
Chapter 5

RESEARCH ACTIVITIES

5.1 Nuclear physics
N. Madhavan, P. Sugathan and R. P. Singh

During the year, the combined operation of Pelletron plus LINAC accelerators helped to accomplish the
completion of many user experiments pending for a long time. This year, eight students have completed
their PhD experiments using the GPSC and NAND facilities, performing heavy ion induced reactions.
These experiments attempt to address current problems in fusion-fission dynamics by measuring the fission
fragment mass distribution and mass gated pre-scission neutron multiplicity. The research topics covered
measurements exploring the existence of different modes of fission in Uranium nuclei, presence of asymmetric
fission in lead-island isotopes, entrance channel effects on shell closure in fission dynamics, pre-equilibrium
neutron emission at high excitation energies etc. In a recent publication, we have reported the impact of
multi-chance fission on shell effects observed in mass distribution and fragment mass-neutron correlation in
light actinide fission initiating more experiments in this direction. Other detector developmental activities
involved the fabrication of assembly frames for micro-channel plate based time- of-flight detector and modular
particle identification system for performing multi-nucleon transfer (MNT) reactions for future experiments.

It is also planned to develop a new experimental facility for nuclear physics in beam hall I making use
of the low-energy ion beams from upcoming HCI accelerator facility. With the designed energy gain of 1.8
MeV/ nucleon, light ion beams up to 20Ne can be obtained from HCI which can be used for low energy
nuclear reaction studies, which has importance in nuclear astrophysics related experiments. To measure the
energy and angular distribution of the reaction products, a scattering chamber is being designed and the
fabrication will start soon.

Indian National Gamma detector Array (INGA) setup at IUAC was used for experiments to explore
both the nuclear structure and heavy ion nuclear reaction dynamics. The experiments were carried out
using beams from Pelletron as well as Pelletron-Linac. A CsI based charge particle detector array (CPDA)
consisting of 32 detectors and an array of 5 LaBr detectors were used in conjunction with INGA for above
studies. The CPDA was used to identify the light charge particles like alpha and protons in coincidence with
de-exciting gamma rays. LaBr detectors were used for measurement of lifetime of excited nuclear states in
the sub-nanosecond range. Simulation studies for the incorporation of LaBr detectors in INGA were also
carried out for inclusion of up to sixteen LaBr detectors. In the last academic year, significant effort was
also put on helping the students with the analysis of data in ROOT format. A number of results were
published highlighting the dynamical aspect of nuclear structure in various regions of the periodic table.
Nuclei close to magic numbers 20, 28, 50 and 82 were studied to examine their high spin structure within
the spherical shell model framework. However, many with moderate deformation showed various dynamical
aspects such as magnetic, anti-magnetic rotational and wobbling bands. Some nuclei featured more than one
aspect in the same nucleus such as chirality, enhanced octupole correlation and magnetic or anti-magnetic
rotational bands. It is challenging for any model to depict such varied phenomena. In the reaction dynamics
investigations, incomplete fusion at low energy (about 2-6 MeV/A) in heavy ions has been studied. In these
studies various aspects which affect fusion (and incomplete fusion), such as structure of the reactants, alpha
Q-value of projectiles with α-cluster structure, break-up energy of the projectile etc. were investigated. This
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year clover gamma detectors were also used in a project to study residual activity in some of the building
materials. In the last academic year, a workshop on INGA - Recent results and New Ancillary Devices and
a school on Nuclear Models for Structure Studies were held. The workshop was helpful in taking stock of
the on-going research work and the school was particularly beneficial to young research scholars.

Heavy Ion Reaction Analyzer (HIRA) and HYbrid Recoil mass Analyzer (HYRA) were used in three
and six thesis experiments, respectively, probing sub- and near-barrier fusion, transfer and quasi elastic
backscattering processes. The SC-linac campaign in the second half of the academic year was utilized to
perform all the six HYRA experiments using high energy beams, two of which were performed with the HYRA
+ TIFR 4π spin spectrometer for evaporation residue (ER) spin distribution measurements. A split-anode,
deep ionization detector has been developed and commissioned at the focal plane of HIRA facility. Tests with
α-particle and fission fragment sources will be followed by a facility test with beam-induced nuclear reactions
prior to making it available for users. The addition of this detector will be immensely useful in background
reduction and / or particle identification in measurements involving low cross sections. A two-day workshop
on HIRA / HYRA and a week-long school on nuclear reactions helped in consolidating the activities / plans
for these facilities and in training the next set of around fifty research scholars, respectively. A total of four
manuscripts were published and a few more were submitted (or under review) based on earlier experiments
with these two facilities. The work carried out by the group members were presented in FUSION23 conference
held in Shizuoka, Japan during November 19 - 24, 2023. Thus, the academic year 2023 - 2024 was quite
successful in reducing the backlog in AUC-sanctioned experiments and in preparing the young researchers
for the future.

5.1.1 Study of transfer reactions in 28Si+140,142Ce using a recoil separator
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N. Madhavan1 and S. Nath1
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Heavy ion-induced multi-nucleon transfer (MNT) reactions [1] are important for studying the transition
from quasielastic to deep-inelastic regime, production of heavy neutron rich nuclei and probing nucleon-
nucleon correlation. MNT channels are also known to influence fusion dynamics near and below the Coulomb
barrier. Transfer products are often identified by electromagnetic recoil separators. A new generation of large
acceptance magnetic spectrometers (see e.g. Ref. [2]) have been commissioned to study transfer reactions in
which the projectile-like ions are identified by reconstruction of their trajectories. Transfer reactions can also
be studied around the Coulomb barrier using conventional separators by detecting the heavier target-like ions
in forward angles in the laboratory frame. This technique was first employed to study one-neutron (1n) and
two-neutron (2n) transfer channels in 58Ni+ASn systems [3], using the Daresbury recoil mass spectrometer.

Transfer yields are often normalized by the yield of the elastic channel to obtain transfer probabilities
[4]. Biswas et al. reported a methodology [6,7] to extract differential cross sections from measured yields of
quasielastic events at the focal plane of the Heavy Ion Reaction Analyzer (HIRA) [8]. One-proton (1p) and
two-proton (2p) stripping excitation functions for an intermediate mass system [9] were recently measured
with a recoil separator for the first time, using this methodology.

We report here new measurements of transfer excitation functions for the systems 28Si+140,142Ce at
centre of mass (c.m.) angle, θc.m. = 180◦ using the HIRA. The target-like ions have been transported to
the focal plane and detected by a position-sensitive multi-wire proportional counter. The spectrum between
x -position and time-of-fligh (TOF) of the target-like ions for the system 28Si+142Ce at Elab = 115 MeV is
shown in Fig. 5.1. The reaction products are dispersed according to their mass over charge state

(
A
q

)
values

at the focal plane of the HIRA. To eliminate the possibility of any ambiguity in channel identification, the
experimental spectrum has been compared with a simulated spectrum generated using a Monte-Carlo code
[7]. We are performing coupled reaction channel (CRC) calculations [10] to understand the mechanism of
transfer of nucleon(s) in this system. The methodology adopted in this work can be adapted for measuring
transfer cross sections using similar devices.
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Figure 5.1: Transfer channels identified at the focal plane of the HIRA with A
q values.
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Heavy ion-induced fusion reactions near the Coulomb barrier provide an excellent probe to explore the
structure of participating nuclei and the influence of weak channels, such as transfer channels [1,2]. Numer-
ous experiments and theoretical studies have shown that nuclear deformations influence fusion reactions,
often enhancing fusion cross-sections compared to the predictions of the one-dimensional barrier penetration
model (1D-BPM), which treats nuclei as structure-less entities. However, the impact of transfer channels on
fusion dynamics is not as straightforward as that of deformations. While some systems exhibit significant
enhancement in fusion cross-sections due to transfer channels [2,3], this is not universally observed across all
systems [4]. Although many systematic studies have been conducted, there are still exceptions that do not
follow the general trends [5].

Therefore, to explore the effect of transfer channels on fusion dynamics, we measured the fusion reactions
of 28Si+140Ce and 28Si+142Ce near the Coulomb barrier. The 28Si+140Ce system has 2n and 4n positive
Q-value transfer channels, while the 28Si+142Ce system has positive Q-value transfer channels ranging from
1n to 6n. The measurement of fusion reactions for the 28Si+140,142Ce systems was conducted using the
Heavy Ion Reaction Analyzer (HIRA) [6]. Projectile energies ranged from 103.5 MeV to 136 MeV in the
laboratory frame, with steps of 1.5 MeV and 3 MeV. HIRA was optimized to detect evaporation residues by
adjusting its electric and magnetic fields.
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Figure 5.2: Fusion excitation functions for the systems (a) 28Si+140Ce and (b) 28Si+142Ce. The arrow
in each frame indicates location of the Coulomb barrier.

These ions were identified using a multi-wire proportional counter (MWPC) located at the focal plane
of the HIRA, which had dimensions of 150× 50 mm2. To distinguish between scattered beam-like particles
and desired reaction products at the focal plane, we measured the time-of-flight of the ions. The start signal
was derived from the MWPC anode, while the RF signal served as the stop.

The result of the data analysis for the fusion measurement is shown in Fig. 5.2, where the obtained
fusion cross-sections are compared with predictions from the 1D-BPM, calculated by ccfull [7]. The
theoretical cross-section underestimates the observed values significantly, indicating the influence of internal
degrees of freedom. Detailed theoretical calculations are currently underway to provide a more fundamental
understanding of these effects.
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Entrance channel effects play important roles in the heavy ion-induced fusion mechanism. Significant
fusion inhibition has been observed for the reaction following symmetric entrance channel at the mass
region A ∼ 200 [1,2]. Evaporation residue (ER) and ER-gated spin distribution measurements are most
sensitive probe to study such effects in the presaddle fusion-fission dynamics [3,4]. These measurements were
performed for two different reactions, using the HYbrid Recoil mass Analyzer (HYRA) coupled with the
TIFR 4π spin spectrometer at IUAC. The first reaction involved the nuclei 48Ti and 160Gd while the second
reaction involved 30Si and 178Hf. Both reactions formed the same compound nucleus 208Rn∗.

Pulsed beams of 48Ti and 30Si, with pulse separation of 250 ns and 2 µs, respectively, were used. The
measurements were carried out at several energies, which ranged from around the Coulomb barrier to 20%
above the barrier. Magnetic fields and the gas pressure of HYRA was optimised to ensure the maximum
transmission of ERs to the focal plane. These ERs were detected using a position sensitive multi-wire
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Figure 5.3: Scatter plot between ∆E and TOF and (b) ER-gated γ-fold distribution for 48Ti+160Gd
at Elab = 208.2 MeV.

proportional counter (MWPC) located at the focal plane. The closely packed 4π array of 29 NaI detectors
were placed around the target chamber to capture the emitted γ-rays. Correlation plots between the energy
loss (∆E) and time-of-flight (TOF) of the ERs were used to identify the ERs as shown in the left panel of
Fig. 5.3. A clear separation of the ERs from other possible scattered particles reaching the focal plane is
evident. ER-gate, from this plot, was then applied to the raw γ-folds to remove the background, as shown
in the right panel of Fig. 5.3. Complete analysis of the data, to obtain ER cross sections and ER-gated
γ-multiplicity distributions for both the reactions, is underway.
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Below the classical Coulomb barrier, the fusion phenomenon in nuclei has been better understood through
quantum tunnelling effect. However, compared to the quantum mechanical one-dimensional barrier penetra-
tion model (1DBPM), several orders of increase in cross section have been seen for heavy-ion fusion processes
in the sub-barrier region [1]. The role of various degrees of freedom of the participating nuclei, such as static
and dynamical deformations, couplings among inelastic states, nucleon transfer, etc., has been put forth as
a major accountable factor [2]. However, the extent of contribution of each degree of freedom along with
their mutual interplay is still being investigated.

We chose to measure the 32S+138Ba system and compare it with our previous measurement of the
30Si+140Ce system, where both form the same compound nucleus 170Hf∗. For the former system, the Q-
values are positive up to 6n pickup by the projectile from the target. Contrarily, they are all negative for the
latter system. Understanding the sub-barrier fusion enhancement in excitation function using theoretical
frameworks can aid the knowledge of structural features of the nuclei and couplings to transfer channels.

The experiment was performed at the 15UD Pelletron and LINAC facility of IUAC, incorporating 1st
stage of the Hybrid Recoil mass Analyzer (HYRA) [3]. To carry out the evaporation residue (ER) cross-
section measurement, 138Ba target having 200 µg/cm2 thickness [4] was bombarded with 32S beam. In the
present run, the beam energy (Elab) was varied between 154 - 132 MeV, spanning 17% above to near the
Coulomb barrier, while the lower energy data (up to 10% below the barrier) were collected in the previous
run. To normalize the ER counts absolutely, two Passivated Implanted Planar Silicon (PIPS) detectors were
mounted in the target chamber. 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 scattered beam-like particles. The ERs were directed to the focal plane and detected by a multi-wire
proportional counter (MWPC) of 15.0×5.0 cm2 area. Two-dimensional energy loss (∆E) versus time-of-flight
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(TOF) spectra were generated at each energy to identify and gate the ER counts distinctly. The data were
acquired through the IUAC software NIAS-MARS and analyzed using the ROOT framework. The total ER
cross-section was calculated through the formalism given below

σER =
YER

Ymon

(
dσ

dΩ

)
R
Ωmon

1

εHYRA
, (5.1)

where YER and Ymon are the yields of ERs at the focal plane and of the scattered particles at the monitor
(PIPS) detectors, respectively,

(
dσ
dΩ

)
R is the differential Rutherford scattering cross-section, Ωmon is the solid

angle subtended by the monitor detectors at the centre of the target and εHYRA is efficiency of the HYRA.
As the fission probability is negligible for the reaction, σER ' σfusion. The fusion excitation function has

been compared with the coupled-channels code CCFULL [5]. Cross sections are found to be enhanced by
several orders of magnitude with respect to the 1DBPM predictions in the sub-barrier region. The 32S+138Ba
reaction shows additional fusion enhancement compared to the 30Si+140Ce reaction, which might be due to
neutron transfer in the former system. Detailed theoretical calculations are being performed to understand
the couplings to transfer channels and structural degrees of freedom of the colliding partners.
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Comprehending the nuclear reaction dynamics and the factors determining its outcome in the superheavy
mass region is challenging [1]. The effect of neutron excess in ER survival probability against fission in heavy
ion fusion reactions is a matter of considerable interest. The quasifission (QF) process [2], in which the system
reseparates before reaching a compact compound nucleus (CN), is a significant hurdle in forming heavy and
superheavy evaporation-residues (ERs) in heavy-ion induced reactions. It is reported that QF is present in
30Si+186W reaction[3]. Conclusive evidence of QF can be inferred from anomalous fission fragment angular
anisotropies, broadened fission fragment mass distributions, mass-angle correlations and strong reduction in
ER cross-section [3]. So we are interested to study the N/Z effect in fusion and QF.

Figure 5.4: ∆E versus TOF for 30Si+184W at Elab = 160MeV (left) and Ec.m./VB versus ER/
√
MLMR

for isotopes of Ra.

88



5.1 Nuclear physics

The ER excitation function measurement was performed at the 15UD Pelletron+LINAC facility of IUAC.
Pulsed 28,30Si beam with 2 µs pulse separation was used to bombard the isotopically enriched 182,184,186W
targets of thickness 400 µg/cm2, 200 µg/cm2 and 300 µg/cm2, respectively on 25 µg/cm2 thick carbon
backing at laboratory energies (Elab) in the range of 133 to 192 MeV. ERs were separated from the intense
beam background using the HYbrid Recoil mass Analyzer (HYRA) [4]. Two silicon detectors were used
inside the target chamber, placed at θ = 26◦, to detect the Rutherford scattered beam-like particles for
absolute normalization of ER cross sections. These detectors were also used for positioning the beam at the
center of the target. The ERs reaching the focal plane were detected using a position sensitive multi-wire
proportional counter (MWPC). Time-of-flight (TOF) spectra were generated with the timing pulse from the
MWPC anode as start and the radio frequency (RF) signal, delayed suitably, as stop. The energy loss (∆E)
vs TOF spectra helped in unambiguous identification of ERs (left panel of Fig. 5.4) amidst the beam-like
contamination. Normalized ER yields for isotopes of Ra (ER/

√
MLMR; ML and MR are yields of the left

and the right monitor detectors, respectively) are plotted as a function of Ec.m./VB in the right panel of Fig.
5.4, where VB is the Coulomb barrier.
References:

1. Yu. Ts. Oganessian et al., Phys. Rev. Lett. 109, 162501 (2012).
2. D. J. Hinde et al., Phys. Rev. Lett. 74, 1295 (1995).
3. A. C. Berriman et al., Nature (London) 413, 144 (2001).
4. N. Madhavan et al., Pramana - J. Phys. 75, 317 (2010).
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Figure 5.5: Measured and calculated
ER excitation functions for 48Ti+124Sn.

To study the sub-barrier fusion enhancement phenomena
and the effect of couplings on sub-barrier fusion cross-sections,
we have measured the evaporation residue (ER) cross-sections
for 48Ti+124Sn system using the HYRA facility. These mea-
surements were done at 10 energy points in the range of 6%
below and 11% above the Coulomb barrier. 48Ti beam was
accelerated up to 197.6 MeV using the Pelletron+linac facil-
ity and was bombarded on a 124Sn target having thickness 100
µg/cm2 with carbon backing of thickness 20 µg/cm2. In the
target chamber, two silicon detectors were placed at a distance
of 42 mm from the target ladder, making an angle of 26.1 with
respect to the beam direction. These detectors were used for
the detection of elastically scattered 48Ti ions for Rutherford
cross-section normalization and positioning the beam at the
centre of the target. ERs formed in the target chamber were detected by a multi-wire proportional counter
(MWPC) of dimension 15 × 5 cm2, placed at the focal plane. We compared the results obtained from this
experiment with our earlier measurement on 30Si+142Ce system to understand the effects of entrance channel
mass-asymmetry and deformation of the colliding nuclei on fusion cross sections.

Fig. 5.5 shows the measured ER cross-sections for 48Ti+124Sn. We also performed coupled-channels
calculations using the code ccfull [1]. Experimental results overpredicts the one-dimensional barrier pen-
etration model cross-sections, as shown in the figure. To explain the below-barrier enhancement of cross
sections, we included couplings both in projectile and target nuclei. We used the Akyüz-Winther param-
eterization for nuclear potential in the present calculations [2]. The data were reproduced reasonably well
after inclusion of couplings, in the measured energy range, as shown in Fig. 5.5.
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5.1.7 Measurement of quasielastic scattering excitation functions and barrier
distributions
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We report here our measurement of quasielastic scattering (QES) for the systems 16O+116Sn,176Yb,178Hf,
considering both spherical and deformed targets. Measurements were carried out at back angles (for
projectile-like ions) and at 180◦ (for target-like ions) simultaneously using the Heavy Ion Reaction Ana-
lyzer (HIRA) at IUAC. For the study of QES at 180◦, the HIRA was set at 0◦ [1]. The measurements were
performed in the range of 0.78VC to 1.09VC for 16O+116Sn and 0.78VC to 1.10VC for 16O+176Yb,178Hf; VC is
the Coloumb barrier. QES barrier distribution (BD) was extracted from excitation functions using the point
difference formula. Our aim was to measure excitation functions for spherical and deformed targets to see
the effects of deformation and couplings on the BD. In our preliminary analysis, effect of the hexadecapole
deformation of 176Yb on BD could be seen against the reported values from 0.012 to -0.059 [2,3].

Figure 5.6: (a) X-TOF spectrum for 16O+178Hf at Elab = 77 MeV, (b) ∆E-TOF spectrum for
16O+178Hf at Elab = 77 MeV, (c) excitation function for 16O+116Sn and (d) the corresponding barrier
distributions.

We used two silicon detectors at backward angles of 150◦ and 138.5◦ to measure the projectile-like ions.
The target-like ions were measured using a multi-wire proportional counter (MWPC) placed at the HIRA
focal plane. Two monitor detectors were used for absolute normalization. Scatter plots between ∆E-TOF
and X-TOF for 16O+178Hf are, respectively, shown in panels (a) and (b) of Fig. 5.6. Excitation function for
O+Sn system from the present work along with the data obtained from Refs. [4] are shown in Fig. 5.6(c)
while the corresponding barrier distributions [4,5] are depicted in Fig. 5.6(d). Detailed analysis of the data
is in progress.
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5.1.8 Probing low and high spin states of nuclei of A∼70 mass region through
heavy-ion induced gamma spectroscopy
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A variety of physical phenomena can be investigated through heavy-ion induced fusion evaporation
reaction in the mass region A∼60-70. The nuclei in this mass region, having 56Ni as core, are excellent
candidates to explore competition between single particle and collective excitation. Existence of strong
coupling between intruder 1g9/2 and normal 2p3/2 orbitals play an important role in deciding the deformation
of nuclei in this region [1,2]. Low lying negative parity states is one of the compelling indicators of reflection
asymmetry which is important in the context of octupole correlation [3]. Heavy ion induced reaction is
needed to extent the level scheme to higher spin state. We were aimed to explore low as well as high spin
states of nuclei in this mass region through heavy ion beam.

In order to populate nuclei in A∼70 mass region a beam of 28Si at 100 MeV lab energy was produced
by the 15UD Pelletron accelerator at the Inter University Accelerator Center (IUAC) New Delhi. The beam
was bombarded onto a 48Ti target of thickness 1 mg/cm2 backed by 8 mg/cm2 197Au. The emitted gamma
rays were detected in coincidence mode with 16 Compton suppressed HPGe clover detectors of the Indian
National Gamma Array (INGA) set up.

Analysis of the data is done with the help of the standard analysis packages viz., CANDLE [4], RAD-
WARE [5] and INGASORT [6]. A gamma-gamma coincidence matrix is formed after data sorting (left panel
of Fig. 5.7). Populated nuclei are confirmed by gating the gamma energies.

Figure 5.7: (Left) A typical gamma ray spectrum obtained from experimental data and (right) coin-
cidence spectrum of 69Ge, gated on 1348 KeV.

69Ge, 72Se, 70As and other nuclei in the mentioned mass region with a desirable cross-section. Coincidence
spectra of 69Ge which is gated on 1348 KeV gamma energy is shown in the right panel of Fig. 5.7. In a recent
work 15/2− state is found as octupole rotational band [3]. The coupling between 1g9/2 particle orbital and
3− octupole state takes major part in making 15/2− state. Se isotopes also shows the octupole correlation.
Further investigation and data analysis is in progress.
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5.1.9 Spectroscopic study of rare earth nuclei produced in the fusion-fission
reaction
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It is important for the study of the structure of atomic nuclei to understand the limits of nuclear existence
as functions of neutron and proton number, as well as excitation energy, angular momentum and elongation.
The role that microscopic shell corrections play in enhancing and in extending the limits of nuclear stability
is central to this understanding. The present work studies rare earth nuclei which could not be produced in
fusion evaporation reactions. We used 28Si beam on 175Lu target at Elab = 145− 160 MeV to produce some
of the nuclei through fusion-fission process. Some of the nuclei identified are mentioned below. In addition
to the above, we are also pursuing reaction dynamics studies for the same system.

Figure 5.8: Projected spectrum (left) and gated spectrum (right).

At present we are analyzing the data. A two-dimensional Eγ − Eγ matrix has been sorted with the
calibrated and gain matched data. The projection of the matrix is shown in the left panel of Fig. 5.8.
A gated spectrum from our preliminary analysis is shown in the right panel of Fig. 5.8. So far, we have
identified the following isotopes: 70,72,73,74,75Se, 76,77,78,79,80Kr, 78,79,81,84Sr, 76,79,81Rb and 71,72Br.

5.1.10 Study of neutron multiplicity and mass distribution in Pb region with
NAND facility
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Figure 5.9: PSD versus TOF graph of the neutron detector no.
7054 at 258 MeV energy.

Quasifission (QF) process plays
a major role in the suppression of
compound nucleus formation. Sev-
eral experimental as well as theoreti-
cal approaches have been adopted to
understand the dynamics of Fusion-
Fission (FF) and QF processes in
heavy nuclei. It is well established
that the pre-scission neutron mul-
tiplicity is one of the most profi-
cient probes to study the dynamics
of heavy-ion induced FF and QF re-
actions [1]. This is because FF and
QF reactions have their own char-
acteristic reaction times, implying
that each reaction process is associated with the different pre-scission neutron multiplicity. Therefore,
measurement of pre-scission neutron multiplicities from an isotopic chain will be a suitable tool to disentan-
gle FF and QF processes. With this motivation, we have measured pre-scission neutron multiplicities from
two compound nuclei, namely 190,198Pb populated by 48Ti+142,150Nd systems at 248 to 285 MeV of labo-
ratory energy using the National Array of Neutron Detectors (NAND) facility at IUAC. The pulsed beam
of 48Ti with a pulse separation of 250 ns, delivered from the 15UD Pelletron plus LINAC, was bombarded
on 142,150Nd targets of thickness 350 µg/cm2 with carbon backing of 30 µg/cm2 and carbon capping of 20
µg/cm2. Two MWPCs (20 × 10 cm2) were kept symmetrically at 57◦ at a distance of 25 cm each from
the target in order to detect the fission fragments. The neutrons were discriminated using the pulse shape
discrimination (PSD) based on the zero crossing and TOF technique [2]. Neutrons were detected using
50 organic liquid scintillators (BC501A) in coincidence with either of the fission fragments detected using
the two MWPCs. The PSD vs TOF spectrum of neutrons emitted in the fission direction after applying
mass gating in detector no. 7054 is as shown in (Fig. 5.9). Gated portion (solid line) shows the neutron
events. To reduce the background, the beam dump was placed 4 m downstream from the target and it was
shielded with paraffin and lead bricks. The main motive of the data analysis is to extract the mass-gated
neutron multiplicity, mass distribution and mass-energy correlations of the binary fission fragments. The
simultaneous analysis to determine the mass distribution and neutron multiplicity is in progress.
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5.1.11 Pre-equilibrium neutron emission at high excitation energies and valida-
tion with nuclear reaction models
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Pre-equilibrium emission has been identified as a prominent nuclear reaction mechanism in the energy
region of the order of 10 MeV/nucleon and above [1,2]. Pre-equilibrium emissions are characterized by the
forward peaked angular distribution of emitted particles, energy spectrum shifted to higher mean energies
and slowly descending tails of excitation function. The pre-equilibrium effects are evident in both particle
emission and fission reactions [3]. Since the pre-equilibrium mechanism involves a lesser number of nucleon-
nucleon interactions and particles/clusters emitted before the equilibration of the compound nucleus the
outgoing particles carry larger energy and angular momentum. Further, as the outgoing particles carry
larger energy the energy available for successive emissions will be reduced leading to a reduction in the
multiplicity of emissions. This will affect the yield of the residual nucleus corresponding to each channel, the
number of emitted particles, and the energetics of the outgoing particles. This is important in the application
of nuclear data like production of radioactive isotopes, hadron therapy like proton therapy, neutron therapy,
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alpha therapy and carbon therapy, material modification, and design of structural materials for fusion and
fission reactors, etc.

Various models based on semi-classical statistical model approaches and quantum mechanical approaches
have been developed for explaining the pre-equilibrium emission mechanism. However, their predictivity is
to be limited for a particular set of data, say light charged particles induced reactions, neutron induced
reactions, etc. that is true over very limited energy intervals [1,4]. Further, for each reaction system, one
has to optimize the nuclear parameters to reproduce the experimental data for each case. This loses the
universality of the models. Comprehensive theoretical modeling, that can reproduce the experimental data
covering a wide range of energies and masses, is yet to be evolved. More recently attempt has been focused to
generate a uniform nuclear reaction model with a unique global set of parameters that can generate nuclear
reaction data over a wide range of interests. There is a good number of data on excitation functions for the
light-charged particle induced reactions at low and medium energies. However, there is a lack of sufficient
data for the heavy-ion induced reactions. Heavy-ion reactions are more complex processes than light-ion
reactions, that occur as a result of the relatively large number of nucleons involved and a large amount of
angular momentum transfer that occurs between the projectile and the target nucleus [5].

The modern carbon ion therapy uses high energy 12C beam for medical therapy and the design and
operation of such accelerator facility require accurate knowledge on neutron shielding due to background
neutrons produced by beam hitting on surfaces. The present work is proposed to study measurement of
neutron yield from targets of 56Fe and 93Nb when bombarded by 12C. The chosen reaction is important to
understand the production of neutrons from Fe and Nb are two prominent materials in building heavy ion
accelerator components. The new data are useful to the application of accelerator shielding design. The
data is of significant interest in reactor physics also. There are finite probability of producing carbon ions
in fission reactors as a result of ternary fission [6,7] and hence study of secondary neutron generation by
interaction of 12C is very significant here.

One natFe target foil of thickness ∼ 2.755 mg/cm2 and two 93Nb target foils of thickness ∼ 2.790 mg/cm2

and ∼ 194.540 mg/cm2 are prepared by rolling. All the three tareget foils and one blank target holder were
fixed to the target ladder placed inside the high vacuum (∼ 10−6 torr) National Array of Neutron Detectors
(NAND) chamber. Irradiation was performed in the direction perpendicular to the sample surface. The
ion beam was focused to a spot of ∼5 mm diameter using the quartz placed in the target ladder. The foils
were irradiated with 15UD Pelletron and LINAC accelerators and energy-angle distribution of neutrons is
measured by time of flight using the large number of neutron detectors (100) distributed at different angles
in NAND. Carbon beams with energies ranging from 125 MeV to 70 MeV were used for irradiation at a
current of ∼1.5 pnA. To compensate for background radiation, a blank run was conducted for each energy.
Currently, analysis is ongoing to explore the impact of pre-equilibrium neutron emission in 12C induced
reactions in both natFe and 93Nb targets.
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5.1.12 Study of fission dynamics for the reactions 30Si+194,198Pt
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Recently, there has been a lot of interest in the study of fusion-fission dynamics, in order to understand
the influence of the shell structure of the fissioning nucleus and nascent fragments at low excitation energies.
Further, at these energies, several reports indicate the existence of multimodal fission [1]. In order to
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investigate the impact of shell structure on fission dynamics, we performed an experiment to measure the mass
and total kinetic energy (TKE) distributions as well as neutron multiplicities for the reactions 30Si+194,198Pt.

Figure 5.10: Two-dimensional correlation plot between anode signals from both the MWPCs (left)
and two-dimensional plot between velocity components of the fission fragments (right) for the reaction
30Si+198Pt at Elab = 154 MeV.

The experiment was performed at the 15UD Pelletron-LINAC facility of IUAC. A pulsed beam of 30Si
(pulse width ∼ 1 ns and pulse separation of 250 ns) was bombarded on 194Pt (thickness ∼ 150µg/cm2)
and 198Pt (∼ 200µg/cm2) targets with beam energy (Elab) ranging from 135 to 208 MeV. Sixteen BC501A
organic scintillator detectors, placed at different polar and azimuthal angles in a geodesic dome structure of
the National Array of Neutron Detectors (NAND) [2], were used for detection of neutrons. Each detector
was situated at a distance of 175 cm from the target. Fission fragments were detected in coincidence by using
two large area (20 cm × 10 cm) position sensitive Multi-Wire Proportional Counters (MWPCs), placed at
a folding angle of 140◦ with respect to the beam direction. The online data acquisition was performed with
the NiasMars (Multi parameter Acquisition Root-based Storage) software.

The timing correlation spectrum of the two MWPCs allows for a clear distinction of the fission fragments
from other elastic or quasielastic events, as shown in the left panel of Fig. 5.10. A typicsl two-dimensional
plot between v⊥ versus v‖/vcn is shown in the right panel of Fig. 5.10 for Elab = 154 MeV, in which majority
of the events were observed at 0 and 1. The events inside the circle were analysed to derive the mass and
TKE distributions.
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To disentangle the CN fission from NCN fission processes, study of fission fragments (FFs) mass-angle
correlation and the width of the fragments mass distribution have extensively used, utilizing one or more
entrance channel parameters [1]. To understand the fission dynamics in the pre-actinide region, we populate
206,207Po via two different entrance channels, 30Si+176Yb and 14N +193Ir respectively. The experiments
were performed at IUAC, New Delhi with 15 UD pellectron accelerator using NAND facility. Pure enriched
isotopic targets of 176Yb [2] and 193Ir were fabricated at the target laboratory of IUAC for perforing the
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experiment. Two larger area MWPCs (20 *10 cm2) were mounted at the folding angles to collect the fission
fragments in coincidance. The fission events are separated from elastic events from the timing correlation
of the MWPCS by putting a gate as shown in Fig. 1 (a). For the analysis of the data, time and position
calibration were done and from the calibrated timimng and position information, folding angle and the
velocities of the fission fragments were reconstructed. The fragments folding angle and velocity distributions
are sgown in Fig. 1 (b) and Fig. 1 (c), respectively.

Figure 5.11: (a) TOF correlation between MWPC1 and MWPC2, (b) folding angle distribution of
the FFs and (c) Velocity distribution of the FFs for the reaction 30Si+176Yb at Elab = 128 MeV.

Figure 5.12: FF mass distribu-
tion for the reaction 30Si+176Yb
at Elab = 137 MeV.

After reconstruction of the velocity components in the laboratory
frame, mass of the FFs were calulated as shown in the Fig. 2 [3]. The
mass distribution at the studied energy range is found to be symmet-
ric (peaked at Acn/2, where Acn is the compound nuclues mass) and
fitted with a single Gaussian function to extract the width of the mass
distribution (�m). The �m values for the reaction 30Si+176Yb is higher
then that of the statistical model calculation, which may be due to the
presence of quasifission. The present result is consistant with the earlier
findings [4] of the similar nearby systems. Moreover, effect of orienta-
tion dependent quasifission is also observed at below barrier energies,
where magnitude of the �m abruptly increases. The analysis of the 14N
+193Ir system are in progress. As the two reactions under study have
different entrance channel properties and populated with around similar
excitation energies, The dynamical evolution of the composite system
after capture can be compared to understand the onset quasifission and the influence of entrance channel
parameters on compound nucleus and non-compound nucleus fission.
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5.1.14 Transfer reaction studies of 10,11B+40Ca at 50 MeV using GPSC facility
Harun Al Rashid1,2, K. Kalita1, Lakhyajit Sarma1, Amar Das1,3, Nabendu K. Deb4, P. Sugathan5, K. S. Golda5, A. Jhingan5, N.
Saneesh5, Mohit Kumar5, Anamika Parihari6, Honey Arora7, J. J. Das8 and B. J. Roy9

1Department of Physics, Gauhati University, Guwahati 781014, India
2Department of Physics, BBK College, Nagaon 781311, India
3Department of Physics, Suren Das College, Hajo 781102, India
4Department of Physics, Kamrup College, Chamata 781306, Assam, India
5Inter-University Accelerator Centre, New Delhi 110067, India
6Department of Physics, Rajdhani College, University of Delhi, Delhi 110015, India
7Department of Physics, Central Michigan University, Mt. Pleasant, Michigan, USA
8Department of Physics, Cotton University, Guwahati 781001, Assam, India
9Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India

In order to perform a scattering experiment at the General Purpose Scattering Chamber (GPSC), IUAC
to study elastic and transfer reactions for the systems 10,11B+40Ca, we fabricated carbon backed CaF2 films
of thickness 272.5 µg/cm2 at the IUAC Target Laboratory [1]. The experiment was carried out at laboratory
energy of 50 MeV for both the ion beams. Four ∆E − E silicon detectors of thickness ranging from 15 - 40
µm for ∆E type and 300 - 2000 µm for E type were mounted on the two movable arms of the chamber.
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Two monitors were also placed at 10◦ on the either side of the beam direction. Data were collected using
the NIAS-MARS (Multi-parameter Acquisition with Root base Storage) software.

Figure 5.13: Ratio of elastic to Rutherford cross section for 10B+40Ca (left) and 11B+40Ca (right) at
Elab = 50 MeV.

Well separated transfer bands along with elastic peaks were observed for 10,11B+40Ca reactions. From
our data, we have seen multi-nucleon transfer channels such as stripping reactions in 10B+40Ca and both
pickup and stripping channels have been observed in 11B+40Ca. Optical model analysis has been carried
out for both the systems in the framework of Wood-Saxon potential. Theoretical calculations are carried
out using the code fresco. New sets of optical model parameters are extracted for both systems and they
are compared with the data obtained by Glover et al. [2] as shown in Fig. 5.13. Further analysis of data is
going on for both the systems.
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5.1.15 Investigation of mass distribution of the 28Si+158Gd system: Role of shell
effects
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Figure 5.14: Scatter plot of TOF-1 versus
TOF-2 at E* = 51.3 MeV, where the arrow
refers to the fission events (middle patch),
which are well separated from the elastic or
quasielastic events (extreme patches).

An experiment was performed in order to investigate the
fission fragment mass distributions (FFMD) and underly-
ing fission fragment properties of the 186Pt compound nu-
cleus. The pulsed beam, with a pulse separation of 250
ns, was bombarded on the 97% enriched 158Gd2O3 tar-
get of thickness ≈110 µg/cm2 with carbon backing of ≈35
µg/cm2. To detect the coincident fission fragments, two
identical position-sensitive multi-wire proportional counters
(MWPCs) having dimensions 20 cm × 10 cm were positioned
symmetrically at ±70◦ with respect to the beam direction
and 25 cm apart from the target in the scattering chamber
of the National Array of Neutron Detectors (NAND) facility.
The anodes of both MWPCs delivered the fission fragment’s
time-of-flight (TOF) information, whereas the position in-
formation was obtained through the delay-line readout of
the wire grids. The VME-based data acquisition system was
used to acquire the list-mode data. The logical AND of the
radiofrequency (RF) pulse of the beam with the OR output of the TOF signals from both the MWPCs served
as the trigger for the data acquisition system. Fig. 5.14 represents the two-dimensional correlated TOF sig-
nals, TOF-1 and TOF-2, from MWPC-1 and MWPC-2, respectively. This TOF information provided by
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the MWPCs was utilized to get the velocities, which were further used to estimate the fission fragment mass
and kinetic energy distributions.

Consequently, the FFMD at different excitation energy (E∗) was found to be broad and flat-topped,
indicating the existence of the admixture of symmetric and asymmetric fission modes. In view of this,
a comparative analysis was carried out to test the closer fitting to the experimental mass distribution
among the one-Gaussian (one symmetric mode), two-Gaussian (one asymmetric mode), and three-Gaussian
(one symmetric and one asymmetric mode). The one-Gaussian fit failed to satisfy the experimental mass
distributions, whereas the two- and three-Gaussian fits efficiently reproduced the distributions, signifying
the crucial role of the quadrupole deformed (Z ≈ 34, 36, 42, 44 and 46) shell gaps in deciding the fate of
the compound nucleus. Moreover, the experimental mass distributions and fragment properties were also
compared with the GEneral Fission (GEF) model predictions in order to test this model code’s reliability
in the sub-lead region. Although the GEF model failed to predict the structure of the experimental mass
distributions for all three E∗s (64.1, 51.3 and 47.0 MeV), it grossly predicted the fragment properties of the
present system. No signature of the quasifission process was observed. Also, the symmetric contribution
estimated for 186Pt was compared with GEF model outcomes. A good agreement between the GEF code-
derived symmetric contribution and the experimental ones was observed for each energy [1].
References:

1. Pavneet Kaur, Moumita Maiti, R. Kumar, A. Singh et al., Phys. Rev. C 110, 034613 (2024).

5.1.16 Study of entrance channel effect on shell closure in fission dynamics
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Saneesh2, Mohit Kumar2, Rishabh Prajapati2, K. S. Golda2, Akhil Jhingan2, P. Sugathan2, Raghav Agarwal3, Kiran3 and Ajay
Kumar1
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3Department of Physics, Panjab University, Chandigarh 160014, India

Nuclear fusion-fission dynamics is heavily influenced by factors such as the entrance channel mass asym-
metry (α), the shell effect and the N/Z value. Researchers have conducted experimental and theoretical
studies [1] to determine the influence of these characteristics on fusion-fission dynamics. We found that the
most effective method for determining the relationship between these parameters in fission dynamics is to
study the pre-scission neutron multiplicity (Mpre).

In this academic session (2023-24), we performed our experiment entitled “Study of entrance channel effect
on shell closure in fission dynamics” utilizing the Pelletron + LINAC facility in the NAND [2] beamline in
February 2024. We aimed to calculate the pre-scission neutron multiplicity and investigate the influence of
the entrance channel, neutron-to-proton ratio (N/Z) and shell closure on fusion-fission dynamics. For this
investigation, we selected the following reactions: 28Si+178Hf and 28Si+186W.

We have completed analysis of the data and are currently engaged in theoretical study. The results
obtained for one of the reactions (28Si+178Hf) are presented in Table 5.1 and Fig. 5.15.

Table 5.1: Summary of the results obtained for the reaction 28Si+178Hf →206Rn∗.

E∗ (MeV) Mpre Mpost Mtotal Tpre TTpost
61.00 2.12±0.13 3.26±0.07 5.38±0.15 1.34±0.07 1.11±0.03

71.70 2.79±0.13 3.46±0.07 6.25±0.15 1.46±0.06 1.17±0.03

79.00 3.15±0.16 3.74±0.10 6.89±0.19 1.47±0.06 1.26±0.03

90.00 3.31±0.18 3.84±0.11 7.15±0.21 1.56±0.07 1.28±0.04

We have received a high-quality beam throughout the experiment. Also, we have received all necessary
assistance from the IUAC accelerator personnel. We express our sincere gratitude for the support provided
by IUAC accelerator staff during the experiment. We are also thankful to the Target Development laboratory
of IUAC for providing us with the enriched targets (178Hf and 186W) of required thickness.
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Figure 5.15: Calculated double differential neutron spectra with respect to neutron energy in the
range of 1-8 MeV for the reaction 28Si+178Hf →206Rn∗ at Elab = 167 MeV.
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5.1.17 Investigation of fusion-fission dynamics of 192Hg
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Parihari3, M. Kumar2, K. S. Golda2, A. Jhingan2 and P. Sugathan2
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Figure 5.16: Scatter plot of TOF 1 ver-
sus TOF 2 corresponding to 32S+160Gd sys-
tem, where the arrow is referring to the fis-
sion events (middle patch shown by graph-
ical cut), which are well separated from
the elastic or quasi-elastic events (extreme
patches).

The experiment was performed utilizing 32S pulsed beam
from the 15UD Pelletron of IUAC. The beam with energies
varying from Elab = 134 –156 MeV was bombarded on a
160Gd target of thickness ≈80 µg/cm2 with carbon backing
of thickness ≈20 µg/cm2. In order to detect the coincident
fission fragments (FFs), two position-sensitive MWPCs hav-
ing dimensions 16 cm × 11 cm were employed in the scat-
tering chamber of the NAND facility. The MWPC detectors
were placed at a 134◦ folding angle and their distance from
the target center was about 25 cm. The isobutane gas pres-
sure within the detectors was maintained at 4.5 mbar. More-
over, two silicon surface barrier detectors for normalizing the
beam flux were placed at ±12◦ with respect to the beam di-
rection. The kinematical coincidence method was employed
to derive the mass ratio distribution from the obtained ve-
locities in the center of the mass frame. Fig. 5.16 depicts the
two-dimensional plot of time-of-flight (TOF) signals, TOF 1
and TOF 2 from MWPC1 and MWPC2, respectively. The
experimental FF mass distributions were found to be broad
and flat-topped, which did not satisfactorily fit the single Gaussian for each studied E∗. This observation
gave a signature of the presence of asymmetric mode along with the symmetric mode in the distributions.
The 3-Gaussian fit reproduced the experimental mass distributions well. Further, the experimental and the-
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oretical (GEF-predicted) mass distributions and corresponding fragment properties, i.e., Zl,h values (mean
proton values corresponding to light and heavy fragments), were compared. As a result, the GEF-predicted
Zl,h values were found to agree with the experimental results, which reside in the vicinity of the quadrupole-
deformed shell gaps (Z = 34, 36, 42, 44), with a deviation of only 1-2 proton number (as evident in Table
5.2). Also, the symmetric fission contributions were found to increase with rising E∗, reflecting the successive
diminishing of the shell effects. A partial analysis has been carried out for 192Hg [1], and a detailed analysis
is being processed.

Table 5.2: The number of protons present in the light and heavy fission fragments (Zl, Zh) corre-
sponding to the asymmetric fission mode, obtained from the 3-Gaussian fit of the experimental mass
distributions and GEF predictions for all the three excitation energies.

E∗ (MeV) Experimental Zl Experimental Zh GEF-predicted Zl GEF-predicted Zh
55.1 35.3 (0.1) 44.7 (0.1) 36.0 43.8

62.6 34.0 (0.2) 45.9 (0.2) 35.7 43.9

67.6 33.5 (0.1) 46.5 (0.1) 35.8 43.6
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5.1.18 Reaction measurements in the interactions of 19F with 92,100Mo using the
GPSC

Beant Kaur Guron1, Sunil Kalkal1, Rayees Ahmad Yatoo1, Akhil Jhingan2, Gobind Ram3, E. Prasad4, Ashna B.4, Anjali Merin4,
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The reaction dynamics of heavy ion collisions at the bombarding energies near the Coulomb barrier are
governed by the coupling of various reaction channels, which include inelastic excitations, nuclear defor-
mations, particle transfer channels etc. It is important to understand the underlying reaction mechanism
of these channels. To understand the interaction between the projectile and target nucleus, the elastic
cross-section measurements proves to be fruitful [1]. Transfer angular distribution measurements help us
understand the dynamics of nuclear transfer reactions and the angular dependence of the transfer products
[2]. In the present study, the elastic and transfer measurements were performed in reaction of 19F with
92,100Mo near the Coulomb barrier. The elastic as well as transfer angular distributions have been extracted
from the experimental data.

Figure 5.17: ∆E − E spectra of (a) 19F+92Mo and (b) 19F+100Mo systems at Elab = 66 MeV and
θlab = 80◦.
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The transfer excitation function measurements were performed in laboratory energy range of 42−72 MeV
with 1.5 MeV steps in the below barrier region and 2 MeV steps in the above barrier region. Two silicon
monitor detectors were kept at 10◦ with respect to the beam axis for beam monitoring and normalization
of cross sections. Six hybrid (∆E − E) detectors with angular spacing of 20◦ were used on one arm of the
General Purpose Scattering Chamber (GPSC) to cover the angular range. Four ∆E − E detectors were
placed at the back angles (∼ 173◦) to record the back-scattered quasielastic (QEL) events. Each ∆E − E
detector was a combination of a gas detector (∆E) consisting iso-butane operating at 20−120 mbar pressure
and a E silicon detector with thickness ∼ 300 µm. The ∆E−E spectra of 19F+92,100Mo systems at Elab = 66
MeV depicting the elastic, inelastic and different proton transfer channels are shown in Fig. 5.17.

Figure 5.18: Elastic angular distribution for (a) 19F+92Mo and (b) 19F+100Mo measured at Elab = 66
MeV. Statistical errors have been taken into consideration.

The experimental data were analyzed to extract the elastic and transfer angular distributions at Elab =
55.5, 60, 66 and 72 MeV. The elastic cross sections extracted in reactions of 19F with 92,100Mo systems at
Elab = 66 MeV are shown in Fig. 5.18.

The transfer angular distributions were obtained using the expression[(
dσ

dΩ

)
tr

]
tel

=
(Ytel)tr

(YM)R

[(
dσ

dΩ

)
R

]
M

∆ΩM

∆Ωtel
(5.2)

where Ytel is the yield of the transfer events at different angles in the telescopic detectors, YM is the geometric
mean of the yield obtained from the two monitor detectors. ∆ΩM

∆Ωtel
is the ratio of the solid angles of monitor

and telescopic detector, respectively. To precisely determine the solid angle subtended by the monitors and
back angle detector, a low energy run at 42 MeV was taken during the experiment by using 197Au as the
target. As this beam energy is well below the Coulomb barrier, elastic scattering at this bombarding energy
is expected to be governed by Rutherford scattering. The transfer angular distribution results at Elab = 66
MeV are shown in Fig. 5.19. The analysis using coupled reaction channel (CRC) theoretical model is under
progress.

Figure 5.19: Transfer angular distributions for (a) one proton pick-up channel for 19F+92Mo and (b)
one proton stripping channel of 19F+100Mo measured at Elab = 66 MeV.
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5.2 Materials science
A. Tripathi

The materials science facilities support various research programmes of users from universities and insti-
tutions from all over India and provide critical support on priority to programmes of national significance
from organizations such as the ISRO. This year, a total of 28 user experiments spread over 109 shifts took
place. Efforts continued this year to complete the projects of students in the final years of their Ph.D.s and
most of the urgent requests were scheduled. A total of 25 experiments involving research scholars spanning
more than 83 shifts were conducted. As for last few years, there was no beam time loss due to any major
facility break down in the two beamlines for materials science experiments. The swift heavy ion (SHI) irra-
diation experiments mostly utilize irradiation facilities in materials science beamlines in Beam Hall I. In this
year, 24 user experiments spread over 85 shifts took place in this chamber. There was one special run of 9
shifts from the ISRO performed in the GPSC for low fluence irradiation to study single event upset. High
temperature irradiation experiments were done in materials science beamline in Beam Hall II and three high
temperature irradiations at ∼ 1000 K took place utilizing a total of 15 shifts.

Besides irradiation facilities, materials science group is also providing support to users with many materi-
als synthesis and characterization facilities and this year more than six hundred samples were characterized
by the users. The synthesis facilities for sample preparation were also utilized for preparing around 220
samples. The materials science research programmes utilize various irradiation facilities in Pelletron beam-
lines, LEIBF, NIBF, Table-top accelerators in a wide range of energies varying from tens of keV to hundreds
of MeV. There were more than 70 publications in reputed journals such as ACS Omega, Applied Surface
Science, Applied Physics A, Journal of Physics D , Journal of Physical Chemistry C, Physica B, Ceramic
International, Radiation Physics and Chemistry, Journal of Alloys and Compounds etc. A list of publica-
tions is given in Chapter 6. This year, there were many interesting results in the various areas of research
including those on nanocomposites, track formation, DFT calculations, velocity and synergetic effects, band
gap tuning etc. and some of these are highlighted below.

Ion beams from the Pelletron are widely used for user experiments in the two Beam Halls. WC films
prepared using RF sputtering technique were irradiated with 100 MeV Ag8+ ions to study the response of
this material in extreme radiation environments and GAXRD, FE-SEM, HRTEM and Raman spectroscopy
studies revealed grain size reduction accompanied with reduced crystallinity with increasing ion fluence with-
out track formation. MoSe2 / CNT nanocomposite was studied to understand impact of carbon nanotubes
(CNTs) on the structural, morphological and thermoelectric properties of molybdenum diselenide (MoSe2)
and studies using XRD, Raman, EDS, SEM, TEM showed that the layers of MoSe2 surrounded the CNTs
and carrier transport occurred from MoSe2 to CNTs. The results of this study demonstrated the potential
of MoSe2 / CNT nanocomposites for use in thermoelectric applications. Effects of rapid thermal annealing
(RTA) on 100 keV Cu implanted germanium (Ge) thin films were studied using XRD and Raman showing
crystallization of amorphized implanted films with crystallite size increasing from 10.5 to 11.6 nm. The
broad PL emission in the visible region signifies the possible use of Ge for optoelectronic applications. The
band gap of a few-layer MoS2 has been marginally modified (20 meV) by 100 MeV Ni ions having a Se of 11.3
keV/nm, which has been observed due to strain induced by ion irradiation. The band gaps for the MoSe2
samples irradiated by 60 and 150 MeV Ni ions, which have the same Se, indicates that the velocity effect
is not playing any role in band gap modification. The band gaps of 1L-MoSe2 and 1L-WSe2 are 1.49 eV
and 1.66 eV with direct nature, respectively. However, it is shown that when the heterostructure of MoSe2
/ WSe2 was formed, the band gap was suppressed to 1.42 eV while keeping the direct nature. Furthermore,
changing the value of x (from 1.00 to 0.00) in MoxW(1−x)Se2 provides a band gap range of 1.49–1.66 eV.
On the other hand, the band structure of the 1L-MoSe2, 1L-WSe2 and the MoSe2 / WSe2 heterostructure
under the biaxial strain shows that the variation of the band gap has direct, indirect, and metallic nature
showing possibilities for band gap tuning in these materials.
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The effect of swift heavy ion (SHI) irradiation on exfoliated WSe2 has been studied using 60 MeV N5+

ions, with fluences varying from 5 × 1011 to 5 × 1013 ions/cm2. The study found that introducing defect
states in the forbidden region finely tunes the WSe2 bandgap to 0.37 eV along the K-Γ direction of the
Brillouin zone (BZ). Development of droplet-based triboelectric nanogenerators was observed with PVDF-
HFP-coated WS2 nanosheets. The DTENG output is found to vary with the quality of water collected from
different resources, which indicates the potential applicability of the system for monitoring water quality
in our daily lives. Further modification of the device output will be tested upon irradiating the PVDF-
HFP/WS2 layer with swift heavy ion beams at IUAC. Monstera deliciosa-mediated single-step biosynthesis
of gold nanoparticles by bottom-up approach and its nonantimicrobial properties synthesis of gold and silver
nanoparticles using various novel biological sources and its characterization were carried out. Modifications
in properties of titanium carbide MXene by Ag doping via ion implantation technique for quantum dot-
sensitized solar cell applications, which is related to the ion implantation of transition metal (Ag) into MXene
/ TiO2 films by utilizing low energy at different fluences of 5× 1012 to 5× 1015 ions/cm2, respectively. The
QDSSC device irradiated with 5×1014 ions/cm2 Ag ions exhibited the highest power conversion efficiency of
3.94%, compared to the unimplanted MXene / TiO2-based QDSSC (2.48%), which is attributed to enhanced
absorption and minimization of charge recombinations, as corroborated by photovoltaic characteristics and
Nyquist plots. The various copper ion irradiation studies on PNP transistors at different biasing conditions
and cryogenic and high temperature effects on NPN transistors has been studied. In addition to that, the
N-channel MOSFETs irradiated with 150 MeV Fe ions have also been studied. It is shown that degradation
in electrical characteristics is less for the devices irradiated at -1 V bias than at +1 V and 0 V due to the
carrier injection annealing mechanism. It can be observed that the degradation in electrical parameters is
greater for the devices irradiated at 410 K than at 300 K and 100 K due to the fact that the radiation-induced
traps will have high thermal energy at 410 K when compared to 300 K and 100 K. Study is undertaken
to evaluate the anchoring mechanism of silver ions in TiO2 photoanodes used in DSSCs using ion beam
irradiations. The impact of magnetism on enhancing efficiency in photovoltaic cells has been analyzed, as
has the utilization of advanced X-ray absorption spectroscopic techniques to probe and comprehend these
intricate effects. Tuning of electrical properties through field effects for manganite-based n-n junctions with
the role of SHI irradiation has been studied. The modification in the electrical properties of CLS-PRI was
understood at different excitation frequencies of (a) 10 K and (b) 100 K in the application of light and
dark modes. The focus area is to irradiate the CLS and CGS series samples in the application of SHI
irradiation using 200 MeV Ag15+ ions with different ion fluences. The 100 MeV 16O7+ ion beam induced
significant changes in PVDF films, including increased thickness and lattice modifications. XRD analysis
revealed higher dislocation density, lattice strain and reduced crystallinity with rising fluence. Synthesis
and Confirmation of Ge2Sb2Te5 phase in bulk and thin sputtered GST thin films of 200 nm were annealed,
showing a phase transition from amorphous to fcc at 150 ◦C and then to hcp at 250 ◦C.

The 7th International Conference on Nanostructuring with Ion Beams (7th ICNIB-2023) was jointly
organized by IUAC and UPES Dehradun at UPES during November 2-4, 2023. International School on Ion
Beams in Materials Science (IBMS-2023) was organized at IUAC during October 28-31, 2023, the details of
which can be found in Chapter 6.

5.2.1 Irradiation effects of 60 MeV N5+ ions on exfoliated WSe2

Hemanga J. Sarmah1, Bhupali Deka1, Dhanjit Talukdar2, F. Singh3 and D. Mohanta1

1Nanoscience and Soft-Matter Laboratory, Deptt. of Physics, Tezpur University, Napaam, Tezpur 784028, Assam, India
2Optoelectronics and Photonics Laboratory, Deptt. of Physics, Tezpur University, Napaam 784028, Assam, India
3Materials Science Group, Inter-University Accelerator Center, New Delhi 110067, India

Ion irradiation offers a novel approach to modify the properties of nanomaterials, paving the way for its
application in specific fields [1,2]. Through this work, the effect of swift heavy ion (SHI) irradiation in WSe2
material was studied using 60 MeV N5+ ions, with fluences varying from 5 × 1011 to 5 × 1013 ions/cm2.
The structural analysis showed an anomalous variation in crystallite size at higher fluences. The full width
at half-maximum (FWHM) values of the (002) diffraction plane in irradiated cases were compared to the
pristine material in order to quantify the level of disorder and damage induced by SHI irradiation. From
Raman spectra analysis, an increase in vibrational intensity was observed after irradiation for the in-plane
(E1

2g) and LA modes. Atomic force microscopy (AFM) imaging revealed eight-fold increase in the root mean
square (RMS) roughness from 27.2 to 212.6 nm with irradiation. The post-irradiation morphological study
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using high-resolution transmission electron microscopy (HR-TEM) imaging displays craters on the surface of
the sheets. Density functional theory (DFT) calculations were used to investigate the development of vacancy
clusters during high-energy irradiation [3]. The study found that introducing defect states in the forbidden
region finely tunes the WSe2 bandgap to 0.37 eV along the K-Γ direction of the Brillouin zone (BZ). Prior
to irradiation experiments, as-purchased WSe2 bulk material was exfoliated through liquid phase exfoliation
(LPE) method using 1-methyl-2-pyroliddone (NMP) as the solvent. The dried exfoliated powder was infused
into teflon-based pellets of area 1.3×1.3 cm2 for irradiation purpose. The WSe2 pellets were irradiated with
60 MeV N5+ ion beam using the 15 UD Pelletron tandem accelerator at IUAC. The pellets were fixed on a
rectangular ladder and placed inside the high vacuum target chamber maintained at pressure ∼ 10−6 torr
with current of 1 pnA. The teflon-supported WSe2 pellets were irradiated with 5× 1011 ions/cm2, 1× 1012

ions/cm2, 1 × 1013 ions/cm2, and 5 × 1013 ions/cm2 at normal incidence. From SRIM calculations, it is
found that the electronic energy loss (Se ∼ 167.80 eV/A) is dominant over its nuclear energy loss (Sn ∼ 0.108
eV/A) counterpart (Fig. 5.20(a)). The schematic of N5+ ion irradiation on exfoliated WSe2 is shown in
(Fig. 5.20(b)). The surface modification observed after irradiation along with sheet like morphologies of
WSe2 material is displayed in (Fig. 5.20(c-j)).

Figure 5.20: (a) SRIM calculation shows the stopping power vs. energy plot for nitrogen ion irradiation
in WSe2 material, (b) schematic illustration of the SHI irradiation in WSe2 with N5+ ions. AFM images
of 2D surface scans of (c) pristine (exfoliatedWSe2) and (d) after irradiation for fluence 5×1013 ions/cm2,
and its corresponding 3D topography are shown as an inset; HR-TEM imaging of (e,g) pristine WSe2;
(f,h) at fluence of 1× 1013 ions/cm2 at lower as well as higher magnification, note that scale bars shown
are of 50 nm and 10 nm respectively (i,j) SAED pattern of pristine WSe2 and 60 MeV N5+ ion irradiation
in WSe2 material.

References:
1. H. Vázquez, A. Kononov, A. Kyritsakis, N. Medvedev, A. Schleife and F. Djurabekova, Phys. Rev. B 103, 224306 (2021).
2. B. Deka, D. Mohanta, V. Naik and A. Saha, Physica Status Solidi (b) 260, 2200598 (2023).
3. A.-K. Anbalagan, F.-C. Hu, W.K. Chan, A.-C. Gandhi, S. Gupta et al., ACS Nano. 17, 6555 (2023).

5.2.2 Development of droplet-based triboelectric nanogenerators with PVDF-
HFP coated WS2 nanosheets

Madhav Baraily1, Bikash Baro1 and Sayan Bayan1
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Harnessing mechanical energy from the surrounding environment is an excellent approach to develop self-
powered gadgets. In this context, nanogenerators based on triboelectric properties have been an excellent
choice for achieving self-powered systems and sensors. The triboelectric nanogenerators (TENG) operate by
means of the conjugated effects of triboelectricity and charge induction phenomena (for details, see [1]). Apart
from the potential sources of mechanical energy like transportation, machinery items etc. natural resources
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like wind, and rainfall are regarded as excellent options for imparting mechanical energy. Thus the interaction
of water drops on solid surfaces can lead development of liquid-solid TENG to harvest energy from water
waves or raindrops. Over the years, suitable polymer nanocomposites have emerged as an excellent choice for
active materials in energy harvesting devices (for details, see [2]). With this intention, PVDF-HFP coated
WS2 nanosheets have been exploited for the development of droplet-based TENG (DTENG) by our group.
The WS2 nanosheets have been achieved from the bulk counterpart through liquid phase exfoliation, while
the composite has been obtained upon coating PVDF-HFP polymer over the nanosheets. The formation
of nanosheets has been confirmed by characterization techniques like high-resolution transmission electron
microscopy (HRTEM) and Raman spectroscopy. The HRTEM study reveals the interlayer spacing of 0.64
nm for the synthesized nanosheets, while the X-ray diffraction (XRD) pattern shows the formation of the
hexagonal phase of WS2 with the prominence of (002) plane. The observation of 2LA(M) mode of WS2
at 348.17 cm−1 and A1g mode at ∼ 419.7 cm−1 in Raman spectroscopy indicates the formation of a few
layered WS2. Apart from the characteristic XRD peaks of WS2, the existence of peaks related to α-�phase
and β-phases PVDF confirm the presence of the polymer and nanosheet phases in the composite sample.
The DTENG has been fabricated upon attaching top and bottom electrodes on the layer of PVDF-HFP
coated WS2 nanosheets, while the output has been measured upon imparting water droplets on the device
from a particular height. It has been found that the PVDF-HFP/WS2 active layer can yield 89.5% higher
output voltage than the bare PVDF-HFP layer. The observation of improvised output property has been
assigned to the modification in dielectric properties and surface hydrophobicity of PVDF-HFP matrix upon
the addition of WS2. At a frequency of ∼ 1MHz, the capacitance of the PVDF-HFP/WS2 layer is ∼4 times
higher than that of bare PVDF-HFP and thus indicates the improvement in dielectric property which indeed
helps in the retention of tribo-charges. Further contact angle measurements show a change in angle from 62◦
to 88◦ and indicate an improvement in the surface hydrophobicity PVDF-HFP layer. Again, the DTENG
performance is found to be influenced by the water droplet frequency and height of impact on the DTENG
surface. Finally, the DTENG output is found to vary with water quality collected from different resources
and thus indicates the potential applicability of the system for monitoring water quality in our daily life.
Further modification of the device output will be tested upon irradiating the PVDF-HFP/WS2 layer with
swift heavy ion beams at IUAC. It is expected that the modification in the dielectric constant of the layer
upon irradiation with different fluences will lead to the modification/improvement in DTENG output.
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5.2.3 Monstera deliciosa mediated single step biosynthesis of gold nanoparti-
cles by bottom‑up approach and its non‑antimicrobial properties
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In order to tailor the electronic properties, we have successfully reported an eco-friendly, simple, and
cost-effective approach for the green biosynthesis of stable gold nanoparticles. An aqueous extract of Mon-
stera deliciosa leaves was utilized to synthesize AuNPs, along with separating them at different speeds of
centrifugation and further characterized them using various techniques. The UV−visible absorption spectra
of AuNPs exhibited maxima bands in the range of 500–590 nm, indicating a characteristic of AuNPs. XRD
analysis revealed the formation of the (111)-oriented face-centered cubic (FCC) phase of AuNPs. ATR-IR
spectra showed signatures of stretching vibrations of O–H, C-H, C=C, C=O, C–O, and C-N, accompanied
by CH3 rocking vibrations present in functional groups of biomolecules. FESEM images confirmed spherical
nanoparticles with an average diameter in the range of 53–66 nm and predominantly triangular morphology
of synthesized AuNPs within the size range of 420–800 nm. NMR, GC–MS, and HR–MS studies showed
the presence of different biomolecules, including phenols, flavonoids, and antioxidants in leaf extract, which
play a crucial role of both, reducing as well as stabilizing and capping agents to form stable AuNPs by a
bottom-up approach. They were then investigated for their antibacterial assay against Gram-positive (S.
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aureus, B. subtilis) and Gram-negative (E. coli, P. aeruginosa) microorganisms, along with testing of anti-
fungal potential against various fungi (Penicillium sp., Aspergillus flavus, Fusarium oxysporum, Rhizoctonia
solani) using the well diffusion method. Negligible antibacterial and antifungal activity was shown by all
AuNPs, the lack of antimicrobial properties of AuNPs reported here underlines their inert and biocompatible
nature. This makes AuNPs a potential substitute in biomedical applications like drug delivery systems be-
cause of their biocompatible carrier system with targeted specificity. (for details, see [1]). Further synthesis
of gold and silver nanoparticles using various novel biological sources and its characterization was carried
out. Second research article on the topic “Sustainable, single step, green biosynthesis of silver nanoparticles
utilizing Monstera deliciosa leaf extract and estimation of its antimicrobial characteristics” is submitted to
the Scopus indexed journal and currently under review. To study the effects of the irradiation on gold and
silver substrates and other analysis regarding loading of chemical and biological samples on irradiated sample
are under process.
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Third-generation quantum dot-sensitized solar cells (QDSSCs) have attracted significant interest due to
their economical production, streamlined manufacturing processes, and their ability to operate efficiently
even under low illumination [1]. QDSSCs typically comprise a photoanode made of TiO2 as an electron
transport layer (ETL) sensitized with quantum dots, a polysulfide electrolyte as a hole transport layer (HTL),
and a counter electrode (CE) composed of Cu2S@brass [2]. A conventional mesoporous TiO2 (m-TiO2) based
photoanode still suffers from various limitations, such as low light harvesting attributed to a wide band gap
of TiO2, and sluggish charge transport dynamics and numerous recombinations owing to the large grain
boundaries of m-TiO2. The light-harvesting of m-TiO2 photoanode can be enhanced by scattering the
incoming light or alternatively, expanding the absorption spectrum of the photoanode enabling it to capture
a wider spectrum of wavelengths. Further, electron-hole recombinations can be reduced by establishing a
more efficient transport network, facilitating the swift movement of electrons to the electrode. Additionally,
creating new trap levels in the material can prevent electron-hole recombination, helping in the separation
of charge carriers [3].

The current work is related to the ion implantation of transition metal (Ag) into MXene/TiO2 films
by utilizing low energy at different fluences of 5 × 1012, 5 × 1013, 5 × 1014 and 5 × 1015 ions-cm−2 respec-
tively. Further, the morphology and crystal structure of transition metal implanted MXene/TiO2 samples
were characterized through field emission scanning electron microscope, X-ray diffraction, and Raman spec-
troscopy. In addition to this, X-ray photoelectron spectroscopy investigations unveil the presence of Ag(I)
oxidation state at 5×1014 ions-cm−2 fluence whereas at higher fluence of 5×1015 ions-cm−2, both Ag(I) and
Ag(0) states were found. Moreover, the optical properties of the transition metal implanted MXene/TiO2
samples were also studied through UV-visible and photoluminescence studies. The transition metal im-
plantation significantly enhanced the light absorption and reduced the charge recombinations owing to the
formation of defect states. Finally, the QDSSC device fabricated with 5× 1014 ions-cm−2 (Ag_3) exhibited
the highest power conversion efficiency of 3.94% compared to the unimplanted MXene/TiO2 based QDSSC
(2.48%), attributed to enhanced absorption and minimization of charge recombinations, as corroborated
from photovoltaic characteristics and Nyquist plots.
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5.2.5 Copper ion irradiation studies on PNP transistor at different biasing con-
ditions
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Integrated circuits (ICs) are miniature electronic circuits that are made up of millions of semiconductor
devices such as transistors, diodes, resistors etc. ICs are building blocks of modern electronics and have
numerous applications. Transistors are biased in certain required way in these ICs according to the appli-
cation. Space being an extreme environment filled with energetic photons and charged particles that can
cause severe degradation in performance and operating life of the semiconductor devices and in turn, leads to
failure of space missions [1]. Thus, it is important to study the reliability of these devices before employing
them.

Figure 5.21: (a) Gummel characteristics of 130 MeV Cu10+ ion irradiated transistors biased at 0 V,
(b) Variation of current gain for 130 MeV Cu10+ ion irradiated transistors biased at 0 V, (c) Variation
of ICSat at VCE = -3 V for 130 MeV Cu10+ ion irradiated transistors biased at 0 V, +1 V and -1 V.

The PNP Bipolar Junction Transistors (BJTs) were exposed to 130 MeV Copper ions (Cu10+) in 15UD
Pelletron Accelerator at Inter University Accelerator Centre (IUAC), New Delhi, India. The irradiation was
performed at different biasing conditions (0V, +1V and -1V) with fluence ranging from 5.5× 108 ions/cm2

to 1.8 × 1011 ions/cm2 with current of 0.1 pnA (particle nanoampere) which is equivalent to a dose range
of 300 krad(Si) to 100 Mrad(Si). The ion irradiation and measurements were done in-situ to avoid the time
dependent annealing of radiation defects created in the device. The experimental chamber was maintained
at a vacuum of 10−6 mbar. The key electrical parameters like Gummel characteristics, excess base current
(ΔIB = IBpost - IBpre), dc current gain (hfe), output characteristics and collector saturation current (ICSat)
were studied as a function of total dose and some of the results are shown below. Fig. 5.21(a) shows the
Gummel characteristics of 130 MeV Cu10+ ion irradiated transistors biased at 0 V, the inset shows the
variation of ΔIB with total dose for BJTs biased at 0 V, +1 V and -1 V. The variation of hfe for 130 MeV
Cu10+ ion irradiated PNP BJT biased at 0 V is shown in Fig. 5.21(b) and the inset shows the variation of
peak hfe with respect to total dose for devices biased at 0 V, +1 V and -1 V. The degradation in electrical
parameters after irradiation is due to total ionizing dose (TID) and displacement damage effects. The PNP
BJT has high emitter-periphery to emitter-area ratio which leads to greater TID effects in these devices.
Fig. 5.21(c) shows the variation of ICSat at VCE = -3 V for 130 MeV Cu10+ ion irradiated transistors biased
at 0 V, +1 V and -1 V with respect to total dose. The degradation in electrical characteristics is less for the
devices irradiated at -1 V bias than at +1 V and 0 V due to the carrier injection annealing mechanism. The
active mode operation for BJT is forward bias condition where the majority carriers (holes in PNP BJT) are
flooded into the base region. The excessive charge carriers fill up the traps and thus decreasing the carrier
trapping probability and eventually reduces the amount of ΔIB [2-3]. The recombination current is more in
+1 V biased PNP transistors. In BJTs, the degradation in current gain due to biasing during irradiation is
highly dependent on transistor geometry.
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Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) are the key components in advanced
integrated circuits (ICs) and are extensively used in space, military and other high energy physics experiments
like Large Hadron Colliders (LHCs) applications due to their faster switching speed and simple way of
operation when compared to Bipolar Junction Transistors (BJTs) [1]. MOS devices need to be radiation
tolerant upto multi Mrad’s of total doses during their lifetime in order to use in space and planetary missions.
Hence it is very essential to evaluate the radiation hardness of these devices. In this present work the N-
channel depletion MOSFETs were exposed to 130 MeV Copper ions (Cu10+) in fluence ranging from 5.5×108

ions/cm2 to 1.8×1010 ions/cm2 Cu10+ ions/cm2 at room temperature at Inter University Accelerator Centre
(IUAC), New Delhi. The corresponding gamma equivalent dose for the above mentioned fluence is 300 krad
to 10 Mrad. The results of 130 MeV Cu10+ ion irradiation were compared with that of 60Co gamma radiation
results. The gamma irradiation was performed at Department of Studies in Physics, University of Mysore,
Mysuru at a dose rate of 82.78 rad/s for the same identical doses.

Figure 5.22: (a) Transfer characteristics of 130 MeV Cu10+ ion irradiated MOSFET, (b) Variation in
(Vth) after 130 MeV Cu10+ ion and 60Co gamma irradiation, (c) Variation in mobility after 130 MeV
Cu10+ ion and 60Co gamma irradiation.

Fig. 5.22(a) shows the transfer characteristics of N-channel MOSFET irradiated with 130 MeV Cu10+
ions. From the figure it can be observed that as the radiation dose increases the drain current (ID) swings
towards the negative gate voltage (VGS). This degradation in the electrical characteristics of MOSFETs
is due to the creation of interface (ΔNit) and oxide trapped charges (ΔNot) near the Si/SiO2 interface
and SiO2 respectively. These trapped charges induce a negative shift in the threshold voltage (Vth) of the
MOSFETs as a result the leakage current and hence power consumption will increase which in turn degrade
the functioning of MOSFET. Fig. 5.22(b) depicts the decrease in (Vth) with respect to radiation dose for
130 MeV Cu10+ ions and 60Co gamma irradiated MOSFETs. The variation in the mobility (µ) of the charge
carriers for 130 MeV Cu10+ ions and gamma irradiated MOSFETs is shown in Fig. 5.22(c). From the figure,
it can be observed that the mobility of charge carriers decreases with increase in total dose. This observed
reduction in the mobility of charge carriers in the channel is mainly due to the creation of radiation-induced
interface trapped charges. These interface trapped charges act as Coulomb scattering centers and causes the
removal of charge carriers from the channel thereby, degrading the mobility of charge carriers [3]. From the
results, it is found that the degradation is more for the devices irradiated with 60Co gamma radiation when
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compared to 130 MeV Cu10+ ions. This may be due to the generation of more number electron-hole pairs
during the gamma irradiation which results in the creation of more interface and oxide trapped charges.
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5.2.7 Cryogenic and high temperature effects on NPN transistors irradiated
with 150 MeV iron ion

M. Darshan1, Arshiya Anjum1, Madhura N. Talwar 1,N. Pushpa2, R. C. Meena3, Ambuj Tripathi3 and A. P. Gnana Prakash1

1Department of Studies in Physics, University of Mysore, Manasagangotri, Mysore 570006, India
2Department of PG Studies in Physics, JSS College, Ooty Road, Mysore-570 025, India
3Inter-University Accelerator Center, New Delhi 110067, India

Semiconductor devices are used in various applications such as communication systems, navigation sys-
tems, power systems and in scientific instruments such as gamma ray telescope used to detect high energy
radiation from distant objects. Transistors are one of the widely used semiconductor devices in space ap-
plications due to their high linearity, small size, low power consumption and switching speed. The devices
operating in the space environment are prone to radiation effects and other extreme environment effects
such as extreme high and low temperatures, corrosive and pressure gradient condition etc., which can cause
degradation to the electrical parameters of the device. Thus, it is very important to evaluate the radiation
hardness of these devices for different radiations under different extreme environmental conditions [1].

Figure 5.23: (a) Gummel characteristics of 150 MeV Fe11+ ion irradiated transistors at 300 K, (b)
Variation of current gain for 150 MeV Fe11+ ion irradiated transistors at 300 K, (c) Variation of peak
current gain for 150 MeV Fe11+ ion irradiated transistors at 300 K, 100 K and 410 K.

In the present study the NPN transistors were exposed to 150 MeV Iron ions (Fe11+) using 15UD
Pelletron Accelerator at Inter University Accelerator Centre (IUAC), New Delhi, India. The irradiation
was performed at room temperature (300 K), high temperature (410 K) and at cryogenic temperature (100
K) with the dose range of 300 krad(Si) to 100 Mrad(Si) which is equivalent to fluence ranging from 6.6×108

ions/cm2 to 2.2× 1011 ions/cm2 with current of 0.1 pnA (particle nanoampere). The experimental chamber
was maintained at a vacuum of 10−6 mbar and all the terminals of the transistors were grounded during
the irradiation. The key electrical parameters like Gummel characteristics, excess base current (ΔIB =
IBpost − IBpre), dc current gain (hfe), output characteristics and collector saturation current (ICSat) were
studied as a function of total dose. Fig. 5.23(a) shows Gummel characteristics of 150 MeV Fe11+ ion
irradiated transistors at 300 K. Fig. 5.23(b) shows the current gain degradation of NPN transistor irradiated
with 150 MeV Fe11+ ions at 300 K. The degradation in the electrical characteristics after irradiation is mainly
due to the increased recombination current in the emitter base depletion region of the transistor. Fig. 5.23(c)
shows the variation of peak current gain for 150 MeV Fe11+ ion irradiated transistors at 300 K, 100 K and
410 K. It can be observed that the degradation in electrical parameters is more for the devices irradiated
at 410 K than at 300 K and 100 K. This is due the fact that, the radiation induced traps will have high
thermal energy at 410 K when compared to 300 K and 100 K. Excess electrons are injected from emitter
to base since the built-in potential is very low at 410 K. The injected electrons recombine with holes in the
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base region thus contributing to the ΔIB [2-3]. The increased surface recombination is due to the increased
interface traps generated at high temperature.
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The electronic systems which operate under adverse ambient conditions that lie outside the domain of
commercial or even military specifications are called extreme environment electronics (EEE). The N-channel
depletion metal oxide semiconductor field effect transistors (MOSFETs) are the fundamental components for
many EEE applications which require the devices to operate reliably for a long time at extreme temperatures
and radiation-harsh environments. The incident ionizing radiation can cause an accumulation of charges to
build up at the sensitive interface i.e., at Si/SiO2 and thereby degrade the performance of the devices [1].
Thus, it is very important to study the radiation response of MOSFETs at different temperatures.

Figure 5.24: (a) Transfer characteristics of MOSFET irradiated at 300 K, (b) Variation in (Vth) after
150 MeV Fe11+ ion irradiation, (c) Variation in µ after 150 MeV Fe11+ ion irradiation.

The MOSFETs were exposed to 150 MeV Iron ions (Fe11+) at room temperature (300 K) as well as low
at temperature (100 K) at Inter University Accelerator Centre (IUAC), New Delhi in the fluence range of
2.18× 108 ions/cm2 to 2.18× 1011 ions/cm2 Fe11+ ions/cm2. The corresponding equivalent dose is 100 krad
to 100 Mrad and the devices were grounded during irradiation. The electrical characterizations were done
before and after irradiation at 300 K using Keithley dual source meter 2636A. The electrical characteristics of
MOSFET such as threshold voltage (Vth), density of oxide trapped charges (Not), density of interface trapped
charges (Nit), transconductance (gm), mobility (µ) and leakage current (IL) were studied as a function of
total dose. The low temperature irradiation results were compared with the room temperature irradiation
results. Fig. 5.24(a) represents the subthreshold characteristics of MOSFETs irradiated with 150 MeV Fe11+
ions at 300 K. It can be observed from the figure that as the radiation dose increases the drain current (ID)
swings towards the negative gate voltage. A similar trend was observed for the devices irradiated at 100 K.
The Fig. 5.24(b) and Fig. 5.24(c) show the variation of (Vth) and µ with respect to total dose for 150 MeV
Fe11+ ions irradiated MOSFETs at 100 K and 300 K. It can be seen that (Vth) degraded with increase in
radiation dose however, the degradation is more for the MOSFETs irradiated at 300 K. This indicates that
there will be very less generation of radiation-induced interface traps and oxide traps at 100 K along with
the creation of some point defects and displacement damages at low temperature. This is due to the fact
that at low temperatures the thermal energy of atoms will be very low as compared to room temperature
as a result, the radiation-induced interface and oxide traps freeze out in the device structure. Hence, the
MOSFETs show significant radiation hardness at low temperatures when compared to high temperature.
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5.2.9 Tailoring conductivity of FeS2 thin films using ion implantation for pho-
tovoltaic applications
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Iron pyrite (FeS2) has been considered as a potential hole transport layer (HTL) material in copper
zinc tin sulfide (CZTS) based solar cell due to its abundant availability, cost effectiveness and suitable
optoelectronic properties. Since FeS2 generally demonstrates n-type conductivity, it is not suitable to use as
HTL. Some studies have reported p-type conductivity of FeS2 thin films. This sudden change of conductivity
is an active area of research. Controversies exist regarding variations in experimental conditions, synthesis
techniques, dopant concentration and characterization methods, which can significantly impact the observed
conductivity type and its reproducibility. Challenges are associated with achieving consistent and p-type
conductivity through extrinsic defect doping in FeS2. In that case ion implantation could potentially be the
most suitable option due to its precision depth, and dose control as well as its versatility.

Figure 5.25: (a) Carrier concentration of oxygen implanted (dose 1015 cm−2) FeS2 thin film and
annealed for different intervals, (b) Raman spectra of DC sputtered FeS2 thin film on Soda lime glass
substrate.

We used ATHENA process simulator module of SILVACO TCAD simulation package to simulate ion
implantation and subsequent rapid thermal annealing (RTA). Pyrite phase crystal thin film of FeS2 with
dimensions of 0.3 µm x 0.3 µm was utilized as target. Three different ions, namely 16O, 31P, and 75As,
were utilized for implantation simulation. We employed three distinct doses [105, 1010, and 1015 cm−2] to
investigate the carrier concentration variation with dose. The ion beam energy value was fixed at 40 keV
for every ion. A substrate tilt of 7◦ was employed to avoid channeling. Due to the absence of experimental
investigations on ion implantation in FeS2, a sophisticated simulation model is required. The Monte Carlo
technique was employed to simulate ion implantation because of its flexibility and universality under non-
standard conditions. We have simulated RTA in N2, Dry O2, Wet O2 ambient at 700◦C and different
time intervals (30 - 1800 sec) to study the diffusion properties and carrier concentration. We demonstrate
successful p-type doping of FeS2 with a hole concentration of ∼1020 cm−3 in case of 1015 cm−2 dose [Fig.
5.25(a)]. We observed that p-type conductivity is achievable using O2−, P2−, and As2− implantation. By
tuning the ion beam energy, we can control the depth of the p-type layer for thin films of different thicknesses.
Our investigation has provided valuable insights into a potentially fruitful approach for attaining p-type
conductivity in FeS2 thin films, which holds promise as a viable HTL for CZTS-based solar cells [1].

In order to experimentally validate our simulated result, we have prepared FeS2 thin films on soda lime
glass substrate at room temperature in Argon (Ar) atmosphere using DC sputtering. The DC power used
was 100 W with an Ar flow rate of 10 sccm. The deposition was done for 1 hour and a substrate rotation
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of 10 rpm was maintained throughout the entire deposition time. The Raman spectra show FeS2 peaks at
327 and 368 cm−1 which corresponds to Eg and Ag respectively [Fig. 5.25(b)]. Tg peak is not resolved. The
peaks are broader, indicating a lower degree of crystallinity [2]. We expect annealing in sulfur environment
will improve the crystallinity of the thin film. We will be doing implantation (16O, 32S, and 58Ni) and
subsequent characterization studies on these samples at IUAC.
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Figure 5.26: (a) SEM images of WNS, (b) SEM images of WNS/TNR, (c) XRD spectra of WNS
and WNS/TNR, (d) BET plots of WNS, (e)WNS/TNR, (f) XPS plots of W in WNS and WNS/TNR,
(g) XPS plots of S in WNS and WNS/TNR, (h) XPS plots of T in WNS/TNR, (i) XPS plots of O in
WNS/TNR showing corresponding peaks for each elements.

WS2 nanosheets were grown on TiO2 nanorods (WNS/TNR) through hydrothermal method [1,2]. The
samples’ morphologies and structures underwent evaluation through field emission scanning electron mi-
croscopy (FESEM). Analysis of these images (Fig. 5.26(a)) unveiled that WNS displayed a sheet-like mor-
phology. WNS was grown on these nanorods, showing their uniform distribution, as depicted in (Fig.
5.26(b)). Notably, TNR were covered completely by WNS. X-ray diffraction (XRD) was obtained to con-
firm the crystal structure of the samples i.e. pristine WNS (Fig. 5.26(c)) and the resulting WNS/TNR
heterostructure (Fig. 5.24(d)). The specific lattice planes indexed as (002), (004), (100), (102), (006), (106)
and (105) correspond to respective 2θ values of 14.36◦, 28.56◦, 32.86◦, 36.22◦, 44.08◦, 50.2◦ and 56.3◦. These
indexing values align with the hexagonal phase of WNS, as referenced in the JCPDS file 08-0237 [1,2]. In the
XRD patterns of the WNS/TNR heterostructure, diffraction peaks corresponding to rutile phase of TiO2
can be observed corresponding to (110), (101), (200) and (210) at 27◦, 34.6◦, 38.03◦ and 45◦, according to
JCPDS file 82-0514 [2]. The remaining peaks observed at 14.4◦, 28.5◦ and 50.23◦ are assigned to (002),
(004) and (105), plane of WNS. The specific surface area of WNS and WNS/TNR were also analyzed using
N2 adsorption and desorption isotherms (Fig. 5.26(d,e)). The surface area for pristine WNS was found
to be 26.495 m2/g and for WNS/TNR heterostructure the specific surface area was 84.521 m2/g. The in-
crease in surface area of heterostructure implies it will provide higher catalytic active sites and thus will
result in improved HER performance. For the analysis of electronic interactions at the interface of WNS
and WNS/TNR heterostructure, X-ray photoelectron spectroscopy (XPS) characterization was utilized. As

112



5.2 Materials science

illustrated in Fig. 5.26(f-i), peaks corresponding to W 4f, S 2p, Ti 2p and O 1s are observed in the obtained
heterostructure, confirming the presence of elements in the samples. Fig. 5.26(f) illustrates the XPS scan
of W in pristine WNS and WNS/TNR heterostructure. The binding energy observed at 37.3 eV and 35.2
eV corresponds to W 4p3/2 and W 4f5/2 respectively. Furthermore, peaks at 163.17 eV and 162.07 eV in
Fig. 5.26(g) corresponds to S 2p1/2 and S 2p3/2 of S orbital. Additionally, spectra of Ti with peaks at 464.4
eV and 458.7 eV corresponding to Ti 2p1/2 and Ti 2p3/2 confirms its presence (Fig. 5.26(h)). The oxygen
spectrum (Fig. 5.26(i)) for O 1s with peaks at 530 and 531.6 eV corresponding to lattice and non-lattice
or hydroxyl oxygen was also obtained. The samples are irradiated with Au ions from Pelletron at various
fluences and their characterization is under process.
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5.2.11 Ion beam induced modification of ferroelectric polymer nanocomposite
for EMI shielding application
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In today’s world, electromagnetic interference (EMI) from electronic gadgets and wireless systems can
wreak havoc on functionality, data integrity, and even human health. To tackle this issue head-on, the
development of effective shielding materials is essential. Our research delves into the process of EMI shielding,
which operates through three main modes: surface reflection, absorption, and multiple reflections. Different
materials play different roles in this process - conductive materials reflect, those with high dielectric constants
absorb, and magnetic materials enhance multiple reflections, all contributing to shielding effectiveness (SE).

Ion beam modification enhances EMI-SE properties by bombarding materials’ surfaces with conducting
(Carbon), magnetic (Nickel), and insulating (Oxygen) ion beams. To investigate the effects of swift heavy
ion (SHI) irradiation on the structural, electrical, and EMI shielding properties of PVDF and PVDF NC
thin films, they were irradiated with 100 MeV O7+ ions, 80 MeV C6+ ions, and 70 MeV Ni5+ ions at various
fluences ranging from 1×1011 ions/cm2 to 1×1013 ions/cm2, and then compared with unirradiated samples.

Our study includes the synthesis of PVDF thin films and nanocomposites (NCs) using solution casting,
incorporating TiO2, MWCNT, NiO, BaTiO3 and NiTiO3 nanoparticles. Characterized via XRD, FTIR, and
FESEM, enhancements in crystallinity and conformational changes were observed. EMI shielding effective-
ness (EMI-SE) within the Ku-band (12 – 18 GHz) was evaluated using a Vector Network Analyzer, revealing
uniform nanoparticle distribution and improved structural properties. Irradiation took place in a material
science beamline chamber maintained with a high vacuum (>10−6 torr), perpendicular to the sample sur-
face, with the ion beam focused onto a 20 mm diameter spot and scanned over a 20×10 mm2 area using a
magnetic scanner. Further investigation exposed PVDF and its nanocomposite films to SHI irradiation to
assess its impact on structural, electrical, and EMI shielding properties in the Ku band. This irradiation
prompted noticeable changes such as increased thickness, lattice modifications, and reduced crystallinity.
Dielectric properties exhibited varying decay rates and shifts in complex permittivity, indicating alterations
in electronic oscillations.

The 100 MeV 16O+7 ion beam induced significant changes in PVDF films, including increased thickness
and lattice modifications. XRD analysis revealed higher dislocation density, lattice strain, and reduced crys-
tallinity with rising fluence [1,2]. FESEM micrographs depicted the emergence of an amorphous phase and
grain-like structures due to swift heavy ion energy transfer, with EDS confirming elemental composition.
Additionally, dielectric properties showed varying decay rates and shifts in the real part of complex permit-
tivity (ε′), primarily due to free radicals and space charge relaxation at higher frequencies. A reduction in
the imaginary part of complex permittivity (ε′′) with increasing frequency suggested challenges in aligning
induced charges with the reversing field, affecting electronic oscillations. Ion beam irradiation induced intri-
cate modifications in the structure and electrical properties of PVDF films. Remarkably, the EMI shielding
effectiveness (EMI-SE) improved with the increasing fluence of 100 MeV O+7 ions in the PVDF matrix [3],
albeit decreasing with rising frequency. Above 16 GHz, EMI-SE plots for all samples converged due to the
hindrance of dipole polarization concerning frequency.
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The research project under BTR1-68127 aims to comprehensively understand the effects of ion beam
irradiation on structural, chemical, and electrical properties of PVDF and PVDF NC thin films, as well as
EMI-SE.
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5.2.12 Development of novel thermoluminescent and photoluminescent nano-
materials and investigations on their response to C and Ag ions irradia-
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Ion beams have gained growing attention in both fundamental and applied nanomaterial research. Ju-
diciously selection of ion types and their energy to tailor the desired properties of thermoluminescent (TL)
and photoluminescent (PL) responsive nanomaterials, pioneering a new research avenue. There’s a growing
demand to develop customizable TL materials for varied applications like dosimetry, 2D dose mapping, and
temperature sensing [1]. In this regard, Lithium tetraborate (Li2B4O7) boasts an effective atomic number
(7.3) akin to human tissue, with excellent chemical and thermal stability and transparency spanning 200 to
3000 nm. Doping with copper (Cu), manganese (Mn), and co-doped (Cu, Ag, P), yields distinct glow peaks
from 453-493 K, showcasing linear responses across doses ranging from 10−3 Gy to 10+3 Gy with minimal
fading [2,3,4,5]. Likewise, LiKB4O7 shows tissue-equivalent properties, non-hygroscopic nature, and robust
stability. The undoped single crystal displaying two resolved thermoluminescence peaks at 112 K and 132
K. Europium-doped exhibits two overlapping peaks at 457 K, advantageous for dosimetry [6].

Furthering the work, polycrystalline lithium tetraborate material was synthesized by the microwave-
assisted combustion route. The structural parameters of the polycrystalline nanomaterial of lithium tetra
borate (Li2B4O7) were validated utilizing by the Bruker D8 Advance x- ray diffractometer equipped with (Cu-
Kα) radiation operating with a wavelength of 1.540 Å. The diffraction peaks exhibited excellent conformity
with the JCPDS data reference no. 18-0717. Following Rietveld refinement, the powder XRD pattern
revealed the tetragonal structure of the sample with lattice parameters a = b = 9.479 Å, c = 10.290 Å
and cell volume V = 924.571 Å3. Fourier transform infrared (FT-IR) spectra ranging from 400 to 4000
cm−1 were recorded to examine the bond characteristics and chemical composition of Li2B4O7, utilizing the
Bruker-α FT-IR spectrometer. Within the measured infrared spectrum, the vibrational modes of lithium
tetraborate exhibit three discernible regions. The first region, spanning from 1200 to 1750 cm−1, corresponds
to the asymmetric stretching and bending vibrations of the B-O bond in trigonal BO3 units. The second
region, ranging from 800 to 1200 cm−1, is attributed to the B-O bond stretching of tetrahedral BO4 units.
The third region, within the 600-800 cm−1 range, originates from the bending vibrations of the B-O-B
linkages within the borate network. Additionally, the presence of Li-O stretching is indicated by the peak
observed at 420 cm−1 [7]. UV-Visible-NIR spectroscopy was used to examine the electronic structure and
determine the material’s band gap. It was discovered that the band gap of the polycrystalline L2B4O7
nanomaterial is 5.32 eV. Additionally, it was observed that the material possesses a transmittance window
within the range of 250-2200 cm−1, highlighting its potential as a favorable host material. To assess the
impact of ion irradiation on the designated material and ascertain the diverse parameters associated with
ion interaction, such as range, vacancy creation, and energy dissipation, SRIM analysis was conducted for
the 60 MeV carbon ion beam. The analysis indicates a penetration depth of 106 µm, and examination of the
ionization curve suggests that the majority of the incident ion’s energy is allocated towards generating ions
within the material, with minimal recoil observed at this energy level. This implies that electronic energy
loss predominates, presenting a favorable scenario for altering the structural and optical characteristics of
the material under study.
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5.2.13 Role of ion beam in dye sensitize solar cells
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Our group has been working in the field of synthesizing various multiphase TiO2 nanostructures to
develop dye-sensitized solar cells [1,2]. Ion beam irradiation is a crucial tool for improving device efficiency
and material properties, such as crystalline structure and defects, which can significantly impact solar cell
performance. It is a valuable tool for investigating and optimizing the properties of dye-sensitized solar cells
(DSSCs), leading to advancements in solar cell technology. The present study aims to evaluate the anchoring
mechanism of silver ions in TiO2 photoanodes used in DSSCs using ion beam irradiations. It also seeks to
understand dye and electrolyte adsorption on the photoanode, potentially revolutionizing third-generation
solar cells by demonstrating Ag ion bonding to semiconductor nanoparticles. The as-synthesized TiO2

nanomaterial were found to poses highly crystalline anatase phase confirmed by X-ray diffraction (XRD)
which is well matched with previous reports. SEM confirms the morphology of uniform hollow spheres which
are self-assembled and provide large surface area and higher volumetric energy density. The band gap value
of TiO2 was 3.15eV. The elemental analysis by energy dispersive X-Ray spectroscopy (EDAX) confirmed the
composition of titanium and oxygen.

Figure 5.27: (a) the as synthesized TiO2 micro spheres, (b) TiO2 micro spheres after irradiating with
Ag ion, (c) XRD pattern of synthezised and commertial TiO2 spheres.

To investigate the effects of ion beam irradiation on the structural and optical properties of TiO2 thin
films, we deposited TiO2 on FTO substrate using the screen-printing technique at Madurai Kamaraj Univer-
sity. After conducting a structural analysis, the films were irradiated with (Low energy ion beam) 100 keV
Ag+ ions at three different ion fluences: 1× 1014 ions/cm2, 1× 1015 ions/cm2, and 1× 1016 ions/cm2 using
NEIB facility at IUAC, New Delhi. Throughout the irradiation process, all the films were securely fixed to
the target ladder placed inside a high vacuum chamber (∼10−6 torr), To investigate the structural changes
resulting from irradiation, we performed XRD measurements on thin films exposed to radiation at room
temperature. SEM confirms the impact of ion irradiation on the samples and we can visualize the uniform
craters like structures on the surface of the photo anode as shown in Fig. 5.27. Currently, our focus is on
analysing the remaining measurements to gain insights into the impact of irradiation on optical properties.
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5.2.14 Study on damage of Gd2O3-CeO2 under electronic energy loss and nu-
clear energy loss regime: comparison between bulk-like and nanostruc-
ture
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To understand the physical phenomena responsible for radiation damage of the materials used in nuclear
reactors, and thus study their operation life and/or efficiency, it is required to simulate the condition by
exposing them to energetic ions. Ceria (CeO2) has been proposed as one of the inert matrices for the
transmutation of minor actinides in the futuristic inert matrix fuel (IMF) concept. The inert matrix should
also consist of burnable poison to compensate the initial reactivity of fuel. In this context, Gadolinium
(Gd) is an excellent burnable poison with a high neutron absorption cross-section. In view of this, Gd2O3-
CeO2 nano-powders were synthesized and sintered at 800◦C and 1300◦C to obtain different grain sizes and
morphology. FESEM and TEM were carried out to study the grain size of pristine pellets. The sintered
pellets were irradiated with 80 MeV Ag ions (electronic energy loss (Se) regime) at room temperature to
emulate the effect of fission fragments. For analysis of the effect of grain size on the irradiation-induced
structural degradation at different fluences, GIXRD and Raman spectroscopy were performed. Significantly
large damage has been observed for the smaller grain-sized samples (sintered at 800◦C) as compared to the
large grain-sized sample (sintered at 1300◦C). Neither of the samples amorphized under present experimental
conditions as indicated by the presence of the Raman active T2g mode (centred at 462 cm−1) and all XRD
peaks of fluorite cubic structure up to highest fluence employed (1×1014 ions/cm2). The radiation tolerance
behaviour of the samples is understood with the help of thermal spike simulation, which indicates higher
transient lattice temperatures with longer durations upon irradiation. Gd-doped ceria thus possesses good
radiation stability in the Se regime indicating its potential for application in IMFs [1].

In order to investigate the effects of Low energy ion beam irradiation on the structural and behavioural
change in Gd-doped Ceria, we prepared the three different-grained size samples and employed various char-
acterization techniques. After initial characterization via XRD, Raman Spectroscopy and FESEM, these
samples were exposed to 400 KeV Kr+ ions at different fluences at IUAC, New Delhi. GIXRD patterns &
Raman Spectroscopy shows that there are significant changes in the Gd-doped Ceria post-irradiation. XPS
measurement and detailed analysis of the irradiated samples were also performed.
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5.2.15 Adsorption capacity of poly (N-tert-amylacrylamide-co-acrylamide/ionic
liquid) Fe3O4 nanocomposite hydrogels in methylene blue solution
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(1) Adsorption capacity of poly (N-tert-amylacrylamide-co-Acrylamide/Ionic Liquid) Fe3O4: Nanocomposite hy-
drogels in methylene blue solution:

Poly(N-tart-amyl acrylamide-co-Acrylamide/AMPS IL) Fe3O4 nanocomposite hydrogels were synthe-
sized by free-radical polymerization. About 0.5 g of N-tart-amyl acrylamide, 0.5 g of Acrylamide and 0.5
g of AMPSIL monomers were dissolved in 3: 1 Methanol/water medium with MBA crosslinker and APS
as initiator maintained at 60◦C for 6 hours. The synthesized hydrogels washed with the same solvent to
remove the unreacted monomers. Fe3O4 NPs were intercalated via in situ polymerization. The synthe-
sized Nanocomposite Hydrogels were characterized by FT-IR, SEM, TGA and XRD analysis. SEM analysis
showed spherical like Fe3O4 NPs are present in the matrix (Fig. 5.28). The Hydrogels are subjected to
swelling in the MB dye solution to study the swelling capacity [1].
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Figure 5.28: SEM and EDAX images of Bio charred materials (AC).

(2) Synthesis and catalytic reduction of methylene blue dye by bio-activated carbon based Fe3O4 nanocomposites:
Algae bio materials was collected from sea shore at Kovalam, Chennai, Tamil Nadu. The collected algae

was dried at room temperature for a week under darkness. The dried algae placed to in a furnace maintained
at 500◦C to prepare the activated carbon and powdered. The powder carbon material dispersed in the
Fe2+/Fe3+ solution with stirring at 80◦C and Sodium hydroxide solution was added drop wise to reduce the
Ferrate NPs on the surface of the carbon materials. The Functionalized activated carbon was characterized
by FTIR spectroscopy, XRD, SEM analysis and UV-Visible spectrophotometer. The absorption peak at
555.56 cm−1 from the FTIR analysis conformed the formation of Fe3O4 NPs on the surface of the carbon
materials. XRD analysis indicated the crystallinity and the predominant peak at 2Θ= 35.5◦ showed spherical
shaped nanoparticles. SEM and EDAX reveals the formation functionalized Bio charred materials (AC).
Methylene Blue dye adsorption by the activated carbon adsorbent showed 94.5% dye removal.
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5.2.16 Structural, optical and magnetic properties of Ag irradiated α-Fe2O3

thin films
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Hematite (α-Fe2O3) and transition metals (TMs) doped hematite (α-Fe2O3) are materials of interest of
this work [1]. In this work we used Co/Ti co-doped material as our basic material [2]. The basic focus of
the work is to prepare this material using different methods and correspondingly studying their physical
properties (which includes structural, morphological, electrical and magnetic). The works carried out in
IUAC, New Delhi in session 2021-2022 are as follows (a) preparation of thin films of Fe2O3 and Co/Ti
co-doped Fe2O3, (b) FE-SEM and EDX analysis of target materials which were used for preparation of thin
films. Some of the results of work done at IUAC, New Delhi in academic year 2021-2022 are published [2].
The works carried out in IUAC, New Delhi in session 2022-2023 are as follows (a) RBS measurements of
undoped Fe2O3 and Co/Ti co-doped Fe2O3 thin films (b) Ion beam irradiation (Ag, Li, O) on undoped Fe2O3

and Co/Ti co-doped Fe2O3 thin films on Si <100> substrates at HEIBF. Some of the physical properties
of the thin films and irradiated films has been studied in the academic year 2023-2024. These includes
(a) Raman mapping, (b) optical properties using UV-Visible spectroscopy, (c) MOKE and (d) magnetic
properties using PPMS. Some of the earlier works has been published in academic year 2023-2024.

The Raman mapping of the film has been studied using the Raman spectrometer (Renishaw, UK) which
shows the presence of Fe atoms on the surface of the Ag- irradiated Fe2O3 film (120 MeV energy and 1×1013

ions/cm2). UV-Visible spectra of Ag irradiated Fe2O3 film has been studied using UV-VIS-NIR spectrometer
(Varian model; 5000). The direct band gap for the irradiated films has been obtained from the (αhν)2 vs.
hν plots. The band gap (Eg) values are found to be 4.57 eV. In the similar way the band gap values for
other irradiated films has been calculated. L-MOKE were measured at room temperature for the irradiated
Ag ions on Fe2O3 thin films for determine the surface magnetic properties. Hysteresis loops are observed
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Figure 5.29: (a) Raman mapping, (b) (αhν)2 vs. hν plots obtained using UV-Vis spectra, (c) L-
MOKE (Longitudinal Magneto-Optic Kerr Effect), (d) M-H loop at 10 K and M-T plot (inset) for Ag
irradiated (Fluence 1× 1013 ions/cm2) Fe2O3 thin film.

for Ag irradiated Fe2O3 films in fluence range 1 × 1013 ions/cm2) is shown Fig. 5.29 with the average
coercivity value around 24.41 mT. The magnetization vs. temperature (ZFC and FC) mode and magnetic
field dependence of magnetization (M-H) curves were recorded using Physical property measurement system
(PPMS-EC2, Quantum design, USA) at the temperatures 10 K and 350 K. The M-H curve of FeSi_Ag13
at 10 K has been shown in the figure. The coercivity and remanence of the irradiated film has been found
to be 72.1 Oe and 1.89 emu/cm3. The coercivity and remanence value at 10 K is higher than at 350 K. The
M-T plot (ZFC and FC) at 300 Oe showed a distinct peak which may be related to Verwey transition (∼ 48
K) of magnetite phase due to high energy ion irradiation on the hematite films. The detailed analysis and
draft making are under process.
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Ge2Sb2Te5 (GST) is a ternary compound composed of germanium, antimony, and tellurium alloyed in
2, 2, and 5 atomic ratios, respectively. It belongs to the chalcogenide family and is used as a phase change
material with great thermoelectric potential. When GST alloys are doped with certain elements, there is a
significant change in the properties, making them suitable for different applications. For example, doping of
arsenic (As) with varying concentrations improves the thermal stability of GST, the temperature at which
the amorphous to crystalline phase transition occurs, and switching behaviour can also be altered in GST
systems [1,2]. The melting point of GST- alloy is 600°C (873 K), and its crystallization temperature ranges
from 100 to 150°C [3].

For this reason, GST is a very suitable material for energy harvesting as a thermoelectric. Electrical
energy transformation in thermoelectric materials is determined by the thermoelectric figure of merit ZT =
S2σT/(κe + κph), where S, σ, κe, κph, and T are the Seebeck coefficient, electrical conductivity, thermal
conductivity, phononic component of thermal conductivity, and operating temperature respectively [4]. The
thermoelectric performance, including the performance factor (PF = S2σ) and ZT, can be improved by
modifying carrier concentration through doping or alloying with aliovalent elements. These factors depend
very much on the structure and phase of the material.

A solid-state reaction [5] was carried out by step heating to form the desired GST phase. Germanium,
antimony, and tellurium powders were taken in an atomic ratio of 2:2:5 and weighed according to a weight
percentage ratio of 1:1.68:4.40. The powders of approximately 99.9% purity were mixed and ground with the
help of pestle mortar for 2 hours. The mixed powder was then sealed in quartz ampoules under a vacuum of
order 10−5 − 10−6 bar. After breaking the ampoules, the ingots were powdered again. The hydraulic press
was then used to form pellets of 1 cm diameter by applying pressure of 8.5 tons for approximately 1 minute.
X-ray diffraction (XRD) analysis of these samples was done using ‘Bruker D8- Advance diffractometer’.
The phase formed for these synthesized samples studied through XRD analysis (Fig. 5.30(a)) was found
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Figure 5.30: (a) XRD Pattern of GST pellet sintered at 10−2 − 10−3 bar. (b) XRD Pattern of GST
pellet annealed in air (* represents the planes corresponding to oxides of GST), (c) XRD Pattern of
annealed GST thin films.

to be GST-225. The XRD analysis validates the change in the crystallinity with an increase in annealing
temperature for the samples. The peak intensity of XRD plots for these sets of samples tells us about the
quality of the GST phase. Increased intensity and less FWHM of the XRD peaks (as shown in Fig. 5.30(b))
for the GST phase justifies the increased crystallinity.

The thin film samples of GST were deposited over glass and silicon substrates using a DC magnetron
sputtering system [6]. DC magnetron is used with an optimized pressure and temperature. A GST target
of approximately 99.99% purity was used to obtain the thin film samples. XRD and Ultraviolet-visible-Near
Infrared (UV-Vis-NIR) spectroscopy were used to characterize the bulk and thin film samples. Scanning
electron microscopy (SEM) and energy-dispersive X-ray (EDAX) analyses were carried out to study the
morphology and stoichiometry of the samples [7]. The composition and thickness of the deposited thin
films were confirmed using Rutherford backscattering spectrometry (RBS) [8,9]. UV-Vis-NIR spectroscopy
was performed using UV VIS NIR (UV-3600i Plus) Shimadzu. SSEM-EDAX was performed using EVO18
ZEISS. RBS measurements were performed using a 5SDH-1.7MV Tandem accelerator at PARAS (Pelletron
Accelerator for RBS-AMS System) at IUAC. The energy of the He+ beam used is 2 MeV. These studies
confirmed the structure of GST as trigonal with hexagonal lattice. The composition of the obtained samples
is validated by both EDAX and RBS analysis for both bulk and thin films. The as-deposited and annealed
thin film thickness is calculated precisely by analyzing RBS data using SIMNRA. Sputtered GST thin films
of 200 nm were annealed, showing a phase transition from amorphous to fcc at 150◦C and then to hcp at
250◦C. It can be seen from Fig. 5.30(c), which depicts the XRD peaks corresponding to these phases.
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5.2.18 Investigation of the effect of implantation of tetravalent ions on thermally
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The aim of our research was to tailor properties of corundum structured α-Fe2O3 (hematite) by doping
tetravalent ions (Ge, Si) [1-2]. The FE-SEM images and EDX spectra Ge-doped hematite samples were
recorded from Material Science division, IUAC. The results were published in the session 2023-2024 [2].
The thin film deposition by thermal evaporation method was carried out at IUAC during academic session
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