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Abstract.

We present the evolution of giant dipole resonance (GDR) width as a function of angular momentum in the
compound nucleus “*Sm in the temperature range of 1.5-2.0 MeV. The high energy y rays emitted from the
decay of excited '**Sm were measured using large Nal detector in coincidence with 47 sum spin spectrometer.
GDR widths were found to comply with thermal shape fluctuation model in this temperature range over a wide
range of spin. Experimental widths tend to increase rapidly at high angular momentum values.

1 Introduction

Giant dipole resonance (GDR) built on excited states is an
important tool in the study of nuclear structure as well as
reaction dynamics. These resonances are observed with
centroid energies in the range of 10-20 MeV which corre-
sponds to frequencies of the order of 10?! Hz, thus mak-
ing them the fastest known vibrations of a many body sys-
tem. The structural properties of GDR could be related
to different nuclear properties at high excitation energies,
e.g. centroid energy is related to nuclear deformation and
resonance width is related to the damping mechanism [1].
The behaviour of GDR widths with spin and temperature
has been an interesting case and in past few decades sev-
eral experiments have been performed in different mass
regions to study the width evolution with spin [2]. For the
sake of completeness of a study for a single nucleus, it is
important to have sufficient number of data points over a
large range of average spin values. A program to study the
compound nucleus '**Sm over a wide range of spin value
at finite temperatures was undertaken at [UAC. In a previ-
ous experiment [3], we have measured the GDR widths as
a function of spin in the temperature range of 1-1.5 MeV.
In the present work, the behaviour of evolution of GDR
widths over a wider range of angular momentum at two
distinct temperatures is being reported. On the theoretical
front, we have used two approaches to compare the experi-
mental results. First approach is the thermal shape fluctua-
tion model [4] which calculates potential energy surfaces,
incorporating shell correction for this nucleus, and uses
the same for calculation of GDR cross sections at finite
temperature and spin. Second approach utilizes the phe-
nomenological function proposed by Kusnezov et. al [5]
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and calculates the GDR widths using an empirical relation.
The first approach is found to be successful in reproducing
the experimental GDR cross sections and the GDR widths
for this nucleus at finite temperature and spin whereas sec-
ond approach was used to check the consistency of this
parametrization at different excitation energies for a single
nucleus.

2 Experimental details

The experiment was performed using the 15UD Pelletron
and superconducting linear accelerator facility at I[UAC,
New Delhi. 28Si+!'®Cd reaction was used to populate
the compound nucleus '**Sm at an excitation energy of
~ 105 MeV. Pulsed beam, with a width of 83 ns, was
utilized in this experiment. The target was rolled to ~
2.0 mg cm™? using the rolling facility at target labora-
tory, IUAC. The target used in present experiment was
self-supporting with an enrichment of more than 98.3 %.
The vy ray decay of excited '**Sm was recorded using two
spectrometers, namely, high energy gamma ray spectrom-
eter (HIGRASP) [6], and 47 sum-spin spectrometer [7].
The HIGRASP consists of Nal(TI) detector in cylindri-
cal geometry, with a dimension of 25.4 cm x 30.5 cm,
surrounded by rectangular slabs of Plastic detectors. The
plastic detectors served two purposes, namely, (a) to de-
tect the y ray contribution from cosmic events, and (b)
to detect the escape or scattered events from the Nal de-
tector. The plastic signal was used as veto signal to sup-
press these events from actual GDR y ray contribution.
The spin spectrometer consists of 32 Nal(Tl) detectors in
soccer ball geometry providing nearly 4r solid angle cov-
erage. In the present experiment, 29 detectors were used
and each detector was kept at a threshold of 100 keV. The
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Figure 1. (Left) Experimental and simulated fold distribution in 28Si + ''°Cd reaction at 170 MeV beam energy. (Right) Angular
momentum distribution corresponding to different fold bins in the same reaction.

standard NIM based electronics was used for signal pro-
cessing [8] in this experiment. High energy 7y rays were
detected in HIGRASP, which was placed at 90° with re-
spect to beam line, in coincidence with low energy y rays
detected in spin-spectrometer. Standard radioactive y ray
sources were used for the calibration of detectors. The HI-
GRASP was calibrated for a full scale of ~ 35 MeV and its
response function for different mono-energetic y rays was
simulated by using GEANT4 simulation package [9]. The
neutron-y separation was achieved by setting up a time
of flight (TOF) between spin-spectrometer and HIGRASP.
The pile-up effect in y ray spectra was reduced by stan-
dard zero cross-over technique. Data acquisition was per-
formed using CAMAC based analog to digital (ADC). The
software package used for on-line acquisition was candle
[10] which was also used for off-line data reduction.

3 Data reduction & analysis

The off-line data analysis for this experiment was a multi-
step process. First step involved the extraction of experi-
mental GDR y ray energy spectra. This was accomplished
by applying various gates on energy spectra, namely, y
gate from n-y TOF spectrum and pile-up gate from PU
spectrum. The resulting vy ray spectra was corrected for
in-beam background and gated with different fold bins to
get fold-gated y ray spectra. Second step involved the con-
version of experimental fold distribution to angular mo-
mentum distributions. This conversion was performed by
converting fold to multiplicity distribution and then relat-
ing multiplicity to angular momentum distribution. The
response function of spin-spectrometer was generated us-
ing a recursive algorithm [11]. Inside an array of N num-
ber of detectors, the probability S(EM) of M number of y
rays hitting F number of detectors is given by

S(F,M)=aS(F,M-1)+bS(F-1,M—=1)+cS(F-2, M-1),
(M

where the variables a, b and c are given by

a=1-(N-F)w(l+€F/N-1),

b=(N-F+Dw(l—eN-2F+1)/(N-1)),
c=(N-F+2we(N-F+1)/(N-1)),

and w is the cross talk probability between two adjacent
detectors and € is the efficiency of individual detector.
Simulated fold distributions were generated by folding this
response function with an arbitrary multiplicity function
using following equation,

Monax

P(F)= )" S(F, M)P(M). )
M=0

We have used a modified Fermi function form for the
multiplicity distribution given by

2M+1
M- M,
oM

P(M) = 3

where M and 6M are free variables which were adjusted
till the simulated fold distribution, obtained using Eq. 2,
matches with the experimental fold distribution. The best
values for M, and 6M were found to be at 25 and 3.1, re-
spectively. A low multiplicity component, with My = 6.0
and 6M = 1.0, was also added to fit the lower fold re-
gion. This contribution could be attributed to the non-
fusion events occurring in the reaction. The multiplic-
ity distributions corresponding to different fold bins were
generated by P(M) = S (F, M) P(F). The average of these
multiplicity distributions could be related to average an-
gular momentum as (J) = (M) + C, with C = 4. The
experimental and simulated fold distributions, and the an-
gular momentum distributions corresponding to different
fold bins are shown in Fig. 1.

The theoretical GDR +y ray spectra were generated
using code CASCADE [12] which is based on statisti-
cal model of decay of nucleus. This code was modified
to include multiple Lorentzian GDR cross sections. The
asymptotic level density parameter selected for present
calculations was @ = A/8.5 MeV~!. The theoretical spec-
tra were compared with the experimental spectra, after
folding with detector response generated using GEANT4,
to extract GDR parameters. The code has an option of

1+exp(
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Figure 2. (Left) GDR vy ray energy spectra at different average spin (/) and temperature (7') values, and (middle) the linearised plot
for the same are shown. Red line represents GDR cross sections calculated by TSFM whereas black lines are CASCADE calculations.
TSFM cross sections were normalized with respect to CASCADE cross sections. (Right) Potential energy surfaces of the nucleus '**Sm
at different J and 7" with a contour line spacing of 0.5 MeV. The filled circle represents the equilibrium shape and the first two minima

are shaded.

changing multiple GDR parameters, namely, energy (E;),
strength (S;) and width (I';), where i is the ith component
of individual parameter. The goodness of fit was achieved
by minimizing the y? in the energy range of 12-20 MeV.
These parameters were used for generation of linearised
plot as Yex,/ Yy X Fi(E,, E;,T;) where Y,,, is the experi-
mental yield, Y;;, is the CASCADE calculation folded with
detector response and

SiT2E2
(E2-E)+T7E2

FL(E’)/9 Ei9rf) = Z
i
The GDR v ray spectra at two different temperature
and spin combination and their corresponding linearised
plots are shown in Fig. 2.

3.1 Theoretical calculations

The nucleus populated at high excitation energy experi-
ences thermal fluctuations which leads to fluctuation of
nuclear surface due to orientation of rotational axis. The
effective GDR cross sections, in this case, are sensitive to
relative time scales for shape rearrangements. Thus, it is
important to incorporate such fluctuations in TSFM while
calculating the GDR cross sections [4]. The average value
of GDR cross-section (o) is calculated as

[ Dlalexp{~F(T,J:8.%)/T}Iror (B, y)
[ Dlalexp{—F(T.J:8,9)/T}3ror

(O)py = “

where D[a] = B4 sin3y|dBdy, and Fror represents the
moment of inertia inclusive of shell and surface diffuse-
ness corrections. The free energy surfaces (F) for this nu-
cleus, at the extracted experimental temperature (7°) and

spin (J) values, were calculated using the Finite Temper-
ature Cranked Nilsson-Strutinsky Method after applying
the appropriate shell corrections. The GDR cross section
were calculated for a fixed deformation in S,y space by
considering an anisotropic harmonic oscillator potential
with separable dipole-dipole interaction, where the GDR
Hamiltonian could be written as

H=Hy +nD'D, (3)

with the parameter 1 represents the isovector component
of the proton and neutron average field. The value of pa-
rameter 77 was fixed at 3.0 for '**Sm nucleus. The potential
energy surfaces calculated using this formalism are shown
in Fig 2. The GDR cross sections calculated for same T
and J values, compared with experimental cross sections,
are shown in same figure (represented by red solid line).

In another approach, Kusnezov et al. [5] have sug-
gested that the GDR width for a nucleus of mass number
A atafinite 7 and J could be calculated using the empirical
relation,

4T

1.8 T+3T,
—_f)] - ©

1+ exp( 53

nnn:nnmb+

where

A T

IxﬁO)_(645 loo)m(1+]b)+rMAy )

In Eq. 7, To(A) is the ground state width which is gen-

erally adjusted to match with the experimental width avail-

able at low spin value, and T, is the reference temperature

chosen as 1 MeV. In these calculations, I'y was fixed at

3.8 MeV, which is the same value used in the analysis for
previous data [3].
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4 Results

The experimental GDR widths (I'(7', J)) were extracted by
calculating the full width at half maxima (FWHM) of the
linearised plots generated using CASCADE. The theoreti-
cal TSFM widths were calculated using FWHM of TSFM
cross sections at different 7 and J. The experimental, as
well as, theoretical widths are presented as a function of
J at two different temperature bins of 1.5 and 1.8 MeV,
and are shown in Fig. 3. At both T values, the GDR
widths show a rapid rise at high angular momentum val-
ues which signifies the strong coupling of spin degree of
freedom with GDR at high angular momenta. The experi-
mental widths are consistent with both models. In the case
of Kusnezov parametrization, a few authors have reported
a change in Iy value at different excitation energies [13],
whereas same value of T is consistent for '**Sm at differ-
ent excitation energies.
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Figure 3. GDR width as a function of average angular mo-
mentum for different average temperature bins. Red squares are
widths from previous measurement [3] and black circles repre-
sent present experimental data. Solid lines are theoretical cal-
culations for different 7 values using TSFM calculations (black
line) and Kusnezov’s parametrization (green line).

5 Summary

Spin gated GDR widths were extracted by exclusive
measurement of GDR y rays from the decay of excited
144Sm using 28Si+!1°Cd reaction at projectile energy of
170 MeV. The y rays were measured using large Nal
detector in coincidence with low energy y ray multiplicity
using 4 spin spectrometer. The y ray decay spectrum was
compared with statistical model of decay of compound
nucleus and compared with the theoretical GDR cross

sections under thermal shape fluctuation model. The
extracted GDR widths shows uniform increase with

temperature, consistent with the TSFM.
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