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5  RESEARCH ACTIVITIES

5.1	  NUCLEAR PHYSICS

	  S. Muralithar, N. Madhavan and P. Sugathan

	  The nuclear structure studies at high spin were conducted with the gamma arrays of IUAC. The user 

experiments, carried out earlier, resulted in several international journal publications in 2022 – 2023. These 

studies focussed on the following topics: prolate-oblate shape coexistence, single-particle configurations of 
203 104the excited states of Po, chiral-like doublet band structure and octupole correlations in Ag, experimental 

90 216investigation of high-spin states in Zr, evolution of nuclear structure through isomerism in Fr, level 
215 19structure in the transitional nucleus Fr, effects of entrance channels on breakup-fusion induced by F 

72projectiles and shape coexistence and octupole correlations in Se. The charged particle detector array (CsI) 

was first tested in a facility test and later used in an in-beam experiment in conjunction with the Indian 

National Gamma Array. The nuclear structure and reaction studies undertaken with the gamma arrays in the 

past year included study of K-Isomers, nuclear structure studies in A ~ 85 region, nuclear electromagnetic 

moment measurements in transitional nuclei, static electromagnetic moment measurements in neutron 

deficient iodine nuclei, study of transitional nuclei in A~100 region, gamma ray spectroscopy of some nuclei 

of astrophysical importance towards the end-point of nova nucleosynthesis, study of heavy-ion induced 

incomplete fusion reaction dynamics and high spin states and lifetime measurements in A~ 100 nuclei.

  In the Heavy Ion Reaction Analyzer (HIRA), transfer measurements around the Coulomb barrier were carried 
28 116,120,124out for the Si+ Sn systems to look for enhanced correlated pair transfer of neutrons and to understand the 

role of neutron transfer on sub-barrier fusion cross sections. The HYbrid Recoil mass Analyzer (HYRA) was 

used in gas-filled mode to measure evaporation residue (ER) cross sections around Coulomb barrier for 
30 140 32 138 30 142Si+ Ce, S+ Ba and Si+ Ce systems to probe the effect of positive Q-value neutron transfer channels on 

32 138sub-barrier fusion cross sections. SC-LINAC campaign is awaited to collect higher energy data for S+ Ba 
48 124and to carry out measurements for Ti+ Sn to complete the study. These experiments form part of thesis work 

of three research scholars. Several publications resulted last year based on the experiments carried out in HIRA 

and HYRA in the recent past. Barrier distributions using fusion cross sections and quasi-elastic scattering cross 

sections, effects of entrance channel, positive Q-value transfer channels, target deformation and multi-phonon 

inelastic channel coupling in sub-barrier fusion dynamics were reported for newly studied systems. VME-

based Data Acquisition Systems (DAS) were commissioned, with the help and support of the Data Support 

Group of IUAC, in both HYRA and HIRA. The newly installed systems were tested offline (with pulser and a-

particle source) and with beam, prior to carrying out user experiments. 

  An experiment, to investigate role of nuclear deformation and orientation on multi-nucleon transfer reaction 

and neutron-proton correlation, was performed in the General-Purpose Scattering Chamber (GPSC) facility. 

Four charged particle detector telescopes were used to identify the transfer products from reactions involving 
10,11 40 154B projectiles and Ca, Sm targets. A new VME-based Data Acquisition System was installed in 

GDA/GPSC electronics cabin which allowed to collect list-mode data in ROOT format. The new system 

consisted of home-made VME crate controller and commercial ADCs and TDCs. The existing signal cables 

from GPSC were re-routed to reach the new DAS. A 16-channel VME QDC was also integrated into the 

system and thoroughly tested with a time-of-flight setup using two BaF  detectors. Measurement of energy of 2

neutrons, emitted from an Am/Be source, using gamma-tagged time-of-flight method was reported recently. 

The measurement extended the neutron energy down to 0.3 MeV. The new data showed good agreement with 

that of ISO 8529-2 standard reference neutron spectrum in the energy range 0.3 to 6.0 MeV.  Other 

developmental activities included the initiation of Micro Channel Plate (MCP) -based time-of-flight detector 

system for GPSC experiments and CsI-based charged particle array for particle-gamma coincidence 

experiments. The group also conducted two workshops, namely, “Detectors and Allied Instruments” and 

“Experiments with NAND Facility: Present Status and Future Developments”. 

   A review article on nuclear physics research, carried out at IUAC in the past three decades, was published in 

The European Physical Journal A (EPJA) in December 2022. Mr. Chandra Kumar (IUAC, New Delhi) and 

Ms. Madhu (IIT Roorkee, Roorkee) won two of the best poster presentation awards in the DAE Symposium 

on Nuclear Physics (SNP-2022) held at Cotton University, Guwahati, Assam in December 2022 based on 

research work carried out with the HIRA and the INGA, respectively. Mr. Chandra Kumar also won the first 

prize for presenting a poster in the DAE-BRNS Symposium, Nuclear Reaction and Structure up to 

Intermediate Energy Collisions (NRSIC-23), held at VECC, Kolkata in January 2023.
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10,11 40 11 1545.1.1  Study of multi-nucleon transfer reaction for B+ Ca and B+ Sm systems using GPSC facility
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  In order to study multi-nucleon transfer (MNT) reactions and neutron-proton correlation at energy 50 MeV 
and 75 MeV, we used General Purpose Scattering Chamber (GPSC) of IUAC. Pairing between nucleons of 
the same isospin (p-p and n-n) are the most important correlations affecting the MNT. However, 1p-1n, 2p-2n 
pair transfers may enhance the transfer cross section [1,2]. With this motivation, CaF  target of thickness 272 2

2 10,11 40 154μg/cm  was used to study transfer reactions B+ Ca. And to study the effect of target deformation, Sm 
2 11 154target of thickness 170 μg/cm  for B+ Sm reaction was borrowed from Target laboratory of IUAC [3,4]. 

For this purpose, four DE-E Silicon Surface Barrier (SSB) detectors of thickness ranging from (15-40) μm 

for DE type and (300-2000) μm for E type were mounted on the two movable arms of the chamber. The 
o o odetector set-up covered angular range of 18 -62 . Two monitor detectors were also placed at 10  on either side 

of the beam direction. Signals from telescopic detectors were fetched into pre-amplifiers and then to 16 
channel spectroscopic amplifiers (SAs)  via differential driver. Then the signals from SA were fed into an 
Analog to Digital Converter. The data were collected using NIAS-MARS (Multi-parameter Acquisition with 
Root-based Storage) software. We carried out measurements around the grazing angle for the three systems. 

10,11 40 11 154Well separated transfer bands along with elastic peaks were observed for B+ Ca and B+ Sm reactions. 
10 40We could identify multi-nucleon transfer channels - stripping channels in case B+ Ca and both pickup and 

11 40 11 154stripping channels in case of B+ Ca and B+ Sm. Further analysis of data is going on. Spectra observed 
11 154 11 40for B+ Sm at 75 MeV and for B+ Ca at 50 MeV are shown in Fig. 5.1.1.1.

  4Department of Physics, Cotton University, Guwahati, Assam 781001, India

11 154 11 40Fig. 5.1.1.1: Typical spectrum observed for B+ Sm (left) at 75 MeV and B+ Ca (right) at 50 MeV.
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28 116, 120, 1245.1.2  Investigation of transfer reaction dynamics in the vicinity of the Coulomb barrier for Si + Sn 
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  Transfer reactions have always been important to understand the interplay between nuclear structure and 
reaction dynamics [1]. Single nucleon transfer is a selective and direct probe of single particle shell structure, 
while two-nucleon transfer serves as a promising tool to investigate the pairing correlations amongst nuclei. 
Further, transfer channels coupled with inelastic excitations influence the fusion cross-sections at sub-barrier 

28 116, 120, 124energies [2,3]. The fusion excitation function measurements around the Coulomb barrier with Si+ Sn 
systems have also been performed recently. The lucid role of multi-nucleon transfer channels in the sub-
barrier fusion enhancement has been reflected in these measurements [4]. The different positive Q-value 
transfer channels make Sn systems a potential choice for transfer measurements. Sn isotopes possess extra 

124 116neutrons outside their closed sub-shell, (4 in case of Sn and, 2 in Sn) resulting in the flow of neutrons 
between the colliding partners. This might take place either sequentially or simultaneously in the form of a 
cluster which can aid in the investigation of pairing correlation and superfluidity effects among the 
interacting nuclei. Therefore, to explore the aforementioned aspects of heavy-ion collision, we have 

28 116,120,124performed transfer measurements for Si+ Sn systems at energies around the Coulomb barrier using 
28the Heavy Ion Reaction Analyzer (HIRA) at IUAC [5]. The experiment has been performed using Si pulsed 

beam with a pulse separation of 1 μs from the Pelletron. The targets used were isotopically enriched and of 
2 2 othicknesses ~230 μg/cm  with C backing of ~20 μg/cm . The spectrometer was rotated to 9  for better 

2primary beam rejection. The forward-moving target-like recoils were detected using a 150 × 50 mm  Multi-
Wire -Proportional Counter (MWPC) at the focal plane of the HIRA. A kinematic coincidence between the 

2forward-moving recoils and back-scattered projectile-like particles was employed using a 150 mm  silicon 
odetector in the target chamber at a back angle of θ  = 158 . This kinematic coincidence (obtained by setting lab

up a Time to Amplitude Converter (TAC) between the two timing signals), coupled with the Time of Flight 
(TOF) setup between MWPC timing and delayed Radio Frequency (RF), enabled unambiguous 
identification of the reaction products. The transfer measurements were performed at laboratory beam 
energies in the range of 97 - 108 MeV in steps of 3 MeV around and below the barrier. Two silicon detectors 

owere mounted inside the target chamber at θ  = 15.5  with respect to the beam direction for beam intensity lab

monitoring. The HIRA was operated with acceptance of 5 mSr during the measurements. Reaction products 
were dispersed at the focal plane of the HIRA in accordance with their mass (A) to charge (q) ratio.  A 2-D 
spectrum between MWPC position (X) and TOF of the recoils, gated with the TAC signal, was used for 
identification of reaction products. Preliminary analysis of data shows that neutron transfer probability of 2n 

+2n +1n 2channel is greater than theoretical predictions i.e., P  > (P ) . Further data analysis to apprehend the 
underlying reaction dynamics is in progress. 

 In recent years, nuclear physicists have taken an interest in examining the breakup of projectiles in heavy-ion 
(HI) reactions. At projectile energies of approximately 4-7 MeV/nucleon, the prevalent reactions are 
complete fusion (CF) and incomplete fusion (ICF) processes. Recent measurements have revealed that these 
processes begin to compete at energies slightly above the Coulomb barrier [1-3]. During ICF reactions, the 
projectile undergoes partial fusion or breakup, resulting in a fractional linear momentum transfer from the 
projectile to the target nucleus. As a result, the composite nucleus generated during ICF reactions is expected 
to have a shorter range in the stopping medium compared to the one created during CF reactions. As such, the 
measurement of forward recoil range distributions (FRRDs) may be used as one of the most direct and 
irrefutable methods to distinguish the various CF and ICF components. In FRRD measurements, the residues 
populated via CF and ICF processes will correspond to different characteristic velocity distribution. 
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19 159 19 8+ The experiments for the measurement of FRRDs for F+ Tb system have been performed at IUAC. The F  
ion beam was delivered using the 15UD Pelletron accelerator facility. Two different stacks, each consisting of 
159Tb target (abundance = 100%) followed by a series of thin Al-catcher foils were irradiated separately at ≈83 

159 2and ≈94 MeV beam energy. The Tb target (thickness ≈350 μg/cm ) was deposited by the vacuum 
2 159 19evaporation technique on Al foil (thickness ≈2.03 mg/cm ). The Tb was mounted in such a way that the F 

beam first faces Al foil so that after the energy loss in Al foil, the beam of required energy may fall on the target. 
To capture the recoiling residues generated through complete fusion (CF) and/or incomplete fusion (ICF) 
processes at their corresponding ranges in thin Al-catcher foils, a stack of such foils was placed after the target. 
The thickness of the foils was adequate to trap the composite nucleus formed through full momentum transfer. 
In order to have better resolution in recoil ranges of the residues, the thicknesses of Al catchers were kept 

2≈15–100 μg/cm . From the kinematics, it was estimated that the heavy recoiling residues are mainly focused 
o 174within a forward narrow cone of maximum 10 . As a representative case, the angular distribution of W and 

173W residues populated via 4n and 5n evaporation, respectively, at ≈83 MeV obtained from PACE [5] 
ocalculations indicate that most of the residues are emitted in the forward cone of angle up to 7 , which clearly 

indicates that the emission of residues is forward peaked. The size of the catcher foils of 10 mm diameter was 
more than sufficient to trap the recoiling heavy residues at these angles. The thickness of the target and 
individual Al-catcher foils were determined using α-transmission method. Each irradiation was conducted for 
approximately 12 hours in the General-Purpose Scattering Chamber (GPSC). Following the irradiation, the 
sample-catcher assembly was removed from the chamber, and the induced activity in each catcher foil was 
recorded individually using a pre-calibrated high-resolution HPGe γ-spectrometer (100 cc active volume) 
connected to CANDLE software based on the CAMAC system. The HPGe detector (resolution ≈2 keV for 

601.33 MeV γ-ray of Co) was calibrated both for energy and efficiency. The efficiency of the HPGe detector at 
152various source-detector distances was determined using standard Eu γ-source of known strength. Also, 

corrections for the dead time were also employed during the analysis.

Therefore, the distribution of experimentally measured yields of different reaction residues as a function of 
velocity and/or range in stopping medium, may give a better insight into the reaction mechanism involved in 
such reactions. Further, the FRRD measurements has been capable of deciphering the relative contributions 
of compound and pre-compound components and hence may be used as a promising method to study the 
reaction dynamics involved in case of heavy-ion (HI) reactions. With this motivation, an attempt has been 
made to have a detailed investigation on ICF reaction dynamics from the analysis of forward recoil range 
distribution (FRRD) of heavy residues populated via CF and/or ICF routes. In the present work, the FRRDs 

19 159of different reaction residues populated in the interaction of F with Tb, have been measured at two distinct 
beam energies 82.8 and 94.3 MeV [4].

Fig. 5.1.3.1: The experimentally measured FRRD for various residues populated via 
CF and/or ICF processes at 82.8 MeV.

 This study involves examining FRRDs of various evaporation residues (ERs) generated through CF and/or 
ICF processes. The standard formulation was used to calculate the production cross-section of the different 
reaction residues that were identified. To obtain normalized yields, the cross-section of residues in each Al-
catcher foil was divided by its thickness. The resulting normalized yields were plotted as a function of 
cumulative catcher depth in order to obtain the range distribution of identified reaction residues. As a 

173 171representative case, the measured FRRDs for the reaction residues W(5n) and Hf(α3n) is shown in Fig. 
1735.1.3.1 at ≈ 83 MeV beam energy. As can be seen from this figure, the measured FRRDs for W(5n) residue 

shows only a single Gaussian peak indicating the involvement of only one linear momentum transfer (LMT) 
173component in the production of this residue. Therefore, the W residues are populated via full linear 

171momentum transfer due to CF process only. The observed FRRDs for Hf(α3n) were resolved into two 
Gaussian peaks. The Gaussian peak observed at a lower cumulative depth is indicative of partial linear 
momentum transfer (LMT) from the projectile to the target nucleus. This suggests that the residues detected 
may have been generated through a combination of both CF and ICF processes.
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  [3]  M. Shariq Asnain, Mohd. Shuaib, Ishfaq Majeed, Manoj Kumar Sharma, Abhishek Yadav, Devendra P. Singh, Pushpendra P. 
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30 140 32 1385.1.4         Investigating channel coupling effects in the sub-barrier fusion of Si+ Ce and S+ Ba  

  REFERENCES:

  [5]  A. Gavron, Phys. Rev. C 21, 230 (1980).

30 140 The fusion excitation function of Si+ Ce has been compared with the coupled-channels code CCFULL [for  

details, see Comp. Phys. Comm. 123 (1999) 143]. The measured fusion cross-sections were found to have 
enhanced a few orders of magnitude with respect to 1DBPM predictions deep below the Coulomb barrier. 
The projectile is a static deformed nucleus with β  = 0.315, and the target exhibits low-lying vibrational states. 2

  [2]  D. J. Parker, J. J. Hogan, and J. Asher, Phys. Rev. C 35, 161 (1987).

  2Nuclear Physics Group, Inter-University Accelerator Centre, New Delhi 110067, India

The discovery of the quantum-tunneling effect has aided in understanding the fusion phenomenon in nuclei 
below the Coulomb barrier. However, multiple orders of enhancement in the sub-barrier energy region have 
been noticed for heavy-ion fusion reactions compared to the tunneling-based one-dimensional barrier 
penetration model (1DBPM) [for details, see Rep. Prog. Phys. 51 (1988) 1047, Annu. Rev. Nucl. Part. Sci., 48 
(1998) 401]. Explanations based on the role of couplings to various degrees of freedom of the participating 
nuclei, such as static and dynamical deformations, nucleon transfer, etc., have shown substantial success [for 
details, see Phys. Rev. C, 73 (2006) 034606, Phys. Rev. C 102 (2020) 024615]. However, the extent of their 
contribution and mutual interplay in deciding the fusion dynamics is still being understood. We aim to 

30 140 32 138measure the fusion excitation functions of Si+ Ce and S+ Ba reactions forming the compound nucleus 
170Hf*. The Q-values of neutron transfer are zero for the former reaction. Contrarily, for the latter, they are 
positive for up to 6n pickup by the projectile from the target. Looking into the structural effects of the nuclei 
and couplings to transfer channels can assist the knowledge of sub-barrier fusion phenomenon.

  [1]  E. Holub, D. Hilscher, G. Ingold, U. Jahnke, H. Orf, and H. Rossner, Phys. Rev. C 28, 252 (1983).

The evaporation residue (ER) cross-section (σ ) measurement was performed at 15 UD Pelletron accelerator ER

facility of IUAC, using the first stage of the Hybrid Recoil mass Analyzer (HYRA) [for details, see Pramana 
140 138 2 30- J. Phys. 75 (2010) 317]. Targets of Ce and Ba having 200 μg/cm  thickness were bombarded with Si 

32and S beams, respectively. The beam energy (E ) range was varied between 132 - 105 MeV for the lab
30 140 32 138Si+ Ce reaction spanning 13% above to 11% below the Coulomb barrier. While for the S+ Ba reaction, 
the energy spanned the 130 - 117 MeV range (11% below to near the Coulomb barrier). Two silicon surface-
barrier detectors (SSBDs) were mounted in the target chamber to normalize the ER counts absolutely. The 
helium gas pressure and the magnetic field settings of the HYRA were optimized through an in-house code to 
result in the maximum transmission of ERs and rejection of the primary and secondary beam-like particles. 

2The ERs were directed to the focal plane of a multiwire proportional counter (MWPC) of 15.0 × 5.0 cm  area. 
Two-dimensional energy loss (DE) vs. time-of-flight (TOF) spectra were generated to identify and gate the 
ER counts distinctly. The data were acquired through the IUAC software NIAS-MARS and analyzed using 

30 140the ROOT framework. The total ER cross-section for the Si+ Ce reaction was calculated [for details, see 
Phys. Rev. C 84 (2011) 064606] by incorporating the yield of elastically scattered beam-like particles and 
ERs measured by the monitor detectors (SSBDs) and the MWPC, respectively, transmission efficiency of the 
recoil separator HYRA, etc. Since the fusion-fission probability is negligible for the reaction, the fusion-
evaporation process results in σ  ~ σER fusion.

  [4]  M. Shariq Asnain, Mohd. Shuaib, Ishfaq Majeed, Manoj Kumar Sharma, Abhishek Yadav, Devendra P. Singh, Pushpendra P. 
Singh, R. Kumar, B. P. Singh and R. Prasad, Phys. Rev. C 106, 064607 (2022).

  1Department of Physics, Indian Institute of Technology Roorkee, Roorkee 247667, Uttarakhand, India

 The findings reveal a notable contribution from ICF reactions in the production of different residues. Recent 
studies have indicated a transfer of both partial and full momentum from the projectile to the target in α-
emitting channels during ICF reactions. The different partial LMT components corresponds to the break up 

19 15 11and fusion of F into N and B with the target nucleus. Further, the relative contribution of CF and/or ICF 
components have also been obtained. The critical angular momentum l  for the present system at which the crit

pocket in the entrance-channel potential nearly vanishes has been calculated and is found to be 79. The values 
of l  at two respective energies (82.8 and 94.3 MeV) in the present work are ≈ 22 ђ and 40 ђ. respectively, max

which are less than the l  for fusion to occur in the present system. The observation of ICF for energies where crit

l  < l  suggests that a significant number of l-waves below l  may contribute to ICF reactions. To obtain a max crit crit

more comprehensive understanding of the dynamics involved in ICF reactions, additional experimental data 
encompassing a wider range of nuclei are necessary. Moreover, supplementary experiments involving 
particle-γ coincidence, particularly for both loosely and strongly bound projectiles may provide a more 
detailed insight into the ICF dynamics. The new experimental findings could assist in improving the accuracy 
of existing theoretical models and in establishing systematics for energies approximately equal to 4-7 
MeV/nucleon.
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The detailed investigation of couplings in the colliding partners' rotational and vibrational degrees of 
32 138freedom; and the nature of fusion barrier distribution is in progress. The S+ Ba reaction measurement is yet 

to be carried out for the near and above Coulomb barrier energies. The study can subsequently reveal the 
additional facets of transfer-channel couplings and their role in the sub-barrier fusion enhancement.
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30 1425.1.5  Measurement of evaporation residue cross-sections for Si+ Ce reaction
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  To study the effect of entrance channel mass asymmetry on fusion-fission dynamics, we have selected two 
30 142 48 124projectile target combinations: Si+ Ce and Ti+ Sn, both these systems lead to the same compound 

172 *nucleus (CN) Hf . Energy of the projectile is chosen in such a way that in both the cases the same CN is 
populated at same excitation energy.  Out of these two reactions, we have measured the evaporation residue 

30 142(ER) cross-sections for Si+ Ce system using the HYRA facility. We have measured the ER cross-sections 
30at 11 energy points in the range of 9% below and 13% above the barrier. Si beam is accelerated up to 140 

142 2MeV energy using the Pelletron facility and is bombarded on a Ce target having thickness 200 μg/cm  on a 
2carbon backing of thickness 20 μg/cm . In the target chamber, two silicon detectors were placed at a distance 

oof 42 mm from the target, making an angle of 26.1  with respect to the beam direction. These detectors were 
30used for detection of elastically scattered Si ions for cross-section normalization and for positioning the 

beam at the center of the target. ERs formed in the target chamber were detected by a multi-wire proportional 
2counter (MWPC) of dimension 15 x 5 cm .

30 142Fig. 5.1.5.1: Two-dimensional plot of energy loss (DE) vs. Time of flight (TOF) for Si+ Ce at 133 MeV.

30 142Fig. 5.1.5.2: Coupled-channels calculations using the CCFULL code for Si+ Ce (a) by including 
various couplings and (b) by coupling with +2n transfer channel.

ANNUAL REPORT 2022-2023



96

  REFERENCES.:

1 1 1 1 1 2 2 3Diwanshu , A. Kumar , Bharti Rohila , Chetan , Subodh , Ishika Sharma , H. P. Sharma , P. S. Rawat , S. 
3 3 3 4 4 4 4 4Kumar , Anand Pandey , S. K. Chamoli , K. Katre, H. Arora , Uday Ghosh , Yashraj , Indu Bala , R. P. Singh  

4and S. Muralithar  

  3Department of Physics and Astrophysics, University of Delhi, New Delhi, India

The transitional nuclei in the mass range A = 100-120 has been studied via heavy ion fusion evaporation 
reaction using the Indian National Gamma Array (INGA) at IUAC. In A~100 mass region, evolution of 
shapes from spherical to deformed and rotational like band structures due to h g , d  neutron orbitals and 11/2, 7/2 5/2

high-Ω g proton orbitals is a topic of interest since many years. Specific coupling of these low-Ω neutron 9/2 

particles and high-Ω proton holes gives rise to exciting phenomena [1]. On the other hand, in A~120 mass 
region [2], the proton fermi surface lies near lower h subshell. These nuclei are considered to be soft with 11/2 

respect to γ. Gamma spectroscopy and lifetime measurements in this region has been carried out to probe the 
role of these orbitals in their structure. 

  Fig. 5.1.5.1 shows that ERs are clearly separated from the beam background. To analyse the experimental 
data, we have performed the coupled-channels calculations using the CCFULL code [1]. Experimental 
results overpredicts one-dimensional barrier penetration model predictions, as shown in Fig. 5.1.5.2(a), so to 
explain this enhancement below the barrier, we included couplings both in projectile and target nucleus. We 
have used the Akyuz-Winther parameterization of nuclear potential in the present calculations [2]. Fig. 
5.1.5.2(b) shows that inclusion of transfer coupling, F  = 0.3, gives best fit to the data.tr

  2Department of Physics, Banaras Hindu University, Varanasi, India

From the primary analysis, coincidence γ-γ spectrum with gate on 998 keV transition, showing the peaks 
106 16 107belonging to Cd [4], is shown in Fig. 5.1.6.1. For the O+ Ag system, all vs all projection spectrum, 

showing all the populated nuclei marked with their characteristic γ-rays, is shown in Fig. 5.1.6.2. Further 
analysis for lifetime and excitation function measurements is in progress.

5.1.6  Investigation of nuclear structure at high spin in neutron deficient nuclei

  1Department of Physics, Panjab University, Chandigarh, India

  [1]  K. Hagino, N. Rowley and A. T. Kruppa, Comput. Phys. Commun. 123, 143 (1999).

  4Inter-University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi, India

To study the nuclear structural phenomena in this mass region, two different systems have been studied (I) 
16 94 16 107 106 120O+ Zr and (ii) O+ Ag, leading to the population of Cd and Cs, respectively. Other nuclei were also 

120 120 119 119 2 94 2populated along with Cs, like Xe, Xe, and I. The 1.1 mg/cm  Zr target with 4.7 mg/cm  thick Au 
2 107 2backing and 1.1 mg/cm Ag with 6.09 mg/cm  Au backing have been fabricated by cold rolling method at 

16the Target Development Laboratory of IUAC. Both the reactions were induced by 77 MeV O beam, 
provided by the Pelletron at IUAC. The data were taken in both single and double coincidence mode by 11 

o o oClover detectors arranged in the INGA setup [3] at three different angles i.e., θ = 148 , 90  and 32 . Root-based 
data acquisition system NiasMARS developed by the IUAC group was used to process and analyze the data. 
Symmetric and angle-dependent γ-γ matrices were generated by NiasMARS and analyzed by the 
RADWARE package for further analysis.

  [2]  R. A. Broglia and A. Winther, Heavy Ion Reactions, (Benjamin Cummings, San Francisco, 1981).

106 16 94Fig. 5.1.6.1: γ-γ coincidence spectra for Cd (from the reaction O+ Zr) with gate on 998 keV transition.
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16 107Fig. 5.1.6.2: A typical all vs all projection spectrum showing all the populated nuclei in the O+ Ag system.
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5.1.7  Lifetime measurement study in nuclei having mass A ~ 120

  1Department of Physics and Astrophysics, University of Delhi, Delhi 110007, India.
  2Department of Physics, Panjab University, Chandigarh 160014, India

  Nuclei with A ~120 (50 ≤ Z ≤ 56) are of significant interest because of the competing shape driving tendencies 
of the orbitals occupied by their neutrons and protons. In recent years, neutron deficient Ba, Cs, and Xe nuclei 
with mass A ~ 120 have gained considerable attention due to the presence of both quadrupole and octupole 
collectivity. According to theoretical calculations, octupole degree of freedom plays an important role in 
atomic nuclei after the quadrupole degree of freedom [1]. Octupole correlations arise from the interaction 
between nucleons of opposite-parity orbitals near the Fermi level, whose angular momenta differ by 3ħ. 
Calculations suggest that nuclei with neutron or proton numbers of 34 (g  ↔ p ), 56 (h  ↔ d ), 88 (i  ↔ 9/2 3/2 11/2 5/2 13/2

f ), and 134 (j  ↔ g ) [1–3] exhibit softness towards octupole deformation. Moreover, double octupole 7/2 15/2 9/2
144shell closure nucleus with Z = 56 and N = 88, Ba [4] display enhanced octupole collectivity. Investigations 

in nuclei with Z ≈ N ≈ 56 indicate that alternate-parity bands in these nuclei are linked by E1 transitions with 
−4higher transition rates, B(E1) ~ 10  W.u., which are similar to those observed in neutron-rich barium (Z = 56) 

nuclei [4]. Furthermore, the shell structure in the Z ~ 56 and N ~ 66 region exhibits similar features to those 
of lanthanide and actinide regions where octupole correlations have been observed [5]. While low-energy 
spectra of deformed nuclei can be explained in terms of rotation of axially symmetric shape, chiral rotation 
has been observed as one of the preferred modes of excitation in a nucleus with triaxial shape. In a recent 

124study [6], lifetime measurements in Cs were extended to higher spin states in the chiral partner bands.
  

  4Inter University Accelerator Centre, Aruna Asaf Ali Marg, New Delhi 110067, India

  Further experiments are necessary to systematically investigate the prevalence of the octupole phenomenon 
and chiral bands in the odd-odd nuclei having mass A ~120 region. In pursuit of this objective, a recent 

122experiment was conducted at IUAC to explore the high spin states in Cs nuclei via lifetime measurement 
122using the Doppler Shift Attenuation Method (DSAM). High spin states in Cs were achieved by populating 

107 19 122them through the Ag( F, p3n) Cs fusion evaporation reaction at a beam energy of 88 MeV. The target used 
107 2 2consisted of a Ag foil that was nicely rolled to a thickness of approximately 1.1 mg/cm  on a 6 mg/cm  thick 

Au backing. The de-exciting γ-rays were detected using the Indian National Gamma Array (INGA) setup [7], 
o owhich comprised of 11 Compton-suppressed Clover detectors arranged in five rings at angles of 32 , 90 , and 

o148  relative to the beam direction. Data was collected in γ-γ coincidences mode for 12 shifts, and to optimize 
122the yield of Cs, an excitation function was conducted at 86, 88, 90, and 94 MeV of beam energy. Part of the 

data displaying the clearly-marked γ energy peaks of various nuclei populated in the reaction is illustrated in 
Figure 5.1.7.1. Detailed analysis of data is currently in progress.
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Fig. 5.1.7.1: Energy spectrum showing quality of data taken. Most intense peaks of 
different nuclei populated in the reaction are clearly marked.

  REFERENCES:

  [1]  W. Nazarewicz et al., Nucl. Phys. A 429, 269 (1984).

  [2]  J. Skalski, Phys. Lett. B 238, 6 (1990).

  [3]  P. -H. Heenen et al., Phys. Rev. C 50, 802 (1994).

  [6]  K. Selvakumar et al., Phys. Rev. C 92, 064307 (2015).

  [7]  S. Muralithar et al., Nucl. Instrum. Methods A 622, 281 (2010).

675.1.8  Spectroscopy of Ga
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 All the nuclear structural phenomena originating out of single-particle and collective modes of excitations 
are, respectively, due to the occupation of valance nucleons in fp-orbitals and particle-hole excitation to the 
shape-driving 1g  orbital. Evolution of shapes and collective structures have been observed in many Zn 9/2

isotopes [1,2,3] in this mass region.

 The high spin structures are certainly not explored to that extent for the Ga nuclei in this region. So, our 
primary motivation is to study the high spin phenomena in Ga and here, we report few preliminary results 

67observed in the in-beam spectroscopy of Ga.

62 Moreover, in the study of high spin states in Zn super-deformation was found for the first time in this mass 
region [3]. This phenomenon was expected from calculations predicting large shell gaps in the single particle 
energies for proton and neutron numbers N, Z = 30-32 [4,5]. Various reports in the literature suggest that this 
kind of exotic phenomena at high spin is due to the significant occupation of 1g  orbital.9/2

18 The nucleus of interest was populated via fusion-evaporation reaction. In this reaction a beam of O at 72.5 
MeV was obtained from the 15UD Pelletron accelerator [6] at IUAC. The Indian National Gamma Array 
(INGA) [7] was used to detect the emitted γ-rays. Multipolarity of a transition was determined from the DCO 

o oratio (R ) [8]. The detectors at 90  and 148  were considered for R  measurement. Electric or magnetic DCO DCO

nature of γ-ray transitions was determined from the linear polarization measurement [9, 10] from the data 
orecorded in the 90  detectors. Details of the experimental set-up and analysis methods are given in Refs. 

[1,11].
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67 Two gated spectra, obtained in the present analysis by γ–γ coincidence spectra for Ga gated on 713 keV (Fig. 
+  + + +5.1.8.1, 9/2 → 15/2 ) and 888 keV (Fig. 5.1.8.2, 25/2  → 21/2 ) transitions, are shown here. Few new 

transitions which are observed in the present work are also marked in the gated spectra. Spin-parity of the 
many states are assigned on the basis of DCO and polarization measurement. Many states are assigned with 
definite spin-parity which were assigned tentatively in previous works. Detail analysis is in progress and the 
results will be communicated shortly.

67 + +Fig. 5.1.8.1: g�-g coincidence spectra for Ga gated on 713 keV (19/2 →15/2 ) transition. Here, y-axis represents 
counts/1.0 keV. New transitions are highlighted with “*” symbol.

67 + +Fig. 5.1.8.2: g�-g coincidence spectra for Ga gated on 888 keV (25/2 →21/2 ) transition. Here, y-axis represents 
counts/1.0 keV. New transitions are highlighted with “*” symbol.
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