding neu-

tron evaporation spectra. The extracted spin distributions deduced from the

experimental fold distributions were used as an inputs for different folds for both

neutron and high energy γ-ray analyses. The GDR widths were obtained from

the best fit statistical model calculations using a χ2 minimization technique (in

the energy range of 10−20 MeV of the high energy γ-ray spectra). In order to
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Table 4.1: Average temperatures and average angular momenta along with level
density parameters, GDR widths, centroid energies and bremsstrahlung parameters
at different beam energies.

Elab E∗ J T ã GDR Width EGDR E0

MeV MeV h̄ MeV MeV−1 MeV MeV MeV
28 29.3 13±6 0.80+0.07

−0.10 A/(8.0±0.4) 5.5±0.5 15.2±0.1 2.4
13±4 1.12+0.07

−0.09 A/(9.7±0.5) 6.0±0.5 15.5±0.1 3.4
35 36.0 15±5 1.03+0.08

−0.10 A/(9.5±0.3) 5.7±0.6 15.5±0.1 3.4
18±5 0.97+0.10

−0.15 A/(8.2±0.4) 5.6±0.6 15.4±0.1 3.4
14±5 1.32+0.07

−0.10 A/(9.0±0.4) 6.5±0.5 15.3±0.1 4.2
42 43.0 16±5 1.23+0.07

−0.10 A/(8.1±0.4) 6.1±0.4 15.3±0.1 4.2
19±6 1.16+0.11

−0.15 A/(7.8±0.5) 5.9±0.5 15.3±0.1 4.2
14±5 1.51+0.09

−0.09 A/(9.2±0.5) 7.5±0.6 16.4±0.1 4.8
50 50.4 16±5 1.41+0.07

−0.10 A/(8.5±0.4) 6.9±0.5 16.6±0.1 4.8
20±5 1.29+0.09

−0.12 A/(8.2±0.4) 6.2±0.5 16.3±0.1 4.8

highlight the GDR region, the linearized GDR plots were obtained using the

quantity F(Eγ)Y
exp(Eγ)/Y

cal(Eγ), where Yexp(Eγ) and Ycal(Eγ) are the exper-

imental and best fitted CASCADE spectra, respectively, corresponding to the

single Lorentzian function F(Eγ). The linearized GDR plots for different energy

and different folds are shown in Fig 4.17. The extracted GDR parameters, T

and J are given in Table 4.1. The error estimation of temperature includes the

uncertainty in the level density parameter, the effect of varying GDR centroid

energy and the width of the selected angular momentum distribution. It needs

to be mentioned that nuclear deformation was not included in the statistical

calculation. Hence, the extraction of the apparent GDR widths have been re-

ported and compared them with the different theoretical models, which also

provide the apparent width of the GDR.

In the present work, ten new data points have been obtained in the low

temperature range 0.8 − 1.5 MeV for 97Tc. This is the first systematic experi-

mental measurement of angular momentum gated GDR width in the unexplored
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temperature region (T < 1.5 MeV) for 97Tc. To understand the exact nature

of damping mechanism of the collective oscillation inside the nuclear matter,

the new experimental data points have been compared with different theoreti-

cal calculations (macroscopic TSFM, CTFM and microscopic PDM calculation)

and are discussed in the next Chapter.
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Chapter 5

Results and discussion
The interpretation of the experimental results for the system 4He + 93Nb at

Elab = 28, 35, 42 and 50 MeV has been discussed in this chapter. In this

thesis work, ten new data points of GDR width have been obtained at very

low temperatures (0.8 − 1.5 MeV) for 97Tc [Dey14]. This is the first system-

atic experimental measurement of angular momentum gated GDR width in the

unexplored temperature region (T < 1.5 MeV) for 97Tc.

5.1 Evolution of GDR width at low tempera-

ture

A number of theoretical approaches have been proposed to demonstrate the

behavior of GDR width as a function of temperature and angular momentum.

Those are the macroscopic Thermal Shape Fluctuation Model (TSFM) [Alh88],

microscopic Phonon Damping Model (PDM) [Dan98], Kusnezov parametriza-

tion on TSFM (pTSFM) [Kus98] etc. Very recently, a new parametrization on

TSFM by including GDR induced intrinsic shape fluctuation has also been pro-

posed and named as Critical Temperature Fluctuation Model (CTFM) [Dee12a].

The experimentally measured GDR widths in this work have been compared

with all of the above theoretical models to investigate the damping mecha-

nism of the giant dipole collective oscillations inside the nucleus. It should be

mentioned that, in the present study, the angular momentum of the compound
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nucleus was kept below the critical angular momentum (Jc=0.6A5/6) to see only

the effect of temperature on the GDR width.

5.1.1 GDR width as a function of temperature with macro-

scopic TSFM calculation

According to TSFM calculation [Alh88], the GDR strength function is calcu-

lated by averaging the line shapes corresponding to the different possible nuclear

shapes as discussed in section 2.3.1. The averaging over the distribution of nu-

clear shapes is weighted with a Boltzmann factor e−F (β,γ)/T , where F (β,γ) is the

free energy and T is the nuclear temperature. The calculations were performed
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Figure 5.1: Experimental GDR width (symbols) as a function of temperature along
with the TSFM calculation. Dashed line without shell effect and dotted line with
shell effect.

with (dotted) and without (dashed) considering the shell effect (Fig 5.1). The

details of this calculation has been discussed in the Chapter 2 (section 2.3.1).

The TSFM calculations also showed that the effect of angular momentum on

the GDR width below 30 h̄ is small and essentially remains unchanged below

20 h̄. The compound nuclear particle evaporation widths (Γev) have been in-
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corporated in the TSFM calculation to take into consideration the effect of

evaporation of particles and the corresponding energy loss before the GDR γ-

emission in the CN decay chain. In this low temperature region, the particle

decay width is rather small (∼ 0.2 MeV at T = 2 MeV) and its inclusion within

the TSFM hardly improves the prediction. The predictions of TSFM at J = 0

and J = 30 h̄ are shown in Fig 5.1 and compared with the experimental data.

5.1.2 GDR width as a function of temperature with new
CTFM calculation

The CTFM [Dee12a] emphasize on an essential point that the intrinsic GDR

vibration itself produces a quadrupole moment causing the nuclear shape to

fluctuate even at T = 0 MeV. Therefore, when the giant dipole vibration with its

own intrinsic fluctuations in shape is used as a probe to view the thermal shape

fluctuations, it is unlikely to probe the thermal fluctuations that are smaller

than its own intrinsic fluctuation. Thus, the competition of βGDR (the average
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Figure 5.2: Experimental GDR width (symbols) as a function of temperature along
with the CTFM calculation (continuous line).

deformation due to intrinsic fluctuation) and ∆β (variance in deformation due
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to thermal shape fluctuation) should give rise to a critical temperature (Tc)

and the experimental GDR width should remain constant at the ground state

value below Tc. The detailed calculation of this new model has been discussed

in Chapter 3 (section 2.3.2).

In order to compare the experimental data with CTFM, the ground state

GDR width for 97Tc was calculated using the ground state deformation (β =

0.134) and spreading width parametrization Γs = 0.05E1.6
GDR [Jun08] for each

Lorentzian. The ground state value was estimated to be 5.5 MeV which is

consistent with the experimentally measured value in this mass region. The

behavior of the GDR width within the CTFM was calculated as a function of

T for J = 10 and 20 h̄ corresponding the extreme angular momenta involved

in the measurement. The Γev was not included in the CTFM calculations as

the model was put forward by fitting the experimental data. The prediction of

CTFM at J=10 h̄ and J=20 h̄ along with the experimental data are shown in

the Fig 5.2.

5.1.3 GDR width as a function of temperature with mi-
croscopic PDM calculation

The experimental data were also compared with the results of microscopic PDM

calculations [Dan98, Dan12a, Dan12b]. The PDM calculates the GDR width

and the strength function directly in the laboratory frame without any need for

an explicit inclusion of thermal fluctuation of nuclear shapes. Within the PDM,

the GDR damping mechanism is caused by coupling of the GDR to non collec-

tive particle-hole (ph) and particle-particle (pp) [hole-hole (hh)] configurations.

The coupling to various ph configurations leads to the quantal width (exists

even at T = 0), whereas the thermal width arises owing to the coupling to pp

and hh configurations which appear at T > 0 because of the distortion of the

100

5-Dhar
Text Box
2



Chapter 5. Results and discussion

Temperature (MeV)
0.0 0.5 1.0 1.5 2.0 2.5

G
D

R
 w

id
th

 (
M

e
V

)

4

6

8

10

PDM

Figure 5.3: Experimental GDR width (symbols) as a function of temperature along
with the microscopic PDM calculation (dot-dashed line).

Fermi surface. The model emphasizes the inclusion of thermal pairing, since,

in finite systems such as in atomic nuclei, thermal pairing does not collapse at

the critical temperature Tcp = 0.57∆(T = 0) of the superfluid-normal phase

transition in infinite systems, but decreases monotonically as T increases. The

prediction of the PDM at J = 0 h̄ along with the experimental data is shown in

Fig. 5.3. The calculations were performed at J = 0 h̄ by using the single-particle

energies obtained within the deformed Woods-Saxon potential with the defor-

mation parameter β = 0.134, and including exact canonical-ensemble thermal

pairing gaps for neutrons and protons [Dan12b].

5.2 Determination of nuclear deformation via

GDR width at finite temperature for 97Tc

The average deformation (<β>) for this case was also extracted using the uni-

versal correlation between the experimental GDR width and the average defor-

mation of the nucleus at finite T , and was compared with the TSFM [Dey14].

101



Chapter 5. Results and discussion

The correlation has been proposed recently by including the deformation in-

duced by the GDR motion [Dee13]. As can be observed from Fig 5.4, the

empirical deformations extracted from the experimental data match very well

Temperature (MeV)
0.0 0.5 1.0 1.5 2.0 2.5

<β
>

0.1

0.2

0.3

0.4

0.5

<J> = 20 h

<J> = 10 h

Figure 5.4: The average deformation measured from GDR width for 97Tc nucleus as
a function of temperature with TSFM calculation (dashed line).

with the TSFM calculation above Tc. The good description of the CTFM as

well as the validity of the universal correlation indicate that GDR induced de-

formations could play a decisive role in suppressing the GDR width at low T .

5.3 Discussion on the experimental results

The experimentally measured GDR widths in the present study for 97Tc along

with the different theoretical calculations are shown in Fig 5.5. The filled circles

represent the experimental data measured in this work, the dotted line repre-

sents the TSFM calculation with shell effect whereas the dashed line without

shell effect, the continuous line represents the CTFM calculation and dashed-

dotted line represents the microscopic PDM calculation. The experimental data

show that the GDR width remains constant up to a certain temperature and
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increases thereafter. As can be seen, the adiabatic TSFM differs significantly

from the experimental data in the entire region (T < 1.5 MeV). It was earlier

conjectured that the microscopic shell effect may be the responsible for this sup-

pression at low temperature. But, even after incorporating the shell correction,

the situation does not improve (as shown in Fig 5.5) [Dee12a]. As expected for

97Tc, the effect of shell correction on the GDR width is quite small and leads to

similar results as obtained considering the liquid drop model (as shown in Fig

5.1). This interesting result clearly suggests that the suppression of the GDR

width at these low T is a general feature for all nuclei and cannot be explained

including only the shell effects.
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Figure 5.5: Experimentally measured GDR width (symbols) as a function of tem-
perature with different theoretical predictions. The dotted line represents the TSFM
calculation with shell effect whereas dashed line without shell effect, the continuous
line represents CTFM calculation and dashed-dotted line represents the microscopic
PDM calculation for 97Tc.

On the other hand, the microscopic PDM model better explains the trend of

the experimental data at the low temperature region (T < 1.5 MeV). It has been

shown that the thermal pairing effect plays an important role in the evolution

of GDR width at this low temperature. However, in the PDM calculation, the
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deformed ground state GDR width was taken as 5.0 MeV which is close to the

ground state value (5.5 MeV). Moreover, the PDM calculation does not have

any angular momentum dependence explicitly.

Interestingly, the CTFM represents the data remarkably well. This excellent

match between experimental data and CTFM clearly suggests that the exper-

imental GDR widths are not suppressed, rather TSFM over predicts the GDR

width at low temperature as it does not take into account the intrinsic GDR

fluctuation induced by GDR vibrations. Moreover, the systematic trend of the

data also shows that the critical temperature for the increase of GDR width lies

between 1 and 1.2 MeV as predicted by the CTFM (Tc = 0.7 + 37.5/A). The

average deformation of this nucleus was also calculated by considering the GDR

induced intrinsic fluctuation and it is well explained by the TSFM calculation.

It is intriguing to find that the microscopic PDM and macroscopic phe-

nomenological CTFM gives the nearly same results though the origin of these

two models are different, where as, the TSFM completely fails to explain the

experimental data at low temperatures. These interesting results indicate that

the effect of GDR induced deformation could be one of the ways in explaining

macroscopically the behavior of GDR width at low T. However, this effect is

not explicitly needed in microscopic PDM, rather thermal pairing should be

included to have adequate description of the damping of GDR width in open

shell nuclei at low T. It would also be interesting to compare the data with

TSFM by including the effect of thermal pairing, but is beyond the scope of

this present work. Nevertheless, the present experimental study does provide a

stringent testing ground of the theoretical models as a function of T. It provides

a completely new set of data for the variation of GDR widths for 97Tc nuclei at

low temperatures (0.8 − 1.5 MeV).
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Chapter 6

Neutron response of LAMBDA
spectrometer

6.1 Introduction

The LAMBDA spectrometer (consisting of 162 large BaF2 crystals) has been

developed for the measurement of high-energy γ-rays [Sup07], and is discussed

in details in Chapter 3. Neutrons are the major source of backgrounds in the

high energy γ-ray experiments. Until now, the LAMBDA spectrometer has been

employed efficiently to reject the neutron backgrounds from the high-energy γ-

ray spectrum by the time-of-flight (TOF) technique [Sup07, Dee12a, Sup12a,

Dee10b]. However, instead of rejecting the neutrons, the neutron TOF spectra

as recorded by the LAMBDA spectrometer can be utilized to extract the nuclear

level density (NLD) parameter which is an important ingredient for the statisti-

cal model calculation as well as for a proper estimation of nuclear temperature.

The most widely used detectors for neutron measurement are liquid hydrocar-

bon based scintillators such as NE213 [Nak01], BC501A [Ban07], BC521, BC525

[Ban09], etc. because of their good timing, pulse shape discrimination (PSD)

properties and efficient energy transfer in the hydrogenous material. However, a

BaF2 scintillator can also be efficiently employed for neutron detection because

of its excellent timing property (a fast decay component of 0.6 ns) and high den-

sity (4.88 g/cc). In this chapter, the LAMBDA spectrometer has been tested
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for neutron spectroscopy and discussed whether it can be used as a neutron

detector or not.

Neutrons having energies E < 10 MeV predominantly interact via (n, γ)

and (n, n′γ) reactions with the BaF2 material, whereas for E > 10 MeV, the in-

teraction occurs via different complicated reactions producing charged hadrons

[Lan97]. The use of a neutron detector usually requires the knowledge of its

intrinsic neutron detection efficiency which depends upon many factors, such

as, neutron energy, electronic threshold, dimensions of the crystal, interaction

mechanism, etc. [Ban09]. Earlier, many authors have investigated the neutron

response of the BaF2 scintillators of various dimensions and over several energy

ranges. The efficiency for neutron energies up to 22 MeV was measured by

Matulewicz et al. [Mat89], while Kubota et al. [Kub89] measured the efficiency

between 15 MeV and 45 MeV by introducing a PSD cut on the neutron events.

The response to fast neutrons in the energy ranges 15-150 MeV and 45−198

MeV was studied by R. A. Kryager et al. [Kry94] and Gunzert-Marx et al.

[Gun05], respectively. The investigation was extended to relativistic neutrons

with energies up to 1300 MeV by V. Wagner et al. [Wag97]. For neutrons in

the energy range of 0.5 to 10 MeV, C. Bourgeois et al. [Bou85] and Lanzano

et al. [Lan97] measured the efficiency of 14 cm and 5 cm thick BaF2 crystals,

respectively.

In this work, the neutron response of the existing LAMBDA spectrometer

has been presented and compared with that of a standard liquid scintillator

based neutron detector (BC501A). It has been shown that the neutron energy

spectrum measured by the LAMBDA spectrometer in an in-beam experiment

can be efficiently used to extract the NLD parameter. The average interaction

length of neutrons in the BaF2 scintillator have also been measured, for the

first time, to precisely determine the neutron TOF energy resolution which
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was uncertain in other measurements. Finally, a detailed GEANT4 simulation

has been carried out to understand and to explain the neutron response of the

LAMBDA spectrometer.

6.2 Experimental Details

6.2.1 Efficiency measurement

The intrinsic neutron detection efficiency of the LAMBDA spectrometer has

been measured using a 252Cf spontaneous fission source (62 µCi). 252Cf de-

cays via α particle emission (96.91%) and spontaneous fission (3.09%) with a

half-life of 2.65 years and the energy spectrum of the emitted neutrons is well

documented [Knol]. Generally, the fission events are measured using fragment

detectors such as surface-barrier detectors [Tho87], PPAC and MWPC [Bre02].

Since a large number of γ-rays are also emitted from the excited fission frag-

ments, a fast-timing γ-ray detector (e.g. BaF2) can also be effectively used to

select the fission events [Dee10c] as well as to obtain the start trigger for neutron

TOF measurement.

Four large BaF2 detectors (each having dimension of 3.5×3.5×35 cm3, a

small part of the LAMBDA spectrometer), arranged in 2×2 matrix, were kept

at a distance of 80 cm from the 252Cf source to study the neutron response. The

detectors were gain matched and equal thresholds were applied to all of them.

A BC501A-based neutron detector (5 inch in diameter and 5 inch in length)

[Ban07] of known efficiency was also employed to measure the neutron energies,

in order to compare its efficiency with that of the BaF2 detectors. The neutron

detector was kept on the other side of the source at a distance of 150 cm to

equalize the solid angle of the two detector systems. Along with these detec-

tors, a 50 element BaF2 γ-multiplicity filter [Dee10a] was also used to detect the

low energy discrete γ-rays emitted from the decay of excited fission fragments
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to establish a correlation between the neutrons and the fission process. The

multiplicity filter was split into two blocks of 25 detectors each, in staggered

castle type geometry, and placed at a distance of 3 cm above and below the

sealed 252Cf source. A level-1 trigger (A) was generated from the multiplicity

filter array when at least one detector from both top and bottom blocks fired

in coincidence above a threshold of 250 keV. Another trigger (B) was generated

when the signal in any of the detector elements of the LAMBDA spectrometer

or BC501A neutron detector crossed a threshold of 350 keV. A coincidence of

these two triggers (A and B) generated the master trigger ensuring the selec-

tion of fission events and rejection of backgrounds. The schematic view of the

experimental set-up is shown in Fig. 6.1. The TOF technique was employed

Figure 6.1: Schematic view of the experimental set-up for neutron studies using
LAMBDA array.

for neutron energy measurement in both the detector systems using the start

signal from the multiplicity filter. Along with the time spectrum, the pulse

height spectrum of each detector was also measured to apply energy thresholds

in off-line analysis. A typical TOF spectrum for one of the BaF2 detectors (in

the array) at a threshold of 350 keV is shown in Fig. 6.2a. The TOF spectrum
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Figure 6.2: [a] TOF spectrum for one of the BaF2 detectors in the array. [b] Neutron
energy spectrum of the BaF2 array (filled circle) compared with the expected neutron
energy spectrum from 252Cf (continuous line) [Knol].

was converted to energy spectrum using the prompt γ peak as a time reference.

The neutron energy spectrum measured with the BaF2 array (summing all four

detectors) is shown in Fig. 6.2b (filled circles). The efficiencies of both the

detector systems were determined by dividing the neutron yield per fission by

the expected neutron energy distribution (continuous line in Fig. 6.2b) of 252Cf

[Ban07, Ban09, Knol] (with temperature T = 1.42 MeV), properly normalized

with the detector solid angle and the total number of fission events detected.

The total number of fission events per second was also measured experimentally

using the approach [Lan97] discussed below.

A 252Cf source was placed very close in front of one of the multiplicity filter

(M1) block (arranged in 5×5 matrix, discussed later). The other multiplicity

filter (M2) block was placed at a distance (d) on the other side of the source.

The number of coincidence between M1 and M2 was measured for different
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distances of M2 from the source. For larger distances, a 1/d2 variation of the

coincidence rate was observed. For smaller distances, the rate saturated to a

value which was consistent with the number of fission events expected from

the source activity. The experiment was repeated without the source to reject

the background events (e.g. cosmic rays, α impurity in the BaF2 crystal, etc).

The number of fission per second measured experimentally was used for the

efficiency calculation. It needs to be mentioned that the measurement contains

a very small systematic error (< 1%) due to the presence of isotopic impurity

in the source.

The efficiencies of individual detectors in the array were also determined.

It was found that the intrinsic efficiencies of individual detector elements were

identical and very similar to that observed for the array. The energy dependent

efficiencies of the BaF2 array and BC501A detector are shown in Fig. 6.3. It is

interesting to note that, starting at 4 MeV, the neutron detection efficiency of

the BC501A detector decreases monotonically as a function of neutron energy,

whereas, the efficiency of the BaF2 array increases sharply up to 2−3 MeV

and reaches a plateau at efficiency ∼34% which is comparable with that of

the neutron detector at these energies. However, the BC501A has an extra

advantage in discriminating the neutrons from the γ-rays using PSD technique.

The experimentally measured efficiencies were also compared with the cor-

responding GEANT4 [Ago03] simulation. The GEANT4 simulation for the

neutron detector (BC501A) has already been discussed in detail in Ref [Ban07,

Ban09]. In the case of the BaF2 detector, a simulation was performed using a

series of GEANT4 classes like detector construction and material building, par-

ticle and physics process definition, particle tracking, event action, etc. Individ-

ual neutrons were randomly generated by a particle generator (G4ParticleGun)

according to neutron energy spectrum in 252Cf source and tracked through the
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Figure 6.3: [a] Energy dependent neutron detection efficiency of BC501A detector.
[b] Energy dependent neutron detection efficiency of BaF2 array. Filled circles are
the experimental data points and cross symbols represent GEANT4 simulation. [c]
Neutron detection efficiency at different energy thresholds.

detector volume. The energy deposition was recorded step-by-step and finally

added for each event. Since neutrons of energies E < 10 MeV interact with the

BaF2 material predominantly by (n, γ) or (n, n′γ) [Lan97] and deposit their

energy in the detector as photons, we considered only the processes of neutron
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inelastic scattering and capture using G4LENeutronInelastic and G4LCapture

models, respectively, in the physics list class (G4PhysicsList). We did not in-

clude the more complicated nuclear reaction mechanisms and the response of the

photo multiplier tube. In the simulation, all the electromagnetic processes were

considered for γ-ray interaction. It was found that the experimentally measured

efficiencies of the BaF2 array and BC501A detector were in good agreement with

the corresponding GEANT4 simulations. The energy dependent efficiencies of

the BaF2 array at various energy thresholds are displayed in Fig. 6.3c. As can

be seen from Fig 6.3, the overall efficiency for BaF2 detectors decreases with

increasing energy threshold, while the nature of the spectrum remains the same.

The cross-talk probability of neutrons in the BaF2 array was also estimated in

off-line analysis and found to be ∼ 12% at a threshold of 350 keV. It should

be mentioned that only statistical errors are shown in Fig 6.3. The systematic

errors are < 1% and arise predominantly due to isotopic impurity present in

the source.

6.2.2 Time-of-flight energy resolution

The TOF energy resolution of neutrons is given by the relation,

(
δE

E

)2

=

(
2
δT

T

)2

+

(
2
δL

L

)2

(6.1)

where δE is the energy resolution, δT is the time resolution of the detector, L

represents the flight length of the neutron and δL is the flight path spread due

to the detector size. As the density of the BaF2 material is high, it is expected

that, the neutrons will interact mostly in the initial part of the detector volume.

Hence, the total size of the detector should not be taken as the uncertainty in

length, rather the average interaction length should be estimated and used for

energy resolution calculations. The average interaction length of neutrons in the

BaF2 detector was measured using the detector elements of γ-multiplicity filter.
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Figure 6.4: Experimental set-up for the measurement of average interaction length
of neutrons in BaF2 crystal.
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Figure 6.5: Variation of the number of events as a function of distance correspond-
ing to the number of detectors. Filled circles are the experimental data points and
continuous line represents GEANT4 simulation

The length of each detector was 5 cm and its cross-sectional area was same

as that of the LAMBDA array elements (3.5 × 3.5 cm2). Ten such detectors

were arranged linearly (as shown in Fig. 6.4) one after another so that the
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effective length that may be traversed by the neutrons is identical to that of

the bigger (35 cm) elements of the LAMBDA array. Next, the detectors were

gain matched and equal thresholds were applied to all (300 keV). The TOF

spectrum for each detector was measured using a 241Am−9Be source which was

kept at a distance of 50 cm from the first of the ten detectors kept in line.

The start trigger for TOF measurement was taken from another set of identical

BaF2 detectors which were arranged in a 2 × 2 matrix and kept at a distance

of 5 cm on the other side of the source. A schematic view of the experimental

set-up to measure the average interaction length is shown in Fig. 6.4. In order
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Figure 6.6: Simulated average interaction length (symbols) of neutron in a 35 cm
BaF2 crystal at different incident energies

to estimate the average interaction length, the total number of counts in the

neutron TOF spectrum was calculated corresponding to an energy range of 3 −

6 MeV in each of the 10 detectors. Since, a flat overall background was obtained

in the TOF spectrum, the background counts were subtracted by selecting the
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same channels (as for energy bins) from the left of the prompt γ peak. The

total number of neutron events obtained in this energy range (3 − 6 MeV)

is shown in Fig. 6.5 as a function of distance corresponding to the number

of detectors. It is very interesting to note that the total number of counts is

highest for the first detector and decreases for subsequent detectors, pointing

towards the fact that the interaction of neutrons in the BaF2 detector decreases

exponentially with increase in distance. A complete GEANT4 simulation was

also carried out for this experimental set-up to calculate the average interaction

length. As could be seen from Fig. 6.5, the experimental data and the simulation

results (continuous line in Fig. 6.5) match remarkably well with each other. This

excellent match between the experimental data and the simulation provided us

with the required confidence in GEANT4 simulation. The cross-talk probability

was also measured for this set-up and was found to be less than 1%.

Next, a GEANT4 simulation has been performed to estimate the average

interaction length for the LAMBDA detector set-up. The interaction point of

neutrons in the BaF2 material were found to decrease according to the relation

exp(-µx) where µ = 0.13 cm−1. Using this distribution, the average interaction

length of neutrons in the LAMBDA detector element was estimated using the

relation

< x >=

∑
x exp(−µx)∑
exp(−µx) (6.2)

and found to be 7.6 cm when kept at a distance of 80 cm from the source.

As a result, the energy resolution at 4 MeV using equation (1) was found to

be +0.4 MeV, corresponding to δT = 0.96 ns (intrinsic time resolution of the

detector). It has also been shown that the average interaction length remains

almost constant for different neutron energies (1 − 10 MeV) as shown in Fig

6.6.
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lation fit. [Bottom panel] Angular momentum distribution for different folds for the
4He + 93Nb system

6.3 In-beam-experiment: LAMBDA used as a

neutron detector

The performance of the LAMBDA spectrometer as a neutron detector was

tested by measuring the evaporated neutron energy spectrum in an in-beam

experiment. The experiment was performed at the Variable Energy Cyclotron

Centre, Kolkata using a 35 MeV alpha beam from the K-130 cyclotron. A self-

supporting foil of 93Nb (99.9% pure) with a thickness of ∼1 mg/cm2 was used

as the target. The compound nucleus 97Tc* was populated at the initial exci-

tation energy of 36 MeV. The experimental set-up was similar to that used for

the efficiency measurement and is shown in Fig. 6.1. To keep the background of
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the detectors at a minimum level, the beam dump was kept 3 m away from the

target and was well shielded with the layers of lead and borated paraffin. Data

from the BaF2 and BC501A detectors were recorded in an event-by-event mode

in coincidence with the γ-multiplicities in order to measure the neutron energy

spectrum and to extract the angular momentum of the compound nucleus. The

TOF technique was employed for neutron energy measurement in both the de-

tectors using the start trigger from the γ-multiplicity filter. Along with the

time spectrum, the pulse height spectrum of each detector was also measured

to apply the energy thresholds in off-line analysis. The cross-talk probability of

neutrons in the BaF2 array was estimated in the above experiment and found

to be same as that obtained in the efficiency measurement with 252Cf.

The fold distribution was converted to the angular momentum distribution

applying the approach discussed in Ref. [Dee10a]. The experimental fold distri-

bution measured using the 50-element γ-multiplicity filter is shown in the top

panel of Fig. 6.7. The angular momentum distributions corresponding to dif-

ferent folds are shown in the bottom panel of Fig. 6.7 while the average values

are given in Table 6.1. The neutron energy spectra were extracted from the

TOF spectra using the prompt γ-peak as a time reference. The neutron energy

spectra measured using the BC501A and BaF2 array are shown in Fig. 6.8 (open

circles).

The asymptotic level density parameter ã(A) = A/k is an important input

for CASCADE calculation [Puh77], where k is kept free and generally adjusted

to get the best fit with the experimental data. We extracted the values of k

from the neutron energy spectra measured using the BC501A and BaF2 array

for different folds of the γ-multiplicity filter. The simulated angular momentum

distribution corresponding to each fold was used as an input in the modified

version of the statistical model code CASCADE. The value of k was extracted
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Figure 6.8: [a] Experimental neutron energy spectra (open circles) of BC501A detec-
tor along with the CASCADE fit (continuous line) for different folds. [b] Experimental
neutron energy spectra (open circles) of BaF2 detector along with the CASCADE fit
(continuous line) for different folds.

from the experimental data by chi-square minimization technique in the energy

range of 3−7 MeV. The experimental neutron energy spectra along with the

CASCADE predictions for the BC501A and BaF2 detector systems are shown

in Fig. 6.8. The best fitted values of the inverse level density parameter (k) for

both the detector systems for different folds are are compared in Table 6.1.
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Table 6.1: The values of k corresponding to different folds of BaF2 and BC501A
detectors.

Fold Angular momentum k (MeV) k (MeV)
〈J〉h̄ (BaF2 array) (BC501A)

2 14 10.8 ± 0.4 10.4 ± 0.2
3 16 10.5 ± 0.4 10.3 ± 0.4

4 & more 19 9.6 ± 0.3 9.7 ± 0.3

6.4 Results and discussion

As seen in the previous section-6.2.1, the neutron detection efficiency of the

BaF2 array is comparable to that of the liquid organic scitillator. The efficiency

of the BaF2 array increases sharply up to 2−3 MeV and reaches a plateau at

efficiency ∼ 34% which is comparable with that of the neutron detector at these

energies. The TOF energy resolution at 4 MeV is around + 0.4 MeV, which is

very good. Interestingly, it can also be seen from the Table 6.1 that the inverse

level density parameters extracted from the BaF2 and BC501A detectors in an

in-beam experiment are in good agreement. It is also observed that the values

of k decrease with the increase in angular momentum similar to the results ob-

tained earlier for charged particle and neutron measurements [Pra12] from the

same system. Thus, the excellent match between the level density parameter

obtained from both the detector systems clearly suggests that the LAMBDA

spectrometer can be effectively and efficiently used for the measurement of evap-

orated neutrons from an excited compound nucleus in an in-beam experiment

with its intended use in the measurement of high energy γ-rays.
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Chapter 7

Summary and Conclusion
The main motivation of the work presented in this thesis has been the study

of giant dipole resonance (GDR) width at very low temperatures and to under-

stand the exact nature of the damping mechanism of the collective vibration in-

side the nuclear medium. The evolution of the GDR width at low temperatures

(T < 1.5 MeV) is still unclear because the experimental data are in complete

disagreement with the most popular macroscopic Thermal Shape Fluctuation

Model (TSFM) in this temperature region. Moreover, a critical behavior (the

GDR width remains same at the ground state value up to a critical tempera-

ture and increases thereafter) has been predicted recently in the evolution of the

GDR width as a function of temperature. But, there are no such experimental

measurements below the critical point and the subject strongly deserves further

investigation.

In this work, a systematic measurement of GDR width in 97Tc nucleus has

been performed at very low temperatures (T < 1.5 Mev). This is the first

measurement of the GDR width at finite temperature in 97Tc nucleus both

above and below the critical point and can be effectively used to verify the

existing theoretical models. The high energy γ-rays emitted from the decay

of GDR have been measured in coincidence with the low energy discrete γ-

rays in order to have the angular momentum gated GDR measurement. A

part of LAMBDA has been used to measure the high energy γ-rays whereas
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the low energy discrete γ-rays have been measured using a γ-multiplicity filter.

The evaporated neutron energy spectra have also been measured simultaneously

using a liquid organic scintillator (BC501A) based neutron detector to estimate

the nuclear level density parameter and hence the temperature of the compound

nucleus precisely. The GDR widths have been extracted by comparing the

experimental high energy γ-ray spectra with the modified statistical model code

(CASCADE) prediction.

The measured GDR widths have been compared with the different theoret-

ical models such as macroscopic TSFM, phenomenological CTFM and micro-

scopic PDM. It has been found that the macroscopic TSFM model completely

fails to explain the experimental data at this low temperature region (T <

1.5 MeV). This interesting result along with the previous measurements clearly

suggest that the suppression of the GDR width at these low temperatures is a

general feature for all nuclei. It has also been found that the extracted GDR

widths indeed remains nearly constant till T ∼ 1 MeV and increases thereafter.

On the other hand, the microscopic PDM describes the data quite well in the

entire temperature range. It should be mentioned that in PDM calculation the

ground state GDR width has been taken as 5.0 MeV (which is close to the de-

formed ground state GDR width 5.5 MeV) to match the experimental data. In

order to compare the data with CTFM, the ground state GDR width was cal-

culated using the ground state deformation of 97Tc (β = 0.134) and spreading

width parametrization Γs = 0.05E1.6
GDR for the corresponding Lorentzian. The

ground state value was estimated to be 5.5 MeV which is consistent with the

experimentally measured value in this mass region. Interestingly, the CTFM

represents the data remarkably well over the entire T region. This excellent

match between the experimental data and the CTFM clearly suggests that the

experimental GDR widths are not suppressed, rather TSFM over predicts the
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GDR widths at low temperatures as it does not take into account the intrinsic

shape fluctuations induced by the GDR vibrations. Moreover, the systematic

trend of the data also shows that the critical temperature for the increase of

GDR width is between 1 and 1.2 MeV as predicted by the CTFM (Tc = 0.7

+ 37.5/ A). It is intriguing to find that, even though the formalisms of PDM

and CTFM seem to be completely different in origin, the two models give very

similar results. These interesting results indicate that the effect of GDR in-

duced deformation could be one of the ways in explaining macroscopically the

behavior of GDR width at low T . However, this effect is not explicitly needed

in microscopic PDM, rather thermal pairing should be included to have ade-

quate description of the damping of GDR width in open shell nuclei at low T.

Nevertheless, the present experimental study does provide a stringent testing

ground of the theoretical models for the evolution of GDR widths as a function

of T.

The average deformations (<β>) were also extracted using the universal

correlation between the experimental GDR width and the average deformation

of the nucleus at finite T , and were compared with the TSFM. The correlation

has been proposed recently by including the deformation induced by the GDR

vibration in nuclei. The empirical deformations extracted from the experimen-

tal data match excellently well with the TSFM calculation above the critical

temperature. The good description of the CTFM as well as the validity of the

universal correlation indicates that GDR induced quadrupole moment could

play a decisive role in suppressing the GDR width at low T .

Apart from the GDR studies, the thesis also deals with the neutron response

of the LAMBDA spectrometer consisting of 162 BaF2 crystals (each having di-

mension of 3.5×3.5×35 cm3) which was initially developed for the measurement

of high-energy γ-rays from the decay of the GDR built on excited states. Until
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now, the LAMBDA spectrometer has only been employed efficiently to reject

the neutron contamination from the high-energy γ-ray spectrum by the time-

of-flight (TOF) technique. However, instead of rejecting the neutrons, they can

be utilized to extract the nuclear level density parameter which is an important

ingredient for the statistical model calculation as well as for the precise mea-

surement of compound nucleus temperature. In this thesis work, the neutron

response of the LAMBDA spectrometer has also been studied and compared

with a standardized liquid organic scintillator (BC501A) based neutron detec-

tor.

The energy dependent intrinsic efficiency of the LAMBDA spectrometer has

been measured for neutron detection relative to a liquid organic scintillator

based neutron detector (BC501A) of known efficiency and compared with a de-

tailed GEANT4 simulation. The average interaction length of neutrons have

also been calculated in each of the LAMBDA elements to estimate the time-

of-flight energy resolution. Furthermore, the spectrometer has been tested in

an in-beam experiment (4He + 93Nb @ Elab = 35 MeV) to measure the inverse

nuclear level density parameter (k) and compared with that measured using

the standard BC501A neutron detector. Interestingly, it was observed that the

values of k obtained from both the detector systems are very similar, indicating

that the BaF2 detectors can be efficiently used for the measurement of evap-

orated neutrons from an excited compound nucleus in an in-beam experiment

along with its intended use in the measurement of high energy γ-rays.

In future outlook, the encouraging results of the present work in this thesis

open up the possibility of further studies in this direction both experimentally

and theoretically. It would be interesting to compare the experimental data

with TSFM by including the effect of thermal pairing. More and more experi-

mental data are required below the critical temperature to confirm the critical
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behavior in the variation of GDR width as a function of temperature. It would

also be interesting if this critical behavior could be established from the first

principle. On the other hand, the LAMBDA spectrometer is now ready for

neutron measurement and could be used in neutron spectroscopy.
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